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Abstract 

This review summarizes the synthesis and structural modification of α-pyrone-containing 

phloroglucinol derivatives from Helichrysum species. Synthetic routes to both natural 

products and synthetic analogues are covered, highlighting strategies ranging from β-keto 

ester cyclodehydration to multicomponent condensations. Key methods include alde-

hyde-mediated dimerization, fluoride-catalyzed heterodimerization, and acid-catalyzed 

cyclization to benzopyran frameworks. The reported approaches enabled access to di-

verse monopyrone, dipyrone, аrzanol-type, and cyclized analogues. Additionally, retro-

synthetic analyses toward phloroglucinol–pyrone heterodimers are discussed, highlight-

ing convergent synthetic strategies for future access to benzofurane-, chromene-, and 

chromane-based analogues. This review integrates published experimental data with 

newly generated in silico predictions. 

Keywords: alpha-pyrone; аrzanol; Helichrysum; phloroglucinol; synthesis; PASS online;  
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1. Introduction 

Phloroglucinol-based α-pyrones represent synthetically accessible and pharmaco-

logically relevant frameworks. Their modular reactivity has enabled access to structurally 

diverse derivatives, including monopyrones, dipyrones, and methylene-bridged hybrids. 

Among them, arzanol and related dipyrone structures have attracted interest due to their 

potent dual inhibition of microsomal prostaglandin E2 synthase-1 (mPGES-1) and 5-lipox-

ygenase (5-LO), two non-redundant targets in eicosanoid biosynthesis [1,2]. The modular 

nature of α-pyrone synthesis enables diversification via condensation reactions, oxidative 

transformation, and electrophilic coupling, allowing systematic exploration of side-chain 

variation and substitution patterns. Previous reports have highlighted the influence of 

alkylidene linker length and core hydroxylation on both enzyme selectivity and antibac-

terial potency, particularly against multidrug-resistant Staphylococcus aureus [2,3]. In this 

context, we discuss the preparation of monopyrone and dipyrone derivatives, arzanol an-

alogues, and cyclized scaffolds, alongside their functionalization via acetylation and 
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methylation. Selected compounds were evaluated in vitro for mPGES-1 and 5-LO inhibi-

tion, as well as antibacterial activity, to delineate key structure–activity relationships and 

identify candidates with dual bioactivity. 

Here, all reported data on synthetic α-pyrone derivatives from Helichrysum available 

in the literature, to the best of our knowledge, are compiled. The dataset encompasses 

monopyrones, dipyrones, arzanol-type methylene-bridged hybrids, cyclized analogues, 

methyl ethers, and acetylated derivatives. For each compound, key chemical, synthetic, 

and biological details are provided, including structural descriptors, synthetic yields, and 

biological activity where available. This complete collection offers a structured foundation 

for guiding future design of Helichrysum-derived α-pyrone pharmacophores. 

Table A1 presents the synthetic conditions and experimental details for a total of 

thirty (1s–30s) α-pyrone-phloroglucinol synthetic derivatives based on Helichrysum natu-

ral products. The synthetic transformations encompass a diverse range of methodologies, 

including multicomponent condensations such as helipyrone and arzanol, acid-catalyzed 

cyclodehydration reactions for monopyrone synthesis, post-synthetic modifications 

through acetylation and methylation protocols, and intramolecular cyclization reactions 

generating tricyclic frameworks. The reported yields range from modest conversions in 

the cyclization reactions of arzanol to cycloarzanol derivatives (6–29%) to quantitative 

yields achieved in methylation and acetylation transformations. The experimental condi-

tions detailed in Table A1 highlight the versatility of synthetic approaches employed, uti-

lizing various catalytic systems including tetrabutylammonium fluoride for heterodi-

meric coupling reactions, polyphosphoric acid for pyrone ring formation, and both Lewis 

and Brønsted acids for intramolecular cyclization processes. This compilation provides 

synthetic parameters for researchers seeking to access these bioactive scaffolds, offering 

reproducible protocols that have been successfully applied to both natural product syn-

thesis and the generation of structurally diverse analogues for biological evaluation. Table 

A2 summarizes the biological activity data for the synthesized α-pyrone-phloroglucinol 

derivatives, documenting their inhibitory potencies against microsomal prostaglandin E2 

synthase-1 (mPGES-1) and 5-lipoxygenase (5-LO), along with antibacterial activities 

against multidrug-resistant Staphylococcus aureus strains. The structure–activity relation-

ships reveal that arzanol analogues with hexyl substitutions, particularly compounds 14s 

and 19s, exhibited the most potent dual enzyme inhibition with IC50 values, while main-

taining significant antibacterial efficacy with minimum inhibitory concentrations between 

2 and 16 µg/mL against various resistant bacterial strains. 

In silico methods, commonly referred to as computational approaches, complement 

experimental synthesis and bioactivity assays by predicting pharmacological profiles and 

toxicity of phloroglucinol-α-pyrone derivatives from Helichrysum spp. These preliminary 

powerful tools, such as PASS online, accelerate drug discovery in the postgenomic era by 

estimating probabilities of activities like anti-inflammatory, antioxidant, and antiviral ef-

fects based on structure–activity relationships from large datasets, transforming vast data 

into meaningful knowledge [4]. In this review, such predictions guided interpretation of 

structure–activity trends across monopyrones, dipyrones, and arzanol analogues, identi-

fying leads for dual mPGES-1/5-LO inhibition and low toxicity. 

Literature Search Methodology 

A comprehensive literature review was performed to identify published research ar-

ticles reporting the synthesis of naturally occurring phloroglucinol α-pyrones isolated 

from Helichrysum species or their structural modification, as well as their synthetic ana-

logues. The literature search was primarily conducted using Google Scholar as the elec-

tronic database. Combinations of keywords such as “Helichrysum”, “alpha-pyrone”, “α-

pyrone”, “phloroglucinol”, and “synthesis” were employed. The retrieved records were 
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subsequently screened manually for relevance. Original research articles describing the 

synthesis of phloroglucinol–α-pyrone derivatives from any Helichrysum species, as well 

as their synthetic analogues, were included, together with studies reporting the biological 

activities of these compounds. 

2. Materials and Methods 

Computational Assessment of Biological Properties 

In silico biological assessment was performed to the all phloroglucinol α-pyrones dis-

cussed in the synthetic section using the online provided free service PASS online 

(http://www.way2drug.com/passonline, accessed on 6 August 2025) [5]. The Prediction of 

Activity Spectra for Substances (PASS) is a computational tool designed to estimate the 

probable biological activity profiles of chemical compounds based on their structural repre-

sentations in MOLfile or SDfile format. The platform encompasses a comprehensive list of 

over 4000 biological activity types, including pharmacotherapeutic effects (e.g., antiarrhyth-

mic activity), mechanisms of biochemical action (e.g., cyclooxygenase-1 inhibition), toxico-

logical properties (e.g., carcinogenicity), metabolic interactions (e.g., CYP3A4 inhibition), 

regulation of gene expression (e.g., inhibition of VEGF expression), and transporter-related 

behaviors (e.g., substrate of P-glycoprotein). PASS predictions are grounded in a robust 

knowledge base of structure–activity relationships (SARs) derived from more than one mil-

lion compounds with experimentally validated biological activities. The method achieves 

an average prediction accuracy of approximately 96%, as evaluated using a leave-one-out 

cross-validation procedure across the entire PASS training dataset [5]. The program calcu-

lates the probable activity (Pa) and probable inactivity (Pi) of a given compound, generating 

predictions regarding both its potential biological activities and its spectrum of adverse or 

toxic effects. The output is presented as a list of activity types, each accompanied by an es-

timated probability of being classified as “active” (Pa) or “inactive” (Pi). In typical cases, the 

values of Pa and Pi do not equal 1 simultaneously. Both parameters are expressed as proba-

bilities on a continuous scale ranging from 0.000 to 1.000 [5]. 

3. Monopyrone Derivatives 

Two α-pyrone derivatives were synthesized using β-keto ester and phloroglucinol-

type precursors as part of an investigation into the structure–activity relationships of 

phloroglucinyl pyrones such as arzanol, a natural anti-inflammatory compound found in 

Helichrysum italicum. 

One of the synthesized compounds, 6-ethyl-4-hydroxy-5-methyl-α-pyrone 1s 

(C8H10O3; exact mass 154.063), (Figure 1) was obtained through a two-step synthetic se-

quence. Initially, a β-keto ester intermediate was generated by base-promoted condensa-

tion of ethyl 3-oxopentanoate with ethyl propionate, using sodium hydride (NaH) and n-

butyllithium (n-BuLi) in tetrahydrofuran (THF) at low temperature. This afforded ethyl 4-

methyl-3,5-dioxoheptanoate in good yield (62%). In the subsequent step, the intermediate 

underwent cyclodehydration with polyphosphoric acid (PPA) at 120 °C to afford the de-

sired α-pyrone 1s in 74% yield [2] (Scheme 1). 

 

Figure 1. Structural formulas of 1s and 2s. 
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Scheme 1. Synthesis of 6-Ethyl-4-hydroxy-5-methyl-α-pyrone 1s. 

In contrast, helipyrone ketone 2s (C13H18O4; exact mass 238.1205) was obtained via 

mild oxidative transformation of helipyrone 6 using aqueous sodium carbonate under re-

flux conditions, followed by acid quenching and silica gel purification. The reaction pro-

ceeds through decarboxylation and cleavage of the chelated enol system, yielding the ke-

tone in 60% isolated yield as colorless crystals with a melting point of 75 °C and a UV 

maximum at 295 nm (log ε = 3.88) [6] (Scheme 2). 

 

Scheme 2. Synthesis of 6-ethyl-4-hydroxy-5-methyl-3-(3-oxopentyl)-2H-pyran-2-one 2s. 

Helipyrone (6) has been reported to exhibit moderate antiparasitic activity and lim-

ited selectivity toward mammalian cells. In axenic amastigotes of Leishmania donovani, the 

compound displayed antileishmanial activity with an IC50 value of 14.9 ± 3.1 µM, as de-

termined by a colorimetric assay (100–0.001 µg/mL−1). However, this activity was associ-

ated with relatively weak selectivity with selectivity index (SI) of 3.6 when compared to 

cytotoxicity in rat L6 myoblast cells (IC50 54.3 ± 9.5 µM). Similarly, helipyrone (6) demon-

strated antiplasmodial activity against the erythrocytic stages of Plasmodium falciparum, 

with an IC50 of 8.9 ± 1.2 µM in the same assay format, yielding a slightly improved but still 

modest SI of 5.4 versus L6 cells [7]. 

The cyclodehydration strategy using polyphosphoric acid provides a straightfor-

ward and reliable approach to α-pyrone construction, affording good isolated yields from 

readily available β-keto ester precursors. The methodology is operationally simple and 

tolerant of alkyl substitution on the pyrone ring. However, the requirement for strong 

acidic conditions and elevated temperatures may limit compatibility with acid-sensitive 

functional groups. Furthermore, the multistep preparation of β-keto ester intermediates 

reduces the overall synthetic efficiency, indicating that alternative catalytic or one-pot 

methodologies could further improve the sustainability of α-pyrone synthesis. 

4. Dipyrone Derivatives 

A series of dipyrone-type α-pyrone derivatives was synthesized via the homodimer-

ization of 4-hydroxypyrones, using either 6-methyl-4-hydroxypyrone 3s–6s (Scheme 3) or 

6-ethyl-4-hydroxy-5-methyl-α-pyrone 8s–10s (Scheme 4) as nucleophilic substrates. These 

reactions were carried out under mild conditions and involved condensation with alde-

hydes as a methylene-bridging agent, yielding a structurally diverse array of symmetrical 

bis-α-pyrone compounds [2]. 

 

Scheme 3. Synthesis of compounds 3s–6s. 
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Scheme 4. Synthesis of compounds 8s–10s. 

The resulting bis-α-pyrones feature two identical pyrone moieties bridged through a 

central methylene group, forming rigid and symmetrical frameworks. This synthetic strat-

egy provides an efficient and scalable route to pyrone dimers that are structurally related 

to natural products such as arzanol and helipyrone, and may serve as valuable scaffolds 

for further biological or medicinal exploration. 

The first group of compounds consisted of symmetrical bis-α-pyrone derivatives, 

synthesized via aldehyde-mediated homodimerization of 4-hydroxy-6-methyl-α-pyrone 

derivatives. These reactions yielded a structurally diverse set of dimeric pyrones, includ-

ing: 3,3′-methylenebis(4-hydroxy-6-methyl-2H-pyran-2-one), 3s C13H12O6, exact mass 

264.0634; 63% yield, 3,3′-(ethane-1,1-diyl)bis(4-hydroxy-6-methyl-2H-pyran-2-one), 4s, 

C14H14O6, exact mass 278.079; 60% yield, 6-diethyl-1′-phenyl-6-methylhelipyrone, 5s, 

C19H16O6, exact mass 340.0947; 55% yield, and 6-diethyl-1′-hexyl-6-methylhelipyrone, 6s, 

C19H24O6, exact mass 348.1573; 68% yield (Scheme 3). 

The second group, including 1′-methylhelipyrone 8s, C18H22O6, exact mass 334.1416; 

65% yield, 1′-phenylhelipyrone 9s, C23H24O6, exact mass 396.1573; 52% yield, and 1′-hex-

ylhelipyrone 10s, C23H32O6, exact mass 404.2199; 66% yield, were synthesized using 6-

ethyl-4-hydroxy-5-methyl-α-pyrone 1s as the precursor (Scheme 4). 

All derivatives were prepared by analogous procedures: condensation of the respec-

tive α-pyrone core with the appropriate aldehyde under the same synthetic conditions, 

followed by purification. For example, both 6-diethyl-1′-hexyl-6-methylhelipyrone 6s and 

1′-hexylhelipyrone 10s were obtained by condensation of hexanal with either 4-hydroxy-

6-methyl-α-pyrone or 6-ethyl-4-hydroxy-5-methyl-α-pyrone, respectively, and isolated 

after similar work-up and purification protocols. 

These homodimerization reactions provide an efficient access to bis-α-pyrone structures. 

From a medicinal chemistry perspective, the resulting dimers combine a low degree of struc-

tural complexity with high synthetic accessibility and defined points for substitution. 

