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ARTICLE INFO ABSTRACT

Keywords: A collection of xanthone-carbohydrate hybrids is reported as potential a-glucosidase inhibitors. The inhibitory
T2DM activity of the xanthone core and the poly-hydroxylated commercially available drugs inspired the design of the

Xa‘nthclme compounds. Accordingly, both moieties were linked through a triazole core prepared by a copper-catalyzed
Triazole alkyne-azide cycloaddition. After in vitro testing, compound 17f was identified as the most remarkable com-
Carbohydrates

pound, with an ICsg of 14.9 &+ 1.7 pM (acarbose had an ICsg of 7.3 + 0.3 mM). Additionally, molecular docking
studies suggested that the hybrids bind to the allosteric site, which explains the non-competitive or mixed in-
hibition found in enzymatic kinetics; the stability of the complex was confirmed through molecular dynamics
simulation. Furthermore, an oral sucrose tolerance test (OSTT) in both healthy and diabetic mice demonstrated
that benzoxanthone derivatives 17f and 18f prevent the hyperglycemic peak that occurs after sucrose admin-
istration. Although a-glucosidase inhibition is a key mechanism of action for xanthone 17f, it also improved
plasma glucose levels after 60 min of sucrose administration in diabetic mice, resulting in a decrease of 42 %
compared to initial glucose levels and showing better reduction than acarbose (reduction of 22 %), suggesting a

a-glucosidase inhibitors

complementary antidiabetic effect.

1. Introduction

Among chronic diseases, type 2 diabetes mellitus (T2DM) persists as
one of the most threatening issues of the 21st century. High glucose
levels in blood plasma and abnormal metabolism of lipids and proteins
characterize T2DM [1], leading to serious complications and several
organ failures. Additionally, the rising morbidity and mortality rates of
T2DM position it as one of the principal causes of death worldwide [2].

In 2021, the International Diabetes Federation reported that 537
million adults were living with T2DM, and this number could increase to
643 million by 2030 [3]. Therefore, improving the current therapeutic
arsenal to treat this metabolic disease becomes a priority in Medicinal
Chemistry [4]. In this sense, a-glucosidase inhibitors offer a comple-
mentary strategy to control postprandial plasma glucose levels by
decreasing intestinal absorption [5,6]. The improvement of glycemic
levels occurs without producing hypoglycemia or weight gain [7].
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Besides, treatment with o-glucosidase inhibitors is associated with
lowering the risk of cardiovascular disease, one of the most frequent
vascular complications in diabetic patients [8].

Traditionally, treatment with a-glucosidase inhibitors includes
acarbose (1), miglitol (2), and voglibose (3) (Fig. 1A); however, these
carbohydrate-related drugs are associated with undesired gastrointes-
tinal side effects and the potential for liver damage [9]. Therefore,
searching for new compounds with demonstrated inhibitory activity
against this enzyme becomes an attractive approach for developing
innovative antidiabetic drugs [10,11].

In recent years, the 9H-xanth-9-one core has received massive
attention due to its diverse range of biological applications [12,13].
Specifically, several studies confirm that xanthone-containing com-
pounds can inhibit a-glucosidase [14-16]. Previous reports have shown
that activity increases when an ester group acts as a linker between the
xanthone core and aromatic moieties. Unfortunately, esters may suffer
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Fig. 1. A) Commercially available a-glucosidase inhibitors; B) xanthone de-
rivatives act as non-competitive a-glucosidase inhibitors.

metabolic degradation, thus limiting their future applications [17]. As
an effort to overcome this issue, Ye and co-workers replaced the ester
group with a 1,2,3-1H-triazole ring, resulting in a significant a-gluco-
sidase inhibition, especially when the xanthone is substituted at C6 (4,
Fig. 1B) [16].

Considering the above, we envisioned that hybridization of both
pharmacophores —the xanthone heterocycle and carbohydrates— could
enhance the inhibition of a-glucosidase (Fig. 2). Due to its metabolic
stability, 1,2,3-1H-triazole acted as the linker and was constructed by a
Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC). Regarding
the sugar moiety, we selected glucose (in both furanose and pyranose
cyclic structures), as shown in commercially available inhibitors. In
addition, we employed xanthones bearing electron-donating, electron-
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Fig. 2. Design and retrosynthesis of xanthone-furanose/pyranose hybrids.
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withdrawing, and steric substituents at the C6 position.

The designed compounds were in vitro tested against Saccharomyces
cerevisiae a-glucosidase. At the same time, enzymatic kinetics and mo-
lecular docking helped us to analyze the characteristics of the enzyme
inhibition. Finally, an oral sucrose tolerance test demonstrated the po-
tential antidiabetic effect of xanthone-furanose/pyranose hybrids.

2. Results and discussion
2.1. Chemistry

The synthesis of xanthones-furanose/pyranose derivatives implied
the construction of a triazole linker through a click chemistry approach
(Fig. 2). Under this premise, the synthetic adventure commenced with
the preparation of azide-containing carbohydrates, employing a previ-
ously reported divergent route [18,19]. First, we transformed p-glucose
(5) into the acetonide 6 —using acetone and catalytic sulfuric acid-.
Subsequently, epimerization of the protected glucose through a two-step
sequence (oxidation with NaOCl followed by a diastereoselective
reduction with sodium borohydride) resulted in the isolation of 8 (R
isomer) in good yield (85 %). Finally, the conversion of the hydroxyl
group to triflate and subsequent bimolecular substitution (Sy2) gave
access to the azido-furanose 9 in 78 % yield (Scheme 1).

For the pyranose fragment, p-glucose (5) reacted with acetic anhy-
dride in the presence of pyridine to provide the peracetylated compound
10 (93 %). Afterward, a nucleophilic attack with azide at the anomeric
carbon afforded pyranose 11 in 95 % yield (Scheme 1).

On the other hand, we synthesized the 9H-xanthen-9-one nuclei by
condensing the corresponding salicylic acid (12) and phloroglucinol
(13) in the presence of Eaton’s reagent [20]. These conditions afforded
the xanthones 14 in moderate to good yields (20-74 %). Although
previously reported methods used xanthones without purification [20,
21], we corroborated the importance of removing phosphorus byprod-
ucts to avoid interference in subsequent steps. Thereafter, we focused on
obtaining alkynes 16 through an Sy2 reaction between the corre-
sponding xanthones and propargyl bromide (15). The reaction afforded
the 3-propargyloxyxanthones in yields ranging from 51 to 84 % (Scheme
2); nevertheless, the transformation was hampered by the low solubility
of both compounds and high affinity for silica gel.

It is worth noting that despite the xanthones 13a-i possess two po-
tential nucleophilic centers, TLC and 'H NMR spectra indicated that the
reaction provided only the desired C3-alkylated isomer. The regiose-
lectivity of the transformation can be attributed to the low nucleophi-
licity of the hydroxyl group at C1, as it forms a hydrogen bond with the
carbonyl group of the xanthone, which is evidenced by a chemical shift
of 12.3-13.0 ppm in the 'H NMR spectra (Fig. 3) and is conserved in all
propargylated xanthones. Instead, the hydroxyl group at C3 of the C1-
alkylated isomer should present a typical chemical shift of 9.00-9.40
ppm [22].

Once we obtained both starting materials necessary for the CuAAC
protocol, we proceeded to construct the triaza-heterocycle using copper
(ID) sulfate pentahydrate as a source of Cu(I) and sodium r-ascorbate as
an additive (Scheme 2) [23]. With this methodology, we prepared a
collection of triazoles in moderate yields (17-52 %, Table 1) whose
sugar moiety consisted of a furanose ring. Additionally, we became
interested in investigating the influence of the pyranose core (specif-
ically, p-glucose) on enzymatic inhibition, so we synthesized a second
group of triazoles (18a-f), which were obtained in similar yields (13-81
%, Table 1).

2.2. Preliminary a-glucosidase inhibition screening

Once both series of xanthone-carbohydrate hybrids were synthesized
and characterized, we tested their potential for inhibiting Saccharomyces
cerevisiae a-glucosidase at a concentration of 100 pM [11]. The com-
pounds showed an encouraging reduction of activity ranging from 59 to
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Scheme 2. Synthetic steps for the obtention of xanthone-furanose/pyranose hybrids.

97 %; to our delight, the methoxylated compound 18c and benzox-
anthones 17f and 18f were the most active compounds, reaching inhi-
bition percentages above 90 % (Fig. 4). We also tested quercetin (56 %
inhibition at 16 pM) and the commercial drug acarbose (59 % inhibition
at 10 mM); curiously, the oligosaccharide acarbose had a minimal in-
hibition of a-glucosidase, as previously reported [24].

According to previously published works [16], along with the in vitro
screening, a methoxy group in the xanthone increased the a-glucosidase
inhibition (18¢, 97.5 + 0.2 %; Fig. 4). Thus, we shifted this oxygenated

group to other positions of the xanthone core to analyze its influence on
biological activity. Following this idea, we oxidized o-vanillin (19) to
the corresponding salicylic acid employing the Tollens reagent [25]. The
constructed 3-methoxysalicylic acid (12g) afforded the compounds 17g
and 18g in comparable yields (58 and 63 %, respectively; Table 2).
Similarly, we prepared triazoles 17h and 18h from the commercially
available 7-methoxysalicylic acid (12h).

Since compounds 17f and 18f (linear benzoxanthones) exhibited a
promising o-glucosidase inhibition (94.4 + 0.9 and 92.4 £+ 1.3 %,
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Fig. 3. The high chemical shift of the hydroxy group at C1 is a consequence of
the hydrogen bond. The conservation of this signal confirmed the regiose-
lectivity of the reaction.

respectively), we envisioned the synthesis of angular benzoxanthones.
The preparation of both examples followed a similar approach to pre-
vious xanthone-carbohydrate hybrids (Scheme 2).

Having in hand the second generation of triazole derivatives
(Table 2), we evaluated their activity against hydrolase. Unfortunately,
the percentage of a-glucosidase inhibition decayed when the methoxy
group is located at C5 and C7 (Fig. 4), confirming the reported findings
by Ye and coworkers [16]. Likewise, angular benzoxanthones (171, 81.3
+ 0.3 %; and 18i, 78.3 + 3.5 %) showed less inhibitory activity than
their linear analogs (17f, 94.4 &+ 0.9 %; and 18f, 92.4 £+ 1.3 %).

The structure-activity relationship revealed some relevant features
that enhance enzyme inhibition (Fig. 5). First, pyranose-containing
xanthones exhibited a slightly higher activity than furanose de-
rivatives, but this tendency was inverted in the case of benzoxanthone
derivatives — xanthone 17f (94.4 4+ 0.9 %) > 18f (92.4 &+ 1.3 %); 17i
(81.3 + 0.3 %) > 18i (78.3 + 3.5 %). Regarding substituents attached to
the xanthone core, position C6 is preferred, while electron-withdrawing
groups, as fluor (17d and 18d) or dichloro (17e and 18e), diminished
the inhibitory effect. In contrast, xanthones with a methoxy group at C6
showed the most notable activity (18¢, 97.5 £ 0.2 %). We propose that
the exceptional activity of linear benzoxanthones could be attributed to
the enhancement of n-n stacking induced by the extra aromatic ring.

