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AS101 (Ammonium trichloro (dioxoethylene-O,0) tellurate) is an important hypervalent Te-based prodrug.
Recently, we started a systematic investigation on AS101 with the aim to correlate its promising biological effects
as a potent immunomodulator drug with multiple medicinal applications and its specific chemical properties. To
Telltsium date, a substantial agreement on the rapid conversion of the initial AS101 species into the corresponding TeOCl3
Prodrugs anion does exist, and this latter species is reputed as the pharmacologically active one. However, we realized that
DFT TeOCls could quickly undergo further steps of conversion in an aqueous medium, eventually producing the TeO2
species. Using a mixed experimental and theoretical investigation approach, we characterized the conversion
process leading to TeOy occurring both in pure water and in reference buffers at physiological-like pH. Our
findings may offer a valuable “chemical tool” for a better description, interpretation -and optimization- of the
mechanism of action of AS101 and Te-based compounds. This might be a starting point for improved AS101-
based medicinal application.

1. Introduction

Inorganic drugs represent an essential resource in medicine for ap-
plications in both diagnosis and therapy [1-4]. The large variety of
oxidation states, coordination geometries and reactive features make
metals and metalloids extremely versatile and useful for the preparation
of molecules capable of reacting with biological substrates, thus
inducing pharmacological effects [5]. Among several examples are the
worldwide approved platinum-based drugs for cancer treatment as well
as the wide plethora of radioactive nuclide-bearing complexes applied in
imaging techniques and for specific therapeutic applications [6-8]. In
this context, as shown by the unreplaceable role of As;O3 (Trisenox®) in
the current clinical protocols for treating acute promyelocytic leukemia
(APL), metalloids may also have a relevant impact [9-11]. Recently, we
started investigating tellurium-based compounds with particular atten-
tion to the hypervalent compound known as AS101. This compound was
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originally developed and studied by Albeck, Sredni and co-workers at
Bar-Ilan University, Israel, where they discovered its outstanding
immunomodulatory properties [12]. Specifically, this is the only Te-
based molecule that entered clinical trials against various pathological
conditions, including thrombocytopenia in solid tumor patients,
external genital warts, atopic dermatitis, elderly acute myeloid leukemia
(AML), myelodysplastic syndrome (MDS) and other diseases (for a
complete overview on the completed/ongoing clinical trials, see
ClinicalTrials.gov) [13]. The pharmacological effects of AS101 mainly
arise from the presence of the tellurium(IV) that has a high affinity for
thiol residues; accordingly, its quick reactivity and coordination towards
cysteine proteases are at the molecular basis of the immunomodulatory
features [14-16]. Interestingly, some studies revealed that AS101
rapidly reacts in water media, producing the corresponding anionic
oxide species TeCl3O ™. This latter is reputed to be the active species, and
the detailed mechanism underlying its generation from AS101 has been
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investigated both experimentally and computationally by us and other
research groups [15,17]. Also, in the last years, some AS101 analogues
and other Te(IV)-based compounds have been investigated by D'arcy,
Montagner et al. with a mixed experimental-theoretical investigation.
Noteworthy, in a paper published in 2019, they reported on a series of
compounds of general formula NH4[(RC2H305)Cl3Te], (where R stands
for an alkyl group with different chain length). They also tried to make a
correlation between the compounds' chemical structure, the solution
stability and antimicrobial properties. It was possible to straightfor-
wardly assess that longer R chains determined higher water stability,
nevertheless, this observation was enough to make a direct correlation
with the observed antimicrobial activity. The authors eventually
concluded that it is the prodrug nature of the studied compounds the key
aspect for the biological activity. Hence, it is the production of TeOCls
active species that determines the observed pharmacological result [18].
Additionally, in another paper published in 2023, the same authors re-
ported on some novel dihydroxazole Te-hexachloride salts fully char-
acterized in their solution behavior and, preliminarily, on their
anticancer properties. Interestingly, under the used experimental syn-
thetic conditions, TeO5 is formed as byproduct derived from the hy-
drolysis of TeClo(OH), species [19]. However, more recently, we carried
out further experiments on the AS101 activation process, realizing that
TeClgO™ can further and rapidly convert into TeO,. Previous -but still
very sporadic- reports mentioned the formation of species different from
TeClgO™ upon incubation of AS101 in the presence of water, but no
detailed investigation on the process leading to their formation was
done [20]. Spurred by this evidence, we focus our efforts on a more
detailed description of the AS101 activation process. Indeed, the
mechanistic description of the production of TeO; as the resulting spe-
cies from AS101 may have a relevant impact on the pharmacological
profile of AS101. Accordingly, we report here a study that, starting from
experimental observation and thanks to a detailed theoretical analysis of
the mechanism of conversion, allows us to depict a clear and more
comprehensive picture of the fate that AS101 undergoes in aqueous
media.