The aldehyde-mediated homodimerization strategy represents a simple and modu-

lar approach for preparing symmetrical dipyrone derivatives. One of its principal ad-

vantages is the broad availability of aldehydes, allowing rapid diversification of substitu-

ents without modifying the pyrone core. Nevertheless, the methodology is inherently lim-

ited to symmetrical dimers and therefore cannot provide the structural diversity accessi-

ble through heterodimerization strategies. In addition, moderate isolated yields suggest 

that competing oligomerization or side reactions may reduce synthetic efficiency. 

All synthesized dipyrones were evaluated for inhibition of microsomal prostaglan-

din E2 synthase-1 (mPGES-1) and 5-lipoxygenase (5-LO), key targets in inflammatory sig-

naling. Most compounds exhibited weak or negligible inhibition (IC50 for mPGES-1 > 67 

µM; IC50 for 5-LO > 56 µM), except for 1′-hexylhelipyrone 10s, which showed moderate 

dual inhibitory activity (mPGES-1 IC50 0.84 µM; 5-LO IC50 56 µM), with a pronounced 

selectivity for mPGES-1 [2]. 

5. Synthesis of Arzanol 

Arzanol 10 (C22H26O7; exact mass 402.1678 Da), a natural phloroglucinyl α-pyrone 

derivative with notable anti-inflammatory and antioxidant properties, has been the sub-

ject of significant synthetic interest due to its unique heterodimeric structure and thera-

peutic potential [8–11] 
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Arzanol features a 2,4,6-trihydroxyacetophenone unit linked via a central methylene 

bridge to a 6-ethyl-4-hydroxy-5-methyl-α-pyrone 1s, forming a core structure similar to 

that of helipyrone 6. 

Arzanol has been successfully isolated from two Mediterranean Helichrysum species: 

H. italicum (Roth) G. Don subsp. microphyllum [1,3,12–15] and H. stoechas (L.) Moench [6], 

where yields ranged from 0.002% to as high as 0.48% w/w. 

In the study by Minassi et al. [2], arzanol was synthesized via two complementary 

procedures, both relying on a carba-Betti-type multicomponent condensation but differ-

ing in the source of the methylene linker used during the key coupling step. In Procedure 

A, the authors employed paraformaldehyde as the methylene donor in the presence of 

tetrabutylammonium fluoride (TBAF, 1 M in THF) as a Lewis base catalyst. The reaction 

was carried out in chloroform and stirred at 40 °C for 16 h under mild conditions. Upon 

completion, the reaction mixture was quenched with water, extracted with organic sol-

vent, and the crude product was purified by silica gel chromatography using a mixture of 

petroleum ether and acetic acid as the eluent. This protocol yielded arzanol, correspond-

ing to a 61% yield, with full characterization by NMR and mass spectrometry confirming 

the expected structure [2] (Scheme 5). 

 

Scheme 5. Synthesis of arzanol 10. 

This method is noteworthy for its efficiency, functional group tolerance, and opera-

tional simplicity, allowing for the selective formation of the arzanol scaffold without the 

need for protecting groups or transition metal catalysts. The modularity of the approach 

also permits substitution at various positions on the pyrone or phloroglucinol ring, facili-

tating the synthesis of structurally diverse analogues for structure–activity relationship 

(SAR) studies. 

Importantly, the successful synthesis of arzanol using paraformaldehyde supports 

its biosynthetic plausibility, as such methylene donors are likely intermediates in plant-

derived coupling reactions arzanol [2]. 

In Procedure B, the synthesis of arzanol 10 was achieved using Eschenmoser’s salt 

(N,N-dimethylmethyleneiminium iodide) as an alternative methylene donor, under reac-

tion conditions identical to those used in Procedure A. Specifically, 6-ethyl-4-hydroxy-5-

methyl-α-pyrone and phloracetophenone were reacted in the presence of TBAF (1 M in 

THF) in chloroform, and the mixture was stirred at 40 °C for 16 h. The reaction was then 

quenched with water, extracted with organic solvent, and purified by silica gel chroma-

tography using a petroleum ether/acetic acid eluent system. 

This approach resulted in the isolation of arzanol, corresponding to a 65% yield, slightly 

higher than that obtained using paraformaldehyde. The structure of the product was con-

firmed by NMR and MS data, and found to be identical to that obtained in Procedure A. 

The use of Eschenmoser’s salt presents several advantages: as a preformed, soluble 

methylene equivalent, it offers improved solubility and reactivity under the mild, non-

acidic conditions of the coupling reaction. Its application in this synthesis exemplifies the 

versatility of the methylene bridging strategy for accessing the central alkylidene linkage 

in the arzanol scaffold. Moreover, this method avoids the need to generate formaldehyde 
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in situ and may offer greater reproducibility and cleaner reaction profiles in complex or 

sensitive substrates. 

Thus, Procedure B complements Procedure A by offering an alternative, equally ef-

fective route to arzanol, underscoring the modularity and practicality of the synthetic ap-

proach developed by Minassi and co-workers for accessing natural and bioinspired 

phloroglucinyl-α-pyrone hybrids (Scheme 5). 

Compared with paraformaldehyde, Eschenmoser’s salt provides a more reactive and 

soluble methylene donor, resulting in slightly improved yields and potentially improved 

reproducibility. However, paraformaldehyde remains considerably less expensive and 

more readily available, making it attractive for larger-scale synthesis. Both methodologies 

avoid transition-metal catalysis and proceed under relatively mild conditions, although 

the prolonged reaction time (16 h) and chromatographic purification may reduce their 

practical scalability. 

Arzanol demonstrates diverse pharmacological properties with significant therapeu-

tic potential. As a potent anti-inflammatory agent, it inhibits NF-κB signaling (IC50 = 12 

µM) and functions as a dual inhibitor of mPGES-1 (IC50 = 0.4 µM) and 5-LOX (IC50 = 3.1 

µM), effectively suppressing pro-inflammatory cytokines and prostaglandin production 

[1,16]. Its antioxidant activity provides dose-dependent protection against lipid peroxida-

tion in LDL and cellular models, with efficacy comparable to established antioxidants like 

α-tocopherol [11]. Arzanol exhibits cytoprotective effects in keratinocytes and neuronal 

cells against oxidative stress, preventing apoptosis and maintaining mitochondrial integ-

rity [9,10]. Antimicrobial screening revealed selective antibacterial activity against drug-

resistant Staphylococcus aureus strains (MIC = 1–4 µg/mL) [3]. In neurobehavioral studies, 

arzanol-containing extracts produced anxiolytic and antidepressant effects comparable to 

diazepam and amitriptyline, respectively, without impairing locomotor or memory func-

tion [17]. The compound shows selective cytotoxicity against cancer cells, particularly 

Caco-2 colon cancer cells, while sparing normal cells at concentrations below 100 µM [15]. 

6. Phloroacetophenone Alpha-Pyrone Derivatives 

A set of arzanol analogues was synthesized by the condensation of phloracetophe-

none with either 6-methyl-4-hydroxypyrone 11s–14s, Scheme 6 or 6-ethyl-4-hydroxy-5-

methyl-α-pyrone 17s–19s, Scheme 7, using a range of aldehydes as the linking agents. The 

reactions were catalyzed by tetrabutylammonium fluoride (TBAF) in chloroform at 40 °C, 

typically proceeding for 16 h. After completion, the mixtures were subjected to purifica-

tion on silica gel, using acidic petroleum ether as the eluent [2]. 

 

Scheme 6. Synthesis of arzanol derivatives 11s–14s. 

Compounds 6-diethyl-5,5,6-trimethylarzanol 11s, C20H22O7; exact mass 374.1365, 58% 

yield, 6-diethyl-1′,5,5,6-tetramethylarzanol 12s, C21H24O7; exact mass 388.1522, 55% yield, 

6-diethyl-5,5,6-trimethyl-1′-phenylarzanol 13s, C26H26O7; exact mass 450.1678, 30% yield, 

and 6-diethyl-1′-hexyl-5,5,6-trimethylarzanol 14s, C26H34O7; exact mass 458.2304, 40% 

yield were prepared using 6-methyl-4-hydroxypyrone as the pyrone core (Scheme 6). 

In contrast, 1′-methylarzanol 17s, C23H28O7; exact mass 416.1835, 68% yield, 1′-phe-

nylarzanol 18s, C28H30O7; exact mass 478.1991, 31% yield, and 1′-hexylarzanol 19s, 
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C28H38O7; exact mass 486.2617, 48% yield were synthesized from 6-ethyl-4-hydroxy-5-me-

thyl-α-pyrone [2] (Scheme 7). 

 

Scheme 7. Synthesis of 1′-methylarzanol 17s, 1′-phenylarzanol 18s, and 1′-hexylarzanol 19c. 

This methodology enabled the selective formation of heterodimeric products such as 

arzanol and allowed the straightforward generation of a diverse array of analogues for 

subsequent structure–activity relationship studies. Both aliphatic and aromatic aldehydes 

were explored; while aliphatic aldehydes afforded better yields of the desired products, 

aromatic aldehydes often required conversion to their iminium equivalents to achieve ef-

ficient heterodimerization. Tetrabutylammonium fluoride (TBAF) served as a catalyst in 

the synthesis of arzanol analogues, promoting the reaction via fluoride-induced desilyla-

tion of the phloracetophenone derivative. This activation step enhanced the nucleophilic-

ity of the phenolic component, enabling efficient heterodimerization under mild, neutral 

conditions without compromising the acid- and base-labile products. 

Compared with the synthesis of symmetrical dipyrone derivatives, the TBAF-medi-

ated heterodimerization provides substantially greater structural diversity, enabling in-

dependent modification of both the phloroglucinol and α-pyrone fragments. This modu-

larity is particularly advantageous for medicinal chemistry, as it facilitates rapid optimi-

zation of biological activity through systematic variation of substituents. The observed 

enhancement in anti-inflammatory activity of the hexyl-substituted analogues illustrates 

the effectiveness of this approach for SAR exploration. Despite these advantages, the 

methodology still relies on relatively long reaction times, moderate isolated yields for sev-

eral derivatives, and chromatographic purification, highlighting opportunities for future 

optimization through more sustainable catalytic systems, one-pot protocols, or greener 

reaction media. Thus, this strategy represents one of the most versatile synthetic routes 

reported for accessing arzanol-inspired analogues. 

All compounds were evaluated for inhibition of mPGES-1 and 5-lipoxygenase (5-

LO). Most analogues displayed low-micromolar activity against mPGES-1 (IC50 0.2–2.4 

µM) and micromolar activity against 5-LO (IC50 1.2–9.5 µM), with a clear preference for 

mPGES-1. The most potent inhibitors were 6-diethyl-1′-hexyl-5,5,6-trimethylarzanol 14s 

and 1′-hexylarzanol 19s, with mPGES-1 IC50 values of 0.2 µM and 0.3 µM, respectively [2]. 

In antibacterial assays, 6-diethyl-5,5,6-trimethylarzanol 11s showed strong activity 

against MDR Staphylococcus aureus (MIC 1–2 µg/mL−1), while 6-diethyl-1′-hexyl-5,5,6-

trimethylarzanol 14s and 1′-hexylarzanol 19s demonstrated moderate to good activity 

(MIC 4–16 µg/mL−1). 6-Diethyl-1′,5,5,6-tetramethylarzanol 12s and 1′-methylarzanol 17s 

exhibited only weak antibacterial activity (MIC ≥ 32 µg/mL−1). These findings emphasize 

the impact of both pyrone substitution pattern and side-chain variation on the anti-inflam-

matory and antibacterial profiles of synthetic Arzanol analogues [2,3]. 

7. Cyclization of Arzanol to Cycloarzanol A and B 

Two cyclized derivatives of arzanol, cycloarzanol A 15s and cycloarzanol B 16s, both 

sharing the molecular formula C22H26O7 (exact mass 402.1678 Da), were synthesized 

through acid-catalyzed intramolecular cyclization of the parent compound Arzanol [1]. 

https://doi.org/10.3390/scipharm94030058
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As described [1], treatment of arzanol with trifluoroacetic acid (TFA) in an appropri-

ate solvent system induced selective cyclization of the phloroglucinol and methylene-

bridged α-pyrone moieties, giving rise to the tricyclic structures of cycloarzanol A and 

cycloarzanol B. The reaction was likely driven by the electron-rich nature of the phloroglu-

cinol ring and the proximity of reactive centers, allowing for electrophilic aromatic sub-

stitution-type ring closure. 

The two isomers differ in the regiochemistry of the cyclization, possibly due to com-

peting reaction pathways or conformational preferences of the arzanol scaffold [1]. 

Cycloarzanol A 15s was synthesized via two distinct acid-catalyzed cyclization pro-

tocols, each promoting intramolecular ring closure of arzanol 10 to afford the tricyclic 

product. In the first approach, referred to as the CeCl3 method, arzanol was treated with 

cerium (III) chloride in anhydrous tetrahydrofuran (THF) and allowed to stir at room tem-

perature for one week. This mild Lewis acid-mediated transformation yielded cycloarza-

nol A in 28% yield, indicating moderate efficiency under prolonged reaction conditions. 

The second method employed a more classical Brønsted acid approach, wherein arzanol 

was exposed to methanolic hydrochloric acid, generated in situ from thionyl chloride 

(SOCl2) and methanol. The reaction was initiated at 0 °C for one hour, followed by stirring 

at room temperature overnight, leading to the formation of cycloarzanol A in 29% yield. 

This protocol offers a shorter reaction time compared to the CeCl3 route, albeit with similar 

efficiency. Both methods likely proceed through electrophilic activation of the benzylic 

methylene bridge, facilitating intramolecular aromatic substitution and cyclization onto 

the phloroglucinol ring. The formation of cycloarzanol A via two chemically distinct yet 

convergent pathways underscores the versatility of the arzanol scaffold and its potential 

for structural diversification through mild acid-promoted transformations [1]. 

Cycloarzanol B 16s was obtained as a minor cyclization product under the same con-

ditions employed for the synthesis of cycloarzanol A 15s, reflecting the formation of a regi-

oisomeric benzopyran framework. When arzanol 10 was subjected to cerium (III) chloride 

(CeCl3) in dry THF at room temperature for one week, cycloarzanol B was isolated in 18% 

yield. Alternatively, the methanolic HCl protocol, using hydrochloric acid generated in situ 

from SOCl2 and methanol, afforded cycloarzanol B in only 6% yield following a similar se-

quence of cooling to 0 °C and subsequent overnight stirring at ambient temperature [1]. 

