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Abstract
Based on the traditional 77Se NMR spectroscopy investigation, a catalytic cycle for the formation of N-
thiophenyl ebselenamine 12 involving diselenide 9, selenenyl sulfide 10 and ebselenamine 7a was
reported by the reaction of azo-bis-ebselen 8 with PhSH and H2O2. The signals detected in the 77Se NMR
spectrum corresponding to 7a, 10 and 12 were directly isolated from the NMR mixture. Mechanistic
investigation for the formation of N-thiophenyl ebselenamine 12 was confirmed from an independent
reaction of diselenide 9 and PhSSPh in the presence of H2O2. This was further supported by another
diselenide 19 containing p-tolyl group with equimolar amount of H2O2 and PhSH in an independent

experiment followed by the 77Se NMR spectroscopy, yielding similar observations. These results, which
illustrated diselenide has been observed as the main precursor in the formation of all intermediates. The
new novel selenium antioxidants quenched lipidperoxyl radicals much more efficiently than α-tocopherol
and were regenerable by the aqueous ascorbic acid in a two-phase (chlorobenzene/water) azo-initiated
peroxidation system. The notable benefit of the organoselenium biology, the novel ebselenamine
analogues and their corresponding selenenyl sulfides were found to mimic the activity of the glutathione
peroxidase enzymes better than ebselen in the coupled reductase assay.

Introduction
Normally, cells have their antioxidant defence against reactive oxygen species (ROS) such as lipid peroxyl
radicals (LOO•) and organic peroxides, produced during the aerobic metabolism thus causing oxidative
damages in living organism.[1] Some natural enzymes, antioxidants such as most abundant molecular
weight tripeptide reduced glutathione (GSH) maintain the homeostasis defence against ROS level.[2] In an
early research, higher or moderate level of GSH has very crucial role in the treatment and prevention of
COVID-19.[3] The redox state of the GSH is controlled by the glutathione reductase (GR), a flavoenzyme
that uses β-nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor to reduce the disulphide
bond (S−S) bond in oxidized glutathione (GSSG).[4] In addition to antioxidant functions and scavenging
effects of ROS[5], GSH acts as substrate for the selenoenzymes for the reduction of harmful peroxides.[6] 

The great excitement was elicited in mammalian selenoenzymes containing the 21st amino acid such as
selenocysteine (SeCy) at the active site have shown a crucial role to detoxify the organic peroxides in
living organisms and therefore, protect them from oxidative damages.[7] Among the 25 selenoenzymes in
animals, the glutathione peroxidase (GPx) enzymes are the most important hydroperoxide-decomposing
enzymes in humans served as an antioxidant.[6] The GPx enzymes  destroy the harmful  hydrogen
peroxide (H2O2) using GSH as the stoichiometric reducing agent.[8] In the catalytic cycle of the GPx
enzymes, selenocysteine selenenic acid (SeCy-SeOH), selenocysteine selenol (SeCy-SeH) and the
corresponding selenenyl sulphide (SeCy-SeSG) have been proposed as the key intermediates.[9] The
presence of selenenic acid in the mechanism of the GPx is very crucial.
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In a very recent finding, Flohè et al. observed a bypass mechanism where the selenenic acid underwent
intramolecular cyclization to the corresponding Se−N heterocycle.[10] Intramolecular cyclization of
unstable selenenic acids produced from their corresponding selenols has been proposed as stable
heterocyclic compounds.[11] Many examples of highly reactive selenenic acids and selenols were
implicated during the investigation of catalytic mechanisms of several organoselenium compounds in
situ using the 77Se NMR kinetic experiments.[12]  In few reports, diselenides formation was predicted from
selenenic acid, presumably due to the presence of unreacted selenol in the mixture.[12e,13] However,
isolations of few stable selenenic acids and selenols have been reported.[14,15]

Initial work done by Sies[16] and Wendel[17] showed that ebselen (1, PZ 51, 2-phenyl-1,2-benzisoselenzol-3-
(2H)-one), a cyclic Se−N compound exhibited both anti-inflammatory activity in vivo and GPx-like activity
in vitro with low toxicity (Figure 1). It catalytically reduced the harmful peroxides by GSH or other thiols
mimicking the activity of the GPx-enzymes and protects the lipid membranes and other cellular
components against oxidative damage.[18,19]

Mechanistic studies of ebselen followed by the 77Se NMR spectroscopy using thiols such as PhSH or
GSH and H2O2 indicated that Se−N bond is reductively cleaved to form the corresponding selenenyl
sulfide intermediate, which further reacts with H2O2 to produce selenol and selenenic acid intermediates.
[12f,13] Furthermore, it has been demonstrated in phase II for the safety of noise-induced hearing loss and
phase III for cerebal ischemia bipolar disorder diseases.[20] Recently, it exhibited promising antiviral
activity as inhibitor of the main coronavirus protease in severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) in COVID-19.[21] Inspired with ebselen as the most redox active molecule, several other
important biologically active organoselenium compounds have been reported including
ebselen analogues and other derivatives.[22-24]

Ebselen analogues with different substituents at the N-phenyl ring by introducing amino acid functions
and electron-donating groups were prepared with a capacity to improve the catalytic activity.[22b-d]  For
example, the GPx-like activity of 2 was found several fold greater than ebselen.[22d] The presence of ortho-
coordinating groups in a close proximity to the Se atom in organoselenium compounds have been
reviewed towards their synthesis and  antioxidant activities.[25] The nitro-derivative 3a of ebselen
possessing weak secondary Se∙∙∙O interactions exhibited better GPx activity.[11b,26] Recently, we have
done further modification in the N-phenyl ring of 3a that resulted 3b-c with enhanced activity as
compared to ebselen.[27] In contrast to ebselen, another class of selenenamides such as camphor-derived
cyclic selenenamide 4[12b], isoselenazoles 5[28] and 6[12g] has been discovered as very good GPx mimics.

