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Abstract

In vitro cytotoxicity of three (E)-3-(4′-X-benzylidene)-1-indanones (2a-c) displayed lower cy-
totoxicity towards murine P388 and L1210 leukemic cells as well as human Molt 4/C8 and
CEM T-lymphocytes than the respective six- (3a-c) and seven-membered (4a-c) analogs. To
study whether thiol reactivity—as a possible basis of their mechanism of action—correlates
with the observed cytotoxicities, kinetics of the non-enzyme catalyzed reactions with
reduced glutathione (GSH) and N-acetylcysteine (NAC) of 2a-c were investigated. Fur-
thermore, it was also the aim of the work to compare the thiol reactivity of the open-chain
chalcones (1) and their carbocyclic analogs (2-4) with different ring sizes (n = 5–7). The re-
activity of the compounds and the stereochemical outcome of the reactions were evaluated
using high-pressure liquid chromatography–mass spectrometry (HPLC-MS). Molecular
modeling calculations were performed to rationalize the high initial rate and low conver-
sion of the 2a indanone in comparison with those of the carbocyclic analog tetralone (3a)
and benzosuberone (4a). Thiol reactivity and cancer cell cytotoxicity showed a dependence
on both the ring size and the nature of aromatic substituents.

Keywords: chalcone; benzylideneindanones; benzylidenetetralones; benzylidenebenzo-
suberones; anticancer activity; glutathione; N-acetylcysteine; thia-Michael addition; molec-
ular electrostatic; DFT calculations

1. Introduction
Chalcones (1) are natural compounds, most often found in higher plants, especially

in members of the Leguminosae, Asteraceae, and Moraceae families [1,2]. These plants are
commonly used in traditional medicine, and as a result, the anti-inflammatory, antimi-
crobial, antifungal, antiviral, antidiabetic, and chemopreventive effects of chalcones have
been extensively studied in many laboratories. Recognizing the diverse biological effects of
natural chalcones, synthesis of a large number of synthetic chalcones and chalcone analogs,
as well as investigation of their biological effects, have begun and are ongoing [2–10].
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Among the recognized mechanisms of action of the compounds, NF-κB pathway inhi-
bition (anti-inflammatory effect) [11,12], activation of the Keap1/Nrf2/ARE pathway
(antitumor/cytoprotective effect) [12–14], and inhibition of protein kinases (antitumor
effect) [15,16]) have been considered (at least in part) to be a consequence of their Michael-
type reactivity toward the reactive cysteine residues of proteins.

Since the different three-dimensional structures of chalcones exhibit different physico-
chemical properties, different reactivities, and noncovalent interactions, the synthesis and
investigation of conformationally restricted chalcone derivatives (such as cyclic chalcone
analogs) are useful molecular tools for both chemical and biological comparative studies.
2-Arylidene-benzocyclan-1-ones (2-4) can be considered analogs of chalcones (1) restricted
in conformational flexibility [17] (Figure 1). Among them, for example, several indanone
derivatives (2) have been published, which have an effective antitumor (tubulin-active)
effect [18–23].

 
Figure 1. Structure of chalcones (1) and their cyclic analogs (2-4).

These conformationally constrained cyclic chalcone analogs have a three-dimensional
structure not found in conformational equilibrium mixtures of open-chain analogs [24].
Therefore, these compounds—and their analogs with different ring sizes—are useful
“molecular tools” for investigating how the size and structure of the ring influence the three-
dimensional shape of the chalcone structural unit. Furthermore, various three-dimensional
structures result in different degrees of conjugation, which can affect the covalent and
noncovalent interactions of the compounds.

Earlier, we investigated the cytotoxicity of systematically substituted chalcones (1) and
cyclic chalcone analogs (2-4) against murine P388 and L1210 leukemic cells, as well as
human Molt 4/C8 and CEM T-lymphocytes [25,26]. Selected data are presented in Table S1.
Furthermore, we have investigated the thiol reactivity of 1b, c, 3b, c, and 4b, c to establish a
correlation between thiol reactivity and the cytotoxicity of the derivatives against different
cancer cell lines [27–29].

The present work aimed to compare thiol reactivity of selected open-chain chalcones
(1a-c) with their five (2a-c), six- (3a-c), and seven-membered (4a-c) carbocyclic analogs, and
to seek a correlation between the cytotoxicity and thiol reactivity of the related compounds
with the same substitution pattern but different ring size. In addition, it was also the
aim of the work to compare the thiol reactivity of the open-chain chalcones (1) and their
carbocyclic analogs (2-4) with different ring sizes (n = 5–7) with the deprotonated (RS−)
and the neutral (RSH) thiols.

Similarly to our previous studies [27,28], for the sake of comparisons, reduced glu-
tathione (GSH) and N-acetylcysteine (NAC) were used as model thiol compounds. The
reactions were run under three different pH conditions (pH 8.0, pH 6.3, and pH 3.2).
The basic pH was selected to mimic the ionization state of GSH at the active site of the
glutathione-S-transferase (GST) enzymes [29]. The slightly acidic pH resembles that of
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the cancer cells [30]. Under the strongly acidic pH (pH 3.2), both thiols exist exclusively
in protonated (neutral) form [31]. Accordingly, under such conditions, reactivity of the
neutral thiol nucleophiles can be investigated.

As a result of the addition reactions, two new chiral centers are formed. Considering
the inherent chirality of GSH (2S, 5R) and NAC (R), formation of four diastereomeric
adducts was expected (Figure 2). Besides monitoring the progress of the reactions (as
indicated by the reduction in the peak areas of the chalcones), the HPLC-UV method also
provided information on the diastereomeric distribution of the isomeric adducts under
different experimental conditions.
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Figure 2. A simplified reaction scheme of the addition of GSH and NAC (NuH) onto the cyclic
chalcone analogs. The * indicates chiral carbon atom.