Both cycloarzanol A 15s and cycloarzanol B 16s were purified by silica gel column 

chromatography, employing a petroleum ether/ethyl acetate (95:5) solvent system. The 

relatively low yields of 16s in both methods suggest a less favorable cyclization pathway, 

likely influenced by regioelectronic and steric factors governing the orientation of the in-

tramolecular electrophilic aromatic substitution. 

In contrast to these cyclization products, methylation of arzanol using trimethylsi-

lyldiazomethane led to the formation of the corresponding O-methyl derivative, identi-

fied as 3-(3-acetyl-2,4,6-trihydroxy-5-(3-methylbut-2-en-1-yl)benzyl)-6-ethyl-2-methoxy-5 

-methyl-4H-pyran-4-one. This reaction proceeded cleanly without inducing cyclization, 

indicating that methylation effectively blocks the phenolic hydroxyl groups necessary for 

ring closure. 

Under acidic conditions, however, cyclization is favored, and a separable mixture of 

cycloarzanol A 15s and cycloarzanol B 16s is formed (Scheme 8). These products arise 

through an intramolecular electrophilic attack of the prenyl side chain onto the ortho-po-

sitioned phenolic hydroxyls of the phloroglucinol moiety, yielding structurally distinct 

benzopyran frameworks. This transformation not only exemplifies the reactivity of arza-

nol under mildly acidic conditions but also provides synthetic access to complex tricyclic 

architectures relevant to natural product analog development [1]. 
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Scheme 8. Synthesis of cycloarzanol A and B. 

The acid-promoted cyclization of arzanol provides an elegant biomimetic strategy 

for accessing structurally complex tricyclic derivatives through a single intramolecular 

transformation. The ability to generate two distinct cyclized products from a common 

precursor highlights the inherent structural versatility of the arzanol scaffold and demon-

strates the potential of this approach for expanding the chemical diversity of phloroglu-

cinol–α-pyrone derivatives. However, the relatively low isolated yields (6–29%) indicate 

that the cyclization process is not highly efficient under the reported conditions, likely due 

to competing reaction pathways and the formation of regioisomeric products. In addition, 

the prolonged reaction time required for the CeCl3-mediated protocol and the need for 

chromatographic purification may limit the practical scalability of these methods. Never-

theless, the successful construction of complex benzopyran frameworks under relatively 

mild conditions illustrates the synthetic value of this transformation and provides a foun-

dation for future optimization through alternative catalysts, greener reaction media, or 

more selective cyclization strategies. 

Cycloarzanol A 15s showed limited antibacterial activity against multidrug-resistant 

Staphylococcus aureus isolates with MICs of 32 µg/mL against ATCC 25923 and RN4220, 

128 µg/mL against SA1199B, XU212, and EMRSA-15, and >128 µg/mL against EMRSA-16. 

Cycloarzanol B was inactive against all tested strains (MIC > 128 µg/mL) [1]. 

8. Methyl Ether Derivatives 

Auricepyrone dimethyl ether 23s, C26H34O7; and 23-methylauricepyrone dimethyl 

ether 24s, C27H36O7, both obtained in quantitative yield were prepared by exhaustive 

methylation of a mixture of auricepyrone 19 and 23-methylauricepyrone 20 (20 mg total). 

This transformation was achieved using an excess of diazomethane in dry diethyl ether at 

room temperature (Scheme 9). 

 

Scheme 9. Synthesis of auricepyrone dimethyl ether 23s and 23-methylauricepyrone dimethyl ether 24s. 

Following the reaction, the solvent was removed under reduced pressure, and the 

crude products were purified by silica gel chromatography (eluent: ether/petroleum ether, 
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1:1), affording both compounds as colorless oils. The original study did not report any bio-

logical activity data for either auricepyrone dimethyl ether or its 23-methyl analogue [18]. 

The exhaustive methylation of auricepyrone derivatives represents a highly efficient 

post-synthetic modification, proceeding in quantitative yields under mild reaction condi-

tions. This transformation provides a convenient strategy for modulating the physico-

chemical properties of phloroglucinol–α-pyrone derivatives by reducing the number of 

free phenolic hydroxyl groups, thereby increasing lipophilicity and potentially improving 

membrane permeability and metabolic stability. From a synthetic perspective, methyla-

tion also serves as a valuable tool for protecting phenolic functionalities during multistep 

synthesis and for probing the contribution of hydroxyl groups to biological activity. How-

ever, the use of diazomethane presents significant practical and safety limitations due to 

its high toxicity and explosive nature, restricting its applicability on a larger scale. Conse-

quently, the development of safer methylating reagents or catalytic methylation protocols 

would further enhance the sustainability and practical utility of this transformation in fu-

ture synthetic studies. 

9. Acetyl Derivatives 

Among the most common modifications are acetylation of the phenolic hydroxyl 

groups. Acetyl derivatives of phloroglucinol–α-pyrones were obtained through mild re-

actions with acetic anhydride, which selectively protect hydroxyl groups and reduce over-

all polarity. These transformations are not only useful for structural characterization and 

stability enhancement, but also serve as key intermediates in synthetic sequences, includ-

ing methylation, cyclization, or multicomponent coupling reactions. Additionally, acety-

lation can modulate biological activity by altering hydrogen-bonding patterns and im-

proving membrane permeability, making these derivatives important tools in both natu-

ral product chemistry and medicinal chemistry research. 

Acetylations have been carried out on dipyrones: helipyrone diacetate 7s; 3-prenyl 

PG: arzanol tetraacetate 20s, 6-O-desmethylauricepyrone tetraacetate 21s, 23-methyl-6-O-

desmethylauricepyrone tetraacetate 22s, auricepyrone triacetate 25s, methylauricepyrone 

triacetate 26s; benzopyrane: 22,22-dimethylitalipyrone triacetate 27s, 22-methyl-22-

ethylitalipyrone triacetate 28s; hetero-trimer PGs: 23-methylitalidipyrone tetraacetate 29s, 

italidipyrone tetraacetate 30s (Figure 2). 

The synthesis of acetate derivatives consistently utilized acetic anhydride as the acet-

ylating reagent, applying two primary methodological approaches. Predominantly, acet-

ylation reactions were performed in chloroform solvent under an inert nitrogen atmos-

phere to minimize side reactions and degradation. These reactions incorporated catalytic 

quantities of 4-pyrrolidinopyridine, which served as an efficient acyl transfer catalyst, 

thereby facilitating the acetylation process under mild conditions. This catalytic system 

enhance the reaction rates and yields, and also improves selectivity, allowing for the con-

trolled acetylation of polyhydroxylated phloroglucinol derivatives [6]. 
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Figure 2. Structural formulas of compounds acetyl derivatives of phloroglucinol–α-pyrones. 

The acetylation reactions were generally conducted under reflux conditions for a du-

ration of 2 to 3 h. Upon completion, the reaction mixtures were subjected to solvent re-

moval, and the residues were purified by silica gel column chromatography using mod-

erately non-polar solvent systems, such as cyclohexane/ethyl acetate or petroleum 

ether/diethyl ether mixtures. Alternatively, protocols [6,19] have been reported wherein 

pyridine served both as the solvent and as a base catalyst. In these procedures, the reac-

tions were allowed to proceed at ambient temperature for prolonged periods, often ex-

tending up to 24 h. The resulting crude products were frequently purified by direct crys-

tallization, obviating the need for chromatographic separation. These varied methodolo-

gies provide flexibility in optimizing acetylation conditions depending on substrate sen-

sitivity and desired purity. 

The acetylation reactions proceeded with generally high efficiency. For example, the 

acetylation of 6-O-desmethylauricepyrone and its 23-methyl analogue yielded the corre-

sponding tetraacetylated derivatives in a combined yield of approximately 83%, although 

the products were obtained as an inseparable mixture under the reported conditions [6]. 

Similarly, the diacetylation of italidipyrone 43 and 23-methyl-italidipyrone 44 afforded a 

combined mixture of diacetylated products in 72% yield [6]. In contrast to the tetraacety-

lated derivatives, this product mixture could be successfully separated by crystallization, 

allowing for individual characterization of the components. The triacetate derivatives, au-

ricepyrone triacetate 25s, C31H38O10; exact mass 570.2465 Da and 23-methylauricepyrone 

triacetate 26s, C32H40O10; exact mass 584.2622 Da, were synthesized via acetylation of the 

corresponding natural products, auricepyrone 19 and 23-methylauricepyrone 20. The re-

action was performed by refluxing in chloroform in the presence of 4-pyrrolidinopyridine 

as a nucleophilic catalyst and acetic anhydride as the acetylating agent, following the pro-

cedure described by Bohlmann [18]. After concentration and column chromatography 

(ether: petroleum ether 3:1), the triacetates were isolated together as a colourless oil in 

quantitative yield. No biological activity data were reported for either compound [18]. 
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The acetylation conditions employed proved compatible with a range of substrates 

bearing multiple hydroxyl functionalities. No biological evaluations were reported for 

any of the acetylated compounds, suggesting that their synthesis was likely intended for 

purposes such as structural confirmation for NMR. 

Acetylation represents one of the most straightforward and efficient post-synthetic 

modifications of phloroglucinol–α-pyrone derivatives, generally proceeding in excellent 

to quantitative yields under mild reaction conditions. Besides serving as a convenient pro-

tecting-group strategy for phenolic hydroxyl groups, acetylation alters the physicochem-

ical properties of the molecules by increasing their lipophilicity and reducing hydrogen-

bonding capacity, which may influence membrane permeability and pharmacokinetic be-

havior. From a synthetic perspective, the broad functional-group tolerance and opera-

tional simplicity of this transformation make it particularly useful for the preparation of 

intermediates in multistep synthetic sequences and for investigating structure–activity re-

lationships. Nevertheless, acetylation does not introduce new molecular complexity and 

its direct impact on biological activity remains highly dependent on the specific molecular 

scaffold. Consequently, future studies should focus on evaluating the biological signifi-

cance of acetylated derivatives and exploring more selective or environmentally benign 

acylation methodologies that further improve the sustainability of these transformations. 

10. Unified Retrosynthetic Approaches Toward Helichrysum  

Phloroglucinol–Pyrone 

Helichrysum benzofuranes are a small group of phloroglucinol-derived natural prod-

ucts with a substituted 2-vinyl-2,3-dihydrobenzofuran core. This family—including itali-

pyrone 35a and its alkylated homologues 35b–c—has been isolated in low yield from Hel-

ichrysum species across Europe, Turkey, and South Africa, differing mainly in the acyl 

substituent. No total synthesis has been reported, so we propose a convergent retrosyn-

thetic strategy built on literature precedent. 

As outlined in Scheme 10, benzofuran intermediate 32 could be accessed from 

acylphloroglucinol derivative 31 via a modified Nickl cyclization [20]. The undesired or-

tho-fused isomer 33 forms in ~1:1 ratio but is readily separated by chromatography. Com-

pound 31 itself is readily obtained by a classical Fries rearrangement of commercially 

available phloroglucinol. Silylation of both phenolic groups in 32 gives intermediate 34, 

which may then couple with pyronoid fragment 1s (Scheme 1) via Carba-Betti alkylidene 

heterodimerization, analogous to Minassi et al.’s arzanol synthesis [2,21]. This coupling is 

proposed as the final step, since 4-hydroxy-2-pyrones are prone to competing homoalky-

lidene dimerization [21]. Varying the acyl substituent (R) would thus give unified access 

to italipyrone and its natural analogues. 

Based on a retrosynthetic approach, we propose a unified synthetic strategy for ac-

cessing 2-vinyl-2,3-dihydrobenzofuran phloroglucinol derivatives 32 through an intramo-

lecular 5-exo-trig Tsuji–Trost allylic cyclization (Scheme 11). In this approach, the key al-

lylic precursor 31a is generated by phenolic prenylation [22] using (E)-4-bromo-2-methyl-

but-2-en-1-yl acetate, which can be readily prepared in three steps according to the proce-

dure reported by Wei et al. [23]. The resulting prenylated phloroglucinol derivatives 31a 

serve as substrates for a Pd-catalyzed intramolecular allylic substitution, where the phe-

noxide oxygen attacks the π-allyl palladium intermediate through a 5-exo-trig pathway 

to furnish the characteristic 2-vinyldihydrobenzofuran framework. It remains to be estab-

lished experimentally whether this route improves on the ~1:1 mixture of regioisomers 32 

vs. 33 obtained via the classical Nickl cyclization (Scheme 10). Furthermore, the proposed 

strategy offers the attractive possibility of asymmetric synthesis. Given the broad range of 

highly enantioselective Pd-catalyzed Tsuji–Trost allylic substitutions reported in the liter-
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ature [24], the use of suitable chiral phosphine ligands could potentially enable stereocon-

trolled cyclization, providing access to either enantiomer of these natural products from 

the same achiral precursor. 

 

Scheme 10. Proposed retrosynthetic analysis of italipyrone-type benzofurane–2-pyrone heterodi-

mers [2,21,22]. 

 

Scheme 11. Novel strategy for constructing 2-vinyl-2,3-dihydrobenzofurans [22,23]. 

This strategy establishes a direct retrosynthetic link between prenylated polyphenols 

and the corresponding benzofuran natural products and, to the best of our knowledge, 

represents the first proposal to access this class of compounds through an intramolecular 

Pd-catalyzed 5-exo-trig Tsuji–Trost allylic cyclization. 

In contrast to the benzofuran derivatives, the benzopyrane-type metabolites possess 

a fused chromene framework linked to the pyronoid fragment. Representative members 

of this subclass include isobutyryl-helichromenopyrone 38a and sec-butyl-helichromeno-

pyrone 38b, isolated from South African Helichrysum species, where they again differ 

mainly in the nature of the acyl substituent. As outlined in Scheme 12, a similar retrosyn-

thetic logic may be applied, again identifying the alkylidene linkage to the 4-hydroxy-2-

pyrone moiety as the key strategic bond. Thus, target compounds 38a–b may be discon-

nected into chromene intermediate 37 and pyronoid fragment 1s through a Carba-Betti 

alkylidene heterodimerization strategy analogous to that described above [2,21]. 