During the last two decades, in search for better antioxidants, other than organoselenium compounds,
aromatic amines have been considered as potent inhibitors of lipid LOO• radicals.[29] Aminic radical-
trapping antioxidants (RTAs) inhibited the spontaneous autoxidation process with high impact than
phenols.[30] Among the phenols, α-tocopherol (α-TOH) has been optimized by Nature and considered as
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the best lipophilic RTA.[31] It inhibits the lipid peroxidation via the formal H-atom transfer (HAT) from the
phenolic OH group to the chain-carrying LOO• forming hydroperoxide (LOOH) as non-radical products. 

Over the years, we and Engman focused to improve the radical-trapping activity of both phenolic and
aminic antioxidants by incorporating chalcogenide (Se, Te) atom in a two-phase lipid/aqueous biological
membrane-like model system.[32] These compounds multi-functionally inhibited the lipid peroxidation and
reduced LOO• directly into alcohols (LOH) using water-soluble co-antioxidants acted as more reactive
than α-TOH.[33To account for the high reactivity, a rather unconventional mechanism was proposed
involving the initial O-atom transfer from LOO• to the Se/Te atom, followed by HAT reaction, in a solvent
cage, from the nearby H-atom donor group to the resulting alkoxyl radical.[34] Interestingly, these were
found to be highly regenerable by the presence of water-soluble co-antioxidants. Recently, we reported
ebselenamines 7 and N-methylated ebselenamines as multifunctional antioxidants with higher capacity
to inhibit the lipid peroxidation as well as good GPx-like activity.[35-36] 

Herein, as a consequence, in view of the above and our longstanding interest with pleasant results of
organochalcogen chemistry, we are highly encouraged to examine the intermediates involved in the
catalytic mechanism followed by the 77Se NMR spectroscopy. During our recent findings on
ebselenamines, we observed that the thiolysis of azo-bis-ebselen followed by oxidation with H2O2

afforded several intermediates during the 77Se NMR mechanistic studies. Among the other isolated
products, new N-thiophenyl ebselenamines and the corresponding selenenyl sulfides were obtained. We
present results of our investigations from the direct NMR spectroscopic evidences for stable
intermediates and their isolations. We also report their antioxidant behaviour with a capacity to scavenge
the lipid peroxyl radicals and the GPx-like activities. 

Results And Discussion
To ascertain the kinetic study, the required azo-bis-ebselen 8 was prepared using modified procedure from
previous report.[27] We employed a mixture of compound 8 and PhSH in CDCl3 by subsequent addition of

H2O2 to the mixture at room temperature monitored by the 77Se NMR resonance which revealed full

consumption of compound 8 (Scheme 1). Various signals were observed in the 77Se NMR spectrum at
362, 450, 533, 868, and 926 ppm and assigned corresponding to diselenide 9, selenenyl sulfide 10,
diselenide 11, N-thiophenyl ebselenamine 12 and ebselenamine 7a, respectively (See Figure S13-S23 in
the Supporting Information). The identities of diselenide 9 and ebselenamine 7a were in agreement with
the reported 77Se NMR chemical shifts.[35, 36]

Initially, the unknown unstable signal was observed at 533 ppm together with 12 by addition of PhSH (8
equiv) to a solution of compound 8. During the kinetic experiments, the signal 533 ppm was assumed to
be diselenide 11 (vide infra, Scheme 2 and 4). Again, excess of PhSH (24 equiv) to the above mixture
produced new signals at 450 and 868 ppm. The signal at 533 ppm was very unstable and disappeared
completely after the addition of H2O2 (6 equiv) to the NMR mixture. Considering the successful outcome
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of the reaction, addition of H2O2 (excess) to the above mixture, the most stable signals at 450, 868 and
926 ppm were observed only. During the isolation of stable intermediates corresponding to their signals
as above, a signal for diselenide 9 (δ 362 ppm) was also detected together with other intermediates.
Selenenyl sulfide 10, N-thiophenyl ebselenamine 12 and ebselenamine 7a were isolated from the NMR
mixture after purification in 28%, 25% and 16% yields, respectively. Here, N-thiophenyl ebselenamine 12
recognition has not been reported previously. This is our new finding of ebselen analogue carrying N-
thiophenyl group at ortho-position to the Se atom in the heterocyclic ring.

