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Abstract: Nowadays, oxidative cell damage is one of the common features of cancer and Alzheimer’s
disease (AD), and Se-containing molecules, such as ebselen, which has demonstrated strong antioxi-
dant activity, have demonstrated well-established preventive effects against both diseases. In this
study, a total of 39 Se-derivatives were synthesized, purified, and spectroscopically characterized
by NMR. Antioxidant ability was tested using the DPPH assay, while antiproliferative activity was
screened in breast, lung, prostate, and colorectal cancer cell lines. In addition, as a first approach to
evaluate their potential anti-Alzheimer activity, the in vitro acetylcholinesterase inhibition (AChEI)
was tested. Regarding antioxidant properties, compound 13a showed concentration- and time-
dependent radical scavenging activity. Additionally, compounds 14a and 17a showed high activity
in the melanoma and ovarian cancer cell lines, with LD50 values below 9.2 µM. Interestingly, in the
AChEI test, compound 14a showed almost identical inhibitory activity to galantamine along with a
3-fold higher in vitro BBB permeation (Pe = 36.92 × 10−6 cm/s). Molecular dynamics simulations
of the aspirin derivatives (14a and 14b) confirm the importance of the allylic group instead of the
propargyl one. Altogether, it is concluded that some of these newly synthesized Se-derivatives, such
as 14a, might become very promising candidates to treat both cancer and AD.

Keywords: cancer; acetylcholinesterase; selenium; NSAIDs; allyl; propargyl; Alzheimer’s disease;
garlic; selenoester; natural

1. Introduction

Cancer and Alzheimer’s disease (AD) entail a socio-economic burden for society,
accounting for almost 10.0 million deaths, presenting 19.3 million new cases diagnosed
in 2020 for cancer [1] and at least 50 million people living with AD or other dementias
worldwide [2]. Although treatment options for both illnesses have increased over the past
few years, all of them present important drawbacks such as toxicities and resistance. Thus,
the development of novel and more effective agents for both diseases is an urgent need.

Recently, miRNAs analysis has confirmed that both diseases present mutual biological
hallmarks, including autophagy, the ubiquitin-proteasome system, and cell death. Albeit
common features, these pathways might be modulated differently and sometimes in
opposite directions [3]. This different modulation, among others, might be the reason why
there are no dual drugs in the pipeline. However, few pre-clinical investigations have
identified dual agents, including tacrine [4], N-aryloxazol-2-amines [5], roscovitine [6], and
olaparib [7] analogs, targeting different pathways. Drug discovery toolkits (DDTs) would

Antioxidants 2023, 12, 139. https://doi.org/10.3390/antiox12010139 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox12010139
https://doi.org/10.3390/antiox12010139
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0001-5585-4327
https://orcid.org/0000-0002-8446-4608
https://orcid.org/0000-0002-3488-9579
https://orcid.org/0000-0003-1732-1989
https://orcid.org/0000-0003-3431-7826
https://orcid.org/0000-0002-8266-0445
https://doi.org/10.3390/antiox12010139
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox12010139?type=check_update&version=1


Antioxidants 2023, 12, 139 2 of 38

boost the development of novel compounds with antiproliferative and anti-Alzheimer dual
activity. Among the different approaches used to design novel anticancer or anti-Alzheimer
compounds, the following ones have demonstrated promising results: (i) computer-aided
design, including machine learning techniques; (ii) repurposing; (iii) fragment-based
design and molecular hybridization; (iv) natural sources and total synthesis; (v) modified
antibodies, and (vi) block copolymer prodrugs [7–12].

Overall, considering all the above mentioned, herein we decided to combine several of
the DDTs to design “pseudo-natural products” with the potential to become dual agents to-
wards cancer and AD. Thus, the designed compounds gather in the same structure a natural
occurring functionality modified with the selenium (Se) atom following a fragment-based
design. After an extensive review of the literature, we rule to choose allylic and propargylic
fragments present in active molecules of natural products [13,14] (see Figure 1). Molecules
containing allylic fragments are present in garlic, nutmeg, parsley, or mustard [15] and
active molecules containing propargylic fragments have been identified in cyanobacteria
and marine mollusks [16].
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Figure 1. Allylic and propargylic molecules from natural products.

Numerous extensive literature review papers have compiled many of the pharmaco-
logical effects of garlic extracts and some of its allyl sulfides [17–23], including preclinical,
in vivo, and clinical trials. Two of the most characterized allylsulfides are allicin and S-
allylcysteine (depicted in Figure 1). The first one possesses anticancer activity through the
STAT3 signaling pathway [24,25] along with its anti-amyloidogenic property that prevents
the progression of AD [26,27]. Notwithstanding, S-allylcysteine has suppressed ovarian
cancer proliferation [28]. On the other hand, the propargyl group has been broadly ex-
ploited since its privileged structural feature for targeting a wide range of therapeutic
target proteins, including MAO or tyrosine kinases. Moreover, propargyl compounds have
attracted great interest due to their wide application in organic synthesis as well as the
development of active propargyl molecules such as erlotinib and noreynodrel [29,30]. A
common feature among these garlic active principles, depicted in Figure 1, is the presence
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of thioallyl functionality. Accordingly, we elected to replace sulfur by Se on this function-
ality, given that different selenocompounds have demonstrated anticancer [31–36] and
anti-Alzheimer [37–39] activities.

Se is a trace mineral, normally found in selenoproteins, and it is essential for the proper
working of the human organism. Recently, the Se atom has gained attention because of
its antioxidant capacity and its great versatility, making it the starting point for numerous
studies in search of new active molecules [40]. One of the common features of cancer and
AD is oxidative cell damage. In AD, oxidative stress is related to the early stage of the
disease, prior to cytopathology, and it enhances the development of the disease [41]. On the
other hand, cancer cells produce elevated levels of ROS, which is required for early tumor
development and late tumor progression [42]. Additionally, Se-containing molecules, such
as ebselen, demonstrated strong antioxidant activity [43]. Ebselen has been demonstrated
to reverse peripheral oxidative stress induced by a mouse model of sporadic AD [39]. On
the other hand, the relationship between Se and cancer has been thoroughly studied and
depends on Se concentration, with high levels being cytotoxic. Likewise, the chemical form
in which Se derivatives are administrated and their metabolism play a relevant role in their
anticancer activity [44–46]. Nevertheless, the study of the relationship between Se and AD
is relatively recent. Se has been demonstrated to be crucial for brain functions, and severe
Se deficiency causes irreversible brain injury [47]. Se exerts its biological functions mainly
through selenoproteins, which are characterized by containing a selenocysteine amino acid
residue, and they play a crucial role in antioxidant defense. The emerging evidence of the
potential of Se for the prevention and treatment of AD has led to great interest in the study
of the most abundant selenoproteins in the brain. One of them is selenoprotein P, which is
highly expressed in the brain due to its Se transport function [48]. It was demonstrated that
mice lacking the machinery for selenoprotein P synthesis under Se-deficient conditions
developed spasticity, abnormal movements, and seizures [49]. In addition, selenoprotein
P has been observed to inhibit the Cu-induced Aβ aggregation in vitro [50]. Moreover,
selenate and diphenyldiselenide (PhSe)2 have been demonstrated to decrease Aβ accumu-
lation by decreasing the activity of β-secretase and γ-secretase [51,52]. Similarly, selenate
has been shown to decrease tau hyperphosphorylation and NFT formation by activating
serine protein phosphatase 2A. In this study, it was observed that the administration of
selenate to rodents produced cognitive improvements and reduced neurodegeneration.
This observation could be related to the transformation of selenate to specific selenopro-
teins including glutathione peroxidase that could attenuate intracellular ROS [53]. Given
these results, new selenocompounds were synthesized and shown to inhibit the enzyme
acetylcholinesterase and the enzyme BACE-1, both of which are implicated in AD [54,55].
Recently, most of the organic selenoderivatives have turned out to be multi-target com-
pounds, a characteristic that points toward the incorporation of Se as an ideal approach
to developing novel antiproliferative and anti-Alzheimer dual agents. Furthermore, it is
well-established that the incorporation of Se atom into organic molecules can achieve an
exponential increase in the bioactivity of the parent compounds in several diseases [56–58].
On the other hand, non-steroidal anti-inflammatory drugs (NSAIDs) are characterized by
the inhibition of the enzyme cyclooxygenase (COX), involved in inflammatory processes
and prostanoid signaling. In cancer, chronic inflammation plays a key role, and extensive
research associates inflammatory cells in the tumor microenvironment (TME) with tumor
initiation, cellular proliferation, and local invasion [59,60]. Indeed, in many cases, cancer-
promoting inflammation is induced and exists early on or even before tumor formation,
as in inflammatory bowel disease (IBD) [61]. The isoenzyme COX-2 is related to some
epithelial cancers such as breast cancer [62]. Thus, the antiproliferative effects of NSAIDs
have been investigated against several cancer cell lines. For instance, a series of studies
reported the efficacy of aspirin in improving breast and colorectal cancer survival [63–66].
Likewise, the possible link between AD and inflammation has recently been studied and
the crucial role of COX-2 isoenzyme for β-amyloid protein propagation and reduction of
tau glycosylation in AD has been established [67,68]. Therefore, scientific studies have been
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carried out to evaluate the effect of NSAIDs in AD and have demonstrated their capacity
to inhibit Aβ aggregation, such as indomethacin via a α2-macroglobulin-activating lrp1-
dependent mechanism [69–71]. Thus, the development of novel compounds that include
NSAIDs in their structure seems to be a promising approach in the search for dual drugs
against cancer and AD.

Based on the above facts, the current study presents the synthesis and in vitro evalu-
ation of 38 Se-containing compounds as dual anticancer and anti-Alzheimer agents (see
Figure 2). These Se derivatives were designed based on a fragment-based approach, gather-
ing, in the same molecule, two active fragments and the Se atom, in the form of selenoester.
In the acyl moiety, we envisioned the introduction of different small carbo- and hetero-
cycles, as well as NSAIDs. In the opposite location of the molecule, allyl (series a) or
propargyl (series b) fragments were included with the aim of mimicking the active ingredi-
ents of natural products. To date, the library of Se-containing compounds is extensive due
to its high chemical versatility, and it is greatly increasing yearly [72]. There are molecules
with acylselenourea and selenourea groups in their structures that have been found to be
excellent radical scavenger agents. Within these groups of Se derivatives, molecules with
dual in vitro antioxidant and antiproliferative activities have been also reported [36,73].
Moreover, selenoester derivatives have been observed as potent cytotoxic agents, albeit not
all of them exhibit antioxidant activity [74,75]. The most studied Se-containing compound
is ebselen, with a benzoisoselenazolone ring, which has exhibited anti-inflammatory, antiox-
idant, and anticancer activities [43,76–78]. However, no molecules have been reported so
far that combine in their structure NSAIDs and an active fragment present in garlic-derived
natural products through a selenoester group. All the synthesized Se derivatives were
evaluated as dual agents towards breast, colorectal, lung, and prostate cancer and AD using
the MTT assay and Ellman’s method, respectively. Moreover, DPPH assay was performed
to evaluate the antioxidant capacity of the synthesized compounds. The two most active
compounds in the screening against cancer cell lines were submitted to the Developmental
Therapeutics Program (DTP) of the National Cancer Institute (NCI). Furthermore, molecu-
lar dynamics simulations were carried out to elucidate the mode of interaction between
compound 14a and the active site of AChE.
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2. Materials and Methods
2.1. Chemistry
2.1.1. General Remarks

NMR spectra were recorded on a Bruker Avance Neo 400 MHz using Chloroform-d as
a solvent. Chemical shifts were reported in δ values (ppm) and J values were reported in
hertz (Hz). All the reaction procedures were monitored by Thin Layer Chromatography
(TLC) using Alugram®SIL G/UV254 sheets (Layer: 0.2 mm) (Darmstadt, Germany). TLC
were visualized by exposure to ultraviolet light. Final products were obtained by column
chromatography using Silica gel 60 (0.040–0.063 mm) (Merk KGaA, Darmstadt, Germany).
Chemicals were purchased from E. Merck (Darmstadt, Germany), Panreac Química S.A.
(Montcada i Reixac, Barcelona, Spain), Sigma-Aldrich Química, S.A. (Alcobendas, Madrid,
Spain), Acros Organics (Janssen Pharmaceuticalaan 3a, 2440 Geel, Belgium) and Lancaster
(Bischheim-Strasbourg, France). Melting points (mp) were determined with a Mettler
FP82+FP80 apparatus (Greifensee, Switzerland). All the compounds are >95% pure by
quantitative NMR (1H q-NMR) using dimethyl sulfone as reference. The results are ex-
pressed as the percentage of purity and were calculated tracking the signal of the first
alkene hydrogen, which appears around 5.9 ppm, for series a, and the signal of CH2 which
appears around 3.7 ppm, for series b.

2.1.2. General Procedure for the Synthesis of the Compounds (1a–19a and 1b–19b)

NaBH4 (0.9 g, 11.39 mmol) was added to a mixture of elemental Se (0.9 g, 11.39 mmol)
in water (30 mL). The mixture was stirred at room temperature for 20 min. The correspond-
ing acyl chloride (11.39 mmol) was added in situ and stirred for 60 min. Allyl bromide
(0.9 mL, 11.39 mmol) for series a, and propargyl bromide (0.8 mL, 11.39 mmol) for series
b, and tetrahydrofuran (10 mL) were added in situ and stirred at room temperature for
90 min. The product was isolated by extraction with methylene chloride (3 × 50 mL) and
the organic phases were dried using sodium sulfate anhydrous. After that, the organic
phases were filtered, and the methylene chloride was removed by rotatory evaporation
under vacuum. The final product was purified by column chromatography. A gradient of
hexane/ethyl acetate, ranging between 0% and 50% of ethyl acetate, was used as eluent.
The mobile phase of the TLCs was hexane/ethyl acetate with a ratio of 9:1. The Rf range
was from 0.18 to 0.75.

The acyl chlorides of compounds 1, 4, 10, 7–8, and 15–19 were formed from the reaction
of the corresponding carboxylic acids with oxalyl chloride in methylene chloride using
drops of N,N-DMF as a catalyst. The mixture was stirred at room temperature for twelve
hours and the reaction media was removed by rotatory evaporation under the vacuum.
Tables 1 and 2 provide the chemical name, starting reagent, yield, appearance, 1H, 13C, and
77Se NMR spectra, and purity data for the compounds of series a and series b, respectively.
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Table 1. Chemical name, starting reagent, yield (%), appearance, spectroscopical characterization by NMR and purity (%) of compounds from series a.