Chromene intermediate 37 could potentially be obtained through oxidative cyclization of 

prenylated acylphloroglucinol derivative 36, accessible from acylphloroglucinol precur-

sor 31 via magnesium-mediated phenolic prenylation [22,25]. As in the benzofuran series, 
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variation of the acyl substituent (R group) could provide unified access to structurally 

related members of this subclass. 

 

Scheme 12. Proposed retrosynthetic analysis of helichromenopyrone-type chromene heterodimers 

[2,22,25]. 

Cycloarzanol C represents a structurally distinct subclass of Helichrysum phloroglu-

cinol metabolites featuring a fused chromane framework linked to an α-pyrone moiety 

through an alkylidene bridge. Nevertheless, the proposed retrosynthetic strategy shown 

in Scheme 13 retains the same convergent disconnection pattern observed for the benzo-

furan and chromene analogues, with late-stage construction of the alkylidene-linked het-

erodimer through a Carba-Betti-type transformation [2]. Retrosynthetically, the target 

compound may therefore be disconnected into chromane intermediate 39. In this case, the 

chromane scaffold could plausibly arise directly from acylphloroglucinol precursor 31 

through tandem conjugate addition and intramolecular cyclization, as described for re-

lated isoprenylated acetophenone derivatives [26]. Collectively, the retrosynthetic strate-

gies outlined in Schemes 10–13 highlight a potentially unified synthetic approach toward 

structurally diverse Helichrysum phloroglucinol–pyrone heterodimers based on common 

acylphloroglucinol precursors and late-stage Carba-Betti alkylidene heterodimerization. 

 

Scheme 13. Proposed retrosynthetic analysis of cycloarzanol C [2,26]. 

Systematic evaluation of the Nickl cyclization and Carba-Betti heterodimerization on 

the specific substitution patterns proposed here, ideally supported by DFT-level analysis of 

the competing homo- versus heterodimerization pathways, would help de-risk the routes 

before wet-lab implementation. Catalytic, enantioselective variants of the benzofuran-form-

ing cyclizations would additionally allow access to the natural products in optically en-

riched form, which none of the current achiral routes can provide. Given the known insta-

bility of some methylene-donor reagents (e.g., Eschenmoser’s salt-type iminium species) at 

scale, continuous-flow implementation of the alkylidene heterodimerization step could im-

prove reproducibility and safety margins for larger-scale synthesis. More broadly, extend-

ing the acyl substituent (R group) scope beyond the simple alkyl chains modeled on the 

known natural products, to include aryl, heteroaryl, and fluorinated variants, would open 

a substantially larger chemical space for structure–activity exploration than is currently ac-

cessible from the isolated natural products alone. We consider these unresolved methodo-

logical questions, rather than the retrosynthetic logic itself, to be the principal barrier to re-

alizing a unified synthetic platform for this compound family. 

A caveat applies to the biological activity data compiled throughout this review. The 

present work is focused on the synthetic chemistry of Helichrysum-derived phloroglucinol 

α-pyrones, and the biological activities are included as complementary context rather than 
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as the primary subject of a systematic comparative assessment. Because these data were 

drawn from independent studies that employed different experimental protocols—in-

cluding different enzyme sources, cell lines, bacterial strains, assay formats, incubation 

conditions, and reference standards—the reported potencies are not directly comparable 

across studies. For example, the mPGES-1 and 5-LO inhibition values originate largely 

from a single investigation and are therefore internally consistent, whereas the antibacte-

rial and antiparasitic data were generated in separate laboratories using distinct method-

ologies. Consequently, absolute activity values should not be ranked across assays or 

sources, and the structure–activity observations noted herein are best regarded as quali-

tative trends that require confirmation under standardized conditions before firm com-

parative conclusions can be drawn. 

The biological activity data were drawn from independent studies that employed 

different experimental protocols—including different enzyme sources, cell lines, bacterial 

strains, assay formats, incubation conditions, and reference standards—the re-ported po-

tencies are not directly comparable across studies. Consequently, absolute activity values 

should not be ranked across assays or sources, and the structure–activity observations 

noted herein are best regarded as qualitative trends that require confirmation under 

standardized conditions before firm comparative conclusions can be drawn. 

11. In Silico Biological Assessment 

The PASS online platform is widely utilized by researchers across various disciplines 

to assess the potential biological activities of both newly synthesized compounds [25,27–

29] and naturally derived substances [30–34]. Its ability to predict a broad spectrum of 

pharmacological, toxicological, and biochemical properties makes it valuable in the early 

stages of drug discovery and natural product research. A growing number of studies have 

employed PASS to evaluate bioactive compounds within complex plant or microbial ex-

tracts. This approach facilitates the prioritization of candidate molecules for further ex-

perimental validation and streamlines the development of novel therapeutic agents from 

both synthetic and natural origins [25,27–34]. 

The analysis of biological activity spectra using PASS online provides a probabilistic 

framework for predicting the pharmacological potential of chemical structures. By con-

sidering the ten most probable activities (Pa values) for each compound, it becomes possi-

ble to identify recurring mechanistic themes and cluster compounds into groups with 

shared bioactivity profiles. In this context, the compounds 1s–30s were classified into dis-

tinct groups according to overlaps in their predicted activities. The resulting clusters re-

flect convergence around key biological processes, including mitochondrial electron 

transport, membrane integrity modulation, antiparasitic and antihelmintic activity, and 

cancer-associated pathways such as TP53 regulation. This systematic grouping provides 

a rational basis for discussing the pharmacological relevance of the compounds and for 

prioritizing candidates for further experimental validation. 

Group 1 consists of electron transport chain (ETC) modulators characterized by a 

high probability of ubiquinol–cytochrome-c reductase (Complex III) inhibition, with re-

current overlap in activities such as Aspulvinone dimethylallyltransferase inhibition, cy-

tochrome P450 (CYP) substrate interactions, and testosterone 17β-dehydrogenase inhibi-

tion. The representative compounds 1s–10s share a strong mitochondrial and metabolic 

signature, simultaneously targeting ETC function and steroid metabolism. This dual ac-

tivity suggests significant potential for metabolic interference, making these molecules 

promising candidates in anticancer, antimicrobial, and antiparasitic drug discovery. 

All of the compounds 1s–10s exhibit the highest inhibitory activity against ubiquinol-

cytochrome-c reductase, indicating their suitability as potential inhibitors of this enzyme. 

Ubiquinol-cytochrome-c reductase inhibitors are compounds that target Complex III of 
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the mitochondrial electron transport chain, also known as the cytochrome bc1 complex. 

This enzyme catalyzes the transfer of electrons from ubiquinol (the reduced form of coen-

zyme Q) to cytochrome c, coupled with proton translocation across the inner mitochon-

drial membrane. By inhibiting this step, these compounds disrupt the proton gradient and 

impair ATP synthesis [35]. 

The high predicted activity of compounds 1s–10s as ubiquinol–cytochrome-c reduc-

tase inhibitors can be attributed to their structural capacity to interfere with Complex III 

of the mitochondrial electron transport chain, a crucial hub for cellular energy production. 

Inhibitors of this complex are of particular importance because they not only serve as fun-

damental research tools for dissecting mitochondrial bioenergetics and the Q-cycle mech-

anism, but also demonstrate significant pharmacological potential. Clinically relevant ex-

amples, such as atovaquone, illustrate their value as antiparasitic agents, while strobilurin 

derivatives highlight their successful application in agriculture as antifungal fungicides. 

Moreover, Complex III inhibition is closely linked with the induction of oxidative stress, 

a property that underpins their potential as antimicrobial and anticancer agents, given 

that many pathogens and tumor cells are highly dependent on mitochondrial function. 

Finally, by altering electron flow and enhancing reactive oxygen species (ROS) generation, 

these compounds provide insights into cellular redox balance, mitochondrial signaling, 

and oxygen-sensing pathways. Thus, the strong activity observed for compounds 1s–10s 

not only underscores their biological relevance but also positions them as promising scaf-

folds for future development in therapeutic, agricultural, and mechanistic research con-

texts [36–38]. 

Aspulvinone dimethylallyltransferase (EC 2.5.1.35), also known as dimethylallyl py-

rophosphate:aspulvinone-E dimethylallyltransferase, is a fungal prenyltransferase that 

plays a critical role in the biosynthesis of aspulvinone pigments. This enzyme catalyzes 

the transfer of one or two dimethylallyl moieties from dimethylallyl diphosphate 

(DMAPP) onto the aromatic compound aspulvinone E, producing mono- and diprenyl-

ated derivatives—aspulvinone I and H, respectively. It also accepts aspulvinone G as an 

alternative substrate. The enzyme is a hexamer composed of ~45 kDa subunits, with opti-

mal activity at pH 7.0 and apparently no requirement for metal cofactors. Notably, the dye 

bromophenol blue has been found to strongly inhibit its enzymatic activity [39]. Com-

pound 3s, identified as 3,3′-methylenebis(4-hydroxy-6-methyl-2H-pyran-2-one), exhib-

ited the highest predicted activity, with a probability value approaching 1.000. 

The membrane integrity agonist hit exhibited predicted activity values ranging from 

0.551 to 0.861, making compound 3s the most active and 6s least active, probably due to 

the existence of the nonpolar and lipophilic residue -C6H13. A membrane integrity agonist 

is a compound that enhances or preserves the structural and functional stability of cellular 

membranes. These agents interact with lipid bilayers or membrane-associated proteins to 

prevent disruptions, maintain barrier properties, and support cellular homeostasis. Main-

taining membrane integrity is crucial for protecting cells from environmental stresses, tox-

ins, or pathogens, and is essential for proper cellular signaling and function. Membrane 

integrity agonists are of interest in various therapeutic contexts, including neuroprotec-

tion, anti-inflammatory treatments, and enhancing the efficacy of other bioactive com-

pounds [40]. 

Group 2 comprises membrane integrity modulators characterized by a consistently 

predicted membrane-stabilizing (agonist) activity, often accompanied by CDP-glycerol 

glycerophosphotransferase inhibition, apoptosis induction, and anti-inflammatory and 

antioxidant effects. The representative compounds 11s–20s, 23s, and 24s integrate mem-

brane-stabilizing properties with cell death–related and immune-modulating activities, 

suggesting potential dual roles in regulating cell viability and immune responses. This 
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combination of effects indicates their promise for applications in inflammatory diseases, 

apoptosis-related pathologies, and antimicrobial therapy. 

CDP-glycerol glycerophosphotransferase (CGPTase) inhibitors target a key bacterial 

enzyme responsible for teichoic acid biosynthesis, an essential component of the cell walls 

in Gram-positive bacteria such as Bacillus subtilis and Staphylococcus aureus [41]. CGPTase 

catalyzes the transfer of glycerol-phosphate units from CDP-glycerol to growing 

poly(glycerophosphate) chains, a critical step in the formation of wall teichoic acids, 

which contribute to cell wall integrity, ion homeostasis, and pathogenicity. Inhibition of 

this enzyme disrupts teichoic acid polymerization, weakening the bacterial cell walls, in-

creasing susceptibility to osmotic stress, and impairing processes such as cell division and 

biofilm formation [42]. CGPTase inhibitors represent a promising avenue in antimicrobial 

research, particularly against antibiotic-resistant Gram-positive pathogens, by disrupting 

a pathway critical for bacterial growth, structural stability, and virulence. This approach 

highlights the therapeutic potential [43]. Several compounds in this group—specifically 

11s, 12s, 14s, 15s, 17s, 18s, and 19s—have been reported to exhibit antibacterial activity 

(see Table A2, Biological Activity Assays on Synthetic PGs), with 19s demonstrating the 

most pronounced effect. 

Group 3 represents an antihelmintic and antiparasitic cluster, characterized by high 

Pa values for antihelmintic and antiparasitic activity, often accompanied by CDP-glycerol 

inhibition, apoptosis agonism, and occasionally antineoplastic properties. The representa-

tive compounds 20s–26s, 29s, and 30s exhibit strong antiparasitic potential alongside 

overlapping metabolic and membrane-related activities. Notably, the dual antiparasitic–

antineoplastic predictions observed in compounds such as 20s, 22s, 25s, and 26s indicate 

broad bioactivity profiles, highlighting their potential for application in neglected tropical 

diseases or as candidates for drug repurposing. 

Antihelmintic compounds are critical in combating parasitic worm infections (hel-

minthiasis), which affect over 2 billion people globally, particularly in tropical and sub-

tropical regions [44]. The emergence of drug-resistant strains necessitates the develop-

ment of new therapeutic agents with novel mechanisms of action [45,46]. 

Group 4 consists of antineoplastic and TP53-associated modulators, characterized by 

strong predicted antineoplastic activity, enhancement of TP53 expression, and induction 

of apoptosis. The representative compounds 26s–28s, with 20s, 22s, 25s, and 30s as sec-

ondary members) are directly linked to tumor suppressor p53 regulation and exhibit 

broad antineoplastic potential. By modulating TP53, a key hallmark of cancer therapeu-

tics, these compounds are particularly relevant for oncology-focused drug development. 

The TP53 gene, often called the “guardian of the genome”, encodes the tumor suppressor 

protein p53, which plays a central role in controlling cell cycle progression, DNA repair, 

apoptosis, and senescence [47]. Under normal conditions, p53 levels are kept low through 

continuous degradation mediated by the E3 ubiquitin ligase MDM2 [48]. In response to 

stress signals such as DNA damage, oncogene activation, or hypoxia, p53 is stabilized and 

activated, leading to the transcription of numerous target genes that determine whether a 

cell will pause for repair or undergo programmed cell death [49]. 