It was hypothesized that compound 8 was reduced by PhSH, leading to diselenide 9 containing free –NH2

group at ortho-position to the Se atom. Alternatively, we already established the protocol for the
preparation of 9 by treating with in situ generated PhTeNa in ethanol.[27] Surprisingly, the azo (−N=N−)
group was reduced fully to –NH2 group and the Se−N heterocyclic bond also cleaved reductively to
produce ultimately 9 as the only one major product. Studies of azo-benzene derivatives reduction with
GSH were reported by Moroder et al., where the −N=N− group was reduced into hydrazo (−NH−NH−)
group.[37] This mechanism was based on acid and base catalysis. The pKa values of PhSH (6.5) and GSH

(9.2) might be able to alter the reactivity at the −N=N− group.[38, 39] The acidic nature of the thiolate
(PhS−) is more prone to reduce −N=N− into –NH2 group, cleanly. Further, diselenide 9 reacted with PhSH
again in the NMR mixture produced the corresponding 10 (vide infra, Scheme 3). It has been reported that
diselenides have been found to produce selenenyl sulphides by treating with thiols (GSH/ PhSH).[12h,36]

Additionally, The attack of the selenol upon selenenyl sulphide afforded the generation of diselenide and
thiol.

In order to identify all possible intermediates observed in the mechanism, the structure of unstable
diselenide 11 was optimized using DFT calculations (please see the Supporting Information for
optimized geometry and coordinates). The calculated 77Se NMR chemical shift 548 ppm was close to
that of experimental value 533 ppm (Table S1 in the Supporting Information). This might be due to the
involvement of two ortho-coordinating groups that further cyclized into 12. The precise mechanism for
the formation of 12 from diselenide 9 via the intermediate 13 has been proposed (Scheme 2). In the
mechanism, it has been observed that −NH2 group in diselenide 9 acted as nucleophile towards PhSSPh.
The formation of intermediate 13 with two ortho-coordinating groups was possible via the SN2 reaction
at both the free -NH2 group. Further, the SN2 reaction in intermediate 11 could not take place due to
involvement of d-orbitals of the Se atom with the nearby lone pair of electrons on the N-atom in -NHPhS
group. Then, PhS‾ anion abstracted the H-atom from the N-centre, resulting 11. This hindered diselenide
11 destabilized and cyclized due to the unexpected disproportionation into arylselenolate (ArSe−) anion
and 15 through the intermediate 14. This is in good agreement with the recently reported organoselenium
compounds bearing two coordinating groups at ortho-position to the Se atom underwent
disproportionation reaction due to ring strain in the molecule.[11,12g,28,40,41] Since diselenide species are
dimeric molecules, and therefore, each equivalent should lead to compound 12 (2 equiv). It has been
observed that the compound 12 formed via the returning of intermediate selenol 16 to the cycle.
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In order to confirm the formation of selenenyl sulfide 10, we performed another 77Se NMR experiment by
treating diselenide 9 with PhSH followed by subsequent addition of H2O2 in Scheme 3 (see Figure S24-
S30 in the Supporting Information for spectra). With one equiv of PhSH, a signal for selenenyl sulfide 10
was appeared immediately. While in excess of PhSH, signals corresponding to selenol 17 (δ 104 ppm)
were observed along with selenenyl sulfide 10 and unreacted diselenide 9. The oxidation of selenol 17 in
the presence of H2O2 produced ebselenamine 7a via the selenenic acid 18.[36]

Again, addition of PhSH to the above mixture, ebselenamine 7a was reductively cleaved to form selenenyl
sulfide 10. Ebselen and its analogues carrying the Se−N heterocyclic bond were found to react directly
with thiol and produced first their corresponding selenenyl sulphides. Further, addition of thiol would
generate selenol intermediates and disulphide.[11b,12b,f,g,42]

Diselenides containing basic groups at ortho-position to the Se atom have attracted much attention as
the GPx mimics since the Se∙∙∙N/O intramolecular secondary interactions:[19, 43] a) to activate the Se−Se
bond towards the oxidative cleavage; b) to stabilize the resulting selenenic acid intermediate against
further oxidation; and c) to enhance the nucleophilic attack of the PhSH at the S rather than Se atom in
the selenenyl sulfide to produce the highly reactive selenol and PhSSPh.[44] We observed that
ebselenamine 12 has been implicated by the disproportionation of selenenyl sulfide 10 into diselenide 9
and PhSSPh in the presence of H2O2. Similar observations were reported where selenenyl sulphide

intermediates disproportionated to the corresponding diselenides and disulphide.[12f,13] The rate of
disproportionation depends on the strength of the Se∙∙∙O interactions in the selenenyl sulphide. The
strong interactions were found to enhance the stability of selenenyl sulphide in solution (like ebselen
selenenyl sulfide), which is the rate determining step.[12e−f]

As a result, compound 10 was relatively unstable in solution, and therefore disproportionated into
diselenide 9 and PhSSPh. A detailed 77Se NMR kinetic study of diselenide 9 was carried out by treating
PhSSPh in the presence of H2O2 to confirm the formation of 12 as shown in Scheme 4 (see Figure S31-
S34 in the Supporting Information). As anticipated, compound 12 was formed only via unstable
diselenide 11 as implicated in the 77Se NMR spectrum during the kinetic studies. In a control experiment,
diselenide 9 and PhSSPh (3 equiv) did not make any change in the 77Se NMR spectra.