2. Results and discussion
2.1. Solution studies

AS101 is a potent immunomodulator agent whose synthesis is simple
and affords the product in good yield [13,15,21,22]. The complex can be
obtained by refluxing TeCl, in anhydrous MeCN in the presence of an
excess of anhydrous ethylene glycol for a few hours. The white solid
precipitates from the solution and can be then collected and washed
with anhydrous MeCN. This procedure affords the product free of im-
purities. AS101, as well as its derivatives and other inorganic tellurium
compounds, is highly sensitive to water and readily hydrolyses losing
the coordinated ethylene glycol (Fig. 1) [15].

This process can be easily followed using 'H and 3C NMR spec-
troscopy, and the mechanism for the formation of the oxide species
TeOCl3 has been studied to better understand the activation mechanism
of AS101 [15,17]. There is a substantial agreement concerning the rapid
conversion of AS101 into the corresponding TeOCls anion, which is
considered to be the prevalent species forming in presence of a large
excess of water, and therefore, the pharmacologically active one [17].
However, we realized how the addition of water to AS101 may lead to
the formation of the TeO, species that precipitates (Fig. 1). We have
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analysed this process in pure water and calculated from the solid TeO5
formed that this product is obtained in good yields (>60%). This finding
indicates that, even if the conversion of AS101 is not quantitative, the
TeO, oxide is the prevalent species in these conditions. The same
experiment was also performed using a phosphate buffer saline (PBS)
buffer solution (pH = 7.4) and cacodylate buffer solution (pH = 7)
obtaining the same result. In these latter cases, the ratio between AS101
and the buffer concentration was the same as used in the subsequent
spectrophotometric experiments (vide infra). TeO5 was confirmed via IR
spectroscopy and oxygen elemental analysis. In the IR spectrum, only
two strong bands at 593 cm™! and 730 cm™! are present, which may be
attributed to the vibration of the Te—O bond (Fig. S1) [23,24]. More-
over, the oxygen percentage that was found with the elemental analysis
agrees with the one expected for the species TeO,. This finding was quite
surprising to us since, in the current literature, there is a substantial lack
of information concerning the formation of TeO3 as a hydrolysis product
of AS101. Among the published papers dealing with AS101 behavior in
water, only one mentions the formation of species other than TeOClg
when AS101 is treated with a large excess of water [20]. The evidence
that TeO, forms implies that TeOCl3 could quickly undergo further steps
of conversion in water media which were thus investigated.

The addition of AS101 to water leads to an immediate drop of the pH
level (3.41 for a 2.74 x 10~ M solution) suggesting that the chloride
ligands are quickly displaced with simultaneous release of protons
(Fig. 1) upon dissolution of AS101. No further changes in the pH values
were observed even after one hour from addition. The pH measurements
done (see the experimental section for details) enabled us to calculate
the equivalents of H' released upon dissolving a known amount of solid
AS101: they turned out to be equal to 1.4. These findings hint that the
release of the chloride ligands and H' is immediate and non-
quantitative, which is fully consistent with the computational outcome
(vide infra). A similar behavior occurs when tellurium chlorides (TeCly
and TeCly) are treated with water, forming HCl and tellurous acid
H2T603 [25].

The behavior of AS101 in solution was then studied spectrophoto-
metrically both in DMSO, sodium cacodylate (NaCac) and PBS, at
physiological-like pH. NaCac is dimethylarsinic acid sodium salt; it is
one of the reference buffers for bioinorganic studies with nucleic acids
and in proteomics research, and it is used in particular in the case
phosphate is better avoided [26]. It is more inert than others (cannot
compete with DNA's phosphates), very stable with temperature but may
coordinate metal or metalloid ions [27]. On this basis, we thought it
would be of interest to compare the behavior of AS101 in two salt media
(cacodylate and phosphate) as they may both represent species present
in some protocols or in real biological samples and help enlighten the
activation path of the Te(IV) prodrug by interfering with it due to some
coordination.