Compound Chemical Name Starting Reagent Yield (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

1a Se-allyl adamantane-1-
carboselenoate

1-
adamantanecarboxylic
acid

10 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 5.87 (ddt, 1H, J =
17.4 Hz, J = 9.9 Hz, J = 7.5 Hz, Halkene), 5.17 (dd, 1H, J =
17.4 Hz, J = 1.5 Hz, Halkene), 4.98 (dd, 1H, J = 9.9 Hz, J =
1.5 Hz, Halkene), 3.49 (d, 2H, J = 7.3 Hz, CH2), 2.06 (s, 3H,
CH-adamantane), 1.90 (d, 6H, J = 3.0 Hz, CH2-adamantane),
1.71 (m, 6H, CH2-adamantane). 13C NMR (100 MHz,
CDCl3) δ (ppm): 209.3 (C=O), 135.1 (Calkene), 117.0
(Calkene), 51.6 (Cadamantane), 39.3 (Cadamantane), 36.6
(Cadamantane), 28.3 (Cadamantane), 26.6 (CH2). 77Se NMR
(76 MHz, CDCl3) δ (ppm): 539

97.6

2a Se-allyl benzoselenoate Benzoyl chloride 25 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.90 (dd, 2H, J =
8.3 Hz, J = 1.4 Hz, Haryl), 7.57 (td, 1H, J = 7.4 Hz, J = 1.4
Hz, Haryl), 7.43 (t, 2H, J = 7.4 Hz, Haryl), 5.98 (ddt, 1H, J
= 17.3 Hz, J = 9.9 Hz, J = 7.5 Hz, Halkene), 5.28 (dq, 1H, J
= 17.3 Hz, J = 1.4 Hz, Halkene), 5.06 (dd, 1H, J = 9.9 Hz, J
= 1.5 Hz, Halkene), 3.75 (d, 2H, J = 7.5 Hz, CH2). 13C
NMR (100 MHz, CDCl3) δ (ppm): 194.1 (C=O), 138.9
(Caryl), 134.5 (Calkene), 133.7 (Caryl), 128.8 (Caryl), 127.2
(Caryl), 117.5 (Calkene), 27.9 (CH2). 77Se NMR (76 MHz,
CDCl3) δ (ppm): 559

97.5

3a Se-allyl
2-chlorobenzoselenoate

2-chlorobenzoyl
chloride 29 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.68 (dd, 1H, J =
7.5 Hz, J = 1.3 Hz, Haryl), 7.41 (m, 2H, Haryl), 7.33 (ddd,
1H, J = 7.5 Hz, J = 6.6 Hz, J = 2.0 Hz, Haryl), 5.99 (ddt, 1H,
J = 17.4 Hz, J = 9.9 Hz, J = 7.5 Hz, Halkene), 5.28 (dd, 1H,
J = 17.4 Hz, J =1.4 Hz, Halkene), 5.08 (dd, 1H, J = 9.9 Hz, J
=1.4 Hz, Halkene), 3.75 (d, 2H. J = 7.5 Hz, CH2). 13C
NMR (100 MHz, CDCl3) δ (ppm): 194.0 (C=O), 139.0
(Caryl), 134.1 (Calkene), 132.6 (Caryl), 131.2 (Caryl), 130.0
(Caryl), 129.3 (Caryl), 127.0 (Caryl), 118.0 (Calkene), 29.4
(CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 607

97.7
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Table 1. Cont.

Compound Chemical Name Starting Reagent Yield (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

4a Se-allyl benzodioxole-5-
carboselenoate Piperonylic acid 15 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm) 7.53 (dd, 1H, J = 8.2
Hz, J = 1.8 Hz, Haryl), 7.34 (d, 1H, J = 1.8 Hz, Haryl), 6.84
(d, 1H, J = 8.2 Hz, Haryl), 6.05 (s, 2H, CH2-benzodioxol),
5.96 (ddt, 1H, J = 17.1 Hz, J = 9.9 Hz, J = 7.5 Hz, Halkene),
5.26 (dq, 1H, J = 17.1 Hz, J = 1.5 Hz, Halkene), 5.05 (ddd,
1H, J = 9.9 Hz, J = 1.5 Hz, J = 0.9 Hz, Halkene), 3.72 (dt,
2H, J = 7.5 Hz, J = 1.0 Hz, CH2). 13C NMR (100 MHz,
CDCl3) δ (ppm) 192.2 (C=O), 152.4 (Caryl), 148.4 (Caryl),
134.7 (Calkene), 133.6 (Caryl), 123.9 (Caryl), 117.5 (Calkene),
108.3 (Caryl), 107.1 (Caryl), 102.2 (Cbenzodioxol), 28.1
(CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm) 549

99.1

5a Se-allyl 3-phenylprop-2E-
eneselenoate Cinnamoyl chloride 20 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.55 (d, 1H, J = 12.5
Hz, Halkene), 7.55–7.50 (m, 2H, Haryl), 7.42–7.36 (m, 2H,
Haryl), 7.39–7.33 (m, 1H, Haryl), 6.70 (d, 1H, J = 12.5 Hz,
Halkene), 5.93 (ddt, 1H, J = 17.3, 10.0, 7.5 Hz, Halkene),
5.23 (dd, 1H, J = 17.3, 1.4 Hz, Halkene), 5.03 (dd, 1H, J =
10.0, 1.4 Hz, Halkene), 3.68 (d, 2H, J = 7.5 Hz, CH2). 13C
NMR (100 MHz, CDCl3) δ (ppm): 191.6 (C=O), 140.6
(Calkene), 134.6 (Calkene), 134.1 (Caryl), 130.8 (Caryl),
129.1 (Caryl), 128.6 (Caryl), 127.3 (Calkene), 117.5 (Calkene),
31.0 (acetone), 28.0 (CH2). 77Se NMR (76 MHz, CDCl3) δ
(ppm): 585

95.0

6a Se-allyl
3-phenylpropaneselenoate

3-phenylpropanoyl
chloride 10 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.17 (m, 2H, Haryl),
7.08 (m, 3H, Haryl), 5.77 (ddt, 1H, J = 17.3 Hz, J = 9.9 Hz,
J = 7.5 Hz, Halkene), 5.07 (dd, 1H, J = 16.9 Hz, J =1.4 Hz,
Halkene), 4.90 (dd, 1H, J = 10.0 Hz, J = 1.5 Hz, Halkene),
3.45 (d, 2H, J = 7.4 Hz, CH2), 2.85 (td, 4H, J = 4.9 Hz, J =
3.8 Hz, CH2). 13C NMR (100 MHz, CDCl3) δ (ppm):
200.4 (C=O), 139.9 (Caryl), 134.6 (Calkene), 128.7 (Caryl),
128.4 (Caryl), 126.55 (Caryl), 117.5 (Calkene), 49.6 (CH2),
31.3 (CH2), 28.0 (CH2). 77Se NMR (76 MHz, CDCl3) δ
(ppm): 580

95.1
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Table 1. Cont.

Compound Chemical Name Starting Reagent Yield (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

7a Se-allyl
pyridine-3-carboselenoate Nicotinic acid 50 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 9.03–9.01 (m, 1H,
Hpyridine), 8.72 (dd, 1H, J = 4.8 Hz, J = 1.6 Hz, Hpyridine),
8.05 (dt, 1H, J = 8.0 Hz, J = 2.0 Hz, Hpyridine), 7.32 (ddd,
1H, J = 8.0 Hz, J = 4.8 Hz, J = 1.0 Hz, Hpyridine), 5.89 (ddt,
1H, J = 17.3 Hz, J = 9.8 Hz, J = 7.5 Hz, Halkene), 5.22 (dd,
1H, J = 17.3 Hz, J = 1.0 Hz, Halkene), 5.00 (d, 1H, J = 9.8
Hz, Halkene), 3.71 (d, 2H, J = 7.5 Hz, CH2). 13C NMR
(100 MHz, CDCl3) δ (ppm): 192.8 (C=O), 154.0
(Cpyridine), 148.3 (Cpyridine), 134.4 (Calkene), 134.3
(Cpyridine), 133.9 (Cpyridine), 123.7 (Cpyridine), 118.0
(Calkene), 28.1 (CH2). 77Se NMR (76 MHz, CDCl3) δ
(ppm): 571

95.9

8a Se-allyl 2-chloropyridine-3-
carboselenoate 2-chloronicotinic acid 10 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 8.51 (dd, 1H, J =
4.8 Hz, J = 1.9 Hz, Hpyridine), 7.97 (dd, 1H, J = 7.7 Hz, J =
1.9 Hz, Hpyridine), 7.34 (dd, 1H, J = 7.7 Hz, J = 4.8 Hz,
Hpyridine), 5.97 (ddt, 1H, J = 16.8 Hz, J = 9.9 Hz, J = 7.5
Hz, Halkene), 5.30 (dd, 1H, J = 16.8 Hz, J = 1.4 Hz,
Halkene), 5.10 (d, 1H, J = 10.0 Hz, Halkene), 3.78 (dt, 2H, J
= 7.5 Hz, J = 1.0 Hz, CH2). 13C NMR (100 MHz, CDCl3)
δ (ppm): 193.1 (C=O), 151.9 (Cpyridine), 146.6 (Cpyridine),
137.7 (Cpyridine), 135.5 (Calkene), 133.6 (Cpyridine), 122.4
(Cpyridine), 118.5 (Calkene), 29.8 (CH2). 77Se NMR (76
MHz, CDCl3) δ (ppm): 617

97.7

9a Se-allyl
thiophene-2-carboselenoate

Thiophen-2-carbonyl
chloride 18 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.79 (dd, 1H, J =
3.9 Hz, J = 1.2 Hz, Hthiophene), 7.67 (dd, 1H, J = 5.0 Hz, J
= 1.2 Hz, Hthiophene), 7.13 (dd, 1H, J = 5.0 Hz, J = 3.9 Hz,
Hthiophene), 5.97 (ddt, 1H, J = 17.3 Hz, J = 9.9 Hz, J = 7.5
Hz, Halkene), 5.27 (dd, 1H, J =17.3 Hz, J = 1.4 Hz,
Halkene), 5.06 (dd, 1H, J = 9.9 Hz, J = 1.4 Hz, Halkene),
3.76 (d, 2H, J = 7.5 Hz, CH2). 13C NMR (100 MHz,
CDCl3) δ (ppm): 184.5 (C=O), 144.0 (Cthiophene), 134.5
(Calkene), 133.3 (Cthiophene), 131.8 (Cthiophene), 128.0
(Cthiophene), 117.8 (Calkene), 28.2 (CH2). 77Se NMR (76
MHz, CDCl3) δ (ppm): 557

96.3
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Table 1. Cont.

Compound Chemical Name Starting Reagent Yield (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

10a Se-allyl 3-chlorothiophene-
2-carboselenoate

3-chlorothiophene-2-
carboxylic
acid

19 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.53 (d, 1H, J = 5.3
Hz, Hthiophene), 7.03 (d, 1H, J = 5.3 Hz, Hthiophene), 5.96
(ddt, 1H, J = 17.3 Hz, J =10.0 Hz, J =7.5 Hz, Halkene), 5.27
(dd, 1H, J = 17.3 Hz, J =1.4 Hz, Halkene), 5.07 (dd, 1H, J =
10.0 Hz, J =1.4 Hz, Halkene), 3.74 (d, 2H, J = 7.5 Hz, CH2).
13C NMR (100 MHz, CDCl3) δ (ppm): 183.5 (C=O), 137.4
(Cthiophene), 134.1 (Calkene), 131.3 (Cthiophene), 130.6
(Cthiophene), 128.3 (Cthiophene), 118.0 (Calkene), 28.7
(CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 602.

95.4

11a Se-allyl 4-
furan-2-carboselenoate

Furan-2-carbonyl
chloride 46 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.52 (s, 1H, Hfuran),
7.10 (d, 1H, J = 3.6 Hz, Hfuran), 6.49–6.45 (m, 1H, Hfuran),
5.96–5.81 (m, 1H, Halkene), 5.18 (d, 1H, J = 16.9 Hz,
Halkene), 4.97 (d, 1H, J = 9.9 Hz, Halkene), 3.64 (d, 2H, J =
7.4 Hz, CH2). 13C NMR (100 MHz, CDCl3) δ (ppm):
181.7 (C=O), 152.4 (Cfuran), 146.5 (Cfuran), 134.4
(Calkene), 117.7 (Calkene), 114.9 (Cfuran), 112.7 (Cfuran),
26.8 (CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 561.

95.9

12a Se-allyl
isoxazole-5-carboselenoate

Isoxazole-5-carbonyl
chloride 10 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 8.38 (d, 1H, J = 1.8
Hz, Hisoxazole), 6.89 (d, 1H, J = 1.8 Hz, Hisoxazole), 5.94
(ddt, 1H, J = 17.3 Hz, J = 10.0 Hz, J = 7.5 Hz, Halkene),
5.30 (dd, 1H, J = 17.0 Hz, J = 1.2 Hz, Halkene), 5.10 (d, 1H,
J = 10.0 Hz, Halkene), 3.78 (d, 2H, J = 7.5 Hz, CH2). 13C
NMR (100 MHz, CDCl3) δ (ppm): 182.0 (C=O), 166.1
(Cisoxazole), 151.1 (Cisoxazole), 133.3 (Calkene), 118.8
(Calkene), 104.7 (Cisoxazole), 27.9 (CH2). 77Se NMR (76
MHz, CDCl3) δ (ppm): 606.

96.4
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Table 1. Cont.