The incubation mixtures were thermostated at 37 ◦C. HPLC-UV analyses were per-
formed over 315 min. To gain a better understanding of the kinetic profiles of the reactions,
molecular modeling calculations were conducted. These analyses used methanethiol
(CH3SH) and its deprotonated form (CH3S−) as model thiols.

2. Results
2.1. Reactions Under Slightly Basic (pH 8.0) Conditions

Initially, we investigated the reactions of the three chalcone analogs (2a-c) under basic
conditions (pH 8.0). Taking into consideration the pKa values of GSH (pKa 8.83) and NAC
(pKa 9.52) [31], 12.9% of the GSH and 2.9% of the NAC molecules exist in the more reactive
thiolate form. As expected, GSH showed higher reactivity toward each chalcone analog
than NAC. By the end of the investigated period (315 min), the area of the HPLC-UV peak
of the parent compounds 2a, 2b, and 2c had reduced to 54.5%, 63.9%, and 84.9% of their
initial values, respectively (Table 1). While the compounds were incubated with the less
reactive NAC, the respective figures were 59.4%, 71.3%, and 87.5% (Table 2). In the control
experiments (incubations without the thiols) no reduction in the initial chromatographic
peak of 2a-c was observed. (Similar results were obtained in the pH 6.3 and pH 3.2
control incubations.)

It is worth noting that the reactions are very fast. The reactions with GSH reached
equilibrium by the 45 min timepoint (Figure 3) while those with NAC reached equilibrium
by the 75 min timepoint (Figure 4).

Addition of both thiols results in formation of four diastereomers (Figure 2). Similarly
to previous studies [28], the HPLC-UV chromatograms exhibit two distinct groups of peaks.
In the case of the GSH adducts, the adducts with shorter retention times (GSH-1) give
two partly separated peaks (GSH-1a and GSH-1b), and those with the higher retention
times (GSH-2) provide only one asymmetric one (Figures 5, S1 and S2).
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Table 1. Retention times (tR) 1 and integrated peak areas (A) of the investigated (E)-2-arylidene-1-
indanones (2a, 2b, and 2c) and their GSH adducts 2.

pH 3 Compound
tR
(E)-
Isomer

Area
Ratio 4

A315/A0

tR
(Z)-
Isomer

tR
2

GSH-1a
Area
GSH-1a

tR
2

GSH-1b
Area
GSH-1b

tR
2

GSH-2
Area
GSH-2

3.2 2a 16.3 0.82 N.D. 5 12.6 199 12.8 342 13.2 1566

3.2 2b 16.6 0.78 N.D. 5 13.8 122 14.0 144 14.4 986

3.2 2c 16.3 0.92 N.D. 5 12.9 55 13.0 86 13.5 599

6.3 2a 16.3 0.53 N.D. 5 12.6 1449 12.8 1556 13.3 5727

6.3 2b 16.6 0.65 N.D. 5 13.8 1001 14.0 1143 14.3 4171

6.3 2c 16.2 0.82 N.D. 5 12.7 614 12.9 820 13.3 2868

8.0 2a 16.3 0.55 N.D. 5 12.7 1597 12.9 1834 13.3 5623

8.0 2b 16.6 0.64 N.D. 5 13.8 1192 14.0 1406 14.3 4073

8.0 2c 16.2 0.85 N.D. 5 12.7 743 12.9 1047 13.4 2699
1 Retention times in minutes; 2 Data refers to the average of two independent HPLC-UV measurements at the
315 min timepoint; 3 pH value of the aqueous thiol solution; 4 Ratios of peak areas measured at 0 and 315 min;
5 Not detectable.

Table 2. Retention times (tR) 1 and integrated peak areas (A) of the investigated (E)-3-arylidene-1-
indanones (2a, 2b, and 2c) and their NAC adducts 2.

pH 3 Com-pound
tR
(E)-
Isomer

Area
Ratio 4

A315/A0

tR
2

(Z)-
Isomer

tR
NAC-1

Area 2

NAC-1
tR
NAC-2a

Area 2

NAC-2a
tR
NAC-2b

Area 2

NAC-2b

3.2 2a 16.3 0.67 N.D. 5 14.7 1069 14.9 119 15.0 286

3.2 2b 16.5 0.89 N.D. 5 15.3 700 15.5 87 15.5 212

3.2 2c 16.3 0.95 N.D. 5 14.7 361 14.9 47 15.0 134

6.3 2a 16.2 0.72 N.D. 5 14.7 2171 14.9 1165 15.0 1666

6.3 2b 16.5 0.77 N.D. 5 15.3 1318 15.4 751 15.5 1112

6.3 2c 16.2 0.92 N.D. 5 14.7 816 14.9 484 15.0 763

8.0 2a 16.2 0.59 N.D. 5 14.7 2849 14.9 1788 15.0 2375

8.0 2b 16.6 0.71 N.D. 5 15.3 1894 15.5 1212 15.6 1588

8.0 2c 16.3 0.88 N.D. 5 14.7 1314 14.9 775 15.0 1165
1 Retention times in minutes; 2 Data refers to the average of two independent HPLC-UV measurements at the
315 min timepoint; 3 pH value of the aqueous thiol solution; 4 Ratios of peak areas measured at 0 and 315 min;
5 Not detectable.

