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ARTICLE INFO ABSTRACT

Keywords: Oxidative stress plays a pivotal role in the onset and progression of several chronic diseases, prompting the
Phenolic antioxidants search for novel antioxidant agents. In this context, hydrazone and thiazole scaffolds are particularly attractive
Mechanochemistry

due to their ability to stabilize radical intermediates. In the present study, a series of phenolic thiazo-
lyl-hydrazone derivatives was synthesized using a straightforward and sustainable approach. Alongside a con-
ventional solution-phase protocol, a one-pot mechanochemical telescoped strategy was developed for the first
time, operating at room temperature with ethanol as a liquid-assisted grinding additive (LAG). The environ-
mental efficiency of both methodologies was evaluated using green metrics, including SPR, PMI, E-factor and
RME. The mechanochemical approach dramatically reduced solvent consumption (up to 99%), improved the PMI
from 35.3 to 2.05, and lowered the E-factor from 34.3 to 1.05, while simultaneously increasing overall yields, as
observed for ES3 (from 42% to 80%). Antioxidant activity was evaluated using DPPH and ABTS radical-
scavenging assays with ascorbic acid as the reference standard. From a biological point of view, electron-rich
derivatives exhibited the highest antiradical activity: In particular, the catechol-containing compounds ES26
and ES27 emerged as the most potent derivatives of the series, while ES9, ES16, and ES17 also displayed a
favorable antioxidant profile. Notably, the latter compounds outperformed ascorbic acid. Structure-activity
relationship analysis highlighted the key role of 3,4-dihydroxy and 3,4-dimethoxy substitution patterns in
enhancing radical-scavenging efficiency. Overall, the one-pot mechanochemical sequence represents a rapid,
solvent-minimized, energy-efficient and waste-reduced route to phenolic thiazolyl-hydrazone derivatives,
enabling access to new compounds with antioxidant activity higher than the reference standard and laying the
foundation for future mechanistic and biological investigations.

Green synthesis
Telescoped synthesis
Sustainable chemistry
DPPH radical scavenging
ABTS radical scavenging
Heterocycles

1. Introduction capacity, as the N—H functionality can actively participate in hydrogen

atom transfer (HAT) and single-electron transfer (SET) mechanisms,

Oxidative stress plays a central role in the onset and progression of
several pathological conditions, resulting from an imbalance between
reactive oxygen/nitrogen species (ROS/RNS) and endogenous antioxi-
dant defenses [1]. The resulting oxidative damage to biomolecules,
including lipids, proteins and nucleic acids, has been widely implicated
in chronic diseases and aging processes, motivating the search for novel
antioxidant agents.

Aromatic hydrazones and thiazole-containing heterocycles are
recognized antioxidant scaffolds, given their occurrence in effective
radical-scavenging compounds and the ability of sulfur- and nitrogen-
containing rings to facilitate hydroperoxide decomposition and metal
chelation [2-5]. Hydrazone groups further enhance antioxidant
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promoting radical scavenging and stabilizing the resulting radical spe-
cies through electron delocalization and possible coordination effects
[6-8]. The introduction of catechol or guaiacol units significantly in-
creases the antioxidant potential, since phenolic moieties favor the
stabilization of phenoxy radicals and reduce bond dissociation energies
(BDEs) of the O—H bond, thereby facilitating hydrogen donation and
improving both HAT- and SET-based antioxidant processes [9-12].

In this context, we present a series of thiazolyl-hydrazones synthe-
sized for the first time exploiting a green mechanochemical approach.
These compounds were designed by combining polyphenolic motifs
(benzaldehyde, p-hydroxybenzaldehyde, vanillin and 3,4-dihydroxy-
benzaldehyde) with a thiazole core via a hydrazone linker. This
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methodology drastically reduces solvent consumption and exploits the
energy efficiency of the Retsch MM500 laboratory mill, fully aligning
with the principles of green chemistry.