Group 5 comprises mixed or pleiotropic modulators, characterized by overlapping 

immunosuppressant, antieczematic, antifungal, and other metabolic activities, without a 

single dominant pharmacological cluster. The representative compounds 29s and 30s, 

partially overlapping with Groups 3 and 4, exhibit a polypharmacology profile, affecting 

multiple pathways including immune regulation, skin-related indications, and metabolic 

enzymes. This pleiotropic activity suggests potential as multi-target agents, although fur-

ther prioritization is needed to define their most relevant therapeutic applications. 
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Both compounds 29s and 30s exhibit testosterone 17 β-dehydrogenase (NADP+) in-

hibitor activity with Pa values 0.607 and 0.537, respectively. Testosterone 17 β-dehydro-

genase (NADP+) inhibitor blocks the activity of the enzyme testosterone 17 β-dehydrogen-

ase that catalyzes the oxidation of testosterone to androst-4-ene-3,17-dione using NADP+ 

as a cofactor. By inhibiting this enzyme, the conversion between active and inactive forms 

of steroid hormones, such as testosterone, is reduced, which can impact androgen biosyn-

thesis and regulation of male sex hormones. This enzyme is important in steroid hormone 

metabolism and targeting its activity may offer therapeutic potential for diseases related 

to hormone imbalance, including certain cancers and metabolic disorders. The inhibition 

interferes with the enzyme’s role in steroid hormone pathways that influence physiologi-

cal processes regulated by testosterone [50–52]. 

Inhibitors of Testosterone 17 β-dehydrogenase (NADP+) can be both beneficial and 

have potential risks depending on the context. These inhibitors are considered beneficial 

in treating hormone-dependent diseases such as estrogen receptor-positive breast cancer 

by reducing active estrogen levels, which slows tumor growth. They may also help man-

age androgen-related conditions like prostate cancer, benign prostatic hyperplasia, acne, 

and hirsutism by modulating androgen metabolism. However, since the enzyme plays a 

crucial role in steroid hormone regulation, inhibition can disturb normal hormonal bal-

ance, leading to side effects or compensatory changes in hormone pathways. Due to the 

enzyme’s involvement in critical physiological processes, selective inhibition targeting 

specific isoforms is important to minimize adverse effects. While promising in preclinical 

studies, no inhibitors are yet widely clinically used, and further testing is required for 

safety and efficacy [51,53–55]. 

Several of the best-characterized biological properties traditionally associated with 

Helichrysum species—specifically antioxidant, anti-inflammatory, antiviral, and antibacte-

rial activities [56,57]—were also reflected in the PASS predictions, thereby supporting the 

biological relevance of the computational outcomes. The predicted Pa values are presented 

in Table 1. 

Table 1. Biological Activities of Phytochemical compounds 1s–30s using PASS program. 

Compound 

Activities [Pa] * 

Antioxidant 
Anti-Inflamma-

tory 
Antiviral Antibacterial 

1s 0.299 0.534 0.257 0.449 

2s 0.313 0.509 0.506 0.38 

3s 0.281 0.387 0.395 0.438 

4s 0.262 0.494 0.592 0.366 

5s 0.203 0.359 0.781 0.393 

6s 0.274 0.466 0.493 0.321 

7s 0.223 0.509 0.293 0.392 

8s 0.256 0.493 0.502 0.329 

9s 0.196 0.261 0.652 0.359 

10s 0.273 0.474 0.442 0.284 

11s 0.573 0.702 0.329 0.563 

12s 0.633 0.623 0.415 0.510 

13s 0.415 0.463 0.715 0.534 

14s 0.612 0.602 0.374 0.482 

15s 0.631 0.751 0.314 0.460 

16s 0.54 0.602 0.351 0.453 

17s 0.581 0.579 0.382 0.486 

18s 0.362 0.411 0.669 0.510 
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19s 0.568 0.560 0.348 0.458 

20s 0.469 0.713 0.271 0.522 

21s 0.541 0.696 0.291 0.541 

22s 0.449 0.608 0.265 0.541 

23s 0.572 0.637 0.290 0.539 

24s 0.486 0.557 0.266 0.539 

25s 0.510 0.672 0.259 0.534 

26s 0.430 0.592 0.237 0.534 

27s 0.421 0.573 0.276 0.453 

28s 0.355 0.495 0.254 0.453 

29s 0.402 0.635 0.310 0.462 

30s 0.305 0.528 0.277 0.461 

* The predicted biological activities are expressed as Pa (probability “to be active”) estimates the 

chance that the studied compound is belonging to the sub-class of active compounds (resembles the 

structures of molecules, which are the most typical in a sub-set of “actives” in PASS training set). 

The value of the most active compound is 1. 

Analysis of the antiviral activity predictions indicates that all evaluated compounds 

are predicted to possess antiviral potential, with varying probabilities of activity. 

Among these, several derivatives display particularly pronounced activity. Notable ex-

amples include 5s 6-diethyl-1′-phenyl-6-methylhelipyrone, 13s 6-diethyl-5,5,6-trimethyl-1′-

phenylarzanol, 18s 1′-phenylarzanol, 9s 1′-phenylhelipyrone, 4s 3,3′-(ethane-1,1-diyl)bis(4-

hydroxy-6-methyl-2H-pyran-2-one), 2s helipyrone ketone, 8s 1′-methylhelipyrone, and 6s 

6-diethyl-1′-hexyl-6-methylhelipyrone. These findings suggest that structural variations 

within the helipyrone and arzanol scaffolds can significantly influence antiviral potency, 

highlighting specific substituents as potential determinants of enhanced bioactivity. 

Examination of the structures of the four most active compounds reveals a common 

feature, namely the presence of a phenyl substituent at the 1′-position. This structural el-

ement is likely to enhance the hydrophobic character of the molecules, facilitate π–π stack-

ing interactions, and contribute to improved binding affinity at relevant biological targets. 

Cycloarzanol A 15s exhibits the higher potent anti-inflammatory activity, with a Pa 

range of all compounds between 0.261 and 0.751, positioning it as the most efficacious 

compound among the arzanol derivatives (Table 1). This finding further supports previ-

ous studies demonstrating that arzanol and its analogs possess significant anti-inflamma-

tory properties [16,58]. 

Arzanol, a prenylated heterodimeric phloroglucinyl α-pyrone, has been identified as 

the primary anti-inflammatory constituent of Helichrysum italicum, a Mediterranean me-

dicinal plant traditionally employed in folk medicine for the treatment of inflammatory 

conditions and infectious diseases [1,59]. 

It has been extensively studied for its anti-inflammatory effects. It functions through 

multiple mechanisms, including the inhibition of nuclear factor-kappa B (NF-κB) activa-

tion, suppression of pro-inflammatory cytokine release (such as IL-1β, IL-6, IL-8, and TNF-

α), and inhibition of microsomal prostaglandin E2 synthase-1 (mPGES-1) and 5-lipoxy-

genase (5-LOX) enzymes. These actions collectively contribute to its potent anti-inflam-

matory activity [8]. 

Arzanol, also demonstrated antioxidant properties by effectively inhibiting lipid pe-

roxidation in various in vitro systems, and it also protected VERO cells from oxidative 

stress induced by tert-butyl hydroperoxide (TBH), reducing oxidative damage in these 

cells without causing cytotoxicity [12]. The observed bioactivity of arzanol derivatives ap-

pears to be largely inherited from the parent compound, arzanol, which has been shown 

to possess notable antioxidant properties (Table 1). 
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The in silico assessment of the thirty phloroglucinol α-pyrones using PASS online 

revealed distinct and diverse predicted biological activities, encompassing mitochondrial 

modulation, membrane stabilization, antiparasitic and antihelmintic effects, antineo-

plastic potential, and pleiotropic metabolic activities. Compounds 1s–10s were predicted 

as strong modulators of the mitochondrial electron transport chain, particularly as ubiq-

uinol–cytochrome-c reductase inhibitors, highlighting their potential in antimicrobial, an-

ticancer, and metabolic interventions. Membrane integrity modulators 11s–20s, 23s, 24s 

and antiparasitic derivatives 20s–26s, 29s, 30s demonstrated overlapping bioactivities, 

suggesting applications in immune regulation, apoptosis, and infectious disease manage-

ment. Notably, antineoplastic compounds 26s–28s exhibited TP53-associated activity, re-

inforcing their relevance in oncology. Pleiotropic compounds 29s, 30s displayed multi-

target potential, including testosterone 17β-dehydrogenase inhibition, indicating addi-

tional therapeutic avenues. 

The synthetic phloroglucinol α-pyrones investigated in this study exhibited a broad 

spectrum of predicted biological activities, including anti-inflammatory, antioxidant, an-

tiviral, antibacterial, and metabolic modulatory effects. These in silico predictions are con-

sistent with previously reported experimental findings for arzanol and its analogs, indi-

cating that key pharmacological properties are largely retained across the synthetic deriv-

atives and supporting their potential as promising candidates for further pharmacological 

and therapeutic exploration. 

12. Prediction of Acute Rat Toxicity 

To evaluate the potential toxicity of compounds 1s–30s, we employed the GUSAR 

software platform. GUSAR was developed to generate quantitative structure–activity and 

structure–property relationship (QSAR/QSPR) models based on curated training datasets. 

The software enables in silico prediction of median lethal dose (LD50) values in rats via 

four routes of administration: oral, intravenous, intraperitoneal, and subcutaneous [60]. 

The web-based computational platform is extensively employed as predictive tools for 

assessing toxicological profiles [61–63]. 

In this study, GUSAR was utilized to perform quantitative in silico toxicity assess-

ment of the Helichrysum-derived α-pyrone-phloroglucinols 1s–30s. The predicted LD50 

values, expressed in mg/kg, are presented in Figure 3 and summarized in Table A1. 

 

Figure 3. Acute rat toxicity predicted via GUSAR software. IP–intraperitoneal, IV–intravenous, SC–

subcutaneous are the routes of administration. 
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Most compounds fall into OECD Categories 3–4, suggesting moderate to slight acute 

toxicity. A few compounds exhibit very high LD50 values (>2000 mg/kg) via certain routes, 

indicating practical non-toxicity. Conversely, several compounds show low LD50 values 

(<100 mg/kg) for IV or IP administration, reflecting a higher toxic potential. Compound 

28s 22-methyl-22-ethylitalipyrone triacetate demonstrates the lowest predicted LD50 val-

ues, particularly via the subcutaneous (12.96 mg/kg) and IP (97.64 mg/kg) routes, placing 

it in OECD Category 2 (toxic). This indicates that 28s carries the highest acute toxicity risk 

among the tested series. Immediately thereafter follows compound 27s, which differs by 

the absence of a single methyl group in its structural formula. Compound 6s 6-diethyl-1′-

hexyl-6-methylhelipyrone exhibits very high LD50 values across all routes (e.g., SC: 3292.0 

mg/kg, Oral: 775.24 mg/kg) and was explicitly marked as “NonToxic” within the applica-

bility domain of GUSAR. This suggests it is the safest compound in the series, falling 

within OECD Category 5 (practically non-toxic). 

Compounds 1s–30s were grouped based on their predicted OECD acute toxicity clas-

sifications. This categorization allowed for the identification of compounds with varying 

toxicological profiles, ranging from highly toxic to practically non-toxic, thereby facilitat-

ing a clear comparison of their relative acute toxicity. 

Category 2 compounds, classified as toxic with lethal doses ranging from 5 to 50 

mg/kg, include 27s and 28s, which are the most hazardous in the series. Specifically, com-

pound 27s has an estimated subcutaneous (SC) toxicity of 19.36 mg/kg and an intravenous 

(IV) toxicity of 24.38 mg/kg, while compound 28s shows greater toxicity with SC and IV 

values of 12.96 mg/kg and 26.02 mg/kg, respectively. 

Category 3 compounds are classified as moderately toxic, with lethal doses ranging 

from 50 to 300 mg/kg, and include a relatively large group of substances whose toxicity is 

mainly observed via intravenous (IV) or intraperitoneal (IP) routes. Notable examples are 

1s (IV: 40.64 mg/kg; IP: 163.84 mg/kg), 2s (IV: 43.33 mg/kg; oral: 179.63 mg/kg), 7s (IV: 

57.48 mg/kg; IP: 280.84 mg/kg), 8s (IV: 52.59 mg/kg; IP: 256.94 mg/kg), 9s (IV: 49.24 mg/kg; 

IP: 245.24 mg/kg), 15s (IP: 135.64 mg/kg; IV: 64.08 mg/kg), 16s (IP: 137.74 mg/kg; IV: 59.43 

mg/kg), 17s (IP: 228.14 mg/kg), 18s (IP: 221.84 mg/kg), 24s (IV: 38.66 mg/kg; IP: 200.64 

mg/kg), and 29s (IP: 204.64 mg/kg; IV: 48.26 mg/kg). 

Category 4 substances are considered slightly toxic, with lethal doses ranging from 

300 to 2000 mg/kg, and are generally regarded as safer at moderate exposure levels, 

though they can still pose some risk. This group includes compounds such as 3s, which is 

borderline between Category 3 and 4 with an intravenous (IV) toxicity of 98.76 mg/kg but 

shows subcutaneous (SC) and oral toxicity values above 800 mg/kg; 4s (IP: 459.24 mg/kg); 

5s (IP: 458.04 mg/kg); 10s (IP: 372.14 mg/kg); 11s (IP: 481.54 mg/kg); 12s (IP: 345.44 mg/kg); 

13s (IP: 339.14 mg/kg); 14s (IP: 820.95 mg/kg); 19s (IP: 388.94 mg/kg); 21s with IP toxicity 

of 628.05 mg/kg but a borderline IV value of 34.49 mg/kg; 22s, which is borderline category 

based on IV toxicity at 23.44 mg/kg though other routes show higher values; 23s (IP: 491.54 

mg/kg); 25s (IP: 442.74 mg/kg); 26s (IP: 353.74 mg/kg); and 30s (IP: 317.64 mg/kg). 

Category 5 compounds are regarded as practically non-toxic, with lethal doses ex-

ceeding 2000 mg/kg, and represent the least hazardous substances within the series. In-

cluded in this category are 6s, which has a subcutaneous (SC) toxicity of 3292.0 mg/kg and 

an oral toxicity of 775.24 mg/kg, explicitly classified as non-toxic, and 20s, which shows 

an oral toxicity of 2860.05 mg/kg. 