Interestingly, addition of H2O2 (1 equiv) to the mixture produced immediately a signal corresponding to
7a. Whereas excess of H2O2 (3 equiv) was found crucial to generate the signals for 7a, 10 and 12 along
with unreacted 9. In the next step, the formation of 7a was observed mainly due the oxidation of
diselenide 9 with H2O2 as in Scheme 3. Diselenide 11 underwent a facile intramolecular cyclization of
ebselenamine 12 was observed only from diselenide 11 containing two bulky ortho-coordinating groups
(vide supra). This is in good agreement that diselenides bearing two ortho-coordinating or hindered
groups led to stable cyclic compounds.[11, 28, 41]
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To confirm the formation of the products formed in Scheme 3 and 4, the diselenide 19 was prepared and
used for further kinetic experiments.[27, 36] Diselenide 19 was treated with equimolar amounts of H2O2

and PhSH in DMSO-d6. The progress of the reaction monitored using the 77Se NMR spectroscopy

(Scheme 5). In the 77Se NMR, three signals at 409, 842 and 929 ppm were observed (See Figure S35 in
the Supporting Information). These signals were assigned to the corresponding selenenyl sulfide 20, N-
thiophenyl ebselenamine 21 and ebselenamine 7b that were obtained in 27%, 30% and 7% yields,
respectively.

The 77Se NMR chemical shifts of N-thiophenyl ebselenamines 12 and 21 were δ 833 and 856,
respectively. The signals shifted more upfield as compared to ebselen (δ 960)[12f] and ebselenamines 7a-
d (δ 926-930).[36] The 77Se NMR chemical shifts of selenenyl sulfides 10 (δ 452) and 20 (δ 453) were also
upfield shift 135 ppm in comparison to ebselen selenenyl sulfide (δ 588). This downfield shift in ebselen
selenenyl sulfide is due to the presence of strong secondary Se∙∙∙O interaction.[44] Earlier, we have
observed the similar upfield 77Se NMR chemical shifts in the catalytic cycle of ebselenamine-based
selenenyl sulphides (δ 407).[35, 36] The calculated 77Se NMR chemical shifts of N-thiophenyl
ebselenamines 12 and 21, selenenyl sulfides 10 and 20 were found to be comparable with the
experimental values (Table S5-S6 in the Supporting Information).

Based on our experimental data obtained from 77Se NMR mechanistic studies of compound 8, we thus
propose a mechanism for the formation of N-thiophenyl ebselenamine 12 and others intermediate
species such as diselenide 9, selenenyl sulfide 10, and ebselenamine 7a (Scheme 6). According to the
cycle, compound 8 reacts with PhSH and gives diselenide 9, which further produces 10 in the presence of
PhSH (Step A). The formation of selenenyl sulfide 10 was confirmed by the reaction of diselenide 9 with 1
equiv of PhSH (Scheme 3). A signal corresponding to selenol 17 could not be detected this time.
Ebselenamine 7a produced in the reaction mixture can also generate selenenyl sulfide 10 with equimolar
PhSH as in Scheme 3. Selenenyl sulfide 10 could produce compound 12 (Step B). It undergoes
disproportionation reaction in the presence of H2O2 to produce diselenide 9 and PhSSPh (Step C). The
rapid reaction of diselenide 9 with the formed PhSSPh in the NMR mixture produces hindered diselenide
11 detected in the 77Se NMR spectrum (Step D). This is highly unstable and rapidly cyclizes into a stable
cyclic ebselenamine 12 in solution (Step E). Already this step has been confirmed by an independent
experiment carried out using diselenide 9 with PhSSPh (Scheme 4). A signal corresponding to compound
12 was observed immediately in the 77Se NMR spectrum. Another possibility for the formation of
compound 12 is from the reaction between 7a and the PhSSPh formed in the reaction mixture. Since the
presence of 7a has been deducted in the 77Se NMR and therefore, it is possible to generate compound 12
during the kinetic studies (data not shown here). Ebselenamine 7a was produced in the reaction from
diselenide 9 and H2O2.[36] This was further confirmed as shown in Scheme 3.

The selenenyl sulfide 10, ebselenamine 7a and N-thiophenyl-ebselenamine 12 are the main dominant
products formed in the reaction. First of all in the mechanism, diselenide 9 was probably formed from 8
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and then selenenyl sulfide 10 via the reduction and disproportionation reaction, respectively. Since, thiol is
very important for the cleavage of the Se−N in ebselen and related heterocycles reductively, which is the
main basis for the biological properties.[1b,12g] Overall, it seems that all intermediates 7a, 10 and 11 that
were produced by diselenide 9 were responsible for the formation of 12.

The radical quenching capacity and regenerability of compounds 12 and 21 were evaluated in a two-
phase (water phase/lipid phase) system in which an azo-initiated peroxidation of linoleic acid was
carried out.[45] Autoxidation of linoleic acid in open air was initiated by radicals formation using thermal
decomposition of 22’-azobis(2,4-dimethylvaleronitrile; AMVN) at 42 oC in lipid phase (chlorobenzene).
The water phase containing ascorbic acid (AscOH) as a co-antioxidant could regenerate the lipid-soluble
antioxidants and thus inhibited the peroxidation for longer time. The rate of quenching efficiency of LOO•
i.e. rate of inhibition (Rinh) was determined as the slope of the line during the inhibited phase (Figure 2).