2. Results and discussion
2.1. Classical solution-phase synthesis

In the classical solution-phase approach, the target thiazo-
lyl-hydrazone final products were synthesized through a two-step pro-
cedure entirely carried out in absolute EtOH (Table 1). In the first step,
the corresponding thiosemicarbazones were obtained by a condensation
reaction between thiosemicarbazide (5 mmol) and the appropriate
benzaldehyde (5 mmol) in EtOH under reflux conditions. The reaction
mixture was left stirring at 80 °C for 6 h, leading to the formation of the
expected thiosemicarbazone intermediates, which were isolated in good
yields (yields 30-71%). The recorded 'H and 3C NMR spectra of the
derivatives already reported in the literature are in full agreement with
published data, confirming the identity and integrity of the synthesized
intermediates. In the second step, each thiosemicarbazone was reacted
with an equimolar amount of a suitably substituted phenacyl bromide in
EtOH, refluxing the mixture at 80 °C for 6 h. This promoted efficient
cyclization and afforded the desired thiazolyl-hydrazone final products
(yields 20-96%). A noteworthy exception concerns the derivative
bearing a para-fluoro substituent on the acetophenone ring: in this case,
a-chloroacetophenone was employed instead of the corresponding
a-bromo analogue, because of its availability in our laboratory.

Across the series, the isolated yields of the final compounds ranged
from 30% to 96%, reflecting good overall efficiency of the conventional
synthetic route. All final products were fully characterized by 'H and '3C
NMR spectroscopy. Compounds previously known in the literature
exhibited spectral data in agreement with the reported values, while the
newly synthesized derivatives displayed well-resolved and diagnosti-
cally coherent resonances supporting their proposed structures. In all
cases, the chemical purity of the isolated compounds exceeded 95% as
determined by NMR analysis, underscoring the robustness and repro-
ducibility of this classical synthetic method.

2.2. Green mechanochemical synthesis

To explore a more sustainable and operationally simple route to
thiazolyl-hydrazone derivatives, we investigated the feasibility of

Table 1
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performing the reaction sequence under mechanochemical conditions.
All reactions were conducted using a Retsch MM500 mixer mill operating
at 30 Hz, using 10 mL zirconia jars equipped with 10 mm zirconia balls
under ambient conditions. The study began with the optimization of the
first step (A), corresponding to the condensation between aldehyde 1
and thiosemicarbazide 2 to afford the thiosemicarbazone intermediate 3
under liquid-assisted grinding conditions (Table 2). In the absence of a
liquid additive (Entry 1), only limited conversion was observed, high-
lighting the importance of a small amount of liquid to promote efficient

Table 2

Optimization of the mechanochemical sequence. Reactions were performed in a
Retsch MM500 mixer mill (30 Hz) using 10 mL zirconia jars equipped with 10
mm zirconia balls at room temperature. AcOH (10 mol%) was used as a catalytic
additive whenever reported. n values correspond to liquid-assisted grinding
(LAG) conditions. In the telescoped experiments, the jar was opened after
completion of step A, reagent 4 was added and milling was resumed without
isolation of intermediate 3 and without the need for supplementary solvent.

Entry Step  LAG (! Time Yield Notes
(%)
30 Hz, zirconia jar,
1 A 2h 1
neat 0 AcOH (cat.)
- 30 Hz, zirconia jar,
2 A EtOH (n = 1) 2h 82 AcOH (cat.)
3 A AcOH (n=1) 2h 87 30 Hz, zirconia jar
. - 30 Hz, zirconia jar,
4 A iPrOH(n =1) 2h 84 AcOH (cat.)
30 Hz, zirconia jar,
A H: =1 2h
5 20 ) 79 AcOH (cat.)
-~ 30 Hz, zirconia jar,
6 A HO0(Mm=1) 1h 45 AcOH (cat.)
. 30 Hz, zirconia jar,
7 A iPrOH(h =1) 1h 83 AcOH (cat.)
-~ 30 Hz, zirconia jar,
8 A EtOH(n=1) 1h 85 AcOH (cat.)
9 B HO0(M=1) 1h 45 30 Hz, zirconia jar
10 B iPrOH(n =1) 1h 85 30 Hz, zirconia jar
11 B EtOH (n =1) 1h 86 30 Hz, zirconia jar
12 B EtOH (n = 0.2) 1h 84 30 Hz, zirconia jar
13 A+ EtOH(m1=1;n2 1h+1 80 30 Hz, zirconia jar,
B =0.2) h AcOH (cat.)
14 A+ EtOH (1 = 1; 12 2h+2 83 30 Hz, zirconia jar,
B =0.2) h AcOH (cat.)

Notes: ' = pL of liquid additive per mg of total solid reagents (liquid-assisted
grinding, LAG); Zisolated yield.