We focused our attention on the wavelength range > 260 nm, out of
any solvent cutoff and/or any strong signal due to the more energetic UV
transitions. The UV-Vis absorption spectrum of AS101 in DMSO shows
no band in this area (also due to a strong DMSO background), whereas
freshly prepared aqueous solutions of AS101 in cacodylate, manifest a
characteristic absorption peaked at 273 nm (Fig. 2A).

The band increases in intensity and is shifted towards a higher
wavelength (maximum at 286 nm) if the NaCl content is increased from
0.1 to 1.0 M; on the other hand, no similar band is present in NaCl
without cacodylate or in the same 0.1 M NaCl, 0.01 M NaCac mixture if
temperature is raised from 25.0 to 60.0 °C (Fig. 2A). The spectrum of
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Fig. 1. Reaction scheme for the hydrolysis of AS101 with the production of TeO, as the final species.
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Fig. 2. (A) Absorbance profiles of AS101 in different conditions (Cas101 = 5.5 x 10~*M; PBS = 0.01 M phosphate, 0.137 M NaCl; NaCac buffer = NaCl 0.1 M, NaCac
0.01 M, 25.0 °C; NaCac buffer & High NaCl content = NaCl 1.0 M, NaCac 0.01 M, 25.0 °C; NaCac buffer & High temperature = NaCl 0.1 M, NaCac 0.01 M, 60.0 °C;
No NaCac & High NaCl Content = NaCl 1.0 M, 25.0 °C); (B) absorbance signal at 280 nm vs. AS101 concentration plot (NaCac 0.01 M).

AS101 was also acquired in PBS: despite the presence of NaCl and an
AS101 concentration same as in cacodylate, no absorption at 280 nm
was observed. To gain more insights into the nature of the species
responsible for the absorption at ca. 280 nm, we recorded spectra at
increasing concentrations of AS101 (25.0 °C). Interestingly, no signifi-
cant absorbance value is recorded at the diagnostic 280 nm wavelength
until a concentration threshold (3.5 x 10~* M) is reached in the cuvette,
after which a linear response of the system following Lambert-Beer's law
is observed (Fig. 2B); such a broken-line plot is typical of the presence of
a critical aggregation concentration [28].

Based on these findings, we started hypothesizing that the species
responsible for the absorption band around 280 nm were aggregates
containing tellurium-chloride bonds. The aggregate species starts
forming only above a certain concentration and, according to their labile
nature, are not formed at high temperatures. However, aggregation does
not occur in NaCl 1.0 M only at 25.0 °C: this led us to assume that ag-
gregation also depends, beyond the pH, on the presence of cacodylate.
The effect of the pH was not surprising, as in the literature different
studies concerning the aqueous speciation of TeCl4 report the presence
of different chlorotellurate(IV) species depending on the pH values and
the chloride concentration of the solution; furthermore, some of these
species absorb near 280 nm [29]. The buffer-specific response could be
explained due to the well-known different modulation of the Hofmeister
effects disclosed by the two salt media [30,31]. Indeed, the aggregation
of species featured by Te—Cl functional groups is expected to be influ-
enced by the lyotropic properties of the bulk, especially in the early
stages of aggregation in which non-covalent interactions are dominant.
On the other hand, there should be a role of phosphate or cacodylate in
the AS101 speciation. We envisioned that, while cacodylate does not
interfere with the formation of the species that aggregate, phosphate
anion may react with either AS101 or its hydrolytic derivatives affecting
the aggregation process. Accordingly, the phosphate coordination may
yield a species that does not aggregate, thus explaining the lack of
UV-vis absorption.

It should be also noticed that TeO, formation occurs in the presence
of both cacodylate and phosphate, indicating that none of these species
prevents the production of TeO5 as the final product. The maximum
around 280 nm, interestingly, was found to be unstable in time and fades
out in the 2-3 h time range (Fig. S2).

Overall, this evidence straightforwardly confirms that, in the pres-
ence of cacodylate, the process implies the formation of transient
chromophore species that over time evolves to TeO,. Conversely, in the
presence of phosphate, the mechanism for the conversion of AS101 into
the TeOs, as the final species of the hydrolytic process follows a different
reaction pathway, i.e. without prior formation of aggregate species.