According to the above, we determined the ICsg of the most active
compounds. In the case of the methoxylated example (18c), we found an
ICsp value of 22.7 £+ 6.9 pM. Similarly, benzoxanthones had ICsq values
of 14.9 + 1.7 and 20.7 + 3.1 uM for 17f and 18f; respectively (Table S2).
Notably, 17f displayed a lower ICsg value than the controls (quercetin,
15.6 + 1.7 pM; acarbose, 7.3 &+ 0.3 mM).

2.3. Engyme kinetics and Lineweaver-Burk plots

Based on the previous section, we considered the three most active
xanthones (17f, 18c, and 18f) and acarbose (1) for an enzyme kinetic
study. We evaluated the activity using 1/2 x ICsg, ICsg, and 2 x ICsq
concentrations for each compound. The outcomes are captured on
Lineweaver-Burk plots (Fig. 6).

As reported, acarbose acted as a competitive inhibitor (Fig. 6D) [26,
27]. In the case of the hybrids 17f, 18¢c, and 18f, the slope increased at
higher concentrations of the compounds. Curiously, we observed
different types of inhibition for the tested compounds. In Fig. 6A and B,
the curves intersected the x-axis at the same point, indicating that the Ky
(Michaelis-Menten constant) of the substrate for a-glucosidase is con-
stant, and the Vmax decreased at higher concentrations. Thus, we might
propose that hybrids 17f and 18c act as non-competitive inhibitors. By
contrast, curves of 18f show a typical behavior of a mixed inhibitor
(Fig. 6C).
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2.4. Toxicity assays

Before exploring the in vivo bioactivity of the most notable com-
pounds in mice, we performed a toxicity study in the crustacean Artemia
salina [28,29]. Acute assay indicated that benzoxanthones 17f and 18f
exhibited a null or very low toxicity against the arthropods at 1, 10, and
100 pM. In the case of 18c, its toxicity is negligible at 10 pM (1.8 % of
deaths), but it increased to 21.9 % at 100 pM (Table S3). In addition, we
evaluated the cytotoxicity of benzoxanthones 17f and 18f in a
non-cancerous cell line (COS-7), observing a moderate growth inhibi-
tion at 50 pM (17f, 42.1 %; 18f, 58.2 %).

Although an acute toxicity assay in mice was not performed, the
OSTT in vivo assay (vide infra) indicated the lack of death or any
appreciable toxicity to the rodents.

2.5. Oral sucrose tolerance test (OSTT)

Inspired by the in vitro results, we became interested in further
evaluating the most active xanthones. Hence, the oral sucrose tolerance
test can determine if compounds inhibit «-glucosidase in vivo by
analyzing the hyperglycemic peak after administering a sucrose dose.
We only considered the most active and less toxic compounds (17f and
18f) and the control (acarbose, 1) at a dose of 50 mg/kg administered
orally in a single dose.

First, we performed the oral sucrose tolerance test in normoglycemic
mice, using a previously reported protocol with minor modifications
[30]. After sucrose administration, we detected a maximum peak (74.0
+ 5.1 %) at 30 min in the control group (vehicle, saline solution). Gly-
cemia returned to basal levels after 60-90 min, indicating a normal
metabolic state. In comparison, the acarbose group showed a 15.4 + 4.1
% glycemia variation at 30 min and reached normal levels at 1 h; glucose
levels even decreased to —22.7 + 6.0 % after 90 min of sucrose
administration. Both tested hybrids (17f and 18f) avoided the glycemia
peak detected in the control group (34.1 + 7.6 % and 37.7 + 2.2 %,
respectively). This behavior suggested that xanthone-carbohydrate hy-
brids inhibited a-glucosidase, thereby preventing sucrose hydrolysis
and, consequently, avoiding the glucose peak (Fig. 7A). A similar pattern
is evident in Fig. 7C and shows the variation of blood glucose levels
throughout the experiment. Acarbose (1) and benzoxanthones 17f and
18f avoided the increment of plasma glucose at 30 min after sucrose
administration. Subsequently, the glucose concentration decreased to
normal levels.

Also, we induced experimental diabetes in a second group of mice by
administering streptozotocin (STZ) [31] and nicotinamide. The control
group of diabetic mice exhibited a glycemia peak after 30 min of sucrose
administration (62.7 + 9.8 %), which returned to basal levels more
slowly than in healthy mice. Unexpectedly, the acarbose group followed
a similar pattern to the control group, reaching a maximum peak at 30
min (66.8 + 12.7 %). This phenomenon could be attributed to the in-
sulin deficiency, which, in genetically diabetic mice [32], and
STZ-induced diabetic rats [33,34], increases the activity of intestinal
disaccharidases. Therefore, a major dose of acarbose is required to
produce significant effects. At 60 min after acarbose administration, we
observed that glycemia returned to basal levels and continued
decreasing to —22.4 + 4.3 % after 120 min (Fig. 7B).

To our surprise, both xanthones diminished the glycemia peak at 30
min in diabetic mice. In the case of xanthone 18f, the maximum peak
reached 33.3 + 7.5 % and rapidly dropped to basal levels (Fig. 7B). On
the other hand, xanthone 17f was the most remarkable compound,
exhibiting a 20.2 + 7.8 % variation in blood glucose levels, which
confirms that a-glucosidase inhibition is the mechanism of action of the
hybrids 17f and 18f. In the diabetic group, 17f administration showed a
variation of —18.4 + 5.6 % at 60 min and reached a minimum peak at
90 min (—41.8 + 7.8 %). These outcomes indicate a more pronounced
anti-hyperglycemic effect than acarbose (Fig. 7B) and suggest a poten-
tial second biological activity.
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Scope of the xanthone-furanose/pyranose hybrids. Yields correspond to the CuAAC process.
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According to published works, natural xanthones can promote
glucose uptake by activating the phosphoinositide 3-kinase (PI3K) [35]
or the AMP-activated protein kinase (AMPK) signaling pathway [35,36].
Moreover, several reports indicate that natural or synthetic xanthones
may prevent insulin resistance by scavenging ROS (thus diminishing
oxidant stress) [37,38], inhibiting protein kinase C (PKC) [39,40], or
protein tyrosine phosphatase 1B (PTP1B) [41,42]. Therefore,
xanthone-carbohydrate hybrids could act through some of these path-
ways; however, more assays are required to elucidate the whole mech-
anism of action of these compounds.

Similar to normoglycemic, the three tested compounds prevented the
peak of hyperglycemia in diabetic mice (Fig. 7D). Interestingly, only
acarbose and benzoxanthone 17f reduced glucose levels even lower than

o OH 0O OH
Cl
GO0, CCOLL,

0~ |OAc o~ [|OAc

AcO
OAc
AcO

OAc

18e 18f
(13%)

(34%)

initial levels at 120 min, thus confirming the outcomes of Fig. 7B.

Finally, we analyzed the area under the curve (AUC). In normogly-
cemic mice, we observed a significant decrease in the acarbose area
compared to the control group (Fig. 7E), while the areas of both hybrids
decreased slightly. In contrast, 17f significantly reduced the area for
diabetic mice (Fig. 7F), surpassing the activity of acarbose. In future
works, we will explore the pharmacological effects of deprotected
xanthone-carbohydrate hybrids, as well as the replacement of sugar with
other motifs.

2.6. Computational studies

Motivated by the in vitro outcomes, we became interested in
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Second generation of triazole derivatives.
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predicting the binding mode (conformation and orientation) of xan-
thones into a-glucosidase. First, we identified the plausible cavity where
ligands interact with amino acid residues using the Glide software (extra
precision algorithm) [43,44], and the a-glucosidase was obtained from
the AlphaFold Protein Structure Database using the Uniprot identifica-
tion P38158 [11]. A preliminary screening provided relevant informa-
tion: compounds bound to the allosteric site formed by Phel57, His239,
His279, and Arg312 -the active site is located at Asp214, Glu276, and
Asp349- [16] (Fig. S1), which explains the non-competitive or mixed
inhibition detected in the Lineweaver-Burk plots (Fig. 6).

A deeper in silico analysis suggests that compounds are stabilized by
n-n stacking between the xanthone core and His239/His279 (Fig. 8A and
C), which may explain the remarkable activity of linear benzoxanthones
(Figs. 8C and 4). In some cases, the triazole ring also interacts with these
residues. Furthermore, the oxygen atom of the xanthone forms a
hydrogen bond with Asn241, an amino acid that also interacts with
heteroatoms of the triazole ring or the carbohydrate moiety (Fig. 8B and
C). Finally, we recognized another meaningful interaction: Arg312
forms a hydrogen bond with the carbonyl or hydroxyl groups of the
xanthone cycle (Table 3).
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Fig. 5. Structure-Activity Relationship (SAR) xanthone-carbohydrate hybrids
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When comparing the docking molecular results of triazole-furanose/
pyranose derivatives with compound 4a [16], we observed that both
interact with the same allosteric site residues (Fig. 8D and Table 3);
Nevertheless, the binding mode of compound 4a differs from that of the
designed compounds, which is reflected in their docking score (Table 3).
While 4a displays a docking score of —5.11 (the most active compound
in a previous work) [16], the xanthone-furanose/pyranose hybrids
exhibit lower energy values (compound 17f showed the highest affinity
with —7.35), indicating a noteworthy stability for the ligand-receptor
complex.

As an additional approach to evaluating the reliability of the binding
mode obtained from molecular docking, we performed unrestrained
molecular dynamics simulations for the complex between the a-gluco-
sidase and compound 17f (Fig. 9). The study consisted of five inde-
pendent replicas, each 100 ns in duration. A putative ligand pose that
remains bound to the protein throughout all simulation replicas is
considered to have a high probability of being correct [45,46]. As shown
in Fig. 8, compound 17f not only remained firmly associated with the

European Journal of Medicinal Chemistry 302 (2026) 118384

allosteric site of the enzyme but also preserved nearly the same binding
conformation, indicating a highly favorable interaction between the two
molecules. Most of the amino acids involved in the 17f-glucosidase
complex continued interacting with the xanthone in at least 80 % of the
simulation (blue-marked amino acids, Fig. 8A and Table S6). Besides,
the hydroxy group of Cl established a hydrogen bond with Glu304
during most of the simulation (40 %, Table S7); the remaining time, a
second hydrogen bond with Asn241 (26 %) stabilized the complex
(interaction detected in other xanthones, Table 3). Finally, the root
mean square fluctuation (RMSF, Fig. S2) revealed that only two atoms
(methyl groups of the exocyclic acetonide) exhibited significant de-
viations; these groups had no interaction with amino acids and were
exposed to the solvent, which corroborated the computational findings.

3. Conclusions

To enhance the therapeutic arsenal against T2DM, we designed and
synthesized two series of xanthone-furanose/pyranose hybrids as po-
tential a-glucosidase inhibitors. The construction of these molecules
involved a key regioselective alkylation and a click chemistry reaction
(CuAAC process). All compounds showed an interesting inhibitory ac-
tivity against yeast a-glucosidase (ranging from 58.6 to 97.5 %); the
benzoxanthones 17f and 18f, as well as the methoxylated analog 18c,
became the most remarkable compounds with a lower ICsg value than
acarbose (7.3 + 0.3 mM). Enzymatic studies demonstrated that these
compounds act as non-competitive or mixed inhibitors for this hydro-
lase, which agrees with in silico studies: xanthones bind into the pro-
posed allosteric site. The complex involving 17f and a-glucosidase
exhibited minimal conformational changes during a 100-ns molecular
dynamics simulation.