Synthesis of final products of the ES series. Reagents and conditions: a) aldehyde (1 equiv), thiosemicarbazide (1 equiv), AcOH (10 mol%, 0.50 mmol, 29 uL), EtOH (15
mL), 80 °C, 6 h, yields 30-71%; b) appropriate acetophenone derivative (1 equiv), EtOH (10 mL), 80 °C, 6 h, second-step isolated yields 20-96%.

a NH,
R 2L R
1‘©V/o 1‘©VN\N,&S

H

=N
N~ °N
H R;

Cmpd Ry Ry Yield (%)
ES3 H 4-Me 90
ES6! H 4-F 66
ES10 H 4-Br 81
ES12 H 4-OMe 58
ES9 H 3,4-diOMe 75
ES22 4-OH 4-Me 90
ES15 3-OMe, 4-OH 4-Me 85
ES23! 3-OMe, 4-OH 4-F 30
ES20 3-OMe, 4-OH 4-Br 84
ES17 3-OMe, 4-OH 4-OMe 9%
ES16 3-OMe, 4-OH 3,4-diOMe 56
ES28 3,4-diOH 4-Me 90
ES25 3,4-diOH 4-Br 36
ES27 3,4-diOH 4-OMe 33
ES26 3,4-diOH 3,4-diOMe 20

Notes: 12-chloro-4-fluoroacetophenone was used as starting material.



R. Scipione et al.

mixing and reactivity. The introduction of an alcohol-based liquid-
assisted grinding (LAG) additive significantly improved the reaction
outcome, with EtOH (n = 1) providing a substantial increase in yield
(Entry 2). Comparable results were obtained using AcOH or iPrOH as
LAG additives (Entries 3-4), while water also promoted the reaction,
although with slightly lower efficiency (Entry 5). Reducing the milling
time led to diminished conversion (Entry 6), although satisfactory yields
could still be achieved when using iPrOH or EtOH under optimized
conditions (Entries 7-8). With optimized conditions for step A in hand,
the second step of the sequence was explored. Step B, involving the
cyclization of intermediate 3 with phenacyl bromide 4, was performed
under analogous mechanochemical conditions. Among the tested LAG
additives, EtOH again provided the most favorable results (Entry 11),
outperforming water (Entry 9) and matching the efficiency observed
with iPrOH (Entry 10). Considering its comparable efficiency together
with its lower cost and environmental impact, EtOH was selected as the
optimal LAG additive for the overall process. Having established suit-
able conditions for both transformations, we next explored the possi-
bility of performing the sequence in a telescoped mechanochemical
protocol. After completion of step A, the milling jar was opened, reagent
4 was added directly and milling was resumed without isolation of in-
termediate 3. Under these conditions, the desired product 5 (ES3) was
obtained in good yield (Entry 13, 80%). Extending the milling time
further improved the yield to 83% (Entry 14). Notably, no additional
solvent was required for the second step, as the EtOH initially added as
LAG remained sufficient to promote the subsequent transformation. The
product could be conveniently isolated by simple filtration. Compared
with the conventional solution-phase protocol, which typically requires
two separate reactions conducted in refluxing EtOH for several hours
each, the mechanochemical approach enables the entire sequence to be
completed in a significantly shorter time under mild, solvent-minimized
conditions. The ability to perform the transformation consecutively in a
single milling jar without intermediate isolation highlights the opera-
tional simplicity of the method while reducing reaction time and solvent
consumption.

cat. AcOH

s
LAG 1 =1
HN. i
©\¢0 o NJLNHZ
H

MM500, 30 Hz

RT, time 3

Step A

Finally, the optimized telescoped mechanochemical conditions were
applied to the synthesis of the same series of substrates, affording the
corresponding thiazolyl-hydrazone derivatives in good to excellent
yields, thereby demonstrating the generality and robustness of the
protocol (Table 3).

Overall, the mechanochemical protocol led to a marked improve-
ment in the efficiency of the synthetic sequence compared to the clas-
sical solution-phase approach. In most cases, comparable or higher
isolated yields were obtained under mechanochemical conditions,
despite drastically shorter reaction times (1-2 h vs 12 h). The elimina-
tion of prolonged reflux and the execution of both transformations at

s
/N‘NJLNHZ

[o]
Br
+
Me
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Table 3

Ball mill telescoped reactions for the synthesis of the ES series. Reagents and
conditions: aldehyde (1 equiv), thiosemicarbazide (1 equiv), EtOH (n = 1),
AcOH (10 mol%, 0.50 mmol, 29 pL), RT, 1 h; b) appropriate acetophenone
derivative (1 equiv), yields 29-93%.