The in silico assessment of the Helichrysum-derived α-pyrone-phloroglucinols 1s–30s 

revealed a pronounced relationship between structural modifications and predicted acute 

toxicity. Most compounds were classified within OECD Categories 3 and 4, suggesting 

moderate to slight toxicity, whereas only a few representatives fell into the extreme cate-

gories of toxic (Category 2) or practically non-toxic (Category 5). 
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The highest acute toxicity was observed for 22-methyl-22-ethylitalipyrone triacetate 

28s and 22,22-dimethylitalipyrone triacetate 27s, both belonging to the italoipyrone tri-

acetate series. Their low LD50 values, particularly via subcutaneous and intravenous 

routes, can be attributed to the presence of multiple acetyl substituents that reduce polar-

ity and enhance lipophilicity, thereby facilitating rapid systemic absorption [64,65]. More-

over, the triacetate groups act as potential pro-drug functionalities that can be hydrolyzed 

by esterases [66,67], releasing more reactive or bioactive cores intracellularly, which likely 

explains their predicted acute toxicity. The small structural difference between 28s (ethyl 

+ methyl substitution) and 27s (dimethyl substitution) underscores how subtle steric and 

electronic variations at the 22-position markedly influence toxicological outcomes. 

In contrast, compounds with fewer or no acetyl substituents, such as 6-diethyl-1′-

hexyl-6-methylhelipyrone 6s, exhibited very high LD50 values across all routes and were 

explicitly classified as non-toxic, falling into OECD Category 5. Its non-acetylated struc-

ture and long alkyl chain contribute to higher metabolic stability and reduced systemic 

toxicity, positioning 6s as the safest compound in the series. Similarly, arzanol derivatives 

and simple pyrone scaffolds (e.g., 1s–5s, 10s–19s) tended to show intermediate toxicity 

(Categories 3–4), where the balance between lipophilic substituents (e.g., hexyl, phenyl) 

and polar hydroxyl groups dictated their absorption and toxic potential. 

Taken together, the results highlight a clear structure–toxicity relationship within 

this compound class: acetylation and bulky alkyl substitutions significantly enhance acute 

toxicity, whereas non-acetylated analogs and balanced polarity confer relative safety. 

These findings provide useful guidance for prioritizing derivatives in further pharmaco-

logical or toxicological investigations. Of course these structure–toxicity relationships 

should be interpreted cautiously, as GUSAR predictions do not account for metabolism 

or chronic exposure. 

13. Lipophilicity 

Lipophilicity is one of the most important physicochemical parameters in medicinal 

chemistry, as it strongly influences the pharmacokinetic and pharmacodynamic properties 

of bioactive molecules. It describes the affinity of a compound for lipophilic versus aqueous 

environments and is commonly expressed as the octanol/water partition coefficient (logP) 

or, for ionizable compounds, the distribution coefficient (logD). Lipophilicity affects mem-

brane permeability, aqueous solubility, plasma protein binding, tissue distribution, meta-

bolic stability, and ultimately the absorption, distribution, metabolism, excretion, and tox-

icity (ADMET) profile of drug candidates. Moreover, it plays a crucial role in ligand–target 

recognition, since hydrophobic interactions frequently contribute to the stability of protein–

ligand complexes. Consequently, optimization of lipophilicity is considered a fundamental 

aspect of drug design, where an appropriate balance between hydrophobicity and hydro-

philicity is required to maximize biological activity while maintaining favorable pharmaco-

kinetic properties. Excessive lipophilicity often leads to poor aqueous solubility, increased 

metabolic clearance, and higher nonspecific binding, whereas insufficient lipophilicity may 

limit membrane permeability and target affinity [68–70]. 

The calculated octanol/water partition coefficients cLogP of the discussed com-

pounds were estimated using ChemBioDraw Ultra, Version 20.0 (PerkinElmer Informat-

ics Inc., Waltham, MA, USA). The software utilizes validated fragment-based algorithms 

to predict lipophilicity. Due to its robust predictive performance and extensive use in me-

dicinal chemistry research, ChemBioDraw is widely recognized as a reliable computa-

tional tool for the estimation of molecular lipophilicity [71,72]. 

Lipophilicity is one of the key molecular descriptors influencing the pharmacokinetic 

behavior of biologically active compounds, affecting membrane permeability, aqueous 

solubility, plasma protein binding, tissue distribution, and ultimately biological efficacy. 
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The calculated partition coefficient (cLogP) was therefore determined for all compounds 

1s–30s to evaluate the influence of the structural modifications introduced throughout the 

different classes of α-pyrone derivatives (Table 2). The calculated cLogP values ranged 

from 1.89 3s to 6.77 19s, indicating a broad physicochemical diversity within the studied 

series. The observed differences closely follow the structural evolution from simple α-py-

rone derivatives to more complex phloroglucinol–α–pyrone hybrids and their protected 

analogues. The simplest monopyrone derivatives 1s (cLogP = 1.96), 2s (2.19), 3s (1.89) and 

4s (1.99) exhibit the lowest lipophilicity because their structures contain only a single α-

pyrone scaffold with a limited number of hydrophobic carbon atoms and several oxygen-

containing functional groups capable of increasing polarity. The slight increase observed 

for 2s compared with 1s can be attributed to the additional ketone-containing alkyl side 

chain, which increases molecular size despite introducing another carbonyl group. 

A pronounced increase in lipophilicity is observed after aldehyde-mediated dimeri-

zation of the α-pyrone nucleus. Formation of symmetrical dipyrone derivatives substan-

tially enlarges the hydrophobic molecular surface by introducing a second pyrone ring 

connected through a methylene bridge. Furthermore, the nature of the substituent at-

tached to the bridging carbon strongly affects cLogP. Replacement of hydrogen or methyl 

substituents with phenyl 5s, cLogP = 3.03 and especially hexyl groups 6s, cLogP = 4.63 

produces a marked increase in lipophilicity. The same tendency is even more evident in 

compounds 8s–10s, where the additional ethyl substituent already present on the pyrone 

ring further increases hydrophobicity, resulting in cLogP values of 3.84, 4.88, and 6.49, 

respectively. This demonstrates that elongation of aliphatic chains contributes more sig-

nificantly to lipophilicity than aromatic substitution alone (Table 2). 

The arzanol derivatives 11s–19s display intermediate to high lipophilicity cLogP = 

3.20–6.77, reflecting the balance between the highly oxygenated phloroglucinol fragment 

and the increasingly hydrophobic substituents introduced during analogue synthesis. Alt-

hough incorporation of the phloroglucinol moiety introduces three phenolic hydroxyl 

groups capable of hydrogen bonding, these polar functionalities are counterbalanced by 

the larger aromatic framework and lipophilic side chains. Again, substitution with phenyl 

13s, 18s and particularly hexyl 14s, 19s groups produces the largest increase in cLogP, 

with 19s exhibiting the highest lipophilicity of the entire series cLogP = 6.77. Interestingly, 

these two compounds were also reported as the most potent dual mPGES-1/5-LO inhibi-

tors, suggesting that increased hydrophobicity may enhance interactions with the pre-

dominantly hydrophobic regions of the enzyme binding sites. Nevertheless, this relation-

ship should be interpreted cautiously, since biological activity is also governed by molec-

ular geometry, hydrogen-bonding capability, and electronic effects rather than lipophilic-

ity alone. 

Table 2. Calculated octanol/water partition coefficients (cLogP) of the discussed compounds. 

Compound cLogP Compound  cLogP 

1s 1.9593 16s 4.7541 

2s 2.1853 17s 4.1257 

3s 1.8876 18s 5.1647 

4s 1.9866 19s 6.7707 

5s 3.0256 20s 3.4061 

6s 4.6316 21s 4.2441 

7s 2.7380 22s 4.7731 

8s 3.8426 23s 6.0283 

9s 4.8816 24s 6.5573 

10s 6.4876 25s 4.8141 

11s 3.5487 26s 5.3431 
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12s 3.1977 27s 4.1111 

13s 4.2367 28s 4.6401 

14s 5.8427 29s 3.5746 

15s 4.8041 30s 4.1036 

Cyclization of arzanol to give cycloarzanol A 15s and cycloarzanol B 16s produces 

only a minor decrease in cLogP (4.80 and 4.75, respectively) compared with the corre-

sponding open-chain analogues. Because cyclization does not significantly alter the ele-

mental composition but mainly increases molecular rigidity, only small changes in calcu-

lated lipophilicity are expected. Thus, cyclization primarily affects molecular confor-

mation rather than overall hydrophobic character. 

The most lipophilic compounds among the protected derivatives are the methyl 

ethers 23s cLogP = 6.03 and 24s (6.56). Methylation converts phenolic hydroxyl groups 

into methoxy substituents, eliminating hydrogen-bond donor capacity while increasing 

the hydrophobic surface area. A similar trend is observed for the acetylated derivatives 

(20s–22s, 25s–30s), where acetyl protection masks phenolic hydroxyl groups and de-

creases molecular polarity. Consequently, these derivatives generally possess cLogP val-

ues between 3.4 and 5.3, reflecting improved lipophilicity compared with the correspond-

ing non-protected analogues. 

Overall, the calculated lipophilicity follows the expected structure–property relation-

ship throughout the series. Increasing molecular size, incorporation of additional aro-

matic rings, extension of aliphatic side chains, and masking of phenolic hydroxyl groups 

through methylation or acetylation all contribute to higher cLogP values. Conversely, the 

presence of free hydroxyl groups and relatively small α-pyrone frameworks maintain 

lower lipophilicity. Most compounds exhibit cLogP values between 3 and 5, a range gen-

erally considered favorable for passive membrane permeation while still maintaining ac-

ceptable drug-like properties. Only compounds 10s, 19s, 23s, and 24s exceed a cLogP 

value of 6, suggesting that although these derivatives may possess enhanced membrane 

affinity, they may also exhibit reduced aqueous solubility and increased plasma protein 

binding. Therefore, optimization of lipophilicity should be considered alongside biologi-

cal activity during the future development of α-pyrone–phloroglucinol derivatives. 

14. Conclusions 

This review presents the synthesis and biological evaluation of several natural and 

synthetic phloroglucinol-based α-pyrone derivatives, encompassing monopyrones, dipy-

rones, arzanol analogues, and their functionalized derivatives. The synthetic approaches 

demonstrate versatility, from simple β-keto ester cyclodehydration yielding monopyrones 

(74% yield) to sophisticated carba-Betti-type multicomponent condensations producing 

arzanol and analogues (30–68% yields). Key transformations include aldehyde-mediated 

homodimerization for symmetrical dipyrones, TBAF-catalyzed heterodimerization for ar-

zanol synthesis using either paraformaldehyde or Eschenmoser’s salt as methylene do-

nors, and acid-catalyzed intramolecular cyclization generating cycloarzanol A and B. 

Post-synthetic modifications through acetylation and methylation provided access to less 

polar derivatives with quantitative yields in most cases. The modular nature of these syn-

thetic strategies, particularly the flexibility in aldehyde selection and pyrone substitution 

patterns, enables systematic exploration of structural diversity. This compilation provides 

a structured foundation for future synthetic efforts, highlighting the accessibility of these 

natural product-inspired scaffolds through straightforward, scalable chemistry that 

bridges synthetic methodology with natural product biosynthesis. 
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The proposed retrosynthetic approaches further extend the synthetic landscape of 

Helichrysum-derived α-pyrones by outlining unified and modular strategies toward struc-

turally complex heterodimeric natural products and their analogues. 

The in silico analysis using PASS and GUSAR revealed that the phloroglucinol-based 

α-pyrone derivatives possess diverse and relevant predicted biological activities, includ-

ing anti-inflammatory, antimicrobial, antiparasitic, and antineoplastic effects. The pre-

dicted activity profiles were consistent with reported experimental data for arzanol and 

related compounds, supporting the validity of the computational approach. Toxicity pre-

dictions indicated generally acceptable safety profiles, with clear structure–toxicity rela-

tionships. The calculated lipophilicity (cLogP) values further complemented the structural 

and biological analysis, demonstrating that modifications of the α-pyrone and phloroglu-

cinol scaffolds substantially influence the physicochemical properties of these derivatives. 
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Appendix A 

Table A1. Synthetic conditions. 

Compound Name 
Exact Mass (Da),  

Elem. Comp. 
Starting Compounds Synthesis Conditions 

Isolated 

(mg), Yield 

(%) 

Reference 

helipyrone 
320.1260 

(C17H20O6) 

6-Ethyl-4-hydroxy-5-

methyl-α-pyrone (1i); 

formaldehyde 

1i (200 mg, 1.30 mmol) in CHCl3 (3 

mL) was treated with paraformalde-

hyde (19.5 mg, 0.65 mmol) and stirred 

16 h / 40 °C. Solvent removed; residue 

purified by silica GCC (petroleum 

ether/EtOAc 7:3). 

142 mg (68%) [2]  

arzanol 
402.1678 

(C22H26O7) 

6-Ethyl-4-hydroxy-5-

methyl-α-pyrone (1i), 

paraformaldehyde, 

phloracetophenone (2i), 

TBAF 

(Procedure A) 1i (17 mg, 0.11 mmol), 

paraformaldehyde (3 mg, 0.11 mmol), 

2i (50 mg, 0.11 mmol), TBAF (1 M in 

THF, 220 µL, 0.22 mmol) in CHCl3  

(1.5 mL), stir 16 h at 40 °C; quench 

with 2 N H2SO4, extract with CH2Cl2, 

dry, silica gel GCC (PE + AcOH) 

27 mg (61%) [2] 

  

6-Ethyl-4-hydroxy-5-

methyl-α-pyrone (1i), 

Eschenmoser’s salt, 

phloracetophenone (2i), 

TBAF 

(Procedure B) 1i (17 mg, 0.11 mmol), 

Eschenmoser’s salt (15 mg, 0.11 

mmol), 2i (50 mg, 0.11 mmol), TBAF  

(1 M in THF, 220 µL, 0.22 mmol) in 

CHCl3 (1.5 mL), stir 16 h at 40 °C; 

quench with 2 N H2SO4, extract with 

CH2Cl2, dry, silica gel GCC (PE + 

AcOH) 

29 mg (65%) [2] 
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6-ethyl-4-hydroxy-5-

methyl-α-pyrone 

(1s) 

154.0630 

(C8H10O3) 

ethyl 3-oxopentanoate 

(3i); ethyl propionate; 

NaH; n-BuLi; polyphos-

phoric acid 

Step 1: NaH (60%, 195 mg, 3.9 mmol) 

in dry THF (15 mL, 0 °C) was treated 

with ethyl 3i (500 µL, 3.9 mmol). After 

10 min n-BuLi (2.5 M, 1.56 mL, 3.9 

mmol) was added, followed by ethyl 

propionate (223 µL, 1.95 mmol). A 

second n-BuLi portion (937 µL, 2.34 

mmol) and ethyl propionate (223 µL, 

1.95 mmol) were introduced 15 min 

apart. After 15 min the mixture was 

quenched (conc. HCl), extracted with 

Et2O, washed (sat. NaHCO3), dried 

(Na2SO4) and purified by silica gravity 

column chromatography (petroleum 

ether/EtOAc 9:1) to give ethyl 4-me-

thyl-3,5-dioxoheptanoate (483 mg, 

62%).  