Furthermore, the compounds exhibited insignificant toxicity in the
Artemia salina model and moderate cytotoxicity in the COS-7 healthy cell
line. Finally, the oral sucrose tolerance test suggests a-glucosidase in-
hibition as the potential mechanism of action of these xanthone-
containing hybrids, since, in normoglycemic mice, benzoxanthones
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Fig. 6. Lineweaver-Burk plots for a-glucosidase inhibition of xanthones 17f, 18¢c, and 18f and acarbose (control). ! x ICsg, ICs¢ and 2 x ICso were tested.
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17f and 18f diminished considerably the glycemia peak after sucrose
administration (34.1 &+ 7.6 % and 37.7 + 2.2 %, respectively), in com-
parison with the control group (74.0 + 5.1 %; acarbose had a 15.4 + 4.1
%% of reduction). We want to emphasize the notable anti-
hyperglycemic effect of the hybrid 17f at 120 min (lower glucose
levels than the control group), suggesting an additional biological ac-
tivity. Future studies will focus on elucidating the entire mechanism of
action of these hybrids, which, surely enough, become interesting can-
didates for further optimization.

4. Experimental section
4.1. General

Reagents and solvents were acquired from Sigma Aldrich and Qui-
mica Rique. The advance of the reactions was monitored by TLC and UV
light. 'H and 3C NMR spectra were recorded with Jeol Eclipse 300 MHz
and Jeol ECZ400S 400 MHz, using CDCl3 and DMSO-de. High-resolution
mass spectra (HRMS) were measured using a Jeol JMS-T100LC The
AccuTOF mass spectrometer with DART (Direct Analysis in Real Time)
ionization technique. Infrared (IR) spectra were collected with a Thermo
Fisher Scientific model Nicolet iS50 FT-IR spectrometer using the ATR
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of this article.)
(Attenuated Total Reflection) technique.

4.2. General procedure for the synthesis of 9H-xanthen-9-one (14a-i)

In a round-bottom flask attached to a Vigreux column, the corre-
sponding salicylic acid (100 mg, 724 pmol) and phloroglucinol (100 mg,
869 pmol) were dissolved in 1.33 mL of Eaton’s reagent
(P205-CH3SO3H). The mixture was stirred for 3 h at 80 °C, then cooled
to room temperature. Subsequently, cold water was added, and an
orange-brown solid precipitated immediately. After vigorous stirring for
2 h, the solid was collected by filtration and washed with water. To
remove phosphorus salts, the recovered solid was purified by flash
column chromatography (Hex-AcOEt as the eluent), affording the
desired xanthone.

4.3. General procedure for the propargylation of xanthones (16a-i)

In a round-bottom flask, the corresponding xanthone 14 (100 mg,
438 pmol) and potassium carbonate (182 mg, 1.31 mmol) were sus-
pended in MeCN (4.4 mL). The mixture was allowed to react for 30 min
at 60 °C until the formation of a yellow solid; then, a propargyl bromide
solution 80 wt % in toluene (78.2 mg, 526 pmol) was added dropwise
and stirred for 3-12 h at 60 °C. Afterward, the excess solvent was
removed by evaporation under reduced pressure. The solid was

redissolved in AcOEt and acidified with a 1 M HCl solution. The organic
phase was dried with Na;SO4 and evaporated under reduced pressure.
Finally, the desired product was isolated by flash column chromatog-
raphy (Hex-AcOEt as the eluent).

4.3.1. 1-Hydroxy-3-(prop-2-yn-1-yloxy)-9H-xanthen-9-one (16a)

Obtained as a white solid after flash chromatography purification
(Hex-AcOEt 8:2) in 59 % yield. TH-NMR (400 MHz, DMSO-dg) 6: 12.76
(s, 1H), 8.12 (dd, J = 8.0 and 1.6 Hz, 1H), 7.87 (ddd, J = 8.6, 7.2, and
1.6 Hz, 1H), 7.60 (dd, J = 8.4 and 0.8 Hz, 1H), 7.47 (ddd, J = 8.0, 6.8,
and 0.8 Hz, 1H), 6.67 (d, J = 2.4 Hz, 1H), 6.44 (d, J = 2.4 Hz, 1H), 4.97
(d, J = 2.4 Hz, 2H), 3.69 (t, J = 2.4 Hz, 1H); '3*C-NMR (100 MHz,
DMSO-dg) 6: 180.8, 164.9, 163.1, 157.6, 156.0, 136.5, 125.8, 125.1,
120.3, 118.3, 104.0, 98.3, 94.2, 79.7, 78.8, 56.9; MS (DART+) m/z:
[M-+H]"; 267; HRMS m/z caled for 12CigHI$0, [M+H]™, 267.06573;
found 267.06568.

4.3.2. 1-Hydroxy-6-methyl-3-(prop-2-yn-1-yloxy)-9H-xanthen-9-one
(16b)

Obtained as a white solid after flash chromatography purification
(Hex-AcOEt 9:1) in 51 % yield. H-NMR (400 MHz, CDCl3) &: 12.87 (s,
1H), 8.04 (d, J = 8.0 Hz, 1H), 7.174-7.167 (comp, 1H), 7.14-7.12
(comp, 1H), 6.44 (d, J = 2.4 Hz, 1H), 6.34 (d, J = 2.4 Hz, 1H), 4.72 (d, J
= 2.4 Hz, 2H), 2.58 (t,J = 2.4 Hz, 1H), 2.45 (s, 3H); '3C-NMR (100 MHz,
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Table 3
Docking results of xanthone-containing compounds.
Compound  Docking Interactions
score _ _

His239  Asn241 His279  Arg312 Others
4a —5.11 v v v v Thr307
17a —6.87 - v v - Glu304
17b —6.25 - - - v Phe300
17¢ —6.45 - v v - -
17d —5.54 - - - v Pro309
17e —6.92 v v v - Glu276
17f —7.35 v - - Phel77,

Glu304
17g —5.83 v - Phe300
17h —5.98 - - - Arg439
17i —5.56 - - - - Asp408
18a -1.23 - - - - Phel77,

Glu304
18b —6.39 - v v - Ser281°7,

Glu304
18c —5.24 - v v - Gly280"
18d —4.05 - v - Gly280
18e —6.45 v - - Asp214,

Glu276
18f —6.14 - v v - -
18g ~1.69 e v v e -
18h -1.50 v v - v -
18i -3.19 - - - - Phel57

@ Residue interacts with carbohydrates.

CDCl,) 5: 180.8, 164.3, 163.5, 157.6, 156.2, 146.9, 125.7, 125.6, 118.3,
117.5, 104.3, 97.7, 93.6, 77.4, 76.7, 56.2, 22.1; MS (DART+) m/z:
[M-+H]"; 281; HRMS m/z caled for 2Ci;H180, [M+H]", 281.08138;
found 281.08146.

4.3.3. 1-Hydroxy-6-methoxy-3-(prop-2-yn-1-yloxy)-9H-xanthen-9-one
(16¢)

Obtained as a white solid after flash chromatography purification
(Hex-AcOEt 85:15) in 54 % yield. 'H-NMR (300 MHz, CDCl3) &: 13.00
(s, 1H), 8.14 (d, J = 9.0 Hz, 1H), 6.94 (dd, J = 9.0 and 2.4 Hz, 1H), 6.84
(d, J = 2.4 Hz, 1H), 6.48 (d, J = 2.4 Hz, 1H), 6.41 (d, J = 2.4 Hz, 1H),
4.77 (d, J = 2.4 Hz, 2H), 3.93 (s, 3H), 2.60 (t, J = 2.4 Hz, 1H); "*C-NMR
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(100 MHz, CDCl3) 5: 180.3, 165.5, 164.1, 163.6, 158.1, 157.7, 127.5,
114.4, 113.4, 104.2, 100.3, 97.8, 93.7, 77.5, 76.6, 56.3, 56.0; MS
(DART+) m/z: [M+H]*; 297; HRMS m/z calcd for 12C1,H1805 [M+H]™,
297.07630; found 297.07643.

4.3.4. 1-Hydroxy-6-fluoro-3-(prop-2-yn-1-yloxy)-9H-xanthen-9-one
(16d)

Obtained as a white solid after flash chromatography purification
(Hex-AcOEt 85:15) in 69 % yield. TH-NMR (300 MHz, CDCl3) &: 12.76
(s, 1H), 8.29-8.24 (comp, 1H), 7.14-7.08 (comp, 2H), 6.52 (d, J = 2.4
Hz, 1H), 6.45 (d, J = 2.4 Hz, 1H), 4.78 (d, J = 2.4 Hz, 2H), 2.61 (t, J =
2.4 Hz, 1H); 3C-NMR (75 MHz, CDCl3) &: 180.1, 166.8 (d, J = 255.0
Hz), 164.6,163.7,157.8,157.3 (d, J = 14.0 Hz), 128.6 (d, J = 11.3 Hz),
117.6 (d, J = 2.0 Hz), 113.0 (d, J = 22.5 Hz), 104.6 (d, J = 25.5 Hz),
104.2, 98.2, 93.9, 77.3, 76.8, 56.3; MS (DART+) m/z: [M+H]™; 285;
HRMS m/z caled for '’Cl¢HigFi®0, [M-+H]', 285.05631; found
285.05635.

4.3.5. 5,7-Dichloro-1-hydroxy-3-(prop-2-yn-1-yloxy)-9H-xanthen-9-one
(16e)

Obtained as a yellowish solid after flash chromatography purifica-
tion (Hex-AcOEt 85:15) in 75 % yield. H-NMR (300 MHz, CDCl3 and
DMSO-dg) 6: 12.31 (s, 1H), 7.97 (d, J = 2.4 Hz, 1H), 7.64 (d, J = 2.4 Hz,
1H), 6.50 (d, J = 2.4 Hz, 1H), 6.33 (d, J = 2.4 Hz, 1H), 4.68 (d, J = 2.4
Hz, 2H), 2.57 (t, J = 2.4 Hz, 1H); MS (DART+) m/z: [M+H]"; 335;
HRMS m/z caled for '*ClgH3°C13°0, [M+H]", 334.98779; found
334.98777.