The rate of peroxidation increases for the uninhibited peroxidation reaction (Runinh). The inhibition time
(Tinh) i.e. regenerability was determined as the cross-point between Rinh and Runinh. α-TOH, the best lipid
soluble radical-trapping antioxidant was used as a benchmark which could inhibit the lipid peroxidation
with Rinh = 25 µM/h; Tinh = 95 min in the presence and absence of aqueous AscOH (Table 1).
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Table 1
Inhibited rates (Rinh) and inhibition times (Tinh) of conjugated diene formation with and without AscOH

for antioxidants 12 and 21 (40 µM) tested in the two-phase model system. The GPx-like activities of
ebselen, 10, 12, 20 and 21 as determined by the initial rate of NADPH-consumption (ν0) in the presence of

H2O2, GSH and glutathione reductase (GR)

Catalysts With AscOH Without AscOH GPx activity

(0.5 mM) (1.0 mM)

Rinh
a

(µM/h)
Tinh

b

(min)

Rinh
a

(µM/h)
Tinh

b

(min)

Rinh
a

(µM/h)
Tinh

b

(min)

ν0
c

(µM/min)

α-TOH 25 ± 4 97 ±
8

23 ± 2 96 ±
6

28 ± 2 109 ±
2

----

Ebselen 514 ± 9 0 510 ± 6 0 540 ± 4 0 60.3 ± 2.2

12 13 ± 4 30 ±
5

14 ± 3 43 ±
6

26± 4 30 ± 4 58.4 ± 3.5

21 12 ± 3 43 ±
4

9 ± 2 88 ±
4

22 ± 3 56 ± 3 112.1 ± 4.6

10 ---- ---- ---- ---- ---- ---- 88.9 ± 2.2

20 ---- ---- ---- ---- ---- ---- 164.8 ± 3.6

a Rate of peroxidation during the inhibited phase (uninhibited rate ca. Runinh = 544 µM/h). b Duration
of the inhibited phase of peroxidation. Reactions were monitored for 150 min. Errors correspond to ±
SD for triplicates. c Assay conditions: Phosphate buffer (100 mM), pH 7.5 with EDTA (1 mM), GSH (2
mM), NADPH (0.4 mM), GR (1.65 unit/mL), H2O2 (1.60 mM) and catalysts (80 µM). Initial rates (ν0)
were corrected for the spontaneous oxidation of GSH (6.7 ± 0.30 µM/min). Errors correspond to ± SD
for triplicates.

The low value of Rinh Indicates that the antioxidants could inhibit the lipid peroxidation more efficiently.
The radical quenching efficiency of 12 (26 ± 4 µM/h) and 21 (22 ± 3 µM/h) was found almost
comparable with α-TOH in the absence of AscOH but for lesser Tinh (30 ± 4 and 56 ± 6 min). This is only
due to formal HAT reaction. The formed selenoxide species due to the presence of linoleic LOOH present
in the sample could be the reason as very poor retarder not inhibitors. Whereas in the presence of AscOH
(0.5 and 1.0 mM), compounds 12 and 21 showed remarkable radical quenching efficiency (Table 1). Here,
AscOH as two-electron reducing agent is able to reduce selenoxides (Se4+) into lipid-soluble selenides
(Se2+) and maintains the lower value of Rinh. The Rinh values for both compounds 12 and 21 are notably
better than α-TOH. The compoud 12 (Rinh = 12 ± 2 µM/h; Tinh = 88 ± 4 min) inhibited the lipid peroxidation
2 times better than α-TOH with almost silimar Tinh. On the other hand, ebselen only retarded the lipid
peroxidation, but could not show any inhibition. This suggests that N-thiophenyl substituted
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ebselenamines 12 and 21 could be even more effective peroxyl radical-trapping antioxidants than
ebselen. 

     The most notable advancement is based on the recent findings which involving the introduction of
ortho-substituent to the Se atom. This may cause to a dramatic increase in the rate constant for radical
quenching. These quench the peroxyl radicals via initial O-atom transfer from LOO• to the Se in N-
thiophenyl ebselenamne 12, followed by HAT in a solvent cage from the nearby NH group resulting
alkoxyl radical (LO•) in Scheme 7. 

In a solvent cage, LO• would then abstract an H-atom from the –NHPhS group leading to an aminyl
radical selenoxide (22). The regeneration of antioxidant 12 occurs by AscOH at the liquid-aqueous
interphase. Selenoxide 22 is reduced back to the active form of antioxidant 12 with AscOH and is
accompanied by the dihydroascorbate (DHA) formation.

We have calculated the BDEN−H of 12 and 21 was found very weak ~ 70 kcal/mol to generate the aminyl
radicals. But our two phase model system contradicts this study in which the Tinh of compounds are not
much desirable as what we have hypothesized. To justify this result, we have calculated the spin density
of radical cation formation upon 1-electron oxidation of 12 and 21 suggested that there is delocalized
electron density on the phenyl ring and benzamide N-phenyl only (see also Figure S56 in the Supporting
Information). The spin density is mainly localized to the N−H bond and nearby which alter the reactivity
of compounds. Further calculations indicated that the stability of the aminyl radical cation formed.
Indeed, the considerable effect of the bridging heteroatom is assigned to a stabilizing π-electron
contribution to the aminyl radical, followed by HAT, and σ-electron withdrawal destabilizing the aminyl
radical cation, followed by one-electron oxidation.[46]