Step 2: ethyl 4-methyl-3,5-dioxohep-

tanoate (483 mg, 2.4 mmol) stirred in 

polyphosphoric acid (1.5 g, 120 °C, 1.5 

h), poured on ice, filtered and washed 

with H2O to yield the product 6-Ethyl-

4-hydroxy-5-methyl-α-pyrone 1s. 

274 mg (74%) [2] 

helipyrone ketone 

(2s) 

238.1205 

(C13H18O4) 
helipyrone (20) 

helipyrone (100 mg, 0.36 mmol) was 

refluxed 20 min in 2% aqueous 

Na2CO3 (50 mL). After cooling, the 

mixture was acidified (pH~2), ex-

tracted with CHCl3 and the extract pu-

rified by silica-gel chromatography 

(toluene/acetone 9:1) to yield ketone 

2s. 

60 mg (60%) [6] 

3,3′-methylenebis(4-

hydroxy-6-methyl-

2H-pyran-2-one) (3s) 

264.0634 

(C13H12O6) 

6-methyl-4-hydroxypy-

rone; formaldehyde 
As for helipyrone (6) 63% [2] 

3,3′-(ethane-1,1-

diyl)bis(4-hydroxy-

6-methyl-2H-pyran-

2-one) (4s) 

278.0790 

(C14H14O6) 

6-methyl-4-hydroxypy-

rone; isobutyraldehyde 
As for helipyrone (6)  60% [2] 

6-diethyl-1′-phenyl-

6-methylhelipyrone 

(5s) 

340.0947 

(C19H16O6) 

6-methyl-4-hydroxypy-

rone; benzaldehyde 
As for helipyrone (6) 55% [2] 

6-diethyl-1′-hexyl-6-

methylhelipyrone 

(6s) 

348.1573 

(C19H24O6) 

6-methyl-4-hydroxypy-

rone; hexanal 
As for helipyrone (6) 68% [2] 

helipyrone diacetate 

(7s) 

404.1471 

(C21H24O8) 
helipyrone (6) 

helipyrone (6) was acetylated with 

acetic anhydride under standard pyri-

dine conditions 

NR [19] 

1′-methylhelipyrone 

(8s) 

334.1416 

(C18H22O6) 

6-ethyl-4-hydroxy-5-me-

thyl-α-pyrone (1i); acet-

aldehyde 

As for helipyrone (6) 65% [2] 

1′-phenylhelipyrone 

(9s) 

396.1573 

(C23H24O6) 

6-ethyl-4-hydroxy-5-me-

thyl-α-pyrone (1i); ben-

zaldehyde 

As for helipyrone (6) 52% [2] 

1′-hexylhelipyrone 

(10s) 

404.2199 

(C23H32O6) 

6-ethyl-4-hydroxy-5-me-

thyl-α-pyrone (1i); hex-

anal 

As for helipyrone (6) 66% [2] 
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6-diethyl-5,5,6-tri-

methylarzanol (11s) 

374.1365 

(C20H22O7) 

6-methyl-4-hydroxypy-

rone; phloracetophe-

none (2i); paraformalde-

hyde 

6-methyl-4-hydroxypyrone (0.11 

mmol), paraformaldehyde (0.11 

mmol) and phloracetophenone (2i) 

(0.11 mmol) in CHCl3 (1.5 mL) were 

treated with TBAF (1 M, 220 µL, 0.22 

mmol) and stirred 16 h / 40 °C; quench 

with 2 N H2SO4, extract with CH2Cl2, 

dry, silica gel GCC (PE + AcOH). 

58% [2] 

6-diethyl-1′,5,5,6-tet-

ramethylarzanol 

(12s) 

388.1522 

(C21H24O7) 

6-ethyl-4-hydroxy-5-me-

thyl-α-pyrone (1); phlor-

acetophenone (2i); iso-

butyraldehyde 

As for 11s 55% [2] 

6-diethyl-5,5,6-tri-

methyl-1′-phenylar-

zanol (13s) 

450.1678 

(C26H26O7) 

triacetic acid lactone (6-

methyl-4-hydroxypy-

rone); phloracetophe-

none (2i); benzalde-

hyde-iminium 

As for 11s 30 mg (30%) [2] 

6-diethyl-1′-hexyl-

5,5,6-trimethylarza-

nol (14s) 

458.2304 

(C26H34O7) 

6-methyl-4-hydroxypy-

rone; phloracetophe-

none (2i); hexanal 

As for 11s 40% [2] 

cycloarzanol A (15s) 
402.1678 

(C22H26O7) 
arzanol (10) 

CeCl3 method: arzanol (100 mg, 0.25 

mmol) in dry THF (1 mL) plus 

CeCl3·7H2O (100 mg); stir at room 

temperature 1 week. Work up with 

EtOAc, sat. NaHCO3, brine; purify by 

silica gel column (petroleum 

ether/EtOAc 95:5). 

28 mg (28%) [1] 

cycloarzanol A (15s) 
402.1678 

(C22H26O7) 
arzanol (10) 

HCl method: arzanol (100 mg, 0.25 

mmol) in MeOH (5 mL) with HCl 

(from 100 µL SOCl2), stir at 0 °C 1 h, 

then room temperature overnight.  

Work up with EtOAc, sat. NaHCO3, 

brine; purify by silica gel column (pe-

troleum ether/EtOAc 95:5).  

29 mg (29%) [1] 

cycloarzanol B (16s) 
402.1678 

(C22H26O7) 
arzanol (10) 

CeCl3 method: arzanol (100 mg, 0.25 

mmol) in dry THF (1 mL) plus 

CeCl3·7H2O (100 mg); stir at room 

temperature 1 week. Work up with 

EtOAc, sat. NaHCO3, brine; purify by 

silica gel column (petroleum 

ether/EtOAc 95:5). 

18 mg (18%) [1] 

cycloarzanol B (16s) 
402.1678 

(C22H26O7) 
arzanol (10) 

HCl method: arzanol (100 mg, 0.25 

mmol) in MeOH (5 mL) with HCl 

(from 100 µL SOCl2), stir at 0 °C 1 h, 

then room temperature overnight.  

Work up with EtOAc, sat. NaHCO3, 

brine; purify by silica gel column (pe-

troleum ether/EtOAc 95:5).  

6 mg (6%) [1] 

1′-methylarzanol 

(17s) 

416.1835 

(C23H28O7) 

6-ethyl-4-hydroxy-5-me-

thyl-α-pyrone (1i); 

phloracetophenone (2i); 

acetaldehyde 

As for the synthesis of arzanol (10), 

Procedure A 
68% [2] 

1′-phenylarzanol 

(18s) 

478.1991 

(C28H30O7) 

6-ethyl-4-hydroxy-5-me-

thyl-α-pyrone (1i); 

phloracetophenone (2i); 

benzaldehyde-iminium 

(Eschenmoser salt) 

As for the synthesis of arzanol (10), 

Procedure B 
31 mg (31%) [2] 
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1′-hexylarzanol (19s) 
486.2617 

(C28H38O7) 

6-ethyl-4-hydroxy-5-me-

thyl-α-pyrone (1i); 

phloracetophenone (2i); 

hexanal 

As for the synthesis of arzanol (10), 

Procedure A 
48% [2] 

arzanol tetra-acetate 

(20s) 

570.2101 

(C30H34O11) 
arzanol (1a) 

To a solution of arzanol (200 mg, 0.50 

mmol) in dry pyridine (2 mL) was 

added excess Ac2O (2 mL). Stir over-

night rt; quench with MeOH, dilute 

with H2O, extract with Et2O, sequen-

tially wash (2 N H2SO4/Na-

HCO3/brine), evaporate and wash res-

idue with Et2O to give product. 

198 mg (70%) [1] 

6-O-

desmethylauricepy-

rone tetraacetate 

(21s) 

598.2414 

(C32H38O11) 

6-O-desmethylauricepy-

rone (13) 

A stirred solution of 13 (24 mg, 0.05 

mmol) in anhydrous CHCl3 (1 mL) 

was treated with 4-pyrrolidino-

pyridine (20 mg, 0.16 mmol) and Ac2O 

(0.10 mL, 1.06 mmol). The mixture 

was refluxed for 3 h under N2, concen-

trated in vacuo and the residue puri-

fied by silica-gel chromatography (pe-

troleum ether/Et2O 1:1) to give 21s. 

≈ 20 mg (of a 

25 mg of 

compound 3 

+ compound 

4 mixture), ≈ 

83% (com-

bined) 

[6] 

23-methyl-6-O-

desmethylauricepy-

rone tetraacetate 

(22s) 

612.2571 

(C33H40O11) 

23-methyl-6-O-

desmethylauricepyrone 

(16) 

As described for compound 21s (same 

reagent ratios and work-up); product 

co-eluted with 21s and was not fur-

ther separated. 

≈ 5 mg (of a 

25 mg of 

compound 3 

+ compound 

4 mixture), ≈ 

83% (com-

bined) 

[6] 

auricepyrone dime-

thyl ether (23s) 

458.2304 

(C26H34O7) 
auricepyrone (19) 

To a solution of the natural-product 

mixture of auricepyrone (19) (20 mg, 

ca 1:1 w/w) in dry diethyl ether (2 mL) 

was added an ethereal solution of di-

azomethane until the yellow colour 

persisted; the reaction stood 1 h at 

room temperature. Solvent was re-

moved in vacuo and the residue puri-

fied by silica gel chromatography 

(ether: petroleum ether 1:1) to give the 

colourless oil of 23s and 24s. 

20 mg (quan-

titative) 
[18] 

23-methylauricepy-

rone dimethyl ether 

(24s) 

472.2461 

(C27H36O7) 

23-methylauricepyrone 

(20) 
As for 23s 

20 mg (quan-

titative) 
[18] 

auricepyrone tri-

acetate (25s) 

570.2465 

(C31H38O10) 
auricepyrone (19) 

To a boiling solution of compound 19 

(10 mg) in CHCl3 (1 mL) were added 

4-pyrrolidinopyridine (20 mg) and 

acetic anhydride (0.10 mL). After 3 h 

under reflux the mixture was concen-

trated and chromatographed on silica 

(ether: petroleum ether 3:1) to yield 

the inseparable triacetates auricepy-

rone triacetate 25s as colourless oil. 

10 mg (quan-

titative) 
[18] 

23-methylauricepy-

rone triacetate (26s) 

584.2621 

(C32H40O10) 

23-methylauricepyrone 

(20) 
As for 25s 

10 mg (quan-

titative) 
[18] 

22,22-dimethylitali-

pyrone triacetate 

(27s) 

554.2152 

(C30H34O10) 

22,22-dimethylitalipy-

rone 

A suspension of 22,22-dimethylitali-

pyrone in CHCl3 was refluxed for 2 h 

with Ac2O and catalytic 4-pyrrolidino-

pyridine under N2. Solvent removal 

NR [6] 
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followed by silica-gel chromatog-

raphy (cyclohexane/EtOAc 9:1). 

22-methyl-22-

ethylitalipyrone tri-

acetate (28s) 

568.2308 

(C31H36O10) 

22-methyl-22-ethylitali-

pyrone 
As for 27s NR [6] 

italidipyrone 

tetraacetate (29s) 

738.2524 

(C38H42O15) 
italidipyrone (43) 

A solution of italidipyrone (50 mg, 

0.09 mmol) in pyridine (3 mL) was 

treated with Ac2O (2 mL, 21 mmol) 

and allowed to stand 24 h at 20 °C.  

After quenching with ice-water, the 

mixture was extracted with CHCl3 

and the organic layer evaporated; 

crystallisation from CHCl3/Et2O af-

forded tetraacetate 29s. 

25 mg (72%)  [6] 

23-methylitalidipy-

rone tetraacetate 

(30s) 

752.2680 

(C39H44O15) 

23-methylitalidipyrone 

(44) 
As for 29s 11 mg (72%)  [6] 

Table A2. Biological activity assays on synthetic PGs. 

Compound Name Biological Activity Reference 

3,3′-methylenebis(4-hydroxy-6-

methyl-2H-pyran-2-one) (3s) 
Inactive: mPGES-1 IC50 > 100 µM; 5-LO not determined. [2] 

3,3′-(ethane-1,1-diyl)bis(4-hy-

droxy-6-methyl-2H-pyran-2-one) 

(4s) 

Weak inhibitor: against mPGES-1 (IC50 99 µM) and against 5-LO (IC50 

88 µM). 
[2] 

6-diethyl-1′-phenyl-6-methylheli-

pyrone (5s) 

Weak inhibitor: against mPGES-1 (IC50 93 µM); against 5-LO (IC50 82 

µM). 
[2] 

6-diethyl-1′-hexyl-6-methylheli-

pyrone (6s) 

Weak dual inhibitor: against mPGES-1 (IC50 79 µM) and against 5-LO 

(IC50 7.8 µM); ~10-fold preference for 5-LO. 
[2] 

1′-methylhelipyrone (8s) 
Inactive: mPGES-1 IC50 > 100 µM; 5-LO retains 83% activity at 10 µM, 

indicating very weak inhibition. 
[2] 

1′-phenylhelipyrone (9s) 
Weak inhibitor: against mPGES-1 (IC50 67 µM) and against 5-LO (IC50 

86 µM). 
[2] 

1′-hexylhelipyrone (10s) 
Moderate dual inhibitor: against mPGES-1 (IC50 0.84 µM) and against 

5-LO (IC50 56 µM); ~67-fold preference for mPGES-1. 
[2] 

6-diethyl-5,5,6-trimethylarzanol 

(11s) 

Moderate dual inhibitor: low-micromolar potency on mPGES-1 (IC50 

1.0 µM) and mid-micromolar on 5-LO (IC50 9.5 µM); ~10-fold selectiv-

ity towards mPGES-1. 