4.3.6. 1-Hydroxy-3-(prop-2-yn-1-yloxy)-12h-benzo[b]xanthen-12-one
(16f)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 8:2) in 75 % yield. 'H-NMR (400 MHz, CDCl3 and
DMSO-dg) 8: 12.89 (s, 1H), 8.80 (s, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.87
(d, J=8.4Hz, 1H), 7.60 (ddd, J = 8.4, 6.8, and 1.2 Hz, 1H), 7.48 (ddd, J
=8.0, 6.8, and 1.2 Hz, 1H), 6.50 (d, J = 2.4 Hz, 1H), 6.38 (d, J = 2.4 Hz,
1H), 4.77 (d, J = 2.4 Hz, 2H), 2.61 (t, J = 2.4 Hz, 1H); '*C-NMR (100
MHz, CDCl3 and DMSO-dg) &: 181.6, 165.1, 164.1, 158.1, 152.0, 136.9,
129.8, 129.7, 129.4, 127.7, 127.2, 125.8, 120.2, 113.4, 103.8, 97.4,
94.0, 77.4, 76.7, 56.3; MS (DART+) m/z: [M+H]"; 317; HRMS m/z
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Fig. 9. Evaluation of the binding pose stability of compound 17f through molecular dynamics simulations. A) Time evolution of the ligand RMSD with respect to the
original docked pose. The inset displays the corresponding RMSD values for the enzyme backbone atoms. B) Comparison between the dominant ligand conformer
(orange sticks), representing ~40 % of the simulation time, and the initial docked pose (purple sticks). Five independent 100-ns replicas were performed at 310 K and
pH 6.8. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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caled for 12C3oH180,4 [M+H]™, 317.08138; found 317.08154.

4.3.7. 1-Hydroxy-5-methoxy-3-(prop-2-yn-1-yloxy)-9H-xanthen-9-one
(169

Obtained as a white solid after flash chromatography purification
(Hex-AcOEt 7:3) in 75 % yield. IH.NMR (400 MHz, CDCl3 and
DMSO-de) &: 12.81 (s, 1H), 7.80 (dd, J = 7.6 and 1.6 Hz, 1H), 7.29 (t, J
= 8.0 Hz, 1H), 7.23 (dd, J = 8.0 and 1.6 Hz, 1H), 6.62 (d, J = 2.4 Hz,
1H), 6.41 (d, J = 2.4 Hz, 1H), 4.75 (d, J = 2.4 Hz, 2H), 4.01 (s, 3H), 2.58
(t, J = 2.4 Hz, 1H); 13C.NMR (100 MHz, CDCl3 and DMSO-dg) 6: 181.0,
164.6, 163.4, 157.5, 148.4, 146.4, 123.8, 121.6, 116.8, 115.9, 104.5,
98.3, 93.7, 77.3, 76.7, 56.5, 56.3; MS (DART+) m/z: [M+H]"; 297;
HRMS m/z caled for '2C};HIS0s [M-+H]T, 297.07630; found
297.07618.

4.3.8. 1-Hydroxy-7-methoxy-3-(prop-2-yn-1-yloxy)-9H-xanthen-9-one
(16h)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 8:2) in 70 % yield. TH-NMR (400 MHz, CDCl3) 6: 12.88 (s,
1H), 7.62 (d, J = 2.8 Hz, 1H), 7.39 (d, J = 9.2 Hz, 1H), 7.32 (dd, J = 9.2
and 2.8 Hz, 1H), 6.52 (d, J = 2.4 Hz, 1H), 6.43 (d, J = 2.4 Hz, 1H), 4.78
(d, J = 2.4 Hz, 2H), 3.92 (s, 3H), 2.60 (t, J = 2.4 Hz, 1H); 13C.NMR (75
MHz, CDCl3) &: 180.9, 164.4, 163.5, 157.8, 156.2, 151.0, 125.2, 119.2,
114.3, 105.3, 104.3, 97.8, 93.5, 77.3, 76.6, 56.3, 56.1; MS (EI+) m/z:
[M]™; 296; HRMS m/z caled for 2C},H1$05 [M+H] ", 296.0685; found
296.0680.

4.3.9. 11-Hydroxy-9-(prop-2-yn-1-yloxy)-12h-benzo[a]xanthen-12-one
(161)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 85:15) in 84 % yield. TH-NMR (400 MHz, CDCl3) 6: 13.47
(s, 1H), 9.95 (d, J = 8.8 Hz, 1H), 8.13 (d, J = 8.8 Hz, 1H), 7.91 (d, J =
8.0 Hz, 1H), 7.77 (ddd, J = 8.4, 6.8, and 1.2 Hz, 1H), 7.61 (ddd, J = 8.0,
6.8, and 1.2 Hz, 1H), 7.51 (d, J = 9.2 Hz, 1H), 6.57 (d, J = 2.4 Hz, 1H),
6.48 (d, J = 2.4 Hz, 1H), 4.79 (d, J = 2.4 Hz, 2H), 2.61 (t, J = 2.4 Hz,
1H); *C-NMR (100 MHz, CDCl3) &: 183.2, 163.7, 163.6, 157.8, 156.5,
137.2, 130.9, 130.3, 129.7, 128.7, 126.9, 126.4, 117.7, 113.4, 105.8,
98.4,93.0, 77.5, 76.6, 56.3; MS (DART+) m/z: [M+H]'; 317; HRMS m/
z caled for 12C3oH1804 [M+H]*, 317.08138; found 317.08146.

4.4. General procedure for the synthesis of azide-carbohydrates

Azide-containing furanose was prepared following the methodology
by Nagy et al. [18] While azido-pyranose was synthesized according to a
previously reported method [19].

4.4.1. (3aR,5S,6S,6aR)-6-azido-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxole (9)

1H-NMR (500 MHz, CDCl3) &: 5.81 (d, J = 4.0 Hz, 1H), 4.61 (dd, J =
5.5 and 4.0, 1H), 4.30 (td, J = 6.5 and 5.0 Hz, 1H), 4.08 (dd, J = 8.5 and
6.5 Hz, 1H), 4.06-4.02 (comp, 1H), 4.01 (dd, J = 8.5 and 6.5 Hz, 1H),
3.81 (dd, J = 8.5 and 5.0 Hz, 1H), 1.57 (s, 3H), 1.46 (s, 3H), 1.38 (s, 3H),
1.37 (s, 3H); 3C-NMR (125 MHz, CDCl3) &: 112.8, 109.8, 104.0, 79.8,
79.0, 75.6, 72.5, 65.9, 26.6, 26.5, 26.3, 25.3.

4.4.2. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-azidotetrahydro-2H-pyran-
3,4,5-triyl triacetate (11)

TH-NMR (500 MHz, CDCl3) &: 5.22 (t, J = 9.5 Hz, 1H), 5.11 (dd, J =
10.0 and 9.5 Hz, 1H), 4.96 (dd, J = 9.5 and 9.0 Hz, 1H), 4.66 (d, J = 9.0
Hz, 1H), 4.28 (dd, J = 12.5 and 5.0 Hz, 1H), 4.18 (dd, J = 12.5 and 2.0
Hz, 1H), 3.81 (ddd, J = 10.0, 5.0, and 2.0 Hz, 1H), 2.10 (s, 3H), 2.08 (s,
3H), 2.03 (s, 3H), 2.01 (s, 3H); 13C-NMR (125 MHz, CDCl3) &: 170.5,
170.0, 169.2, 169.1, 87.9, 74.0, 72.6, 70.6, 67.9, 61.6, 20.6, 20.48,
20.46 (20C).

11
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4.5. General procedure for the synthesis of xanthone-triazol-carbohydrate
(17a-i and 18a-i)

In a round-bottom flask, the corresponding propargylxanthone 16
(20 mg, 75 pmol), azide-carbohydrate 9 or 11 (26 mg, 90 pmol), sodium
L-ascorbate (3 mg, 15 pmol), and copper(Il) sulfate pentahydrate (2.4
mg, 15 pmol) were dissolved in DMSO (100 pL). The resulting mixture
was stirred overnight at room temperature. Next, the reaction was
treated with water to precipitate the product, which was collected by
filtration and purified by flash column chromatography (Hex-AcOEt as
the eluent), providing the desired triazole.

4.5.1. 3-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yl)-1H-1,2,3-triazol-4-yD)
methoxy)-1-hydroxy-9H-xanthen-9-one (17a)

Obtained as a yellowish solid after flash chromatography purifica-
tion (Hex-AcOEt 7:3) in 52 % yield. IH.NMR (400 MHz, CDCl3) 6: 12.84
(s, 1H), 8.24 (dd, J = 8.0 and 1.6 Hz, 1H), 7.82 (s, 1H), 7.71 (ddd, J =
8.4,7.1,and 1.7 Hz, 1H), 7.43 (dd, J = 8.4 and 0.8 Hz, 1H), 7.37 (ddd, J
=8.4,7.1,and 1.7 Hz, 1H), 6.53 (d, J = 2.4 Hz, 1H), 6.40 (d, J = 2.4 Hz,
1H), 6.26 (d, J = 3.6 Hz, 1H), 5.31 (s, 2H), 5.21 (d, J = 3.2 Hz, 1H), 5.02
(d, J = 3.6 Hz, 1H), 4.33 (dd, J = 9.6 and 4.0 Hz, 1H), 3.93 (d, J = 3.6
Hz, 1H), 3.92 (d, J = 2.4 Hz, 1H), 3.09 (dt, J = 9.2 and 5.2 Hz, 1H), 1.59
(s, 3H), 1.43 (s, 3H), 1.37 (s, 3H), 1.17 (s, 3H); '3C-NMR (100 MHz,
CDCl3) &: 181.0, 165.2, 163.6, 157.8, 156.1, 142.8, 135.2, 126.0, 125.2,
124.2,120.7,117.7,112.7, 109.9, 106.4, 104.4, 97.9, 93.5, 83.5, 80.6,
72.4, 67.7, 66.0, 62.4, 27.0, 26.8, 26.2, 25.0; MS (DART+) m/z:
[M+H]*; 552; HRMS m/z caled for '2C3gH3¢NI®0g [M-+H],
552.19820; found 552.19844; IR (ATR, cm ™ 1): 3139, 3089, 2990, 2922,
2893, 2852, 1655, 1648, 1608, 1569, 1487, 1467, 1205, 1151, 1076,
1059, 1020, 825.

4.5.2. 3-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-hydroxy-6-methyl-9H-xanthen-9-one (17b)

Obtained as a yellowish solid after flash chromatography purifica-
tion (Hex-AcOEt 7:3) in 50 % yield. H-NMR (400 MHz, CDClg) &: 12.90
(s, 1H), 8.10 (d, J = 8.0 Hz, 1H), 7.81 (s, 1H), 7.211-7.204 (comp, 1H),
7.19-7.16 (comp, 1H), 6.50 (d, J = 2.4 Hz, 1H), 6.38 (d, J = 2.4 Hz, 1H),
6.26 (d, J = 3.6 Hz, 1H), 5.30 (s, 2H), 5.21 (d, J = 3.6 Hz, 1H), 5.01 (d, J
= 3.6 Hz, 1H), 4.33 (dd, J = 9.6 and 3.6 Hz, 1H), 3.93 (d, J = 3.2 Hz,
1H), 3.92 (d, J = 2.4 Hz, 1H), 3.09 (dt, J = 9.6 and 5.6 Hz, 1H), 2.49 (s,
3H), 1.58 (s, 3H), 1.43 (s, 3H), 1.37 (s, 3H), 1.16 (s, 3H); "*C-NMR (100
MHz, CDCl3) &: 180.8, 165.0, 163.6, 157.8, 156.2, 146.9, 142.8, 125.7,
125.2,118.4,117.5,112.7, 109.9, 106.4, 104.3, 97.8, 93.4, 83.5, 80.6,
72.3, 67.7, 66.0, 62.4, 27.0, 26.8, 26.2, 25.0, 22.1; MS (DART+) m/z:
[M+H]"; 566; HRMS m/z caled for '2CloH3IN3®0¢ [M+HI,
566.21385; found 566.21386; IR (ATR, cm™1): 3080, 2993, 2934, 2878,
1649, 1600, 1566, 1501, 1452, 1210, 1168, 1077, 1035, 1014, 788.