Cmpd R Ry Yield (%)
ES3 H 4-Me 80
ES6’ H 4-F 29
ES10 H 4-Br 93
ES12 H 4-OMe 91
ES9 H 3,4-diOMe 80
ES22 4-OH 4-Me 84
ES15 3-OMe, 4-OH 4-Me 69
ES23! 3-OMe, 4-OH 4-F 64
ES20 3-OMe, 4-OH 4-Br 88
ES17 3-OMe, 4-OH 4-OMe 76
ES16 3-OMe, 4-OH 3,4-diOMe 86
ES28 3,4-diOH 4-Me 92
ES25 3,4-diOH 4-Br 76
ES27 3,4-diOH 4-OMe 85
ES26 3,4-diOH 3,4-diOMe 88

Notes: '2-chloro-4-fluoroacetophenone was used as starting material.

room temperature significantly reduced the energy input, while the
telescoped one-jar setup minimized intermediate handling and associ-
ated material losses. In addition, the operational simplicity of milling
and filtration-based workup contributed to an overall more robust and
reproducible process, as further demonstrated by green metrics analysis.

2.3. Reaction scale-up

The robustness of the mechanochemical protocol was further
demonstrated through its direct translation to a preparative scale
(Scheme 1). The one-pot synthesis of thiazolyl hydrazone 5 was suc-
cessfully performed on a 20 mmol scale under the same milling fre-
quency and temperature of the smaller scale, without the need for
further optimization. Notably, the amount of LAG additive was reduced

)
- N\N/k\:>§©‘Me
H

5

LAG n=1

L —

MM500, 30 Hz

4 RT, time

Step B

to 1 = 0.25 pL. mg ™!, while still ensuring efficient mixing and reactivity.
The reaction proceeded smoothly in a 50 mL zirconia jar at 30 Hz and
room temperature, affording the desired product in 71% isolated yield.
Importantly, the multicomponent sequence was carried out in a single
milling step without intermediate isolation, confirming the efficiency of

cat. AcOH
EtOH n =1 s
R \
1‘©\§N\N/L\/N>\©
R
MM500, 30 Hz H z
RT,1h+1h

the telescoped approach under mechanochemical conditions, even in a
larger scale. Product isolation was achieved by simple addition of
ethanol followed by filtration, thus avoiding column chromatography
purification. The ability to keep efficiency and operational simplicity,
using this scale, highlights the practical applicability of the method and
its potential for a more sustainable synthesis under solvent-minimized
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cat. AcOH

$ EtOH 1 = 0.25 s
- .,
©\¢0 * HzN‘NJ\NHz ©\4N* J\
H N~ “NH,
MM500, 30 Hz H
RT,1h
20 mmol 20 mmol
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MM500, 30 Hz

)
/N‘N/A\N Me
H
RT,1h

20 mmol ES3
1%

etsch

Retsch MM500

Zirconia jars 50 mL

Final product

Scheme 1. Mechanochemical telescoped scale-up for the synthesis of ES3. The reactions were performed on a 20 mmol scale using a Retsch MM500 mixer mill (30
Hz) in 50 mL zirconia jars equipped with six 10 mm zirconia balls at room temperature. AcOH (10 mol%, 2.0 mmol, 114 pL) was used as a catalytic additive and
EtOH as liquid-assisted grinding (LAG) agent (n = 0.25). Representative images of the milling setup (Retsch MM500), zirconia jars, and the isolated product are

shown below.

conditions.

2.4. Green metrics calculation

A quantitative comparison of green metrics highlights the substantial
sustainability benefits of the mechanochemical protocol (Table 4). For
the synthesis of 5 (ES3), the classical two-step solution process required
25 mL of EtOH (SPR = 40.8 mL-g’l), whereas the mechanochemical
telescoped procedure used only 0.45 mL (SPR = 0.38 mL-g 1), corre-
sponding to a 99% reduction in solvent consumption. The Process Mass
Intensity (PMI) decreased dramatically from 35.3 (classical) to 2.05
(mechanochemical), a 17-fold improvement, while the E-factor dropped
from 34.3 to 1.05, confirming a ~ 33-fold decrease in waste generation.
Furthermore, the Reaction Mass Efficiency (RME) increased from 32.3%
to 57.1%, reflecting the intrinsic material efficiency of the solvent-
minimized, one-jar mechanochemical sequence. Collectively, these
metrics demonstrate that the mechanochemical route is not only faster
and operationally simpler, but also markedly more sustainable and
resource-efficient than the traditional solution-phase synthesis.