[2] 

 

Potent antibacterial activity in the microdilution assay against six 

MDR S. aureus strains: SA1199B MIC 1 µg/mL−1; ATCC 25923 MIC 1 

µg/mL−1; RN4220 MIC 2 µg/mL−1; EMRSA-15 MIC 2 µg/mL−1; 

EMRSA-16 MIC 2 µg/mL−1; XU212 MIC 16 µg/mL−1. 

[3] 

6-diethyl-1′,5,5,6-tetramethylarza-

nol (12s) 

Dual inhibitor: against mPGES-1 (IC50 2.4 µM); against 5-LO activity 

(IC50 7.9 µM); ~3-fold preference for mPGES-1. 
[2] 

 

Poor antibacterial activity observed by broth-microdilution against 

MDR S. aureus strains: ATCC 25923 MIC 64 µg/mL−1; SA1199B, 

RN4220, EMRSA-15, EMRSA-16 MIC 128 µg/mL−1; XU212 MIC > 128 

µg/mL−1. 

[3] 

6-diethyl-5,5,6-trimethyl-1′-phe-

nylarzanol (13s) 

Dual inhibitor: against mPGES-1 (IC50 1.1 µM); against 5-LO inhibi-

tion (IC50 8.4 µM); ~8-fold selectivity for mPGES-1. 
[2] 

6-diethyl-1′-hexyl-5,5,6-trime-

thylarzanol (14s) 

Potent dual inhibitor: against mPGES-1 inhibition (IC50 0.2 µM); 

against 5-LO (IC50 1.2 µM); ~6-fold selectivity for mPGES-1. 
[2] 
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Moderate antibacterial activity in the broth-microdilution assay 

against six MDR S. aureus strains: SA1199B MIC 16 µg/mL−1; XU212 

MIC 16 µg/mL−1; ATCC 25923 MIC 8 µg/mL−1; RN4220 MIC 8 

µg/mL−1; EMRSA-15 MIC 16 µg/mL−1; EMRSA-16 MIC 8 µg/mL−1. 

[3] 

cycloarzanol A (15s) 

Low antibacterial potency against multidrug-resistant (MDR) Staphy-

lococcus aureus isolates in broth-microdilution: ATCC 25923 MIC 32 

µg/mL−1; RN4220 MIC 32 µg/mL−1; SA1199B, XU212, EMRSA-15 MIC 

128 µg/mL−1; EMRSA-16 MIC > 128 µg/mL−1. 

[3] 

cycloarzanol B (16s) 

Inactive against MDR Staphylococcus aureus isolates in the antibacte-

rial broth-microdilution assay: (SA1199B, XU212, ATCC 25923, 

RN4220, EMRSA-15, EMRSA-16) showed MIC > 128 µg/mL−1. 

[3] 

1′-methylarzanol (17s) 
Dual inhibitor: against mPGES-1 with IC50 2.1 µM; against  5-LO 

with IC50 5.9 µM; ~3-fold mPGES-1 preference. 
[2] 

 

Weak-to-moderate antibacterial activity against MDR Staphylococcus 

aureus isolates (broth-microdilution, Mueller-Hinton): SA1199B MIC 

32 µg/mL−1; RN4220 MIC 32 µg/mL−1; EMRSA-15 MIC 32 µg/mL−1; 

XU212, ATCC 25923, EMRSA-16 MIC 128 µg/mL−1. 

[3] 

1′-phenylarzanol (18s) 
Dual inhibitor: against mPGES-1 (IC50 0.8 µM); against 5-LO inhibi-

tion (IC50 4.9 µM); ~6-fold preference for mPGES-1. 
[2] 

 

Moderate antibacterial activity determined by broth-microdilution 

against six S. aureus MDR strains: SA1199B MIC 16 µg/mL−1; XU212 

MIC 4 µg/mL−1; ATCC 25923 MIC 8 µg/mL−1; RN4220 MIC 2 µg/mL−1; 

EMRSA-15 MIC 6 µg/mL−1; EMRSA-16 MIC 8 µg/mL−1. 

[3] 

1′-hexylarzanol (19s) 
Potent dual inhibitor: against mPGES-1 (IC50 0.3 µM); against 5-LO 

(IC50 1.6 µM); ~5-fold preference for mPGES-1. 
[2] 

 

Good antibacterial activity in the broth-microdilution assay versus 

six S. aureus MDR strains: SA1199B MIC 4 µg/mL−1; XU212 MIC 8 

µg/mL−1; ATCC 25923 MIC 4 µg/mL−1; RN4220 MIC 4 µg/mL−1; 

EMRSA-15 MIC 8 µg/mL−1; EMRSA-16 MIC 8 µg/mL−1. 

[3] 

Table A3. Molecular characteristics of synthetic PGs. 

Compound Name Structural Formula 

Exact Mass 

(Da),  

Elem. Comp. 

Class SMILES Reference 

6-ethyl-4-hydroxy-5-methyl-α-pyrone 

(1s) 

 

154.063 

(C8H10O3) 
monopyrone 

O=C(O1)C=C(O)C(C)=C1

CC 
[2] 

eelipyrone ketone (2s) 

 

238.1205 

(C13H18O4) 
monopyrone 

OC(C(C)=C(OC1=O)CC)

=C1CCC(CC)=O 
[6] 

3,3′-methylenebis(4-hydroxy-6-methyl-

2H-pyran-2-one) (3s) 

 

264.0634 

(C13H12O6) 
dipyrones 

CC1=CC(O)=C(CC2=C(O

)C=C(C)OC2=O)C(O1)=O 
[2] 

3,3′-(ethane-1,1-diyl)bis(4-hydroxy-6-

methyl-2H-pyran-2-one) (4s) 

 

278.079 

(C14H14O6) 
dipyrones 

CC1=CC(O)=C(C(C)C2=

C(O)C=C(C)OC2=O)C(O

1)=O 

[2] 

6-diethyl-1′-phenyl-6-methylhelipy-

rone (5s) 

 

340.0947 

(C19H16O6) 
dipyrones 

CC1=CC(O)=C(C(C2=CC

=CC=C2)C3=C(O)C=C(C)

OC3=O)C(O1)=O 

[2] 

6-diethyl-1′-hexyl-6-methylhelipyrone 

(6s) 

 

348.1573 

(C19H24O6) 
dipyrones 

CC1=CC(O)=C(C(CCCC

CC)C2=C(O)C=C(C)OC2

=O)C(O1)=O 

[2] 
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helipyrone diacetate (7s) 

 

404.1471 

(C21H24O8) 
dipyrones 

CCC1=C(C)C(OC(C)=O)=

C(CC2=C(OC(C)=O)C(C)

=C(CC)OC2=O)C(O1)=O 

[19] 

1′-methylhelipyrone (8s) 

 

334.1416 

(C18H22O6) 
dipyrones 

CCC1=C(C)C(O)=C(C(C)

C2=C(O)C(C)=C(CC)OC2

=O)C(O1)=O 

[2] 

1′-phenylhelipyrone (9s) 

 

396.1573 

(C23H24O6) 
dipyrones 

CCC1=C(C)C(O)=C(C(C2

=CC=CC=C2)C3=C(O)C(

C)=C(CC)OC3=O)C(O1)=

O 

[2] 

1′-hexylhelipyrone (10s) 

 

404.2199 

(C23H32O6) 
dipyrones 

CCC1=C(C)C(O)=C(C(C

CCCCC)C2=C(O)C(C)=C

(CC)OC2=O)C(O1)=O 

[2] 

6-diethyl-5,5,6-trimethylarzanol (11s) 

 

374.1365 

(C20H22O7) 
3-prenyl PGs 

CC1=CC(O)=C(CC2=C(O

)C(C(C)=O)=C(O)C(C/C=

C(C)\C)=C2O)C(O1)=O 

[2] 

6-diethyl-1′,5,5,6-tetramethylarzanol 

(12s) 

 

388.1522 

(C21H24O7) 
3-prenyl PGs 

CC1=CC(O)=C(C(C)C2=

C(O)C(C(C)=O)=C(O)C(

C/C=C(C)\C)=C2O)C(O1

)=O 

[2] 

6-diethyl-5,5,6-trimethyl-1′-phenylarza-

nol (13s) 

 

450.1678 

(C26H26O7) 
3-prenyl PGs 

CC1=CC(O)=C(C(C2=CC

=CC=C2)C3=C(O)C(C(C)

=O)=C(O)C(C/C=C(C)\C)

=C3O)C(O1)=O 

[2] 

6-diethyl-1′-hexyl-5,5,6-trimethylarza-

nol (14s) 

 

458.2304 

(C26H34O7) 
3-prenyl PGs 

CC1=CC(O)=C(C(CCCC

CC)C2=C(O)C(C(C)=O)=

C(O)C(C/C=C(C)\C)=C2

O)C(O1)=O 

[2] 

cycloarzanol A (15s) 

 

402.1678 

(C22H26O7) 
3-prenyl PGs 

CCC1=C(C(O)=C(C(O1)=

O)CC2=C(C(C(C)=O)=C(

C3=C2OC(C)(CC3)C)O)

O)C 

[1] 

cycloarzanol B (16s) 

 

402.1678 

(C22H26O7) 
3-prenyl PGs 

CCC1=C(C(O)=C(C(O1)=

O)CC2=C(C(C(C)=O)=C3

OC(C)(C)CCC3=C2O)O)

C 

[1] 

1′-methylarzanol (17s) 

 

416.1835 

(C23H28O7) 
3-prenyl PGs 

CCC1=C(C)C(O)=C(C(C)

C2=C(O)C(C(C)=O)=C(O)

C(C/C=C(C)\C)=C2O)C(

O1)=O 

[2] 

1′-phenylarzanol (18s) 

 

478.1991 

(C28H30O7) 
3-prenyl PGs 

O=C(O1)C(C(C2=CC=CC

=C2)C3=C(O)C(C(C)=O)=

C(O)C(C/C=C(C)\C)=C3

O)=C(O)C(C)=C1CC 

[2] 

1′-hexylarzanol (19s) 

 

486.2617 

(C28H38O7) 
3-prenyl PGs 

O=C(O1)C(C(CCCCCC)

C2=C(O)C(C(C)=O)=C(O)

C(C/C=C(C)\C)=C2O)=C

(O)C(C)=C1CC 

[2] 

arzanol tetra-acetate (20s) 

 

570.2101 

(C30H34O11) 
3-prenyl PGs 

CCC1=C(C)C(OC(C)=O)=

C(C(O1)=O)CC2=C(C(C(

C)=O)=C(C(C/C=C(C)\C)

=C2OC(C)=O)OC(C)=O)

OC(C)=O 

[1] 
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6-O-desmethylauricepyrone tetraace-

tate (21s) 

 

598.2414 

(C32H38O11) 
3-prenyl PGs 

O=C1C(CC2=C(C(C/C=C

(C)\C)=C(C(C(C(C)C)=O

)=C2OC(C)=O)OC(C)=O)

OC(C)=O)=C(C(C)=C(O1)

CC)OC(C)=O 

[6] 

23-methyl-6-O-desmethylauricepyrone 

tetraacetate (22s) 

 

612.2571 

(C33H40O11) 
3-prenyl PGs 

O=C1C(CC2=C(C(C/C=C

(C)\C)=C(C(C(C(CC)C)=

O)=C2OC(C)=O)OC(C)=

O)OC(C)=O)=C(C(C)=C(

O1)CC)OC(C)=O 

[6] 

auricepyrone dimethyl ether (23s) 

 

458.2304 

(C26H34O7) 

3-prenyl meth-

oxy PGs 

O=C1C(CC2=C(C(C/C=C

(C)\C)=C(C(C(C(C)C)=O

)=C2OC)O)O)=C(C(C)=C(

O1)CC)OC 

[18] 

23-methylauricepyrone dimethyl ether 

(24s) 

 

472.2461 

(C27H36O7) 

3-prenyl meth-

oxy PGs 

O=C1C(CC2=C(C(C/C=C

(C)\C)=C(C(C(C(CC)C)=

O)=C2OC)O)O)=C(C(C)=

C(O1)CC)OC 

[18] 

auricepyrone triacetate (25s) 

 

570.2465 

(C31H38O10) 

3-prenyl meth-

oxy PGs 

O=C1C(CC2=C(C(C/C=C

(C)\C)=C(C(C(C(C)C)=O

)=C2OC)OC)OC)=C(C(C)

=C(O1)CC)OC 

[18] 

23-methylauricepyrone triacetate (26s) 

 

584.26215 

(C32H40O10) 

3-prenyl meth-

oxy PGs 

O=C1C(CC2=C(C(C/C=C

(C)\C)=C(C(C(C(CC)C)=

O)=C2OC)OC)OC)=C(C(

C)=C(O1)CC)OC 

[18] 

22,22-dimethylitalipyrone triacetate 

(27s) 

 

554.2152 

(C30H34O10) 
benzopyranes 

CC(C(C1)OC(C1=C2OC(

C)=O)=C(C(OC(C)=O)=C

2C(C(C)C)=O)CC3=C(C(

C)=C(OC3=O)CC)OC(C)

=O)=C 

[6] 

22-methyl-22-ethylitalipyrone triacetate 

(28s) 

 

568.2308 

(C31H36O10) 
benzopyranes 

CC(C(C1)OC(C1=C2OC(

C)=O)=C(C(OC(C)=O)=C

2C(C(CC)C)=O)CC3=C(C

(C)=C(OC3=O)CC)OC(C)

=O)=C 

[6] 

italidipyrone tetraacetate (29s) 

 

738.2524 

(C38H42O15) 

Hetero-trimer 

PGs 

O=C1C(CC2=C(C(CC3=C

(C(C)=C(OC3=O)CC)OC(

C)=O)=C(C(C(C(C)C)=O)

=C2OC(C)=O)OC(C)=O)

OC(C)=O)=C(C(C)=C(O1)

CC)OC(C)=O 

[6] 

23-methylitalidipyrone tetraacetate 

(30s) 

 

752.268 

(C39H44O15) 

Hetero-trimer 

PGs 

O=C1C(CC2=C(C(CC3=C

(C(C)=C(OC3=O)CC)OC(

C)=O)=C(C(C(C(CC)C)=

O)=C2OC(C)=O)OC(C)=

O)OC(C)=O)=C(C(C)=C(

O1)CC)OC(C)=O 

[6] 
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