2.2. Theoretical calculations

Either the formation of chloro-oxo intermediates or the final TeOs(s)
product is articulated to the reaction of TeOCl3 anion with the aqueous
bulk. Hence, computational studies were first addressed to retrace the
chemical events underlying the hydrolysis of TeOCl3 and identify the
most representative chemical intermediates.

The theoretical investigation of the TeOCls hydrolysis was carried
out at the DFT level of theory by using the pseudo-molecular approach,
in which the estimate of the activation free energies for the TeOCl3
hydrolysis steps was gained by conveniently decomposing the process as
depicted in Fig. S3, using the experimental values for the vaporization
free energy of water 9.72 kcal/mol [32], proton solvation free energy
—265.9 kcal/mol [33], solvation free energy of chloride —74.5 kcal/mol
[33].

The reactant TeOCl3 forms the RA1 reaction adduct (—7.7 kcal/mol,
Fig. 3) with the first attacking water molecule. The first transition state
(TS1) leading to the release of the first chloride has a Gibbs free energy
(GFE) of 14.5 kcal/mol. This is a late TS, with Te—Cl and Te-water
distances being 3.30 and 2.39 A (Fig. 4), respectively, that evolves
into a product adduct PA1 with GFE of —4.1 kcal/mol, in which the
protonated Cl is detached and stays nearby being weakly coordinated.
The protonation of the leaving chloride in the TS structure is not sur-
prising when the implicit solvation is employed to simulate the aqueous
bulk. Hence, to correctly assess the process thermodynamics, the full
dissociation of HCl(aq) was always assumed and the GFE of this species
was estimated with the sum of AGO(H+(aq)) and AGO(CI’(aq)) (See
Experimental section, Computational Details). The attack of the second
water molecule starts with the formation of RA2 adduct (—10.5 kcal/
mol). The subsequent TS2 (10.1 kcal/mol) features incoming water
(Te—O distance of 2.46 f\) and leaving chloride (Te—Cl distance of 3.34
/i’\); however, it does not result in the formation of a Te—0O bond (Fig. 4).
Indeed, the resulting product-adduct (6.1 kcal/mol) includes a water
molecule weakly coordinated to the metal center, whereas the chloride
atom protonates by one of the water hydrogens. Hence, while the first
hydrolysis step is described by the concerted entering nucleophile
attack/leaving group release, the second hydrolytic step resembles a
Sn1-like mechanism, in which the leaving group detachment precedes
the binding of the entering nucleophile. In our reaction model, the final
binding of water to Te is concomitant with a barrierless water-to-
chloride proton shift that yields the Int2 species (—0.2 kcal/mol), and,
afterwards, eventuates in the formation of the TeO(OH),Cl with the GFE
of —0.7 kcal/mol. Again, such a proton transfer is an artifact caused by
the use of implicit solvation; on the other hand, we expect that Int2
species is quite acidic and releases one proton and one chloride to the
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Fig. 3. Reaction mechanism for TeOCl3 in the presence of water (top) and computed reaction profiles for the hydrolysis of TeOCl3 (below). The last two structures
do not include the hydrolytic cleavage, nevertheless, we included them for the sake of completeness. Gibbs free energy (GFE) values in kcal/mol are displayed. R,
RA#, TS#, PA#, Int#, and P stand for reactant, reactant-adduct, transition state, product-adduct, intermediate, and product, respectively. Colour scheme for the 3D
structures in Figs. 3-5: Te (plum), Cl (green), O (red), P (violet), As (blue), C (grey), and H (white). (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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Fig. 4. Transition states corresponding to the attack of the first (a) and second
(b) water molecules. Distances between atoms are shown in angstroms.
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bulk to form the species.