Classical synthesis
a
—_—
_0

Mechanochemical telescoped synthesis

Do

U
-~ N\N,&S

H
50%

AcOH (cat.)
EtOH n =1

MM500, 30 Hz
RT,1h

For ES3, the mechanochemical telescoped protocol delivered a two-
hour, room temperature synthesis using only 0.45 mL EtOH (SPR = 0.38
mL-g™ 1), compared with 12 h at 80 °C and 25 mL EtOH for the classical
route (SPR = 40.8 mL-g 1), corresponding to a 99% reduction in solvent
use. The PMI decreased from 35.3 to 2.05 and the E-factor from 34.3 to
1.05, while the overall yield increased from 42% (two-step solution) to
80% (one-pot mechanochemistry).

2.5. Antioxidant activity

The radical scavenging properties of the synthesized thiazo-
lyl-hydrazone derivatives were evaluated through the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) and the 2,2-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid (ABTS) assays, two validated and widely adopted
methods to evaluate the in vitro antioxidant activity of natural and
synthetic organic molecules. Results are summarized in Table 5.
Ascorbic acid was used as reference compound in both assays. In gen-
eral, both the reference and the tested compounds performed better as
ABTSe + radical scavengers than DPPHe ones. This difference may be
attributed to the distinct experimental conditions under which the two
assays' tests were performed (e.g. solvent, reaction time, buffer con-
centration and pH). Overall, all compounds exhibited a favorable anti-
oxidant profile, with ECs¢ values in the micromolar concentration range.
These results suggest that the thiazolyl-hydrazone moiety contributes to
the observed antioxidant activity, consistent with the results obtained
for similar systems [13-15]. In both assays, compounds bearing the 3,4-
dihydroxy motif on R; emerged as the most potent radical scavengers of

_b> @\/ L )
/N\Hk}*@m

90%
overall yield = 42%

A 2
/N\u/k\}\Q\Me

80%

the series. In general, the presence of a catechol-like motif is widely
recognized as a key structural feature that enhances the antioxidant
activity of compounds across different chemical classes [16-18]. This
behavior is particularly emphasized when a electron-releasing group
(-OMe) is placed on Ry, as in ES26 and ES27. Notably, compounds ES9,
ES12, ES16 and ES17, all bearing methoxy groups on Ry achieved good
antioxidant potencies, further supporting the role of these substituents
in enhancing the radical-scavenging activity. The presence of electron-
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Table 4

Classical two-step versus mechanochemical telescoped synthesis of 5 (ES3)
(green metrics and performance). Classical synthesis reagents and conditions: a)
aldehyde (1 equiv), thiosemicarbazide (1 equiv), AcOH (10 mol%), EtOH (15
mL), 80 °C, 6 h; b) appropriate acetophenone derivative (1 equiv), EtOH (10
mL), 80 °C, 6 h. Mechanochemical telescoped synthesis reagents and conditions:
a) aldehyde (1 equiv), thiosemicarbazide (1 equiv), EtOH (1 = 1), AcOH (10 mol
%), RT, 1 h; b) appropriate acetophenone derivative (1 equiv) RT, 1 h.

Parameter Classical (two-step) Mechanochemical Improvement
(telescoped)
Input scale
(startipg 5 mmol (step 1) 5 mmol (one-pot, 2 B
material steps telescoped)
aldehyde)
2 steps, isolation of 2 steps telescoped in
Steps / work- the one pot, no isolation of  Simplified
up thiosemicarbazone the thiosemicarbazone workflow
intermediate intermediate
Time 6h+6h=12h 1h+1h=2h —10 h (=6
faster)
Temperature 80 °C room temperature No heating
EtOH usved 25 mL (15 mL + 10 0.45 mL (LAG) —98.2% in
(reaction) mL) volume
Product mass 1.170 g (from 5 mmol,
isolated 06128 80%) -
SPR (mL
solvent x g 40.8 mL-g ™ 0.38 mL-g~* —99.1%
product)
PMI (Process
Mass 35.3 2.05 ~ 17x lower
Intensity)
E-factor 34.3 1.05 ~ 33x lower
RME
(Reaction 32.3% 57.1% +77%
Mass
Efficiency)
Overall
isolated 42% 80% +38 p.p.
yield