In the case of the NAC-adducts, the chromatograms show the opposite pattern:
the adducts with the shorter retention times (NAC-1) give one peak, and those with
the higher retention times (NAC-2) give two partially separated peaks (NAC-2a and
NAC-2b) (Figures S3, S4 and Figure 6). The structure of the parent chalcone analogs
(2a-c) (Figures S5–S13), the formed GSH-adducts (Figures S14–S22), and NAC-adducts
(Figures S23–S31) was supported by HPLC-MS.
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Figure 3. Change in the HPLC-UV chromatographic peak area of (E)-2-arylidene-1-indanones 2a-c
as a function of time (min) in the 2a-c/GSH incubations at pH 8.0. Each data point represents the
average of two independent measurements. Error bars indicate the deviation, calculated as half the
difference between two independent measurements. Due to high reproducibility, error bars may not
be visually apparent at some points.
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Figure 4. Change in the HPLC-UV chromatographic peak area of (E)-2-arylidene-1-indanones 2a-c
as a function of time (min) in the 2a-c/NAC incubations at pH 8.0. Each data point represents the
average of two independent measurements. Error bars indicate the deviation, calculated as half the
difference between two independent measurements. Due to high reproducibility, error bars may not
be visually apparent at some points.
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Figure 5. HPLC-UV chromatogram of the 2c/GSH incubate (pH 6.3; 315 min sample). (2c:
tr16.26 min, 2c-GSH-1a conjugate: tr12.89 min, 2c-GSH-1b conjugate: tr13.01 min, 2c-GSH-2 conju-
gate: tr13.48 min.).

Figure 6. HPLC-UV chromatogram of the 2c/NAC incubate (pH 6.3; 315 min sample). (2c:
tr16.24 min, 2c-NAC-1 conjugate: tr14.66 min, 2c-NAC-2a conjugate: tr14.88 min, 2c-NAC-2b conju-
gate: tr14.95 min.).

Stereochemistry of the particular diastereomers appearing in the chromatograms
is not known. While investigating the similar reactions of the open-chain 1a (present
work), as well as 1b and 1c [27] (where only two diastereomeric adducts can be formed)
with NAC, the two diastereomeric adducts appeared in the HPLC-UV chromatograms
as two partially separated peaks. The ratio of the two peaks in the 1b/NAC incubation
changed as a function of the incubation time. The initially formed more polar adduct
(NAC-1) underwent isomerization to the least polar thermodynamic product (NAC-2). The
observed transformation can be rationalized by the retro-Michael reaction of the kinetic
product. Accordingly, the two diastereomers differ in the configuration of the newly formed
chiral center of the adducts [27].

In the present experiments, the initial (15 min) ratio (between 2.0 and 2.2) of A(GSH-2)/
A(GSH-1) decreased (to between 1.5 and 1.6) and remained unchanged after the 45 min
timepoint (Table 3). The initial A(NAC-2)/A(NAC-1) ratios were found to be much higher
(between 3.1 and 3.9) at the 15 min timepoint and continuously decreased and reached
similar 1.5–1.6 (final) values at the 195 min timepoint (Table 4). These observations can also
be rationalized by the fast conversion of the kinetic to the thermodynamic products.
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Table 3. A(GSH-2)/A(GSH-1) ratio of HPLC-UV areas (A) of the diastereomeric GSH-1 and GSH-2
peaks in the GSH-incubation of 2a-c under different pH conditions.

Compound pH 15 min 45 min 75 min 165 min 255 min 315 min

2a 8.0 2.04 1.70 1.66 1.65 1.64 1.64

6.3 2.71 2.61 2.48 2.19 2.05 1.91

3.2 2.45 2.56 2.72 2.89 2.92 2.90

2b 8.0 2.20 1.69 1.60 1.58 1.57 1.57

6.3 3.19 2.89 2.69 2.31 2.06 1.95

3.2 2.77 3.28 3.41 3.60 3.68 3.71

2c 8.0 2.19 1.63 1.54 1.51 1.51 1.51

6.3 3.42 3.14 2.93 2.46 2.16 2.0

3.2 2.36 3.31 3.68 4.17 4.23 4.25

Table 4. A(NAC-2)/A(NAC-1) ratio of HPLC-UV areas (A) of the diastereomeric NAC-1 and NAC-2
peaks in the GSH-incubation of 2a-c under different pH conditions.

Compound pH 15 min 45 min 75 min 165 min 255 min 315 min

2a 8.0 3.07 2.03 1.69 1.48 1.47 1.46

6.3 1.16 1.10 1.12 1.20 1.26 1.30

3.2 0.32 0.32 0.35 0.35 0.36 0.38

2b 8.0 3.68 2.72 2.21 1.65 1.51 1.48

6.3 0.90 1.01 1.08 1.24 1.35 1.41

3.2 0.35 0.36 0.36 0.38 0.41 0.43

2c 8.0 3.86 2.88 2.34 1.70 1.52 1.48

6.3 1.44 1.44 1.44 1.48 1.51 1.53

3.2 0.39 0.41 0.43 0.45 0.50 0.50

Considering the reversibility of the addition reactions, formation of the respective
(Z)-isomers cannot be excluded. To characterize the structure and chromatographic be-
havior of the (Z)-isomers, light-initiated isomerization of 2a-c was performed [32]. The
structure of the (Z)-isomers of 2a-c was identified by HPLC-MS (Figures S5–S13). Under
the conditions of the used HPLC-UV method, however, the (E) (Z) pairs of the investigated
cyclic chalcone analogs did not separate. To investigate the possible formation of the respec-
tive (Z)-isomers, the incubations were also analyzed by the previously published HPLC-UV
method, which can separate the two geometric isomers [32]. HPLC peaks corresponding to
the respective (Z) isomers could not be detected in any incubate (Tables 1 and 2).