Compound Chemical Name Starting Reagent Yield (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

13a Se-allyl
2-hydroxybenzoselenoate

O-acetylsalicyloyl
chloride 43 Orange oily liquid

1H NMR: (400 MHz, CDCl3) δ (ppm): 10.7 (s, 1H, OH),
7.8 (dd, 1H, J = 8.2 Hz, J = 1.5 Hz, Haryl), 7.5 (ddd, 1H, J
= 8.5, J = 7.2 Hz, J = 1.5 Hz, Haryl), 6.97 (dd, 1H, J = 8.5
Hz, J = 1.2 Hz, Haryl), 6.9 (ddd, 1H, J = 8.2 Hz, J = 7.2, J =
1.2 Hz, Haryl), 5.97 (ddt, 1H, J = 16.9 Hz, J = 9.9 Hz, J =
7.5 Hz, Halkene), 5.3 (dq, 1H, J = 16.9 Hz, J = 1.4 Hz,
Halkene), 5.1 (ddt, 1H, J = 9.9 Hz, J = 1.4 Hz, J = 0.9 Hz,
Halkene), 3.8 (dt, 2H, J = 7.5 Hz, J = 0.9 Hz, CH2). 13C
NMR: (100 MHz, CDCl3) δ (ppm): 200.2 (C=O), 158.4
(Caryl), 136.3 (Caryl), 134.0 (Calkene), 130.1 (Caryl), 122.4
(Caryl), 119.8 (Caryl), 118.3 (Caryl), 118.2 (Calkene), 28.0
(CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 522

98.6

14a 2-(allylselanylcarbonyl)
phenylacetate

O-acetylsalicyloyl
chloride 27 Orange oily liquid

1H-NMR: (400 MHz, CDCl3) δ (ppm): 7.9 (dd, 1H, J = 7.8
Hz, J = 1.7 Hz, Haryl), 7.6 (ddd, 1H, J = 8.2 Hz, J = 7.7 Hz,
J = 1.7 Hz, Haryl), 7.3 (td, 1H, J = 7.7 Hz, J = 1.2 Hz,
Haryl), 7.1 (dd, 1H, J = 8.2 Hz, J = 1.2 Hz, Haryl), 5.95
(ddt, 1H, J = 17.2 Hz, J = 9.9 Hz, J = 7.5 Hz, Halkene), 5.3
(dq, 1H, J = 17.2 Hz, J = 1.5 Hz, Halkene), 5.1 (ddt, 1H, J =
9.9 Hz, J = 1.5 Hz, J = 0.9 Hz, Halkene), 3.7 (dt, 2H, J = 7.5
Hz, J = 0.9 Hz, CH2), 2.4 (s, 3H, CH3). 13C NMR: (100
MHz, CDCl3) δ (ppm): 191.9 (C=O), 169.4 (-COO-), 147.3
(Caryl), 134.3 (Calkene), 133.9 (Caryl), 131.9 (Caryl), 129.9
(Caryl), 126.4 (Caryl), 124.2 (Caryl), 117.8 (Calkene), 28.6
(CH2), 21.3 (CH3). 77Se NMR (76 MHz, CDCl3) δ (ppm):
599

97.4
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Table 1. Cont.

Compound Chemical Name Starting Reagent Yield (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

15a Se-(prop-2-in-1-yl)-2-
hydroxybenzoselenoate

2-(4-isobutylphenyl)
propanoic acid
(ibuprofen)

17 Orange oily liquid

1H NMR: (400 MHz, CDCl3) δ (ppm): 7.2 (d, 2H, J = 8.1
Hz, Haryl), 7.1 (d, 2H, J = 8.1 Hz, Haryl), 5.8 (ddt, 1H, J =
17.2 Hz, J = 9.9 Hz, J = 7.2 Hz, Halkene), 5.1 (dq, 1H, J =
17.2 Hz, J = 1.5 Hz, Halkene), 4.97 (ddt, 1H, J = 9.9 Hz, J =
1.5 Hz, J = 0.8 Hz, Halkene), 3.9 (q, 1H, J = 7.2 Hz, CH),
3.6–3.4 (m, 2H, CH2), 2.5 (d, 2H, J = 7.2 Hz, CH2), 1.9
(septet, 1H, J = 6.7 Hz, CH), 1.5 (d, 3H, J = 7.2 Hz, CH3),
0.9 (d, 6H, J = 6.7 Hz, CH3). 13C NMR: (100 MHz,
CDCl3) δ (ppm) 204.1 (C=O), 141.5 (Caryl), 136.3 (Caryl),
134.6 (Calkene), 129.6 (Caryl), 128.3 (Caryl), 117.3 (Calkene),
57.6 (CH), 45.2 (CH2), 30.3 (CH), 28.1 (CH2), 22.5 (CH2),
18.0 (CH3). 77Se NMR (76 MHz, CDCl3) δ (ppm): 573

99.6

16a
Se-allyl (S)-2-(6-
methoxynaphtalen-2-
yl)propaneselenoate

(2S)-2-(6-
methoxynaphtalen-
2-yl) propanoic acid
(naproxen)

48 Orange solid
(mp: 40–41 ◦C)

1H NMR: (400 MHz, CDCl3) δ (ppm): 7.8–7.7 (m, 3H,
Haryl), 7.37 (dd, 1H, J = 8.6 Hz, J = 1.9 Hz, Haryl), 7.16
(dd, 1H, J = 8.6 Hz, J = 2.6 Hz, Haryl), 7.13 (d, 1H, J = 2.6
Hz, Haryl), 5.83 (ddt, 1H, J = 16.8 Hz, J = 9.9, J = 7.6 Hz,
Halkene), 5.13 (dq, 1H, J = 16.8, J = 1.4 Hz, Halkene), 4.96
(ddt, 1H, J = 9.9, J = 1.4, J = 0.8 Hz, Halkene), 4.02 (q, 1H, J
= 7.1 Hz, CH), 3.92 (s, 3H, CH3), 3.55–3.43 (m, 2H, CH2),
1.62 (d, 3H, J = 7.1 Hz, CH3). 13C NMR: (100 MHz,
CDCl3) δ (ppm): 204.0 (C=O), 158.0 (Caryl), 134.6
(Calkene), 134.2 (Caryl), 134.2 (Caryl), 129.5 (Caryl), 129.0
(Caryl), 127.5 (Caryl), 127.4 (Caryl), 126.8 (Caryl), 119.3
(Caryl), 117.3 (Calkene), 105.8 (Caryl), 57.9 (CH), 55.5
(CH3), 28.2 (CH2), 18.1 (CH3). 77Se NMR (76 MHz,
CDCl3) δ (ppm): 576

98.2
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Table 1. Cont.

Compound Chemical Name Starting Reagent Yield (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

17a

Se-allyl
2-[1-(4-chlorobenzoyl)-5-
methoxy-2-methyl-1H-
indol-3-yl]ethaneselenoate

2-[1-(4-
chlorobenzoyl)-5-
methoxy-2-
methylindol-3-yl]
acetic acid
(indomethacin)

27 Pale pink solid
(mp: 73–74 ◦C)

1H NMR: (400 MHz, CDCl3) δ (ppm): 7.69–7.64 (m, 2H,
Haryl), 7.50–7.45 (m, 2H, Haryl), 6.91 (d, 1H, J = 9.1 Hz,
Haryl), 6.90 (d, 1H, J = 2.5 Hz, Haryl), 6.69 (dd, 1H, J = 9.1
Hz, J =2.5 Hz, Haryl), 5.85 (ddt, 1H, J = 17.1 Hz, J = 9.9
Hz, J = 7.5 Hz, Halkene), 5.16 (dq, 1H, J = 17.1 Hz, J = 1.5
Hz, Halkene), 4.99 (ddt, 1H, J = 9.9 Hz, J = 1.5, J = 0.9 Hz,
Halkene), 3.87 (s, 2H, CH2), 3.83 (s, 3H, CH3), 3.52 (dt, 2H,
J = 7.5 Hz, J = 0.9 Hz, CH2), 2.39 (s, 3H, CH3). 13C NMR
(100 MHz, CDCl3) δ (ppm): 199.96 (C=O), 168.4
(N-C=O), 156.3 (Caryl-O), 139.57 (Caryl), 137.3 (Caryl),
134.4 (Caryl), 133.8 (Caryl), 131.4 (Caryl), 130.98 (Caryl),
130.7 (Caryl), 129.3 (Caryl), 117.5 (Calkene), 115.1 (Caryl),
112.1 (Caryl), 111.5 (Caryl), 101.2 (Caryl), 55.8 (CH3), 42.9
(CH2), 28.1 (CH2), 13.7 (CH3). 77Se NMR (76 MHz,
CDCl3) δ (ppm): 594

99.4

18a
Se-allyl
2-(2,3-dimethylphenyl)
aminebenzoselenoate

Mefenamic acid 10 Orange solid
(mp: 37–38 ◦C)

1H NMR (400 MHz, CDCl3) δ (ppm): 9.3 (s, 1H, NH), 7.9
(dd, 1H, J = 1.8 Hz, J = 1.5 Hz, Haryl), 7.3–7.2 (m, 1H,
Haryl), 7.2–7.1 (m, 2H, Haryl), 7.1 (dd, 1H, J = 6.8 Hz, J =
2.2 Hz, Haryl), 6.8-6.7 (m, 2H, Haryl), 6.0 (ddt, 1H, J = 17.1
Hz, J = 10 Hz, J = 7.4 Hz, Halkene), 5.3 (dq, 1H, J = 17.1
Hz, J = 1.5 Hz, Halkene), 5.1 (ddt, 1H, J = 10 Hz, J = 1.5
Hz, J = 0.8 Hz, Halkene), 3.7 (dt, 2H, J = 7.4 Hz, J = 0.8 Hz,
CH2), 2.3 (s, 3H, CH3), 2.2 (s, 3H, CH3). 13C NMR (100
MHz, CDCl3) δ (ppm): 195.3 (C=O), 146.4 (Caryl), 138.3
(Caryl), 138.1 (Caryl), 134.8 (Calkene), 134.7 (Caryl), 132.7
(Caryl), 131.7 (Caryl), 127.3 (Caryl), 126.1 (Caryl), 123.5
(Caryl), 120.3 (Caryl), 117.3 (Calkene), 116.5 (Caryl),
114.20(Caryl), 27.9 (CH2), 20.6 (CH3), 14.1 (CH3). 77Se
NMR (76 MHz, CDCl3) δ (ppm): 552 ppm

95.3
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Table 1. Cont.

Compound Chemical Name Starting Reagent Yield (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

19a
Se-allyl 2-(3-
trifluoromethylphenyl)
aminobenzoselenoate

Flufenamic acid 10 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 9.5 (s, 1H, NH), 7.9
(dd, 1H, J = 8.1 Hz, J = 1.5 Hz, Haryl), 7.5 (d, 1H, J = 2.1
Hz, Haryl), 7.4 (d, 1H, J = 7.5 Hz, Haryl), 7.42–7.38 (m, 2H,
Haryl), 7.3 (ddd, 1H, J = 7.5 Hz, J = 2.1 Hz, J = 1.2 Hz,
Haryl), 7.2 (d, 1H, J = 1.1 Hz, Haryl), 6.9 (ddd, 1H, J = 8.1
Hz, J =7.1 Hz, J =1.1 Hz, Haryl), 5.99 (ddt, 1H, J = 17.1 Hz,
J = 9.9 Hz, J = 7.4 Hz, Halkene), 5.3 (dq, 1H, J = 17.1 Hz, J
= 1.4 Hz, Halkene), 5.1 (ddt, 1H, J = 9.9 Hz, J =1.4 Hz, J =
0.8 Hz, Halkene), 3.7 (dt, 2H, J =7.4 Hz, J = 0.8 Hz, CH2).
13C NMR (100 MHz, CDCl3) δ (ppm): 196.4 (C=O), 143.4
(Caryl), 141.1 (Caryl), 134.8 (Calkene), 134.4 (Caryl), 131.9
(Caryl), 130.0 (Caryl), 125.5 (Caryl), 125.0 (Caryl), 122.4
(C-F3), 120.2-120.1 (Caryl), 118.7 (Caryl), 118.6-118.5
(Caryl), 117.6 (Calkene), 114.6 (Caryl), 28.2 (CH2). 77Se
NMR (76 MHz, CDCl3) δ (ppm): 594

95.6

Table 2. Chemical name, starting reagent, yield (%), appearance, spectroscopical characterization by NMR and purity (%) of compounds from series b.

Compound Chemical Name Starting Reagent Yie ld (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

1b
Se-prop-2-ynyl
adamantane-1-
carboselenoate

1-
adamantanecarboxylic
acid

37 Orange liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 3.47 (d, 2H, J = 2.7
Hz, CH2).), 2.15 (t, 1H, J = 2.7 Hz, CH), 2.07 (p, 3H, J =
3.0 Hz, CH-adamantane), 1.91 (d, 6H, J = 3.0 Hz,
CH2-adamantane), 1.77–1.67 (m, 6H, CH2-adamantane). 13C
NMR (100 MHz, CDCl3) δ (ppm): 208.2 (C=O), 81.3
(Calkine), 70.9 (CHalkine), 51.9 (CH2-adamantane), 39.4
(CH2-adamantane), 36.8 (Cadamantane), 28.5
(CH-adamantane), 9.2 (CH2-alkine). 77Se NMR (76 MHz,
CDCl3) δ (ppm): 584

95.9
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Table 2. Cont.

Compound Chemical Name Starting Reagent Yie ld (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

2b Se-prop-2-ynyl
benzoselenoate Benzoyl chloride 54 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.88 (d, 2H, J = 8.1
Hz, Haryl), 7.61 (t, 1H, J = 7.4 Hz, Haryl), 7.47 (t, 2H, J =
7.7 Hz, Haryl), 3.74 (d, 2H, J = 2.3 Hz, CH2), 2.22 (t, 1H, J
= 2.3 Hz, CH). 13C NMR (100 MHz, CDCl3) δ (ppm):
193.1 (C=O), 138.4 (Caryl), 134.2 (Caryl), 129.1 (Caryl),
127.4 (Caryl), 80.5 (C), 71.2 (CH), 10.4 (CH2). 77Se NMR
(76 MHz, CDCl3) δ (ppm): 601

95.9

3b Se-prop-2-ynyl
2-chlorobenzoselenoate

2-chlorobenzoyl
chloride 68 Brown liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.71 (dd, 1H, J =
8.1 Hz, J = 1.3 Hz, Haryl), 7.48–7.42 (m, 2H, Haryl), 7.36
(ddd, 1H, J = 8.1 Hz, J = 5.8 Hz, J = 2.8 Hz, Haryl), 3.75 (d,
2H, J = 2.7 Hz, CH2), 2.23 (t, 1H, J = 2.7 Hz, CH). 13C
NMR (100 MHz, CDCl3) δ (ppm): 192.6 (C=O), 138.0
(Caryl), 133.1 (Caryl), 131.4 (Caryl), 130.5 (Caryl), 129.5,
(Caryl) 127.1 (Caryl), 80.0 (C), 71.5 (CH), 11.9 (CH2). 77Se
NMR (76 MHz, CDCl3) δ (ppm): 645

95.5

4b
Se-prop-2-ynyl 3a,7a-
dihydrobenzo[d][1,3]
dioxole-5-carboselenoate

Piperonylic acid 21 Yellow solid (mp:
50–51 ◦C)

1H NMR (400 MHz, CDCl3) δ (ppm): 7.51 (dd, 1H, J =
8.18 Hz, J = 1.79 Hz, Haryl), 7.32 (d, 1H, J = 1.8 Hz, Haryl),
6.86 (d, 1H, J = 8.18 Hz, Haryl), 6.07 (s, 2H,
CH2-benzodioxol), 3.71 (d, 2H, J = 2.7 Hz, CH2), 2.21 (t, 1H,
J = 2.7 Hz, CH). 13C NMR (100 MHz, CDCl3) δ (ppm):
190.8 (C=O), 152.7 (Caryl), 148.5 (Caryl), 132.9 (Caryl),
124.1 (Caryl), 108.4 (Caryl), 107.1 (Caryl), 102.3
(CH2-benzodioxol), 80.6 (C), 71.1 (CH), 10.5 (CH2). 77Se
NMR (76 MHz, CDCl3) δ (ppm): 592

97.4

5b
Se-prop-2-ynyl
3-phenylprop-2E-
eneselenoate

Cinnamoyl chloride 18 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 7.62–7.54 (m, 3H,
Halkene + Haryl), 7.46–7.37 (m, 3H, Haryl), 6.72 (d, 1H, J =
16.8 Hz, Halkene), 3.69 (d, 2H, J = 2.7 Hz, CH2), 2.21 (t, J =
2.7 Hz, CH). 13C NMR (100 MHz, CDCl3) δ (ppm): 190.4
(C=O), 141.7 (Calkene), 133.9 (Caryl), 131.2 (Calkene), 129.2
(Caryl), 128.7 (Caryl), 126.5 (Caryl), 80.5 (C), 71.2 (CH),
10.4 (CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 623

95.5
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Table 2. Cont.