Therefore, DFT calculations displayed that the release of the third
chloride, in analogy to the second hydrolysis step, presumably occurs via
a dissociative mechanism, although all attempts to optimize the corre-
sponding transition state structure were unfruitful. The species eventu-
ally produced by the complete hydrolysis of TeOCls, i.e. the tellurous
acid TeO2(OH) and the corresponding oxide TeO,, were estimated at
rather high energies, 23.3 and 57.6 kcal/mol, respectively. On the other
hand, these species are formed with the release of three equivalents of
hydrogen chloride per TeOCl3, and, thus, are expected to rapidly and
irreversibly lead to the TeOx(s) precipitation. Above all, DFT calcula-
tions evidenced that TeOCl3 hydrolysis is both thermodynamically and
kinetically favorable, and that the first hydrolysis step is rate-
determining. This process can be modelled as a pseudo-first-order re-
action with an estimated barrier of 14.5 kcal/mol. Therefore, the second
and third hydrolytic steps are much faster and occur via different
mechanisms, characterized by the earlier solvolysis of the Te—Cl bond.
The first and second hydrolysis steps were characterized by small values
of the reaction free energy and thus correspond to two equilibria. The
latter computational outcome is fully consistent not only with the
incomplete chloride release evidenced by the experimental yields (see
above) but also with the finding that chloride concentration can
modulate the formation of aggregates. Indeed, high concentrations of
chloride may left-shift the second and third hydrolysis steps, which
eventuate into an increase of TeO(OH)CI; concentration. The formation
of chloro-oxo soluble species and their persistence, especially at high

chloride concentrations, may eventuate in their aggregation, in agree-
ment with the UV-Vis experiments (see above). Therefore, we envision
that all hydrolytic steps, being accompanied by the release and disso-
ciation of HCl, are all characterized by positive reaction entropy values.
In this line, we hypothesize that all hydrolytic steps are thermodynam-
ically favored by increasing temperature, thus, the lack of chloro-oxo
species aggregation, experimentally detected at 60 °C, could be easily
explained by the right-shift of all hydrolytic steps, and the consequent
decrease of the concentration of these intermediate species.

Based on the significant concentration of buffer ions, these species
may compete with water in the reaction with TeOCl3. Indeed, both
cacodylate and phosphate anions can coordinate at the Te center by
yielding either mono or bidentate adducts. In the latter case, a chelate
effect may occur by favouring the formation of buffer-chelate over hy-
drolysis species.

To assess the possible involvement of phosphate or cacodylate in the
chemical modulation of the AS101 speciation, the thermodynamics of
the reaction between TeOCl3 and either HoPOy or (CH3)2AsO3 anions
were computationally assessed. We assumed that both species anions
afforded the chelation of the Te center, and the concomitant release of
two chloride ions could provide for a consistent and favorable entropy
contribution to the process. Indeed, the substitution of one chloride by
either dihydrogenphosphate or cacodylate anion was found to be exer-
gonic by —3.9 or — 13.4 kcal/mol, respectively (Fig. 5).

Surprisingly, our calculations unveiled that while the formation of
the chelate species, A, by the release of the second chloride from the
[(H2PO4)TeOCl,] "~ species, was highly endergodic +13.0 kcal/mol, the
reaction with cacodylate was affected by a lower endergodicity, i.e.
+4.4 kcal/mol, and, more importantly, yielded the monodentate spe-
cies, B (Fig. 5, top). Hence, the overall substitution of two chloride ions
by either HoPO4 or (CHg3)2AsO> anion resulted to be endergodic (+9.1
kcal/mol) and exergodic (—9.4 kcal/mol), respectively (Fig. 5, top).
Such a different chemical response could explain why the aggregation of
chloro-oxo Te species occurs in cacodylate but not in phosphate. Indeed,
we envision that the aggregation of the TeOCl moieties in B could be
favored by the low coordination number of Te center, facilitating their
coordinative assembly (Fig. 5, bottom). On the other hand, the forma-
tion of a species with a low coordination number of Te starting from
TeOCl; and phosphate was found to be thermodynamically unfav-
ourable. Moreover, even in case a small amount of phosphate adducts is
formed, the resulting TeOCl moieties would be featured by a higher
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Fig. 5. Top: The release of chloride from TeOCl3 by the reaction with buffer species, HoPO4; or (CH3)»AsO3, yielding the chelate complex A or the monodentate
complex B, respectively, and their respective ball-and-stick renditions (bond distances in angstroms). The calculated free energies relative to reactant species are
reported (values in kcal/mol). Bottom: rendition of the coordinative assembly of species B. The interunit coordinative interactions are indicated by blue arrows. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

coordination number, which would limit the assembly capability of this
Te species. Therefore, the presence of acidic groups in the phosphate
adduct suggests that, once formed, these species may acquire a negative
charge by deprotonation, thus, resulting in being even less prone to
aggregation. To corroborate our hypothesis, the pKa values of the
cacodylate or phosphate adducts were calculated by employing an
elsewhere reported approach [34].