2.2. Reactions Under Slightly Acidic (pH 6.3) Conditions

Under these slightly acidic conditions, about 0.3% of the GSH and 0.06% of the NAC
molecules exist in the more reactive thiolate form. Accordingly, the progress of the reactions
was slower than that observed at pH 8.0. In the GSH incubations, the peak area of the parent
compounds 2a, 2b, and 2c was reduced by the 315 min timepoint to 53.3%, 65.1%, and 81.6%
of the initial value, respectively (Table 1). The corresponding figures in the 2a-c/NAC
incubations (at the 315 min timepoint) were 71.9%, 77.0%, and 92.1%, respectively (Table 2).
The progress of the reaction also showed characteristic differences between GSH and NAC
incubations. While the GSH incubations reached equilibrium by the 195 min timepoints,
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the NAC incubations reached equilibrium only towards the end of the incubation period
(315 min) (Figures 7 and 8).
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Figure 7. Change in the HPLC-UV chromatographic peak area of (E)-2-arylidene-1-indanones 2a-c
as a function of time (min) in the 2a-c/GSH incubations at pH 6.3. Each data point represents the
average of two independent measurements. Error bars indicate the deviation, calculated as half the
difference between two independent measurements (n = 2). Due to high reproducibility, error bars
may not be visually apparent at some points.
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Figure 8. Change in the HPLC-UV chromatographic peak area of (E)-2-arylidene-1-indanones 2a-c
as a function of time (min) in the 2a-c/NAC incubations at pH 6.3. Each data point represents the
average of two independent measurements. Error bars indicate the deviation, calculated as half the
difference between two independent measurements. Due to high reproducibility, error bars may not
be visually apparent at some points.
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In comparison to the pH 8.0 values, the A(GSH-2)/A(GSH-1) ratios were found to be
somewhat different. The initially high ratios (between 2.7 and 3.4) slowly but continuously
reduced and stabilized at about 2 (1.95–2.0) by the end of the incubations (Table 3). On the
contrary, the initial A(NAC-2)/A(NAC-1) ratios (between 0.9 and 1.4) were slightly but
continuously increased and stabilized around 1.4 (between 1.3 and 1.5) by the end of the
incubations (Table 4). No HPLC peaks corresponding to the respective (Z) isomers could
be detected in the incubates (Tables 1 and 2).

2.3. Reactions Under Acidic (pH 3.2) Conditions

Under the acidic conditions, the reactions of the protonated thiol function of the two
model compounds were investigated. As expected, the reactivity of thiols under such
conditions became even slower. In the GSH incubations, the peak areas of 2a, 2b, and 2c
were reduced to 82.2%, 78.4%, and 92.4% of their initial values, respectively, by the end of
the incubation (Table 1). Under the same conditions, the initial peak area of 2a, 2b, and 2c
was reduced to 67.2%, 88.9%, and 94.7%, respectively (Table 2). The curves showing the
progress of the reactions (decrease in the amount of starting chalcone analogs) are linear
with a low slope. The unexpectedly high (32.8%) reduction in the initial peak area of 2a in
the NAC incubation can be rationalized by several peaks in the HPLC-UV chromatogram, in
addition to those of the NAC-conjugates (Figure S32). Similar unexpectedly high decreases
in the seven-membered 4b and 4c with NAC under pH 3.2 conditions were observed
before [28]. Like the results obtained under basic (pH 8.0) and slightly acidic (pH 6.3)
conditions, the order of reactivity of the three chalcone analogs with different substitution
patterns with both thiols was 2a > 2b > 2c (Tables 1 and 2).

The initial A(GSH-2)/A(GSH-1) ratio of compounds 2a, 2b, and 2c (2.45, 2.77, and
2.36, respectively) continuously increased over the time of incubation. By the end of the
incubations, the ratios increased to 2.90 (2a), 3.71 (2b), and 4.25 (2c) (Table 3). On the
contrary, the initial (15 min) A(NAC-2)/A(NAC-1) ratios were unexpectedly low (between
0.32 and 0.39) and only slightly changed (between 0.38 and 0.50) over the time of incubations.
It is worth noting that the ratios observed under these conditions are opposite to those
observed under pH 6.3 and pH 8.0 conditions (Table 4).

2.4. Molecular Modeling Analysis

Table 5 presents the calculated values for the molecular properties of 1a, 2a, 3a, 4a,
methanethiol (CH3SH), and the deprotonated form of methanethiol (CH3S−). The HOMO
energy of CH3SH is more negative than that of the CH3S−. The LUMO energy of 1a and
the carbocyclic chalcone analogs (3a and 4a) increases in parallel with the ring size (n); (1a:
n = 0). The LUMO energies of 2a are similar to those of 4a (Table 5).

Table 5. Reactivity indices were obtained for 1a, 2a, 3a, 4a, CH3SH, and CH3S− at the M06-2X/6-
311++G(d,p) level of theory.

Descriptor 1a
eV

2a
eV

3a
eV

4a
eV

CH3SH
eV

CH3S−

eV

EHOMO −7.89 −6.09 −7.76 −7.88 −7.98 −5.86

ELUMO −1.70 −0.98 −1.41 −0.96 0.091 0.30

∆EHOMO-LUMO 6.38 7.08 9.17 8.84 8.07 6.155

The HOMO and LUMO plots of compounds 2a are shown in Figure 9.
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Figure 9. The HOMO and LUMO plots of compound 2a. (The green and red lobes correspond to the
positive and negative phases of the molecular orbitals, respectively).

3. Discussion
(E)-2-Arylidene-1-indanones (2) are a family of compounds with a wide range of

advantageous biological activities [18–23]. The mechanism of action of the compounds at
the molecular level is not investigated in most of the reported cases. Being α,β-unsaturated
ketones, the Michael-type reaction of compounds 2a-c with reactive cellular thiols is one of
the possible molecular mechanisms of the biologically active derivatives [12–15].

A comparison of the cancer cell cytotoxic IC50 values for approximately 80 deriva-
tives revealed that the (E)-2-arylidene-1-indanones (2) were the least toxic cyclic chalcone
analogs [25,26]. On the other hand, the average IC50 data for the six-membered (3) and
seven-membered (4) analogs showed similar values (Table 6).

Table 6. Average IC50 (µM) values of the investigated derivatives of 2, 3, and 4 [25,26].