releasing groups (ERGs) at the 4th position of the thiazole ring has
demonstrated to enhance the antioxidant activity of structurally related
molecules [14]. Conversely, the introduction of an electron-
withdrawing bromine group on Ry determines a reduction of the anti-
oxidant potency to an extent dependent on the substitution pattern on
R;. Compounds bearing a phenyl or vanillin motif on that position as
ES10 and ES20 showed higher ECsy values than the reference com-
pound. This effect was highly mitigated when the 3,4-dihydroxy moiety
was introduced on R, as with ES25.

S
R1‘©\?N\NQ‘®
H Ry

2.6. Computational studies

2.6.1. Structural and electronic properties

The Density Functional Theory (DFT)-optimized geometries of the
studied compounds are presented in Fig. 1, using ES26-27 as repre-
sentative examples. The corresponding optimized geometries of the
remaining compounds are available in the Supplementary section
(S32-35). Selected structural metrics (bonds, angles, dihedrals) for the
DFT-optimized structures of the studied molecules are reported in
Tables S1-6. The shapes of the frontier molecular orbitals (SI, S36-38)
reveal a high degree of electron delocalization in both the HOMO and
LUMO, consistent with the extensive n-conjugation of the system. The
analysis of frontier molecular orbital energies indicates that the presence
of electron-withdrawing groups (EWGs) at the Rz position, such as 4-Br,
promotes the stabilization of both HOMO and LUMO orbitals, with an

Results in Chemistry 30 (2026) 103794

Table 5
ECso values of the final compounds determined from the antioxidant assays.
Ascorbic acid was used as reference compound.

Cmpd Ry Ry DPPH ABTS
ECso + SEM ECso = SEM
(Y ©M)!
ES3 H 4-Me 16.2 + 0.2 10.2 + 0.2
ES6 H 4-F 17.8 £ 0.4 9.8 +0.2
ES10 H 4-Br 27.2 + 0.5 20.0 + 0.2
ES12 H 4-OMe 13.7 £ 0.6 10.9 + 0.6
ES9 H 3,4- 10.6 + 0.4 8.2+0.1
diOMe
ES22 4-OH 4-Me 9.1 +0.2 7.2+0.1
ES15 3-OMe, 4- 4-Me 15.4 + 0.7 13.7 £ 0.1
OH
ES23 3-OMe, 4- 4-F 15.7 +£ 0.2 11.1 +£ 0.2
OH
ES20 3-OMe, 4- 4-Br 25.4 £ 0.6 145+ 0.2
OH
ES17 3-OMe, 4- 4-OMe 13.1+0.4 11.1 +£ 0.3
OH
ES16 3-OMe, 4- 3,4- 10.3 + 0.2 99+ 04
OH diOMe
ES28 3,4-diOH 4-Me 9.6 + 0.2 3.69 + 0.04
ES25 3,4-diOH 4-Br 12.6 + 0.1 2.7 £0.1
ES27 3,4-diOH 4-OMe 9.0 + 0.6 2.7 +0.1
ES26 3,4-diOH 3,4- 8.4+ 0.2 2.59 + 0.01
diOMe
Ascorbic 18.6 + 0.6 12.2 £ 0.1
acid

Notes: 'Each ECs is reported as Mean + SEM (Standard Error of the Mean,

Nexperiments =3).

effect accompanied by an increase in the HOMO-LUMO energy gap. A
similar behavior has been observed in related systems bearing a —Br
group [5]. The opposite trend is observed when Electron Releasing
Groups (ERGs) are introduced in the same position (e.g. 4-OMe, 3,4-
diOMe on Ry). An exception is observed for the derivative ES26 (R2 =
3,4-diOMe), which exhibits slightly lower HOMO and LUMO energies
than ES27 (R2 = 4-OMe). This behavior may be attributed to a partial
loss of coplanarity between the -Ph-R. moiety and the thiazole ring in
ES26, as evidenced by the dihedral angle D(C6-C7-C9-C12), which is
172.90° for ES26 compared to 176.95° for ES27. This reduced copla-
narity in ES26 is expected to reduce n-conjugation between the electron-
rich Ph-R2 group and the thiazole core, thereby diminishing electron
delocalization and resulting in a slight stabilization of the frontier mo-
lecular orbitals. These findings allow to understand the different reac-
tivity observed between the electron-richer (methoxylated) and the
electron-poorer (brominated) antioxidant molecules here reported.
Molecular orbitals energies and gaps for the studied compounds are
reported in Table S7.