As shown in Table 1, the protonation of species B is unfavourable so
this monodentate, neutral species is prevalent when cacodylate is pre-
sent. On the other hand, the bidentate species A, presumably formed in
phosphate, resulted to be a strong acid (estimate pKa = —1.1) thus
promptly yielding the corresponding anionic form [(HPO4)TeCl(O)]™
(Table 1).

The DFT investigation provided a clearer insight into the chemical
processes and their articulation when the hydrolysis of AS101 occurred
in either phosphate or cacodylate. The high stability of the TeO(OH)Cly
intermediate suggests that this species can be formed at high amounts,
consistently with the formation of aggregates bearing the Te—Cl bond in
their structure. The different response of the AS101 hydrolysis to the salt
medium was also interpreted in the light of our DFT studies. Indeed, the

Table 1

Experimental versus estimate pKa values. Species A and B (Fig. 5) are indicated.
Acid Base pKa (exp) pKa (est)
HsPO, H,POZ 2.0 1.4
H,POy HPO3~ 6.8 6.4
HPO3~ P03~ 12.5 12.1
TeO(OH), TeO2(OH) ™ 2.7 3.5
TeO,(OH) ™ TeO%~ 8.0 8.6
TeOCI(OH) TeO,Cl™ n/a 1.8
[(CH3)As0,TeCI(OH)]* (CH3)2As0,TeOCl (B) n/a -2.0
(HPO4)TeCl(OH) (A) [(HPO4)TeClL(0)] n/a -1.1
(HPO4)TeCl(OH) (A) [(PO4)TeCl(OH)] n/a 0.2
[(H2PO4)TeCI(OH)]* (HPO4)TeCl(OH) n/a -3.7

reaction of TeOCl3 with HyPOs anion was calculated to be rather
endergodic so we expect that this species did not or only marginally
affect the hydrolysis process and the eventual formation of TeO, pre-
cipitate. Therefore, calculations showed that complex A, resulting from
the reaction of TeOClz with HyPOj, could hardly aggregate because: i) it
would be formed in relatively low amounts, ii) the bidentate coordina-
tion of phosphate limits the coordinative assembly of Te-scaffolds, iii)
once formed, this species deprotonates (low pKa) yielding a charged
species whose aggregation is electrostatically hampered. On the other
hand, the reaction of TeOCl3 with cacodylate yields the neutral and
monodentate species B in which the TeOCl scaffold bears a coordination
vacancy on the Te center that favors its coordinative assembly. Although
the participation of the uncoordinated As—O bond in the complex B
assembly cannot be ruled out, the proposed aggregation model (Fig. 5,
bottom) can be more easily intercepted along the overall AS101 hy-
drolysis eventuating in the TeOy(s) precipitation. Indeed, we envision
that the TeOCl aggregates formed in the presence of cacodylate may
easily yield TeO, aggregates by the downstream hydrolysis of Te—Cl
and Te-cacodylate coordinative bonds. An overall sketch resuming the
possible AS101 activation processes emerging from the present experi-
mental/theoretical investigation is provided in Fig. 6.

2.3. Experimental section

All solvents and reagents were purchased from Sigma-Aldrich and
used without further purification. The studied compounds were stored
in a dryer over CaCly. The phosphate buffer saline (PBS) solution at pH
7.4 for spectrophotometric studies was prepared by dissolving a PBS
tablet in 200 mL of deionized water (0.01 M phosphate, 0.0027 M KCl
and 0.137 M NaCl). The cacodylate buffer solution at pH 7.0 was freshly
prepared by weight with a final composition of 0.1 M NaCl +0.01 M
sodium cacodylate (NaCac). The pH measurements were made using an
XS pH 7 Vio pH-meter equipped with an Ag/AgCl electrode. Elemental
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Fig. 6. The overall AS101 activation scenario. The theoretical and experimental results corroborating the crucial stages of the process yielding the formation of the
TeO, were reported in red and blue, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

analysis (carbon, hydrogen, nitrogen, and oxygen) was accomplished
through the VarioMICRO elemental analyser. The IR spectra were
recorded with an Agilent Cary 660 FTIR Spectrometer. IR spectra were
processed with Spectragryph software. The UV-Vis spectra were recor-
ded on a Shimadzu (Kyoto, Japan) 2450 UV-vis spectrophotometer,
thermostated at 298.2 K (thermoelectric Peltier element with +0.1 K
accuracy) using quartz cuvettes (o.p. 10 mm). The UV-Vis spectra were
processed with Origin 8.5 software. Corrections for scattering on the
UV-Vis spectra were made according to the procedure described by
Leach and Sheraga [35].