Series P388 L1210 Molt 4/C8 CEM

2 37.0 174.0 255.0 63.0

3 17.6 94.0 96.9 68.9

4 12.8 103 88 56.7

Thiol-reactivity, a possible (at least partly) basis of the cytotoxic effect of the com-
pounds, has been investigated among the series 1, 3, and 4 [27,28]. Here, we report on the
thiol reactivity of 2a-c, investigated under the same conditions as before.

The pH-dependence of thiol-reactivity of 2a-c showed a similar pattern to that pre-
viously observed: the higher the concentration of the more reactive thiolate, the higher
the reactivity. The effect of substituents is also the same as it was before: the 4′-methoxy-
substituted derivative (2c) showed lower reactivity than the 4′-methyl one (2b). In the
present work, the reactivity of the non-substituted 2a was also investigated.

13C NMR shifts—indicating the electron density around the particular nucleus [33]—
of the C7 atom of 2a (133.9 ppm), 2b (133.9 ppm), and 2c (133.7 ppm) were reported to
be very similar [34]. According to the generally accepted mechanism of addition of the
thiolate nucleophiles to polar carbon–carbon double bonds, derivatives with the most
electron-deficient beta-carbon atoms show the highest reactivity [35]. Although the slight
difference between the chemical shifts of 2b and 2c is in accordance with the somewhat
lower reactivity of 2c, the similar δ 13C(7) values of 2a and 2b, however, do not give a
rationale for the higher reactivity of the unsubstituted 2a (Tables 1 and 2).
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Figure 10a–c show a comparison of the change in HPLC-UV chromatographic peak
areas of selected chalcones (1a-c) and their carbocyclic chalcone analogs (2a-c; 3a-c; and
4a-c) as a function of time (min) in the GSH incubations at pH 8.0. As shown, the open-
chain chalcones (1a-c) showed the highest reactivity towards GSH. On the other hand,
the 2a-c and 4a-c derivatives showed the lowest one. In each series reactivity of the 4′-
methoxy-substituted derivative (1c-4c) showed lower reactivity than the respective methyl-
substituted ones (1b-4b). Furthermore, the unsubstituted derivatives (1a-4a) showed
the highest tiol-reactivity in each series. Similar observations were made while inves-
tigating the reactivity of the compounds with NAC under the same conditions (Figure
S33). These observations support the theory of Allen and Hamphlett [36], considering
the electron-donating capacity of the 4′-aryl substituents as a main driving force of the
reverse process.
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Figure 10. (a) Comparison of the change in HPLC-UV chromatographic peak areas of 1a and its
cyclic chalcone analogs (2a, 3a, and 4a) as a function of time (min) in the GSH incubations, pH 8.0.
Each data point represents the average of two independent measurements. Error bars indicate the
deviation, calculated as half the difference between two independent measurements. Due to high
reproducibility, error bars may not be visually apparent at some points. (b) Comparison of the change
in HPLC-UV chromatographic peak areas of 2a and its cyclic chalcone analogs (2b, 3b, and 4b) as
a function of time (min) in the GSH incubations, pH 8.0. Each data point represents the average of
two independent measurements. Error bars indicate the deviation, calculated as half the difference
between two independent measurements. Due to high reproducibility, error bars may not be visually
apparent at some points. (c) Comparison of the change in HPLC-UV chromatographic peak areas of
1c and its cyclic chalcone analogs (2c, 3c, and 4c) as a function of time (min) in the GSH incubations,
pH 8.0. Each data point represents the average of two independent measurements. Error bars indicate
the deviation, calculated as half the difference between two independent measurements. Due to high
reproducibility, error bars may not be visually apparent at some points.

Addition of thiolates to polarized carbon–carbon double bonds is an orbital-controlled
process [37–40]. This type of interaction between a vacant orbital and an electron pair re-
quires conditions with a sufficiently small energy separation and sufficient overlap between
the orbitals. A comparison of HOMO-LUMO interactions among various compounds re-
veals that a higher HOMO and lower LUMO result in a smaller energy separation, making
them a more favorable combination for electron acceptor and donor roles in charge or
electron transfer.

To investigate the HOMO-LUMO overlapping of 2a, and compare it with the respective
open-chain chalcone (1a) and the carbocyclic chalcone analogs 3a and 4a, molecular mod-
eling calculations were performed using methanethiol (CH3SH) methylthiolate (CH3S−)
anion as a model thiol. The HOMO-LUMO gap energies are summarized in Table 7.

According to the theory of orbital-controlled process, the energy gaps are lower be-
tween the ELUMO of chalcones and EHOMO of the more reactive thiolate (CH3S−). Further-
more, the HOMO energies of the donor thiol/thiolate are lower than the LUMO energies of
acceptor chalcones (Table 7). Such interactions result in formation of a polar dative bond,
which is polarized towards the sulfur atom (Figure 11).
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Table 7. The HOMO-LUMO gap energies of the interaction of 1a-4a with CH3SH and CH3S−.

Descriptor 1a
eV

2a
eV

3a
eV

4a
eV

EHOMO (CH3S−) −5.86 −5.86 −5.86 −5.86

EHOMO (CH3SH) −7.98 −7.98 −7.98 −7.98

ELUMO(Chalcone) −1.70 −0.98 −1.41 −0.96

∆EHOMO-LUMO(CH3S−) 4.16 4.87 4.45 4.90

∆EHOMO-LUMO(CH3SH) 6.28 6.99 6.57 7.02

Figure 11. Simplified energy (E) scheme of the HOMO and LUMO molecular orbital energies
of the donor (A) thiol/thiolate (HOMO) and the acceptor (B) chalcones (LUMO). The red and
black arrows represent electrons with opposite spins in the molecular orbitals of the donor and
acceptor, respectively.

The order of ∆EHOMO-LUMO (CH3S−) and the ∆EHOMO-LUMO (CH3SH) values
1a < 3a < 4a is the same as the observed thiol-reactivity of the respective compounds—
such a finding provides further proof of the orbital-controlled nature of the thia-Michael
reactions. The value of 2a, however, does not fit these tendencies.