Additionally, the presence of the Se atom would also contribute with a capacity to serve as the GPx
mimetics. Since, it is easily two electron redox-cycled. This may be the reason that Nature has selected
this element for this valuable task.[47] Organic peroxides and H2O2 cause oxidation and mild reducing
agents such as thiols regenerate the catalysts. The catalytic GPx-like activity of compounds 10, 12, 20,
and 21 was evaluated in the coupled reductase assay, using H2O2 as a substrate, GSH as a thiol reducing

agent, GR and NADPH as a cofactor (Table 1).[48] The values were corrected for the spontaneous
oxidation of GSH by H2O2. Ebselen (60.3 ± 2.2 µM/min) was included as benchmark in the study.
Ebselenamine 12 was found to be nearly as active as ebselen. Interestingly, ebselenamine 21 showed an
activity (112.1 ± 4.6 µM/min) almost two-fold larger than recorded for ebselen. The enhanced activity of
21 could probably be ascribed due to the presence of electron donating group at the N-phenyl ring. It was
also observed that selenenyl sulfide 10 (88.9 ± 2.2 µM/min) and 20 (164.8 ± 3.6 µM/min) showed better
GPx-activity than ebselen. Selenenyl sulfide 20 was the most active catalyst and nearly three-fold more
active than ebselen (Figure 3).

In conclusion, we have observed various intermediates and isolated novel N-thiphenyl-ebselenamines
during the 77Se NMR mechanistic experiments of azo-bis-ebselen with PhSH and H2O2. Particularly, the
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mechanism in Scheme 6 provides the rationale for the formation of selenenyl sulfide, ebselenamine and
N-thiophenyl-ebselenamine from their corresponding diselenide. The mechanism is consistant with all our
observations as observed by the 77Se NMR spectroscopy. In the mechanism, azo-bis-ebselen is fully
reduced in the first step by PhSH to diselenide. In the presence of AscOH, N-thiophenyl-ebselenamines
quenched 5 peroxyl radicals with a stoichiometric number n = 5. The stoichiometric n for α-TOH is 2.
Antioxidants 12 and 21 are likely to quench the lipidperoxyl radicals as much as for α-TOH where the
reaction takes place via the formal HAT. N-Thiophenyl ebselenamines and their corresponding selenenyl
sulfides catalyzed the reduction of H2O2 more efficiently than ebselen to mimic the action of the GPx-
enzymes.

Experimental Section
1H, 13C and 77Se NMR spectra for all isolated compounds were recorded on 400 and 500 MHz (1H: 399.97
MHz; 13C: 100.6 MHz and 1H: 500 MHz; 13C: 125 MHz) and spectrometers, using the residual solvent
peaks of CDCl3 (1H: δ 7.26; 13C: δ 77.2), as an indirect reference to TMS (δ = 0 ppm). 77Se NMR spectra

were recorded on 400 MHz and 500 MHz (77Se: 76 MHz and 100 MHz) spectrometers with Ph2Se2 (δ = 
460 ppm) as an indirect reference to Me2Se (δ = 0 ppm). Column chromatography was performed using
silica gel (0.14 - 0.25 mm). Melting points are uncorrected for all solid compounds with digital melting
point apparatus. The high resolution mass spectra (HRMS) were obtained using a time of flight (TOF)
instrument equipped with electron ionization (EI) operating in the positive ion mode. Solvents were
distilled first and then used for the column chromatography.

Preparation of Bis-[2-phenyl-1,2-benzisoselenazol-3-( 2H )-one-7-yl]diazene (8): To a brown suspension of
in situ prepared Na2Se2 (12.46 mmol) in dry THF (20 mL) under an inert atmosphere was slowly added a
solution of 2-bromo-3-nitro-N-phenylbenzamide (1 g, 3.113 mmol) in THF (10 mL) at room temperature.
After heating at reflux for 5 h, the reaction was allowed to stir at room temperature. Water was added to
quench the reaction, and the reaction mixture was further stirred at room temperature for additionally 30
min. Following extraction with CHCl3, the combined organic layers were dried over anhydrous Na2SO4.
Removal of the solvent and purification of the residue by silica gel column chromatography, eluting first
with hexane/ethyl acetate (1:1), then with CHCl3, and finally with CHCl3/MeOH (98:2), afforded

compound 8 as dark black solid. Yield: (550 mg, 32%); mp > 300 ⁰C; 1H NMR (500 MHz, CDCl3): δ = 7.36
(d, J = 7.5 Hz, 2H), 7.46 (t, J = 7.5 Hz, 4H,), 7.62 (d, J = 7.5 Hz, 4H), 7.73 (t, J = 7.5 Hz, 2H), 8.32 (d, J = 7
Hz, 2H), 8.53 (d, J = 7.5 Hz, 2H). 13C NMR (125 MHz, CDCl3) : δ = 119.9, 125.1, 126.5, 128.1, 128.8, 129.4,

131.4, 131.9, 139.1, 144.2, 163.8 ppm. 77Se NMR (100 MHz, CDCl3): δ = 928 ppm.