2.3.1. Preparation of AS101 and conversion to TeOy

The synthesis of AS101 was carried out according to the reported
procedures [15]. Briefly, the reaction mechanism involves two mole-
cules of ethylene glycol: one coordinates to the tellurium center while
the other, after being halogenated, reacts with acetonitrile leading to the
eventual formation of NH4Cl and 2-chloroehtyl acetate as a byproduct
[13]. Elemental Analysis (CHN): CoHgCl3NOsTe requires: C, 7.70; H,
2.58; N, 4.49; Found: C, 7.66; H, 2.37; N, 4.50. 'H NMR (400 MHz;
DMSO-d [6]1): 7.22 (4H; NHY); 4.38 (s; 4H; CHa).

The conversion of AS101 into TeOs was obtained by using the
following procedure. To a small quantity of AS101 (114 mg; 0.37 mmol),
5 mL of HPLC grade water were added in a 10 mL round bottom flask.
The suspension was magnetically stirred for two hours; after this time,
the colourless solid was separated by decantation, washed with water,
methanol and dried under vacuum over CaCl,. Yield: 57%. Elemental
Analysis (%0): TeO2 Requires: 20.05. Found: 20.40 IR (em ™ 1):729.9s (v
Te—O0); 593.1 s (v Te—0), see supporting material for IR spectrum,
Fig. S1.

The same procedure was used for obtaining TeO, from a PBS buffer
solution or cacodylate buffer solution, maintaining the ratio between the
concentration of drug and the buffer the same as in the spectrophoto-
metric experiments. Yield: 63%.

2.3.2. UV-Vis Absorption experiments
The stock solutions of AS101 (4-6 mM) were obtained by dissolving

1-2 mg of the solid (4-6 mmol) in 1.0 mL of anhydrous DMSO. As a
general procedure, 100 pL of the stock were added to a quartz cuvette
containing either 1.0 mL of the sodium cacodylate buffer solution (0.1 M
NaCl, 0.01 mM NaCac, pH 7.0) or the PBS buffer (0.01 M phosphate,
0.0027 M KCl, 0.137 M NaCl, pH 7.4). Other salt contents have been
envisaged as detailed in the text. The resulting concentration of AS101
in the cuvette was in the 4-6 x 1074 M range.

In the kinetic studies, the absorbance value at 280 nm of AS101 4.3
x 10~* M was monitored over time. This experiment was done in trip-
licate. For the experiments at different AS101 concentration, 10 pL of a
5.8 x 1073 M stock solution of AS101 in anhydrous DMSO were grad-
ually added to a cacodylate buffer solution directly in the spectropho-
tometric cell until a concentration of 7.1 x 10~* M was reached. A
spectrum was recorded after each addition. The spectra were quickly
acquired and at constant time intervals to minimize the effect of the
diminishing of the absorbance at 280 nm due to the conversion to TeOx.

2.3.3. pH measurements

A stock solution of AS101 4.7 x 10~! M was prepared by dissolving
14.8 mg (0.047 mmol) of the compound in 100 pL of anhydrous DMSO.
Next, 10 pL of the stock were added to 17.1 mL of Milli-Q water that was
previously de-gassed with nitrogen for 15 min, resulting in a concen-
tration of AS101 2.7 x 10~* M. The determination of the pH value was
made after magnetically stirring the solution for several minutes. This
procedure was done in triplicate. The final pH measured was 3.41 for
each experiment.

2.3.4. Computational details

The Gaussian 16 quantum chemistry package was employed for all
computations [36]. All geometry optimizations were performed by using
the hybrid functional ®B97X [37] with the basis set def2SVP [38,39],
and by using implicit solvation to model the aqueous bulk. Frequency
computations were performed at the same level of theory to verify the
stationary nature of the minima and the transition states, as well as
produce the zero-point energy (ZPE), vibrational corrections to ther-
modynamic properties, and reference state corrections [40] for liquid
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phase at 1 M and 298.15 K. Intrinsic reaction coordinate (IRC) compu-
tations were utilized to determine the reagent-adduct (RA) and product-
adduct (PA) minima linked to the transition states for each studied re-
action step. Indeed, DFT is a ubiquitous tool in bioinorganic chemistry
[41-43] that allows accurate characterization of the structures and re-
action pathways for the complexes with transition metals [44-46]. The
density functional ®B97X is reputed to yield good geometrical structures
and to precisely estimate the electronic energies [47-49].