Calculation of the standard ∆G values of the chalcone. CH3S− reactions showed the
2a < 1a < 3a < 4a order for the forward and the 2a < 3a = 1a < 4a for the backward reaction
(Figure 12). The unexpectedly low ∆G value of the 2a-CH3S− transition state is likely due
to the high increase in conformational freedom accompanied by its formation from the
rigid, strongly conjugated (E)-2-benzylidene-1-indanone (2a) [41].

To further evaluate the thiol-reactivity of chalcone derivatives, kinetic measurements
were performed using methylthiolate (CH3S−) as the nucleophile at varying concentra-
tions. The half-life values obtained for the reactions of compounds 1a–4a with CH3S− are
presented in Table 8. These data provide insights into the relative reactivity of the different
structural analogs under nucleophilic attack, helping to clarify the influence of ring size
and electronic effects on the reaction rate.

The results in Table 8 show that compound 2a consistently exhibits the shortest half-
lives across all CH3S− concentrations, indicating the highest reactivity towards the thiolate
nucleophile. In contrast, compound 4a shows the most prolonged half-lives, suggesting
significantly lower reactivity. This trend follows the order 2a > 1a > 3a > 4a in terms of
reactivity. Additionally, as the concentration of CH3S− increases, the half-lives decrease
for all compounds, reflecting the expected behavior of second-order nucleophilic addition
reactions. These findings support the theory that orbital interactions—particularly the
alignment and energy of LUMO orbitals—play a critical role in determining the thiol-
reactivity of these chalcone analogs [42].
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Figure 12. Standard free energy change (∆G) for the transition state (TS) formation of the forward
and the backward reactions of chalcone (1a) and its carbocyclic analogs (2a-4a) with methylthiolate
(CH3S−) anion.

Table 8. Half-life of reactions of CH3S− with chalcone (1a) and carbocyclic calcone analogs (2a-4a).

[CH3S−]
(mol/L) 1a (s) 2a (s) 3a (s) 4a (s)

0.049 3.70 × 10−4 1.09 × 10−5 1.10 × 10−2 1.50 × 10−1

0.01 1.81 × 10−3 5.32 × 10−5 5.37 × 10−2 7.37 × 10−1

0.1 1.81 × 10−4 5.32 × 10−6 5.37 × 10−3 7.37 × 10−2

The reaction of the compounds under acid conditions showed different features
compared with those obtained under pH 8.0 and pH 6.3 conditions. Reactivity of the
neutral thiol function is lower than that of its deprotonated counterparts [40]. Accordingly,
the conversions are the lowest in these experiments [Tables 1 and 2]. Furthermore, under
such conditions, several other (oxidative) products than the GSH/NAC adducts were
detected in the HPLC chromatograms. Accordingly, the thiol-reactivity of compounds 2
cannot be compared with the results obtained in the pH 6.3 and pH 8.0 incubations.

Regardless of the nature of the thiol, the degree of diastereoselectivity of the addition
process increases in parallel with the decrease in pH (Tables 3 and 4). Addition of the
neutral thiols to enones results in a zwitterion intermediate. The formed zwitterion can be
stabilized by intermolecular hydrogen bonding, resulting in a conformationally preferred
six-membered cyclic intermediate [27] (Figure 13).

Figure 13. Possible cyclic intermediate of the addition of protonated glutathione (GSH) onto the
enone carbon–carbon double bond [27].
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Due to the high basicity of the enolate intermediate, intramolecular proton transfer
can occur, leading to the formation of the final product. Since formation of the cyclic
intermediate is a conformation-governed process, the preferred conformation with the
pseudoequatorial position of the side-chain aromatic ring determines the Re-side attack of
the nucleophiles and the stereochemistry of ketonization of the enolate moiety. This effect
is most pronounced in the reaction of the weaker acidic NAC under pH 3.2 conditions.
Under these conditions, the relative amount of the more polar NAC-1 adducts is much
(2–3 times) higher than the NAC-2 adducts, which are the dominant products under the
less acidic (pH 6.3 and pH 8.0) conditions (Table 2).

Changing the relative amount of the less polar adducts (GSH-2 and NAC-2) as a
function of pH shows opposite tendencies. In the case of the NAC-adducts, the lower
the pH, the lower the relative amount of the less polar (NAC-2) adducts. In the case of
GSH, an opposite tendency could be observed. This observation highlights the effect of the
different substituents (G) on the protonated sulfur atom that forms the cyclic intermediate
(Figure 13). Similarly, conformation-derived stereochemistry was observed in the formation
of 2-aryl-substituted bicyclyc 1,3-oxazines formed in the cyclization reaction of alicyclic
1,3-aminoalkohols with aromatic aldehydes [43].

As Figure 14 shows, the ∆Go values of the transition states of the reactions of 1a
and 2a with CH3SH are higher and closer to each other than those in the reactions with
CH3S− (Figure 13). These results are in agreement with the proposed formation of a
six-membered intermediate.

 

Figure 14. Standard free energy change (∆G, kcal mol−1, y-axis) for the transition state formation
(x-axis: Reac = reactants, TS = transition state, Prod = products) of the forward and the backward
reactions of 1a and 2a with methanethiol (CH3SH).