Compound Chemical Name Starting Reagent Yie ld (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

6b Se-prop-2-ynyl
3-phenylpropaneselenoate

3- phenylpropanoyl
chloride 60 Brown oil

1H NMR (400 MHz, CDCl3) δ (ppm): 7.32–7.17 (m, 5H,
Haryl), 3.57 (d, 2H, J = 2.7 Hz, Se-CH2), 3.01–2.96 (m, 4H,
CH2), 2.19–2.17 (m, 1H, CH). 13C NMR (100 MHz,
CDCl3) δ (ppm): 199.1 (C=O), 139.6 (Caryl), 128.8 (Caryl),
128.4 (Caryl), 126.7 (Caryl), 80.5 (C), 71.1 (CH), 49.3
(CH2-CO), 31.2 (Ph-CH2), 10.3 (Se-CH2). 77Se NMR (76
MHz, CDCl3) δ (ppm): 622

96.0

7b Se-prop-2-ynyl
pyridine-3-carboselenoate Nicotinic acid 10 Brown oil

1H NMR (400 MHz, CDCl3) δ (ppm): 9.09 (d, 1H, J = 2.2
Hz, Hpyridine), 8.82 (dd, 1H, J = 4.8 Hz, J = 1.7 Hz,
Hpyridine), 8.13 (dt, 1H, J = 8.0 Hz, J = 2.2 Hz, Hpyridine),
7.43 (dd, 1H, J = 8.0 Hz, J = 4.8 Hz, Hpyridine), 3.79 (d, 2H,
J = 2.7 Hz, CH2), 2.24 (t, 1H, J = 2.7 Hz, CH). 13C NMR
(100 MHz, CDCl3) δ (ppm): 191.9 (C=O), 154.5
(Cpyridine), 148.5 (Cpyridine), 134.6 (Cpyridine), 134.1
(Cpyridine), 124.0 (Cpyridine), 80.0 (C), 71.7 (CH), 10.9
(CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 612

95.3

8b
Se-prop-2-ynyl
2-chloropyridine-3-
carboselenoate

2-chloronicotinic acid 67 Yellow solid
(mp: 36–37 ◦C)

1H NMR (400 MHz, CDCl3) δ (ppm): 8.54 (dd, 1H, J =
4.8 Hz, J = 1.9 Hz, Hpyridine), 8.02 (dd, 1H, J = 7.7 Hz, J =
1.9 Hz, Hpyridine), 7.37 (dd, 1H, J = 7.7 Hz, J = 4.8 Hz,
Hpyridine), 3.78 (d, 2H, J = 2.7 Hz, CH2), 2.25 (t, 1H, J =
2.7 Hz, CH). 13C NMR (100 MHz, CDCl3) δ (ppm):
191.61 (C=O), 152.2 (Cpyridine), 146.9 (Cpyridine), 137.9
(Cpyridine), 134.4 (Cpyridine), 122.4 (Cpyridine), 79.4 (C),
71.8 (CH), 12.3 (CH2). 77Se NMR (76 MHz, CDCl3) δ
(ppm): 655

95.1
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Table 2. Cont.

Compound Chemical Name Starting Reagent Yie ld (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

9b Se-prop-2-ynyl
thiophene-2-carboselenoate

Thiophen-2-carbonyl
chloride 10 Yellow oil

1H NMR (400 MHz, CDCl3) δ (ppm): 7.78 (dd, 1H, J =
3.9 Hz, J = 1.2 Hz, Hthiophene), 7.70 (dd, 1H, J = 5.0 Hz, J
= 1.2 Hz, Hthiophene), 7.14 (dd, 1H, J = 5.0, J = 3.9 Hz,
Hthiophene), 3.74 (d, 2H, J = 2.7 Hz, CH2), 2.23 (t, 1H, J =
2.7 Hz, CH). 13C NMR (100 MHz, CDCl3) δ (ppm): 183.1
(C=O), 142.9 (Cthiophene), 133.8 (Cthiophene), 132.0
(Cthiophene), 128.1 (Cthiophene), 80.2 (C), 71.3 (CH), 10.6
(CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 598

95.1

10b
Se-prop-2-ynyl
3-chlorothiophene-2-
carboselenoate

3-chlorothiophene-2-
carboxylic
acid

58 Yellow powder
(mp: 53–54 ◦C)

1H NMR (400 MHz, CDCl3) δ (ppm): 7.59 (d, 1H, J = 5.2
Hz, Hthiophene), 7.06 (d, 1H, J = 5.2 Hz, Hthiophene), 3.74
(d, 2H, J = 2.7 Hz, CH2), 2.22 (d, 1H, J = 2.7 Hz, CH). 13C
NMR (100 MHz, CDCl3) δ (ppm): 182.4 (C=O), 136.8
(Cthiophene), 132.0 (Cthiophene), 130.5 (Cthiophene), 128.9
(Cthiophene), 80.0 (C), 71.4 (CH), 11.1 (CH2). 77Se NMR
(76 MHz, CDCl3) δ (ppm): 641

96.0

11b Se-prop-2-ynyl
furan-2-carboselenoate 2-furoyl chloride 53 Yellow oil

1H NMR (400 MHz, CDCl3) δ (ppm): 7.62 (s, 1H, Hfuran),
7.20 (d, 1H, J = 3.6 Hz, Hfuran), 6.58 (dd, 1H, J = 3.3Hz, J
= 1.4 Hz, Hfuran), 3.70 (d, 2H, J = 2.6 Hz, CH2), 2.20 (t,
1H, J = 2.5 Hz, CH). 13C NMR (100 MHz, CDCl3) δ
(ppm): 180.5 (C=O), 151.8 (Cfuran), 146.9 (Cfuran), 115.3
(Cfuran), 113.0 (Cfuran), 80.4 (C), 71.2 (CH), 9.4 (CH2).
77Se NMR (76 MHz, CDCl3) δ (ppm): 605

95.8

12b Se-prop-2-ynyl
isoxazole-5-carboselenoate

Isoxazole-5-
carboxylic
acid

16 Brown oil

1H NMR (400 MHz, CDCl3) δ (ppm): 8.40 (d, 1H, J = 1.9
Hz, Hisoxazole), 6.93 (d, 1H, J = 1.9 Hz, Hisoxazole), 3.78 (d,
2H, J= 2.7 Hz, CH2), 2.24 (t, 1H, J = 2.7 Hz, CH). 13C
NMR (100 MHz, CDCl3) δ (ppm): 181.0 (C=O), 165.5
(Cisoxazole), 151.2 (Cisoxazole), 105.0 (Cisoxazole), 79.2 (C),
72.0 (CH), 10.6 (CH2).77Se NMR (76 MHz, CDCl3) δ
(ppm): 646

95.9
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Table 2. Cont.

Compound Chemical Name Starting Reagent Yie ld (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

13b Se-prop-2-ynyl
2-hydroxybenzoselenoate

O-acetylsalicyloyl
chloride 13 Brown oil

1H NMR (400 MHz, CDCl3) δ (ppm):10.5 (s, 1H, OH), 7.7
(dd, 1H, J = 8.1 Hz, J= 1.5 Hz, Haryl), 7.5 (ddd, 1H, J = 8.5
Hz, J = 7.2 Hz, J = 1.5 Hz, Haryl), 6.98 (dd, 1H, J = 8.5 Hz,
J =1.2 Hz, Haryl), 6.9 (ddd, 1H, J = 8.1 Hz, J = 7.2 Hz, J
=1.2 Hz, Haryl), 3.7 (d, 2H, J = 2.7 Hz, CH2), 2.2 (t, 1H, J =
2.7 Hz, CH). 13C NMR (100 MHz, CDCl3) δ (ppm): 198.6
(C=O), 158.4 (Caryl), 136.6 (Caryl), 129.8 (Caryl), 121.9
(Caryl), 119.96 (Caryl), 118.4 (Caryl), 79.97 (C), 71.6 (CH),
10.6 (CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 594

95.3

14b 2-(prop-2-ynylselanyl)
carbonylphenylacetate

O-acetylsalicyloyl
chloride 10 Orange oil

1H NMR (400 MHz, CDCl3) δ (ppm): 7.8 (dd, 1H, J = 7.8
Hz, J =1.7 Hz, Haryl), 7.5 (ddd, 1H, J = 7.8 Hz, J = 1.7 Hz,
Haryl), 7.2 (ddd, 1H, J = 7.8 Hz, J =1.2 Hz, Haryl), 7.0 (dd,
1H, J = 7.8 Hz, J = 1.2 Hz, Haryl), 3.6 (d, 2H, J = 2.7 Hz,
CH2), 2.3 (s, 3H, CH3), 2.1 (t, 1H, J = 2.7 Hz, CH). 13C
NMR (100 MHz, CDCl3) δ (ppm): 190.1 (Ph-C=O), 168.9
(H3C-C=O), 147.5 (Caryl), 134.2 (Caryl), 130.8 (Caryl),
129.6 (Caryl), 126.3 (Caryl), 124.1 (Caryl), 80.1 (C), 71.3
(CH), 21.2 (CH3), 10.9 (CH2). 77Se NMR (76 MHz,
CDCl3) δ (ppm): 638

95.5

15b
Se-prop-2-ynyl
2-(4-isobutylphenyl)
propaneselenoate

2-(4-isobutylphenyl)
propanoic acid
(Ibuprofen)

29 Orange oil

1H NMR: (400 MHz, CDCl3) δ (ppm): 7.2 (d, 2H, J = 8.1
Hz, Haryl), 7.1 (d, 2H, J = 8.1 Hz, Haryl), 3.9 (q, 1H, J = 7.1
Hz, Ph-CH), 3.5 (dd, 2H, J = 2.7 Hz, Se-CH2), 2.5 (d, 2H, J
= 7.2 Hz, Ph-CH2), 2.1 (t, 1H, J = 2.7 Hz, CH), 1.9 (septet,
J= 7.2 Hz, CH-(CH3)2), 1.6 (d, 3H, J = 7.2 Hz, CH3), 0.9
(d, J = 7.2 Hz, CH-(CH3)2). 13C NMR (100 MHz, CDCl3)
δ (ppm): 201.9 (C=O), 140.7 (Caryl), 134.5 (Caryl), 128.5
(Caryl), 127.4 (Caryl), 79.5 (C), 69.7 (CH), 56.1 (Ph-CH),
44.1 (Ph-CH2), 29.1 (CH-(CH3)2), 21.4 (CH-(CH3)2), 16.6
(CH3), 9.3 (Se-CH2). 77Se NMR (76 MHz, CDCl3) δ
(ppm): 612

95.9
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Table 2. Cont.

Compound Chemical Name Starting Reagent Yie ld (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

16b
Se-prop-2-ynyl (S)-2-(6-
methoxynaphthalen-2-
yl)propaneselenoate

(2S)-2-(6-
methoxynaphtalen-
2-yl) propanoic acid
(Naproxen)

26 Orange oil

1H NMR: (400 MHz, CDCl3) δ (ppm): 7.7 (d, 2H, J = 8.6
Hz, Haryl), 7.7 (d, 2H, J= 1.9 Hz, Haryl), 7.4 (dd, 1H, J =
8.6 Hz, J = 1.9 Hz, Haryl), 7.2 (dd, 1H, J = 8.9 Hz, J = 2.5
Hz, Haryl), 7.1 (d, 1H, J = 2.5 Hz, Haryl), 4.0 (q, 1H, J = 7.1
Hz, Naph-CH), 3.9 (s, 3H, OCH3), 3.46 (dd, 2H, J =2.7
Hz, Se-CH), 2.1 (t, 1H, J = 2.7 Hz, CH), 1.6 (d, 3H, J = 7.1
Hz, CH3). 13C NMR (100 MHz, CDCl3) δ (ppm): 202.9
(C=O), 158.1 (Caryl), 134.3 (Caryl), 133.4 (Caryl), 129.5
(Caryl), 128.8 (Caryl), 127.7 (Caryl), 127.4 (Caryl), 126.8
(Caryl), 119.3 (Caryl), 105.7 (Caryl), 80.4 (C), 70.8 (CH),
57.4 (C2), 55.4 (Naph-CH), 17.7 (CH3), 10.5 (OCH3). 77Se
NMR (76 MHz, CDCl3) δ (ppm): 619

95.0

17b

Se-prop-2-ynyl
2-(1-(4-chlorobenzoyl)-5-
methoxy-2-methyl-1H-
indol-3-yl)ethaneselenoate

2-[1-(4-
chlorobenzoyl)-5-
methoxy-2-
methylindol-3-yl]
acetic acid
(Indomethacin)

20 White solid
(mp: 101–102 ◦C)

1H NMR: (400 MHz, CDCl3) δ (ppm): 7.7 (d, 2H, J = 8.4
Hz, Haryl), 7.5 (d, 2H, J = 8.4 Hz, Haryl), 6.9 (d, 1H, J = 9.0
Hz, Hindol), 6.9 (d, 1H, J = 2.5 Hz, Hindol), 6.7 (dd, J = 9.0
Hz, J = 2.5 Hz, Hindol), 3.9 (s, 2H, Indol-CH2), 3.8 (s, 3H,
OCH3), 3.5 (d, 2H, J = 2.7 Hz, Se-CH2), 2.4 (s, 3H, CH3),
2.1 (t, 1H, J = 2.7 Hz, CH). 13C NMR (100 MHz, CDCl3) δ
(ppm): 199.4 (CH2-C=O), 168.4 (Ph-C=O), 156.4 (Cindol),
139.7 (Caryl), 137.9 (Cindol), 133.7 (Caryl), 131.4 (Caryl),
131.0 (Cindol), 130.6 (Cindol), 129.4 (Caryl), 115.2 (Cindol),
112.3 (Cindol), 110.8 (Cindol), 101.0 (Cindol), 80.4 (C), 71.1
(CH), 55.9 (OCH3), 42.3 (Indol-CH2), 13.7 (CH3), 10.5
(Se-CH2). 77Se NMR (76 MHz, CDCl3) δ (ppm): 639

95.1
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Table 2. Cont.