4.5.3. 3-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-hydroxy-6-methoxy-9H-xanthen-9-one (17¢)

Obtained as a yellowish solid after flash chromatography purifica-
tion (Hex-AcOEt 7:3) in 51 % yield. TH-NMR (400 MHz, CDCl3) &: 12.96
(s, 1H), 8.11 (d, J = 8.8 Hz, 1H), 7.81 (s, 1H), 6.92 (dd, J = 8.8 and 2.4
Hz, 1H), 6.81 (d, J = 2.0 Hz, 1H), 6.47 (d, J = 2.4 Hz, 1H), 6.37 (d, J =
2.4 Hz, 1H), 6.25 (d, J = 3.2 Hz, 1H), 5.29 (s, 2H), 5.21 (d, J = 3.2 Hz,
1H), 5.01 (d, J = 3.6 Hz, 1H), 4.33 (dd, J = 9.2 and 3.6 Hz, 1H),
3.94-3.92 (comp, 2H), 3.92 (s, 3H), 3.09 (dt, J = 9.6 and 5.2 Hz, 1H),
1.58 (s, 3H), 1.43 (s, 3H), 1.37 (s, 3H), 1.16 (s, 3H); 13C-NMR (100 MHz,
CDCl3) 8: 180.2, 165.5, 164.7,163.6, 158.1, 157.8, 142.8, 127.4, 125.2,
114.3,113.4, 112.7,109.9, 106.4, 104.0, 100.2, 97.9, 93.4, 83.5, 80.6,
72.3, 67.7, 66.0, 62.3, 56.0, 27.0, 26.8, 26.2, 25.0; MS (DART+) m/z:
[M+H]"; 582; HRMS m/z caled for '2CoHA3N3%0; [M-+H]Y,
582.20877; found 582.20894; IR (ATR, em ™) 3079, 2897, 2932, 2850,
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1651, 1598, 1570, 1500, 1447, 1263, 1245, 1213, 1168, 1159, 1081,
1067, 1053, 1018, 822, 801.

4.5.4. 3-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yD)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-hydroxy-6-fluoro-9H-xanthen-9-one (17d)

Obtained as a white solid after flash chromatography purification
(Hex-AcOEt 8:2) in 50 % yield. H-NMR (400 MHz, CDCl3) 6: 12.73 (s,
1H), 8.27-8.23 (comp, 1H), 7.82 (s, 1H), 7.12-7.08 (comp, 2H), 6.53 (d,
J = 2.4 Hz, 1H), 6.42 (d, J = 2.4 Hz, 1H), 6.26 (d, J = 3.6 Hz, 1H), 5.31
(s, 2H), 5.21 (d, J = 3.6 Hz, 1H), 5.02 (d, J = 3.6 Hz, 1H), 4.33 (dd, J =
9.6 and 3.6 Hz, 1H), 3.94 (d, J = 3.6 Hz, 1H), 3.93 (d, J = 2.4 Hz, 1H),
3.09 (dt, J = 9.6 and 5.5 Hz, 1H), 1.59 (s, 3H), 1.43 (s, 3H), 1.38 (s, 3H),
1.17 (s, 3H); 13C-NMR (100 MHz, CDCl3) &: 180.0, 166.8 (d, J = 255.0
Hz), 165.2, 163.7, 157.8, 157.4 (d, J = 14.0 Hz), 142.6, 128.6 (d, J =
11.0 Hz), 125.2, 117.6 (d, J = 2.0 Hz), 113.0 (d, J = 23.0 Hz), 112.7,
109.9, 106.4, 104.6 (d, J = 26.0 Hz), 104.0, 98.2, 93.7, 83.5, 80.6, 72.4,
67.7, 66.0, 62.4, 27.0, 26.8, 26.2, 25.0; MS (DART+) m/z: [M+H]T;
570; HRMS m/z caled for 12CgHA3F1 *N3%0g [M+H]*, 570.18878; found
570.18922; IR (ATR, cm ™ 1): 3148, 3099, 2990, 2977, 2916, 2849, 1648,
1609, 1499, 1452, 1251, 1195, 1180, 1166, 1067, 1050, 1014, 854, 797.

4.5.5. 5,7-Dichloro-3-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-
dioxolan-4-yD)-2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yD)-1H-1,
2,3-triazol-4-yl)methoxy)-1-hydroxy-9H-xanthen-9-one (17e)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 7:3) in 17 % yield. TH-NMR (400 MHz, CDCl3) 6: 12.43 (s,
1H), 8.11 (d, J = 2.4 Hz, 1H), 7.82 (s, 1H), 7.75 (d, J = 2.4 Hz, 1H), 6.64
(d, J = 2.4 Hz, 1H), 6.45 (d, J = 2.4 Hz, 1H), 6.26 (d, J = 3.2 Hz, 1H),
5.33 (s, 2H), 5.22 (d, J = 3.2 Hz, 1H), 5.02 (d, J = 3.6 Hz, 1H), 4.33 (dd,
J=9.2and 3.6 Hz, 1H), 3.98-3.91 (comp, 2H), 3.10 (dt,J =9.2 and 5.2
Hz, 1H), 1.59 (s, 3H), 1.44 (s, 3H), 1.38 (s, 3H), 1.18 (s, 3H); 13¢.NMR
(100 MHz, CDCl3) &: 179.1, 165.8, 163.5, 157.3, 150.4, 142.5, 135.0,
129.7, 125.2, 124.1, 123.8, 122.5, 112.7, 109.9, 106.4, 103.9, 98.8,
94.0, 83.5, 80.6, 72.4, 67.7, 66.1, 62.5, 27.0, 26.8, 26.2, 25.0; MS
(DART+) m/z: [M+H]*; 620; HRMS m/z caled for 12C3gH33C13*N3%0,
[M+H]", 620.12026; found 620.12028; IR (ATR, em L) 3075, 2987,
2922, 2872, 2851, 1650, 1621, 1562, 1461, 1201, 1160, 1076, 1051,
1019, 838, 820, 800, 723.

4.5.6. 3-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-hydroxy-12H-benzo[b]xanthen-12-one (17f)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 8:2) in 41 % yield. IH.NMR (400 MHz, CDCl3) 6: 12.90 (s,
1H), 8.81 (s, 1H), 8.03 (d, J = 8.4 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.83
(s, 1H), 7.79 (s, 1H), 7.61 (ddd, J = 8.0, 6.8, and 1.2 Hz, 1H), 7.50 (ddd,
J=8.0, 6.8, and 1.2 Hz, 1H), 6.52 (d, J = 2.4 Hz, 1H), 6.38 (d, J = 2.4
Hz, 1H), 6.27 (d, J = 3.2 Hz, 1H), 5.33 (s, 2H), 5.22 (d, J = 3.6 Hz, 1H),
5.02 (d, J = 3.6 Hz, 1H), 4.33 (dd, J = 9.2 and 3.6 Hz, 1H), 3.94 (d, J =
3.6 Hz, 1H), 3.93 (d, J = 3.2 Hz, 1H), 3.11 (dt, J = 9.2 and 5.2 Hz, 1H),
1.59 (s, 3H), 1.44 (s, 3H), 1.38 (s, 3H), 1.18 (s, 3H); 13C-NMR (100 MHz,
CDCl5) 6: 181.5,165.7,164.1, 158.3,151.9, 142.7, 136.9, 129.8, 129.7,
129.4, 127.7, 127.2, 125.8, 125.2, 120.2, 113.3, 112.7, 109.9, 106.5,
103.7, 97.5, 93.7, 83.5, 80.6, 72.4, 67.7, 66.0, 62.4, 27.0, 26.8, 26.3,
25.0; MS (DART+) m/z: [M+HI]"; 602; HRMS m/z caled for
12¢L,HENI0, [M+H]T, 602.21385; found 602.21387; IR (ATR, cm™1):
3323, 3075, 2984, 2927, 2850, 1652, 1612, 1598, 1467, 1450, 1246,
1209, 1178, 1159, 1084, 1018, 816, 748.

4.5.7. 3-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-hydroxy-5-methoxy-9H-xanthen-9-one (17g)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 6:4) in 58 % yield. TH-NMR (400 MHz, CDCl3) 6: 12.80 (s,
1H), 7.81 (s, 1H), 7.78 (dd, J = 7.6 and 1.6 Hz, 1H), 7.28 (t, J = 8.0 Hz,

12

European Journal of Medicinal Chemistry 302 (2026) 118384

1H), 7.22 (dd, J = 8.0 and 1.6 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H), 6.39 (d,
J = 2.4 Hz, 1H), 6.25 (d, J = 3.6 Hz, 1H), 5.29 (s, 2H), 5.20 (d, J = 3.6
Hz, 1H), 5.02 (d, J = 4.0 Hz, 1H), 4.32 (dd, J = 9.6 and 4.0 Hz, 1H), 4.01
(s, 3H), 3.97-3.90 (comp, 2H), 3.10 (dt, J = 9.6 and 5.6 Hz, 1H), 1.58 (s,
3H), 1.43 (s, 3H), 1.37 (s, 3H), 1.17 (s, 3H); '3C-NMR (100 MHz, CDCls3)
5:180.9, 165.2, 163.4, 157.6, 148.4, 146.4, 142.7, 125.2, 123.8, 121.5,
116.8, 115.8, 112.7, 109.9, 106.4, 104.3, 98.3, 93.4, 83.5, 80.6, 72.3,
67.6, 66.0, 62.4, 56.5, 27.0, 26.8, 26.2, 25.0; MS (DART+) m/z:
[M+H]"; 582; HRMS m/z caled for '2CloHAIN3%0; [M-+H]Y,
582.20877; found 582.20895; IR (ATR, ecm™1): 3140, 3101, 2985, 2937,
2903, 2851, 1648, 1619, 1609, 1573, 1492, 1443, 1223, 1208, 1158,
1101, 1075, 1017, 800, 728.

4.5.8. 3-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-hydroxy-7-methoxy-9H-xanthen-9-one (17h)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 7:3) in 51 % yield. IH-NMR (400 MHz, CDCl3) &: 12.82 (s,
1H), 7.81 (s, 1H), 7.55 (d, J = 2.8 Hz, 1H), 7.33 (d, J = 9.2 Hz, 1H), 7.28
(dd, J = 9.2 and 2.8 Hz, 1H), 6.48 (d, J = 2.0 Hz, 1H), 6.36 (d, J = 2.0
Hz, 1H), 6.25 (d, J = 3.6 Hz, 1H), 5.29 (s, 2H), 5.20 (d, J = 3.6 Hz, 1H),
5.01 (d, J = 3.6 Hz, 1H), 4.32 (dd, J = 9.2 and 3.6 Hz, 1H), 3.93-3.90
(comp, 2H), 3.88 (s, 3H), 3.08 (dt, J = 9.2 and 5.2 Hz, 1H), 1.58 (s, 3H),
1.42 (s, 3H), 1.37 (s, 3H), 1.16 (s, 3H); 13C-NMR (100 MHz, CDCls) &:
180.7, 165.0, 163.4, 157.8, 156.2, 150.9, 142.8, 125.2, 125.0, 120.9,
119.1, 112.7, 109.8, 106.4, 105.3, 104.1, 97.8, 93.1, 83.5, 80.6, 72.3,
67.6, 66.0, 62.3, 56.0, 27.0, 26.8, 26.2, 25.0; MS (EI+) m/z: [M]"; 581;
HRMS m/z caled for 2ChoH3{N3C01 ¢ [M]7, 581.2009; found 581.2005;
IR (ATR, ecm™1): 3146, 3085, 2988, 2937, 2917, 2897, 1655, 1608,
1574,1484,1278,1216,1199,1165,1149,1077,1033,1012,817,778.