The IEFPCM formalism was employed to account for solvation in
water [50]. This method is known to yield free energies with consider-
ably smaller errors than continuum models, both for neutral and
charged complexes, as recently demonstrated [51]. The solvation en-
ergies were calculated with the ®B97X / def2TZVP [38,39] method. The
free energy profile for the complete TeOCls hydrolysis was retraced
using the thermodynamic cycle reported in Scheme S3 (see supporting
material).

The electronic energies were calculated with ©B97X-D [52] /
def2TZVP method, which emerged in the benchmarking (Table S1) as an
accurate method reproducing well (16.4 kcal/mol) the first reaction
barrier of 17.19 kcal/mol obtained from the experimental UV-Vis data
(vide infra). Indeed, Table S1 reports the benchmarking of various
density functionals (#B97X-D, ®B97X, M062X [53], PBEPBE [54], BP86
[55,56], BPW91 [55,57], as well as the functionals MO6L [58] and
PBEPBE including Grimme's correction D3 [59]) and solvation methods
(CPCM [60], SMD [61]) versus the first barrier of the studied hydrolytic
degradation. The ®B97X-D yields an accurate barrier, yet it is not an
outlier of the studied set, the latter corroborating its veracity. We also
should note that the alteration of the solvation method affects the
calculated barrier value only marginally (<1.5 kcal/mol).

To correctly account for the complete ionization of hydrogen chlo-
ride in water yielded in the investigated processes (vide infra), the Gibbs
free energy of the HCl(aq) species was calculated as it follows: A
G°(HCl(aq) ) = AG°(H(aq) ) + AG®(Cl (aq) ).

In  which: AG°(H'(aq)) = AGY, (H™),
G°(Cl™ (gas)) + AGY, (CI7)

and the solvation free energies of H" and Cl~ in water, —265.9 and —
74.5 kcal/mol, respectively, were taken from ref. 33.

The estimate of pKa values was performed by employing an
elsewhere-reported approach [34]. Briefly, the free energy for the pro-
ton exchange between any acidic species and the cacodylate anion,
assumed as a reference base, was calculated at the CPCM / B3LYP
[62,63] / def2TZVPP [38,39] / CPCM / B3LYP / LANL2DZ [64] level of
theory. The free energy for the acidic ionization of each species was then
obtained by summing up the proton exchange energy and the deproto-
nation free energy of the reference species. The obtained values of acidic

ionization free energy (AGY ) are directly related to the pKa: AG, =

2.3RTpKa™®. The values of pKa™® for the training set species, i.e.
H3PO4, HoPOz, HPO3 , HyTeOs, and HTeO3, were then regressed
against the corresponding experimental pKa values to obtain a model
equation (Fig. S4) for estimating the pKa of the other species.

AG(Cl (aq)) = A

3. Conclusions

Through the use of a combined experimental and theoretical pro-
cedure, we have carried out a study aiming to better describe the com-
plex solution behavior of the Te(IV)-based medicinal compound AS101.
Noticeably, we discover that AS101 in aqueous medium may undergo
transformation finally leading to the TeO, species. This process occurs at
physiological-like conditions, thus, it may impact the pharmacological
effects of AS101. Accordingly, our findings expand the knowledge of the
mechanism of activation and the chemical profile of AS101. Indeed, the
current literature limits the interpretation of the promising medicinal
properties of AS101, based on the rapid conversion into TeOCl3 anion,
being this latter capable of binding thiol-bearing proteins and triggering
the medicinal effects [15,17]. However, this paradigm seems
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surmountable and limiting in the light of our findings. Hence, it hides
and overlooks several important aspects concerning the solution
chemistry of AS101. Thus, this manuscript starts to fill a gap in the
understanding of the solution chemistry of AS101 and hopefully will
contribute towards the optimization of the current AS101 medicinal
application that might be the starting point for improved AS101-based
treatments.

Finally, our findings might also have a practical effect because, in the
preclinical as well as clinical trials, AS101 is administered in aqueous
physiological solutions such as saline and phosphate-buffered saline
(PBS) [17]. In this context, the formation of TeO, may have a practical
impact being this species already been reported as biologically active
[65].
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