Compound Chemical Name Starting Reagent Yie ld (%) Appearance 1H, 13C, and 77Se NMR Spectra
Purity (%)
(1H q-NMR)

18b
Se-prop-2-ynyl
2-(2,3-dimethylphenyl)
aminobenzoselenoate

Mefenamic acid 10 Orange oil

1H NMR (400 MHz, CDCl3) δ (ppm): 9.3 (s, 1H, NH),
7.80-7.76 (m, 1H, Haryl), 7.31-7.22 (m, 1H, Haryl),
7,13-7.10 (m, 2H, Haryl), 7.1 (dd, 1H, J = 5.3 Hz, J = 3.7
Hz, Haryl), 6.73–6.67 (m, 2H, Haryl). 3.7 (d, 2H, J = 2.7
Hz, CH2), 2.3 (s, 3H, Ph-CH3), 2.2 (t, 1H, J = 2.7 Hz, CH),
2.2 (s, 3H, Ph-CH3). 13C NMR (100 MHz, CDCl3) δ
(ppm): 193.8 (CO), 146.8 (Caryl), 138.5 (Caryl), 137.96
(Caryl), 135.2 (Caryl), 133.0 (Caryl), 131.6 (Caryl), 127.6
(Caryl), 126.2 (Caryl), 123.8 (Caryl), 119.7 (Caryl), 116.7
(Caryl), 114.4 (Caryl), 81.0 (C), 70.9 (CH), 20.7 (Ph-CH3),
14.2 (Ph-CH3), 10.4 (CH2). 77Se NMR (76 MHz, CDCl3) δ
(ppm): 594

96.9

19b

2-(prop-2-yn-1-ylselanyl)
carbonyl-6-(3-
trifluoromethyl)
phenylaminobenzoic acid

Flufenamic acid 10 Yellow liquid

1H NMR (400 MHz, CDCl3) δ (ppm): 9.5 (s, 1H, NH), 7.8
(dd, 1H, J = 8.1 Hz, J =1.5 Hz, Haryl), 7.5 (t, 1H, J = 1.9
Hz, Haryl), 7.45 (d, 1H, J = 7.6 Hz, Haryl), 7.41 (q, 1H, J =
1.9 Hz, Haryl), 740–7.37 (m, 1H, Haryl), 7.35 (d, 1H, J = 7.6
Hz, Haryl), 7.24 (dd, 1H, J = 8.6 Hz, J = 1.1 Hz, Haryl), 6.9
(ddd, 1H, J = 8.1 Hz, J =7.0 Hz, J = 1.1 Hz, Haryl), 3.7 (d,
2H, J = 2.7 Hz, CH2), 2.2 (t, 1H, J = 2.7 Hz, CH). 13C
NMR (100 MHz, CDCl3) δ (ppm): 194.9 (CO), 143.9
(Caryl), 140.95 (Caryl), 135.3 (Caryl), 132.3 (Caryl), 131.96
(Caryl), 131.8 (Caryl), 130.2 (Caryl), 125.4 (Caryl), 121.8
(CF3), 120.5 (Caryl), 118.96 (Caryl), 118.9 (Caryl), 114.8
(Caryl), 80.7 (C), 71.1 (CH), 10.8 (CH2). 77Se NMR (76
MHz, CDCl3) δ (ppm): 606

98.0
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2.2. Biology
2.2.1. DPPH Free Radical-Scavenging Assay

The antioxidant activity was determined by the colorimetric assay of DPPH, described
by Svinyarov [79], in which the capacity of the compounds for scavenging radicals in vitro
is measured. It is based on the reduction of a stable free radical, DPPH, with the presence
of antioxidants, by the donation of a hydrogen atom. Then, this reduction of DPPH causes
the decrease in its absorbance at 517 nm, and the corresponding DPPH radical-scavenging
activity can be determined. The measurements were recorded on a BioTeck PowerWave XS
spectrophotometer (BioTeck Instruments, Winooski, VT, USA) and the data were collected
using KCJunior v.1.41. software (BioTeck Instruments, Winooski, VT, USA).

Each compound was dissolved in absolute methanol at the concentration of 1 mg/mL,
and then, serial dilutions were prepared. Ascorbic acid and trolox were used as positive
controls because of their well-known and potent antioxidant capacity. A methanolic
solution (0.04 mg/mL) of DPPH (Aldrich) was prepared daily and was protected from light.
The blank of colorless sample was absolute methanol. Moreover, 100 µL of each sample
were dissolved in 100 µL of DPPH solution, and the control was prepared dissolving 100 µL
of absolute methanol in 100 µL of the DPPH solution. The decolorization of the purple
radical to the yellow reduced form was followed at 517 nm and the absorbances were read
after different times intervals. All the measurements were carried out in triplicate. Results
are expressed as the percentage of the radical scavenger, calculated using the following
formula:

% DPPH radical scavenging =
(Acontrol − Ablank)−

(
Asample − Ablank

)
(Acontrol − Ablank)

2.2.2. Cell Culture Conditions

The cell lines were obtained from the American Type Culture Collection (ATCC).
Five tumor cell lines (MDA-MB-231, MCF-7, HCT116, HTB-54, and DU-145) and two non-
tumorigenic cells (184B5 and BEAS-2B) were grown in RPMI 1640 medium (Gibco), and the
HT-29 tumor cell line was grown in McCoy’s medium. Both mediums were supplemented
with 10% fetal bovine serum (FBS; Gibco) and 1% antibiotics (10.00 units/mL penicillin and
10.00 µg/mL streptomycin; Gibco). Cells were preserved in tissue culture flasks at 37 oC
and 5% CO2. The culture medium was replaced every three days.

2.2.3. Cell Viability Assay

The effect of each compound on cell viability was tested using the MTT assay [80].
Each compound was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 0.01 M.
At first, the inhibition of cell viability was determined at two different concentrations
(10 and 50 µM) in MDA-MB-231, HTB-54, DU-145 and HT-29 cells. Selected compounds
were then tested at seven different concentrations (0.5–100 µM) in MCF-7, HCT116, HT-29,
HTB-54, 184B5 and BEAS-2B cells. Cells were seeded at 104 per well onto flat-bottomed
96-well culture plates. They were treated with either DMSO or increasing concentration
of the corresponding compound for 48 h. Then, they were incubated with 20 µL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (2 mg /mL stock; Aldrich)
for 2,5 h and analyzed for their ability to generate a purple formazan dye. These formazan
crystals were dissolved in 50 µL of DMSO. The absorbance was measured at a wavelength
of 550 nm and the ratio of viable cells was calculated.

Results are expressed as cell viability % at 10 µM. Selectivity index were calculated as
the ratio of the IC50 values determined for the non-malignant and the tumor cells in breast
(IC50 (184B5)/IC50 (MCF-7)) and lung (IC50 (BEAS-2B)/IC50 (HTB-54)) cell lines. Data were
obtained from at least three independent experiments performed in triplicates.
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2.2.4. NCI-60 Analysis

Compounds 14a and 17a were submitted to the Developmental Therapeutics Program
(DTP) of National Cancer Institute (NCI). Cytotoxicity activity was evaluated by performing
One-Dose screening (10−5 M) against a panel of 60 human tumor cell lines. As both
compounds demonstrated effective cytotoxic activity, they were selected for the Five-Dose
(0.01 µM–100 µM) assay against the same cell panel comprising different leukemia, non-
small cell lung, colon, central nervous system (CNS), melanoma, ovarian, renal, prostate
and breast tumor cell lines. Cells grew in the RPMI 1640 medium containing 5% fetal bovine
serum and 2 mM L-glutamine and were inoculated into 96-well microtiter plates in 100 µL
at plating densities ranging from 5.000 to 40.000 cells/well. The microtiter plates inoculated
with cells were incubated at 37 ◦C, in 5% humidified CO2 for 24 h prior to addition of
experimental drugs. Then, experimental drugs were added, and the microtiter plates
were incubated for 48 h. The protocol is available on https://dtp.cancer.gov/discovery_
development/nci-60/methodology.htm accessed on 31 December 2022.

2.2.5. AChE Inhibition

The AChE inhibitory capacity of the synthesized compounds, 1a–19a and 1b–19b, was
assessed spectrophotometrically by Ellman’s method [81] with minor modifications [82].
Frontal cortex tissue obtained from male Wistar rats was homogenized in 39 volumes of
75 mM sodium phosphate buffer (pH 7.4). A mixture of 260 µL containing the compounds
assessed, acetylthiocholine iodide and 5 µL tissue homogenate was incubated for 8 min.
The reaction was then terminated by adding 50 µL 3% (w/v) sodium dodecyl sulphate
followed by 50 µL 0.2% (w/v) 5,5′-dithio-bis(2-nitrobenzoic) acid to produce the yellow
anion of 5-thio-2-nitro-benzoic-acid. The extent of the color production was measured
spectrophotometrically at 405 nm using Multiskan Ex (Thermo Electron Corporation).
Compounds were assessed at a screening concentration of 10−6 M. IC50 values were
calculated as the concentration of compound that produces 50% enzyme activity inhibition
with the OriginPro 9.0.0 software. Results are expressed as the mean ± SD and each
experiment was repeated three times.

2.2.6. In Vitro Brain–Blood Barrier Permeation Study

The parallel artificial membrane permeability assay (PAMPA) described by Di et al.
was used to evaluate the brain penetration of the compounds 10a, 13a, 14a, and galantamine
(used as reference drug) [83]. Franz diffusion cells (Microette 8910130, Hanson Research)
were employed to perform this assay. The compounds were dissolved in DMSO at 5 mg/mL
and diluted to 500 µg/mL with phosphate-buffered saline (PBS)/EtOH (7:3) to make a
stock solution. A total of 10 µL of porcine brain lipid (PBL) diluted in dodecane solution
(20 mg/mL) was spread onto a PVDF membrane that was placed between the donor and
acceptor compartments, forming a sandwich structure. Then, 4.5 mL of PBS/EtOH (7:3)
was added to the acceptor compartment and 700 µL of the stock solution was added to the
donor cell. After maintaining this structure for 20 h at 25 ◦C, the donor cell was carefully
removed, and the concentrations of the tested compounds in the acceptor and donor cells
were measured as UV-visible (λ = 272 nm for compound 10a, and λ = 290 nm for compound
14a and galantamine) (8453 UV-Visible Agilent Technologies). The concentration of the
compound was calculated from the standard curve and expressed as permeability (Pe) by
the following formula [84]:

Permeability (cm/s): Pe = {−ln [1 − CA(t)/Ceq]}/[A ∗ (1/VD + 1/VA) ∗ t]

A = filter area (0.636 cm3), VD = donor cell volume (0.7 mL), VA = acceptor cell volume
(4.5 mL), t = incubation time, CA (t) = compound concentration in acceptor cell at time t,
CD (t) = compound concentration in donor cell at time t, and Ceq = [CD(t) ∗ VD + VA(t) ∗
VA]/(VD + VA).

https://dtp.cancer.gov/discovery_development/nci-60/methodology.htm
https://dtp.cancer.gov/discovery_development/nci-60/methodology.htm
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Every sample was analyzed at least in duplicate and the data were reported as mean
± SD.

2.2.7. Statistical Analysis

Data were expressed as the mean ± SD (standard deviation) and experiments were
performed three times in triplicates unless otherwise specified. Non-linear curve regression
analysis calculated by OriginPro 9.0.0 software (OriginLab Corporation; Northampton,
MA, USA) was used to assess the IC50. Data were analyzed using GraphPad Prism version
8.0.2 (GraphPad Software; San Diego, CA, USA).

2.3. Molecular Dynamics Simulations

The following crystal structures deposited in the Protein Data Bank (PDB) under the
ID 4BDT [85] and 4EY6 [86] were used to prepare the starting structure to run the Molecular
Dynamics Simulations (MD). The ligand (galantamine) of the 4BDT structure was replaced
by the different selenium derivatives before running the MD simulations. Both the system
preparation and the simulations were performed in the AMBER 18 suite software. The
protocol for the system preparation and the MD simulations is detailed as follows. Firstly,
the system is neutralized by adding sodium ions and later immersed in a cubic box of
10 Å length, in each direction from the end of the protein, using TIP3P water parameters.
The force fields used to obtain topography and coordinates files were ff14SB [87] and
GAFF [88]. The first step of the simulation protocol followed to run the MD simulations is
a minimization of the solvent molecules position only, keeping the solute atom positions
restrained, and the second stage minimizes all the atoms in the simulation cell. Heating
the system is the third step, which gradually raises the temperature 0 to 300 K under
a constant volume (ntp = 0) and periodic boundary conditions. In addition, Harmonic
restraints of 10 kcal·mol−1 were applied to the solute, and the Berendsen temperature
coupling scheme [89] was used to control and equalize the temperature. The time step was
kept at 2 fs during the heating phase. Long-range electrostatic effects were modelled using
the particle-mesh-Ewald method [90]. The Lennard-Jones interactions cut-off was set at 8 Å.
An equilibration step for 100 ps with a 2 fs time step at a constant pressure and temperature
of 300 K was performed prior to the production stage. The trajectory production stage
kept the equilibration step conditions and was prolonged for 500 ns longer at the 1 fs time
step. In addition, the selenium derivatives required a previous preparation step where
the parameters and charges were generated by using the antechamber module of AMBER,
using the GAFF force field and AM1-BCC method for charges [91].