4.5.9. 9-((1-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-
2,2-dimethyltetrahydrofuro[2,3-d] [1,3]dioxol-6-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-11-hydroxy-12H-benzo[a]xanthen-12-one (17i)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 7:3) in 42 % yield. IH.-NMR (400 MHz, CDCl5) &: 13.38 (s,
1H), 9.85 (d, J = 8.8 Hz, 1H), 8.03 (d, J = 9.2 Hz, 1H), 7.83 (s, 1H), 7.82
(d, J=8.0Hz, 1H), 7.71 (ddd, J = 8.4, 7.2, and 1.2 Hz, 1H), 7.54 (ddd, J
=8.0,7.2,and 0.8 Hz, 1H), 7.40 (d, J = 9.2 Hz, 1H), 6.49 (d, J = 2.0 Hz,
1H), 6.37 (d, J = 2.0 Hz, 1H), 6.26 (d, J = 3.2 Hz, 1H), 5.27 (s, 2H), 5.21
(d, J = 3.6 Hz, 1H), 5.03 (d, J = 3.6 Hz, 1H), 4.34 (dd, J = 9.6 and 3.6
Hz, 1H), 3.94-3.92 (comp, 2H), 3.11 (dt, J = 9.2 and 5.6 Hz, 1H), 1.58
(s, 3H), 1.44 (s, 3H), 1.37 (s, 3H), 1.18 (s, 3H); '3C-NMR (100 MHz,
CDCl5) 6: 182.9, 164.3, 163.4, 157.6, 156.4, 142.8, 137.1, 130.7, 130.2,
129.6, 128.6, 126.8, 126.3, 125.2, 117.6, 113.2, 112.7, 109.9, 106.4,
105.6, 98.4, 92.6, 83.5, 80.6, 72.4, 67.7, 66.0, 62.3, 27.0, 26.8, 26.3,
25.0; MS (DART+) m/z: [M+H]'; 602; HRMS m/z calcd for
12¢1,HAIN3®0 [M+H] T, 602.21385; found 602.21376; IR (ATR, cm ™ 1):
3124, 3090, 2982, 2932, 2900, 1659, 1581, 1511, 1451, 1209, 1174,
1160, 1077, 1048, 1027, 836, 825, 749.

4.5.10. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((1-hydroxy-9-oxo-
9H-xanthen-3-yl)oxy)methyl)-1H-1,2, 3-triazol-1-yDtetrahydro-2H-pyran-
3,4,5-triyl triacetate (18a)

Obtained as a yellowish solid after flash chromatography purifica-
tion (Hex-AcOEt 1:1) in 81 % yield. H-NMR (400 MHz, CDCl3) &: 12.83
(s, 1H), 8.21 (dd, J = 8.0 and 1.6 Hz, 1H), 7.92 (s, 1H), 7.69 (ddd, J =
8.4,7.2,and 1.6 Hz, 1H), 7.41 (dd, J = 8.4 and 0.8 Hz, 1H), 7.35 (ddd, J
=8.0,7.2,and 0.8 Hz, 1H), 6.51 (d, J = 2.4 Hz, 1H), 6.39 (d, J = 2.4 Hz,
1H), 5.92-5.90 (comp, 1H), 5.45-5.42 (comp, 2H), 5.27 (s, 2H),
5.27-5.22 (comp, 1H), 4.30 (dd, J = 12.8 and 4.8 Hz, 1H), 4.15 (dd, J =
12.8 and 2.0 Hz, 1H), 4.02 (ddd, J = 10.0, 4.8, and 2.0 Hz, 1H), 2.064 (s,
3H), 2.057 (s, 3H), 2.01 (s, 3H), 1.85 (s, 3H); 13C.NMR (100 MHz,
CDClg) &: 180.9, 170.6, 170.0, 169.4, 169.0, 165.1, 163.6, 157.8, 156.1,
143.9,135.2,125.9,124.2,121.6,120.7, 117.7, 104.4, 97.8, 93.6, 85.9,
75.3,72.6,70.4,67.8,62.3,61.6, 20.7, 20.61, 20.57, 20.2; MS (DART+)
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m/z: [M+H]"; 640; HRMS m/z caled for 2C3HAIN3%015 [M+H]T,
640.17786; found 640.17742; IR (ATR, cm™1): 3091, 2964, 2946, 2923,
2851, 1753, 1734, 1665, 1604, 1574, 1500, 1474, 1441, 1245, 1222,
1172, 1098, 1083, 1061, 1040, 766.

4.5.11. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((1-hydroxy-6-
methyl-9-oxo-9H-xanthen-3-yDoxy)methyl)-1H-1,2, 3-triazol-1-yl)
tetrahydro-2H-pyran-3,4,5-triyl triacetate (18b)

Obtained as a yellowish solid after flash chromatography purifica-
tion (Hex-AcOEt 1:1) in 51 % yield. IH-NMR (400 MHz, CDCl3) 6: 12.90
(s, 1H), 8.09 (d, J = 8.0 Hz, 1H), 7.92 (s, 1H), 7.204-7.199 (comp, 1H),
7.18-7.15 (comp, 1H), 6.49 (d, J = 2.4 Hz, 1H), 6.38 (d, J = 2.4 Hz, 1H),
5.92-5.89 (comp, 1H), 5.45-5.42 (comp, 2H), 5.27 (s, 2H), 5.27-5.22
(comp, 1H), 4.31 (dd, J = 12.4 and 4.8 Hz, 1H), 4.15 (dd, J = 12.4 and
2.0 Hz, 1H), 4.02 (ddd, J = 10.0, 4.8, and 2.0 Hz, 1H), 2.49 (s, 3H), 2.07
(s, 3H), 2.06 (s, 3H), 2.02 (s, 3H), 1.85 (s, 3H); '3C-NMR (100 MHz,
CDCl5) 6: 180.8,170.6, 170.0, 169.4, 169.0, 164.9, 163.6, 157.8, 156.2,
146.9, 144.0, 125.70, 125.68, 121.5, 118.4, 117.5, 104.3, 97.7, 93.5,
85.9, 75.3, 72.7, 70.4, 67.8, 62.2, 61.6, 22.1, 20.8, 20.61, 20.58, 20.2;
MS (DART+) m/z: [M+H]"; 654; HRMS m/z caled for 12C3;H3IN3%0, 3
[M+H]", 654.19351; found 654.19353; IR (ATR, em™1): 3093, 2925,
2855, 1743, 1651, 1603, 1565, 1455, 1437, 1211, 1167, 1084, 1034,
817, 791.

4.5.12. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((1-hydroxy-6-
methoxy-9-oxo-9H-xanthen-3-yl)oxy)methyl)-1H-1,2, 3-triazol-1-yD)
tetrahydro-2H-pyran-3,4,5-triyl triacetate (18c)

Obtained as a yellowish solid after flash chromatography purifica-
tion (Hex-AcOEt 1:1) in 49 % yield. IH-NMR (400 MHz, CDCl3) 5: 12.96
(s, 1H), 8.12 (d, J = 8.8 Hz, 1H), 7.91 (s, 1H), 6.92 (dd, J = 8.8 and 2.4
Hz, 1H), 6.81 (d, J = 2.4 Hz, 1H), 6.48 (d, J = 2.0 Hz, 1H), 6.38 (d, J =
2.0 Hz, 1H), 5.92-5.89 (comp, 1H), 5.45-5.42 (comp, 2H), 5.27 (s, 2H),
5.27-5.22 (comp, 1H), 4.31 (dd, J = 12.8 and 4.8 Hz, 1H), 4.15 (dd, J =
12.8 and 2.0 Hz, 1H), 4.02 (ddd, J = 10.2, 4.8, and 2.0 Hz, 1H), 3.92 (s,
3H), 2.07 (s, 3H), 2.06 (s, 3H), 2.02 (s, 3H), 1.85 (s, 3H); 13C.NMR (100
MHz, CDCl3) &: 180.2, 170.6, 170.0, 169.4, 169.0, 165.5, 164.6, 163.6,
158.1, 157.8, 144.0, 127.4, 121.5, 114.4, 113.4, 104.0, 100.2, 97.8,
93.5, 85.9, 75.3, 72.7, 70.4, 67.8, 62.2, 61.6, 56.0, 20.8, 20.61, 20.58,
20.2; MS (DART+) m/z: [M+H]"; 670; HRMS m/z caled for
12¢lHIENT0.4 [M+H]Y, 670.18843; found 670.18846; IR (ATR,
em™1): 3091, 2925, 2848, 1739, 1651, 1600, 1568, 1499, 1446, 1240,
1212, 1167, 1085, 1032, 820, 796.

4.5.13. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((1-hydroxy-6-
fluoro-9-oxo-9H-xanthen-3-yl) oxy)methyl)-1H-1,2, 3-triazol-1-yl)
tetrahydro-2H-pyran-3,4,5-triyl triacetate (18d)