2.6.2. Thermochemical descriptors and antioxidant pathways

To gain deeper insight into the preferred pathways through which
the studied molecules exert their antioxidant activity, a series of ther-
mochemical descriptors were calculated in both gas phase and solvent
media (ethanol, water). These descriptors include Bond Dissociation
Enthalpy (BDE), Ionization Potential (IP), Proton Dissociation Enthalpy
(PDE), Proton Affinity (PA) and Electron Transfer Enthalpy (ETE). These
descriptors are commonly used to describe the three well-known anti-
oxidant pathways: Hydrogen Atom Transfer (HAT), described by BDE;
Single Electron Transfer-Proton Transfer (SET-PT), described by IP and
PDE; Sequential Proton Loss Electron Transfer (SPLET), described by PA
and ETE [19,20]. A more detailed description of such mechanisms,
together with the equations used to calculate the related descriptors is
provided in the Supplementary section. Results are summarized on
Tables S8-S12. Calculated BDE values (Table S8) show how the benz-
aldehyde derivatives (ES3-6-9-10-12) could exert their antioxidant
properties via HAT by abstraction of a hydrogen radical (He) from their
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Fig. 1. Molecular structures and atom labelling scheme for ES27 (A) and ES26 (B) at the DFT-optimized geometries (gas phase); C—H bonds are omitted for clarity.

hydrazone NH group. In vanillin-based systems (ES15-16-17-20-23),
having R; = 3-OMe, 4-OH, the abstraction of He from the 4-OH position
in polar media becomes more competitive than abstraction from the NH
group, with average A(BDE4on-BDEny) values of about 1.8 and 1.6
Kcal-mol ! in ethanol and water, respectively. This behavior could be
attributed to the stabilization of the phenoxy radical through spin den-
sity delocalization over the conjugated z-system involving both the
hydrazone fragment (—CH—N—NHR—) and the ortho-methoxy group.
This effect is evident from the spin density maps, shown for compound
ES16 as a representative example (SI, S39). In the derivatives ES25-28,
having the 3,4-diOH moiety on Rj, the hydrogen radical abstraction
from the 4-OH position becomes thermodynamically more favorable,
with average A(BDE4ou-BDEny) values of about —2.7 and —2.8 Kcal/
mol in ethanol and water, respectively. This trend agrees with the BDE
values reported for structurally related compounds [14,21]. The
observed effect could be attributed to the fact that, in addition to the
delocalization effects discussed above for the vanillin derivatives, the
phenoxy radical may be further stabilized by the formation of an
intramolecular hydrogen bond with the adjacent hydroxyl group

(Fig. 2), in analogy with other systems reported in the literature
[22-24]. In the same series, He abstraction from the 3-OH position re-
sults less favorable (average A(BDEsou-BDEny) of about 5.2 e 4.9
Kcal-mol~! in ethanol and water; average A(BDE3oy-BDE4oy) values of
about 7.9 and 7.7 Kcal-mol ! in ethanol and water, respectively). This
behavior could be attributed to the reduced delocalization degree of the
unpaired electron of the related phenoxy radical, as can be observed
from spin density maps, reported for ES26 as example (SI, S40). The
calculated IP values (Table S9) are generally higher than the corre-
sponding BDEs, indicating that an electron abstraction from the studied
systems is energetically less favorable than the abstraction of an He. In
analogy with results reported for other systems, the presence of a solvent
seems to stabilize the radical cation formed upon electron removal, with
a consequent decrease of the IP values in solvent media compared with
the gas phase [22,25]. As regards the PDE values (Table S10), they are
generally higher than the corresponding IP values in the gas phase,
whereas the opposite trend is observed in ethanol and water, in agree-
ment with previously reported results [25]. Consequently, in solution
the formation of the radical cation represents the energy-determining