3. Results and Discussion
3.1. Synthesis of Target Compounds

We hypothesized that small molecules containing Se-allyl or Se-propargyl functionali-
ties, mimicking active ingredients of natural products, would yield potent antitumor and
anti-Alzheimer agents. Thus, a total of 38 new selenocompounds, grouped in two series,
were obtained following the synthetic procedure depicted in Scheme 1. Series a comprises
Se-allyl and series b consists of Se-propargyl, all of which are decorated with cynnamoyl,
hydrocynnamoyl, adamantyl, phenyl, small heterocycles, and NSAID derivatives (see
Figure 2).
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Scheme 1. Synthesis procedure to yield 1a–19a and 1b–19b derivatives. Reagents and conditions:
(i) H2O, 20 min, and room temperature; (ii) THF/H2O, 60 min, and room temperature; (iii) ClCO-
COCl, CH2Cl2, 12 h, and room temperature; (iv) BrCH2CH=CH2 or BrCH2C≡CH, THF/H2O, 90 min,
and room temperature.
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Compounds were synthesized following three reaction steps represented in Scheme 1.
This synthesis procedure was previously reported with slight modifications [92]. First, the
starting reagent sodium selenide (NaSeH), which was common to all the target compounds,
was synthesized in good yields. For that, elemental Se was reduced by NaBH4 in water.
Once the selenating agent was synthesized, the corresponding acid chloride was added
to the reaction mixture to form the corresponding sodium selenoate by a nucleophilic
acyl substitution. The yield of this reaction step depends on the acid chloride aqueous
solubility. Finally, the target compounds were obtained through a nucleophilic substitution
over the allyl/propargyl bromide. Allyl/propargyl bromide are organic reagents with
poor aqueous solubility, making the addition of tetrahydrofuran necessary to achieve good
yields. The synthetic procedure was carried out in one-pot and yields ranging from 10 to
68% were achieved. The structures of all the synthetic compounds were confirmed using
spectroscopic methods (1H NMR, 13C NMR, and 77Se NMR).

3.2. In Vitro Biological Evaluation
3.2.1. Antioxidant Activity

One of the common features of cancer and AD is oxidative damage. Therefore, it is
feasible to believe that the development of a molecule with antioxidant capacity could be
beneficial for the prevention and/or treatment of both diseases. Taking this objective into
account, radical scavenging ability of the synthesized compounds were evaluated using the
DPPH assay. Firstly, determinations were performed at 0.03 mg/mL in the time range (0, 5,
15, 30, 60 and 90 min). Ascorbic acid and trolox were used as the positive controls. The data
are expressed as a percentage of DPPH scavenging activity in at least three independent
experiments performed in triplicates (Table S2). Compound 13a stood out as the only
active compound showing a DPPH scavenging activity of 22.38% at 90 min. Thus, further
determinations of compound 13a were performed at five different concentrations ranging
from 3.00 × 10−4 to 0.30 mg/mL and were recorded at different time points (15, 30, 60, 90,
120, 150, and 180 min). The data are expressed as the percentage of cell growth ± SD in at
least three independent experiments performed in triplicates (Table S3).

Compound 13a was able to scavenge the DPPH activity, with values that reached 76%
of inhibition at 0.3 mg/mL (see Figure 3). It showed concentration- and time-dependent
radical scavenging activity in vitro.
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Figure 3. Analysis of DPPH radical scavenging activity for compound 13a at different concentrations
and different time points. Data correspond to at least three independent experiments.

3.2.2. Antiproliferative Activity

As a first approach, all the compounds were tested in vitro against lung (HTB-54),
prostatic (DU-145), colon (HT-29), and triple-negative breast (MDA-MB-231) cancer cell
lines at two concentrations (50 and 10 µM) for 48 h. Then, the MTT colorimetric assay [67]
was used to evaluate cell proliferation after the treatment. The data are expressed as the
percentage of cell growth ± SD in at least three independent experiments performed in
quadruplicates (Table S1). Results at 10 µM concentration are summarized in Figure 4.
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correspond to at least three independent experiments.

As shown in Figure 4, some compounds were active under our experimental condi-
tions. These results allowed us to determine some preliminary structure-activity relation-
ships, since:

• The presence of the propargyl group leads to a lower antiproliferative effect (series b)
compared to compounds of series a, that showed more activity against the four cancer
cell lines.

• Among the compounds of series a:

• The presence of the adamantyl ring (compound 1a) instead of a benzene ring
(compound 2a) failed to increase the antiproliferative activity.

• Among the different substituents of the phenyl ring, the incorporation of the chlo-
rine atom in the “2” position of the ring (compound 3a) seems to not be important
for the inhibition of cell viability, as no significant differences were observed
with the unsubstituted phenyl ring compound (compound 2a). Nevertheless, the
presence of the benzodioxol ring (compound 4a), which is a benzene derivative
containing the methylenedioxyl functional group, appears to lose cytotoxic effect
in HTB-54, DU-145, and MDA-MD-231 cancer cell lines, whereas it seems to be
active in the HT-29 cancer cell line compared to the unsubstituted phenyl ring
compound (compound 2a).

• The unsaturation of the 2-carbon linker (compound 5a) between the phenyl ring
and the carbonyl group seems to lose the cell inhibitory effect, since the saturated
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linker leads to a higher antiproliferative activity (compound 6a). Moreover, no
significant differences were observed with the phenyl ring compound directly
bonded to the carbonyl group (compound 2a).

• The incorporation of a chlorine atom in position “2” of the pyridyl ring seems
not to be important for the inhibition of the cell viability, since no significant
differences were observed between the chlorine-substituted derivative and the
unsubstituted derivative (compounds 8a and 7a, respectively).

• Nevertheless, the incorporation of a chlorine atom in position “3” of the thio-
phenyl ring (compound 10a) does appear to increase the inhibition of cell viability
compared to the unsubstituted ring (compound 9a).

• The presence of a furyl ring instead of a thiophenyl ring leads to increased cyto-
toxic activity (compounds 9a and 11a, respectively). In contrast, the incorporation
of the isoxazolyl ring in place of the furyl ring results in less inhibition of cell
viability (compounds 11a and 12a, respectively).

• NSAIDs derivatives appear to exert greater anti-proliferative activity than carbo-
and hetero-cycle derivatives (compounds 13a–19a). Aspirin, ibuprofen, naproxen,
and indomethacin derivatives (compounds 14a, 15a, 16a, and 17a, respectively)
stand out by demonstrating cell viability of less than 55% at 10 µM against the
panel of the four cancer cell lines. The mefenamic acid derivative (compound 18a)
showed selectivity against the lung cancer HTB-54 cell line. The flumenamic acid
derivative (compound 19a), however, showed potent anti-proliferative activity
against three tumor lines (HTB-54, DU-145, and HT-29) with no activity against
the MDA-MD-231 tumor line.

As shown in Figure 4, compounds 14a–17a were found to be the most active, as ones
with a reduction of the cell growth greater than 45%, after 48h of treatment at 10 µM in
at least 3 of the 4 tumor cell lines. Thus, they were selected to further investigate the
cytotoxicity at seven concentrations between 0.1 and 100 µM against HTB-54 (lung), HT-29
(colon), HCT116 (colon), and MCF-7 (breast) cancer cell lines. Moreover, these compounds
were also evaluated against mammary gland (184B5) and bronchial epithelium (BEAS-2B)
nonmalignant cell lines, and the selectivity indexes (SI) were determined as the ratio of IC50
values obtained for nonmalignant cells and the homolog cancer cells. IC50 and SI values are
shown in Table 3. The selected cancer cell lines displayed sensitivity to the action of these
Se-derivatives. In this context, compounds 14a and 17a exhibited potent antiproliferative
activity with IC50 values below 10 µM in all tested cancer cell lines. Interestingly, these
Se-NSAID derivatives showed greater antiproliferative activity than their parent drug
(Table 3). Thus, the introduction of the selenoester moiety along with the allyl chain in the
structure of NSAIDs led to far more potent analogs. However, these compounds exhibited
SI values below 1.5 in breast and lung cancer. It is known that high SI values are desirable
since they reflect efficacy with less toxicity. Remarkably, these NSAID derivatives that
present the allyl chain in their structure, demonstrated slightly better cytotoxic activity
than other Se-NSAID derivatives recently published in relation to MCF-7 cells [93].
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Table 3. IC50 values (in µM) for compounds, 14a–17a, and the parent NSAIDs in HTB-54, HT-29,
HCT116, MCF-7, BEAS-2B and 184B5 cell lines, and selectivity indexes.

Compounds Cell Lines

HTB-54 HT-29 HCT116 MCF-7 BEAS-2B SI a 184B5 SI b

14a 9.9 ± 1.1 6.4 ± 1.0 5.9 ± 0.8 9.9 ± 0.9 7.1 ± 2.4 0.7 10.2 ± 0.1 1.0
15a 23.5 ± 5.8 9.2 ± 0.7 10.2 ± 0.1 11.2 ± 0.2 11.1 ± 2.6 0.5 11.5 ± 1.4 1.1
16a 9.9 ± 0.3 9.4 ± 0.6 27.1 ± 2.7 10.9 ± 1.3 14.7 ± 8.7 1.5 11.1 ± 1.1 1.0
17a 7.9 ± 1.9 5.9 ± 0.8 7.0 ± 0.9 9.8 ± 0.3 6.3 ± 2.3 0.8 13.3 ± 3.9 1.4

ASA c >100 >100 - >100 - - - -
Ibuprofen d - >50 - - - - - -
Naproxen c >100 >100 - >100 - - - -

Indomethacin c >100 >100 - >100 - - - -

IC50 values are presented as the mean ± SD of at least three independent experiments determined by the
MTT assay. a SI calculates in lung cells as IC50 (BEAS-2B)/IC50 (HTB-54). b SI calculated in breast cells as
IC50 (184B5)/IC50 (MCF-7). c Taken from Ref [93]. d Taken from Ref [56].

3.2.3. NCI-60 Analysis of the Compounds 14a and 17a

Compounds 14a and 17a showed the lowest IC50 values against the tested cancer cell
lines. Therefore, they were further submitted to the Developmental Therapeutics Program
(DTP) of National Cancer Institute (NCI). Both compounds presented promising results
in the One Dose (10 µM) assay against a panel of 60 cancer cell lines (Figures S1 and S2).
Compound 14a demonstrated a mean growth percent of −5.89 and compound 17a showed
a mean growth percent of −26.70. In most of the cancer cell lines, both molecules presented
cytotoxic behavior after 48 h of treatment, highlighting ovarian and CNS cancer cell lines,
which are among the most resistant to current treatments. Given the promising results,
both compounds were selected to perform five dose assays, in which compounds were
tested against the same panel of 60 cancer cell lines for 48 h at 5 different concentrations.
Dose-response curves were determined and GI50, TGI, and LD50 values were calculated for
each compound in each cancer cell line. Results are depicted on Figures 5, S3 and S4. Both
compounds showed average GI50 values in the low micromolar range (1.79 µM for 14a and
1.74 µM for 17a), lower than other cytotoxic drugs such as gefitinib (3.24 µM), oxaliplatin
(2.89 µM), and 5-fluorouracil (57.5 µM) in the same cell line panel [94]. In addition, these
compounds were highlighted for the potent antiproliferative activity against the most
resistant cancer cell lines of the panel [95]. Compound 14a showed GI50 values of 0.34 µM,
0.49 µM, 1.9 µM, 1.9 µM, and 1.5 µM against NCI-H322M (non-small cell lung), SNB-
19 (CNS), SK-MEL-5 (melanoma), OVCAR-3 (ovarian), and OVCAR-8 (ovarian) cancer
cell lines, respectively. Likewise, compound 17a demonstrated GI50 values of 0.42 µM,
0.66 µM, 1.7 µM, 1.8 µM, and 1.7 µM against the same cancer cell lines, respectively. These
outstanding results emphasize the successful design of these hybrid molecules combining
NSAIDs and allylic fragments derived from natural products, to achieve molecules with
high antiproliferative activity.
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Figure 5. Representation of GI50 (A,B), TGI (C,D), and LC50 (E,F) values of compounds 14a (A,C,E) 

and 17a (B,D,E) in the 60 cancer cell lines tested and grouped by cancer type. Values over 100 µM 

are represented as 100 µM. The LC50 values of some cell lines were not determined. Blue lines rep-

resent mean value in each cancer type. 
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Figure 5. Representation of GI50 (A,B), TGI (C,D), and LC50 (E,F) values of compounds 14a (A,C,E)
and 17a (B,D,E) in the 60 cancer cell lines tested and grouped by cancer type. Values over 100 µM are
represented as 100 µM. The LC50 values of some cell lines were not determined. Blue lines represent
mean value in each cancer type.
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3.2.4. AChE Inhibition

With the aim of developing dual compounds for the treatment of cancer and AD, all
compounds were evaluated as inhibitors of AChE enzyme. AChE enzyme has played a
major role in AD, since clinical data have demonstrated that the brain of patients with AD
have significant neurodegeneration, reduced cholinergic neurons, and a severe deficiency
of acetylcholine (ACh) [68]. Therefore, inhibitors of this enzyme have been developed for
the treatment of this disease, such as galantamine, donepezil, rivastigmine, and tacrine.

All the synthetic derivatives were tested and commercially available galantamine was
used as a reference standard. In the screening at 1 µM (see Table 4), most of the compounds
showed a moderate AChE inhibition, with values ranging from 15 to 30%, and no significant
differences were observed between allyl and propargyl derivatives. However, compounds
10a, 13a and 14a demonstrated inhibitory activity similar to galantamine, with inhibition
values of 42.46%, 51.80%, and 43.46%, respectively. Therefore, their dose-response curves
were determined, and they showed IC50 values in the low micromolar range (Table 4).
Compound 10a, presenting both the 2-(3-chloro)thiophenyl and allyl fragments, exhibited
an IC50 value of 2.4 µM, which is comparable to galantamine activity. Compound 13a, the
salicyl and allyl derivative, showed an IC50 value greater than galantamine, and compound
14a (the aspirin and allyl derivative), demonstrated an IC50 of 0.9 µM lower than the IC50
value of galantamine. Thus, compound 14a has exhibited similar or even slightly greater
AChE inhibitory activity than galantamine. Figure 6 depicts the dose-inhibition curve of
compound 14a and galantamine.

Table 4. Inhibition % of AChE at 10−6 M and IC50 values.

Series a Series b

Compound % AChE
Inhibition e IC50 (µM) e Compound % AChE

Inhibition e

1a 19.3 ± 4.1 - 1b 18.0 ± 7.9
2a 22.6 ± 1.6 - 2b 26.9 ± 7.3
3a 21.5 ± 7.5 - 3b 23.7 ± 9.0
4a 2.5 ± 9.3 - 4b 16.5 ± 10.6
5a 8.7 ± 4.9 - 5b 26.0 ± 3.7
6a 18.7 ± 12.4 - 6b 24.5 ± 6.7
7a 13.6 ± 5.5 - 7b 24.9 ± 2.2
8a 6.3 ± 4.1 - 8b 17.1 ± 10.1
9a 25.9 ± 2.4 - 9b 20.6 ± 2.7
10a 42.5 ± 6.4 2.4 ± 1.2 10b 24.4 ± 7.1
11a 18.6 ± 2.8 - 11b 27.2 ± 4.1
12a 4.2 ± 6.7 - 12b 21.7 ± 7.9
13a 51.8 ± 4.0 5.2 ± 2.3 13b 21.5 ± 9.5
14a 43.5 ± 2.6 0.9 ± 0.2 14b 21.1 ± 5.2
15a 19.3 ± 0.1 - 15b 8.5 ± 11.1
16a 20.3 ± 4.2 - 16b 16.2 ± 2.3
17a 19.2 ± 8.3 - 17b 23.0 ± 6.7
18a 18.4 ± 3.6 - 18b 20.0 ± 2.40
19a 19.3 ± 2.0 - 19b 21.1 ± 2.6
Galantamine 46.6 ± 8.3 2.0 ± 1.1 Galantamine 46.6 ± 8.3

e Inhibition % values and IC50 values are presented as the mean ± SD of at least three independent experiments
determined by the Ellman’s method.
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3.2.5. In Vitro Blood–Brain Barrier Permeation Assay

Good penetration through the blood–brain barrier (BBB) is a necessary condition for
drugs designed for the treatment of AD. Therefore, the BBB penetration of the compounds
that were found to be the most potent in vitro AChE inhibitors (10a, 13a, and 14a) together
with galantamine were tested using the PAMPA-BBB assay [83]. This assay measures
the passive diffusion of a compound across a membrane coated with PBL. It is known
that compounds with a Pe value greater than 4 × 10−6 cm s−1 can easily cross the BBB
and reach the CNS, whereas compounds with a Pe value below 2 × 10−6 cm s−1 cannot
pass it. Compound 13a was tested but signs of degradation were shown through the
experiment. Compounds 10a and 14a showed 3-fold higher Pe values (38.63 × 10−6

and 36.92 × 10−6 cm s−1, respectively) compared to galantamine (12.27 × 10−6 cm s−1).
Moreover, the simulation performed with the preADMET predictor was confirmed by
the experimentally obtained data, as both studies suggest higher BBB penetration for
compounds 10a and 14a compared to galantamine (reference drug). Results are depicted in
Table 5.

Table 5. Permeability results (Pe) in the PAMPA-BBB assay and in silico prediction.

Experimental In Silico Prediction
Compound Pe ± SD (×10−6 cm s−1) BBB Permeation Score a BBB Permeation
10a 38.6 ± 1.3 High 1.811 Medium–high
14a 36.9 ± 0.1 High 1.973 Medium–high
Galantamine 12.3 ± 3.1 High 0.590 Low–medium

Data correspond to at least three independent experiments. High BBB permeation predicted; Pe (10−6 cm s−1)
> 4.0; low BBB permeation predicted; Pe (10−6 cm s−1) < 2.0; BBB permeation uncertain; Pe (10−6 cm s−1) from
4.0 to 2.0. a Calculated using preADMET predictor (https://preadmet.webservice.bmdrc.org/, accessed on 21
November 2022). BBB permeation < 0.1 (low CNS absorption), values ≈ 0.1–2 (medium CNS absorption) and
values > 2 (high CNS absorption) [96].

https://preadmet.webservice.bmdrc.org/
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3.3. Molecular Dynamics Simulations

The structure of AChE has been extensively studied since it was first characterized
in 1991 [97]. The active site of AChE is not on the surface of the protein but is inside a
20 Å deep gorge lined with many aromatic residues. At the entrance to the gorge is the
peripheral anionic site (PAS), where aromatic residues (predominantly tryptophan) interact
with cationic ligands. This interaction can also be observed at the catalytic anionic site
(CAS), which is located at the base of the gorge. PAS plays a key role in the binding and
orientation of acetylcholine into the gorge. Acetylcholine transiently forms a π-cation
interaction with tryptophan and the carbonyl of the acetyl group forms a weak hydrogen
bridge with tyrosine further down the gorge. These interactions position the acetylcholine
towards the active site. At the base of the gorge, a second tryptophan plays a key role in
the CAS. Again, acetylcholine forms a π-cation interaction between its quaternary amine
and the tryptophan ring. The acetyl group is bound in the acyl pocket, formed from further
aromatic residues (Phe295, Phe297, and Trp236) lining the base of the gorge. This binding
of acetylcholine to the CAS and the acyl pocket places it in the active site of the enzyme,
where three amino acids, glutamate, histidine, and serine, known as the catalytic triad, are
located [98,99].

To further investigate the interaction mode of compound 14a with recombinant human
AChE (PDB code: 4BDT), we performed a series of molecular dynamics simulations. The
ligand from the crystal was replaced by the allyl derivative prior to the molecular dynamic
simulations. As shown in Figure 7, compound 14a establishes interactions in the PAS of
the enzyme, at the entrance to the gorge. Tyr124 in grey color forms two hydrogen bonds
with the oxygens from the two carbonyl functional groups (acetyl and selenoester groups)
and Trp286 interacts with the aromatic ring through a CH-π interaction. Likewise, Tyr341
interacts with the same aromatic ring from the ligand through a π-π stacking interaction,
and the allylic chain lies between Phe338 and Phe297 from the acyl binding pocket.

Given the results obtained in the in vitro inhibition of AChE (Table 4), we decided to
perform molecular dynamics studies with compound 14b as well. Compounds 14a and
14b differ only in the presence of a triple (14b) or a double (14a) terminal bond in the alkyl
chain; however, compound 14a showed higher in vitro AChE inhibition activity, similar to
that of galantamine. Therefore, molecular dynamics studies were performed to analyze the
interaction of compound 14b with the enzyme binding site and compare it with compound
14a. In this study, it was observed that with the majority conformation of compound
14b, the interactions with the protein were much weaker than in the case of compound
14a. As can be shown in Figure 7C, hydrogen bonds between the carbonyl groups and
Tyr124 of PAS was not found, and only very weak CH-π or π-π stacking interactions were
observed with Tyr124, Tyr341, and Trp286 (green) of PAS and the aromatic ring of the
ligand. It was also revealed that the acyl binding site remains free (purple) for interaction
with acetylcholine, which would explain why compound 14b is not a good inhibitor of
AChE.

All these data seem to suggest that compound 14a prevents the interaction of acetyl-
choline with the aromatic residues of the PAS, which is critical for the molecule to settle
into the active site. In addition, it appears that the allylic chain plays a key role, as it would
hinder the interaction of the acyl binding site residues with acetylcholine, preventing its
proper placement in the CAS and the action of the catalytic triad.
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4. Conclusions

Overall, 14a was identified as a dual anticancer and AChE inhibitory agent, showing
a concentration-dependent inhibition. For example, to exert its AChE inhibitory capacity, it
exhibited an IC50 value of 0.9 µM and for this concentration it showed no antiproliferative
activity. In addition, it has been observed that the introduction of the allyl fragment,
which is present in natural products such as garlic, as opposed to the propargyl fragment,
provides antiproliferative activity, AChE inhibitory activity, and a slight radical scavenging
ability. Compound 14a is the first Se-containing agent with dual in vitro antiproliferative
and AChE inhibitory activities reported so far. The introduction of Se into molecules
with potential AChE inhibitory activity is a novel strategy currently under development.
Thereby, scientific references are scarce. Ebselen has been demonstrated to inhibit AChE
activity with an IC50 value of 29 µM, which is 32-fold higher than the IC50 presented by
compound 14a [100]. However, the compound selenepezil, a derivative of the fusion of
donepezil and ebselen, exhibited potent AChE inhibition with an IC50 value of 0.097 µM
(9-fold lower than the IC50 value of 14a). Additionally, selenepezil mimicks the activity
of GPx and exhibits scavenging activity towards radical species generated by hydrogen
peroxide in vitro [100].
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On the other hand, no relation was found between radical scavenging ability and
AChE inhibitory activity or antiproliferative activity. For anticancer activity, this was to
be expected, since it has been observed that molecules with antioxidant capacity do not
provide any benefit during the treatment of the disease, but rather worsen it by protecting
the tumor cells from oxidative damage and, hence, promoting their progression. However,
molecules with antioxidant activity might be favorable in the prevention of the disease.
Previously, our research group has reported the synthesis of Se-molecules with antioxidant
and cytotoxic activity in vitro, highlighting the acylselenourea and selenourea deriva-
tives [36,73]. Therefore, a new approach could be to substitute the selenoester group of the
synthesized molecules by the acylselenourea or selenourea group and study their antioxi-
dant and antiproliferative capacity. On the other hand, ebselen, which acts as a glutathione
peroxidase mimic, is widely known because of its potent antioxidant capacity [43].

Altogether, the work presented herein warrants future studies to further assess the
in vivo efficacy, toxicity, and characterization of the mechanism of action of compound 14a
in both cancer and AD models.
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AChEI Acetylcholinesterase inhibition
AD Alzheimer’s disease
BBB Blood–brain barrier
CAS Catalytic anionic site
CNS Central nervous system
COX Cyclooxygenase enzyme
DTP Developmental therapeutics program
DMSO Dimethyl sulfoxide
DDTs Drug discover toolkits
Fs Femtosecond
Hz Hertz
IBD Inflammatory bowel disease
LD50 Lethal dose 50
MHz Megahertz
MD Molecular dynamics simulations
MAO Monoamine oxidase enzyme
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MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
N,N-DMF N,N-dimethylformamide
Ns Nanosecond
NCI National Cancer Institute
NFT Neurofibrillary tangle
NSAIDs Non-steroidal anti-inflammatory drugs
ntp Normal temperature and pressure
NMR Nuclear magnetic resonance
PAMPA Parallel artificial membrane permeability assay
PAS Peripheral anionic site
PBS Phosphate-buffered saline
Pe Permeability
ps Picosecond
PBL Porcine brain lipid
PDB Protein data bank
ROS Reactive oxygen species
Se Selenium
TLC Thin layer chromatography
TME Tumor microenvironment
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skeleton—A possible way to dual VEGFR2 TK/CLK ligands. Eur. J. Med. Chem. 2017, 126, 754–761. [CrossRef]

6. Oumata, N.; Bettayeb, K.; Ferandin, Y.; Demange, L.; Lopez-Giral, A.; Goddard, M.L.; Myrianthopoulos, V.; Mikros, E.; Flajolet,
M.; Greengard, P.; et al. Roscovitine-derived, dual-specificity inhibitors of cyclin-dependent kinases and casein kinases 1. J. Med.
Chem. 2008, 51, 5229–5242. [CrossRef]

7. Gao, C.Z.; Dong, W.; Cui, Z.W.; Yuan, Q.; Hu, X.M.; Wu, Q.M.; Han, X.; Xu, Y.; Min, Z.L. Synthesis, preliminarily biological
evaluation and molecular docking study of new Olaparib analogues as multifunctional PARP-1 and cholinesterase inhibitors. J.
Enzym. Inhib. Med. Chem. 2019, 34, 150–162. [CrossRef]

8. Fortin, S.; Bérubé, G. Advances in the development of hybrid anticancer drugs. Expert Opin. Drug Discov. 2013, 8, 1029–1047.
[CrossRef]

9. Bhattarai, D.; Singh, S.; Jang, Y.; Hyeon Han, S.; Lee, K.; Choi, Y. An Insight into Drug Repositioning for the Development of
Novel Anti-Cancer Drugs. Curr. Top. Med. Chem. 2016, 16, 2156–2168. [CrossRef]

10. Parvathaneni, V.; Kulkarni, N.S.; Muth, A.; Gupta, V. Drug repurposing: A promising tool to accelerate the drug discovery
process. Drug Discov. Today 2019, 24, 2076–2085. [CrossRef]

11. Dutta, D.; Ke, W.; Xi, L.; Yin, W.; Zhou, M.; Ge, Z. Block copolymer prodrugs: Synthesis, self-assembly, and applications for cancer
therapy. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2020, 12, e1585. [CrossRef] [PubMed]

12. Pillaiyar, T.; Meenakshisundaram, S.; Manickam, M.; Sankaranarayanan, M. A medicinal chemistry perspective of drug reposi-
tioning: Recent advances and challenges in drug discovery. Eur. J. Med. Chem. 2020, 195, 112275. [CrossRef] [PubMed]

13. Hitora, Y.; Takada, K.; Okada, S.; Ise, Y.; Matsunaga, S. (-)-Duryne and its homologues, cytotoxic acetylenes from a marine Sponge
Petrosia sp. J. Nat. Prod. 2011, 74, 1262–1267. [CrossRef] [PubMed]

14. Simmons, T.L.; Engene, N.; Ureña, L.D.; Romero, L.I.; Ortega-Barría, E.; Gerwick, L.; Gerwick, W.H. Viridamides A and B,
lipodepsipeptides with antiprotozoal activity from the marine cyanobacterium Oscillatoria nigro-viridis. J. Nat. Prod. 2008, 71,
1544–1550. [CrossRef] [PubMed]

15. Astrain-Redin, N.; Sanmartin, C.; Sharma, A.; Plano, D. From Natural Sources to Synthetic Derivatives: Allyl Motif as a Powerful
Tool for Fragment-based Design in Cancer. J. Med. Chem. 2022; Submitted for publication.

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1002/alz.12638
http://www.ncbi.nlm.nih.gov/pubmed/35289055
http://doi.org/10.3389/fgene.2019.00846
http://www.ncbi.nlm.nih.gov/pubmed/31608105
http://doi.org/10.1016/j.ejmech.2017.06.048
http://www.ncbi.nlm.nih.gov/pubmed/28728108
http://doi.org/10.1016/j.ejmech.2016.11.003
http://doi.org/10.1021/jm800109e
http://doi.org/10.1080/14756366.2018.1530224
http://doi.org/10.1517/17460441.2013.798296
http://doi.org/10.2174/1568026616666160216153618
http://doi.org/10.1016/j.drudis.2019.06.014
http://doi.org/10.1002/wnan.1585
http://www.ncbi.nlm.nih.gov/pubmed/31452353
http://doi.org/10.1016/j.ejmech.2020.112275
http://www.ncbi.nlm.nih.gov/pubmed/32283298
http://doi.org/10.1021/np200271n
http://www.ncbi.nlm.nih.gov/pubmed/21534590
http://doi.org/10.1021/np800110e
http://www.ncbi.nlm.nih.gov/pubmed/18715036


Antioxidants 2023, 12, 139 35 of 38

16. Chai, Q.Y.; Yang, Z.; Lin, H.W.; Han, B.N. Alkynyl-Containing Peptides of Marine Origin: A Review. Mar. Drugs 2016, 14, 216.
[CrossRef]

17. Maruca, A.; Catalano, R.; Bagetta, D.; Mesiti, F.; Ambrosio, F.A.; Romeo, I.; Moraca, F.; Rocca, R.; Ortuso, F.; Artese, A.; et al. The
Mediterranean Diet as source of bioactive compounds with multi-targeting anti-cancer profile. Eur. J. Med. Chem. 2019, 181,
111579. [CrossRef]

18. Rose, P.; Moore, P.K.; Whiteman, M.; Zhu, Y.Z. An Appraisal of Developments in Allium Sulfur Chemistry: Expanding the
Pharmacopeia of Garlic. Molecules 2019, 24, 4006. [CrossRef]

19. Salehi, B.; Zucca, P.; Orhan, I.E.; Azzini, E.; Adetunji, C.O.; Mohammed, S.A.; Banerjee, S.K.; Sharopov, F.; Rigano, D.; Sharifi-Rad,
J.; et al. Allicin and health: A comprehensive review. Trends Food Sci. Technol. 2019, 86, 502–516. [CrossRef]

20. Anand, A.; Patience, A.A.; Sharma, N.; Khurana, N. The present and future of pharmacotherapy of Alzheimer’s disease: A
comprehensive review. Eur. J. Pharmacol. 2017, 815, 364–375. [CrossRef]

21. Ferrucci, V.; Boffa, I.; De Masi, G.; Zollo, M. Natural compounds for pediatric cancer treatment. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 2016, 389, 131–149. [CrossRef]

22. Yagdi, E.; Cerella, C.; Dicato, M.; Diederich, M. Garlic-derived natural polysulfanes as hydrogen sulfide donors: Friend or foe?
Food Chem. Toxicol. 2016, 95, 219–233. [CrossRef]

23. Yun, H.M.; Ban, J.O.; Park, K.R.; Lee, C.K.; Jeong, H.S.; Han, S.B.; Hong, J.T. Potential therapeutic effects of functionally active
compounds isolated from garlic. Pharmacol. Ther. 2014, 142, 183–195. [CrossRef]

24. Li, X.; Ni, J.; Tang, Y.; Wang, X.; Tang, H.; Li, H.; Zhang, S.; Shen, X. Allicin inhibits mouse colorectal tumorigenesis through
suppressing the activation of STAT3 signaling pathway. Nat. Prod. Res. 2019, 33, 2722–2725. [CrossRef]

25. Chen, H.; Zhu, B.; Zhao, L.; Liu, Y.; Zhao, F.; Feng, J.; Jin, Y.; Sun, J.; Geng, R.; Wei, Y. Allicin Inhibits Proliferation and Invasion
in Vitro and in Vivo via SHP-1-Mediated STAT3 Signaling in Cholangiocarcinoma. Cell Physiol. Biochem. 2018, 47, 641–653.
[CrossRef]

26. Zhang, H.; Wang, P.; Xue, Y.; Liu, L.; Li, Z.; Liu, Y. Allicin ameliorates cognitive impairment in APP/PS1 mice via Suppressing
oxidative stress by Blocking JNK Signaling Pathways. Tissue Cell 2018, 50, 89–95. [CrossRef]

27. Kumar, S.; Kumar, S.; Ram, H. Anti-Aggregation Property of Allicin by In Vitro and Molecular Docking Studies. J. Exp. Neurosci.
2019, 13, 1179069519866185. [CrossRef]

28. Xu, Y.; Su, D.; Zhu, L.; Zhang, S.; Ma, S.; Wu, K.; Yuan, Q.; Lin, N. S-allylcysteine suppresses ovarian cancer cell proliferation by
DNA methylation through DNMT1. J. Ovarian Res. 2018, 11, 39. [CrossRef]

29. Tai, N.V.; Quan, P.M.; Ha, V.T.; Luyen, N.D.; Chi, H.K.; Cuong, L.H.; Phong, L.; Chinh, L.V. Synthesis of Propargyl Compounds
and Their Cytotoxic Activity. Russ. J. Org. Chem. 2021, 57, 462–468. [CrossRef]

30. Bolea, I.; Gella, A.; Unzeta, M. Propargylamine-derived multitarget-directed ligands: Fighting Alzheimer’s disease with
monoamine oxidase inhibitors. J. Neural Transm. 2013, 120, 893–902. [CrossRef]

31. Wu, W.; Karelia, D.; Pramanik, K.; Amin, S.G.; Sharma, A.K.; Jiang, C.; Lu, J. Phenylbutyl isoselenocyanate induces reactive
oxygen species to inhibit androgen receptor and to initiate p53-mediated apoptosis in LNCaP prostate cancer cells. Mol. Carcinog.
2018, 57, 1055–1066. [CrossRef] [PubMed]

32. Santofimia-Castaño, P.; Izquierdo-Alvarez, A.; Plaza-Davila, M.; Martinez-Ruiz, A.; Fernandez-Bermejo, M.; Mateos-Rodriguez,
J.M.; Salido, G.M.; Gonzalez, A. Ebselen impairs cellular oxidative state and induces endoplasmic reticulum stress and activation
of crucial mitogen-activated protein kinases in pancreatic tumour AR42J cells. J. Cell. Biochem. 2018, 119, 1122–1133. [CrossRef]
[PubMed]

33. Fernandes, A.P.; Gandin, V. Selenium compounds as therapeutic agents in cancer. Biochim. Biophys. Acta 2015, 1850, 1642–1660.
[CrossRef] [PubMed]

34. Díaz, M.; González, R.; Plano, D.; Palop, J.A.; Sanmartín, C.; Encío, I. A diphenyldiselenide derivative induces autophagy via JNK
in HTB-54 lung cancer cells. J. Cell. Mol. Med. 2018, 22, 289–301. [CrossRef] [PubMed]

35. Garnica, P.; Encío, I.; Plano, D.; Palop, J.A.; Sanmartín, C. Combined Acylselenourea-Diselenide Structures: New Potent and
Selective Antitumoral Agents as Autophagy Activators. ACS Med. Chem. Lett. 2018, 9, 306–311. [CrossRef]

36. Ruberte, A.C.; Ramos-Inza, S.; Aydillo, C.; Talavera, I.; Encío, I.; Plano, D.; Sanmartín, C. Novel N,N’-Disubstituted Acylsele-
noureas as Potential Antioxidant and Cytotoxic Agents. Antioxidants 2020, 9, 55. [CrossRef]

37. Li, C.; Wang, N.; Zheng, G.; Yang, L. Oral Administration of Resveratrol-Selenium-Peptide Nanocomposites Alleviates
Alzheimer’s Disease-like Pathogenesis by Inhibiting Aβ Aggregation and Regulating Gut Microbiota. ACS Appl. Mater. Interfaces
2021, 13, 46406–46420. [CrossRef]

38. Kumawat, A.; Raheem, S.; Ali, F.; Dar, T.A.; Chakrabarty, S.; Rizvi, M.A. Organoselenium Compounds as Acetylcholinesterase
Inhibitors: Evidence and Mechanism of Mixed Inhibition. J. Phys. Chem. B 2021, 125, 1531–1541. [CrossRef]

39. Klann, I.P.; Martini, F.; Rosa, S.G.; Nogueira, C.W. Ebselen reversed peripheral oxidative stress induced by a mouse model of
sporadic Alzheimer’s disease. Mol. Biol. Rep. 2020, 47, 2205–2215. [CrossRef]

40. Bartolini, D.; Sancineto, L.; Fabro de Bem, A.; Tew, K.D.; Santi, C.; Radi, R.; Toquato, P.; Galli, F. Selenocompounds in Cancer
Therapy: An Overview. Adv. Cancer Res. 2017, 136, 259–302. [CrossRef]

41. Pritam, P.; Deka, R.; Bhardwaj, A.; Srivastava, R.; Kumar, D.; Jha, A.K.; Jha, N.K.; Villa, C.; Jha, S.K. Antioxidants in Alzheimer’s
Disease: Current Therapeutic Significance and Future Prospects. Biology 2022, 11, 212. [CrossRef]

42. Hayes, J.D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167–197. [CrossRef]

http://doi.org/10.3390/md14110216
http://doi.org/10.1016/j.ejmech.2019.111579
http://doi.org/10.3390/molecules24214006
http://doi.org/10.1016/j.tifs.2019.03.003
http://doi.org/10.1016/j.ejphar.2017.09.043
http://doi.org/10.1007/s00210-015-1191-5
http://doi.org/10.1016/j.fct.2016.07.016
http://doi.org/10.1016/j.pharmthera.2013.12.005
http://doi.org/10.1080/14786419.2018.1465425
http://doi.org/10.1159/000490019
http://doi.org/10.1016/j.tice.2017.11.002
http://doi.org/10.1177/1179069519866185
http://doi.org/10.1186/s13048-018-0412-1
http://doi.org/10.1134/S1070428021030192
http://doi.org/10.1007/s00702-012-0948-y
http://doi.org/10.1002/mc.22825
http://www.ncbi.nlm.nih.gov/pubmed/29668110
http://doi.org/10.1002/jcb.26280
http://www.ncbi.nlm.nih.gov/pubmed/28703940
http://doi.org/10.1016/j.bbagen.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25459512
http://doi.org/10.1111/jcmm.13318
http://www.ncbi.nlm.nih.gov/pubmed/28922542
http://doi.org/10.1021/acsmedchemlett.7b00482
http://doi.org/10.3390/antiox9010055
http://doi.org/10.1021/acsami.1c14818
http://doi.org/10.1021/acs.jpcb.0c08111
http://doi.org/10.1007/s11033-020-05326-5
http://doi.org/10.1016/bs.acr.2017.07.007
http://doi.org/10.3390/biology11020212
http://doi.org/10.1016/j.ccell.2020.06.001


Antioxidants 2023, 12, 139 36 of 38

43. Azad, G.K.; Tomar, R.S. Ebselen, a promising antioxidant drug: Mechanisms of action and targets of biological pathways. Mol.
Biol. Rep. 2014, 41, 4865–4879. [CrossRef]

44. Zuazo, A.; Plano, D.; Ansó, E.; Lizarraga, E.; Font, M.; Martínez Irujo, J.J. Cytotoxic and proapototic activities of imidoselenocar-
bamate derivatives are dependent on the release of methylselenol. Chem. Res. Toxicol. 2012, 25, 2479–2489. [CrossRef]

45. Font, M.; Lizarraga, E.; Ibáñez, E.; Plano, D.; Sanmartín, C.; Palop, J.A. Structural variations on antitumour agents derived from
bisacylimidoselenocarbamate. A proposal for structure-activity relationships based on the analysis of conformational behaviour.
Eur. J. Med. Chem. 2013, 66, 489–498. [CrossRef]

46. Weekley, C.M.; Harris, H.H. Which form is that? The importance of selenium speciation and metabolism in the prevention and
treatment of disease. Chem. Soc. Rev. 2013, 42, 8870–8894. [CrossRef]

47. Burk, R.F.; Hill, K.E. Selenoprotein P-expression, functions, and roles in mammals. Biochim. Biophys. Acta 2009, 1790, 1441–1447.
[CrossRef]

48. Zhang, Z.H.; Song, G.L. Roles of Selenoproteins in Brain Function and the Potential Mechanism of Selenium in Alzheimer’s
Disease. Front. Neurosci. 2021, 15, 646518. [CrossRef]

49. Aaseth, J.; Alexander, J.; Bjørklund, G.; Hestad, K.; Dusek, P.; Roos, P.M.; Alehagen, U. Treatment strategies in Alzheimer’s
disease: A review with focus on selenium supplementation. Biometals 2016, 29, 827–839. [CrossRef]

50. Du, X.; Wang, Z.; Zheng, Y.; Li, H.; Ni, J.; Liu, Q. Inhibitory effect of selenoprotein P on Cu(+)/Cu(2+)-induced Aβ42 aggregation
and toxicity. Inorg. Chem. 2014, 53, 1672–1678. [CrossRef]

51. Yim, S.Y.; Chae, K.R.; Shim, S.B.; Hong, J.T.; Park, J.Y.; Lee, C.Y.; Son, H.J.; Sheen, Y.Y.; Hwang, D.Y. ERK activation induced by
selenium treatment significantly downregulates beta/gamma-secretase activity and Tau phosphorylation in the transgenic rat
overexpressing human selenoprotein M. Int. J. Mol. Med. 2009, 24, 91–96. [CrossRef] [PubMed]

52. Zamberlan, D.C.; Arantes, L.P.; Machado, M.L.; Golombieski, R.; Soares, F.A. Diphenyl-diselenide suppresses amyloid-β peptide
in Caenorhabditis elegans model of Alzheimer’s disease. Neuroscience 2014, 278, 40–50. [CrossRef]

53. Corcoran, N.M.; Martin, D.; Hutter-Paier, B.; Windisch, M.; Nguyen, T.; Nheu, L.; Sundstrom, L.E.; Costello, A.J.; Hovens, C.M.
Sodium selenate specifically activates PP2A phosphatase, dephosphorylates tau and reverses memory deficits in an Alzheimer’s
disease model. J. Clin. Neurosci. 2010, 17, 1025–1033. [CrossRef]

54. Scheide, M.R.; Schneider, A.R.; Jardim, G.A.M.; Martins, G.M.; Durigon, D.C.; Saba, S.; Rafique, J.; Braga, A.L. Electrochemical
synthesis of selenyl-dihydrofurans via anodic selenofunctionalization of allyl-naphthol/phenol derivatives and their anti-
Alzheimer activity. Org. Biomol. Chem. 2020, 18, 4916–4921. [CrossRef] [PubMed]

55. Qu, L.; Ji, L.; Wang, C.; Luo, H.; Li, S.; Peng, W.; Yin, F.; Lu, D.; Liu, X.; Kong, L.; et al. Synthesis and evaluation of multi-target-
directed ligands with BACE-1 inhibitory and Nrf2 agonist activities as potential agents against Alzheimer’s disease. Eur. J. Med.
Chem. 2021, 219, 113441. [CrossRef] [PubMed]

56. Plano, D.; Karelia, D.N.; Pandey, M.K.; Spallholz, J.E.; Amin, S.; Sharma, A.K. Design, Synthesis, and Biological Evaluation of
Novel Selenium (Se-NSAID) Molecules as Anticancer Agents. J. Med. Chem. 2016, 59, 1946–1959. [CrossRef]

57. Cheng, Y.; Sk, U.H.; Zhang, Y.; Ren, X.; Zhang, L.; Huber-Keener, K.J.; Sun, Y.W.; Liao, J.; Amin, S.; Sharma, A.K.; et al. Rational
incorporation of selenium into temozolomide elicits superior antitumor activity associated with both apoptotic and autophagic
cell death. PLoS ONE 2012, 7, e35104. [CrossRef]
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