Obtained as a white solid after flash chromatography purification
(Hex-AcOEt 1:1) in 50 % yield. TH-NMR (400 MHz, CDCl3) 6: 12.69 (s,
1H), 8.23-8.19 (comp, 1H), 7.93 (s, 1H), 7.09-7.05 (comp, 2H), 6.49 (d,
J = 2.4 Hz, 1H), 6.39 (d, J = 2.4 Hz, 1H), 5.92-5.90 (comp, 1H),
5.45-5.42 (comp, 2H), 5.26 (s, 2H), 5.26-5.22 (comp, 1H), 4.30 (dd, J
=12.6 and 5.0 Hz, 1H), 4.15 (dd, J = 12.6 and 2.0 Hz, 1H), 4.02 (ddd, J
=10.2,5.0, and 2.0 Hz, 1H), 2.06 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.85
(s, 3H); 13C.NMR (100 MHz, CDCl3) &: 179.9, 170.6, 170.0, 169.4,
169.0, 166.7 (d, J = 255.0 Hz), 165.1, 163.7, 157.8, 157.3 (d, J = 14.0
Hz), 143.8,128.5 (d, J = 11.0 Hz), 121.6, 117.5 (d, J = 3.0 Hz), 112.9
(d, J = 22.0 Hz), 104.5 (d, J = 25.0 Hz), 104.0, 98.1, 93.8, 85.9, 75.3,
72.6,70.4, 67.8, 62.3, 61.6, 20.7, 20.60, 20.57, 20.2; MS (DART+) m/z:
[M+H]"; 658, HRMS m/z caled for '2C3oH33F1*N3®013 [M+HIT,
658.16844; found 658.16875; IR (ATR, cm ™ 1): 3077, 2921, 2850, 1756,
1742, 1661, 1608, 1586, 1498, 1448, 1246, 1224, 1210, 1166, 1150,
1101, 1067, 1039, 1023, 792.
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4.5.14. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((5,7-dichloro-1-
hydroxy-9-oxo-9H-xanthen-3-yl)oxy)methyl)-1H-1,2, 3-triazol-1-yl)
tetrahydro-2H-pyran-3,4,5-triyl triacetate (18e)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 65:35) in 13 % yield. 1H-NMR (400 MHz, CDCl3) &: 12.44
(s, 1H), 8.11 (d, J = 2.8 Hz, 1H), 7.91 (s, 1H), 7.75 (d, J = 2.8 Hz, 1H),
6.64 (d, J = 2.4 Hz, 1H), 6.46 (d, J = 2.4 Hz, 1H), 5.91-5.89 (comp, 1H),
5.44-5.41 (comp, 2H), 5.31 (s, 2H), 5.27-5.22 (comp, 1H), 4.32 (dd, J
=12.8 and 5.2 Hz, 1H), 4.16 (dd, J = 12.8 and 2.0 Hz, 1H), 4.02 (ddd, J
=10.0, 5.2, and 2.0 Hz, 1H), 2.08 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.87
(s, 3H); 3C-NMR (100 MHz, CDCl3) &: 179.1, 170.6, 170.0, 169.4,
169.0, 165.7, 163.6, 157.2, 150.4, 143.7, 135.0, 129.6, 124.1, 123.8,
122.6,121.5, 104.0, 98.7, 94.2, 86.0, 75.4, 72.6, 70.4, 67.7, 62.5, 61.6,
20.8, 20.61, 20.58, 20.2; MS (DART+) m/z: [M+H]"; 708; HRMS m/z
caled for 12C3oH33C13*N3%013 [M+H]™, 708.09992; found 708.09979;
IR (ATR, em™}): 3075, 2926, 2853, 1746, 1651, 1625, 1595, 1562,
1467, 1263, 1217, 1196, 1150, 1085, 1064, 1038, 832, 814, 799, 723.

4.5.15. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((1-hydroxy-12-oxo-
12h-benzo[b]xanthen-3-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)tetrahydro-
2H-pyran-3,4,5-triyl triacetate (18f)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 1:1) in 34 % yield. "H-NMR (400 MHz, CDCl3) &: 12.91 (s,
1H), 8.82 (s, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.93 (s, 1H), 7.88 (d, J = 8.0
Hz, 1H), 7.80 (s, 1H), 7.61 (ddd, J = 8.0, 6.8, and 1.2 Hz, 1H), 7.50 (ddd,
J=8.0, 6.8, and 1.2 Hz, 1H), 6.53 (d, J = 2.4 Hz, 1H), 6.40 (d, J = 2.4
Hz, 1H), 5.92-5.90 (comp, 1H), 5.48-5.40 (comp, 2H), 5.31 (s, 2H),
5.28-5.23 (comp, 1H), 4.32 (dd, J = 12.8 and 4.8 Hz, 1H), 4.16 (dd, J =
12.8 and 2.0 Hz, 1H), 4.02 (ddd, J = 10.0, 4.8, and 2.0 Hz, 1H), 2.08 (s,
3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.87 (s, 3H); 13C.NMR (100 MHz, CDCl3)
5:181.5,170.6, 170.0, 169.4, 169.0, 165.6, 164.2, 158.2, 152.0, 143.9,
136.9, 129.8, 129.7, 129.4, 127.7, 127.2, 125.8, 121.5, 120.3, 113.3,
103.8, 97.4, 93.9, 86.0, 75.4, 72.6, 70.4, 67.8, 62.3, 61.6, 20.8, 20.61,
20.58, 20.2; MS (DART+) m/z: [M+H]"; 690; HRMS m/z calcd for
12¢L,HiNI%0.5 [M+H]T, 690.19351; found 690.19330; IR (ATR,
cm1): 3083, 2927, 2855, 1746, 1644, 1614, 1600, 1569, 1469, 1450,
1247,1217, 1174, 1101, 1086, 1030, 816.

4.5.16. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((1-hydroxy-5-
methoxy-9-oxo-9H-xanthen-3-yl)oxy)methyl)-1H-1,2, 3-triazol-1-yl)
tetrahydro-2H-pyran-3,4, 5-triyl triacetate (18g)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 1:1) in 63 % yield. H-NMR (400 MHz, CDCl3) &: 12.79 (s,
1H), 7.92 (s, 1H), 7.77 (dd, J = 8.0 and 1.6 Hz, 1H), 7.26 (t, J = 8.0 Hz,
1H), 7.20 (dd, J = 8.0 and 1.6 Hz, 1H), 6.60 (d, J = 2.4 Hz, 1H), 6.39 (d,
J=2.4Hz, 1H), 5.91 (d, J = 9.2 Hz, 1H), 5.48-5.39 (comp, 2H), 5.26 (s,
2H), 5.27-5.22 (comp, 1H), 4.30 (dd, J = 12.8 and 5.2 Hz, 1H), 4.15 (dd,
J=12.8 and 2.0 Hz, 1H), 4.02 (ddd, J = 10.0, 4.8, and 2.0 Hz, 1H), 3.99
(s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.85 (s, 3H); 13¢.NMR
(100 MHz, CDCl3) &: 180.9, 170.6, 170.0, 169.4, 169.0, 165.1, 163.4,
157.6, 148.4, 146.4, 143.9, 123.8, 121.5, 116.8, 115.8, 104.4, 98.3,
93.5, 85.9, 75.3, 72.7, 70.3, 67.7, 62.3, 61.6, 56.5, 20.7, 20.60, 20.57,
20.2; MS (DART+) m/z: [M+H]"; 670; HRMS m/z caled for
12 H3IN3%0.4 [M+H]T, 670.18843; found 670.18861; IR (ATR,
em™1): 3095, 2943, 2846, 1742, 1646, 1621, 1608, 1574, 1492, 1439,
1247, 1216, 1204, 1153, 1101, 1046, 1028, 729.

4.5.17. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((1-hydroxy-7-
methoxy-9-oxo-9H-xanthen-3-yl oxy)methyl)-1H-1,2,3-triazol-1-yD
tetrahydro-2H-pyran-3,4,5-triyl triacetate (18h)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 1:1) in 57 % yield. H-NMR (400 MHz, CDCl3) &: 12.81 (s,
1H), 7.94 (s, 1H), 7.52 (d, J = 2.8 Hz, 1H), 7.31 (d, J = 9.2 Hz, 1H), 7.25
(dd, J = 9.2 and 2.8 Hz, 1H), 6.45 (d, J = 2.0 Hz, 1H), 6.35 (d, J = 2.0
Hz, 1H), 5.92 (d, J = 8.8 Hz, 1H), 5.46 (t, J = 8.8 Hz, 1H), 5.42 (¢, J =
8.8 Hz, 1H), 5.28-5.22 (comp, 1H), 5.25 (s, 2H), 4.29 (dd, J = 12.4 and
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5.2 Hz, 1H), 4.14 (dd, J = 12.4 and 2.0 Hz, 1H), 4.02 (ddd, J = 10.0, 5.2,
and 2.0 Hz, 1H), 3.86 (s, 3H), 2.05 (s, 6H), 2.00 (s, 3H), 1.84 (s, 3H); 3C-
NMR (100 MHz, CDCl3) &: 180.6, 170.6, 170.0, 169.4, 169.0, 164.9,
163.4, 157.7, 156.1, 150.8, 143.9, 125.0, 121.6, 120.8, 119.0, 105.2,
104.0, 97.7, 93.2, 85.9, 75.3, 72.7, 70.4, 67.8, 62.2, 61.6, 56.0, 20.7,
20.60, 20.57, 20.2; MS (EI+) m/z: [M]"; 669; HRMS m/z caled for
12cL HiINI®0.4 [M]F, 669.1806; found 669.1793; IR (ATR, cm™1):
3078, 2940, 2850, 1746, 1651, 1608, 1485, 1212, 1162, 1149, 1104,
1064, 1027, 813, 776.

4.5.18. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-(((11-hydroxy-12-
oxo-12h-benzo[a]xanthen-9-yl)oxy)methyl)-1H-1,2, 3-triazol-1-yl)
tetrahydro-2H-pyran-3,4,5-triyl triacetate (18i)

Obtained as a yellow solid after flash chromatography purification
(Hex-AcOEt 1:1) in 42 % yield. H-NMR (400 MHz, CDCl3) &: 13.37 (s,
1H), 9.82 (d, J = 8.8 Hz, 1H), 8.01 (d, J = 9.2 Hz, 1H), 7.95 (s, 1H), 7.80
(d, J=8.0Hz, 1H), 7.68 (ddd, J = 8.4, 6.8, and 1.2 Hz, 1H), 7.52 (ddd, J
= 8.0, 6.8, and 0.8 Hz, 1H), 7.38 (d, J = 8.8 Hz, 1H), 6.47 (d, J = 2.0 Hz,
1H), 6.37 (d, J = 2.0 Hz, 1H), 5.93 (d, J = 8.8 Hz, 1H), 5.48 (t, J = 9.6
Hz, 1H), 5.43 (t, J = 9.6 Hz, 1H), 5.27 (d, J = 10.0 Hz, 1H), 5.24 (s, 2H),
4.31 (dd, J = 12.4 and 4.8 Hz, 1H), 4.15 (dd, J = 12.4 and 2.0 Hz, 1H),
4.03 (ddd, J =10.0, 4.8, and 2.0 Hz, 1H), 2.06 (s, 6H), 2.01 (s, 3H), 1.85
(s, 3H); '3C-NMR (100 MHz, CDCl3) &: 182.9, 170.6, 170.0, 169.5,
169.0, 164.2, 163.4, 157.6, 156.4, 144.0, 137.1, 130.7, 130.2, 129.6,
128.6,126.7, 126.2,121.6, 117.6, 113.1, 105.6, 98.3, 92.7, 85.9, 75.3,
72.7,70.4, 67.8,62.2, 61.6, 20.7, 20.62, 20.58, 20.2; MS (DART+) m/z:
[M+H]"; 690; HRMS m/z caled for 2C3,H3iN3%0;5 [M+H]T,
690.19351; found 690.19341; IR (ATR, cm™1): 3079, 2941, 1743, 1652,
1585, 1514, 1450, 1248, 1212, 1158, 1090, 1060, 1030, 824.