All data correspond to literature.[27]

Typical Procedure for the Preparation of Diselenides:
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Bis[3-Amino-N-phenylbenzamide-2-yl] Diselenide (9): This was prepared according to the procedure
reported using azo-bis-ebselen 8 (500 mg, 0.870 mmol) and in situ prepared colourless solution of
NaTePh prepared from Ph2Te2 (712 mg, 1.74 mmol) and NaBH4 (132 mg, 3.48 mmol) in ethanol (20 mL)

at 0 oC. The mixture was then heated at 80 oC for 4 h and allowed to cool at room temperature. After
adding water to the above mixture, the extraction was carried out with ethyl acetate and separated
organic layers were dried over anhydrous MgSO4. Evaporation of the solvent and purification by column
chromatography, using 80% ethyl acetate/n-pentane mixture as an eluent afforded the title compound as
orange crystalline solid. Yield = (280 mg, 55%); mp 220-223 oC (lit. 222-224 oC). 1H NMR (500 MHz,
CDCl3): δ = 4.46 (s, broad, 4H), 6.61 (d, J = 8 Hz, 2H), 6.72 (d, J = 7 Hz, 2H,), 7.01 (t, J = 7.5 Hz, 2H), 7.10

(t, J = 7 Hz, 3H), 7.23 (d, J = 8 Hz, 3H), 7.29 (d, J = 6 Hz, 6H), 8.40 (s, 2H). 13C NMR (125 MHz, CDCl3) : δ =

110.6, 115.8, 116.7, 120.7, 124.5, 128.6, 131.2, 137.5, 144.2, 149.6, 168.4 ppm. 77Se NMR (100 MHz,
CDCl3): δ = 360 ppm. All data correspond to literature.[35-36]

Bis[3-Amino-N-(p-tolyl)benzamide-2-yl] Diselenide (19): Yield = (750 mg, 80%); mp 220-222 oC (lit. 219-221
oC). 1H NMR (500 MHz, CDCl3): δ = 2.29 (s, 6H), 4.43 (s, broad, 4H), 6.60 (d, J = 8 Hz, 2H), 6.68 (d, J = 7.5

Hz, 2H), 7.01 (m, 6H), 7.13 (d, J = 8 Hz, 6H), 8.22 (s, 2H). 13C NMR (125 MHz, CDCl3) : δ = 20.9, 110.7,

115.7, 116.7, 120.7, 129.1, 131.2, 134.1, 134.9, 144.4, 149.6, 168.2 ppm. 77Se NMR (100 MHz, CDCl3): δ =

360 ppm. All data correspond to literature.[27]

Reaction of compound 8 with H2O2 and PhSH: To the NMR tube containing compound 8 (50 mg, 0.087
mmol) in 1.0 mL of CDCl3 was added 8 equiv of PhSH (72 μL). The progress of the reaction was

monitored by the 77Se NMR spectroscopy. Further, more total of 16 equiv of PhSH were added
subsequently to the above mixture. A solution of 6 equiv of H2O2 (40 μL) was added to the above mixture.

Then another more 6 equiv of H2O2 was added and the 77Se NMR spectrum recorded again. More 12

equiv of H2O2 was added subsequently to the NMR mixture. All the 77Se NMR spectra were recorded after
every addition of the PhSH and H2O2 to the NMR tube. Water was added to the above mixture and the
extraction was carried out with CHCl3. The separated organic layers were combined and dried over
anhydrous MgSO4. Evaporation of the solvent and purification by column chromatography on silica gel,
using 40% ethyl acetate/n-pentane mixture as an eluent afforded compounds 10, 12 and 7a.

3-Amino-N-phenyl-2-((phenylthio)selanyl)benzamide (10):

Yield: 18 mg (28%); mp 197-201 oC. 1H NMR (500 MHz, CDCl3): δ = 6.84 (t, J = 7 Hz, 1H), 7.10 – 7.21 (m,

4H), 7.34 (t, J = 7.5 Hz, 2H), 7.39 – 7.46 (m, 3H), 7.49 – 7.74 (m, 3H). 13C NMR (125 MHz, CDCl3) : δ =
116.6, 120.2, 120.6, 121.2, 124.6, 125.0, 127.3, 128.3, 128.9, 129.0, 129.2, 131.2, 132.4, 149.4, 167.4
ppm. 77Se NMR (76 MHz, CDCl3): δ = 452 ppm. HRMS (TOF MS ESI) m/z calcd for C19H16N2OSSe [M +

H]+: 401.0227; found: 401.0226. 

2-Phenyl-7-((phenylthio)amino)benzoselenazol-3(2H)-one (12):
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Yield: 17 mg (25%); mp 211-215 oC. 1H NMR (500 MHz, CD3OD): δ = 6.51 (s, 1H), 6.65 (dd, J = 1, 7.5 Hz,
1H,), 6.67 (dd, J = 1, 8 Hz, 1H), 6.88 – 6.99 (m, 2H), 7.14 (t, J = 7.5 Hz, 1H), 7.21 (dd, J = 1, 8.5 Hz, 1H),
7.26 (dd, J = 0.5, 7.5 Hz, 3H), 7.38 (t, J = 7.5 Hz, 1H), 7.47 – 7.50 (m, 2H), 7.98 (t, J = 8 Hz, 1H). 13C NMR
(125 MHz, CD3OD) : δ = 115.1, 115.4, 115.5, 120.9, 121.2, 124.1, 125.9, 127.1, 128.1, 128.4, 130.6, 137.8,

144.1, 150.7, 168.8 ppm. 77Se NMR (76 MHz, CDCl3): δ = 833 ppm. HRMS (TOF MS ESI) m/z calcd for

C19H14N2OSSe [M + H]+: 399.0070; found: 399.067.