Fig. 2. Molecular structures computed at the DFT level (gas phase) of the ES28 (A), ES25 (B), ES27 (C) and ES26 (D) phenoxy radicals generated by H-atom

abstraction from the 4-OH position. C—H bonds were omitted for clarity.
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step of the SET-PT, while in the gas phase the subsequent proton
dissociation process appears to be the limiting step. Since SET-PT is a
two-step process, where the first one (radical cation generation) is
energetically less favorable than direct He abstraction (IPs > BDEs, in
both gas phase and solvent media), we can conclude that SET-PT
pathway is less preferable from a thermodynamic standpoint than the
HAT mechanism, although it becomes more competitive in solvent
media. As regards the PA values (Table S11), a marked decrease is
observed in solvent media compared with the gas phase. Consistently,
the ETE values (Table S12) become higher than the corresponding PA
values in ethanol and water, whereas the opposite trend is observed in
the gas phase, as seen elsewhere [25]. This behavior could be attributed
to the stabilization of the anionic species formed during the first step of
the SPLET mechanism by the solvent environment. As a result, proton
dissociation is facilitated thermodynamically, while the subsequent
electron-transfer process is disfavored due to the enhanced stability of
the generated anion. In analogy with BDEs, the deprotonation of the
aldehyde in the 4-OH position is more favorable (lower PA values). This
trend could be attributed to the formation of an intramolecular
hydrogen bond with the vicinal hydroxyl group in the generated anion
species (SI, S41). PA values are significantly higher than BDEs in gas
phase, while the opposite is observed in solvent media. However,
considering that the SPLET pathway is a two-step process, it is important
to consider the ETE values as well. Overall, these results suggest that the
HAT mechanism is thermodynamically the most favorable pathway in
the gas phase. While HAT is expected to remain the dominant antioxi-
dant mechanism in solution, the contribution of the SPLET pathway is
likely to become more relevant under solvent conditions. The trends
observed for the BDE values also provide a rationale for the experi-
mentally observed increase in antioxidant activity associated with the
variation of the structural motif at the R; position. These modifications
may facilitate hydrogen atom donation by lowering the energy required
for homolytic O—H bond cleavage and promoting the stabilization of
the resulting radical species.

3. Conclusions

This study establishes for the first time a sustainable and opera-
tionally simple route to phenolic thiazolyl-hydrazone derivatives by
mechanochemical telescoping of the two key transformations in a single
jar (Retsch MM500), completed in 1 h + 1 h at room temperature with
450 pL of EtOH as LAG. In contrast to the classical two-step EtOH reflux
(80 °C, 6 h + 6 h), the mechanochemical protocol drastically reduces
solvent consumption and energy input while simplifying the workflow.
The antioxidant results shows that compounds ES26 (DPPH: 8.4 + 0.2
pM, ABTS: 2.59 £ 0.01 pM), ES27 (DPPH: 9.0 + 0.6 pM, ABTS: 2.7 +
0.1 pM) and ES28 (DPPH: 9.6 + 0.2 pM, ABTS: 3.69 + 0.04 pM) are the
top performers, with ES9 (DPPH: 10.6 + 0.4 uM, ABTS: 8.2 + 0.1 uM),
ES16 (DPPH: 10.3 + 0.2 pM, ABTS: 9.9 + 0.4 pM) and ES17 (DPPH:
13.1 + 0.4 pM, ABTS: 11.1 £ 0.3 pM) also surpassing ascorbic acid
(DPPH: 18.6 + 0.6 pM, ABTS: 12.2 + 0.1 pM). The presence of an
electron-rich substituent at Ry and a catechol or guaiacol moiety at Ry
enhances the antioxidant activity of the studied compounds, as further
supported by theoretical investigations. Quantitative green-metrics
analysis on ES3 further substantiates the environmental benefit of
mechanochemistry over the conventional route: SPR drops from 40.8 to
0.38 mL-g_l, PMI from 35.3 to 2.05, and E-factor from 34.3 to 1.05,
while the overall yield increases from ~42% to 80%, demonstrating
improved material efficiency and reduced waste at shorter reaction
times. Overall, the ability to perform a one-jar, telescoped, solvent-
minimized transformation distinguishes this work from previous
studies and demonstrates how mechanochemistry can streamline the
synthesis of polyphenolic thiazolyl-hydrazones while simultaneously
enhancing the environmental profile of the process. Future work will
probe mechanistic aspects and explore preliminary biological evalua-
tions to define their translational potential.
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