In comparison of the initial rate (2b > 2c) of compounds 2b and 2c with their cancer cell
cytotoxicity [25,26], it is not possible to draw a clear conclusion regarding the potential role
of the investigated compounds in interacting with the reactive thiol functions of cellular
proteins. Comparison of the IC50 values of the 4′-CH3 (b) and 4′-OCH3 (c) derivatives
of the four series (1-4), we can draw a qualitative relationship between the IC50 values
and the thiol reactivity of the analogous compounds. As shown in Figure 10a–c, 4b and
4c—belonging to the series with the highest cancer cell cytotoxicity power—have the
lowest reactivity towards GSH under pH 8.0 conditions. On the contrary, the six-membered
analogs 3b and 3c—belonging to the series with similar average IC50 values—exhibit
significantly higher thiol-reactivity. Finally, the most reactive 1b and 1c, as well as the least
reactive 2b and 2c, exhibit the lowest cytotoxicity. Similar conclusions can be drawn from a
comparison of the NAC-reactivity of the respective compounds as well.
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In addition to the reactivity with the deprotonated thiolate form, the reactions of
chalcone analogs 1a and 2a were also evaluated using the neutral thiol, methanethiol
(CH3SH), under the same conditions. This comparison aims to investigate the impact
of the nucleophile’s protonation state on the reactivity profile of the compounds. Ta-
ble 9 summarizes the calculated half-life values obtained for each compound at different
CH3SH concentrations.

Table 9. Half-life of reactions of CH3SH with 1a and 2a.

[CH3SH] (mol/L) 1a (yr) 2a (yr)

0.049 1.60 × 1012 2.60 × 1011

0.01 7.86 × 1012 1.28 × 1012

0.1 7.86 × 1011 1.28 × 1011

The half-life values presented in Table 9, expressed in years (yr), indicate that the
reactions of both chalcone derivatives with the neutral thiol CH3SH proceed extremely
slowly, in sharp contrast to the much faster reactions observed with the thiolate form
(CH3S−). Compound 2a exhibits shorter half-lives than 1a at all CH3SH concentrations
tested, confirming its higher intrinsic reactivity. Nonetheless, even at elevated CH3SH
concentrations (e.g., 0.1 mol·L−1), the half-lives remain in the order of hundreds of millions
of years, emphasizing the low nucleophilicity of the protonated thiol under these conditions.
This data strongly supports the notion that thiolate species (RS−) are the primary reactive
forms in biological or mildly basic environments, while the neutral thiols contribute little to
the overall reaction rate due to unfavorable energetics and orbital interactions. The results
reinforce the importance of the nucleophile’s ionization state in evaluating thiol-chalcone
reactivity in both physiological and synthetic contexts.

4. Materials and Methods
4.1. Chemicals and Reagents

Chalcones 2a-c were synthesized as reported before [25]. Their purity was tested by
TLC and HPLC-UV-Vis. L-Glutathione and N-acetyl L-cysteine was obtained from Sigma
Aldrich (Budapest, Hungary). Methanol CHROMASOLV gradient for HPLC was obtained
from Honeywell (Honeywell, Hungary). Trifluoroacetic acid HiperSolve CHROMANORM
was obtained from VWR (Budapest, Hungary), and formic acid from Fischer Chemicals
(Budapest, Hungary). Mobile phases used for HPLC measurements were degassed in an
ultrasonic water bath before use.

4.2. Preparation of Solutions

Solutions of glutathione (GSH) and N-acetylcysteine (NAC) were prepared in distilled
water to a final volume of 1.5 cm3, yielding a concentration of 2.0 × 10−1 mol L−1 (cor-
responding to 0.3 mmol thiol). The pH of the solutions (pH 3.2, pH 6.3, pH 8.0) were set
using 0.1 mol L−1 HCl and 0.1 mol L−1 NaOH solutions. Chalcone solutions were freshly
prepared by dissolving the respective compounds in 4.6 cm3 of HPLC-grade methanol to
obtain a final concentration of 6.5 × 10−3 mol L−1 (0.03 mmol chalcone). The GSH/NAC
and chalcone solutions were preincubated in the dark at 37 ◦C for 15 min in a thermostated
water bath. Subsequently, the solutions were mixed to afford a 10:1 molar ratio of thiol to
chalcone. The resulting mixtures were maintained in the dark at 37 ◦C for 315 min under
controlled temperature conditions. Control experiments were performed using the same
protocol but missing the thiols from the aqueous solutions.
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To monitor the reaction kinetics, aliquots were withdrawn at 15, 45, 75, 105, 135, 165,
195, 225, 255, 285, and 315 min, and analyzed by reversed-phase high-performance liquid
chromatography (RP-HPLC).

For the determination of the initial (0 min) peak areas of compounds 2a-c, methanolic
solutions (4.6 cm3, 2.0 × 10−1 mol L−1) were prepared for each derivative. These solutions
were diluted with 1.5 cm3 of the corresponding aqueous buffer (adjusted to the respective
pH) prior to analysis. Before mixing, all solutions were preincubated at 37 ◦C for 15 min.

To compare the products obtained from the previously described light-induced E/Z
isomerization of the parent chalcones [32] with those formed via non-photochemical (retro-
Michael addition) pathways, the methanolic solutions of 2a-c were exposed to diffuse
laboratory light for one week. The resulting samples were analyzed by HPLC coupled with
UV–Vis detection and mass spectrometry (HPLC–UV–Vis and HPLC–MS).

4.3. RP-HPLC-UV-Vis Measurements

Chromatographic analyses were carried out using an Agilent 1100 high-performance
liquid chromatography (HPLC) system equipped with a UV–Vis detector. The detection
wavelength was set to 260 nm. Separation was achieved on a Zorbax Eclipse XDB-C8
column (150 mm × 4.6 mm i.d., 5 µm particle size; Agilent Technologies, Waldbronn, Ger-
many). The injection volume was 10 µL. Data acquisition and processing were performed
using Agilent ChemStation software (version B.03.01).

Gradient elution was conducted at a flow rate of 1.2 mL min−1. The mobile phase
consisted of solvent A (water containing 0.1% trifluoroacetic acid) and solvent B (methanol
containing 0.1% trifluoroacetic acid). The gradient program was as follows: an initial
isocratic period of 8 min at 40% solvent B, followed by a linear increase to 60% B over 4 min,
and a subsequent linear increase to 90% B within 3 min. This was followed by a 5 min
isocratic hold at 90% B. The column was then re-equilibrated to the initial conditions by a
linear decrease to 40% B over 2 min, followed by a 3 min isocratic period.

4.4. HPLC-MS Measurements

High-performance liquid chromatography coupled with electrospray ionization mass
spectrometry (HPLC–ESI–MS) analyses were carried out using an Ultimate 3000 liquid
chromatography system (Dionex, Sunnyvale, CA, USA) coupled to a Thermo Q Exac-
tive Focus quadrupole–Orbitrap hybrid mass spectrometer (Thermo Scientific, Waltham,
MA, USA). Full-scan mass spectra were acquired over the m/z range of 100–1300 Da.
Data acquisition was performed using Q Exactive Focus 2.1 and Xcalibur 4.2 software
(Thermo Scientific).

Analyses of the compounds and their adducts were conducted in both positive and
negative heated electrospray ionization (HESI) modes under the following conditions:
spray voltage, 3500 V; vaporizer temperature, 300 ◦C; capillary temperature, 350 ◦C; sheath
and auxiliary gas flow rates, 30 and 10 arbitrary units, respectively; and mass resolution,
35,000 at m/z 200.

Chromatographic separation was achieved on an Accucore C18 analytical column
(150 mm × 2.1 mm i.d., 2.6 µm particle size) equipped with an Accucore C18 guard column
(5 mm × 2.1 mm, 2.6 µm particle size). The injection volume was 5 µL, and the flow rate
was maintained at 0.4 mL min−1. Data processing and evaluation were performed using
Xcalibur 4.2 and FreeStyle 1.7 software (Thermo Scientific).

A binary gradient elution system was employed, consisting of mobile phase A (water
containing 0.1% formic acid) and mobile phase B (methanol containing 0.1% formic acid).
The gradient program was as follows: an initial 1 min isocratic hold at 10% B, followed
by a linear increase from 10% to 95% B over 13 min, and an isocratic hold at 95% B for
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3 min. The column was then re-equilibrated to 10% B within 0.1 min, followed by a 2.9 min
isocratic period. The autosampler temperature was maintained at ambient temperature,
and the column oven was set to 40 ◦C.

4.5. Molecular Modeling

Theoretical calculations were performed using DFT, as implemented in the G16 soft-
ware package [44]. Molecular structures were optimized using the M06-2X hybrid exchange
and correlation functional with long-range correction, combined with the 6-311++G(d,p)
basis set [45]. The molecular coordinates were provided as part of the Supporting Infor-
mation file. (Tables S2-S20). Frontier molecular orbital energies were calculated via DFT
methods [45]. The electronic structure properties of the reactants (1a, 2a, 3a, 4a, CH3S−

and CH3SH), products, and transition states were calculated at the M06-2X/6-331G++(d,p)
level using solvation model density (SMD). The SMD model has been widely used to
simulate the aqueous environment in elucidating the mechanisms of organic reactions and
is computationally less demanding than other continuum models [46–48].

The stationary points were characterized by analytic harmonic frequency calculations.
The absence or presence of one imaginary frequency characterizes the optimized struc-
tures as local minima or transition states, respectively. The zero-point vibrational energy
contributions were taken into account when calculating the energy barrier.

The reaction rate constant (k) was calculated by Equation (1) using formulations based
on the thermodynamic representation of the Transition State Theory [49]:

k(T) =
kBT

h
e(

−∆G‡
RT ) (1)

where h is the Planck’s constant, kB is the Boltzmann constant, R is the universal gas
constant, T is the absolute temperature, and ∆G‡ is the activation Gibbs free energy.

From the data of the reaction rate constant of chalcone analogs (1a, 2a, 3a, and 4a)
with the methanethiol anion or methanethiol obtained via (1), it is possible to calculate the
half-life time using a pseudo-first-order approximation [50] to the excess of methanethiol
(Equation (2)):

t1 = ln2/(k[x]) (2)

where [x] is the concentration of methanethiolate anion or methanethiol in the aqueous media.
The half-life of the reaction was studied at 298 K, and [x] was in the range of 10−2–10−1

mol L−1, including the experimental concentration used in this work, 4.9 × 10−2 mol L−1.

5. Conclusions
This study provides a comprehensive evaluation of the thiol-reactivity of three (E)-2-(4-

X-benzylidene)-1-indanones (2a-c), integrating kinetic analysis, stereochemical assessment,
and molecular modeling. Reaction of these three compounds (2a-c) with GSH and NAC
was investigated under three different pH conditions. The reactivity of the compounds
showed both substituent- and pH-dependent behavior. Similarly to the open-chain (1),
six-membered (3), and seven-membered (4) analogs, the 4-CH3-substituted derivative (2b)
showed some higher reactivity than the respective OCH3-derivative (2c).

Thiol-reactivity and cancer cell cytotoxicity of 2b and 2c did not show a direct cor-
relation. Comparison of thiol reactivity and cancer cell cytotoxicity of respective open
chain (1c), six-membered (3b, 3c), and seven-membered (4b, 4c) analogs showed that the
least reactive 4c is the most effective, and the most reactive 1c is one of the least effective
derivatives. Based on such comparisons, lipophilicity could be one of the determining
physicochemical characteristics, which increases in the order 1 < 2 < 3 < 4 [32,51]. Further-
more, three-dimensional structures have been reported to play an essential role in the four
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series [25,26]. Considering the present and our previous results [27,28], it is reasonable to
suppose that the molecular basis of the different biological effects of 2b and 2c is related to
noncovalent interactions of the compounds [52].

Stereochemistry of the addition of the neutral thiols onto the chalcone moiety is
supposed to be determined by the conformational preference of a six-membered cyclic
intermediate. Synthetic studies are necessary for a comprehensive understanding of the
stereochemical course of the addition of protonated and deprotonated thiols to the investi-
gated enone systems.
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