7-Amino-2-phenyl-1,2-benzisoselenazol-3(2H)-one (7a): Yield: 8 mg (16%); mp 180-183 oC (lit. 182-186
oC); 1H NMR (500 MHz, DMSO-d6): δ = 5.87 (s, 2H), 6.91 (d, J = 7.5 Hz, 1H,), 7.18 (d, J = 7.5 Hz, 1H), 7.24

(t, J = 7.5 Hz, 1H), 7.30 (t, J = 7.5 Hz, 1H), 7.47 (d, J = 7.5 Hz, 2H), 7.62 (d, J = 7.5 Hz, 2H). 13C NMR (125
MHz, DMSO-d6) : δ = 115.8, 116.1, 121.1, 125.0, 126.3, 127.8, 128.1, 129.3, 139.4, 144.4, 165.8 ppm. 77Se

NMR (100 MHz, DMSO-d6): δ = 929 ppm. All data correspond to literature.[36]

Reaction of diselenide 19 with H2O2 and PhSH: To an NMR tube containing diselenide 19 (50 mg, 0.082
mmol) in 0.50 mL of DMSO-d6 was added 2 equiv of H2O2 (19 μL, 0.16 mmol) and mixed together. The

oxidation reaction of was followed by the 77Se NMR spectroscopy. Thereafter, observing the signal
corresponding to selenoxide35, an equimolar of PhSH (16 μL, 0.16 mmol) was added to the above mixture
(data not shown here). Immediately, three signals were observed at δ 409, 842 and 929 ppm in the 77Se
NMR spectrum (Figure S35 in the Supporting Information). The signal corresponding to diselenide 19 at δ
368 was fully disappeared. The mixture was extracted with ethyl acetate and purified by column
chromatography. Purification was performed using 40% ethyl acetate/n-pentane as eluent produced
products 20, 21, and 7b.

3-Amino-2-((phenylthio)selanyl)-N-(p-tolyl)benzamide (20): Yield: 18 mg (27%). mp 182-185 oC. 1H NMR
(400 MHz, CDCl3): δ = 2.34 (s, 3H), 6.81 (dd, J = 4, 8.4 Hz, 2H,), 7.05 (s, 1H), 7.09 – 7.20 (m, 6H), 7.34 (d, J

= 8 Hz, 2H), 7.43 ppm (d, J = 6.8 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ = 21.1, 116.6, 116.7, 120.4, 127.6,

128.4, 129.1, 129.2, 129.5, 131.3, 132.6, 134.4, 135.2, 144.3, 149.5, 167.4 ppm. 77Se NMR (76 MHz,
CDCl3): δ = 453 ppm. HRMS (TOF MS ESI) m/z calcd for C20H18N2OSSe [M + Na]+: 437.0198; found:
437.0191.

7-((Phenylthio)amino)-2-(p-tolyl)benzoselenazol-3(2H)-one (21): Yield: 20 mg (30%); mp 155-158 oC. 1H
NMR (400 MHz, CDCl3): δ = 2.33 (s, 3H), 5.77 (s, 1H), 7.04 (d, J = 8 Hz, 1H), 7.19 (d, J = 8.4 Hz, 2H), 7.31

(m, 4H), 7.48 (dd, J = 1.2, 8 Hz, 2H), 7.72 ppm (d, J = 7.6 Hz 1H) (2 proton merge in the solvent). 13C NMR
(100 MHz, CDCl3) : δ = 21.2, 117.6, 121.5, 124.5, 125.3, 127.7, 128.2, 129.5, 129.8, 130.0, 131.5, 136.2,

136.8, 140.7, 141.6 ppm (1 peak missing). 77Se NMR (76 MHz, CDCl3): δ = 856 ppm. HRMS (TOF MS ESI)

m/z calcd for C20H16N2OSSe [M + H]+: 413.0223; found: 413.0228.
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7-Amino-2-[(4-tolyl)-1,2-benzisoselenazol-3(2H)-one (7b): Yield: 5 mg (7%). mp 157-160 oC (lit. 159-162
oC).  The 1H NMR spectrum corresponds to literature.[36]

Mechanistic study of compound 8 with H2O2 and PhSH: To the NMR tube containing compound 8 (50
mg, 0.082 mmol) in 1.0 mL of CDCl3 was added 8 equiv of PhSH (72 μL). The progress of the reaction

was monitored by the 77Se NMR spectroscopy. Further, more total of 16 equiv of PhSH were added
subsequently to the above mixture. The 77Se NMR spectra were recorded after each addition to the NMR
tube. A solution of 6 equiv of H2O2 (40 μL) was added to the above mixture. The NMR spectra were

recorded followed by 77Se NMR spectroscopy. Then another more 6 equiv of H2O2 was added and the
77Se NMR spectrum recorded again. More 12 equiv of H2O2 was added subsequently to the NMR mixture.

All the 77Se NMR spectra were recorded after every addition of the PhSH and H2O2 to the NMR tube. See
the Supporting Information for the NMR spectra of the mixture.

Mechanistic study of diselenide 9 with PhSH and H2O2: To the NMR tube containing diselenide 9 (30 mg,
0.05 mmol) in 0.5 mL of CDCl3 was added 1 equiv of PhSH (5 μL, 0.05 mmol). The progress of the

reaction was followed by the 77Se NMR spectroscopy. The signal corresponding to selenenyl sulfide 10
was observed. Further addition of PhSH in excess (2-4 equiv), selenol peak was appeared in the
spectrum. