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Summary

Redox active modulators have gained the attention of various sectors of the research field.
The continuous progress in fields such as synthetic chemistry, medicinal chemistry, and
biochemistry have made the redox modulators a topic of interest for the medical and
pharmaceutical domains due to the increasing number of advantages obtained from including

redox modulators in diets and medications.

In this study, many naphthoquinones-based chalcogen containing compounds were prepared,
and their biological activities were evaluated against several cancer cell lines and the parasite
Trypanosoma cruzi. In general, the compounds demonstrated good biological activities
towards the selected targets. The electrochemical synthetic technique was employed as a

means to conduct fast and simple reactions performed in mild conditions.

Also, as a part of this study, the sulfur and selenium analogues of phthalic acid anhydride
were employed in an analytical study aiming to clarify the mechanisms responsible for the

documented biological activities these compounds possess.

Additionally, the redox potentials of a set of compounds synthesized in the study were
observed by employing cyclic voltammetry (CV) as a technique. The results showed the
changes in the redox potentials that accompanied the structures' chemical transformations
after each synthetic step. The results obtained were used to correlate the biological activity

and the redox potentials of these compounds.



Zusammenfassung

Redoxaktive Modulatoren haben die Aufmerksamkeit in verschiedenen Bereichen der

Forschung gewonnen.

Die kontinuierlichen Fortschritte in Bereichen wie der synthetischen Chemie, der
medizinischen Chemie und der Biochemie haben die Redoxmodulatoren zu einem Thema fiir
den medizinischen und pharmazeutischen Bereich gemacht. Aufgrund der zunehmenden
Anzahl von Vorteilen kénnen diese Verbindungen relevant fiir Didten und Medikamente sein.
In dieser Studie wurden eine Reihe von Naphtoquinon-basierten Chalkogen-haltigen
Verbindungen hergestellt und ihre biologische Aktivitdt wurde durch Tests gegen mehrere

Krebszelllinien und gegen den Parasiten Trypanosoma cruzi bewertet.

Im Allgemeinen zeigten die synthetisierten Verbindungen eine gute biologische Aktivitdt

gegeniiber den ausgewdhlten Targets.

Die elektrochemische Synthesetechnik wurde eingesetzt, um schnelle und einfache

Reaktionen unter milden Bedingungen durchfiihren zu kénnen.

Im Rahmen dieser Studie wurden auch die Schwefel- und Selenanaloga von
Phthalsdureanhydrid in einer analytischen Studie eingesetzt, mit dem Ziel die Mechanismen
zu entschliisseln, die die dokumentierten biologischen Aktivititen dieser Verbindungen

erklaren.

Dariiber hinaus wurden die Redoxpotentiale einer Reihe von Verbindungen, die wéhrend
dieser Studie synthetisiert wurden, unter Verwendung der Methode der zyklischen

Voltammetrie (CV) verfolgt.

Xi



Die Ergebnisse zeigten die Anderungen der Redoxpotentiale, die mit der chemischen
Verdnderung der Strukturen nach jedem Syntheseschritt einhergingen. Sie wurden genutzt,

um die biologische Aktivitit und die Redoxpotentiale dieser Verbindungen zu korrelieren.

Xii
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1. Introduction

1.1.  Nature is the source and not only an inspiration

The concept of relying on what nature offers from plants, mushrooms, or even animal related
products to treat diseases, relieve or stop the pain, and bring the human body to its normal
functioning state is not a new idea [1-4]. People have been getting the benefits they seek by
simply eating or processing such materials and preparing them as tees, water ,and alcoholic
extracts or oils. These practices go back probably to even prior to the point when people
began documenting this information as part of the medical literature or as recipes in the

records of folk medicine [5].

Such documentation is one of the starting points for researches and studies interested in
uncovering the elements and compounds responsible for the therapeutic effects. Researchers'
combined efforts in fields such as biochemistry, analytical chemistry, and medicine have led

to the characterization of many compounds disguised as gifts from nature [6,7].
1.2. New paths and challenges

These discoveries encouraged a shift in how to deal with the resources and provided an
impetus to the extraction and purification efforts, making these compounds available in
dosage forms compatible with the efficacy and toxicity studies. In 1805, Friedrich Wilhelm
Sertlirner (1783-1841) extracted morphine from opium, which was introduced to the market

in 1826.

The advancements in areas such as instrumental analysis and intracellular diagnostic
techniques, coupled with the curiosity and the desire to explore more profound mysteries of

where and how allowed a closer and more detailed look at the mechanisms by which these



compounds of interest operate and what cells and organs they target once they are in the

human body[8-10].

Information of this sort spurred new interests for medicinal chemistry and synthetic
chemistry, which formed a kind of inspiration that stood behind synthesizing large numbers
of novel chemical compounds to integrate the chemical core of interest into more complex
structures[11-13]. Besides, improving the chemical priorities such as solubility and stability is

a target of high importance to obtain active products suitable for pharmaceutical uses [14-17].
1.3. Redox based approach to dealing with diseases

The naturally available active compounds and the subsequent synthesized ones were and still
are, classified according to their chemical structures or the chemical function dominating the
structure. However, as a result of the accumulating new findings and insights, another
classification has placed them under categories based on the biological activities and roles
they demonstrate once introduced to the cellular environment, such as antibiotics and

vitamins.

The group of redox active compounds is one of these groups with a renewed interest. The
development in pathological diagnostic techniques went beyond observing symptoms and
obvious causes and reached the pathological and the cellular functions. One of these
investigations' results is the ability to place a frame around the interlaced and interconnected
machinery maintaining the redox balance within the cellular environment and identifying the
disturbances occurring due to oxidative stress (OS)[18-21]. Subsequently, this led to linking
several diseases to imbalanced elevated concentrations of reactive oxygen species (ROS) and

reactive nitrogen species (RNS) such as cancer, Alzheimer, and inflammation [22-24].

The redox active compounds, as a term, includes under its umbrella several subgroups such

as polyphenols, flavonoids, and xanthenes [25-27]. Among these groups, quinones, secondary



metabolites abundant in the plant kingdom, steal their spotlight [28-30]. Quinones demonstrate

biological activities covering a wide range of diseases and disorders [31-34].
1.4. Exploiting the capabilities of naphthoquinones

When moving closer to the quinones groups, the chemists took advantage of the chemical
flexibility naphthoquinones (NQs) possess. These compounds can take the roles of
dienophiles, electrophiles, pronucleophiles and undergo C-C bond formation reactions [35-39].
Such chemical properties granted the chemists a big space of freedom resulting in various
synthesized compounds, including complexes, integrating side chains, and forming

heterocyclic compounds, as a few examples [40-43].

In addition to the various synthetic chemistry avenues NQs can roam in, their main structure
gives them the ability to interfere with many biological processes and reaction cascades
within the living cell. The two carbonyl groups allow these compounds to undergo a redox
cycle and accept one electron transforming into semiquinone radicals, such as the case with
NADPH-cytochrome P450 reductase enzyme [44]. Additionally, NQs can accept two
electrons when enzymes such as NADPH quinone reductase facilitate the reactions [45]. As
semiquinone radicals continue their way in the reaction cycle, superoxide is generated [46,47].
Superoxide's presence results in the formation of hydroxyl radicals and hydrogen peroxide,
among other ROS [48,49]. Subsequently, ROS activates and modifies various cellular

signalling pathways, driving the cell into apoptosis [50-52].

On the other hand, NQs demonstrate high electrophilic properties, allowing them to form
covalent bonds with many cellular components, mainly the ones having thiol groups within
their structures [53,54]. Such reactions pave the way for other pathways and cascades

influencing the cellular signalling process, resulting in apoptosis [55,56].



1.5. The spot chalcogens occupy in the redox realm

Chalcogens are a group of elements that receive an increasing interest in synthetic chemistry,
biochemistry, and nutrition. Sulfur (S) and selenium (Se) receive the main focus due to the
other group's high toxicity members. [57,58]. These two elements are critical focal points in
many vital functions and many intracellular interactions and processes. Their presence in
nature and nutrition mirrors their presence in the human body and the daily need the body
requires for each of them. The amount of daily requirement of sulfur is estimated to be 14
mg/kg of body weight as the amino acid methionine, and it forms 0.2-0.3% of the mass of the
human body [59]. While the human body requires a daily intake of 55 pg of selenium on

average, forming 19 x10-9 % of the human body mass [60].

Each of these two elements' importance is manifested in the vital roles they play in the human
body. Sulfur is included in key components such as the amino acids cysteine (Cys) and
methionine (Met), enzymes depend on sulfur as a cofactor such as hydrogen sulfite reductase,
and also glutathione (GSH), the crucial member of the natural mechanism that maintains the
redox balance in the living cell [61-63]. While glutathione peroxidase enzymes (GPx),
selenoneine, selenocysteine (SeCys), and selenomethionine (SeMet) are examples of the

cellular components and sources of nutrition, selenium is included in [64-67].

Both elements can shift between various oxidation states, making them chemically and
therefore biologically highly active. They easily join the redox cycles, which facilitate many

processes and functions within the cellular environment
1.6. Recruiting chalcogens in pursuit of their redox activity

As a result of such observations, chemists found in chalcogens an investment opportunity,

looking at them now with a different perspective, and not only as another element in the



periodic table. Consequently, groups of organic compounds that employed chalcogens were

synthesized, aiming for a more potent and wider range of biological activities.

The on-going pursuit already paid off, and many groups of chalcogen containing organic
compounds were synthesized. Their biological activities and mechanisms of action were
subsequently investigated to know their limitations and promises. Compounds containing
thiocyanates, sulfides, and disulfides functional groups and their selenium analogues are the

most common examples [68-72].

Furthermore, ebselen and compounds belonging to the sulfonamides group are examples of
chalcogen containing structures with stability, safety, bioavailability, and selectivity

qualifying them for pharmaceutical use [73-76].

NQs were no exception to this approach, especially since they derive part of their biological
activity as redox active compounds. As a result, various selenides, sulfides, disulfides

containing NQs were synthesized [77-79].

The idea of synthesizing such compounds aims to benefit from having two components
acting as a redox active modulator when present in the living cell. However, each of them

interacts with different aspects and processes within the redox cycles in the cell.

Both chalcogens and NQs share the ability to generate ROS and RNS, thereby unleashing the
cellular mechanisms associated with elevated concentrations of such species in unhealthy
cells. Moreover, NQs interfere with the biological processes facilitated by enzymes such as
quinone oxidoreductase-1 and cytochrome b5 reductase, while the chalcogens interfere with

the processes that include enzymes such as glutathione peroxidases[80,81] [82].

NQs have taken their share of investigations to clarify the biochemistry behind their

effectiveness in the living cell. This was assisted by the clarity of their chemical properties



explaining the readiness to take the roles they play in the cellular environment, and the

findings obtained when employing the intracellular diagnostic techniques.

Several parts of the picture framing the chalcogens are still blurry. The reason is mainly the
intermediates' high reactivity once they start interacting with the cellular components, which
leads to dealing with short living reactive sulfur species (RSS), and reactive selenium species
(RSeS) [83-85]. This characteristic opened the door for logical induction and hypotheses about

their identity, depending on the aftermath of their activities [84].
1.7. Cyclic voltammetry as an investigation tool

Chemical synthesis is only one of the lanes the researchers have to take in their way to
produce an effective chemical compound. In addition to the biological evaluation, several
analysis techniques play an essential role in providing many insights and indications of where
the researchers have arrived in the drug development process. Electrochemistry (EC) is one

item in the toolbox that is used in the field of scientific research during this process.

The accurate and reproducible results of electrochemical methods such as CV and different
pulse polarography (DPP) contributed to the widespread use of these methods in many
aspects of the scientific research field. Additionally, the fact that the technique itself is
relatively fast and cheap made it quickly reliable to obtain valuable information that helped
the researchers better understand the compounds studied' chemical and biochemical

mechanisms.

The fact that the redox modulators' biochemical behaviour comes initially from these
compounds' chemical redox properties has suggested subjecting members of this group of
compounds to electrochemical studies. Within this context, investigating the electrochemical

properties of NQs helped to understand the chemical transformations that occur on members



of this group of compounds within the living cell that finally unfold as biological activities

[86-88].

Also, the information obtained from employing CV when studying natural sulfur compounds
such as diallyl disulfide (DADS) and diallyl trisulfide (DATS) clarified that these compounds
undergo reduction reactions within the living cell before they interfere with the cellular redox

cycle [89].

Understanding the mechanisms responsible for the biological activities of studied compounds
and how these compounds interact with the cellular components highlights the importance of
the results obtained from similar studies. Such advantages are part of the structure-activity
relationship concept, making the EC studies a useful member in the list of techniques used in
studies related to this concept. The nature of the information this technique provides makes it
possible to predict the biological activity of a novel synthesized compound that shares a

structure already went through similar studies.
1.8. Electrochemical synthesis

Synthetic chemists, similar to researchers of any other field, are fast to exploit and employ
any new methodologies and techniques that contribute to easing and speeding up the
chemical reactions and even unlocking doors for chemical reactions that are not possible with
the techniques currently in hand. Photochemistry and electrochemical synthesis are two
examples of such techniques. The electrochemical synthesis dates back to 1796, while the

first employment for photochemistry was recorded in 1834.

Organic electrochemical synthesis represents an alternative technique that holds

characteristics considered advantageous when compared to conventional chemical synthesis.

An essential advantage this technique has is avoiding including conventional oxidants and
reductants in the reactions. [90]. In this case, the flow of electrons is the tool that facilitates

7



the reactions [91]. Additionally, the reactions are often carried out in mild conditions than to
those applied during conventional chemical reactions [92]. It is also easy to tag this technique
as “green” since it is environmentally friendly due to electricity utilization as a source of

energy and the lesser amounts of waste produced by the reactions [93].

On the other hand, some of the disadvantages the researchers go through are the narrow range
they move in regarding the solvents and the electrolytes. Also, experimenting on the reaction
chamber type and finding the potential that delivers the desired product in satisfying yield are

crucial and can be time consuming steps during optimizing the synthesis protocol [94,95].

In a part of this study, this technique was employed to synthesize naphthoquinone based
selenium containing compounds. Their biological activity was evaluated against

Trypanosoma cruzi and various cancer cell lines.



2. Aims of the thesis

The current study's first aim is to employ the electrochemical synthesis technique to
incorporate naphthoquinones in selenium based redox modulators. The second aim is to
evaluate the biological activity of the resulted compounds against Trypanosoma cruzi, and

also against several cancer cell lines.

The third aim is to investigate some possible mechanisms responsible for releasing reactive
sulfur and selenium species in the biological environment from organic chalcogen

compounds and the interaction between these species with cellular components.

The fourth aim of this study is to explore a possible link between the biological efficiency
demonstrated by sulfur based redox active compounds and their redox behaviour by
employing cyclic voltammetry to observe the changes in the redox behaviour between the

starting point and the result of the chemical synthesis.



3. Results

3.1. Publication 1

Electrochemical Selenation/Cyclization of Quinones: A Rapid, Green and Efficient Access to

Functionalized Trypanocidal and Antitumor Compounds

Ammar Kharma, Claus Jacob*, fcaro A. O. Bozzi, Guilherme A. M. Jardim, Antonio L.
Braga, Kelly Salomao, Claudia C. Gatto, Maria Francilene S. Silva, Claudia Pessoa,
Maximilian Stangier, Lutz Ackermann®*, and Eufranio N. da Silva Janior*

European. Journal of Organic Chemistry. 4474-4486. (2020)

Reproduced by permission of Wiley-VCH Verlag GmbH & Co. KGaA.

https://doi.org/10.1002/ejoc.202000216
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Abstract: Electrochemical selenation in undivided electro-
chemical cells allows the preparation of selenium-containing
naphthoquinones. The rapid, green and efficient protocol
avoids chemical oxidants and enables the synthesis of target

molecules in a fast and reliable way. This strategy provides and
efficient and general method for the synthesis of quinoidal
compounds with activity against five cancer cell lines and
Trypanosoma cruzi, the parasite that causes Chagas disease.

Introduction

A range of naphthoquinoidal compounds obtained from natu-
ral sources or via organic synthesis have been associated with
impressive biological activities, including antioxidant, chemo-
preventive, cytotoxic and antimicrobial actions." In this sense,
the development of efficient and reliable methods for the func-
tionalization of naphthoquinones is a field of intense pharma-
ceutical interest and synthetic efforts.”! Here, the advent of or-
ganocatalysis has enabled the straightforward synthesis of com-
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plex quinones in their enantiomeric pure form, often employing
inexpensive and readily accessible organocatalysts.’?! C-H bond
activation reactions were also employed for the synthesis of
quinonoid compounds with relevant functionalization pattern
prepared in a few synthetic steps, with the use of catalysts
based on transition metals." At the same time, electrochemis-
try has been rediscovered as a powerful and sustainable syn-
thetic tool in organic chemistry.! Electrosynthesis enables effi-
cient and selective reactions for the functionalization of diverse
organic molecules, as it is based on tightly controlled oxidation
and reduction processes. Although electrosynthesis is therefore
applicable to a wide variety of organic compounds, its benefits
in the field of quinones and chalcogens is still vastly unexplored
and warrants a more detailed investigation.”! Indeed, quinones
and chalcogens are both redox active, i.e. in principle amenable
to electrosynthetic methods. Furthermore, molecules based on
either quinones or chalcogens - or both - are of particular in-
terest in biological chemistry.

A couple of years ago, the Jacob group has described the
ability of selenium-containing quinones to act as “intelligent”
redox sensor/effector agents.l”? Since then, a wide variety of
quinonoid hybrid compounds with two redox centres, i.e. a
quinone moiety and a selenium or tellurium atom, have been
described in the literature.”®! These hybrid chalcogen-contain-
ing quinones are often active against cancer cell lines and a
range of pathogenic microorganisms (Scheme 1A).°-'2! Follow-
ing the strategy of insertion of the selenium atom to the
quinoidal system, the groups of Braga and da Silva Juniort'?-'!
have described the synthesis of selenium-containing quinone
derivatives, once more with potent antitumor and trypanocidal
activities.

Notably, the relevant seleno-functionalization traditionally
involves oxidation with different oxidant sources, as for in-
stance, I,/DMSO in the presence of diselenide.!">""! In principle,

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Overview.

a chemistry employing electrochemical rather than iodine-
based oxidation of selenium should be feasible and we are
now able to report for the first time an efficient electrochemical
selenation/cyclization of naphthoquinones (Scheme 1B).

Results and Discussion

In general, the results obtained in our study confirm the poten-
tial of electrochemistry in the synthesis of selenium-containing
quinone hybrid molecules which in turn show promising bio-
logical activity. The reactivity of lapachol (1) towards electro-
philic organoselenated species has been described previously
by our research group, with an |,/DMSO oxidative system oper-
ating under microwave conditions.['>'¥ This kind of oxidative
cyclization is also possible in an undivided electrochemical cell.
In our first attempt, electrochemical oxidative cyclization of 1
has been performed in an undivided cell reactor with potas-
sium iodide as electrolyte and acetonitrile as solvent (Table 1,
entry 1). The presence of iodide was considered as beneficial
as the reaction may proceed via the formation of iodine (l,), as
discussed above. Static 10 X 10 X 0.2 mm platinum anodes and
cathodes were employed, fully immersed into the solution, with
a current up to 5 mA. Under these conditions, a complex mix-
ture of products was observed after 30 min, possibly due to the
interference of the electrolyte with electrochemical and subse-
quent chemical processes. The presence of iodide was therefore
seen as counter-productive and the electrolyte was changed to
nBuyNBr (1.0 equiv.). Disappointingly, this setup, operating at a
current of 5 mA for 1 h yielded only traces of product 3a. In-
creasing the current to 10 mA, increased the yield of 3ato 13 %
during the same reaction time (entries 2 and 3). As electro-
chemical synthesis of 3a was therefore possible in principle,
still with a low yield, we investigated a series of ammonium
quaternary salts as alternative electrolytes for the process in
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order to optimize the conditions and yields. Reaction with
1.0 equiv. of nBuyNClO, afforded product 3a in 65 % yield after
1 h, and under the same conditions, nBusNBF, as electrolyte
resulted in 52 % yield (entries 4 and 5). Astonishingly, exchang-
ing the electrolyte to nBusNPFs, and employing a current of
10 mA and a reaction time of 1 h afforded 3a in a stunning
93 % yield (entry 6).

Table 1. Optimization of reaction conditions.!

I (mA)

o]
Q Pt(+) Pt(-) OO 0
OH
O‘ + PhSeScPh _undivided cell
X 2a Solvent (mL) O.
o electrolyte Se
1 rt,1h 3a
Entry Solvent (mL) Electrolyte (equiv) Current Time/h Yield%
1 MeCN (10) Kl (0.5) 5mA 0.5 mixture
2 MeCN (10) nBuyNBr (1.0) 5mA 0.5 NR
3 MeCN (10) nBuyNBr (1.0) 10 mA 1.0 13
4 MeCN (10) nBuyNCIO, (1.0) 10 mA 1.0 65
5 MeCN (10) nBugNBF, (1.0) 10 mA 1.0 52
6 MeCN (10) nBu,NPFg (1.0) 10 mA 1.0 a3
7 MeCN (10) nBu4NPFg (0.5) 10 mA 1.0 73
8 MeCN (5) nBusNPFg (1.0) 10 mA 1.0 68
9 MeOH (10) nBusNPFg (1.0) 10 mA 1.0 23
10 H20 (10) nBusNPFg (1.0) 10 mA 1.0 NR
1 EtOH (10) nBusNPFg (1.0) 10 mA 1.0 1
12 DMC (10) nBugNPFg (1.0) 10 mA 1.0 NR
13 MeCN (10) nBuyNPFg (1.0) 10 mA (C+[C-) 1.0 61
14 MeCN (10) nBugNPFg (1.0) 10 mA (Pt+|C-) 1.0 42
15 MeCN (10) nBuyNPFg (1.0) 10 mA (C+[Pt-) 1.0 72
16 MeCN (10) nBusNPFg (1.0) 10 mA 1.0 321
17 MeCN (10) nBusNPFg (1.0) - 24 NR
[a] General reaction conditions: Pt plate electrode

(10 mm x 10 mm x 0.05 mm), (1) (0.2 mmol), (2a) (0.2 mmol); solvent (10 mL),
electrolyte (1.0 equiv.), current (10 mA). [b] 0.5 equiv. of 2a was used. NR =
for all cases starting material 1a was recovered. Yields of isolated products.

Attempts to decrease the amount of electrolyte and solvent
(entries 6 and 7) resulted in decreasing yields, which led us to
investigate other suitable solvents (entries 9-12). The reaction
in methanol or ethanol also resulted in lower yields, and no
reaction was observed in water or dimethyl carbonate (DMC),
possibly due to the low solubility of the reactants in both of
these solvents. As for the electrode material, graphite rods were
investigated as a more economical alternative to platinum, and
yielded an acceptable yield of 61 % of 3a under otherwise iden-
tical conditions, i.e. in MeCN and at a current of 10 mA (entry
13). In contrast, possible combinations of Pt and graphite as
anodes and cathodes (entries 14 and 15), decreased the yield
in all cases. Finally, decreasing the amount of diselenide 2a to
0.5 equiv. resulted in 32 % yield (entry 16). To rule out any
chemical processes catalyzed by platinum, the reaction was per-
formed inside the electrochemical cell, albeit without electricity.
As expected, no product was observed after 24 h, ruling out
any chemical reactions taking place without current applied,
and confirming that electricity serves as the terminal oxidant in
this transformation (entry 17).
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After optimizing the protocol for electrochemical oxidative E'_I_l__b G
selenation/cyclization for the model quinone, lapachol (1), dif- Q P L i 0
ferent diselenides 2 and different quinones were considered to O‘ o ;ggfg:rﬁzﬁ% :g:::; O‘
establish the scope and general applicability of this reaction. I = CHION OAZ M, P h= o o
Diselenides with a varied substitution patterns are generally 1 undivided cell, CCE at 10 mA
tolerated, as shown by the formation 3a-3i in good to excellent (0.2 mmol) a

yields, with exception of compound 3h obtained in a moderate

o [e] o]
yield of 63 % (Scheme 2). Diselenides containing electron with- 0 0 o
drawing groups provided the respective products 3b and 3c in OO @ O‘ @,ﬁl 00 @,F
88 % and 83 % yield. Nonetheless, the conditions also tolerate Oy ANad OuMNss Oy Nag

diselenides containing electron donating groups (compounds 3a: 93% 3b: 88% 3c: 83%
3b and 3c), or heterocyclic and substitution groups in meta

position, as demonstrated by the preparation of the quinoidal i o i o i o

derivatives 3h and 3i. In some cases, suitable crystals were ob- O‘ M O‘ Me O‘ O

tained, for instance for compounds 3¢, 3e and 3g, and by X-ray ) @ . @’ ) O
Se Se Se

crystallographic analysis unambiguously confirmed the forma-
tion of the six-membered ring containing an oxygen atom (see 3d: 84% 3e: 80% 3f: 91%
ORTEP-3 projection in Figure 1). o

(o] (o]
Besides being flexible with regard to the diselenide, the elec- 0 0 o
trochemical method of oxidative selenation can also accommo- O‘ O‘ O‘
date other naphthoquinones as a nucleophilic partner, as 0 Se,\© o} SeD o ss

shown in the Scheme 3 and Scheme 4. Initially, we prepared
C-allyl lawsone (4) via a methodology described in the litera-
ture.'® This quinoidal derivative provides access to an unprece-
dented range of selenium-containing quinones 5. In a prelimi- Scheme 2. Scope of the reaction with lapachol as quinone component.
nary study reported by our group,'®! product 5a was prepared

previously via a catalytic chalcogenylation reaction with

I,/DMSO as oxidant in the presence of diphenyl diselenide, still appears to provide access to a wide range of new quinones
we encountered difficulties in expanding the scope of the reac-  5a-5i, regardless of the electronic variety of the substituents.
tion, noting that different diselenides, in some cases, did not Compounds 5b-5e, for instance, were obtained in moderate
result in the formation of the respective product in good or vyields, and the diselenide containing the heterocyclic also af-
moderate yields. In contrast, the electrochemical approach forded 5h in 84 % yield.

3g: T7% 3h: 63% 3i: 86%

Figure 1. ORTEP-3 projections of 3¢, 3e, 3g and 5a, 5b and 5c indicating the atom numbering and displacement ellipsoids at the 50 % probability level.
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Pt(+) Pt()
nBuyNPFg (1.0 equiv)
RSe-SeR (2, 1.0 eqmv)
CH,;CN (0.02 M), r.t., 1 h
undivided cell, CCE at 10 mA
(0.2 mmol)
o] (o} [o}
CLC L CLX < X
00 RO TRo
Se Se Se
5a; 66% 5b: 64% 5c: 74%
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5d: 58% 5e: 63% 5f: 68%
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RO XY
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5g: 42% 5h: 84% 5i: 67%

Scheme 3. Scope of the reaction with C-allyl lawsone as quinone component.

Pl(+) Pt( -)

nBu,NPFg (1.0 equiv)
RSe-SeR (2, 1.0 equiv)

CH;CN (0.02 M), r.t., 1h
undivided cell, CCE at 10 mA

(0.2 mmol)
fo) o] (o]
0 o] o]
O ‘ 00 @/cl Oe @F
0. SEO 0. Se . Se
Ph Ph Ph
7a: 70% 7b: 60% 7c: 70%
[e] o] o
(o] 0 0
@ o J "o
0. 56 0 Se@’ 0. sé
Ph Ph Ph
7d: 63% Te: 65% T 72%
o] (o] (o]
50¢ oL . ol o
Se Se Se
Ph Ph Ph
79: 62% 7h: 78% 7i: 64%

Scheme 4. Scope of the reaction with a quinoidal compound derivative of
lawsone as quinone component.
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Notably, formation of both, six- and five-membered rings are
possible, as the reaction of C-allyl lawsone (4) with diselenides
indicates. In order to certify the formation of the products, we
have obtained suitable crystals for crystallographic studies. The
structures of the compounds 5a, 5b and 5¢ were determined
by X-ray crystallography analysis and the ORTEP-3 projections
are shown in Figure 1.

The side chain of the quinone, in the case of 4, may also
impact on the reaction, similar to the substituents on the di-
phenyl diselenide. Besides C-allyl-lawsone (4), we have there-
fore investigated lawsone derivative 6 (Scheme 4). The forma-
tion of compounds of the general structure 7 was successful,
with moderate to good yields ranging from 60 % to 78 % and as
expected for anti-addition reactions the products present trans
stereochemistry and were formed as a racemic mixture. The
formation of these compounds from 6 may, in theory, follow
two different pathways generating dihydro-furan or -pyran
rings. Unfortunately, after several attempts at recrystallization,
we have not successfully obtained suitable crystals for X-ray
crystallography analysis and compounds of type 7 were charac-
terized by detailed 1D and 2D NMR experiment methods.

We have also investigated derivatizations of 3a to demon-
strate the utility of the selenated naphthoquinones prepared
here (Figure 2). Reaction of 3a with hydroxylamine hydrochlor-
ide, o-phenylenediamine and phenylhydrazine hydrochloride af-
forded products 8, 9 and 10 in yields of 60 %, 72 % and 70 %,
respectively. Heterocyclic compounds prepared from lapachones
have various applications, for instance, as fluorescent sensors for
live-cell imaging of lipid droplets and for imaging NQO1 activity
in tumour tissues.!'”!

I:’h
Nt NZJ N
SOUSO¢ 20¢
o)
SePh SePh o SePh
8: 60% 9:72% 10: 70%
[NH,OHHCI [o-Phenylenediamine [Phenylhydrazine
(2.0 equiv), NaOAc, (1.2 equiv) hydrochloride (2.0 equiv)

MeOH, 12h, reflux] MeOH, 3 h, reflux] AcOH, EtOH, 2 h, reflux]

Figure 2. Derivatizations of 3a.

After successfully performing the first electrochemical selen-
ation/cylcizations of quinones and optimizing the conditions to
yield highly competitive yields, we have also turned our atten-
tion to the mechanism underlying this - sequence of - reac-
tion(s). Based on literature reports,'8! we expected a mecha-
nism for the electrochemical selenation proceeding via a highly
electrophilic, positively charged intermediate (Scheme 1B). To
investigate the mechanism of the reaction in greater detail,
cyclo voltammetric measurements were conducted.

Diselenide 2a was found to be irreversibly oxidized at a peak
potential of E, = 1.44 V vs. SCE (Figure 3). Due to its high reac-
tivity, the [(PhSe)2]* radical cation generated undergoes a fast
chemical follow-on reaction, probably forming a dicationic
tetramer.l'84189181 The resulting species shows a cathodic re-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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sponse at E, = 0.02 V vs. SCE, which can be rationalized by
reduction of a [(PhSe)s]* cation formed according to previous
literature reports.l'8e!

] —— diselenide 2a

509 —— lapachol 1 + diselenide 2a
{—3a
40

30

20 A

Current [pA]

. —_— . .
0.5 0.0 05 1.0 15 2.0 25
Potential [V vs. SCE]

Figure 3. Cyclic voltammograms in MeCN at 100 mV/s. nBuyNPFs (0.1 M in
MeCN), concentration of lapachol (1) and diselenide 2a 5.0 mm. Diselenide
2a (black); lapachol (1) + diselenide 2a (red); 3a (blue).

Upon addition of lapachol a new anodic response at
E, = 1.55 V vs. SCE was observed, which can be assigned to the
oxidation of product 3a, as evidenced by an independent anal-
ysis of product 3a. Furthermore, a reductive peak was observed
at £, = 0.33 V vs. SCE, which in comparison to diselenide 2a
takes place at higher potentials and disappears at lower scan
rates. Both results, the additional anodic event, together with
the diminishing cathodic event at higher scan rates, are sug-
gestive of a rapid carbophilic reaction of the selenium dication
with lapachol forming a cationic intermediate, which is rapidly
undergoing nucleophilic cyclisation furnishing product 3a and
diselenide 2a (Scheme 5). Next to the irreversible oxidation
peaks at E, = 1.55 V and E, = 1.85 V vs. SCE product 3a shows
a reversible reduction at E,,, = -0.75 V vs. SCE confirming that

te l|

CPhSeSePh
PhSESePh +———= 1/2 [(PhSe),**

1/2 PhSeSePh

112 Hy
D

Pt(+)

Pt(-)

Scheme 5. Proposed mechanism underlying the electrochemical selenation/
cyclization reaction(s).
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the quinone is obtained in its oxidized form after electrolysis.
See Figures 52-S6 in the ESI file for more details.

Once synthesized, the various selenated quinones were also
evaluated for possible biological activity. Based on the trypano-
cidal and antitumor potential of selenium-containing multifunc-
tional redox agents,'®'2'4 the compounds were targeted ini-
tially against selected cancer cell lines such as PC3 (prostate
carcinoma), SNB-19 (astrocytoma), HCT-116 (human colon carci-
noma), MCF-7 (breast carcinoma), B16F10 (murine melanoma),
and also against the flagellated protozoan Trypanosoma cruzi
(T. cruzi), which is responsible for Chagas disease.['” In general
terms, quinones are capable of generating reactive oxygen spe-
cies (ROS) that are intrinsically related to the antitumor and
trypanocidal potential of this class of substances.® These dele-
terious species are able to react directly with DNA, lipids, and
proteins leading to cellular damage.l'”! In the case of T. cruzi,
the absence of classical antioxidant machinery, such as the
glutathione/glutathione reductase system and catalase, reinfor-
ces the parasite rudimentary defenses against ROS.12”

Chagas disease causes significant mortality and morbidity,
especially in low-income populations in endemic countries of
Latin America.?" Since the 1960s, clinical chemotherapy for
Chagas’ disease is based on two nitro derivatives, benznidazole
and nifurtimox, which have important side effects and contro-
versial anti-T. cruzi activity in chronic patients.?? The lack of
options for the most serious phase of this disease, gives
evidence to the continuous demand for new trypanocidal
drugs.?3

Here, we have identified twelve compounds with activity
against the parasite evaluated against bloodstream trypomasti-
gotes of T. cruzi (Y strain) at 4 °C with 5 % of blood. Compounds
3¢, 3f, 3g, 3h, 5a, 5b, 5e, 5g-5i, 7a and 7i were active against
the parasite with ICso values in the range of 97.4 to 38.3 um
(Table 2). Compound 3c with ICsq = 38.3 um was particularly
active, when compared to the standard drug benznidazole
(ICso = 103.6 um), 3c is 2.6-fold more active. Compound 3i previ-
ously published by our research group also presents activity
against T. cruzi, and electrochemistry as a synthetic method en-
abled the preparation of 3i in higher yield compared to the
method previously described.['!

Table 2. Activity of synthetic derivatives against bloodstream trypomastigotes
of T. cruzi (Y strain) at 4 °C with 5 % of blood.

Compd ICsy/24 hi“l (uM) ; Compd  ICso/24 hi*] (uM): Compd  ICso/24 hi#l (M)

3a  1029:00° | 5a

81677 i Ta 7141225
3b  3605:3460 I 5b  583x27 i 7b  337.0:42
3¢ 383:£24 | 5S¢ 2414%109 i Tc 27504364
3d 2076433520 ] 5d  1825+275 i 7d 102026
3¢ 1677.8+11330 1 e 82600 | Te 1205+ 2.1
3f 57.0:96 | Sf 208463 | Tf >500
3g 9744178 | 5g 85.7+147 | T7g 131536
3h 636+51 : 5h  894+130 | 7h  2426+46.0
3 s40:310P i S 755597 i Ti 950116
Bz 1036+06Y [ Bz 1036069 [ Bz 1036069

[a] Mean+SD of at least three independent experiments. [b] Ref.!'”l.
[c] Ref.?4, Bz = Benznidazole.
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Table 3. Cytotoxic activity expressed as ICso pm (95 % Cl) of the compounds 3a-3i and 5a-5i in cancer and normal cell lines after 72 h exposure, obtained
by nonlinear regression for all cell lines from three independent experiments. nd, not determined. DOXO = doxorubicin, drug used in clinical against cancer.

Compd ICs um (95 % Cl)
PC3 SNB-19 HCT-116 MCF-7 B16F10 1929
3a® 0.55 nd 241 nd nd 2.49
0.30-0.90 2.13-2.76 1.91-2.89
3b? 3.28 nd 7.68 nd nd 5.81
2.68-4.02 6.43-9.26 5.51-6.39
3c 1.51 1.90 0.95 242 0.98 1.55
1.35- 1.71 1.81-1.99 0.77-1.17 2.30-2.54 0.74-1.30 0.61-3.93
3dl@ 3.06 nd 468 nd nd 1.89
2.45-3.83 4,08-5.40 1.47-2.38
3el? 5.17 nd 19.27 nd nd 10.47
432-5.76 16.87-20.93 10.13-13.34
3f 10.89 11.72 7.80 9.04 6.49 4,06
8.17-14.51 9.34-14.71 6.64-9.16 7.41-13.66 5.10-8.26 2.80-5.89
3g 451 6.50 5.00 9.76 497 3.94
3.18-6.41 5.92-7.15 4.13-6.07 8.61-11.06 4.40-5.62 2.79-5.56
3h 3.89 5.70 3.85 6.25 3.93 297
3.22-473 5.49-5.93 3.25-4.56 5.67-6.88 3.58-4.31 2.27-3.88
3jl 1.69 nd 3.78 nd nd 3.69
1.26-2.29 3.11-4.57 3.20-4.19
5a 2.51 345 2.49 3.81 212 1.92
2.24-3.35 2.86-4.16 2.41-2.97 3.55-4.08 1.99-2.25 0.83-4.46
5b 428 3.58 278 5.40 272 3.03
3.66-5.00 3.06-4.18 2.28-3.39 4.74-6.14 2.49-2.97 2.76-3.33
5¢ 9.18 14.62 7.34 12.69 3.72 7.62
5.90-10.93 12.71-16.80 6.21-8.68 11.37-14.17 3.27-4.24 5.39-10.79
5d 430 494 407 6.56 431 3.65
3.50-5.25 4.36-5.61 3.72-4.46 6.27-6.87 3.71-5.01 2.81-4.74
5e 443 6.98 4.09 7.50 232 3.85
3.78-5.23 6.72-7.26 3.61-4.63 7.10-7.93 2.05-2.62 3.07-4.83
5f 3.95 3.11 2.02 5.10 212 3.41
3.96-4.92 2.74-3.53 1.50-2.72 4.28-6.08 1.88-2.40 2.75-4.23
59 419 7.99 538 8.96 3.41 346
3.31-5.29 7.38-8.65 4.55-6.36 7.77-10.34 3.07-3.78 2.57-4.67
5h 223 3.05 2.36 415 212 236
1.89-2.50 2.59-3.59 2.09-2.68 3.78-4.56 1.90-2.36 2.05-2.72
5i 3.22 5.85 3.28 436 262 3.31
2.47-4.18 5.62-6.09 2.80-3.83 3.60-5.28 2.19-3.13 2.59-4.24
DOXO 0.76 2.07 0.19 0.14 134 1.71
0.59-0.93 1.78-2.40 0.14-0.24 0.12-0.19 1.14-1.59 1.59-1.86

[a] Data obtained from ref.'4.,

In previously published studies, we have also demonstrated
and discussed the details related to the antitumour activity of
selenium-containing quinones.l'>'¥ |n this earlier report, com-
pounds 3a, 3b, 3d, 3e and 3i were evaluated against ten cancer
cell lines, HL-60 and MOLT-4 (leukaemia), HCT-116 (human co-
lon carcinoma), HCT-8 (colon), PC3 (prostate), PC3M (human
metastatic prostate), OVCAR3 and OVCAR-8 (ovarian), SF295
(central nervous system) and MDA-MB-435 (breast) and normal
cell lines, exemplified by peripheral blood mononuclear cells
(PBMC), V79 and L929""¥ demonstrating the antitumor poten-
tial and selectivity of this class of compounds.

In the present study, we selected the quinones related to
families 3 (dihydro-pyran ring) and 5 (dihydro-furan ring), here
described for the first time, to evaluate any potential activity of
these compounds against selected six tumor cell lines, PC3,
SNB-19, HCT-116, MCF-7 and B16F10 and one non-tumor cells,
L929 (murine fibroblast). The IC5, values obtained are summa-
rized in Table 3.

Briefly, compound 3c (IC5o = 0.95 to 2.42 um) presented the
highest cytotoxic potential against all cell lines investigated.

Eur. J. Org. Chem. 2020, 1-14 www.eurjoc.org

This compound exhibited a lower 1Csy value against the HCT-
116 human colon carcinoma cancer cell line than compound
3a, previously described in the literature (ICsq = 2.41 pm).['¥
These ICsq values in the low micromolar range are promising
and demand further investigations. For the PC3 prostate cancer
cell line, the compounds with the highest cytotoxic activity
were again 3c and, this time, 5h with ICs, values of 1.51 and
2.23 um, respectively. These compounds also exhibited higher
cytotoxicity against the astrocytoma cells SNB-19, with ICs,
values of 1.90 and 3.05 v, respectively.

Compound 3c presented an ICs, value of 2.42 um in the
MCF-7 cell line, where 5a showed the second highest activity
(ICs5o = 3.81 um). For colon carcinoma (HCT-116) the ICsq was
0.95 um for 3¢, followed by 2.02 um for 5f. The highest cytotoxic
for the melanoma lineage (B16F10) were 0.92 um for 3c and
2.12 um for 5f and 5h.

For all compounds the selectivity index (SI) was calculated
as an indicator of the selectivity of a compound for a neoplastic
and a normal lineage, as selectivity is essential before any future
clinical evaluation may be carried out (Table S1). The antitumor

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

EurJOC . .
doi.org/10.1002/ejoc.202000216

European Journal of Organic Chemistry

potential of new compounds can be considered important
when the SI has a value equal to or greater than 2.0, that is,
the compound exhibits an activity against in the neoplastic cell
line which is double or higher when compared to its activity
against normal cells.??! In some cases, the compounds under
investigation exhibited a high selectivity index with values
around 1.6. In this context, the substances described here for
the first time can be considered as an important starting point
for the design of new molecules with powerful antitumor activ-
ity and low cytotoxicity against normal cells and consequently
a high selectivity index.

Conclusions

In conclusion, we have reported an efficient electrochemical
method for the synthesis of a wide range of selenium-contain-
ing multifunctional redox quinoidal compounds via an anodic
oxidative selenation/cyclization reaction. This reaction is simple
and versatile, it results in considerable yields and is insensitive
to the character of the diselenide and quinone selected. Some
of the quinone-hybrid molecules produced with this electro-
chemical method also exhibit considerable biological activity,
such as compound 3¢, which is active against T. cruzi with an
ICso of 38.3 um and against HCT-116 and B16F10 cancer cells
with 1Cso values of 0.95 and 0.98 um, respectively. Our study
provides a simple, fast, green and efficient synthetic access to
selenium functionalized quinones. Due to the biological poten-
tial of the compounds described and ease of handling and
carrying out reactions involving electrochemistry, our method-
ology enables the synthesis of a wide variety of chalcogen-
modified quinones. Their synthesis and biological activities are
promising and can be investigated further in a series of follow-
on studies.

Experimental Section

General Remarks: Starting materials obtained from commercial sup-
pliers were used as received unless otherwise stated. Flash column
chromatography (FCC) was performed using silica gel (Aldrich 40-
63 pum, 230-400 mesh). Thin layer chromatography (TLC) was per-
formed using aluminum-backed 60 F254 silica plates. Visualization
was achieved by UV fluorescence. Proton nuclear magnetic reso-
nance (NMR) spectra were recorded using a Bruker DRX 400 or a
Bruker AVANCE 400 spectrometer. '>C NMR spectra were recorded
at 100 MHz as stated. Chemical shifts (0) are given in parts per
million (ppm). Peaks are described as singlets (s), doublets (d), dou-
blet of doublets (dd), triplets (t), doublet of triplets (dt), quartets
(q), doublet of quartets (qt) and multiplets (m). The 'H and '3C NMR
spectra were referenced to the appropriate residual solvent peak or
TMS peak. Coupling constants (J) were quoted to the nearest 0.5 Hz.
Mass spectra were recorded using a Bruker Daltonics micrOTOF-Q
Il (APPI* and ESI* mode). Infrared spectra were recorded on a Perkin
Elmer Spectrum One FTIR spectrometer as thin films or solids com-
pressed on a diamond plate. IR bands are described by the wave-
number (¥, cm™). Melting points were determined using the Stuart
SMP30 melting point apparatus and are uncorrected. The anode
and cathode are platinum plate electrodes (10 x 10 x 0.2 mm). Elec-
trocatalysis was conducted using an AXIOMET AX-3003P potentio-
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stat in constant current mode. CV studies were performed using a
Metrohm Autolab PGSTAT204 workstation and Nova 2.1 software.

Synthesis of substrates: Diselenides were synthesized via the
Grignard reaction followed by transmetalation with Se powder
(200 mesh).2 Lapachol (1) (2-hydroxy-3-(3’-methyl-2’-butenyl)-1,4-
naphthoquinone) was extracted from the heartwood of Tabebuia
sp. (Tecoma) and purified by a series of recrystallizations in an ap-
propriate solvent. From lawsone, C-allyl-lawsone (4) and compound
6 were synthesized following procedure described by Fieser.2!

General Electrosynthesis Procedure: A 25 mL electrosynthesis reac-
tor was charged with the corresponding quinone (0.2 mmol),
nBuyNPFg (774 mg, 0.2 mmol) the corresponding diselenide
(0.2 mmol) and acetonitrile (10 mL). The reactor was equipped with
two platinum electrodes (10 x 10 x 0.2 mm) immersed in the solu-
tion, that was submitted to constant stirring. The constant current
was set to 10 mA. The reaction was electrolyzed for 1 hour, and
analysis by TLC showed complete consumption of the starting ma-
terial. The resulting mixture was transferred to a 100 mL round-
bottomed flask and after solvent removal by reduced pressure, the
crude product was purified by FCC, under the conditions noted.

Characterization Data of Products 3a-i.

2,2-Dimethyl-3-(phenylselanyl)-3,4-dihydro-2H-benzo[h]chrom-
ene-5,6-dione (3a): The general electrosynthesis procedure was
followed by using quinone 1 (48.4 mg, 0.2 mmol) and diselenide
2a (62.4 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 4:1) yielded 3a
(73.8 mg, 93 %) as an orange solid. '"H NMR (400 MHz, CDCls) 6:
8.05 (d, J = 6.7 Hz, 1H), 7.78 (d, J = 7.5 Hz, 1H), 7.71-7.57 (m, 3H),
7.51 (t, J = 7.5 Hz, 1H), 7.35-7.24 (m, 3H), 3.41 (dd, J = 9.7, 5.6 Hz,
1H), 3.10 (dd, J = 17.9, 5.6 Hz, 1H), 2.74 (dd, J = 17.9, 9.7 Hz, 1H),
1.68 (s, 3H), 1.54 (s, 3H); ™>*C NMR (100 MHz, CDCl5) ¢: 179.5, 178.0,
161.5, 135.2, 134.9, 132.1, 130.9, 130.1, 129.4, 128.7, 128.5, 12823,
124.1, 1125, 83.0, 45.7, 27.8, 25.4, 23.3; 77Se NMR (76 MHz, CDCls)
0:379.7; IR (solid): ¥ = 2977, 1610, 1377, 743 cm™"; m.p. (°C) = 124.3-
125.2; HRMS (APPI*): Calcd. for Cy1H;905Se [M + H]* 399.0495,
found 399.0500.

3-((4-Chlorophenyl)selanyl)-2,2-dimethyl-3,4-dihydro-2H-
benzo[hlchromene-5,6-dione (3b): The general electrosynthesis
procedure was followed by using quinone 1 (48.4 mg, 0.2 mmol)
and diselenide 2b (76.2 mg, 0.2 mmol) as starting materials. Purifi-
cation by column chromatography on silica gel (n-hexane/EtOAc,
4:1) yielded 3b (75.9 mg, 88 %) as a deep orange solid. "H NMR
(400 MHz, CDCl3) 0: 8.06 (d, J = 7.5 Hz, TH), 7.78 (d, J = 7.7 Hz, TH),
7.66 (t, J = 8.2 Hz, 1H), 7.54 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 8.4 Hz,
2H), 3.40 (dd, J = 9.5, 5.6 Hz, TH), 3.09 (dd, J = 17.9, 5.6 Hz, 1H), 2.73
(dd, J=17.9,9.5 Hz, 1H), 1.67 (s, 3H), 1.54 (s, 3H); ">C NMR (100 MHz,
CDCls) 0: 179.4, 178.0, 161.4, 136.5, 134.9, 132.0, 131.0, 130.1, 129.6,
128.8, 126.6, 124.1, 112.3, 82.8, 46.1, 27.8, 25.3, 23.4; "7Se NMR
(76 MHz, CDCl5) 6: 375.2; IR (solid): ¥ = 2980, 1610, 1302, 821 cm™";
m.p. (°C) = 194.4-194.9; HRMS (APPI*): Calcd. for C,;H,5ClO3Se
[M + H]* 433.0104, found 433.0103.

3-((4-Fluorophenyl)selanyl)-2,2-dimethyl-3,4-dihydro-2H-
benzo[hlchromene-5,6-dione (3c): The general electrosynthesis
procedure was followed by using quinone 1 (48.4 mg, 0.2 mmol)
and diselenide 2¢ (69.6 mg, 0.2 mmol) as starting materials. Purifica-
tion by column chromatography on silica gel (n-hexane/EtOAc, 4:1)
yielded 3¢ (68.9 mg, 83 %) as an orange solid. '"H NMR (400 MHz,
CDCl5) 6: 8.06 (d, J = 7.6 Hz, 1H), 7.78 (d, J = 7.2 Hz, 1H), 7.71-7.55
(m, 3H), 7.53 (t, J = 7.5 Hz, TH), 6.99 (t, J = 8.7 Hz, 2H), 3.35 (dd, J =
9.5, 5.6 Hz, 1H), 3.07 (dd, J = 17.9, 5.6 Hz, 1H), 2.72 (dd, J = 17.9,
9.6 Hz, 1H), 1.68 (s, 3H), 1.54 (s, 3H); 3*C NMR (100 MHz, CDCls) 9:
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179.4, 178.0, 163.1 (d, J = 249.1 Hz), 161.5, 137.7 (d, J = 8.1 Hz),
134.9, 132.0, 131.0, 130.1, 128.7, 124.1, 1229 (d, J = 3.6 Hz), 116.6
(d, J=219Hz), 112.3,82.8, 46.1, 27.8, 25.2, 23.3; 7’Se NMR (76 MHz,
CDCls) 6: 371.7; IR (solid): ¥ = 2977, 1607, 1217, 778 cm™'; m.p.
(°C) = 132.3-132.4; HRMS (APPI*): Calcd. for Cy;H,gFOsSe [M + H]*
417.0400, found 417.0405. The structure of the product was also con-
firmed by X-ray diffraction (CCDC number = 1966510).

3-((4-Methoxyphenyl)selanyl)-2,2-dimethyl-3,4-dihydro-2H-
benzo[hlchromene-5,6-dione (3d): The general electrosynthesis
procedure was followed by using quinone 1 (48.4 mg, 0.2 mmol)
and diselenide 2d (74.4 mg, 0.2 mmol) as starting materials. Purifi-
cation by column chromatography on silica gel (n-hexane/EtOAc,
4:1) yielded 3d (71.7 mg, 84 %) as an orange solid. "H NMR
(400 MHz, CDCls) 6: 8.05 (d, J = 8.3 Hz, TH), 7.78 (d, J = 7.5 Hz, 1H),
7.65 (t, J = 7.6 Hz, 1H), 7.55-7.52 (m, 3H), 6.80 (d, J = 8.7 Hz, 2H),
3.79 (s, 3H), 3.29 (dd, J = 9.4, 5.6 Hz, TH), 3.05 (dd, J = 18.0, 5.6 Hz,
1H), 2.70 (dd, J = 17.9, 9.5 Hz, TH), 1.68 (s, 3H), 1.54 (s, 3H); '*C NMR
(100 MHz, CDCl3) 0: 179.5, 178.0, 161.5, 160.1, 137.7, 134.8, 132.2,
130.9, 130.1, 128.7, 124.1, 118.2, 115.0, 112.5, 82.9, 55.3, 45.7, 27.8,
25.1, 23.4; 77Se NMR (76 MHz, CDCl;) d: 364.1; IR (solid): ¥ = 2977,
1610, 1249, 764 cm™"; m.p. (°C) = 142.4-142.9; HRMS (APPI*): Calcd.
for C55H,,0,5e [M + H]* 429.0600, found 429.0602.

2,2-Dimethyl-3-(p-tolylselanyl)-3,4-dihydro-2H-benzo[h]chrom-
ene-5,6-dione (3e): The general electrosynthesis procedure was
followed by using quinone 1 (48.4 mg, 0.2 mmol) and diselenide
2e (68.0 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 4:1) yielded 3e
(65.8 mg, 80 %) as an orange solid. 'TH NMR (400 MHz, CDCl5) d:
8.05 (d, J = 8.4 Hz, 1H), 7.78 (d, J = 7.6 Hz, 1H), 7.65 (t, J = 7.6 Hz,
1H), 7.54-7.49 (m, 3H), 7.08 (d, J = 7.9 Hz, 2H), 3.35 (dd, J = 9.5,
5.6 Hz, 1H), 3.08 (dd, J = 18.0, 5.6 Hz, 1H), 2.72 (dd, J = 18.0, 9.6 Hz,
1H), 2.32 (s, 3H), 1.68 (s, 3H), 1.54 (s, 3H); >*C NMR (100 MHz, CDCls)
0 = -179.5, 178.0, 161.5, 138.6, 135.6, 134.8, 132.1, 130.9, 130.2,
130.1, 128.7, 124.6, 124.1, 112.5, 83.0, 45.6, 27.8, 25.2, 23.4, 21.2;
77Se NMR (76 MHz, CDCl3) 6: 370.3; IR (solid): ¥ = 2980, 1607, 1306,
810 cm™'; m.p. (°C) = 190.8-191.3; HRMS (APPI*): Calcd. for
C5,H5,055e [M + H]* 413.0650, found 413.0658. The structure of the
product was also confirmed by X-ray diffraction (CCDC number =
1966511).

2,2-Dimethyl-3-(naphthalen-1-ylselanyl)-3,4-dihydro-2H-
benzo[h]chromene-5,6-dione (3f): The general electrosynthesis
procedure was followed by using quinone 1 (48.4 mg, 0.2 mmol)
and diselenide 2f (82.4 mg, 0.2 mmol) as starting materials. Purifica-
tion by column chromatography on silica gel (n-hexane/EtOAc, 4:1)
yielded 3f (81.4 mg, 91 %) as an orange solid. "H NMR (400 MHz,
CDCl3) o: 8.46 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 8.6 Hz, 1H), 7.93 (d,
J=7.1Hz 1H), 7.84 (t, J = 84 Hz, 2H), 7.74 (d, J = 7.2 Hz, 1H), 7.64-
7.47 (m, 4H), 7.38 (t, J = 7.6 Hz, 1H), 3.42 (dd, J = 9.2, 5.6 Hz, 1H),
3.05 (dd, J = 18.0, 5.6 Hz, 1H), 2.77 (dd, J = 18.0, 9.3 Hz, 1H), 1.65
(s, 3H), 1.63 (s, 3H); ">*C NMR (100 MHz, CDCl5) 6: 179.4, 178.0, 161.4,
135.9, 134.8, 134.2, 132.1, 130.9, 130.1, 130.0, 128.9, 128.7, 127.9,
127.2, 1264, 125.9, 124.1, 1124, 82.9, 45.3, 27.7, 25.2, 23.5; 7’Se
NMR (76 MHz, CDCl3) 6: 304.4; IR (solid): ¥ = 2981, 1607, 1568,
1384, 775 cm™"; m.p. (°C) = 143.4-144.0; HRMS (APPI*): Calcd. for
CysH;055€e [M + HI* 449.0650, found 449.0650.

3-(Benzylselanyl)-2,2-dimethyl-3,4-dihydro-2H-benzo[h]lchrom-
ene-5,6-dione (3g): The general electrosynthesis procedure was
followed by using quinone 1 (48.4 mg, 0.2 mmol) and diselenide
2g (68.0 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 4:1) yielded 3g
(63.3 mg, 77 %) as deep orange crystals. "H NMR (400 MHz, CDCl5)
0:8.06 (d, J=8.5 Hz, 1H), 7.77 (d, J = 7.7 Hz, 1H), 7.65 (t, J = 8.3 Hz,
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1H), 7.52 (t, J = 8.1 Hz, 1H), 7.38-7.18 (m, 5H), 3.95 (s, 2H), 3.06 (dd,
J =175, 5.5 Hz, 1H), 2.92 (dd, J = 10.3, 5.5 Hz, 1H), 2.69 (dd, J =
17.5, 10.4 Hz, TH), 1.60 (s, 3H), 1.43 (s, 3H); '3C NMR (100 MHz,
CDCl5) 6: 179.5, 178.0, 161.5, 138.2, 134.8, 132.1, 130.9, 130.1, 129.0,
128.7, 128.7, 127.2, 124.1, 112.7, 83.2, 40.2, 28.6, 27.7, 25.5, 22.9;
77Se NMR (76 MHz, CDCl5) 6: 336.4; IR (solid): ¥ = 2980, 1603, 1571,
1387, 697 cm™'; m.p. (°C) = 134.0-135.1; HRMS (APPI"): Calcd. for
C5,H5,05S5e [M + H]* 413.0650, found 413.0650. The structure of the
product was also confirmed by X-ray diffraction (CCDC number =
1966512).

2,2-Dimethyl-3-(thiophen-2-ylselanyl)-3,4-dihydro-2H-benzo-
[hlchromene-5,6-dione (3h): The general electrosynthesis proce-
dure was followed by using quinone 1 (48.4 mg, 0.2 mmol) and
diselenide 2h (64.8 mg, 0.2 mmol) as starting materials. Purification
by column chromatography on silica gel (n-hexane/EtOAc, 4:1)
yielded 3h (50.8 mg, 63 %) as an orange solid. '"H NMR (400 MHz,
CDCl3) 0: 8.06 (d, J=8.2 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.66 (t, J =
7.6 Hz, 1H), 7.52 (t, J = 7.5 Hz, 1H), 7.41 (d, J = 5.3 Hz, TH), 7.25 (d,
J=4.2Hz 1H), 6.98 (dd, J = 5.3, 3.6 Hz, 1H), 3.35 (dd, J = 9.0, 5.6 Hz,
1H), 3.06 (dd, J = 18.0, 5.6 Hz, 1H), 2.73 (dd, J = 18.0, 9.0 Hz, 1H),
1.70 (s, 3H), 1.56 (s, 3H); ™>*C NMR (100 MHz, CDCl5) ¢: 179.4, 178.0,
161.4, 137.7, 134.9, 132.3, 132.1, 130.9, 130.1, 128.7, 128.4, 124.2,
121.6, 112.2, 82.4, 47.5, 27.6, 24.7, 23.5; 77Se NMR (76 MHz, CDCl5)
0:271.3; IR (solid): ¥ = 2977, 1614, 1373, 729 cm™; m.p. (°C) = 144.5-
145.7; HRMS (APPI*): Calcd. for C;9H;,055Se [M + H]* 405.0058,
found 405.0066.

2,2-Dimethyl-3-((3-(trifluoromethyl)phenyl)selanyl)-3,4-di-
hydro-2H benzo[hlchromene-5,6-dione (3i): The general electro-
synthesis procedure was followed by using quinone 1 (48.4 mg,
0.2 mmol) and diselenide 2i (89.6 mg, 0.2 mmol) as starting materi-
als. Purification by column chromatography on silica gel (n-hexane/
EtOAc, 4:1) yielded 3i (80.0 mg, 86 %) as an orange oil. 'TH NMR
(400 MHz, CDCl3) 6: 8.06 (d, J = 7.6 Hz, 1H), 7.85 (s, 1H), 7.79 (d, J =
7.7 Hz, 2H), 7.66 (t, J = 8.0 Hz, 1H), 7.54 (q, J = 8.1, 7.4 Hz, 2H), 7.42
(t, J = 7.7 Hz, TH), 3.49 (dd, J = 9.3, 5.6 Hz, 1H), 3.13 (dd, J = 18.0,
5.6 Hz, 1H), 2.77 (dd, J = 18.0, 9.4 Hz, 1H), 1.68 (s, 3H), 1.57 (s, 3H);
3C NMR (100 MHz, CDCl) 6: 179.3, 178.0, 161.5, 138.1, 134.9, 131.9,
131.2 (g, J = 3.8 Hz), 131.0, 130.1, 129.7, 129.6, 128.8, 125.1 (q, J =
3.8 Hz), 124.2, 82.6, 46.1, 27.7, 25.4, 23.5; 77Se NMR (76 MHz, CDCl3)
0: 386.6; IR (solid): ¥ = 2991, 1610, 1323, 1122, 697 cm~'; HRMS
(APPI*): Calcd. for C,H,gF303Se [M + H]* 467.0368, found 467.0378.

Characterization Data of Products 5a-i.

2-((Phenylselanyl)methyl)-2,3-dihydronaphthol[1,2-blfuran-4,5-
dione (5a): The general electrosynthesis procedure was followed
by using quinone 4 (48.4 mg, 0.2 mmol) and diselenide 2a (62.4 mg,
0.2 mmol) as starting materials. Purification by column chromatog-
raphy on silica gel (n-hexane/EtOAc, 3:1) yielded 5a (48.7 mg, 66 %)
as red crystals. "TH NMR (400 MHz, CDCl5) 6: 8.05 (d, J = 8.6 Hz, 1H),
7.66-7.53 (m, 4H), 7.43 (d, J = 7.0 Hz, 1H), 7.27-7.24 (m, 3H), 5.41-
5.14 (m, 1H), 3.40-3.19 (m, 3H), 2.97 (dd, J = 15.6, 6.9 Hz, TH); '3C
NMR (100 MHz, CDCl5) 6: 181.0, 175.4, 169.4, 134.5, 133.6, 132.0,
130.6, 129.4, 129.3, 128.6, 127.8, 127.3, 124.6, 115.1, 86.7, 32.4, 32.2;
77Se NMR (76 MHz, CDCl5) 6: 262.8; IR (solid): ¥ = 2984, 1614, 1323,
1129, 698 cm™'; m.p. (°C) = 117.6-118.4; HRMS (APPI*): Calcd. for
Cy0H;5055e [M + H]* 371.0181, found 371.0187. The structure of the
product was also confirmed by X-ray diffraction (CCDC number =
1966513).

2-(((4-Chlorophenyl)selanyl)methyl)-2,3-dihydronaphtho-
[1,2-blfuran-4,5-dione (5b): The general electrosynthesis proce-
dure was followed by using quinone 4 (48.4 mg, 0.2 mmol) and
diselenide 2b (76.2 mg, 0.2 mmol) as starting materials. Purification
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by column chromatography on silica gel (n-hexane/EtOAc, 3:1)
yielded 5b (51.6 mg, 64 %) as red crystals. "H NMR (400 MHz, CDCls)
0:8.05 (d, J = 8.6 Hz, 1H), 7.63-7.55 (m, 2H), 7.48 (d, J = 8.4 Hz, 2H),
734 (d, J =7.1 Hz, 1H), 7.19 (d, J = 8.4 Hz, 2H), 5.34-5.27 (m, TH),
3.36-3.24 (m, 3H), 2.98 (dd, J = 15.6, 6.8 Hz, TH); 3C NMR (100 MHz,
CDCl5) 6: 181.0, 175.3, 169.3, 134.9, 134.5, 134.1, 132.0, 130.6, 129.5,
129.4,127.2,126.9, 124.5, 115.0, 86.5, 32.8, 32.2; "’Se NMR (76 MHz,
CDCl5) 6: 260.1; IR (solid): ¥ = 2920, 1614, 1408, 1246, 807 cm™;
m.p. (°C) = 136.3-137.4; HRMS (APPI*): Calcd. for C;9H;4ClIO3Se [M
+ HI* 404.9791, found 404.9782. The structure of the product was
also confirmed by X-ray diffraction (CCDC number = 1966514).

2-(((4-Fluorophenyl)selanyl)methyl)-2,3-dihydronaphthol1,2-b]-
furan-4,5-dione (5c): The general electrosynthesis procedure was
followed by using quinone 4 (48.4 mg, 0.2 mmol) and diselenide
2c¢ (69.6 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 3:1) yielded 5¢
(57.3 mg, 74 %) as red crystals. "H NMR (400 MHz, CDCl5) 6: 8.07 (d,
J =7.1 Hz, 1H), 7.64-7.54 (m, 4H), 7.42 (d, J = 7.0 Hz, 1H), 6.95 (t,
J = 8.7 Hz, 2H), 5.31-5.24 (m, TH), 3.37-3.17 (m, 3H), 2.98 (dd, J =
15.6, 6.9 Hz, TH); 3C NMR (100 MHz, CDCl5) 6: 181.0, 175.3, 169.4,
162.7(d, J = 249.7 Hz), 136.2 (d, J = 8.0 Hz), 134.4, 132.0, 130.6,
129.5,127.3,124.5,123.1 (d, J=3.6 Hz), 116.5 (d, J = 21.6 Hz), 115.0,
86.6, 33.2, 32.2; IR (solid): ¥ = 3058, 1699, 1610, 1228, 892 cm™;
m.p. (°C) = 183.4-184.1; HRMS (APPI*): Calcd. for C;oH;,FO5Se [M +
H]* 389.0087, found 389.0084. The structure of the product was also
confirmed by X-ray diffraction (CCDC number = 1966515).

2-(((4-Methoxyphenyl)selanyl)methyl)-2,3-dihydronaphtho-
[1,2-blfuran-4,5-dione (5d): The general electrosynthesis proce-
dure was followed by using quinone 4 (48.4 mg, 0.2 mmol) and
diselenide 2d (74.4 mg, 0.2 mmol) as starting materials. Purification
by column chromatography on silica gel (n-hexane/EtOAc, 3:1)
yielded 5d (46.3 mg, 58 %) as red crystals. "H NMR (400 MHz, CDCls)
0:8.06 (d, J = 8.6 Hz, 1H), 7.63-7.55 (m, 2H), 7.52 (d, J = 8.8 Hz, 2H),
746 (d, J = 7.1 Hz, 1H), 6.79 (d, J = 8.8 Hz, 2H), 531-5.17 (m, 1H),
3.78 (s, 3H), 3.34-3.21 (m, 2H), 3.13 (dd, J = 13.0, 7.0 Hz, 1H), 2.98
(dd, J = 15.6, 6.9 Hz, TH); "3C NMR (100 MHz, CDCl5) o: 181.1, 175.4,
169.5, 159.8, 136.3, 134.4, 131.9, 130.7, 129.4, 127.4, 124.6, 1184,
115.1, 115.0, 86.8, 55.3, 33.1, 32.1; 77Se NMR (76 MHz, CDCl;) o:
251.5; IR (solid): ¥ = 2923, 1656, 1614, 1249, 771 cm™"; m.p. (°C) =
140.3-141.0; HRMS (APPI*): Calcd. for C5oH;,0,5e [M + H]*
401.0287, found 401.0284.

2-((p-Tolylselanyl)methyl)-2,3-dihydronaphtho[1,2-b]furan-4,5-
dione (5e): The general electrosynthesis procedure was followed
by using quinone 4 (48.4 mg, 0.2 mmol) and diselenide 2e (68.0 mg,
0.2 mmol) as starting materials. Purification by column chromatog-
raphy on silica gel (n-hexane/EtOAc, 3:1) yielded 5e (48.3 mg, 63 %)
as red crystals. "TH NMR (400 MHz, CDCls) 6: 8.06 (d, J = 7.2 Hz, TH),
7.58 (p, J = 7.5 Hz, 2H), 7.47-7.44 (m, 3H), 7.06 (d, J = 7.9 Hz, 2H),
525 (dt, J = 12.3, 6.1 Hz, 1H), 3.39-3.22 (m, 2H), 3.18 (dd, J = 13.0,
7.0 Hz, TH), 2.98 (dd, J = 15.6, 6.9 Hz, 1H), 2.31 (s, 3H); '3C NMR
(100 MHz, CDCls) 6: 181.1, 175.4, 169.5, 138.0, 134.4, 134.1, 131.9,
130.7, 130.1, 1294, 127.4, 124.7, 124.6, 115.1, 86.8, 32.6, 32.2, 21.1;
77Se NMR (76 MHz, CDCl3) 6: 255.2; IR (solid): ¥ = 2923, 1656, 1617,
1249, 771 cm™"; m.p. (°C) = 89.3-90.2; HRMS (APPI*): Calcd. for
CyoH17055€e [M + HI* 385.0338, found 385.0337.

2-((Naphthalen-1-ylselanyl)methyl)-2,3-dihydronaphtho[1,2-b]-
furan-4,5-dione (5f): The general electrosynthesis procedure was
followed by using quinone 4 (48.4 mg, 0.2 mmol) and diselenide 2f
(82.4 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 3:1) yielded 5f
(57.0 mg, 68 %) as red crystals. "H NMR (400 MHz, CDCl5) 6: 8.42 (d,
J=83Hz 1H), 7.97 (dd, J = 5.7, 3.2 Hz, TH), 7.90 (d, J = 7.1 Hz, 1H),
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7.77 (d, J = 8.1 Hz, 2H), 7.60-7.42 (m, 4H), 7.41-7.30 (t, J = 7.6 Hz,
1H), 7.16 (dd, J = 5.7, 3.1 Hz, 1H), 5.32-5.13 (m, 1H), 3.44-3.18 (m,
3H), 3.06 (dd, J = 15.6, 6.9 Hz, 1H); ">*C NMR (100 MHz, CDCl3) 6:
181.0, 175.3, 169.4, 134.5, 134.3, 134.3, 134.0, 131.8, 130.5, 1294,
129.3, 128.7, 127.9, 127.7, 127.1, 127.1, 1264, 125.7, 124.4, 115.0,
86.7, 32.8, 32.1; 77Se NMR (76 MHz, CDCl5) 6: 192.7; IR (solid): ¥ =
3054, 1653, 1614, 1405, 771 cm™'; m.p. (°C) = 75.6-76.3; HRMS
(APPI*): Calcd. for C,5H;,055e [M + H]* 421.0337, found 421.0340.

2-((Benzylselanyl)methyl)-2,3-dihydronaphthol1,2-b]furan-4,5-
dione (5g): The general electrosynthesis procedure was followed
by using quinone 4 (48.4 mg, 0.2 mmol) and diselenide 2g (68.0 mg,
0.2 mmol) as starting materials. Purification by column chromatog-
raphy on silica gel (n-hexane/EtOAc, 3:1) yielded 5g (32.2 mg, 42 %)
as a red solid. "H NMR (400 MHz, CDCl5) 6: 8.07 (d, J = 7.5 Hz, TH),
7.67-7.56 (m, 3H), 7.41-7.16 (m, 5H), 5.19 (dq, J = 12.6, 6.8 Hz, TH),
3.89 (s, 2H), 3.23 (dd, J = 15.6, 9.9 Hz, 1H), 2.89 (qd, J = 15.2, 14.1,
6.3 Hz, 3H); '3C NMR (100 MHz, CDCl5) 6: 181.0, 175.3, 169.3, 138.5,
134.6, 132.0, 130.7, 129.5, 128.9, 128.7, 127.4, 127.2, 124.5, 115.2,
87.2, 32.4,28.2, 28.1; 77Se NMR (76 MHz, CDCl3) 6: 223.5; IR (solid):
¥ =2923, 1656, 1614, 1408, 697 cm™~"; m.p. (°C) = 127.9-128.4; HRMS
(APPI*): Calcd. for CyoH;705Se [M + H]*" 385.0337, found 385.0339.

2-((Thiophen-2-ylselanyl)methyl)-2,3-dihydronaphtho[1,2-b]-
furan-4,5-dione (5h): The general electrosynthesis procedure was
followed by using quinone 4 (48.4 mg, 0.2 mmol) and diselenide
2h (64.8 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 3:1) yielded 5h
(63.0 mg, 84 %) as an orange solid. "H NMR (400 MHz, CDCl5) 6:
8.07 (d, J = 83 Hz, 1H), 7.71-7.53 (m, 3H), 7.41 (dd, J = 4.3, 1.1 Hz,
1H), 7.26 (dd, J = 3.5, 1.1 Hz, TH), 6.98 (dd, J = 5.3, 3.5 Hz, 1H), 5.44-
5.13 (m, 1H), 3.40-3.22 (m, 2H), 3.09 (dd, J = 12.9, 7.0 Hz, 1H), 2.96
(dd, J = 15.7, 7.0 Hz, TH); ">C NMR (100 MHz, CDCl5) 6: 181.0, 175.4,
169.5, 136.6, 134.5, 132.0, 131.6, 130.7, 129.5, 128.3, 127.4, 124.6,
122.0, 115.0, 86.4, 35.3, 32.1; 7’Se NMR (76 MHz, CDCl;) 6: 177.0; IR
(solid): ¥ = 3079, 1649, 1575, 1238, 718 cm™'; m.p. (°C) = 143.6-
144.7; HRMS (APPI*): Calcd. for C;,H,305SSe [M + H]* 376.9745,
found 376.9750.

2-(((3-(Trifluoromethyl)phenyl)selanyl)methyl)-2,3-dihydro-
naphtho[1,2-b]furan-4,5-dione (5i): The general electrosynthesis
procedure was followed by using quinone 4 (48.4 mg, 0.2 mmol)
and diselenide 2i (89.6 mg, 0.2 mmol) as starting materials. Purifica-
tion by column chromatography on silica gel (n-hexane/EtOAc, 3:1)
yielded 5i (66.4 mg, 67 %) as an orange solid. '"H NMR (400 MHz,
CDCl5) 6: 8.11-8.01 (m, 1H), 7.82 (s, TH), 7.73 (d, J = 7.7 Hz, 1H), 7.57
(td, J = 6.7, 5.6, 3.9 Hz, 2H), 7.49 (d, J = 7.8 Hz, 1H), 7.42-7.29 (m,
2H), 5.48-5.30 (m, 1H), 3.39 (d, J = 5.8 Hz, 2H), 3.31 (dd, J = 15.6,
10.0 Hz, TH), 3.00 (dd, J = 15.6, 6.9 Hz, TH); "3C NMR (100 MHz,
CDCl5) 0: 180.9, 175.3, 169.3, 136.4, 134.5, 132.0, 131.7, 131.4, 130.6,
130.1, 129.6 (q, J = 4.0 Hz), 129.5, 127.1, 124.9, 124.4 (q, J = 3.6 Hz),
122.2, 115.0, 86.3, 32.7, 32.3; 77Se NMR (76 MHz, CDCl;) 6: 269.8; IR
(solid): ¥ = 2931, 1656, 1621, 1331, 697 cm™'; m.p. (°C) = 94.5-95.3;
HRMS (APPI*): Calcd. for CyoHq14F30sSe [M + HI* 439.0055, found
439.0051.

Characterization Data of Products 7a-i.

2-Phenyl-3-(phenylselanyl)-3,4-dihydro-2H-benzo[h]lchromene-
5,6-dione (7a): The general electrosynthesis procedure was fol-
lowed by using quinone 6 (58.0 mg, 0.2 mmol) and diselenide 2a
(62.4 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 3:1) yielded 7a
(62.3 mg, 70 %) as an orange solid. '"H NMR (400 MHz, CDCl5) 6:
8.09 (d, J=7.5Hz 1H), 777 (d, ) = 7.2 Hz, 1H), 7.62 (t, J = 7.6 Hz,
1H), 7.53 (t, J = 7.5 Hz, 1H), 7.42-7.34 (m, 5H), 7.34-7.25 (m, 4H),
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720 (t, J = 7.3 Hz, 2H), 535 (d, J = 7.7 Hz, 1H), 3.73 (td, J = 8.2,
53 Hz, TH), 3.00 (dd, J = 17.8, 5.3 Hz, 1H), 2.73 (dd, J = 17.7, 8.5 Hz,
TH); 13C NMR (100 MHz, CDCl3) &: 179.3, 178.1, 162.2, 137.6, 135.8,
135.0, 131.6, 131.1, 130.1, 129.2, 129.1, 128.9, 128.7, 1285, 127.0,
126.8, 124.3, 113.1, 83.7, 39.6, 24.8; ; 77Se NMR (76 MHz, CDCl;) o
384.2; IR (solid): ¥ = 2923, 1600, 1621, 1391, 930 cm™"; m.p. (°C) =
130.5-132.9; HRMS (APPI*): Calcd. for C,sH,5055eNa [M + Nal*
469.0315, found 469.0318.

3-((4-Chlorophenyl)selanyl)-2-phenyl-3,4-dihydro-2H-benzo-
[hlchromene-5,6-dione (7b): The general electrosynthesis proce-
dure was followed by using quinone 6 (58.0 mg, 0.2 mmol) and
diselenide 2b (76.2 mg, 0.2 mmol) as starting materials. Purification
by column chromatography on silica gel (n-hexane/EtOAc, 3:1)
yielded 7b (57.5 mg, 60 %) as an orange solid. '"H NMR (400 MHz,
CDCl5) 6:8.09 (d, J=7.6 Hz, 1H), 7.75 (d, J = 7.6 Hz, TH), 7.62 (t, J =
7.6 Hz, 1H), 7.53 (t, J = 7.2 Hz, TH), 7.38-7.34 (m, 3H), 7.29-7.25 (m,
4H), 7.14 (d, J = 8.4 Hz, 2H), 5.32 (d, / = 8.0 Hz, TH), 3.69 (td, J = 8.6,
5.3 Hz, 1H), 3.04 (dd, J = 17.7, 5.3 Hz, TH), 2.71 (dd, J = 17.7, 8.9 Hz,
1H); ™3C NMR (100 MHz, CDCl5) 6: 179.2, 178.1, 162.3, 137.3, 137.1,
135.0, 135.0, 131.5, 131.1, 130.0, 129.3, 129.2, 129.0, 128.7, 126.9,
125.3, 124.3, 113.0, 83.9, 40.2, 25.1; 77Se NMR (76 MHz, CDCl5) o:
377.5; IR (solid): ¥ = 2923, 1614, 1398, 1256, 775 cm™'; m.p. (°C) =
152.1-154.2; HRMS (APPI*): Calcd. for C,5H,5ClO5Se [M + H]*
481.0104, found 481.0099.

3-((4-Fluorophenyl)selanyl)-2-phenyl-3,4-dihydro-2H-benzo[h]-
chromene-5,6-dione (7c): The general electrosynthesis procedure
was followed by using quinone 6 (58.0 mg, 0.2 mmol) and diselen-
ide 2c (69.6 mg, 0.2 mmol) as starting materials. Purification by
column chromatography on silica gel (n-hexane/EtOAc, 3:1) yielded
7c (64.8 mg, 70 %) as an orange solid. '"H NMR (400 MHz, CDCl5)
0:8.08 (dd, J=7.6, 1.2 Hz, 1H), 7.75 (d, J = 7.8 Hz, TH), 7.61 (td, J =
7.6, 1.4 Hz, 1H), 7.52 (td, J = 7.5, 1.2 Hz, 1H), 7.40-7.28 (m, 7H), 6.87
(t, J = 8.7 Hz, 2H), 5.30 (d, J = 7.5 Hz, 1H), 3.65 (td, J = 8.9, 5.3 Hz,
1H), 3.03 (dd, J = 17.7, 5.3 Hz, 1H), 2.69 (dd, J = 17.7, 9.0 Hz, 1H);
13C NMR (100 MHz, CDCl3) 6: 179.2, 178.1, 163.1 (d, J = 249.3 Hz),
162.3, 138.1 (d, J = 8.2 Hz), 137.4, 135.0, 131.6, 131.1, 130.0, 129.2,
128.9,128.7,127.0,124.3, 121.7 (d, J = 3.6 Hz), 116.3 (d, J = 21.6 Hz),
113.0, 83.9, 40.2, 25.1; 77Se NMR (76 MHz, CDCl5) 6: 373.2; IR (solid):
¥ = 2916, 1600, 1394, 1221, 831 cm™"; m.p. (°C) = 153.2-154.1; HRMS
(APPI*): Calcd. for Cy5H,gFO3Se [M + HI* 465.0400, found 465.0399.

3-((4-Methoxyphenyl)selanyl)-2-phenyl-3,4-dihydro-2H-benzo-
[h]lchromene-5,6-dione (7d): The general electrosynthesis proce-
dure was followed by using quinone 6 (58.0 mg, 0.2 mmol) and
diselenide 2d (74.4 mg, 0.2 mmol) as starting materials. Purification
by column chromatography on silica gel (n-hexane/EtOAc, 3:1)
yielded 7d (59.9 mg, 63 %) as an orange solid. "H NMR (400 MHz,
CDCl5) 0:8.12 (d, J = 8.8 Hz, 1H), 8.07 (d, J = 8.9 Hz, 1H), 7.75-7.68
(m, 2H), 7.42 (d, J = 8.7 Hz, 2H), 7.38-7.32 (m, 3H), 7.31-7.27 (m,
2H), 6.77 (d, J = 8.7 Hz, 2H), 5.32 (d, J = 6.8 Hz, 1H), 3.77 (s, 3H),
3.75-3.61 (m, 1H), 2.92 (dd, J = 18.9, 5.5 Hz, 1H), 2.81 (dd, J = 18.9,
7.2 Hz, TH); "3C NMR (100 MHz, CDCl5) 6: 183.7, 179.0, 160.3, 154.5,
138.3, 137.9, 134.0, 133.2, 132.0, 131.0, 128.8, 128.7, 126.5, 1264,
126.1, 120.4, 117.0, 114.9, 82.4, 55.3, 55.2, 38.7, 24.5; 7’Se NMR
(76 MHz, CDCl3) o: 374.8; IR (solid): ¥ = 2926, 1603, 1295, 1210,
777 cm™"; m.p. (°C) = 73.2-74.0; HRMS (APPI*): Calcd. for C,6H,,0,45€
[M + HI* 477.0600, found 477.0595.

2-Phenyl-3-(p-tolylselanyl)-3,4-dihydro-2H-benzo[h]chromene-
5,6-dione (7e): The general electrosynthesis procedure was fol-
lowed by using quinone 6 (58.0 mg, 0.2 mmol) and diselenide 2e
(68.0 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 3:1) yielded 7e
(59.7 mg, 65 %) as an orange solid. 'TH NMR (400 MHz, CDCl5) d:
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8.07 (d, J=7.1 Hz, 1H), 7.76 (d, J = 7.7 Hz, 1H), 7.61 (t, J = 8.1 Hz,
1H), 7.52 (t, J = 7.2 Hz, 1H), 7.40-7.34 (m, 3H), 7.34-7.26 (m, 4H),
7.01 (d, J = 7.9 Hz, 2H), 534 (d, J = 7.6 Hz, 1H), 3.72-3.61 (m, 1H),
294 (dd, J = 17.8, 5.3 Hz, 1H), 2.71 (dd, J = 17.8, 8.3 Hz, 1H), 2.30
(s, 3H); ">C NMR (100 MHz, CDCl5) 6: 179.3, 178.1, 162.1, 138.8, 137.8,
136.3, 135.0, 131.7, 131.0, 130.1, 130.0, 129.0, 128.9, 128.7, 126.7,
124.3, 123.1, 113.1, 83.6, 39.2, 24.6, 21.2; IR (solid): ¥ = 2920, 1607,
1384, 1249, 771 cm™"; m.p. (°C) = 137.2-140.3; HRMS (APPI?): Calcd.
for CyeH,1055e [M + HI* 461.0650, found 461.0659.

3-(Naphthalen-1-ylselanyl)-2-phenyl-3,4-dihydro-2H-benzo[h]-
chromene-5,6-dione (7f): The general electrosynthesis procedure
was followed by using quinone 6 (58.0 mg, 0.2 mmol) and di-
selenide 2f (82.4 mg, 0.2 mmol) as starting materials. Purification
by column chromatography on silica gel (n-hexane/EtOAc, 3:1)
yielded 7f (71.3 mg, 72 %) as an orange solid. '"H NMR (400 MHz,
CDCl5) 6:8.32 (d, J = 9.0 Hz, 1H), 8.06 (dd, J = 7.6, 1.2 Hz, 1H), 7.78
(d, J = 7.6 Hz, 2H), 7.61-7.56 (m, 2H), 7.54-7.42 (m, 4H), 7.30-7.23
(m, 5H), 7.20-7.17 (m, 2H), 540 (d, J = 7.4 Hz, TH), 3.77 (td, J = 7.9,
5.4 Hz, 1H), 2.95 (dd, J = 17.8, 5.4 Hz, 1H), 2.78 (dd, J = 17.8, 8.1 Hz,
1H); '3C NMR (100 MHz, CDCl3) 6: 179.2, 178.1, 162.2, 137.5, 136.2,
134.9, 134.0, 131.6, 131.0, 130.0, 130.0, 128.9, 128.9, 128.7, 128.7,
128.6,128.0, 127.1, 126.9, 126.6, 126.3, 125.7, 124.3, 113.0, 83.8, 39.4,
24.7; 77Se NMR (76 MHz, CDCl3) o: 309.7; IR (solid): ¥ = 2920, 1600,
1391, 1122, 619 cm™; m.p. (°C) = 142.3-144.1; HRMS (APPI*): Calcd.
for C,oH,5,05Se [M + H]* 497.0650, found 497.0650.

3-(Benzylselanyl)-2-phenyl-3,4-dihydro-2H-benzo[h]chromene-
5,6-dione (7g): The general electrosynthesis procedure was fol-
lowed by using quinone 6 (58.0 mg, 0.2 mmol) and diselenide 2g
(68.0 mg, 0.2 mmol) as starting materials. Purification by column
chromatography on silica gel (n-hexane/EtOAc, 3:1) yielded 7g
(56.9 mg, 62 %) as an orange solid. "H NMR (400 MHz, CDCls) o:
8.11 (d, J=8.7 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.64 (t, J = 7.6 Hz,
1H), 7.55 (t, J = 7.6 Hz, 1H), 7.53-7.45 (m, 3H), 7.45-7.41 (m, 2H),
7.31-7.16 (m, 5H), 7.14 (d, J = 7.0 Hz, 2H), 5.25 (d, J = 9.1 Hz, 1H),
3.33-3.19 (m, 3H), 3.08 (dd, J = 17.6, 5.4 Hz, 1H), 2.64 (dd, J = 17.5,
10.2 Hz, TH); "3C NMR (100 MHz, CDCl3) 6: 179.3, 178.1, 162.6, 137.9,
137.8, 135.0, 131.7, 131.1, 130.0, 129.2, 129.0, 128.7, 128.6, 127.4,
127.1,124.3, 113.4, 85.0, 35.5, 28.0, 26.0; 7’Se NMR (76 MHz, CDCl,)
0:326.4; IR (solid): ¥ = 2948, 1632, 1295, 1201, 831 cm™'; m.p. (°C) =
93.2-94.0; HRMS (APPI*): Calcd. for Cy6H,;03Se [M + HI* 461.0650,
found 461.0650.

2-Phenyl-3-(thiophen-2-ylselanyl)-3,4-dihydro-2H-benzo[h]-
chromene-5,6-dione (7h): The general electrosynthesis procedure
was followed by using quinone 6 (58.0 mg, 0.2 mmol) and di-
selenide 2h (64.8 mg, 0.2 mmol) as starting materials. Purification
by column chromatography on silica gel (n-hexane/EtOAc, 3:1)
yielded 7h (70.4 mg, 78 %) as an orange solid. "H NMR (400 MHz,
CDCl5) 6: 8.09 (d, J = 8.6 Hz, 1H), 7.77 (d, J = 7.7 Hz, TH), 7.62 (t, J =
7.7 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.46-7.40 (m, 4H), 7.38-7.32 (m,
2H), 7.10 (d, J = 4.5 Hz, 1H), 6.97 (dd, J = 5.3, 3.5 Hz, 1H), 5.33 (d,
J =79 Hz, 1H), 3.61 (td, J = 8.2, 5.3 Hz, TH), 2.96 (dd, J = 17.8,
5.3 Hz, 1H), 2.72 (dd, J = 17.8, 8.5 Hz, TH); ">*C NMR (100 MHz, CDCl5)
0:179.3, 178.1, 162.1, 138.4, 137.6, 135.0, 132.6, 131.6, 131.1, 130.0,
129.2, 129.0, 128.8, 128.4, 126.9, 124.3, 119.8, 113.0, 83.0, 40.6, 24.2;
IR (solid): ¥ = 2920, 1607, 1384, 1253, 697 cm™"; m.p. (°C) = 188.2-
190.1; HRMS (APPI*): Calcd. for C,3H;,055Se [M + H]* 453.0058,
found 453.0056.

2-Phenyl-3-((3-(trifluoromethyl)phenyl)selanyl)-3,4-dihydro-2H-
benzo[h]chromene-5,6-dione (7i): The general electrosynthesis
procedure was followed by using quinone 6 (58.0 mg, 0.2 mmol)
and diselenide 2i (89.6 mg, 0.2 mmol) as starting materials. Purifica-
tion by column chromatography on silica gel (n-hexane/EtOAc, 3:1)

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

EurJOC . .
doi.org/10.1002/ejoc.202000216

European Journal of Organic Chemistry

yielded 7i (65.7 mg, 64 %) as an orange solid. "H NMR (400 MHz,
CDCl3) 6: 8.10 (dd, J = 7.6, 1.2 Hz, 1H), 7.74 (d, J = 8.5 Hz, 1H), 7.61
(td, J = 7.6, 1.4 Hz, 1H), 7.55-7.45 (m, 4H), 7.34-7.23 (m, 6H), 5.31
(d, J = 8.5 Hz, 1H), 3.75 (td, J = 9.5, 5.4 Hz, 1H), 3.17 (dd, J = 17.7,
5.3 Hz, 1H), 2.73 (dd, J = 17.7, 9.6 Hz, TH); "*C NMR (100 MHz, CDCl5)
0:179.2,178.1, 162.4,138.5, 136.9, 135.0, 131.6 (9, J = 4.2 Hz), 131.5,
131.3 (g, J = 33.6 Hz) 131.2, 130.0, 129.4 (g, J = 3.5 Hz), 129.0, 128.6
(g, J =3.1Hz), 127.0, 125.0 (g, J = 4.0 Hz), 124.8, 124.3, 122.1, 112.9,
84.3, 40.8, 25.5; 77Se NMR (76 MHz, CDCl5) 6: 384.4; IR (solid): ¥ =
2920, 1596, 1391, 1125, 612 cm™'; m.p. (°C) = 134.9-136.1; HRMS
(APPI™): Calcd. for C,¢HqgF305Se [M + H]* 515.0368, found 515.0366.

General procedure for the synthesis of compound 8: A 5 mL
resealable reaction tube was charged with 3a (79.4 mg, 0.2 mmol),
sodium acetate (32.8 mg, 0.4 mmol) and NH,0OH-HCI (25.9 mg,
0.4 mmol). Methanol (2 mL) was added, and the mixture was re-
fluxed for 12 hours, until TLC analysis revealed total consumption
of 3a. The mixture was extracted with EtOAc (3 x 5 mL) and the
crude product was purified by FCC, under the conditions noted.

6-(Hydroxyimino)-2,2-dimethyl-3-(phenylselanyl)-2,3,4,6-tetra-
hydro-5H-benzo[h]chromen-5-one (8): Purification by column
chromatography on silica gel (n-hexane 7:1 EtOAc) yielded 8
(49.4 mg, 60 %) as an yellow solid. "H NMR (400 MHz, CDCl) &: 8.28
(d, J=9.0 Hz, 1H), 7.90 (d, J = 9.0 Hz, 1H), 7.64 (d, J = 7.9 Hz, 2H),
7.58-7.45 (m, 2H), 7.37-7.26 (m, 3H), 3.46 (dd, J = 9.9, 5.6 Hz, TH),
3.15 (dd, J = 17.7, 5.6 Hz, 1H), 2.78 (dd, J = 17.7, 9.9 Hz, TH), 1.72
(s, 3H), 1.56 (s, 3H); ">C NMR (100 MHz, CDCls) 6: 180.5, 163.4, 135.2,
130.9, 130.3, 1294, 129.1, 128.4, 128.4, 125.2, 123.5, 122.6, 109.8,
83.1, 45.5, 27.9, 24.7, 23.2; 77Se NMR (76 MHz, CDCl3) o: 379.9; IR
(solid): ¥ = 2973, 1529, 1108, 895 cm™; m.p. (°C) 166.1-168.0; HRMS
(APPI*): Calcd. for C;;H,oNOsSe [M + HI* 414.0603, found 414.0602.

General procedure for the synthesis of compound 9: A 5 mL
resealable reaction tube was charged with 3a (79.4 mg, 0.2 mmol),
1,2-phenylenediamine (25.9 mg, 0.24 mmol) and methanol (6 mL).
Then, the mixture was refluxed for 3 hours, until TLC analysis re-
vealed total consumption of 3a. The mixture was extracted with
EtOAc (3 x 5 mL) and the crude product was purified by recrystalli-
zation.

3,3-Dimethyl-2-(phenylselanyl)-2,3-dihydro-1H-benzolalpyr-
anol[2,3-c]phenazine (9): Purification by recrystallization (CH,Cl,/
hexane) yielded 9 (67.5 mg, 72 %) as a yellow solid. "H NMR
(400 MHz, CDCls) d: 9.43-9.28 (m, 1H), 8.43-8.24 (m, 2H), 8.22 (d,
J =9.5 Hz, 1H), 7.85-7.74 (m, 4H), 7.74-7.66 (m, 2H), 7.35-7.25 (m,
3H), 3.98 (dd, J = 17.8, 5.6 Hz, 1H), 3.74 (dd, J = 9.9, 5.6 Hz, 1H), 3.52
(dd, J=17.8,10.0 Hz, 1H), 1.76 (s, 3H), 1.61 (s, 3H); '3C NMR
(100 MHz, CDCls) 6: 151.0, 143.9, 142.5, 140.3, 140.1, 134.6, 130.7,
129.9, 129.6, 129.6, 129.5, 129.2, 128.8, 128.3, 127.9, 127.8, 125.1,
122.2, 109.7, 80.0, 47.8, 28.1, 27.8; 7’Se NMR (76 MHz, CDCl3) o:
374.1; m.p. (°C) 174.9-176.1; IR (solid): ¥ = 2980, 1596, 1408, 1115,
739 cm™'; HRMS (APPI*): Calcd. for Cy,H,3N,0Se [M + HI* 471.0976,
found 471.0972.

General procedure for the synthesis of compound 10: A 5 mL
resealable reaction tube was charged with 3a (79.4 mg, 0.2 mmol)
and phenylhydrazine hydrochloride (57.6 mg, 0.4 mmol). Then,
EtOH (2 mL) and AcOH (6 drops) were added, and the mixture was
refluxed for 2 hours, until TLC analysis revealed total consumption
of 3a. The mixture was extracted with EtOAc (3 x 5 mL) and the
crude product was purified by recrystallization.

2,2-Dimethyl-6-(2-phenylhydrazono)-3-(phenylselanyl)-2,3,4,6-
Tetrahydro-5H-benzo[hlchromen-5-one (10): Purification by re-
crystallization (CH,Cl,/hexane) yielded 10 (68.2 mg, 70 %) as an
orange solid; "H NMR (400 MHz, CDCl5) 6: 8.36 (d, J = 8.0 Hz, TH),
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7.90 (d, J = 7.9 Hz, TH), 7.70-7.59 (m, 2H), 7.58-7.45 (m, 3H), 7.44-
731 (m, 3H), 7.32-7.23 (m, 3H), 7.14 (t, J = 7.3 Hz, 1H), 3.49 (dd, J =
10.1, 5.6 Hz, 1H), 3.21 (dd, J = 17.6, 5.6 Hz, 1H), 2.84 (dd, J = 17.6,
10.1 Hz, TH), 1.69 (s, 3H), 1.50 (s, 3H); '3C NMR (100 MHz, CDCl5) &
178.8, 159.2, 142.7, 135.0, 133.0, 129.5, 129.3, 129.0, 128.1, 127.8,
126.0, 124.9, 124.0, 122.7, 121.7, 116.2, 111.1, 81.0, 46.6, 28.1, 25.8,
22.8; 77Se NMR (76 MHz, CDCl5) &: 378.7; IR (solid): ¥ = 2920, 1511,
1260, 1023, 750 cm™"; m.p. (°C) 142.1-144.0; HRMS (APPI*): Calcd.
for C,yH,sN,0,5e [M + HI* 489.1076, found 489.1076.

Biological activity. In vitro activity of compounds against blood-
stream trypomastigotes of T. cruzi: All experiments dealing with ani-
mals were performed in accordance with the Brazilian Law 11.794/
2008 and regulations of the National Council of Animal Experimen-
tation Control under the license L038/2018 from the Ethics Commit-
tee for Animal Use of the Oswaldo Cruz Institute (CEUA/IOC). The
mice were housed at a maximum of 6 individuals per cage, kept in
a specific-pathogen-free (SPF) room at 20 to 22 °C under a 12/12 h
light/dark cycle, 50 to 60 % humidity and provided sterilized water
and chow ad libitum. For all the experiments stock solutions of
the compounds were prepared in dimethyl sulfoxide, with the final
concentration of the solvent in the experiments never exceeding
0.5 %, concentration known to exert no toxicity to the parasite or
host cells.?”) Bloodstream trypomastigotes of Y strain/?®! were ob-
tained from infected Swiss Webster mice at the peak of parasitae-
mia by differential centrifugation process. The parasites (5 x 10°
cells/mL) plus 5% of blood were incubated for 24 h at 4 °C and
5% CO, atmosphere in absence or presence of the compounds.
Cell counts were performed in a Neubauer chamber, by light mi-
croscopy and the activity of the compounds was expressed as the
IC50/24 h, corresponding to the concentration that led to 50 % lysis
of the parasites. At least three independent experiments were per-
formed, and the mean and standard deviation were calculated. The
standard drug Bz were used as control.

Determination of cytotoxicity - MTT assay: Cytotoxicity tests
were performed against SNB-19 (Astrocytoma), HCT-116 (Colon
Carcinoma - Human), PC3 (Prostate Carcinoma), B16F10 (Murine
Melanoma), MCF-7 (Breast Carcinoma) were provided by the Na-
tional Institute Cancer (USA), and L929 (Murine Fibroblast) from the
Rio de Janeiro Cell Bank (BCRJ), and were grown in RPMI 1640 and
Dulbecco's Modified Eagle Medium (DMEM (L929) medium supple-
mented with 10 % fetal bovine serum and 1 % antibiotics (100 U
mL™" penicillin and 100 ug mL™" streptomycin) at 37 °C and atmos-
phere containing 5 % CO,. The L929 cell line was used to evaluate
the selectivity of compounds and doxorubicin was used as positive
control. Samples were diluted in pure DMSO (dimethyl sulfoxide)
for 2 mg mL". Viability and metabolic status of the cell was per-
formed by the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazoliumbromide) colorimetric method.??! Cells were plated at
concentrations of 0.7 x 10° cells/mL (HCT-116, B16F10 and L929)
and 0.1 x 10° cells/mL (SNB-19, MCF-7 and PC3). Compounds were
tested at maximum concentrations, varying according to molecular
weight. Compound-treated plates were incubated for 72 hours in a
5% CO, oven at 37 °C. At the end of treatment, the plates were
centrifuged, and the supernatant removed. Then 100 uL of MTT
(0.5 ug mL™") solution was added, and plates were incubated for
3 h. After incubation, the MTT solution was removed and the ab-
sorbance was read after dissolution of the precipitate with 100 uL
of DMSO in the plate spectrophotometer (Multimode Detector,
DTX 880, Beckman Coulter) at 595 nm.

Statistical analysis of data activity: All experiments were per-
formed in duplicate and repeated three times. For all compounds,
the selectivity index (SI, Table S1) was calculated corresponds to

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the division between the ICs, value of each test compound in the
L929 non-tumor cell line and the 1C5y value of each compound in
the tumor cell line (SI = IC5o L929/IC5, neoplastic cells).3% The re-
sults were analyzed according to the mean + standard deviation of
the mean of the percentage of inhibition of cell growth using the
GraphPad Prism™ 5.0 program.

CCDC 1966510 (for 3c), 1966511 (for 3e), 1966512 (for 3g), 1966513
(for 5a), 1966514 (for 5b), 1966515 (for 5¢) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

This research was funded by grants from CNPq (404466/
2016-8, PQ 305741/2017-9 and 303791/2016-0), FAPEMIG (PPM-
00638-16 and PPM-00635-18), FAPERJ, CAPES and INCT-Catalise.
ENSJ would also like to thank Capes-Humboldt research
fellowship program for experienced researchers (Proc. No.
88881.145517/2017-01) and Return Fellowship of the Alexan-
der-von-Humboldt foundation. GAMJ thanks CNPq for postdoc-
toral financial support (Project no. 151150/2018-4). LA acknowl-
edges funding from the DFG (Gottfried-Wilhelm-Leibniz prize).
MFSS and CP would like to thank INCT BioNat, National Institute
of Science and Technology (grant No. 465637/2014-0), Embrapa
(SEG 03.14.01.012.00.00). ENSJ and CJ would also like to thank
CAPES and DAAD for research cooperation project under the
PROBRAL programme (Proc. No. 99999.008126/2015-01) and for
financial support to AK. CJ and AK also thanks University of
Saarland (through the Landesforschungsférderungsprogramm
(LFPP) of the state of Saarland, Grant No. WT/2-LFFP 16/01).

Keywords: Quinones - Electricity - Chagas disease -
Cancer - Electrocatalysis - Selenium - Sustainability

[1] a) R. H. Thomson, Naturally Occurring Quinones, Academic Press, London,
2nd edn, 1971; b) R. H. Thomson, Naturally Occurring Quinones Ill Recent
Advances, Chapman and Hall, London, 3rd edn, 1987; c) M. A. Brimble,
L. J. Duncalf, M. R. Nairna, Nat. Prod. Rep. 1999, 16, 267-281; d) C. D.
Donner, Nat. Prod. Rep. 2015, 32, 578-604; e) E. N. da Silva Junior, G. A. M.
Jardim, C. Jacob, U. Dhawa, L. Ackermann, S. L. de Castro, Eur. J. Med.
Chem. 2019, 179, 863-915; f) V. I. Muronetz, R. A. Asryants, P. I. Seme-
nyuk, N. P. Mishchenko, E. A. Vasilieva, S. A. Fedoreyev, E. V. Schmal-
hausen, Curr. Org. Chem. 2017, 21, 2125-2133; g) T. Dunlap, R. E. P. Chan-
drasena, Z. Wang, V. Sinha, Z. Wang, G. R. J. Thatcher, Chem. Res. Toxicol.
2007, 20, 1903-1912; h) A. Riffel, L. F. Medina, V. Stefani, R. C. Santos, D.
Bizani, A. Brandelli, Braz. J. Med. Biol. Res. 2002, 35, 811-818.

[2] a) A. Baschieri, R. Amorati, L. Valgimigli, L. Sambri, J. Org. Chem. 2019,
84, 13655-13664; b) A. Borah, A. Sharma, H. Hazarika, P. Gogoi, Chemis-
trySelect 2017, 2, 9999-10003; ¢) Y. Hong, J. Chen, Z. Zhang, Y. Liu, W.
Zhang, Org. Lett. 2016, 18, 2640-2643; d) S. Kim, R. Matsubara, M. Haya-
shi, J. Org. Chem. 2019, 84, 2997-3003; e) J. Su, Y. Zhang, M. Chen, W. Li,
X. Qin, Y. Xie, L. Qin, S. Huang, M. Zhang, Synlett 2019, 30, 630-634; f)
Z. Sun, N. Zhu, M. Zhou, X. Huo, H. Wu, Y. Tian, J. Yang, G. Ma, Y--L. Yang,
X. Xu, Org. Chem. Front. 2019, 6, 3759-3765; g) D. R. Sutherland, M.
Veguillas, C. L. Oates, A.-L. Lee, Org. Lett. 2018, 20, 6863-6867; h) D. Yu,
X.-L. Chen, B.-R. Ai, X.-M. Zhang, J.-Y. Wang, Tetrahedron Lett. 2018, 59,
3620-3623; i) M. S. Yusubov, N. S. Soldatova, P. S. Postnikov, R. R. Valiev,

Eur. J. Org. Chem. 2020, 1-14 www.eurjoc.org

A. Yoshimura, T. Wirth, V. N. Nemykin, V. V. Zhdankin, Chem. Commun.
2019, 55, 7760-7763; j) Y. Zhang, Q. Ye, L. V. Ponomareva, Y. Cao, Y. Liu,
Z. Cui, S. G. Van Lanen, S. R. Voss, Q-B. She, J. S. Thorson, Chem. Sci.
2019, 10, 7641-7648.

[3] a) B. Hosamani, M. F. Ribeiro, E. N. da Silva Janior, I. N. N. Namboothiri,
Org. Biomol. Chem. 2016, 14, 6913-6931; b) J. Aleman, S. Cabrera, E.
Maerten, J. Overgaard, K. A. Jorgensen, Angew. Chem. Int. Ed. 2007, 46,
5520-5523; Angew. Chem. 2007, 119, 5616; c) J. Aleman, B. Richter, K. A.
Jorgensen, Angew. Chem. Int. Ed. 2007, 46, 5515-5519; Angew. Chem.
2007, 119, 5611; d) G. Zhang, Y. Wang, W. Zhang, X. Xu, A. Zhong, D. Xu,
Eur. J. Org. Chem. 2011, 2011, 2142-2147; e) S.-W. Duan, Y. Li, Y.-Y. Liu,
Y.-Q. Zou, D.-Q. Shi, W.-J. Xiao, Chem. Commun. 2012, 48, 5160-5162.

[4] a) W. Yang, J. Wang, Z. Wei, Q. Zhang, X. Xu, J. Org. Chem. 2016, 81,
1675-1680; b) N. Guimond, K. Fagnou, J. Am. Chem. Soc. 2009, 131,
12050-12051; ¢) Y. Fujiwara, V. Domingo, I. B. Seiple, R. Gianatassio, M.
Del Bel, P. S. Baran, J. Am. Chem. Soc. 2011, 133, 3292-3295; d) Y. Moon,
Y. Jeong, D. Kook, S. Hong, Org. Biomol. Chem. 2015, 13, 3918-3923; e)
C. Zhang, M. Wang, Z. Fan, L-P. Sun, A. Zhang, J. Org. Chem. 2014, 79,
7626-7632; f) G. A. M. Jardim, E. N. da Silva Junior, J. F. Bower, Chem. Sci.
2016, 7, 3780-3784; g) G. A. M. Jardim, J. F. Bower, E. N. da Silva Junior,
Org. Lett. 2016, 18, 4454-4457; h) G. A. M. Jardim, W. X. C. Oliveira, R. P.
de Freitas, R. F. S. Menna-Barreto, T. L. Silva, M. O. F. Goulart, E. N.
da Silva Junior, Org. Biomol. Chem. 2018, 16, 1686-1691; i) E. N.
da Silva Juanior, G. A. M. Jardim, R. S. Gomes, Y.-F. Liang, L. Ackermann,
Chem. Commun. 2018, 54, 7398-7411; j) T. Zhou, L. Li, B. Li, H. Song, B.
Wang, Org. Lett. 2015, 17, 4204-4207; k) A. llangovan, S. Saravanakumar,
S. Malayappasamy, Org. Lett. 2013, 15, 4968-4971; |) E. R. Baral, S. H. Kim,
Y. R. Lee, Asian J. Org. Chem. 2016, 5, 1134-1141.

[5] a) C. Tian, U. Dhawa, A. Scheremetjew, L. Ackermann, ACS Catal. 2019,
9, 7690-7696; b) J. A. Marko, A. Durgham, S. L. Bretz, W. Liu, Chem. Com-
mun. 2019, 55, 937-940; ¢) C. Tian, L. Massignan, T. H. Meyer, L. Acker-
mann, Angew. Chem. Int. Ed. 2018, 57, 2383-2387; Angew. Chem. 2018,
130, 2407; d) N. Sauermann, T. H. Meyer, C. Tian, L. Ackermann, J. Am.
Chem. Soc. 2017, 139, 18452-18455; e) J. Wu, Y. Dou, R. Guillot, C. Kouk-
lovsky, G. Vincent, J. Am. Chem. Soc. 2019, 141, 2832-2837; f) M. D.
Karkas, Chem. Soc. Rev. 2018, 47, 5786-5865; g) J. Chen, S. Lv, S. Tian,
ChemSusChem 2019, 12, 115-132; h) C. Ma, P. Fang, T.-S. Mei, ACS Catal.
2018, 8, 7179-7189.

[6] a) W.-J. Kong, L. H. Finger, A. M. Messinis, R. Kuniyil, J. C. A. Oliveira,
L. Ackermann, J. Am. Chem. Soc. 2019, 141, 17198-17206; b) S. C. Sau,
R. Mei, J. Struwe, L. Ackermann, ChemSusChem 2019, 12, 3023-3027;
c) Y. Qiu, J. Struwe, L. Ackermann, Synlett 2019, 30, 1164-1173;
d) Z. Ruan, Z. Huang, Z. Xu, G. Mo, X. Tian, X.-Y. Yu, L. Ackermann, Org.
Lett. 2019, 21, 1237-1240.

[7] V. Jamier, L. A. Ba, C. Jacob, Chem. Eur. J. 2010, 16, 10920-10928.

[8] G. A. M. Jardim, I. A. O. Bozzi, W. X. C. Oliveira, C. Mesquita-Rodrigues,
R. F. S. Menna-Barreto, R. A. Kumar, E. Gravel, E. Doris, A. L. Braga, E. N.
da Silva Junior, New J. Chem. 2019, 43, 13751-13763.

[9] S. Shabaan, L. A. Ba, M. Abbas, T. Burkholz, A. Denkert, A. Gohr, L. A.
Wessjohann, F. Sasse, W. Weberd, C. Jacob, Chem. Commun. 2009, 4702-
4704.

[10] S. Shaaban, A. Negm, A. M. Ashmawy, D. M. Ahmed, L. A. Wessjohann,
Eur. J. Med. Chem. 2016, 122, 55-71.

[11] S. Mecklenburg, S. Shaaban, L. A. Ba, T. Burkholz, T. Schneider, B. Diesel,
A. K. Kiemer, A. Roseler, K. Becker, J. Reichrath, A. Stark, W. Tilgen, M.
Abbas, L. A. Wessjohann, F. Sasse, C. Jacob, Org. Biomol. Chem. 2009, 7,
4753-4762.

[12] E. H. G. da Cruz, M. A. Silvers, G. A. M. Jardim, J. M. Resende, B. C. Caval-
canti, I. S. Bomfim, C. Pessoa, C. A. de Simone, G. V. Botteselle, A. L. Braga,
D. K. Nair, I. N. N. Namboothiri, D. A. Boothman, E. N. da Silva Juanior, Eur.
J. Med. Chem. 2016, 122, 1-16.

[13] A. A. Vieira, J. B. Azeredo, M. Godoi, C. Santi, E. N. da Silva Junior, A. L.
Braga, J. Org. Chem. 2015, 80, 2120-2127.

[14] A. A. Vieira, |. R. Brandao, W. O. Valenga, C. A. de Simone, B. C. Cavalcanti,
C. Pessoa, T. R. Carneiro, A. L. Braga, E. N. da Silva Junior, Eur. J. Med.
Chem. 2015, 101, 254-265.

[15] G. A. M. Jardim, W. J. Reis, M. F. Ribeiro, F. M. Ottoni, R. J. Alves, T. L. Silva,
M. O. F. Goulart, A. L. Braga, R. F. S. Menna-Barreto, K. Saloméo, S. L.
de Castro, E. N. da Silva Junior, RSC Adv. 2015, 5, 78047-78060.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry
Europe

European Chemical
Societies Publishing

EurJOC Full Paper

European Journal of Organic Chemistry

doi.org/10.1002/ejoc.202000216

[16] N. Kongkathip, B. Kongkathip, P. Siripong, C. Sangma, S. Luangkamin, M.
Niyomdecha, S. Pattanapa, Bioorg. Med. Chem. 2003, 11, 3179-3191.
[17] a) F. de Moliner, A. King, G. G. Dias, G. F. de Lima, C. A. de Simone, E. N.
da Silva Junior, M. Vendrell, Front. Chem. 2018, 6, 339; b) G. G. Dias, A.
King, F. de Moliner, M. Vendrell, E. N. da Silva Junior, Chem. Soc. Rev.
2018, 47, 12-27.
a) L. Sun, Y. Yuan, M. Yao, H. Wang, D. Wang, M. Gao, Y.-H. Chen, A. Lei,
Org. Lett. 2019, 21, 1297-1300; b) G. I. Giles, K. M. Tasker, R. J. K. Johnson,
C. Jacob, C. Peers, K. N. Green, Chem. Commun. 2001, 2490-2491; ¢) G. I.
Giles, N. M. Giles, C. A. Collins, K. Holt, F. H. Fry, P. A. S. Lowden, N. J.
Gutowski, C. Jacob, Chem. Commun. 2013, 49, 2030-2031; d) G. I. Giles,
M. J. Nasim, W. Ali, C. Jacob, Antioxidants 2017, 6, 38; e) M. Wilken, S.
Ortgies, A. Breder, I. Siewert, ACS Catal. 2018, 8, 10901-10912; f) A. Ku-
nai, J. Harada, J. Izumi, H. Tachihara, K. Sasaki, Electrochim. Acta 1983,
28, 1361-1366; g) J. Ludvik, B. Nygard, J. Electroanal. Chem. 1997, 423,
1-11; h) O. Niyomura, M. Cox, T. Wirth, Synlett 2006, 2, 251-254; i) B.
Mueller, H. Poleschner, K. Seppelt, Dalton Trans. 2008, 4424-4427; j) C. D.
Prasad, M. Sattar, S. Kumar, Org. Lett. 2017, 19, 774-777; k) S. Kumar, R.
Kadu, S. Kumar, Org. Biomol. Chem. 2016, 14, 9210-9214; |) C. D. Prasad,
S. J. Balkrishna, A. Kumar, B. S. Bhakuni, K. Shrimali, S. Biswas, S. Kumar,
J. Org. Chem. 2013, 78, 1434-1443.
B. C. Cavalcanti, F. W. A. Barros, I. O. Cabral, J. R. O. Ferreira, H. I. F. Magal-
haes, H. V. N. Junior, E. N. da Silva Junior, F. C. de Abreu, C. O. Costa,
M. O. F. Goulart, M. O. Moraes, C. Pessoa, Chem. Res. Toxicol. 2011, 24,
1560-1574.
A. C. S. Bombacga, P. G. Viana, A. C. C. Santos, T. L. Silva, A. B. M. Rodrigues,
A. C. R. Guimaraes, M. O. F. Goulart, E. N. da Silva Junior, R. F. S. Menna-
Barreto, Free Radical Biol. Med. 2019, 130, 408-418.

[18]

[19]

[20]

[21] WHO. Chagas disease - Epidemiology, 2017, https://www.who.int/
chagas/epidemiology/en/, Accessed November 2019.

[22] C. A. Morillo, J. A. Marin-Neto, A. Avezum, S. Sosa-Estani, A. Rassi Junior,
F. Rosas, E. Villena, R. Quiroz, R. Bonilla, C. Britto, F. Guhl, E. Velazquez, L.
Bonilla, B. Meeks, P. Rao-Melacini, J. Pogue, A. Mattos, J. Lazdins, A. Rassi,
S. J. Connolly, S. Yusuf, N. Engl. J. Med. 2015, 373, 1295-1306.

[23] a) R. F. Menna-Barreto, S. L. de Castro, Curr. Top. Med. Chem. 2017, 17,
1212-1234; b) S. B. Scarim, D. H. Jornada, R. C. Chelucci, L. de Almeida,
J. L. dos Santos, M. C. Chung, Eur. J. Med. Chem. 2018, 155, 824-838.

[24] E. N. da Silva Janior, R. F. S. Menna-Barreto, M. C. F. R. Pinto, R. S. F. Silva,
D. V. Teixeira, M. C. B. V. de Souza, C. A. de Simone, S. L. de Castro, V. F.
Ferreira, A. V. Pinto, Eur. J. Med. Chem. 2008, 43, 1774-1780.

[25] H. J. Reich, J. M. Renga, |. L. Reich, J. Am. Chem. Soc. 1975, 97, 5434-
5447.

[26] a) L. F. Fieser, M. Fieser, J. Am. Chem. Soc. 1948, 70, 3215-3222; b) L. F.
Fieser, J. Am. Chem. Soc. 1926, 48, 2922-2937.

[27] K. Salomdo, E. M. de Souza, S. A. Carvalho, E. F. da Silva, C. A. M. Fraga,
H. S. Barbosa, S. L. de Castro, Antimicrob. Agents Chemother. 2010, 54,
2023-2031.

[28] L. H. P. Silva, V. Nussenszweig, Folia Clin. Biol. 1953, 20, 191-207.

[29] T. Mossmann, J. Immunol. Methods 1983, 65, 55-63.

[30] M. F. S. Silva, L. M. A. Silva, A. L. Quintela, A. G. dos Santos, F. A. N. Silva,
F. C. E. de Oliveira, E. G. Alves Filho, E. S. de Brito, K. M. Canuto, C. Pessoa,
G. J. Zocolo, J. Chromatogr. B 2019, 1120, 51-61.

Received: February 17, 2020

Eur. J. Org. Chem. 2020, 1-14 www.eurjoc.org

13

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper
doi.org/10.1002/ejoc.202000216

EurJOC

European Journal of Organic Chemistry

@D

Antitumor Compounds

A. Kharma, C. Jacob,* [. A. O. Bozzi,
G. A. M. Jardim, A. L. Braga,

K. Salomdo, C. C. Gatto,

M. F. S. Silva, C. Pessoa,

M. Stangier, L. Ackermann,*

E. N. da Silva Junior* ................

Electrochemical Selenation/Cycliza-
tion of Quinones: A Rapid, Green
and Efficient Access to Functional-
ized Trypanocidal and Antitumor
Compounds

Pt(+) F’E Pt(-)

nBuyNPFg (1.0 equiv)
RSe-SeR (1.0 equiv)

S SN

Electrochemical selenation in undi-
vided electrochemical cells allows the
preparation of selenium-containing
naphthoquinones with potent bioac-

CH,CN (0.02 M), r.t.,1h
0 undivided cell, CCE at 10 mA

2 - Green Protocol
- Wide scope
OO - Mild conditions
- Mechanistic insights
0 - Trypanocidal and
SeR Antitumor activities

tivity. The rapid, green and efficient
protocol avoids chemical oxidants and
enables the synthesis of target mole-
cules in a fast and reliable way.

doi.org/10.1002/ejoc.202000216

Eur. J. Org. Chem. 2020, 1-14

www.eurjoc.org

14 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



3.2. Publication 2

Release of reactive selenium species from phthalic selenoanhydride in the presence of

hydrogen sulfide and glutathione with implications for cancer research

Ammar Kharma, Anton Misak, Marian Grman, Vlasta Brezova, Lucia Kurakova, Peter

Barath, Claus Jacob, Miroslav Chovanec, Karol Ondrias and Enrique Dominguez—Alvarez*

New Journal of Chemistry, 43, 11771-11783 (2019)

Reproduced by permission of The Royal Society of Chemistry.

https://doi.org/10.1039/CINJ02245G

25



Open Access Atrticle. Published on 01 July 2019. Downloaded on 5/5/2020 3:03:50 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

NJC

’ '.) Check for updates ‘

Cite this: New J. Chem., 2019,
43, 11771

Received 1st May 2019,
Accepted 1st July 2019

DOI: 10.1039/c9nj02245g

rsc.li/njc

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

Release of reactive selenium species from phthalic
selenoanhydride in the presence of hydrogen
sulfide and glutathione with implications for
cancer researchy
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The last decade has witnessed a renewed interest in selenium (Se) as an element able to prevent a range
of illnesses in humans, mainly through supplementation. However, such supplementation relies on
species such as sodium selenite or selenomethionine, which proved to have limited solubility and
bioavailability, thus leading to limited activity. To overcome this limitation, other selenium species need
to be explored, such as phthalic selenoanhydride (R-Se), which is soluble in physiological media. R-Se
releases various reactive selenium species (RSeS), including hydrogen selenide (H,Se), that can interact
with cellular components, such as glutathione (GSH) and hydrogen sulfide (H,S). This interplay between
R-Se and the cellular components provides a sophisticated biochemical release mechanism that could
be behind the noteworthy biological activities observed for this compound. In order to investigate
the interactions of phthalic chalcogen anhydrides with H,S or GSH, we have employed UV-vis
spectrophotometry, electron paramagnetic resonance spectroscopy (EPR) and plasmid DNA (pDNA)
cleavage assay. We found that apart from R-Se, the other analogues do not have the ability to scavenge
the *cPTIO radical or to cleave pDNA on their own. In contrast, the scavenging potency for the *cPTIO
radical and for the O,*” radical exerted by R-Se and its sulfur analogue (R-S) significantly increased
when they were evaluated in the presence of H,S. However, GSH only changed the radical scavenging
activity of R-Se. These new discoveries may explain some of the biological activities associated with this
class of compounds and open a new approach to ascertain the possible mechanisms underlying their
biological actions.

Introduction

Selenium (Se) is an essential element for human health and its
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deficiency causes severe disorders, such as Keshan or Kashin-
Beck diseases, which are endemic in farming self-sufficient
regions with low levels of Se in the soil."* Both Se-containing
compounds and the Se atom present in the active sites of
25 mammalian selenoproteins identified so far participate in
key cellular and physiological processes, as well as diseases
such as cancer, inflammation, immunity, type 2 diabetes or
liver diseases.>”® However, the molecular mechanism of action
is not fully understood yet for some of these selenoproteins.
During recent years, Se-compounds have gained substan-
tial interest as H,Se donors, as potential anti-cancer agents
or as selenocompounds with potential use in selenium
supplementation.®'" Among other effects of Se-compounds
related to cancer, they could induce apoptosis in cancer cells
through the production of Reactive Oxygen Species (ROS), thus

New J. Chem., 2019, 43, 11771-11783 | 11771
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inducing oxidative stress (0S).'>'? Furthermore, certain Se-
compounds can damage DNA. Then, they may not protect against
cancer and other chronic diseases, and can even cause or enhance
some types of cancer. These facts indicate that Se may exert a
broad pattern of toxic effects.'®'> The exact mechanisms under-
lying the beneficial and toxic effects of Se-compounds are not
fully understood yet and they are still under intensive investiga-
tion, due to the interest in the potential applications of this dual
behaviour: these pro-oxidant/antioxidant Se-compounds could act
as novel cellular redox modulators.

In this context, the accessibility and reactivity of the selenols
(mainly deprotonated at biological pH values) and selenol-derived
compounds, such as Se-methyl selenocysteine and diselenides,"® ™
may be behind the reported chemopreventive activity of different
Se-containing compounds, which has been reviewed extensively
by numerous authors.'"**>> Several mechanisms have been
proposed to explain the chemopreventive activity, such as the
direct scavenging of free radicals,”®*” the amelioration of the toxic
effects of anticancer drugs,*® the glutathione peroxidase (GPx)-like
activity,>>*° the protection from toxic elements such as arsenic by
protecting PC12 cells from arsenic induced oxidative stress®" or
the protection from radiotherapy,® and the modulation of the
intracellular redox homeostasis®® and of the protein kinases.**

In the last twenty years, H,S (H,S/HS™/S®7) has been emerging
as a new gaseous signalling molecule besides nitric oxide (*NO)
and carbon monoxide (CO). H,S is produced endogenously in
almost all mammalian cells and affects many physiological and
pathological processes.>>>” H,S has mostly beneficial effects
under conditions of oxidative stress by reacting with reactive
oxygen and nitrogen species.*®*> It has both pro- and anti-
cancer effects depending on the cell type, concentration and
interaction with other cellular molecules.*>™** Glutathione (GSH)
is another intracellular natural antioxidant, which has many
biological roles including modulation of cellular redox home-
ostasis and protection against reactive oxygen and nitrogen
species.’®*” As has been determined in previous work, sodium
selenite (Na,SeOs;) and selenium tetrachloride (SeCl,) have the
ability to interact separately with GSH and H,S. This fact could
be behind their biological effects.*® However, as mentioned
above, sodium selenite can have reduced bioavailability and
can also exert toxic effects.''® Thus, it is desirable to move
towards novel Se-containing compounds that retain this observed
ability to interact with relevant sulfur compounds (herein, GSH
and H,S) and, at the same time, show reduced toxicity in
comparison with sodium selenite. This would improve the applic-
ability of these new selenium-based redox modulators and
simultaneously opens a new approach in Se-supplementation,
by finding redox-active derivatives with less toxicity.

In this context, our previous data showed promising chemo-
preventive, antiproliferative, cytotoxic, free radical scavenging,
pro-apoptotic and multidrug-resistance (MDR) reversing activity
of phthalic selenoanhydride (R-Se, Fig. 1), the Se-analogue of
phthalic-anhydride.’®>> Probably, these reported biological
activities are directly related to the Se atom, as no relevant
biological effects were displayed by its oxygen analogue, phthalic
anhydride (R-0).>* A hypothesis which may explain the amazing
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Fig.1 (A) Chemical structure of the chalcogen derivatives of phthalic
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R-Se and R-S. (B) Hypothesized reactions that would lead to the release of
hydrogen selenide (H,Se) from R-Se in physiological media.

biological properties of R-Se draws attention to the lability of the
CO-Se chemical bond.*® This lability suggests the interesting
possibility that R-Se behaves in the organism as a prodrug: it
enables the internalization of the compound in the cells and
once inside it can release selenium slowly inside the cell, in the
form of H,Se, of other uncharged Se-species such as nano-
particles of selenium or of charged Se-anions able to interact
swiftly with cellular components.**** Due to their particular
chemical affinity towards thiol-containing agents, such as hydro-
gen sulfide (H,S) or glutathione (GSH), and with the enzymes
and proteins which are components of the cell thiolstat, such
reactivity may initiate pronounced biological responses. In this
way, R-Se could be a very simple, elegant and straightforward
method to transport selenium inside cells and, at the same time,
it would enable its release in an ‘“‘activated” form as a reactive
selenium species, ready to exert immediately a wide variety of
biological effects. Besides, these compounds have been proven
in previous studies to exert a selective action to be less toxic in
non-tumour cells than in cancer cells.”®”" Thus, they could be
used as safer redox modulators.

Herein, we have studied further the possible mechanism(s)
underlying these initial promising biological activities of R-Se,
and we will ascertain if these hypothesized interactions with
H,S and GSH take place effectively. The activities of R-O and
phthalic thioanhydride (R-S) were examined in parallel for
comparison. Since H,S and GSH interact with several biologi-
cally active molecules, modulating their activities,****™*%>3 the
interactions of H,S and GSH with these three phthalic anhydride
derivatives and their molecular consequences were also analysed,
expecting that in these instances R-Se would be the most reactive
one thanks to its higher expected reactivity. The reduction of the
*cPTIO and superoxide (O,* ) radicals, and plasmid DNA (pDNA)
cleavage assay were employed to monitor these consequences.
We show that only R-Se displays any significant biological activity
on its own. This activity was augmented considerably when tested
in combination with H,S or GSH. In contrast, GSH showed no
impact on the activities of R-S or of R-O, whilst H,S was efficient
to some extent in this context. Hence, the products of the H,S or

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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GSH interaction with R-Se and R-S show free radical scavenging
properties and appear to cleave pDNA, potentially explaining
some of their biological activities.

Results and discussion

To unveil the possible mechanisms underlying the reported
activities of R-Se against cancer, we have designed different
experiments with R-Se, R-S and R-O, such as mass spectrometry
(ESI-MS), spectrophotometrically-monitored radical scavenging
and electron paramagnetic resonance (EPR), in an attempt to
ascertain how this promising Se-containing compound can
interact with different cellular redox targets.

Chemistry

In the present work, we have evaluated three chalcogen phtha-
lic anhydrides, as shown in Fig. 1: phthalic selenoanhydride
(X = Se — R-Se), phthalic thioanhydride (X =S — R-S) and
phthalic anhydride (X = O — R-O), as well as phthalic acid
(R-OH). R-O and R-OH were commercially available, whereas R-Se
and R-S were synthesized following an adaption of the procedure
previously described for the synthesis of R-Se (Fig. 1).*°

In brief, elemental selenium or sulfur is reduced with
lithium aluminium hydride, and the in situ formed hydrogen
chalcogenide attacks the phthaloyl chloride to form a reactive
intermediate. Sulphuric acid is added to form the desired final
R-Se or R-S. Compounds were isolated in the form of stable
solids, whose purity was assessed through NMR and LC-MS.

ESI-MS

R-Se showed a complex pattern of fragmentation (Fig. 2) in the
ESI-MS (electrospray ionization mass spectrometry) spectrum
taken in a 50% methanol/H,O solution (Fig. 3). The possible
fragments corresponding to the main peaks observed in ESI are
suggested in Fig. 2.

The M'H molecular peak of R-Se is easily recognisable
thanks to the characteristic isotopic pattern of the Se-containing
fragments, and the remaining peaks of low m/z can be assigned
to specific fragments (Fig. 2). Briefly, the protonated molecular
peak (m/z = 212.94487) is attacked by methanol to generate the
fragment with m/z = 244.97104 (also with the characteristic

o o [}
HO-CHs _ _
SeH* \ o) de
SeH,* C*
HZSe
o z=21294 miz = 244.97 m/z = 163.04
M*H Molecular peak
/c+ o]
= OH*
m/z = 135.04 @Q — ©¢OH2
o HO-CH,
m/z = 149.02 m/z = 181.05

Fig. 2 Hypothesized fragmentation pattern for protonated R-Se in ESI-MS.
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isotopic pattern of Se). This fragment loses a molecule of
hydrogen selenide, leading to m/z = 163.03906, which can suffer
additional fragmentation (release of CO, m/z = 135.04408) or can
incorporate a molecule of water to later generate protonated R-O
(m/z = 181.04956). The majority of these peaks can be seen when
R-Se is analysed together with Na,S (Fig. 4). The remaining
peaks, especially those with m/z > 245, are the result of complex
couplings with other R-Se molecules/fragments, and with water
or with the solvent (methanol). The low abundance of the
protonated molecular peak in the ESI-MS spectrum may be an
indicator of the readiness of the R-Se compound to react with
different compounds, and this reactivity can explain the biological
activities found so far for this bioactive compound.

When Na,S is added to the R-Se solution in 50% methanol/
H,O (Fig. 4), the protonated molecular peak of R-Se (m/z =
212.94487) disappears, although m/z = 244.97110 (the result of
methanol addition to this peak and also with the Se isotopic
pattern) can be observed, but with a significant lower abun-
dance than in the spectrum of R-Se alone. It is also possible
to observe the peaks of lower m/z that were hypothesized above
in Fig. 2: m/z = 135.04414, m/z = 149.02, m/z = 163.03908 and
m/z = 181.04958. Besides, new peaks appear. The most relevant
of them is m/z = 197.02664, which is the equivalent of m/z =
244.97110 but replacing the Se atom by sulfur (Fig. 4, inset).
This peak can be formed through the coupling of H,S (gener-
ated in situ from Na,S) with m/z = 163.03908. Finally, two peaks
(m/z = 266.95303 and m/z = 219.00859) with a difference of
48 Da are found, a difference that can be attributed to a Se-S
change, taking into account that the first peak presents the
characteristic isotopic pattern of Se. Tentative structures that
could explain these two peaks are the polyhydroxy-containing
compounds drawn in the Fig. 4 inset. In any case, the absence
of the R-Se protonated molecular peak and the two sulfur-
containing peaks (m/z = 197.02664 and m/z = 219.00859)
together is indicative of an interaction between R-Se and Na,S.

According to the data obtained, ESI-MS experiments show
how this Se-compound, in the electrospray ionization conditions,
suffers specific fragmentation (Fig. 2) and how it forms complex
couplings with the solvent and other R-Se molecules/fragments
(Fig. 3), indicating that this compound has high reactivity. This
fact could be indicative of potential interactions of R-Se with
reactive species present in the cell, such as ROS, Reactive Nitro-
gen Species (RNS) and the sulfur compounds of the redox
thiolstat. To prove this hypothetical interaction between R-Se
and sulfur species present in cells such as H,S, we also applied
the ESI-MS methodology to a mixture of R-Se and Na,$ (Fig. 4). In
this second ESI-MS spectrum, it is observed how the peaks of the
initial R-Se are practically irrelevant, whereas its fragment peaks
are the main peaks. Additionally, new peaks related to coupling
of its fragments with the added sulfur atoms start to be observed,
proving also the reaction between the two chalcogen compounds.

Results of the reduction of *cPTIO by phthalic-anhydride
derivatives and H,S

Since H,S is endogenously produced in living organisms, we
studied the interaction of H,S with R-Se. We observed that H,S

New J. Chem., 2019, 43, 11771-11783 | 11773
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Fig. 3 Control R-Se ESI spectrum in 50% methanol/H,O. Inset: Zoom of the protonated molecular peak showing the characteristic isotopic pattern

of Se.

interacts with R-Se. Since H,S and Se derivatives were reported
to interact with radicals,> it was of high interest to reveal
whether the products of the H,S/R-Se reaction interact with
radicals and how this interaction is unique in comparison to
other phthalic-anhydride derivatives. Therefore, we studied the
potency of H,S, R-Se, R-S, R-O and R-OH and the interaction
products of H,S/R-Se, H,S/R-S, H,S/R-O and H,S/R-OH to
reduce the *cPTIO radical.

H,S potentiates R-Se and R-S (but not R-O or R-OH) in
reducing °cPTIO. Since H,S is endogenously produced in organ-
isms and exogenous H,S donors are being considered to be used
in medicine, we have studied the interaction of H,S with anhy-
dride derivatives and the ability of the products of this interaction
to reduce the *cPTIO radical. H,S in the presence of R-Se or R-S,
but not R-O or R-OH, significantly increased the rate and potency
of the compounds to reduce *cPTIO (Fig. 5A, inset, Fig. 5B and 6).

Notably, 6.25, 12.5 and 25 uM of R-Se in the presence of
100 pM H,S had two time-dependent phases of decreasing the
concentration of 100 pM °cPTIO. The first was a fast decrease
(in <2 min) followed by a second gradual decrease (Fig. 6A). On
the other hand, 6.25, 12.5 and 25 uM of R-S decreased *cPTIO in
the first phase slower than what was observed when R-Se was
employed (<5 min), but later the *cPTIO concentration did not
decrease significantly (Fig. 6C). This indicates that the mole-
cular mechanism of *cPTIO reduction by H,S/R-Se and H,S/R-S
is different. The °cPTIO reduction potency of the H,S/R-Se
mixture was several fold higher than (>5x) that of H,S/R-S

11774 | New J. Chem., 2019, 43, 11771-11783

(Fig. 6E). The reduction of *cPTIO strongly depended on the
H,S/R-Se molar ratio: it was low at 0.5 and 1 H,S/R-Se molar
ratios but increased significantly at 2 and 4 molar ratios (Fig. 6B
and F). On the other hand, the reduction of *cPTIO gradually
increased with the H,S/R-Se molar ratio (Fig. 6D and F). The
results show that H,S interacting with R-Se and R-S (but not with
R-O or R-OH) forms reactive products which reduce the *cPTIO
radical. The order of potency is as follows: H,S/R-Se > H,S/R-S >
H,S/R-O ~ R-OH = 0.

GSH potentiates R-Se and R-S (but not R-O or R-OH) in
reducing °cPTIO. GSH is a tripeptide (glutamate-cysteine-glycine)
natural antioxidant, whose intracellular concentrations are in
the range of 0.5 to 10 mM.***” Therefore, we studied the effect of
GSH on the reducing potency of the phthalic-anhydride deriva-
tives. GSH (100 and 500 uM) did not reduce the *cPTIO (100 uM)
radical alone (Fig. 7), as observed in our previous study.”
However, the GSH/R-Se (200/50 and 500/50 pM/pM) and GSH/
R-S (200/50 and 500/50 pM/uM) mixtures significantly reduced
*cPTIO (Fig. 7). The kinetics of *cPTIO reduction by the mixtures
were different for R-Se and R-S. In the case of R-S, it was an
exponential decay, but in the case of R-Se an induction period
was observed. The addition of R-O to the *cPTIO/GSH mixture
did not cause *cPTIO reduction (Fig. 7). The results indicate that
the reducing potency of GSH is significantly enhanced upon its
interaction with R-Se and R-S. In control experiments, R-O and
phthalic acid did not reduce °*cPTIO themselves, nor in the
presence of 500 M GSH (Fig. 7). This indicates that the presence

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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of Se and S in phthalic anhydride derivatives after interaction
with H,S and GSH is responsible for the reduction of *cPTIO.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

H,S and GSH interacting with Na,Se-derivatives reduce
°cPTIO. ESI-MS experiments (Fig. 3 and 4) show that H,S
interacts with R-Se (and its derivatives). We observed that the
H,S/R-Se mixture, but not the H,S/R-O or H,S/phthalic acid
mixtures, reduced °cPTIO (Fig. 6). Based on these data, we
suppose that the intermediates and/or products of the H,S
interaction with Se (released from R-Se) and/or with R-Se deri-
vatives are responsible for *cPTIO reduction. To confirm this, we
studied the interaction of H,S and GSH with Se derivatives using
Na,Se. The UV-vis spectra of freshly prepared 100 uM Na,Se
changed gradually for 20 min (Fig. 8A), which could be an
indication of a potential slow unspecific interaction with any
of the compounds present in the solution, such as diethylene-
triaminepentaacetic acid (DTPA), sodium phosphate, the solvent
(water) or most probably with oxygen, which acts as an oxidant.
The UV-vis spectra of H,S/Na,Se (100/100 pM/uM) also changed
gradually for 20 min (Fig. 8B). Since the time dependence of the
UV-vis spectra of Na,Se (Fig. 8A) and the Na,Se/H,S mixture
(Fig. 8B) were different (marked by arrows), we confirm the
interaction of H,S with Na,Se derivatives.

The time resolved UV-vis spectra of °cPTIO/Na,Se (100/
100 pM/pM) show no *cPTIO reduction by Na,Se alone, since ABS
at 356 nm (marked by an arrow) did not decrease over the time
(Fig. 8C and F), nor ABS at 560 nm (Fig. 8C, inset). H,S (100 uM) or
GSH (500 uM) had only minor effects (<7%) on their own in
terms of *cPTIO (100 puM) reduction within 20 min. However,
addition of freshly prepared Na,Se (100 uM) to the H,S/*cPTIO

New J. Chem., 2019, 43, 11771-11783 | 11775



Open Access Atrticle. Published on 01 July 2019. Downloaded on 5/5/2020 3:03:50 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
0.08
£
c
Q
@
w
w» 0.04
o
<
0.00
0.08
£
<
)
©o
w
» 0.04 \
Q \
< \
0.00 | ————— | |
s L L L L L
0 10 20 0 10 20
Time (min) Time (min)
ABS 560 nm in 5. min after R-Se or R-S addition E ABS 560 nm in 5. min after R-Se or RS addition |2
£
s
e
@
3
7]
]
<

Sown 0 6.25 125 25 50 100 um 5 0 25 50 100 200 uMHyS
$39 g

2 o £
§;E +100 uM HpS § =+ 50 uM R-Se

e == +50 yMR-S

g2

Fig. 6 The effect of R-Se and R-S on the kinetics of *cPTIO reduction in
the absence and presence of H,S. (A) The effect of R-Se and R-OH on the
time-dependent reduction of *cPTIO/H,S. Kinetics of changes in absor-
bance at 560 nm of 100 uM *cPTIO after addition (indicated by an arrow)
of 100 uM R-Se alone (dark green) and compared to the addition of O (dark
yellow), 6.25 (red), 12.5 (blue), 25 (pink), 50 (cyan) and 100 uM (green) R-Se
to *cPTIO/H,S (100/100 pM/pM). 50 uM R-OH added to °*cPTIO/H,S
(black; 100/100 uM/uM). Data were collected from UV-vis spectra every
30 s for 20 min. (B) The effect of H,S on the kinetics of reduction of *cPTIO
in the presence of R-Se. Kinetics of changes in absorbance at 560 nm of
100 uM *cPTIO after addition (indicated by an arrow) of 100 uM H,S alone
(dark yellow) and after addition of 50 uM R-Se to O uM (dark green), 25 uM
(red), 50 pM (blue), 100 pM (pink) and 200 puM H,S (cyan). (C) The effect of
R-S on the kinetics of *cPTIO reduction in the presence of HS. Kinetics of
changes in absorbance at 560 nm of 100 uM °*cPTIO after addition
(indicated by an arrow) of 100 uM R-S alone (dark green) and compared
to the addition of O (dark yellow), 6.25 (red), 12.5 (blue), 25 (pink), 50 (cyan)
and 100 uM (green) R-S to *cPTIO/HS (100/100 pM/uM). (D) The effect of
H,S on the kinetics of *cPTIO reduction in the presence of R-S. Kinetics of
changes in absorbance at 560 nm of 100 uM °cPTIO after addition
(indicated by an arrow) of 100 uM H,S alone (dark yellow) and after
addition of 50 uM R-S to O uM (dark green), 25 pM H5S (red), 50 uM (blue),
100 pM (pink) and 200 puM HS (cyan). (E) Comparison of the potency of
R-Se and R-S to reduce °*cPTIO in the presence of H,S. Reduction of
*cPTIO (100 uM) by R-Se and R-S (100 pM) and reduction of *cPTIO in the
presence of H,S (100 uM) after addition of 0, 6.12, 12.5, 25, 50 and 100 uM
R-Se or R-S. The changes in absorbance at 560 nm of 100 uM *cPTIO were
taken from (A and C) at the 5th min after the addition of the compound.
(F) Comparison of the potency of R-Se and R-S to reduce *cPTIO in the
presence of different concentrations of H,S. Reduction of *cPTIO (100 pM)
by R-Se and R-S (50 puM) in the presence of 0, 25, 50, 100 and 200 uM H,S.
The changes in absorbance at 560 nm of 100 pM *cPTIO were taken from
(B and D) at the 5th min after the addition of the compound. Mean + SEM,
n=2-4.

(100/100 pM/pM) or GSH/*cPTIO (500/100 pM/puM) mixture
reduced *cPTIO (decreased ABS at 356 and 560 nm) in <1 min
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Fig. 7 Effect of GSH on the *cPTIO reduction kinetics in the presence of
R-Se, R-S, R-O and R-OH. Kinetics of the changes in absorbance at
560 nm of 100 uM *cPTIO after addition (indicated by an arrow) of 100
(dashed dark-yellow) and 500 pM GSH (solid dark yellow); after addition of
50 uM R-Se to *cPTIO/GSH (100/200 pM/uM; pink), and to *cPTIO/GSH
(100/500 pM/pM; red); after addition of 50 pM R-S to *cPTIO/GSH (100/
200 pM/pM; cyan), and to °cPTIO/GSH (100/500 uM/uM; blue); after
addition of 50 uM R-O to *cPTIO/GSH (100/200 pM/uM; dashed green),
and to *cPTIO/GSH (100/500 pM/uM; solid green); and after addition of
50 pM R-OH to *cPTIO/GSH (100/500 uM/uM; black). Mean & SEM, n = 2-3.

(Fig. 8D-F), indicating formation of reducing species during the
interaction of Na,Se-derivatives with H,S and GSH which reduce
the *cPTIO radical. The results support the suggestion that H,S
and GSH significantly potentiated the reducing properties of Se
derivatives which are released from R-Se.

Discussion of the reduction of *cPTIO by phthalic-anhydride
derivatives and H,S

Regarding the reduction of the °cPTIO radical, R-S and R-Se
showed a higher capacity to reduce this radical in comparison
with H,S. But H,S was most effective in the reduction of the
*cPTIO free radical compared to phthalic acid and phthalic
anhydride. This fact suggests that the mechanism that explains
this reduction must be related to a characteristic reaction of R-S
and R-Se that is not demonstrated by R-O or by R-OH. A potential
candidate for the reaction that led to this observation could be
then the release of sulfide or selenide anions, respectively, as the
release of 0>~ is non-existent. All sulfide or selenide anions would
probably be partially protonated in buffered solution. H,S is
produced endogenously and exerts relevant biological effects
and functions. It can be found in tissue cells in non-negligible
physiological concentrations that reach even higher than 1 uM.>*
Besides, its local space-time concentration in microenvironments
can be even several times higher. This fact indicates that the H,S/
R-Se interaction may be involved also in the biological activities of
R-Se. Thus, we have evaluated how it interacts with these chalco-
gen phthalic derivatives. The results were in line with the previous
observations and supported our hypothesis of the $>~ and Se*~
release: the addition of H,S to R-S and R-Se potentiated the above
mentioned reduction of the °cPTIO radical. It is noteworthy
that the addition of H,S promoted the reduction exerted by R-Se
more than the one induced by R-S. In contrast, the addition of H,S
to RO and R-OH did not exert any effect. Interestingly, the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Fig. 8 UV-vis spectra of the interaction of NaySe with *cPTIO/H,S and *cPTIO/GSH. (A) Time resolved UV-vis spectra of 100 uM Na,Se in 100 mM sodium
phosphate, 100 uM DTPA, pH 7.4 buffer at 37 °C. Spectra were collected every 30 s for 20 min, the first spectrum was measured 15 s after addition of NaSe.
Insets are details. The first spectrum is indicated by the solid red line, which is followed each 30 s by: long dashed red, medium dashed red, short dashed red,
dotted red, solid blue, long dashed blue, medium dashed blue, etc. (B) Time resolved UV-vis spectra of the interaction of 100 pM NaySe with 100 pM HS.
Spectra were collected every 30 s for 20 min, the first spectrum, indicated by the solid red line, was measured 15 s after addition of Na,Se to H,S. Inset:
Details of the time resolved spectra of HS™, peak at 230 nm. (C) Time resolved UV-vis spectra of the interaction of 100 uM *cPTIO with 100 pM Na,Se
(*cPTIO - 3 times repeated every 30 s, black) and subsequent addition of 100 uM Na,Se. Spectra were collected every 30 s for 20 min, the first spectrum,
indicated by the solid red line, was measured 15 s after addition of Na,Se. The arrow indicates ABS at 356 nm. Inset: Details of the time resolved spectra of
the *cPTIO/Na,Se (100/100 pM/uM) interaction before (black) and after addition of Na,Se (100 puM). (D) Time resolved UV-vis spectra of the interaction of
Na,Se with *cPTIO/H,S. Control *cPTIO/H,S (100/100 uM/uM; 3 times repeated every 30 s, black), and subsequent addition of 100 uM Na,Se. Spectra were
collected every 30 s for 20 min, the first spectrum, indicated by the red line, was measured 15 s after addition of Na,Se. The arrows indicate the decrease of
ABS at 356 and 560 nm. Inset: Details of the time resolved spectra of the *cPTIO/H,S (100/100 pM/uM) interaction before (black) and after addition of Na,Se
(100 uM). (E) Time resolved UV-vis spectra of the interaction of Na,Se with *cPTIO/GSH. Control *cPTIO/GSH (100/500 uM/uM; 3 times repeated every 30 s,
black), and subsequent addition of 100 pM Na,Se. Spectra were collected every 30 s for 20 min, the first spectrum, indicated by the solid red line, was
measured 15 s after addition of Na,Se. The arrows indicate the decrease of ABS at 356 and 560 nm. Inset: Details of the time resolved spectra of the *cPTIO/
GSH (100/500 uM/pM) interaction before (black) and after addition of Na,Se (100 puM). (F) Kinetics of the interaction of NaySe (100 pM, marked by an arrow)
with *cPTIO (100 uM, black), *cPTIO/H,S (100/100 pM/uM, blue) and *cPTIO/GSH (100/500 pM/uM, red) monitored as changes of ABS at 356 nm with
correction to 420 nm; mean £+ SEM, n = 2-3.

interaction of H,S with R-Se is dependent on the molar ratio
between the Se analogue and H,S: when R-Se is predominant or
when both are equimolar, a low reduction is observed. However,
when the molar ratio H,S/R-Se is 2 to 4, the detected reduction
increased significantly. This fact could suggest that a reaction
between H,S and R-Se takes place and that the concentration of
the first potentiates this reaction, although the R-Se is also crucial
as its replacement by R-S reduced the observed potentiation effect.

Another sulfur-containing biogenic compound with crucial
functions is GSH, which can reach intracellular concentrations

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

in the range 0.5-10 mM. Thus, we have also evaluated its inter-
action with the phthalic anhydride derivatives, as this interaction
may be involved in the R-Se biological effects. And effectively
similar results of potentiation of the R-Se and R-S ability to
reduce the *cPTIO radical were obtained, being then again more
significant for R-Se than for R-S. The phthalic anhydride deriva-
tives could interact also with other components of the cellular
thiolstat, or even with other different enzymes. For example, they
could be activated through different cellular enzymes, such as
disulfide reductases and esterases. However, further research
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needs to be conducted in future work to confirm this extent. In
this study we have selected GSH and H,S as representative
compounds of the sulfur containing components involved in
the redox thiolstat. The enhancement of the R-Se activity with
respect to the potentiation observed for R-S by the two thiols
evaluated (H,S and GSH) was observed and therefore we tested
how H,S and GSH reduced the *cPTIO radical in the absence of
R-Se, finding that in this case there was no interaction. This
confirms the key role of R-Se in this interaction, and the
requirement of having both Se and S species to have a more
effective interaction.

Cleavage of pDNA

We wanted to ascertain whether the products of the H,S/R-Se
and/or GSH/R-Se interaction can directly attack pDNA without
the contribution of other (unknown) biologically important
molecules and/or pathways. Briefly, the pDNA cleavage assay
can detect any activity that attacks and disrupts the sugar-
phosphate backbone of DNA (e.g., reactive oxygen species, free
radicals etc.).

H,S and GSH interacting with phthalic-anhydride derivatives
cleave pDNA. To compare the pDNA cleavage activity caused or
mediated by the phthalic-anhydride derivatives, increasing con-
centrations of these compounds were incubated with pDNA
in vitro and the resulting reaction mixtures were subjected to
electrophoretic separation to resolve the individual pDNA forms.
R-S, R-O or R-OH had only minor effects on pDNA cleavage.
In contrast, R-Se cleaved pDNA in a concentration-dependent
manner at concentrations >50 uM (Fig. 9).

Notably, H,S modulated the pDNA cleavage activity of the
anhydride derivatives depending on the H,S/anhydride deriva-
tive molar ratio. In the presence of 50 uM of R-Se, increasing
concentrations of H,S caused bell-shaped effects with a maximum
level being reached at 100/50 and 200/50 pM/uM H,S/R-Se molar
ratios. The effect of 50 uM of R-S, R-O and R-OH increased with
increasing H,S concentrations (Fig. 10A). In the presence of
100 uM H,S, the pDNA cleavage activity of R-Se was several
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Fig. 9 The effect of anhydride-derivatives on pDNA integrity. Increasing
concentrations of R-Se, R-S, R-O or phthalic acid were incubated with
pDNA for 30 min at 37 °C and the resulting pDNA forms were resolved
using agarose gel electrophoresis. Mean + SEM, n = 3.
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Fig. 10 The effect of increasing concentrations of H,S (A) and GSH (B) on
the pDNA integrity in the presence of the anhydride-derivatives R-Se, R-S,
R-O and R-OH at 50 uM concentrations. Mean + SEM, n = 3-5.

times higher in comparison to R-S, R-O or R-OH. Also GSH
modulated the pDNA cleavage activity of the anhydride deriva-
tives. In the presence of 50 pM R-Se, increasing concentrations
of GSH mediated bell-shaped effects with a maximum level
being seen at a 100/50 uM/pM GSH/R-Se molar ratio. In the
presence of 50 pM R-S, R-O or R-OH, increasing concentrations
of GSH had no effects on the pDNA cleavage (Fig. 10B).

As we detected relatively similar pDNA cleavage efficiencies
at 1:1 and 1:3 molar ratios of R-Se: H,S, we checked whether
there was a difference in kinetics between the two reactions.
However, the two reactions displayed the same (linear) time-
dependent pDNA cleavage efficiency, suggesting that within a
1:1-1:3 (R-Se: H,S) molar ratio window, R-Se is a rate-limiting
factor in the reaction (Fig. 11).

Summing up, we have observed that R-S, R-O and R-OH only
exerted limited pDNA cleavage activity, whereas this activity increased
significantly when R-Se was employed in a concentration-dependent
manner. Interestingly, the addition of H,S and GSH modulated
strongly this pDNA cleavage action, and showed a bell-shaped
effect, suggesting that the kinetics may be a rate-limiting factor
in this action. In this case, the pDNA cleavage exerted by the
remaining phthalic derivatives tested in the presence of H,S
increased in a concentration dependent manner with H,S,
which may be caused by the H,S-related pDNA cleavage effect.
Thus, it is noteworthy that the pDNA cleavage in the absence of
H,S and the bell-shaped modulation in the presence of H,S and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Fig. 11 Comparison of time-dependent pDNA cleavage by H,S/R-Se at
molar ratios 50/50 and 150/50 pM/uM. The H,S/R-Se mixture was incu-
bated with pDNA for the given time. Iz of ncDNA was normalized relative
to 50 uM R-Se. Mean + SEM, n = 3.

GSH are only observed when R-Se is employed, which under-
lines the unique redox-modulating properties of R-Se and
indicates the possibility of the formation of a S-Se intermediate
when H,S interacts with R-Se.

The ability of R-Se, R-S and R-O without and with H,S to
scavenge the O,°  radical or its derivatives. Since we observed
that the mixture of H,S and R-Se or R-S significantly potentiated
*cPTIO reduction, it was of interest to study if the mixture can
scavenge O,°~ radicals. The EPR spin trap method based on the
reaction of O,*~ with BMPO to form the *BMPO-OOH adducts
(conformer I and II) were employed.>® The O, radical anion
solution (prepared by dissolving KO, in DMSO) was diluted in
phosphate buffer (pH 7.4; 37 °C) and trapped by BMPO.

Under these conditions, the relative intensity of the *BMPO-
OOH adducts decreased slowly over the time and was comparable to
the values reported under physiological conditions (Fig. 12A1-A3).>°
The addition of R-Se or R-O (25 uM) had a minor effect on the
*BMPO-OOH adducts formation, their concentration or rate of
decay (Fig. 12B1-B3, D1-D3, 13A and B). In contrast, R-S (25 uM)
significantly decreased the quantity of the *BMPO-adducts
(Fig. 12C1-C3, 13A and B) and from the decreased ratio of the
*BMPO-OOH/*BMPO-adducts (Fig. 12C and D), a superposition
of at least two radicals, *BMPO-OOH and °*BMPO-OH, was
recognized. H,S (50 uM) had similar effects to R-S, however
its potency to decrease the quantity of the *BMPO-adducts and
ratio of *BMPO-OOH/*BMPO-OH was lower in comparison to
R-S (Fig. 12E1-E3 and 13).

The presence of H,S (50 uM) in the R-Se or R-S (25 pM)
solution significantly decreased the quantity of the *BMPO-adducts
(Fig. 12F1-F3, G1-G3, 13A and B) and significantly decreased the
ratio of the *°BMPO-OOH/*BMPO-adducts (Fig. 13C and D), where
a superposition of at least two radicals, *®BMPO-OOH and *BMPO-
OH, was recognized. Alternatively, a mixture of H,S (50 pM) with
R-O (25 pM) caused a similar effect to H,S alone (Fig. 12H1-H3
and 13). Based on the decreasing quantity of the *BMPO-adducts,
we suggest that R-S, H,S/R-Se and H,S/R-S scavenge the *BMPO-
OOH/OH adducts, which may include direct scavenging of O,*~ or
its derivatives. The decreasing ratio of the *BMPO-OOH/*BMPO-
adducts indicates that the compounds cause the decomposition

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Fig. 12 EPR spectra of *°BMPO in the presence of O,*~ and modulated by
R-Se, R-S and R-O without and with H,S. Representative EPR spectra of
the *BMPO-adducts were monitored in 10% v/v saturated KO,/DMSO
solution in 50 mM sodium phosphate buffer, 0.1 mM DTPA, pH 7.4,
37 °C in the presence of the studied species investigated and 20 mM
BMPO. Sets of individual EPR spectra of the *BMPO-adducts monitored
with 15 sequential scans, each 42 s (Al-H1), starting acquisition 2 min
after sample preparation in: control 10% v/v KO,/DMSO in the buffer (Al);
KO,/DMSO in the presence of 25 uM R-Se (B1); 25 pM R-S (C1); 25 uM R-O
(D1); 50 uM H,S (E1); a mixture of 25/50 uM/uM R-Se/H,S (F1); a mixture of
25/50 pM/puM R-S/H,S (G1) and a mixture of 25/50 uM/uM R-O/H,S (H1).
The spectra A2—-H2 show details of the accumulated first ten Al1-H1
spectra. The spectra A3—-H3 show details of the accumulated last five
Al-H1 spectra. The intensities of the time-dependent EPR spectra (A1-H1)
and detailed spectra (A2—-H2 and A3-H3) are comparable, as they were
measured under identical EPR settings.

of *BMPO-OOH to *BMPO-OH and scavenge both °*BMPO-
adducts. However, we cannot exclude the possibility of trapping
an unknown radical by BMPO which decomposed to *BMPO-OH
before measurement of the sample. Our data suggest that R-S,
H,S/R-Se and H,S/R-S have high potency to scavenge different
radicals.

To summarize this section, taking into account the ability of
the phthalic derivatives to reduce the °cPTIO radical, we have
studied also how these derivatives interact with O,*~, observing
how they interfere with the formation of the *BMPO-OOH adduct
in the presence of KO, and BMPO. In this experiment, R-Se and
R-O showed a minor interaction with the O,*~ radical, whereas
R-S significantly decreased the formation of the *BMPO-OOH
adducts. Interestingly, the addition of H,S to R-Se and to R-S

New J. Chem., 2019, 43, 11771-11783 | 11779
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Fig. 13 The effects of the compounds on the *BMPO-adduct radicals.
The effects of the compounds (25 pM) and their mixture with H,S (50 uM)
on the quantity of the *BMPO-adduct radicals (double integral of the EPR
spectra from Fig. 12) in the presence of 10% v/v saturated KO,/DMSO
solution. Average radical quantity during 2-9 (A, from Fig. 12A2-H2) and
10-13 (B, from Fig. 12A3-H3) min after sample preparation. The effects of
the compounds (25 pM) and their mixture with H,S (50 uM) on the ratio of
the EPR intensity of the first over the second line spectra of the *BMPO-
adduct radicals (data from Fig. 12). Average ratio during 2-9 (C, from
Fig. 12A2-H2) and 10-13 (D, from Fig. 12A3-H3) min after sample pre-
paration. Buffer: 50 mM sodium phosphate, 0.1 mM DTPA, pH 7.4, 37 °C.
Mean + SEM, n = 2.

significantly enhances their capacity to decrease the formation
of the *BMPO-OOH adduct, again highlighting the enhanced
activity of the products of the interaction between H,S and R-Se:
the presence of both Se and S atoms seems to be crucial for all
these activities.

Final discussion

At the sight of the results presented herein, we suggest that the
products of the H,S or GSH interaction with R-Se, having free
radical scavenging and pDNA cleavage activities, can also affect
intracellular molecules other than DNA. Based on the well-
known consequences of oxidative stress, protein oxidation is
also highly expected. We are aware of the fact that many more
effects should be examined to obtain a more complete picture
of the action of the products of the H,S or GSH interaction with
R-Se and our intention is to present these promising initial
results.

In summary, the results confirm our initial hypothesis:
selenoanhydride (R-Se) can act as a H,Se donor, serving as a
prodrug that enables the internalisation of selenium into cells,
and the subsequent release of H,Se and ionic species of Se
inside the cell. Besides, we have proven that H,S and GSH interact
with R-Se, and that the intermediates and/or products of this
interaction have significant properties to reduce (scavenge) the
*cPTIO and superoxide (O,* ) radicals or their derivatives and to
cleave pDNA. The antioxidant (reducing) properties observed of
the intermediates and/or products of the H,S/R-Se and GSH/R-Se
interaction to reduce °cPTIO, scavenge O,*  and decompose
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*BMPO-OOH to *BMPO-OH, indicate that they may modulate
redox properties and free radical signalling. However, qualifying
the significance of these observations is a challenge for future
research.

Experimental
Chemical synthesis of the anhydride-derivatives

R-Se and R-S (Fig. 1) were synthetized according to a procedure
based on the one previously described in the literature,*® with
minor modifications, whereas R-O was commercially available.
Briefly, a suspension of grey selenium (for R-Se) or elemental
sulfur (for R-S) in water-free tetrahydrofuran is reduced by
dropwise addition of lithium aluminium hydride. Once the
reaction is completed (visible by the ceasing of the generation
of molecular hydrogen), phthaloyl chloride is added to the
reaction and left reacting till the end of the reaction (usually
1 h). Then, the solution is filtered to eliminate the metallic salts
generated during the process, and over the filtrate, 10 ml of
concentrated sulfuric acid is added dropwise. The mixture is
left reacting and the solid formed is filtered and washed with
chloroform. The product isolated from the organic fraction is
recrystallized in hexane.

The structure of the compounds R-Se and R-S was confirmed
by '"H-NMR, and their purity by LC-MS. Spectra are provided in
the ESIt and they are in accordance with the literature. The
purity of both compounds was 100% according to LC-MS
(see data in the ESIt), so both derivatives were suitable for
biological evaluation as they accomplished the 95% purity
considered as the minimum threshold purity value required
for biological assays. The chemical reactions of this synthetic
procedure are shown in Fig. 1. It is quite interesting to see how the
reaction normally used to get oxygen anhydrides (dehydration of
phthalic acid) also serves to synthesize the sulfur and selenium
anhydride analogues. What is more, it is noteworthy to point
out the selectivity of the formation of the respective thio- and
selenoanhydride when an oxygen atom is bound to the second
carbonyl of the intermediate chalcogen phthalate.

In previous work in a PhD dissertation,®” to learn more about
the reactivity of different phthalic derivatives to form phthalic
selenoanhydride (R-Se) following this procedure, a synthetic study
was performed. R-Se was synthesized according to the procedure
mentioned above, departing from phthaloyl chloride and using
lithium aluminium hydride for the reaction. The yield before
recrystallization in this case was 94%. When the reaction was
carried out using water as a solvent and employing sodium
borohydride as a reducing agent, the yield before recrystallization
was 47%. The reaction could also use different phthalic derivatives
as substrates (always employing lithium aluminium hydride), in
this case with different yields. We explored phthalic anhydride
and N-hydroxyphthalimide, achieving yields of 16% and 62%,
respectively. Interestingly (unpublished results), phthalimide did
not render R-Se after dehydration with sulfuric acid. It seems that
a selenazine is formed instead of the selenoanhydride, obtaining
1H-benzo[d|[1,2]selenazine-1,4(3H)-dione. Unfortunately, this

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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compound could not be obtained with a satisfactory purity and
more research needs to be done to isolate and characterize this
compound.

For the pDNA cleavage assay, the anhydride-derivatives were
dissolved in ultrapure deionized water at a 1 mM final concen-
tration by vortexing and 1 min water bath sonication, subsequently
aliquoted and stored at —80 °C before their use. For UV-vis, EPR
and ESI studies, the anhydride-derivatives were dissolved in
anhydrous DMSO at a 50 mM concentration, aliquoted and
stored at —80 °C before being used.

ESI-MS measurement

Saturated R-Se was prepared in 50% methanol/H,0, vortexed for
2-3 min, sonicated in a water bath for 1-2 min and centrifuged for
2 min. The sample without and with 7 mM Na,S (~9 pH) was
incubated for 1 min at 37 °C and 55 pl of the supernatant was used
to measure ESI-MS spectra (Orbitrap Elite, ThermoScientific).

Chemicals for UV-vis and EPR measurements

The studied compounds R-Se, R-S and R-O in DMSO (50 mM)
were used after thawing. The spin trap 5-tert-butoxycarbonyl-5-
methyl-1-pyrroline-N-oxide (BMPO, 100 mM, ENZO Life Sciences
AG, Switzerland) was prepared in deionized H,O, stored at
—80 °C and used after thawing. The radical 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (*cPTIO, 10 mM,
Cayman 81540 or Sigma C221) in deionized H,O was stored at
—20 °C for several weeks. Na,S as a source of H,S (100 mM;
SB01, DoJindo, Japan) was prepared in deionized H,O, stored at
—80 °C and used after thawing. Na,S dissociates in solution and
reacts with H' to yield H,S, HS™ and a trace of S%~. We use the
term H,S to encompass the total mixture of H,S, HS™ and s>,
To Na,Se powder (Alfa Aesar, 36187, stored under argon) H,O
was added, and in 10 s an aliquot of the stock Na,Se solution
(10 mM) was added to a UV-vis cuvette containing the studied
compounds. 100 mM sodium phosphate buffer supplemented
with 100 pM DTPA, pH 7.4, 37 °C, was employed for UV-vis
experiments. 50 and 25 mM sodium phosphate buffer, supple-
mented with 100 and 50 uM DTPA (diethylenetriaminepentaa-
cetic acid), pH 7.4, 37 °C was used for electron paramagnetic
resonance (EPR) studies.

UV-vis of *cPTIO

To a basic 900-990 pl solution of 100 mM sodium phosphate,
100 pM DTPA buffer (pH 7.4, 37 °C) the required aliquots of
100 uM *cPTIO and Na,S were added to obtain the desired final
concentrations of *cPTIO and Na,S. Then, the UV-vis spectra
(900-190 nm) were recorded, 3 x 30 s. The studied compounds
R-Se, R-S and R-O (50 mM in DMSO), firstly dissolved in 50 pl
buffer and vortexed for 3 s, were added and the spectra were
recorded every 30 s for 20 min using a Shimadzu 1800 (Kyoto,
Japan) spectrometer at 37 °C (the blank was H,0). For our study,
the *cPTIO extinction coefficient at 560 nm of 920 M~ * cm ™" was
used. Scavenging of the *cPTIO radical by Na,S (H,S) or GSH and
its mixture with the studied compounds R-Se, R-S and R-O was
determined as a decrease of absorbance at 356 and 560 nm
(the absorption maximum of *cPTIO) after subtraction of the
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baseline absorbance, which was determined at 730 or 420 nm,
respectively.*?

Plasmid DNA cleavage

The pDNA cleavage assay, which detects a disruption of the
sugar-phosphate backbone of DNA, was used to study if the
products of the H,S/R-Se and/or GSH/R-Se interaction can
directly attack pDNA. In this assay, even a single hit is trapped,
as it converts the circular supercoiled DNA molecule into its
nicked relaxed circular form. These two forms display distinct
mobility in agarose gels, and therefore they can easily be distin-
guished and quantified.

The pBR322 vector (4.361 kb, New England Biolabs, N3033L)
was used in the pDNA cleavage assay. In this assay, all samples
contained 200 ng of pDNA in a final volume of 20 pl of buffer
composed of 25 mM sodium phosphate and 50 uM DTPA
(pH 7.4). Three different assay conditions were used: (i) pDNA
per se (control), (ii) pDNA + phthalic-anhydride derivatives, and
(iii) pDNA + anhydride-derivative + Na,S or GSH. The resulting
mixtures were incubated for 30 min at 37 °C. Afterwards, the
reaction mixtures were subjected to 0.6% agarose gel electro-
phoresis. The samples were electrophoresed in TBE buffer (89 mM
Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0) at 5.5 V cm™ " for
2 h. The gel was stained with Gel Red™ nucleic acid gel stain.
Finally, the gels were photographed using a UV transilluminator.
To quantify the pDNA cleavage efficiency, the integrated densi-
ties of two identified pBR322 forms (a supercoiled and a nicked
circular form) in each lane were quantified using Total Lab
TL100 image analysis software (Nonlinear Dynamic Ltd, USA).

EPR of *BMPO-adducts

To study the ability of R-Se, R-S and R-O without and with H,S
to scavenge the O,°*" radical produced in DMSO/KO, solution,
sample preparation and EPR measurements were conducted in
accordance with previously reported protocols.*” A solution
(final concentrations) of BMPO (20 mM) and DTPA (100 pM)
in sodium phosphate buffer (50 mM, pH 7.4) was incubated for
1 min at 37 °C. An aliquot of the compounds studied was
added, followed by the addition of Na,S in 3 s and saturated
KO,/DMSO solution (10% v/v DMSO/final buffer) 3 s later. The
sample was mixed for 5 s and the first EPR spectrum was
recorded 2 min after the addition of KO,/DMSO solution at
37 °C. Sets of individual EPR spectra of the *BMPO spin-adducts
were recorded as 15 sequential scans, each 42 s, with a total time
of 11 min. Each experiment was repeated at least twice. EPR
spectra of the *BMPO spin-adducts were measured on a Bruker
EMX spectrometer, X-band ~9.4 GHz, 335.15 mT central field,
8 mT scan range, 20 mW microwave power, 0.1 mT modulation
amplitude, 42 s sweep time, 20.48 ms time constant, and 20.48 ms
conversion time at 37 °C.

The relative quantity of the °*BMPO-adduct radicals was
calculated as a double integral of the EPR spectra. Since the
EPR spectra were mostly low intensity, which did not permit
spectral simulation, to quantify the relative ratio of the *BMPO-
OOH/*BMPO-adducts, the ratio of the EPR intensity of the first
line over the second line was used. The ratio is ~1 at ~100% of
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*BMPO-OOH (Fig. 12A2) and ~ 0.5 at ~ 0% of *BMPO-OOH.**> A
lower ratio (lower than 1) indicates a higher concentration of
other *BMPO-adducts, in which mostly *BMPO-OH radicals are
present.

Conclusions

Understanding the molecular mechanism of the biological
effects of phthalic-anhydride derivatives could lead to develop-
ment of more efficient drugs for treatment of cancer and ROS
related diseases. To achieve this, we found that phthalic-
anhydride derivatives R-Se, R-S, R-O and R-OH (<50 uM) on
their own have minor potency to reduce/scavenge radicals or
cleave pDNA. However, the potency of R-Se and R-S, but not R-O
or R-OH, significantly increased after interacting with H,S
and GSH.

Our in vitro data revealed unique properties of the H,S/R-Se,
GSH/R-Se and H,S/R-S mixtures to reduce the °cPTIO and
superoxide radicals. The unique potency of the H,S/R-Se mixture
to cleave pDNA has a bell-shaped dependence on the H,S and
GSH concentrations, whereas the potency of H,S/R-S increased
linearly with H,S, but did not increase with the GSH concen-
tration. The results underline that the interactions of R-Se and
R-S with H,S and GSH enhanced significantly the different
activities monitored, thus indicating that the intermediates
and/or the products of the interaction of R-Se and R-S with
endogenous H,S and GSH, which appear to include reactive
selenium species such as H,Se, have significant antioxidant
properties and that they can damage DNA. These findings may
contribute to a more-in-depth understanding of the unique
biological effects reported so far for R-Se and R-S. Besides, these
findings open a new so far unexplored approach to study the
action of Se-containing compounds. These experiments, for
example, can be applied to the different selenium species that
have been used until now in supplementation, to ascertain which
ones have more ability to interact with GSH and H,S. This is of
crucial importance, as it would enable detecting new compounds
that could behave as Se-based redox modulators in potential Se
supplementation. An example would be the phthalic selenoanhy-
dride (R-Se) reported in this work, which retains the capacity of
sodium selenite to react with key components of the redox
thiolstat (such as GSH and H,S) and simultaneously, according
to previous work, shows lower toxicity against non-tumour cells.
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Ortho-Quinones represent a special class of redox active compounds associated with a spectrum of
pronounced biological activities, including selective cytotoxicity and antimicrobial actions. The modification
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with their own, distinct redox behaviour and equally distinct activities against cancer cell lines and
Trypanosoma cruzi. Some of the compounds investigated show activity against T. cruzi at concentrations of
24.3 and 65.6 uM with a selectivity index of around 1. These results demonstrate that simple chemical
modifications on the ortho-quinone ring system, in particular, by heteroatoms such as nitrogen and sulphur,
transform these simple redox molecules into powerful cytotoxic agents with considerable “potential”, not

Received 3rd March 2020,
Accepted 8th June 2020

DOI: 10.1039/d0md00072h

Published on 13 July 2020. Downloaded by Universitat des Saarlandes on 8/12/2020 4:44:13 AM.

rsc.li/medchem

1. Introduction

The rapid expansion and simultaneous ageing of populations
around the globe represent a demographical change and a
challenge that, among many other issues, such as shortage of
nutrition and increase of pollution, is also associated with
higher incidence of new cases of cancer and related deaths.
The projection for the year 2030 estimates 27 million new
cases of cancer with 17 million cancer-related deaths
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only in synthesis and electrochemistry, but also, in a broader sense, in health sciences.

worldwide." At the same time, an increased global population
is also more susceptible to the outbreak and spread of
infectious diseases, such as Chagas disease. This disease is
caused by the protozoan Trypanosoma cruzi, which is
considered by the World Health Organization (WHO) as one
of the twenty neglected tropical diseases, affecting more than
5 million people worldwide. Its current chemotherapy is still
restricted to the nitroderivatives benznidazole and nifurtimox,
available for half a century, which present limited activity and
severe adverse effects.>”® These demographical developments
and new ways of transmission, combined with the emergence
of drug resistance, require new and effective drugs for the
treatment of such diseases, i.e. agents which may be effective
as (cyto)toxins and also selective for their targets.

Within this context, naphthoquinoidal compounds have
been studied widely.”™** The derivatization of naphthoquinones
has been a subject of considerable interest among medicinal
chemists and a wide variety of natural and synthetic
naphthoquinones have already been reported as potent
trypanocidal and anticancer agents.'*"” Mechanistically, the
quinone core may undergo one-electron reduction under
aerobic conditions to form a semiquinone radical which will
redox cycle to release reactive oxygen species (ROS).'*'8720
Within the context of cancer, the cytotoxicity of quinones is
therefore mainly associated with the catalytic generation of ROS
and the alkylation of crucial proteins and nucleic acids, both
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processes, which provoke cell damage.'* ™  Similar
considerations also apply to pathogenic microorganisms, some
of which are affected considerably by - similar - redox
modulating agents thanks to their weak(er) cellular antioxidant
defence systems. Indeed, the concept of catalytic “sensor/
effector” agents, iZe. “smart” redox molecules responding to
specific intracellular redox signatures and peculiarities, and
thereby combining considerable activity with selectivity, has
been evaluated for over a decade now, often with amazing
results.”' >

For almost twenty years, our groups have been involved in
the synthesis and biological evaluation of naphthoquinones.>*>°

View Article Online
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Whilst initial studies on such catalytic agents have employed
comparably simple redox agents, subsequent ones have
developed hybrid molecules with two or more redox sites
integrated into one molecule. The hybridization of a triazole
nucleus with B-lapachone, for instance, has already resulted in a
derivative with high antitumor activity (ICs, < 2 uM) for different
cancer lineages and, more recently, we have also reported the
antitumor activity of selenium-containing quinone-based
triazoles, which were inspired by earlier quinone-chalcogen
structures tested more than a decade ago (Scheme 1A).*"*"2°
Quinone-based N-sulfonyl-1,2,3-triazoles were also prepared by
our group using click chemistry reactions (Scheme 1B).** In this

(A) Compounds with antitumor and trypanocidal activities (refs 21, 27-29):
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(B) Previous work. Quinone-based N-Sulfonyl-1,2,3-triazoles with antitumor activity (ref 30):
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(C) This work. Sulphur-containing derivatives of quinonoid compounds and their trypanocidal and antitumor evaluation:
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Redox active "transformation" of the
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R
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nitrogen substituents
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Presence of 1,2,3-triazole ring
Important pharmacophoric group

Scheme 1 A schematic overview of the strategies employed in the preparation of bioactive compounds and transformation of ortho-quinones

into para-quinone imines and sulphur containing compounds.
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work, we employed as a strategy the insertion of the 1,2,3-
triazolic nucleus associated with a chalcogen atom, allowing the
formation of a redox active system. The compounds were
subsequently evaluated against eight types of cancer cell lines
and some derivatives exhibited potent antitumor activity.>
Interestingly, the application of such “smart” catalytic agents is
not limited to cancer research, and a pronounced - and selective
- cytotoxicity also affects protozoan pathogens, such as T. cruzi,
with some molecules exhibiting trypanocidal activity about two
or six times higher than that of the standard drug
benznidazole.**

Interestingly, the ortho-quinone redox centre found in
fB-lapachone is prone to chemical modifications which impact
considerably the redox behaviour of these agents."® Here, we
have investigated modifications with nitrogen and sulphur
substituents, as both heteroatoms are redox active and, besides
electronic effects, promise a major “transformation” of the
original redox system into considerably more active species
(Scheme 1C). We are now able to report the synthesis,
electrochemistry, anticancer and trypanocidal evaluation of
quinoidal derivatives containing alkynes and N-sulfonyl
triazoles and propose a distinct relationship between the
chemical structure and redox system, and their electrochemical
potentials and biological activities.

2. Results and discussion
2.1. Chemistry

The first class of compounds with a nitrogen substituent at
the ring was prepared from commercially available 1,2-
naphthoquinone-4-sulfonic acid sodium salt (1). Initially, we

o
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prepared arylamino naphthoquinones (2a-h) by the reaction
of 1 and the respective anilines following a procedure
published previously in the literature with minor
modifications.>**® In general, the desired products were
obtained in moderate to excellent yields (Scheme 2). It should
be noted from the outset that these compounds now possess
more complicated redox cores spanning the original
ortho-quinone and the amine functionality in the
para-position.

With the quinoidal compounds 2a-h available, the
changed “redox core” was modified further, this time by
alkylation of one of the oxygen atoms. Notably, this kind of
alkylation not only simply “blocks” one of the oxygen atoms
of the ortho-quinone, it also transforms the electronic
structure of the entire ring system by engaging the nitrogen
in the para-position in the form of a distinctive para-quinone
imine redox core (Scheme 3).*>*° The consequences of this
apparently innocent O-alkylation for the redox and biological
activity will be discussed later. Eight alkyne derivatives 3a-h
were synthesized in moderate to excellent yields ranging from
48% to 99% according to Scheme 3 and in the presence of
DMF as a solvent, excess K,CO; as a base, and propargyl
bromide.

Alkynes derived from ortho-naphthoquinones represent
important intermediates for the synthesis of 1,2,3-triazole
derivatives, and such molecules can be synthesized easily by
means of a 1,3-dipolar cycloaddition reaction between an
azide and alkyne using copper(i) as a catalyst, in a process
known as a click chemistry reaction (Scheme 4). This type of
reaction is considered an important tool to synthesize hybrid
molecules with two or more redox centres and pronounced

O O OO

SO;Na
1

EtOH:H,0 (1:1)
25 °C, 30 min, )))

HN
. L
R

RO O
2a 2b Ot

77% yield 80% yield

segieey
o, o,

70% yield 75% yield

Scheme 2 Synthesis of arylamino ortho-naphthoquinones 2a-h.
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Scheme 3 Synthesis of alkynes derived from arylamino ortho-naphthoquinones 3a-h.
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55% yield

N=N,

o AT
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ASN T
Cl Br
4e 4f

95% yield 92% yield

Scheme 4 Synthesis of N-sulfonyl-1,2,3-triazoles 4a-h.

biological activities."' In this context, the synthesis of the
N-sulfonyl-1,2,3-triazoles was accomplished according to the
methodology described by Fokin et al., employing copper(i)-
thiophene-2-carboxylate (CuTC) as a catalyst, as this catalyst
promises high yields and selective formation of the 1,4-
regioisomer of the product.”” The reaction was carried
employing the corresponding alkynes (3a-h) (Scheme 3) with
an excess of tosyl azide in toluene, as a solvent, and at room

RSC Med. Chem.

N3Ts, CuTc
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o \/g/NTs
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N N
o, O
4g 4h o

87% yield

temperature according to Scheme 4. In general, novel
compounds were obtained in moderate to excellent (50-95%)
yields.

Nitrogen is not the only nucleophile able to replace the
sulfonate group in compound 1. Sulphur has a similar
nucleophilic character and is also redox active. Indeed, recent
studies have shown that naphthoquinone compounds
substituted with chalcogen atoms often exhibit considerable

This journal is © The Royal Society of Chemistry 2020
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biological activity.'”** Whilst these studies have focused
primarily on para-quinones, compound 1 provides the basis
for a series of similar ortho-quinones. For this synthesis, a
methodology adapted from the literature®*?” yielded
compounds 5a-5d in low to moderate yields (30-40%)
(Scheme 5).

The structures of the novel compounds were determined
initially by 'H and "*C NMR, and were corroborated further
using electrospray ionization mass spectra. In the case of
compounds 3a, 3d, 3f, 3g, 3h and 5d, X-ray crystallographic
analysis with suitable crystals obtained by the slow
evaporation method was performed. Here, the bond lengths
and angles are in good agreement with the expected values
reported in the literature.** The atoms of the
naphthoquinonic ring (C1-C10) of all structures are coplanar
and the largest deviation from the least-squares plane for
each one is: 0.077(3) A for atom C1 in 3a; 0.044(3) A for atom
C5 in 3d; 0.035(2) A for atom C1 in 3f; 0.039(2) A for atom C5
in 3g; 0.039(2) A for atom C8 in 3h and 0.017(4) A for atom C5
in 5d. The dihedral angles between the planes of the rings
(C1-C10) and (C11-C12) are: 48.5(3)° for 3a; 57.4(2)° for 3d;
86.9(3)° for 3g; 57.1(4)° for 3h; 61.01° for 3f and 86.9° for 5d.
ORTEP-3 diagrams of each molecule are shown in Fig. 1.

2.2. Redox transformations

The process of substituting the sulfonate group in compound
1 for the nitrogen or sulphur in 2 and 5, respectively, and
also by O-alkylation when moving from 2 to 3 and 4, changes
the “redox core” of these molecules, as an additional redox
active element is added to the initial ortho-quinone system.
Some of the resulting redox systems therefore appear to differ
significantly from the original structures, and these
differences should also be reflected in the redox behaviour
and biological activities associated with them. As such, cyclic
voltammetry (CV) was employed to study redox changes, as it
represents a readily applicable, fast, informative and also
fairly reliable method to obtain initial information about
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reversible and irreversible reduction and oxidation processes
associated with such molecules. CV was performed in mixed
medium, Ze. phosphate buffer + 30% methanol, on a glassy
carbon working electrode, with E vs. Ag/AgCl as a reference
electrode (SSE), at 200 mV s '. In the presence of a protic
organic solvent (methanol), the reduction occurs in two
monoelectronic steps, different from the mechanism in
totally aqueous medium, where the reduction occurs through
the capture of 2e” + 2H".

The cyclic voltammograms of selected compounds
belonging to class 1 (compounds 1 and 2), class 3 (compound
3a) and class 5 (compound 5b) were obtained and are shown
in Fig. S39 (see the ESIT file), together with the values for the
relevant reduction signals (E,) and corresponding oxidation
(Epa) ones for various quinones, in Table 1. We have focused
here on the prime signals associated with the quinone redox
centre, as these waves are important to rationalize the
relevant biological activities (see below).

By analysis of the first reduction potential (Ep), the ease
of reduction is the following: 5¢ > 5b > 1 ~ 5d > 3e > 3h =
3b > 3a > 2a.

As anticipated, the redox behaviour changes significantly,
once the original ortho-quinone 1 is modified by a nitrogen
substituent in the para-position to yield compounds of class
2, due to the electron donating character of the amino group.
Interestingly, the subsequent O-alkylation converting 2 into 3
also - quite dramatically - changes the entire redox system,
since there is a direct modification on the redox system. This
significant change from an ortho-quinone to a para-quinone
imine is also observed electrochemically, and is associated
with a shift of the first reduction potentials to more negative
potentials. Generally, the potentials for the para-quinone
imine are 150 to 200 mV more negative, when compared to
those for the ortho-quinones, pointing towards a less
electrophilic compound, being reduced at more negative
potentials. Modifying the compounds of class 2 (less
electrophilic) to yield class 3 brings an anodic shift of the
relevant potentials, however less intense, when compared to

(o]
fo) HS
O‘ EtOH: H20
25 °C, 40 min, )))

SO;Na
1

5a-d
R1

T Q,

a
30% yield 40% yield

Scheme 5 Synthesis of chalcogenic aryl ortho-quinones 5a-d.
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c17

5d

Fig.1 ORTEP-3 projections of 3a, 3d, 3f, 3g, 3h and 5d, showing the atom-numbering and displacement ellipsoids at the 50% probability level.

the original compound 1, and introducing another factor
involved in the redox cycle with the quinone imines, once
they are known to wundergo a redox cycle through
aminophenols. Another important fact should be considered:
arylquinone imines can suffer from hydrolysis, to generate
back the original quinone,*” possibly behaving as a pro-
drug.*®

In contrast, the substitution of the initial “redox core”
with a sulfur atom seems to change the original redox
properties to a quasi-reversible electron transfer with
potentials in the range of -168 mV up to —254 mV (E.;) and
from -500 mV up to =574 mV (E,). A significant change

P
from an ortho-quinone to a chalcogenic quinone is observed

Table 1 Reduction potential values (E,c; and Egco) and corresponding
oxidation potentials (E,.; and Ep,»), representing three different classes of
compounds and their synthetic precursor (1)

1st wave 2nd wave

Compounds Epeq Epar Eper Epaz

1 -250 mV -340 mV -602 mV -28 mV
2a -490 mV -420 mV -716 mV -202 mV
3a -429 mV -493 mV -669 mV -259 mV
3b -387 mV -475 mV -687 mV -292 mV
3e -339 mV -415 mV -690 mV -235 mV
3h -384 mV -414 mV -614 mV -190 mV
5b -210 mV -304 mV -552 mV -132 mV
5¢ -168 mV -324 mV -500 mV -110 mV
5d -254 mV -360 mV -574 mV -178 mV

RSC Med. Chem.

electrochemically, and is associated with a shift of the
relevant potentials to more positive potentials. Generally, the
potentials for the chalcogenic quinone are 20 to 100 mV
more positive, when compared to those for the
ortho-quinone, pointing towards a more oxidizing species.
Hence, its influence on the overall redox behaviour of these
compounds is primarily due to electronic effects.

2.3. Antiparasitic activity

Based on the strategy of modifying and hence modulating
the initial “redox core” of the ortho-quinone, and the insights
obtained by electrochemistry, it was then interesting to see if
these modifications also translate into specific - changes in -
biological activities. Here, two distinct models indicative of
the activity of quinones have been selected, i.e. cancer cell
lines and T. cruzi (see section 1 Introduction).

The selection of these models was based on studies
previously described in the literature that demonstrate the
antitumor and trypanocidal activity of quinoidal compounds
containing the 1,2,3-triazole nucleus and the sulphur
atom.””**?° As discussed in the Introduction, our research
group demonstrated that quinone-based N-sulfonyl-1,2,3-
triazoles exhibited cytotoxicity against various tumour cell lines.
These compounds were not evaluated against 7. cruzi, the
parasite that causes Chagas disease, but it is well documented
that active redox systems are potential candidates to present

This journal is © The Royal Society of Chemistry 2020
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Table 2 Activity of the naphthoquinones on trypomastigote forms of T.
cruzi®

Compounds IC50/24 h (uM) LCs0/24 h? (uM) SI

4a >500 80.8 + 6.5 >6.19
ab >500 443 £ 6.4 >11.29
4ac >500 88.5 + 3.5 >5.65
ad >500 26.9 + 1.2 >18.59
de >500 >100 nd

af >500 >100 nd

ag >500 >100 nd

4h >500 40.6 + 2.5 >12.31
5a 243+7.9 36.9 + 2.6 1.52
5b 88.7 + 10.1 81.4 +3.7 0.92

5¢ 65.6 + 10.2 67.3 + 6.9 1.03
5d 112.0 £ 10.6 41.5+0.2 0.37
Bz 103.6 + 0.6 >4000 >38.6

“ Mean + SD of at least three independent experiments, 5% blood at
4 °C. ” Cytotoxicity assays were performed using primary cultures of
peritoneal macrophages obtained from Swiss Webster mice. nd: not
determined. Bz: benznidazole. SI = selectivity index, represented by
the ratio LCs5/ICs.

trypanocidal activity, since in general such activity may be
intrinsically related to the generation of ROS.

Whilst none of the N-sulfonyl triazoles 4a-4h appears to
be particularly active against T. cruzi, with ICs, values higher
than 500 puM, the sulphur-containing quinones 5a-5d exhibit
rather promising ICs, values between 24.3 and 112.0 uM
(Table 2). It therefore appears that this particular
microorganism is sensitive towards the substituted
ortho-quinone series, and less so towards the quinone
imines. From the perspective of redox chemistry, this may be
explained by the fact that the ortho-quinones with their more
positive electrochemical potentials are also generally more
oxidizing and hence toxic, whilst the quinone imines, with
their somewhat more negative potentials, are less oxidizing.
Nonetheless, practical applications of such compounds may
be compromised by a wider toxicity, as the selectivity index
(SI) is rather low, with values ranging from 0.37 for
compound 5d to 1.52 for compound 5a.

It is already established in the literature that
naphthoquinones are inactivated in the presence of certain
components present in human blood.*®*” Compounds 5a-5d
were therefore also assayed in the absence of blood at 37 °C
(Table 3)."® These “blood-free” assays resulted in ICs, values
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between 1.3 uM for compound 5a and 3.9 uM for compound
5d. The SI was also improved, with values above 10 observed
for virtually all compounds of class 5 under investigation.
When compared to the standard drug benznidazole, which
under these experimental conditions shows an ICs, of 9.7
uM, the quinones 5a-5d were even more active. Nonetheless,
the selectivity for the parasite is notoriously low for the
quinones when compared to benznidazole (SI > 413.2),
regardless of the assay conditions.

The sulphur-containing quinones 5a-5d also exhibited
some activity against macrophages with LCs, values between
36.9 and 81.4 uM. The quinones 5a-5d were, however, more
cytotoxic when compared to the standard drug benznidazole,
which under these experimental conditions shows LCs, >
4000 uM, and it is worth noting here the correlation between
the observed activity and the recorded electrochemical
potentials for the chosen compounds.

2.4. Cytotoxic activity

In the case of the cancer cell lines, cytotoxicity was evaluated
in vitro by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric — assay
representative of six cancer cell lines, i.e. colon cancer cells (HCT-
116), lung cancer cells (NCI-H460), prostate cancer cells (PC3),
human promyelocytic leukemia cells (HL-60),
immortalized myelogenous leukemia cells (K-562) and multidrug
resistant leukemia cells (Lucena 1) (Table 4). The murine, non-
tumorigenic fibroblast immortalized cell line (L929) was
employed as a control to evaluate the selectivity index of the
compounds for tumour cells, once its ICs, is compared to the
corresponding values of neoplastic cell lines through selectivity
index calculation. Doxorubicin was employed as a positive control
and benchmark drug. The compounds were classified according
to their activity as highly active (ICso < 2 uM), moderately active
(2 UM < ICs < 10 uM), or inactive (ICso > 10 uM).*®

As expected and reflected in Table 4, the redox active
quinones exhibit significant cytotoxicity against a range of
cancer cell lines, with ICs, values for some compounds in the
low micromolar range. For instance, some alkynes of class 3
are moderately active and generally present a non-selective
cytotoxicity against the tumour cells evaluated. Compound 3d
is an exception, as it is particularly active and selective
against HL-60 cells, with an ICs, of 9.20 uM (Table 4) and a

human

Table 3 Activity of the synthetic derivatives against bloodstream trypomastigotes of T. cruzi (Y strain) at 37 °C in the absence of blood”

Compounds IC50/24 h (uM) at 37 °C, absence of blood LCso/24 h” (uM) macrophages SI at 37 °C, absence of blood
5a 1.3 £0.2 36.9 £ 2.6 28.38

5b 34+1.0 81.4 £ 3.7 23.94

5¢ 4.6+1.1 67.3 £6.9 14.63

5d 39+14 41.5+0.2 10.64

Bz 9.7+24 >4000 >413.2

“ Mean + SD of at least three independent experiments, absence of blood at 37 °C. ” Cytotoxicity assays were performed using primary cultures
of peritoneal macrophages obtained from Swiss Webster mice. nd: not determined. Bz: benznidazole. SI = selectivity index, represented by the

ratio LCs0/IC5o.

This journal is © The Royal Society of Chemistry 2020
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Table 5 Selectivity index for the most active compounds®
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Compounds HCT116 NCI-H460 PC3 HL-60 K-562 Lucena I
3a 1.2 1.6 2.5 2.0 1.0 1.5
3b 2.9 3.3 3.6 4.4 1.0 2.8
3c 1.6 2.0 1.8 2.8 1.5 2.4
3d 1.8 1.9 1.0 3.6 2.4 1.9
3e 1.6 1.9 2.1 2.8 2.4 1.9
3f 1.2 1.3 1.7 1.9 1.2 2.2
3g 1.5 1.0 1.0 2.0 1.4 1.6
3h 1.0 1.0 24 1.1 1.0 1.9
4a 3.8 2.9 1.0 31 1.7 5.6
4b 2.9 2.6 1.0 3.3 1.0 5.4
4c 4.9 2.2 6.7 3.3 2.9 12.3
4ad 3.5 2.7 9.8 2.6 2.6 3.0
4e 2.0 1.6 1.0 2.8 2.0 6.1
af 1.9 1.9 5.2 4.2 3.3 5.3
4ag 1.0 1.0 1.0 2.6 1.5 5.6
4h 1.7 0.7 2.7 2.0 1.9 1.7
5a 2.2 0.7 0.7 4.6 1.8 1.8
5b 1.3 0.8 0.8 6.6 1.8 2.1
5¢ 1.8 1.0 1.0 6.6 2.2 2.8
5d 1.0 1.0 1.0 3.6 2.5 1.0

¢ Selectivity index, represented by the ratio of cytotoxicities between normal cells and different lines of cancer cells.

selectivity index (SI) superior to 3.6 (Table 5). Compound 3b
presents a broader cytotoxicity against NCI-H460 (ICs, = 9.45
uM), PC-3 (IC5, = 8.82 uM) and HL-60 (ICs, = 7.18 uM) cells
with a SI higher than 1.8. Generally, the members of class 4
exhibit a more selective cytotoxic activity against all the cell
lines, with ICs, values ranging from 1.44 to > 20 uM. For
example, 4d presents ICs, values between 2.03 and 7.70 uM
(Table 4), with a SI higher than 2.6 (Table 5), while 4f
presents an ICs, from 3.32 to 9.41 pM (Table 4) and a SI
higher than 1.9 (Table 5). Interestingly, the only difference
between these molecules is the deactivating halogen
substituent in the benzene ring, -F in 4d and -Br in 4f,
suggesting that the more electronegative the halogen
substituent, the more cytotoxic the compound. This pattern
is followed by 4g, which possesses an -I substituent and is a
less cytotoxic compound against the cell lines tested, except
for a particularly high selectivity for Lucena 1, i.e. ICso of 2.90
uM and SI higher than 5.6 (Table 4).

Notable differences can be observed in the SI values shown in
Table 5. The sulphur containing quinones seem to be fairly
selective against certain cancer cell lines, such as HL-60, as
observed in the case of compounds 5b and 5c. Indeed,
compounds of class 5 are particularly attractive as far as observed
activity and selectivity are considered, reflecting the potential of
the redox core in concert with the sulfur atom added to this
analogue. Compounds 5b and 5¢ present ICs, values of 4.14 uM
and 5.42 pM against HL-60, respectively, with an SI of 6.6.

In general, generation of intracellular ROS is a key
mechanism associated with the cytotoxic effects of quinones
in tumor cells. Thus, the redox status of treated K-562 cells
was monitored using the oxidation-sensitive fluorescent dye
CM-H,DCFDA after 1 and 3 hours of incubation. Fig. 2 shows
that all three tested compounds induced a significant
increase in intracellular ROS levels, reaching a higher ROS +

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Effect of compounds 3e, 4f and 5a on ROS production in
K-562 cells determined by flow cytometry using CM-H,DCFDA, after 1
and 3 hours incubation. Menadione (MEN, 20 pM) and hydrogen
peroxide (H,O,, 150 puM) were used as positive controls. A total of
10 000 events were analyzed per sample. Data are expressed as mean
+ SEM from three independent experiments. *, p < 0.05 compared to
the negative control by ANOVA followed by Tukey's test, performed
using GraphPad Prism 8.

cell count at 3 hours. Compound 5a was the most potent in
inducing significant changes (p < 0.05) in ROS levels, at both
1 and 3 hours. In contrast, compound 4f generated lower
levels of ROS, but still significant (p < 0.05) at 3 hours. As
expected, menadione and hydrogen peroxide increased ROS
generation in treated cells.

3. Conclusions

Considered together, the modification of the ortho-quinone
lead 1 provides access to a wide range of different classes of
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compounds with distinctive “redox cores”, electrochemical
potentials, biological activities and SI values. Here, the
underlying mode(s) of action and also possible selectivity
need to be investigated, together with potential applications
against different human diseases. Whilst some of the
compounds synthesised as part of this study already exhibit a
combination of high activity and selectivity, these aspects
may need to be further improved. It remains to be shown, for
instance, against which cells or organisms these compounds
are especially active, and if there is some selectivity
associated with this activity, which may be exploited in
practice.

Fortunately, the synthetic chemistry associated with these
compounds is straightforward and provides wide
opportunities for structural modifications, from the initial
nucleophilic substitution and alkylation to the side chains
and prospects provided by click chemistry reactions.
Similarly, electrochemical investigations by  cyclic
voltammetry are fast and simple, and may provide initial
information on the redox behaviour and activities one may
expect.

4. Experimental section
4.1. Chemistry

Starting materials available from commercial suppliers were
employed as received, unless stated otherwise. All other
reagents requiring purification were purified by standard
laboratory techniques, according to methods published by
Perrin, Armarego and Perrin.*’ Catalytic reactions were
performed under nitrogen or argon atmosphere. Glassware,
syringes and needles were either flame-dried immediately
prior to use or placed in an oven (200 °C), for at least 2 h,
and allowed to cool either in a desiccator or under an
atmosphere of nitrogen or argon. Liquid reagents, solutions
or solvents were added via a syringe through rubber septa.
Melting points of solid compounds were measured on a
Thomas Hoover melting point apparatus and are
uncorrected. Column chromatography was performed on
silica gel (SiliaFlash G60 Ultrapure 60-200 um, 60 A). 'H and
C NMR spectra were recorded at room temperature on a
Bruker AVANCE DRX200 and DRX400, in the solvents
indicated. Chemical shifts (d) are given in parts per million
(ppm) and coupling constants (f) are reported in Hertz (Hz).
MS analyses were performed on a LC-MS/ESI TOF
spectrometer (Model Xevo G2-XS QTof, Waters). The
compounds are named in accordance with IUPAC rules as
applied by ChemBioDraw Ultra (version 12.0).

General procedure for the synthesis of compounds 2a-h.
The synthesis of compounds 2a-h was performed according
to the methodology described in the literature by the Potter
and Chen groups with minor modifications.***” To a
solution of sodium 3,4-dioxo-3,4-dihydronaphthalene-1-
sulfonate (1) (2.5 mmol) in EtOH:H,O 1:1 (75 mL), the
respective aniline (2.7 mmol) was added. The reaction
mixture was stirred at room temperature monitored by TLC
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until the total consumption of the starting material. After
completion of the reaction, the solvent was removed in vacuo
and the resulting residue was purified by column
chromatography over silica gel, using as the eluent a gradient
mixture of hexane/ethyl acetate with increasing polarity. In
some cases, ultrasound can be used to promote the reaction.
The analytical data for compounds 2a-h are in accordance
with those reported in the literature.***

General procedure for the synthesis of compounds 3a-h.
To a stirred solution of a type 2 compound (2.0 equiv.) in
DMF (4 mL), K,CO; (250 mg, 0.18 mmol, 1.1 equiv.) was
added and the reaction mixture was stirred at room
temperature. After 10 min, propargyl bromide (80 mg, 0.7
mmol, 2.1 equiv.) was added dropwise and stirred under
ultrasound for 40 min. The solvent was evaporated in vacuo
and water (5 mL) was added to the crude reaction mixture.
The aqueous phase was extracted with ethyl acetate (3 x 10
mL) and the organic phases were combined and dried over
anhydrous sodium sulfate and concentrated under reduced
pressure. The crude residue was purified by silica gel column
chromatography by eluting with an increasing polarity
gradient mixture of hexane and ethyl acetate to afford the
respective alkynes (3a-h).

(E)-4-(Phenylimino)-2-(prop-2-yn-1-yloxy)naphthalen-1(4H)-
one (3a). The product was obtained as an orange solid (99%
yield); mp 139-141 °C; 'H NMR (400 MHz, CDCl;): § 8.52
(1H, d, J = 7.8 Hz), 8.24 (1H, d, ] = 7.8 Hz), 7.74 (1H, t, ] = 7.7
Hz), 7.67 (1H, t, J = 7.7 Hz), 7.43 (2H, t, ] = 7.8 Hz), 7.21 (1H,
t,J = 7.4 Hz), 6.96 (2H, d, J = 7.4 Hz), 6.60 (1H, s), 4.61 (2H,
d, J = 2.2 Hz), 2.55 (1H, t, J = 2.2 Hz); *C NMR (100 MHz,
CDCl;): 6 180.3, 154.8, 154.3, 150.5, 134.8, 133.5, 131.3, 131.3,
129.2, 126.7, 125.5, 125.0, 120.6, 104.6, 77.5, 76.6, 56.2; IR
Vmax (cm?, KBr): 3264, 3067, 2974, 2117, 1670, 1612, 1483,
1383, 1332, 1255, 1189, 1044, 1019, 949, 857, 769, 694, 648,
EI/HRMS (m/z) [M + H]": 288.1023. Cald. for [C;oH;4,NO,]":
288.1024.

(E)-4-((4-Methoxyphenyl)imino)-2-(prop-2-yn-1-yloxy)-
naphthalen-1(4H)-one (3b). The product was obtained as a
red solid (97% yield); mp 149-150 °C; 'H NMR (400 MHz,
CDCl,): 6 8.51 (1H, d, J = 7.8 Hz), 8.22 (1H, d, J = 7.8 Hz), 7.73
(1H, t, J = 7.9 Hz), 7.65 (1H, t, ] = 7.9 Hz), 6.98 (4H, s), 6.72
(1H, s), 4.65 (2H, d, J = 2.3 Hz), 3.78 (3H, s), 2.59 (1H, t, J =
2.3 Hz); C NMR (100 MHz, CDCl;): 6 180.4, 157.7, 154.3,
154.1, 143.6, 135.1, 133.4, 131.2, 131.0, 126.6, 125.3, 122.7,
114.6, 104.6, 77.5, 76.8, 56.2, 55.7; IR Vyay (cm ™", KBr): 3264,
2930, 2843, 2128, 1675, 1597, 1497, 1461, 1354, 1320, 1260,
1243, 1201, 1044, 1022, 847, 777, 682, 653; EI/HRMS (m/z) [M
+ H]": 318.1122. Cald. for [C,,H;,NO5]": 318.1125.

(E)-2-(Prop-2-yn-1-yloxy)-4-( p-tolylimino)naphthalen-1(4H)-
one (3c). The product was obtained as an orange solid (95%
yield); mp 148-150 °C; 'H NMR (400 MHz, CDCl;): § 8.50
(1H, d,J = 7.6 Hz), 8.21 (1H, d,J = 7.6 Hz), 7.71 (1H, t, ] = 7.2
Hz), 7.64 (1H, t, ] = 7.2 Hz), 7.22 (2H, d, ] = 7.4 Hz), 6.88 (2H,
d, ] =7.4 Hz), 6.65 (1H, s), 4.62 (2H, s), 2.59 (1H, s), 2.40 (3H,
s); *C NMR (100 MHz, CDCl,): § 180.1, 154.3, 153.9, 147.7,
134.8, 134.6, 133.2, 131.1, 130.9, 129.6, 126.4, 125.2, 120.7,
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104.4, 76.8, 76.6, 56.0, 21.0; IR Vyay (cm™, KBr): 3269, 2117,
1672, 1614, 1597, 1500, 1335, 1257, 1192, 1044, 1019, 772; EI/
HRMS (m/z) [M + H|: 302.1170. Cald. for [C,oH;¢NO,]":
302.1176.
(E)-4-((4-Fluorophenyl)imino)-2-(prop-2-yn-1-yloxy)-
naphthalen-1(4H)-one (3d). The product was obtained as an
orange solid (79% yield); mp 147-149 °C; "H NMR (400 MHz,
CDCl,): 6 8.45 (1H, d, J = 7.7 Hz), 8.18 (1H, d, J = 7.7 Hz), 7.70
(1H, t,J = 7.4 Hz), 7.63 (1H, t, ] = 7.4 Hz), 7.10 (2H, t, ] = 8.6
Hz), 6.93-6.90 (2H, m), 6.56 (1H, s), 4.61 (2H, d, J = 2.1 Hz),
2.57 (1H, t, J = 2.1 Hz); >C NMR (100 MHz, CDCl;): ¢ 180.1,
161.6, 159.2, 155.2, 154.3, 146.4, 134.6, 133.5, 131.3, 131.2,
126.6, 125.3, 122.2, 122.1, 116.1, 115.9, 104.1, 76.5, 56.2; IR
Vmax (cm™', KBr): 3296, 2990, 2123, 1667, 1624, 1597, 1497,
1339, 1264, 1221, 1204, 1184, 1044, 1019, 862, 772, 697, 648;
EI/HRMS (m/z) [M + H]": 306.0919. Cald. for [C,oH;3FNO,]":
306.0925.
(E)-4-((4-Chlorophenyl)imino)-2-(prop-2-yn-1-yloxy)-
naphthalen-1(4H)-one (3e). The product was obtained as an
orange solid (77% yield); mp 145-147 °C; "H NMR (400 MHz,
CDCl,): J 8.44 (1H, dd, J = 1.5 and 7.8 Hz), 8.19 (1H, dd, J =
1.5 and 7.8 Hz), 7.75-7.59 (2H, m), 7.36 (2H, d, J = 8.6 Hz),
6.89 (2H, d, J = 8.6 Hz), 6.51 (1H, s), 4.62 (2H, d, J = 2.4 Hz),
2.58 (1H, t, J = 2.4 Hz); *C NMR (50 MHz, CDCl;): J 180.0,
155.2, 154.4, 148.8, 134.5, 133.5, 131.4, 131.1, 130.4, 129.3,
126.7, 125.4, 122.0, 104.0, 77.6, 76.5, 56.2; IR Vo (cm ™,
KBr): 3275, 1670, 1614, 1483, 1337, 1252, 1192, 1044, 1019,
854, 772, 639; EI/HRMS (m/z) [M + H]": 322.0629. Cald. for
[C1oH13CINO,]": 322.0629.
(E)-4-((4-Bromophenyl)imino)-2-(prop-2-yn-1-yloxy)-
naphthalen-1(4H)-one (3f). The product was obtained as a
red solid (72% yield); mp 156-158 °C; 'H NMR (400 MHz,
CDCl,): 6 8.48 (1H, d, J = 7.8 Hz), 8.23 (1H, d, J = 7.8 Hz), 7.75
(1H, t,J = 7.4 Hz), 7.68 (1H, t, J = 7.4 Hz), 7.54 (2H, d, ] = 8.4
Hz), 6.85 (2H, d, J = 8.4 Hz), 6.54 (1H, s), 4.65 (2H, d, J = 2.1
Hz), 2.58 (1H, t, J = 2.1 Hz); *C NMR (50 MHz, CDCl,): §
180.1, 155.3, 154.6, 149.4, 134.6, 133.6, 132.3, 131.5, 131.3,
126.8, 125.5, 122.4, 118.2, 104.2, 77.6, 76.5, 56.3; IR Vyax
(em™, KBr): 3275, 2117, 1667, 1612, 1478, 1337, 1255, 1192,
1046, 1024, 852, 772, 685, 641; EI/HRMS (m/z) [M + H]":
366.0120. Cald. for [C,oH;3BrNO,]": 366.0124.
(E)-4-((4-Iodophenyl)imino)-2-(prop-2-yn-1-yloxy)-
naphthalen-1(4H)-one (3g). The product was obtained as a
red solid (68% yield); mp 123-125 °C; 'H NMR (400 MHz,
CDCly): 6 8.46 (1H, d, J = 7.8 Hz), 8.21 (1H, d, J = 7.8 Hz),
7.73-7.65 (4H, m), 6.72 (2H, d, J = 8.2 Hz), 6.52 (1H, s), 4.64
(2H, s), 2.59 (1H,s); **C NMR (50 MHz, CDCl,): § 179.8, 154.9,
154.2, 149.7, 137.9, 134.3, 133.3, 131.2, 130.9, 126.5, 125.2,
122.5, 103.8, 88.6, 77.4, 76.2, 56.1; IR vq (cm ™', KBr): 3280,
1668, 1609, 1473, 1476, 1253, 1187, 1044, 1020, 770; EI/HRMS
(m/z) [M + H]": 413.9989. Cald. for [C,oH;3INO,]": 413.9985.
(E)-4-((4-Acetylphenyl)imino)-2-(prop-2-yn-1-yloxy)-
naphthalen-1(4H)-one (3h). The product was obtained as a
yellow solid (48% yield); mp 172-174 °C; 'H NMR (400 MHz,
CDCly): ¢ 8.49 (1H, dd, J = 1.0 and 7.7 Hz), 8.25 (1H, dd, J =
1.0 and 7.7 Hz), 8.05 (2H, d, J = 8.6 Hz), 7.77 (1H, t, ] = 7.5
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Hz), 7.70 (1H, t, J = 7.5 Hz), 7.01 (2H, d, J = 8.6 Hz), 6.44 (1H,
s), 4.62 (2H, d, J = 2.3 Hz), 2.65 (3H, s), 2.56 (1H, t, ] = 2.3
Hz); *C NMR (50 MHz, CDCl,): 6 197.0, 179.8, 155.1, 154.8,
154.5, 134.1, 133.6, 133.5, 131.4, 131.1, 129.7, 126.7, 125.6,
120.1, 104.0, 77.5, 76.1, 56.1, 26.5; IR Vo (cm %, KBr): 3264,
2925, 2134, 1679, 1614, 1592, 1560, 1359, 1267, 1209, 1019,
726, 685; EI/HRMS (m/z) [M + H]': 330.1122. Cald. for
[C21H16NO;5]™: 330.1125.

General procedure for preparing the 1,2,3-triazole
derivatives. To a stirred solution of copper(i) thiophene-2-
carboxylate (CuTC, 8 mg, 0.04 mmol, 0.08 equiv.) in toluene
(5 mL), the respective propargylated aminonaphthoquinones
(0.5 mmol, 1 equiv.) were added and the reaction mixture
was cooled in an ice-water bath. Subsequently, the sulfonyl
azide (0.5 mmol, 1 equiv.) was added dropwise. The reaction
mixture was then allowed to warm to room temperature and
stirred until the reaction was complete (as evidenced by
TLC). The reaction mixture was extracted with EtOAc (3 x 30
mL). The combined organic layers were dried over sodium
sulfate and filtered through Celite®. The eluent was
concentrated under vacuum and the product was purified by
silica gel column chromatography using eluents with an
increasing polarity gradient mixture of hexane and ethyl
acetate to afford compounds 4a-h.

(E)-4-(Phenylimino)-2-((1-tosyl-1H-1,2,3-triazol-4-yl)-
methoxy)naphthalen-1(4H)-one (4a). The product was
obtained as a red solid (60% yield); mp 153-155 °C; '"H NMR
(400 MHz, CDCly): 6 8.48 (1H, d, J = 7.5 Hz), 8.22 (1H, s), 8.19
(1H, d,J = 7.5 Hz), 7.99 (2H, d, J = 8.0 Hz), 7.72 (1H, t, ] = 7.5
Hz), 7.65 (1H, t, J = 7.5 Hz), 7.43-7.37 (4H, m), 7.19 (1H, t, ] =
7.1 Hz), 6.84 (2H, d, J = 8.0 Hz), 6.52 (1H, s), 5.02 (2H, s), 2.44
(3H, s); *C NMR (100 MHz, CDCl;):  180.0, 154.6, 154.5,
150.2, 147.7, 141.8, 134.6, 133.4, 132.7, 131.1, 131.0, 130.5,
129.2, 129.2, 126.5, 125.3, 124.9, 123.2, 120.2, 120.1, 103.8,
61.7, 21.8; IR Vo (ecm™, KBr): 3132, 2922, 1668, 1607, 1392,
1254, 1193, 1014, 667, 587; EI/HRMS (m/z) [M + H]:
485.1208. Cald. for [C,6H,;N,0,S]": 485.1278.

(E)-4-((4-Methoxyphenyl)imino)-2-((1-tosyl-1H-1,2,3-triazol-
4-yl)methoxy)naphthalen-1(4H)-one (4b). The product was
obtained as a red solid (55% yield); mp 123-125 °C; "H NMR
(400 MHz, CDCl,): 6 8.52 (1H, d, J = 7.8 Hz), 8.26 (1H, s), 8.22
(1H, d, J = 7.8 Hz), 8.02 (2H, d, J = 7.5 Hz), 7.74 (1H, t, ] = 7.3
Hz), 7.66 (1H, t, J = 7.3 Hz), 7.41 (2H, d, J = 7.5 Hz), 6.98 (2H,
d,J = 7.2 Hz), 6.86 (2H, d, J = 7.2 Hz), 6.67 (1H, s), 5.09 (2H,
s), 3.89 (3H, s), 2.47 (3H, s); *C NMR (100 MHz, CDCl;): ¢
180.0, 157.5, 154.4, 154.0, 147.7, 143.3, 142.0, 134.8, 133.3,
132.8, 131.0, 130.9, 130.5, 128.9, 126.5, 125.2, 123.1, 122.2,
114.6, 104.0, 61.7, 55.5; IR Vpyax (em™ ', KBr): 3139, 2958, 2922,
1659, 1601, 1499, 1391, 1261, 1193, 1020, 670, 583; EI/HRMS
(m/z) [M + H]'": 515.1372. Cald. for [C,,H,3N,05S]": 515.1384.

(E)-4-(p-Tolylimino)-2-((1-tosyl-1H-1,2,3-triazol-4-yl)-
methoxy)naphthalen-1(4H)-one (4c). The product was
obtained as a yellow solid (50% yield); mp 157-159 °C; 'H
NMR (400 MHz, CDCl;): § 8.52 (1H, d, J = 7.8 Hz), 8.23-8.21
(2H, m), 8.03 (2H, d, J = 8.2 Hz), 7.75 (1H, t, J = 7.6 Hz), 7.67
(1H, t, J = 7.6 Hz), 7.41 (2H, d, J = 8.2 Hz), 7.23 (2H, d, ] = 8.0
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Hz), 6.78 (2H, d, J = 8.0 Hz), 6.59 (1H, s), 5.06 (2H, s), 2.47
(3H, s), 2.42 (3H, s); C NMR (100 MHz, CDCl;): J; 180.2,
154.8, 154.6, 147.9, 142.3, 135.0, 135.0, 133.6, 133.1, 131.3,
131.2, 130.8, 130.1, 129.1, 126.7, 125.5, 123.3, 120.6, 104.1,
62.0, 22.1, 21.2; IR Y (cm™, KBr): 3132, 2917, 1665, 1597,
1396, 1260, 1197, 1015, 670, 587; EI/HRMS (m/z) [M + H]":
499.1421. Cald. for [C,,H,3N,0,S]": 499.1435.
(E)-4-((4-Fluorophenyl)imino)-2-((1-tosyl-1H-1,2,3-triazol-4-
yDmethoxy)naphthalen-1(4H)-one (4d). The product was
obtained as a yellow solid (79% yield); mp 162-164 °C; 'H
NMR (400 MHz, CDCl,): 6 8.46 (1H, d, J = 7.6 Hz), 8.23 (1H,
s), 8.19 (1H, d, J = 7.6 Hz), 8.00 (2H, d, J = 7.8 Hz), 7.72 (1H,
t,J = 7.2 Hz), 7.65 (1H, t, J = 7.2 Hz), 7.39 (2H, d, J = 7.8 Hz),
7.11 (2H, t, J = 8.2 Hz), 6.83-6.81 (2H, m), 6.55 (1H, s), 5.06
(2H, s), 2.45 (3H, s); *C NMR (100 MHz, CDCl;): § 179.9,
155.0, 154.6, 147.7, 141.7, 134.5, 133.5, 132.6, 131.2, 131.0,
130.6, 128.9, 126.5, 125.3, 123.3, 121.8, 121.8, 116.2, 116.0,
61.5, 21.8; IR Vo, (cm ™', KBr): 3127, 2925, 1670, 1607, 1495,
1388, 1260, 1197, 1015, 854, 670, 587; EI/HRMS (m/z) [M +
H]": 503.1154. Cald. for [C,6H,0FN,0,4S]": 503.1184.
(E)-4-((4-Chlorophenyl)imino)-2-((1-tosyl-1H-1,2,3-triazol-4-
yl)methoxy)naphthalen-1(4H)-one (4e). The product was
obtained as an orange solid (95% yield); mp 155-157 °C; 'H
NMR (400 MHz, CDCl,): 6 8.47 (1H, d, J = 7.6 Hz), 8.25 (1H,
s), 8.21 (1H, d, J = 7.6 Hz), 8.03 (2H, d, J = 7.5 Hz), 7.75 (1H,
t,J = 7.2 Hz), 7.68 (1H, t, J = 7.2 Hz), 7.43-7.39 (4H, m), 6.82
(2H, d, J = 7.2 Hz), 6.53 (1H, s), 5.07 (2H, s), 2.47 (3H, s); °C
NMR (100 MHz, CDCl,): § 180.1, 155.3, 155.1, 148.9, 147.9,
142.0, 134.7, 133.8, 133.0, 131.6, 131.3, 130.8, 130.6, 129.7,
129.2, 126.9, 125.6, 123.5, 121.9, 61.7, 21.9; IR Vya (cm™,
KBr): 3138, 2919, 1670, 1609, 1391, 1260, 1194, 1088, 1010,
852, 670, 583; EI/HRMS (m/z) [M + H]": 519.0883. Cald. for
[C16H,0CIN,O,S]": 519.0888.
(E)-4-((4-Bromophenyl)imino)-2-((1-tosyl-1H-1,2,3-triazol-4-
yl)methoxy)naphthalen-1(4H)-one (4f). The product was
obtained as a yellow solid (92% yield); mp 175-177 °C; 'H
NMR (400 MHz, CDCl,): 6 8.47 (1H, d, J = 7.7 Hz), 8.24 (1H,
s), 8.21 (1H, d, J = 7.7 Hz), 8.03 (2H, d, J = 8.4 Hz), 7.75 (1H,
t,J = 7.4 Hz), 7.68 (1H, t, ] = 7.4 Hz), 7.54 (2H, d, J = 8.4 Hz),
7.42 (2H, d, J = 8.2 Hz), 6.76 (2H, d, J = 8.2 Hz), 6.52 (1H, s),
5.07 (2H, s), 2.48 (3H, s); "*C NMR (100 MHz, CDCl,): 6 179.8,
154.9, 154.8, 149.1, 147.7, 141.7, 134.4, 133.5, 132.7, 132.3,
131.3, 131.0, 130.6, 128.9, 126.6, 125.4, 123.2, 122.0, 118.1,
103.4, 61.7, 21.9; IR Vyay (cm™, KBr): 3127, 1670, 1609, 1393,
1260, 1192, 1015, 852, 774, 670, 587, 540; EI/HRMS (m/z) [M +
H]": 563.0364. Cald. for [C,6H,oBrN404S]": 563.0383.
(E)-4-((4-Todophenyl)imino)-2-((1-tosyl-1H-1,2,3-triazol-4-yl)-
methoxy)naphthalen-1(4H)-one (4g). The product was
obtained as a yellow solid (89% yield); mp 173-175 °C; 'H
NMR (400 MHz, CDCl,): 6 8.45 (1H, d, J = 7.8 Hz), 8.21 (1H,
s), 8.19 (1H, d, J = 7.8 Hz), 8.01 (2H, d, J = 8.2 Hz), 7.75-7.69
(3H, m), 7.66 (1H, t, J = 7.4 Hz), 7.39 (2H, d, J = 8.2 Hz), 6.62
(2H, d, J = 8.3 Hz), 6.79 (1H, s), 5.05 (2H, s), 2.45 (3H, s); °C
NMR (100 MHz, CDCl;): § 179.8, 154.9, 149.7, 147.7, 141.7,
138.2, 134.4, 133.5, 132.7, 131.3, 131.0, 130.6, 128.9, 126.6,
125.4, 123.2, 122.3, 103.4, 88.8, 61.7, 21.9; IR V. (cm™,
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KBr): 3138, 2919, 1670, 1609, 1396, 1260, 1194, 1017, 668,
585; EI/HRMS (m/z) [M + H]: 611.0246. Cald. for
[C6H,0IN,O,4S]": 611.0244.

(E)-4-((4-Acetylphenyl)imino)-2-((1-tosyl-1H-1,2,3-triazol-4-
yl)methoxy)naphthalen-1(4H)-one (4h). The product was
obtained as a yellow solid (87% yield); mp 174-176 °C; 'H
NMR (400 MHz, CDCl;): ¢ 8.46 (1H, d, J = 7.6 Hz), 8.22-8.20
(2H, m), 8.04-7.99 (4H, m), 7.76 (1H, t, J = 7.3 Hz), 7.68 (1H,
t,J = 7.3 Hz), 7.40 (2H, d, J = 8.1 Hz), 6.91 (2H, d, J = 8.1 Hz),
6.39 (1H, s), 5.03 (2H, s), 2.65 (3H, s), 2.46 (3H, s); *C NMR
(100 MHz, CDCl,): ¢ 197.0, 179.7, 155.0, 154.6, 147.7, 141.6,
134.1, 133.7, 133.6, 132.7, 131.5, 131.1, 130.6, 129.8, 128.9,
126.6, 125.5, 123.2, 119.9, 103.6, 61.8, 29.7, 26.5, 21.8; IR Vax
(em™, KBr): 3133, 2919, 2859, 1670, 1594, 1393, 1269, 1194,
1019, 670, 590; EI/HRMS (m/z) [M + H|": 527.1378. Cald. for
[C,sH,3N,05S]": 527.1384.

General procedure for the synthesis of compounds 5a-d.
The synthesis of compounds 5a-d was performed according
to the methodology described in the literature by the Potter
and Chen groups with minor modifications.>**” To a 25 mL
round bottom flask, 5 mL of ethanol and 5 mL of water, and
then sodium 3,4-dioxo-3,4-dihydronaphthalene-1-sulfonate (1)
(1 mmol) and the corresponding thiophenol (2 mmol) were
added. The reaction mixture was stirred at room temperature
under ultrasound energy, and monitored by TLC until the
total consumption of the starting material. After completion
of the reaction, the organic phase was extracted with
dichloromethane and dried over sodium sulphate. The
solvent was removed under reduced pressure to afford the
crude product, which was purified by column
chromatography over silica gel, using as the eluent a gradient
mixture of hexane/ethyl acetate with increasing polarity. The
analytical data for compounds 5a are in accordance with
those reported in the literature.”?

4-(p-Tolylthio)naphthalene-1,2-dione (5b). The product
was obtained as an orange solid (40% yield); mp 205-206 °C;
'H NMR (200 MHz, CDCl;): § 8.09 (1H, d, J = 7.4 Hz), 7.87
(1H, d, J = 7.6 Hz), 7.65 (t, 1H, J = 7.2 Hz), 7.52 (1H, t,J = 7.4
Hz), 7.37 (2H, d, J = 8.0 Hz), 7.25 (2H, d, J = 8.0 Hz), 5.80 (s,
1H), 2.36 (s, 3H); *C NMR (50 MHz, CDCl;): 179.5, 176.6,
161.9, 141.7, 135.8, 135.0, 133.4, 131.1, 130,3, 129.4, 125.0,
122.6, 121.1, 21.3; EUMS (m/z) [M + H]": 281.0. Cald. for
[C17H130,8]": 281.0.

4-(m-Tolylthio)naphthalene-1,2-dione (5¢). The product
was obtained as an orange solid (32% yield); mp 210-212 °C;
'H NMR (400 MHz, CDCl;): § 8.19 (1H, d, J = 7.4 Hz), 7.97
(1H, d, J = 7.6 Hz), 7.74 (1H, t, ] = 7.2 Hz), 7.62 (1H, t,J = 7.4
Hz), 7.44-7.35 (m, 4H), 5.92 (s, 1H), 2.43 (s, 3H); *C NMR
(100 MHz, CDCl,): 179.5, 176.6, 161.9, 140.6, 136.5, 135.0,
133.4, 131.1, 130,3, 129.4, 125.0, 122.6, 121.1, 21.3; EI/MS (m/
z) [M + H]": 281.0. Cald. for [C;,H;30,S]": 281.0.

4-((4-Methoxyphenyl)thio)naphthalene-1,2-dione (5d). The
product was obtained as a red solid (30% yield); mp 215-216 °C;
'H NMR (400 MHz, CDCl,): d 8.17 (1H, d, J = 7.6 Hz), 7.95 (1H,
d,J=7.7 Hz), 7.73 (1H, t, ] = 7.6 Hz), 7.60 (1H, t, ] = 7.5 Hz), 7.48
(2H, d, ] = 8.4 Hz), 7.03 (2H, d, J = 8.4 Hz), 5.88 (1H, s), 3.89 (3H,
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s); "*C NMR (100 MHz, CDCl,): 179.5, 176.6, 162.0, 137.5, 135.8,
135.0, 133.4, 131.1, 130,3, 129.4, 125.0, 122.6, 121.1, 55.6; EI/MS
(mfz) [M + H]': 297.0. Cald. for [C,;H;505S]": 297.0.

4.2. Biological assays

4.2.1. Animals. All experiments dealing with animals were
performed in accordance with the Brazilian Law 11.794/2008
and regulations of the National Council of Animal
Experimentation Control under the license L038/2018 from
the Ethics Committee for Animal Use of the Oswaldo Cruz
Institute (CEUA/IOC).

4.2.2. Cytotoxicity assays. The compounds were tested for
cytotoxic activity in cell culture in vitro employing several
human cancer cell lines obtained from the National Cancer
Institute, NCI (Bethesda, MD). Cytotoxicity was investigated
against six cancer cell lines, ie. HCT-116 (human colon
carcinoma cells), NCI-H460 (human lung cancer cells), PC3
(human prostate cells), HL-60 (human promyelocytic
leukemia cells), K-562 (myelogenous leukemia cell line) and
Lucena 1 (MDR-cell line). The murine fibroblast
immortalized cell line (L929) was used as control lineage. All
culture media were supplemented with 10% fetal bovine
serum, 2 mM r-glutamine, 100 IU mL™" penicillin, and 100 pg
mL™" streptomycin at 37 °C with 5% CO,. In cytotoxicity
experiments, cells were plated in 96-well plates (0.1 x 10° cells
per well for leukaemia cells, 0.7 x 10> cells per well for HCT-
116, and 0.1 x 10° cells per well for PC3, 1929 and NCI-
H460). All the compounds tested were dissolved in DMSO.
The final concentration of DMSO in the culture medium was
kept constant (0.1%, v/v). Doxorubicin (0.001-1.10 uM) served
as positive control, and negative control groups received the
same amount of vehicle (DMSO). The cell viability was
determined by reduction of the yellow dye 3-(4,5-dimethyl-2-
thiazol)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to a blue
formazan product as described by Mosmann.’* At
completion of the incubation after 72 h, the plates were
centrifuged and the medium was replaced by fresh medium
(200 puL) containing 0.5 mg mL™" MTT. Three hours later, the
MTT formazan product was dissolved in DMSO (150 pL) and
the absorbance was measured on a multiplate reader
(SpectraCount, Packard, Ontario, Canada). The influence of
the compound on cell proliferation and survival was
quantified as the percentage of control absorbance of the
reduced dye at 550 nm. The results were obtained by
nonlinear regression for all the cell lines from three
independent experiments. All cell treatments were performed
with three replicates. All cells were mycoplasma-free.

4.2.3. Measurement of intracellular reactive oxygen species
levels. Intracellular oxygen species (ROS)
accumulation was monitored using 5-(6)-chloromethyl-2',7"-
dichlorodihydrofluorescein diacetate (CM-H,DCFDA), which
is converted to the highly fluorescent dichlorofluorescein
(DCF) in the presence of intracellular ROS.*®” K-562 cells
(myelogenous leukemia cell line) were pre-loaded with 10 uM
CM-H,DCFDA and incubated for 1 hour, in the dark, at 37
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°C/5% CO,. After that time, the cells were centrifuged, the
medium containing CM-H,DCFDA was removed and the cells
were washed with PBS buffer. From this stage, the cells were
always protected from light. Fresh medium containing
compounds 3e, 4f and 5a was added and the cells were
incubated at the times of interest (1 and 3 hours). After the
incubation time, the cells were centrifuged, washed and re-
suspended in PBS containing propidium iodide (PI) to a final
concentration of 1 pg mL™". Tubes were placed on ice and
immediately analyzed by flow cytometry. Living cells, which
are PI negative, were selected by gating. In those living cells,
the DCF fluorescence was recorded using excitation and
emission wavelengths of 490 and 525 nm, respectively.
Menadione (MEN, 20 uM) and hydrogen peroxide (H,O,, 150
pM) were used as positive controls. A total of 10000 events
were analyzed per sample. Data are expressed as mean + SEM
from three independent experiments.

4.2.4. Trypanocidal assay and selectivity index. Stock
solutions of the compounds were prepared in dimethyl
sulfoxide (DMSO), with the final concentration of the latter
in the experiments never exceeding 0.4%. Preliminary
experiments showed that DMSO has no deleterious effect on
the parasites when its concentration is up to 4%. T. cruzi
bloodstream trypomastigotes (Y strain) were obtained at the
peak of parasitaemia from infected albino mice, purified by
differential centrifugation and resuspended in RPMI to a
parasite concentration of 107 cells per mL in the presence of
10% mouse blood. This suspension (100 pL) was added in
the same volume of each compound previously prepared at
twice the desired final concentrations for 24 h at 4 °C. Cell
quantification was performed in a Neubauer chamber and
the trypanocidal activity was expressed as ICs0/24 h,
corresponding to the concentration that leads to lysis of 50%
of the parasites. In order to determine the SI, cytotoxicity
assays were performed with primary cultures of peritoneal
macrophages obtained from Albino Swiss mice. For the
experiments, 2.5 x 10* cells in 200 pL of RPMI-1640 medium
(pH 7.2 plus 10% foetal bovine serum and 2 mM glutamine)
were added to each well of a 96-well microtitre plate and
incubated for 24 h at 37 °C. The treatment of the cultures
was performed in fresh supplemented medium (200 pL per
well) for 24 h at 37 °C. After this period, 110 pL of the
medium was discarded and 10 pL of PrestoBlue (Invitrogen)
was added to complete the final volume of 100 pL. Thus, the
plate was incubated for 2 h and the measurement was
performed at 560 and 590 nm, as recommended by the
manufacturer. The results were expressed as the difference in
the percentage of reduction between treated and untreated
cells being the LCs, value, corresponding to the
concentration that leads to damage of 50% of the
mammalian cells.

5. X-ray crystallography

X-ray diffraction data collection for the compounds was
performed on an Enraf-Nonius Kappa-CCD diffractometer (95
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mm CCD camera on a k-goniostat) and XtaLAB Mini (ROW)
two-circle diffractometer employing graphite monochromated
MoK _radiation (0.71073 A), at room temperature. Data
collection was carried out using the COLLECT software and
CrysAlisPro.”"** Integration and scaling of the reflections,
and correction for Lorentz and polarization effects were
performed with the HKL DENZO-SCALEPACK and the
CrysAlisPro system of programs.®> The structure of the
compounds was solved by direct methods with SHELXS-97.%*
The models were refined by full-matrix least squares on F*
using SHELXL-97.°* The program ORTEP-3 was used for
graphic representation and the program WINGX was used to
prepare materials for publication.”>*® All H atoms were
located by geometric considerations placed (C-H = 0.93-0.96
A; N-H = 0.86 A) and refined as riding with Ui(H) =
1.5Ucq(C-methyl) or 1.2Uc(other). Crystallographic data for
the structures were deposited in the Cambridge
Crystallographic Data Centre, with CCDC numbers 1928261
(3a), 1928296 (3d), 1928326 (3f), 1928361 (3g), 1928382 (3h)
and 1928407 (5d).

6. Electrochemical studies

Cyclic voltammetry was performed on a 100B/W electrochemical
workstation (BASI®, West Lafayette, USA) at ambient
temperature. Cyclic voltammograms of the compounds (1 mM)
were recorded in phosphate buffer (pH 7.4), employing a glassy
carbon working electrode cleaned and polished with Al,O; after
each scan, an Ag/AgCl reference electrode (SSE) and a platinum
wire counter electrode, at a potential range between -1 and +1
V. Quinone derivatives required 30% methanol due to limited
solubility in aqueous media. Buffers were purged with nitrogen
for 30 min prior to use. The sensitivity of the cell was adjusted
to 10 pA V' and the compounds were scanned at the rate of
200 mvV s,
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4. Discussion

The impressive broad spectrum of the biological activities the quinones demonstrate, and the
accumulating evidence and results regarding the importance and effectiveness of both sulfur
and selenium elements played a part in inspiring and encouraging the concept of synthesizing
many groups of chalcogen based quinones, with the hope of introducing structures loaded

with promising biological activities.

The biological studies that accompanied the chemical synthesis of this category of
compounds proved these compounds highly active. Still, the pursuit of structures with good
selectivity and high bioavailability among their characteristics remains an ongoing challenge

in the fields of synthetic and medicinal chemistry.

As a part of this study, several chalcogen containing redox active compounds, based on
natural naphthoquinones, i.e., lapachol, lawsone, and a-naphtoquinone, have been
synthesized, which demonstrated a promising activity when tested against Trypanosoma cruzi

and several cancer cell lines.

When viewing from the perspective of chemistry, as mentioned before, designing and
synthesizing new redox active agents is an ongoing effort, aiming to reach the point where

bioavailability, activity, and selectivity are satisfying.

In this regard, the compounds synthesized revolved around integrating sulfur and selenium in
quinones based structures equipped with two abilities. First, generating ROS due to
undergoing a one electron reduction reaction or alkylating agents after a two electron
reduction reaction [96,97]. In addition to exploiting the chalcogen elements' redox activity and

the reactive selenium species, reactive sulfur species and reactive selenium and sulfur species
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(RSeSS), which form once the compounds are within the cellular environment, including and

not limited to hydrogen sulfide and hydrogen selenide [98,84,99].

Electrochemical technique facilitated the synthesis of naphthoquinones based selenides.
Using various diselenide as a source of a selenium dication which was involved in a fast
carbophilic reaction with the naphtoquinone, followed with a cyclization reaction introducing

the final products.

Additionally, one of the compounds synthesized was used as a precursor of three
derivatizations, showcasing another capability this route offers, i.e., synthesizing new
compounds by integrating the electrochemical synthesis as one step among other synthesis

steps or techniques.

Due to the adjusted metabolism processes the cancer cells demonstrate, they become an easy
target against such compounds [24,100]. The chemical properties the compounds synthesized
hold led directly to the biological activity observed when tested against the cancer cell lines

assigned for this study.

Similarly, due to the same characteristic of producing ROS, the synthesized compounds

demonstrated the ability to affect Trypanosoma cruzi [101].

CV is included in many fields of scientific research and even in industry. Although it is not
itself the backbone of any of the majors or fields, it is employed by; its data is a reliable
reference for redirecting the efforts, whether in research studies or development of projects in
the industrial sector. This technique has been commonly employed as an identification tool, a
purification method, and a step within manufacturing processes [102-104]. The role this
technique plays is crucial during the development of enzyme mimics, for example. One of the

prerequisites for such compounds is to have an identical redox potential to that of the
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inspiring enzyme. Employing CV in this step of the development process helps determine the

researcher's distance to the target compound [105-107].

Within this study, one particular application of CV in synthetic chemistry has been employed
in this study. The redox potentials of the sulfur containing quinone based compounds were
monitored and recorded. The aim was to rely on this data as a form of structure-activity

relationship (SAR) to link and interpret these compounds' biological activity testing results.

Two points might interfere with the extent the CV data can serve as a source of information.
First, considering a compound as biologically active or highly active, based on its redox
potentials, is not necessarily compatible with the biological testing results. One of the
requirements needed to label a compound as biologically active is the selectivity, and the
nature of results obtained by CV does not provide such information. While CV draws an
image of a compound's redox activity, it cannot predict how the elements, side chains, and

moieties added to the core structure affect the final compound's selectivity and cell toxicity.

Another point to consider is that the redox potentials might overlap as the complexity of the
compound being synthesized increases. This makes interpreting and explaining the results
more difficult, especially with compounds containing multiple redox centres and redox active

elements such as the chalcogens.

Still, the data obtained from CV studies remains very valuable as a starting point and an
initial filter that narrows down the scope of the studies performed. It helps determine a more
precise direction for the next steps when taken, whether it is expanding the chemical
synthesis for the structure of interest or using the image both CV data and biological testings'

results drew and modifying the chemical synthesis to improve the activity.

A wide range of the natural and synthesized redox active groups and families of compounds

had their fair share of studies in both fields, chemistry and biochemistry. It is not entirely the
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case for a specific group of redox active agents. i.e., chalcogens, and also chalcogen based
organic compounds. The short life span of the species the chalcogens form within the cellular
environment, and their high chemical reactivity slowed down navigating this region. These
species do not take long between their formation and engaging in chemical or biochemical
reactions and subsequently transforming into other species. Besides, their low concentrations
within the cellular environment is another reason that held back the progress in the studies
dealing with them. It needed to wait till the analytical methods and the instruments able to

detect and quantify such concentration were developed.

As a result, many studies that dealt with the identity of these, almost instantaneous, species
relied in part on the expectation of their chemical structure, based on the traces they leave

behind, i.e., biological effects or final chemical products.

In the second part of this study, sulfur and selenium analogues of phthalic acid anhydride
were recruited in an analytical study to shed light on the mechanism responsible for the
already known efficiency and put the finger on the possible species leading to it.
Additionally, the two analogues were employed in a biological study, seeking more
clarification regarding the source of biological effects the selenium analogue had already

demonstrated in previous studies.

The ESI-MS (electrospray ionization mass spectrometry) findings indicate the Se- phthalic
acid anhydride analogue's preparedness to release hydrogen selenide and couple with other
components present in the media with the protonated Se at the center of such couplings. This
outcome can be generalized and extended to include other organo-selenium compounds,
presenting Se as an essential player in the biological activity of these compounds. Not only
because of its own chemical and redox activities. But also due to its involvement in
interacting with cellular components forming other intermediates and active species
responsible for following cascades of reactions and effects.
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In the following step, and to build on what was observed in the previous experiment, the
centric role of the Se and S in the compounds employed was highlighted. The free radicals
scavenging activity was investigated using BMPO and cPTIO based methods. Additionally,
the experiment provides compelling evidence of the interaction between RSS, RSeS, and the
cellular components. Here, GSH and hydrogen sulfide are the examples subjected to the
experiment to form new species that demonstrate more efficient free radicals scavenging

activities.

Finally, this study addressed the idea that RSeS and RSS's impact is directly related to their
concentrations in the cellular medium or the target cell component. It has been previously
concluded from the findings of this study that both RSeS and RSS exhibit protective
antioxidant efficiency, while at the same time, they show damaging effects when the

concentrations applied are adjusted.

The results credit a big part of the recorded activity to the formations of Se-S species within
the cellular environment, which carry out their own interactions and reactions within the cell

leading to the final effects.

These results are not limited to the compounds employed in this study. It is possible to extend
and expand the concept to cover many organic chalcogen compounds to explain some of their
recorded biological activity. The chalcogen element is responsible for the activity, while the
organic part plays the carrier's role and facilitates the delivery of the element to the target

point.
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5. Conclusions

This study covers the synthesis and the biological evaluation of new redox active, chalcogen
containing organic compounds based on natural naphthoquinones against Trypanosoma cruzi,
the parasite that causes Chagas disease, and against several cancer cell lines. The study also,
within the synthesis part, involves the electrochemical synthesis technique, a method that
holds many advantages and opens the door for new possibilities regarding the structures

which can be obtained when utilizing it.

This study also covers an analytical approach conducted in conditions close to the ones
within the biological range to shed some light on some of the paths taken by chalcogen based

redox active agents within the living organisms to demonstrate their biological impact.

And additionally, this study presents an attempt to link the bioactivity of the redox active
compounds to their redox potentials, using cyclic voltammetry as a means to investigate the
possible relation between these two aspects and the extent to which these two activities and

redox behaviour of these compounds coincide.

Obtaining new redox active compounds, whether containing chalcogen elements or not, is a
“still in progress” process in a continuous attempt to reach a compound or a group of
compounds that guarantees a good biological activity, as antibacterial, antifungal,
antiparasitic or anticancer, as examples from the range covered by the compounds that have
been synthesized and biologically investigated so far. These efforts also include overcoming

the challenges that improve the stability, bioavailability, and selectivity of these compounds.

Within this context, the work is underway to find new lead structures based on natural
naphthoquinones and shift from merely adding functional moieties to the basic structure to

design and synthesize more complex structures.
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Here, the electrochemical synthesis technique helped introduce new selenium based redox
active compounds comprising multiple redox centres, crafted from natural naphthoquinones
by selenation and cyclization. An outlook to aim for is to exploit the electrochemical
synthesis technique to synthesize the sulfur analogues of the selenium based compounds
obtained in this study. Also, expanding the investigation of the biological activity to include
bacteria and other parasites helps obtain a better idea of the range covered by these

compounds.

In another chapter, this study employed phthalic anhydride and its sulfur and selenium
derivatives as an example of chalcogen containing redox active compounds in an analytical
study in biological conditions aiming for using the findings of the study not only for its direct
output, which is a better understanding, and additional clarification of the biological effects
and where they come from. But also to take advantage of these findings when new redox

active compounds are being planned.

Finally, this study dealt with the attempt to follow the changes in the redox behaviour that
occurred during the steps of the chemical synthesis of quinone based, amine, or sulfur

containing new compounds.

For this purpose, cyclic voltammetry was used to record and observe the changes in the redox
potentials, investigating the possibility of linking these findings to the compounds' biological
activity as an additional attempt to build the chemists' efforts more oriented and fruitful when

new synthesis protocols are being developed.

The interest in the topic of redox active modulators is not limited to the field of synthetic
chemistry only. It also extends to understanding the paths these compounds take within the
living cell and the chemical and biochemical reactions that occur and lead to the

manifestation of the effects on the cellular process.
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Both concepts, redox modulators and cellular redox chemistry overlap and include many
layers worth exploring. The new techniques enriching chemical synthesis, intracellular

diagnosis, and instrumental analysis will help to raise the bar each time it is reached.
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General electrochemical apparatus

Figure S1. General apparatus for the synthesis of compounds 3, 5 and 7.

Cyclic Voltammetry

The cyclic voltammetry was carried out with a Metrohm Autolab PGSTAT204
workstation and following analysis was performed with Nova 2.1 software. A glassy-
carbon electrode (3 mm-diameter, disc-electrode) was used as the working electrode, a Pt
wire as auxiliary electrode and a SCE electrode was used as the reference. The

measurements were carried out at a scan rate of 100 mVs™'.
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Figure S2. Cyclic voltammograms in MeCN at 100 mVs™'. nBusNPFs (0.1 M in
MeCN), concentration of lapachol 1 and selenide 2a 5.0 mM. Diselenide 2a (black);
lapachol 1 + diselenide 2a (red); 3a (blue).
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Figure S3. Cyclic voltammograms in MeCN at mVs™. nBusNPFs (0.1 M in MeCN),
concentration of lapachol 1 and selenide 2a 5.0 mM. Lapachol 1 (black); diselenide 2a

(red), lapachol 1 + diselenide 2a (blue).
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Figure S4. Cyclic voltammograms in MeCN. nBusNPFg (0.1 M in MeCN),
concentration of lapachol 1 and selenide 2a 5.0 mM. 50 mVs™ (black); 100 mVs™! (red);
500 mVs™ (blue).
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Figure S5. Cyclic voltammograms in MeCN at 100 mVs™. nBusNPFs (0.1 M in
MeCN), concentration of diselenide 2a 5.0 mM.
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Figure S6. Cyclic voltammograms in MeCN at 100 mVs™'. nBusNPFs (0.1 M in
MeCN), concentration of 3a 5.0 mM.

General analysis for the seleno-cyclization of compound 6

The correct regiochemistry for the seleno-cyclization reaction with compound 6 was
determined by analysing the chemical shift of hydrogen 2 in compound 3a and comparing
the value with the chemical shift and the multiplicity of the hydrogen 3 of compound 7a
(Figure S7). Considering the two possibilities of intramolecular cyclization, 6-endo-tet
cyclization is considered the main course of the reaction, due to the stabilization of the
positive charge by the aromatic ring in the C-Se bond cleavage event (Scheme S1). This
intramolecular path is characterized as an anti-Baldwin cyclization.> This type of

cyclisation is also observed in many other products in literature.*
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Figure S7. Stacked '"H NMR spectrum (400 MHz, CDCls3) of compounds 3a and 7a.
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Scheme S1. Hypothesis for the seleno-cyclization of compound 6.
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Table S1. Selectivity index ICso (non-tumor cells/tumor cells)

Compounds 1Cso (L929)/1Cs0 (tumor cells
PC3 | SNB-19 | HCT-116 | MCF-7 | B16F10
3¢ 1.02 0.81 1.63 0.63 1.60
3f 0.40 0.34 0.57 0.31 0.62
3h 0.58 0.40 0.59 0.36 0.58
3g 0.87 0.61 0.79 0.40 0.79
Sa 0.77 0.56 0.71 0.50 0.91
5b 0.71 0.85 1.10 0.56 1.10
5c 0.83 0.52 1.04 0.60 2.05
5d 0.85 0.74 0.90 0.56 0.85
5e 0.98 0.55 0.94 0.51 1.66
5f 0.86 1.10 1.69 0.67 1.61
5g 0.83 0.43 0.64 0.39 1.01
5h 1.06 0.77 1.00 0.57 1.11
5i 1.03 0.57 1.01 0.76 1.26
References

1. J. E. Baldwin, J. Chem. Soc., Chem. Commun., 1976, 18, 734.

2. (a) B.J. Smit, Z. M. Bugarcic, J. Heterocyclic Chem., 2010, 47, 1443. (b) S. S. Badsara,
Y.-C. Liu, P.-A. Hsieh, J.-W. Zeng, S.-Y. Lu, Y.-W. Liu, C.-F. Lee, Chem. Commun.,
2014, 50, 11374. (c) H. J. Lim, T. V. RajanBabu, Org. Lett., 2009, 11, 2924.
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glutathione with implications for cancer research
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Claus Jacob®, Miroslav Chovanecf, Karol Ondrias® and Enrique Dominguez-/—’\lvarez*g

General procedure for the synthesis of chalcogen
anhydrides

The phthalic selenoanhydride (R-Se) and the phthalic
thioanhydride (R-S) have been synthetized following a
modification of a procedure previously described?. Briefly, a
suspension of grey selenium (7.0 mmol) for R-Se or elemental
sulfur for R-S (7.0 mmol) in water-free tetrahydrofuran is
reduced by a dropwise addition of lithium aluminium hydride
(7 mL of a 1M solution in tetrahydrofuran). After the
completion of the reaction (easily monitored thanks to the
ceasing of the generation of molecular hydrogen), 1.41 g (6.9
mmol) of phthaloyl chloride solved in 20 mL of dichlorometane
is added to the reaction. The mixture is left reacting 1 h at
502C with magnetic stirring). Then, the solution is filtered to
eliminate the metallic salts generated during the process, and
over the filtrate, 10 mL of concentrated sulfuric acid are added
dropwise during 5 min. The solid is filtered and washed with
chloroform (4x15 mL). The evaporation of the organic layer
allowed the isolation of the impure desired product.

Synthesis of R-Se

Elemental grey selenium (1.10 g, 7.0 mmol), 1 M solution of
lithium aluminium hydride (7 mL, 7.0 mmol), phthaloyl

o Institute of Clinical and Translational Research, Biomedical Research Center of the
Slovak Academy of Sciences, Dubravskd cesta 9, 845 05 Bratislava, Slovak
Republic.
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Campus B2 1, D-66123 Saarbruecken, Germany.

¢ Faculty of Chemical and Food Technology, Slovak University of Technology,
Radlinskeho 9, 812 37 Bratislava, Slovak Republic.

4 Department of Pharmacology and Toxicology, Faculty of Pharmacy, Comenius
University, Ulica Odbojdrov 10, 832 32 Bratislava, Slovak Republic.

e Institute of Chemistry, Slovak Academy of Sciences, Dubravskd cesta 9, 845 38
Bratislava, Slovakia.

f Cancer Research Institute, Biomedical Research Center of the Slovak Academy of
Sciences, Dubravskd cesta 9, 845 05 Bratislava, Slovak Republic.

9 Instituto de Quimica Orgdnica General, Consejo Superior de Investigaciones
Cientificas (IQOG, CSIC), Juan de la Cierva 3, 28006 Madrid, Spain.
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chloride (1.41g, 6.9 mmol) and concentrated sulphuric acid
(10 mL) were employed. 1-benzo[c]selenophene-1,3-dione
(R-Se) was obtained as a brown solid that was recrystallized
from hexane to isolate a light orange/yellow solid. Yield: 80%
(1160 mg). H NMR (400 MHz, CDCl3) 6: 7.96 (dd, 2H, H+H,
J1=5.7 Hz, J; = 3.2 Hz,); 7.76 (dd, 2H, Ha+Hs). 3C NMR (100
MHz, CDCl3) &: 123.8 (C3+Cg); 135.1 (C;+Cy), 141.9 (Cy4+Cs),
194.2 (COSeCO). LC/MS=: purity: 100.0%, tR = 6.49 min.

Synthesis of R-S

Elemental sulfur (0.45 g, 7.0 mmol), 1 M solution of lithium
aluminium hydride (7 mL, 7.0 mmol), phthaloyl chloride
(1.41 g, 6.9 mmol) and concentrated sulphuric acid (10 mL)
were employed. 1-benzo[c]thiophene-1,3-dione (R-S) was
obtained as a yellow solid that was recrystallized from hexane
to isolate a light yellow solid. Yield: 84% (951 mg). *H NMR
(400 MHz, CDCls) 6: 7.97 (dd, 2H, Hs+Hg J1=5.7 Hz, J, = 3.0
Hz,); 7.81 (dd, 2H, Hs+Hs). 13C NMR (100 MHz, CDCl3) &: 123.9
(C3+Cg); 135.2 (C1+Cy), 138.9 (C4+Cs), 190.0 (COSCO). LC/MS+:
purity: 100.0%, tR = 5.84 min.

NMR and LC-MS data

In next pages are provided as images the 'H NMR, the 3C NMR
and LC-MS spectra of R-Se and R-S. The spectroscopic results
are in accordance with previously published data. The
molecular ion is no visible, but it is also in accordance with
previous results, its abundance is low in this structures.

Notes and references

1 E. Dominguez-Alvarez, D. Plano, M. Font, A. Calvo, C.
Prior, C. Jacob, J.A. Palop and C. Sanmartin, Eur J Med
Chem, 2014, 73, 153-166.

2 Dominguez-Alvarez E. PhD Dissertation. University of
Navarra (Spain), 2012.



1H NMR of R-Se and R-S
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LC-MS of R-S
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Figure S37. 'H NMR spectrum (400 MHz, CDCl3) of compound 5d.
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Figure S39. Representative cyclic voltammograms of selected compounds belonging to
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