4.6. a-Glucosidase inhibition

Inhibition was evaluated using a previously reported method [11]. A
solution (25 pL) of tested samples in DMSO-H,0 (1:1) was added to 150
pL of phosphate buffer solution (PBS, 67 mM, pH 6.8) and incubated at
37 °C for 10 min with 25 pL of reduced glutathione (3 mM in PBS) and
25 L of 0.1 U mL™! in PBS solution of a-glucosidase type I (Sigma cat.
G5003-100UN). The substrate solution (25 pL, 23.2 mM p-nitro-
phenyl-a-p-glucopyranoside, Sigma N1377-1G, in PBS) was added and
incubated at 37 °C for 15 min with shaking. The reaction mixture was
quenched with 50 pL of 1 M NayCOs solution, and after 5 min of
agitation, the optical density was determined at 405 nm. Quercetin was
used as the positive standard. The inhibition percentage was calculated
with the equation:

Inhibition (%) = [(A control — A sample)/A control] x 100

where A = the absorbance at 405 nm of the sample and control.
4.7. Lineweaver-Burk plots

To determine the kinetics of enzyme inhibitors, concentrations of 1/
2 x ICsq, ICs9, and 2 x ICsg were selected. With each inhibitor’s con-
centration, the a-glucosidase activity was assayed by varying p-nitro-
phenyl-a-p-glucopyranoside (pNPG) concentration from 1 to 23.1 mM.
The kinetic inhibition was carried out similarly to the a-glucosidase
inhibition protocol. The enzyme and inhibitor were preincubated for 10
min, and the reaction was carried out with different concentrations of
pNPG at 37 °C. Immediately, the absorbance at 405 nm was measured
(T0). Then, the absorbance was measured every 2 min for 10 min. The
Lineweaver-Burk plots were constructed to assess the kinetics of enzyme
inhibition.
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4.8. In vivo studies

4.8.1. Experimental animals

Male CD-1 mice (Mus musculus) —-weighing 30 + 5 g at 6-8 weeks of
age- were obtained from the Animal Handling Unit for Teaching and
Research (UMADI) of the Metropolitan Autonomous University. Mice
were fed with standard rodent food (Harlan Laboratories, Indianapolis,
USA) and water ad libitum under a 12 h light/12 h dark cycle. The
experimental protocol adhered to the International Rules for the Care
and Use of Laboratory Animals, in agreement with the Mexican Official
Norm (NOM-062-Z00-1999, 2001 revision).

4.8.2. Streptozotocin (STZ)-induced diabetic model

Mice were induced to experimental diabetes by the administration of
an initial intraperitoneal dose of 40 mg/kg of nicotinamide (NAM) and,
20 min later, a dose of 100 mg/kg of streptozotocin (STZ) dissolved in
freshly prepared 0.1 M citrate buffer (pH 4.5). Subsequently, glycemia
was measured to ensure that mice developed hyperglycemia. Mice with
glycemic levels over 160 mg/dL were considered adequate for assays.
Blood samples were collected from the caudal vein. The blood glucose
concentration was estimated using a commercial glucometer (Accu-
Chek Performa; Roche, Mannheim, Germany) [30].

4.8.3. Oral sucrose tolerance test (OSTT)

Normoglycemic mice were randomly divided into four groups (n =
5): control (saline solution), acarbose (50 mg/kg), compound 17f (50
mg/kg), and compound 18f (50 mg/kg). Mice were fasted for 12 h with
free access to tap water throughout the experiment. Fasting glucose
levels were considered as time 0. Control and test compounds were
administered orally. Thirty minutes after administration of the test
samples, a dose of 2 g/kg sucrose solution was administered. Then,
glycemia was measured at 30, 60, 90, and 120 min after sucrose
administration, employing a glucometer (Accu-Chek Performa; Roche,
Mannheim, Germany). The same procedure was followed for diabetic
mice, with a modification: diabetic animals were fasted for 8 h.

The percentage variation of glycemia for each group was calculated
in relation to the initial (0 h) level, according to the formula:

% variation of glycemia = [(Gx — G0)/G0] x 100

where GO was the initial glycemia value and Gx were the glycemia
values at each time, respectively [30].

4.8.4. Statistical analysis

Data is shown as mean =+ standard error of the mean (n = 5). One-
way ANOVA followed by Dunnett’s multiple comparisons test was per-
formed using GraphPad Prism version 10.2.3 for Windows. Values of p
< 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were
considered statistically significant.

4.9. Artemia salina acute toxicity test

4.9.1. Hatching shrimp

Brine shrimp cysts, Artemia salina, were hatched in commercial
artificial seawater (Instant Ocean, Aquarium Systems, Inc., USA), dis-
solving 38 g of sea salt in 1 L of distilled water. After an incubation
period (48 h) in a conical container at room temperature (25 + 2 °C),
under light and continuous aeration with an aquarium pump, the nauplii
(stage II and III) were attracted with light to one side of the container,
collected with a Pasteur pipette, and transferred to a Petri dish. After-
ward, 10 larvae were transferred to a 96-well microplate with 100 pL of
artificial seawater.

4.9.2. Brine shrimp assay
The brine shrimp lethality test monitored the acute toxicity of the
samples and the solvent. A stock solution was prepared in DMSO at a
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concentration of 20 mg/mlL. Aliquots of the samples were diluted in
distilled water to obtain the desired final concentration. Assay was
performed in 96-well microplates (Corning, NY, USA). Each well con-
tained 10 larvae in 100 pL of seawater. 100 pL of each sample dilution
were transferred to the wells; each concentration was tested in triplicate.
Negative control wells contained 10 larvae in artificial seawater only
(200 pL). Additionally, the effect of 5 % DMSO and distilled water (100
pL) was tested. Potassium dichromate (in distilled water) served as a
positive control [47]. The microplate was incubated for 24 h, then
examined in an inverted Nikon microscope, and the number of dead
larvae in each well was counted and recorded after 24 h. The mortality
endpoint was defined as the absence of forward motion of shrimps [48].
The percentage of larval mortality was determined after 24 h exposure
to the different concentrations of the tested compounds, using the
Reed-Muench method [47].

4.10. Sulforhodamine B assay

The biological assay was performed in accordance with previous
work [49]. The cell line was cultured in RPMI-1640 medium supple-
mented with 10 % fetal bovine serum, 2 mM r-glutamine, 10,000 units
per mL penicillin G sodium, 10 pgmL ™! streptomycin sulfate, 25 pgmL
amphotericin B (Gibco), and 1 % non-essential amino acids (Gibco). The
cultures were maintained at 37 °C in a 5 % COy-humidified atmosphere.
The viability of the cells used in the experiments exceeded 95 %
(determined by trypan blue). The cells were removed from the tissue
culture flasks by trypsin treatment and diluted with fresh medium. 100
pL cell suspension aliquots, containing 5000-10,000 cells per well, were
transferred into 96-well microtiter plates (Costar) and incubated at
37 °C for 24 h in a 5 % CO, atmosphere. Stock solutions of the tested
compounds initially dissolved in DMSO (20 mM) were prepared and
further diluted in the medium to obtain the desired concentrations.
One-hundred-microliter aliquots of xanthone solutions were added to
each well (50 pM) and then incubated for 48 h. After that, cells were
fixed to the plastic substratum by the addition of 50 pL of cold 50 %
aqueous trichloroacetic acid. The plates were incubated at 4 °C for 1 h,
washed with tap H,0, and air-dried. The trichloroacetic acid-fixed cells
were stained by the addition of 0.4 % Sulforhodamine B (SRB). The free
SRB solution was removed by washing with 1 % aqueous acetic acid. The
plates were air-dried, and the bound dye was solubilized by the addition
of 100 pL of 10 mM unbuffered Tris base; then, they were placed on a
shaker for 5 min before analysis. Optical densities were determined
using an Ultra Microplated Reader (Elx 808, BIO-TEX Instruments, Inc.),
A =515 nm.

4.11. Molecular docking

Ligands (17a-i, 18a-i, and 4a) were modeled and minimized with
Avogadro (version 1.2.0) using the MMFF94 force field [50]. The
a-glucosidase model was obtained from the AlphaFold Protein Structure
Database using the Uniprot identification P3815811. Molecular docking
was performed employing the Glide software from Schrodinger [43,44]
(version 2024-3) in accordance with the established protocols provided
by the software developers. The protein and ligands were prepared with
the modules “Protein preparation” and “Ligprep”, respectively. The grid
box was centered at the allosteric site (coordinates: x = 14.15, y = 3.98,
and z = 3.67), with a size of 20 x 20 x 20 A, using the Receptor grid
generation tool. Ligands were docked into the allosteric site using the
extra precision (XP) algorithm. Binding poses, interactions, and edition
of figures were obtained from the same docking suite.

4.12. Molecular dynamics simulations
All molecular dynamics simulations were performed using AMBER22

with the FF19SB force field for proteins and the pmemd.cuda module
[51-53]. Compound 17f was parameterized using the Antechamber
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module within AMBER, employing the General AMBER Force Field for
organic molecules [54]. Atomic partial charges were assigned using the
AM1-BCC method [55].

The protonation states of titratable residues were assigned to reflect a
physiological pH value of 6.8, using PDBFixer and PropKa3 [56,57].
Accordingly, Glu276, Glu296, Glu376, Asp440, Asp214, His251,
His279, and His97 were modeled in their protonated forms. The enzy-
me-ligand complex was solvated in a truncated octahedral box with
explicit OPC water molecules [58], extending 11 A beyond any solute
atom in all directions. The system charge was neutralized by adding the
appropriate number of Na™ counterions.

Energy minimization was first performed to remove steric clashes
and optimize solvent orientation, using a combination of 2000 steps of
steepest descent followed by 3000 steps of conjugate gradient minimi-
zation. During this stage, Cartesian restraints (4.0 kcal mol ! /o\’z) were
applied to the heavy atoms of the protein. The system was then subjected
to a multi-stage equilibration protocol. The temperature gradually
increased from 100 K to 300 K in four consecutive NVT heating stages of
200 ps each, corresponding to target temperatures of 150, 200, 250, and
300 K. Langevin dynamics was used for temperature control, with a
collision frequency of 4 ps~! for the first three stages and 2 ps ™! for the
final stage. Harmonic restraints were applied to all heavy atoms of the
protein, with decreasing force constants of 5.0, 4.0, 3.0, and 1.0 kcal
mol~! A2, allowing gradual relaxation of the structure.

Following heating, the system was equilibrated for 1 ns in the NPT
ensemble at 300 K and 1 bar, employing the Monte Carlo barostat [59]
(pressure relaxation time of 2 ps) and maintaining the same 1.0 kcal
mol~! A=2 positional restraints. Periodic boundary conditions were
applied, and long-range electrostatic interactions were treated using
particle mesh Ewald [60] with a real-space cutoff of 10 A. The same
cutoff was used for Lennard-Jones interactions. All bonds involving
hydrogen atoms were constrained using the SHAKE algorithm [61]. The
hydrogen mass repartitioning scheme [62] was applied using ParmEd
[56], allowing an integration time step of 4 fs. Production MD simula-
tions were performed in the NPT ensemble at 310 K and 1 bar, using the
same thermostat and barostat conditions as NPT equilibration. Each
trajectory was 100 ns in length, and five independent replicas were
generated for the enzyme-ligand complex.

To identify representative ligand conformations sampled during the
simulations, k-means clustering [63] was applied using the cpptraj
module of AmberTools22 [64]. All heavy atoms of the xanthone 17f
were included in the analysis. Before clustering, the trajectories were
aligned to the protein backbone to remove overall rotational and
translational motions. The k-means algorithm partitions the conforma-
tional space into a predefined number of clusters, minimizing the total
within-cluster variance by iteratively assigning structures to the nearest
centroid and updating the centroid positions. A total of four clusters
were used.

Molecular visualizations were generated using UCSF ChimeraX v1.9
[65,66].
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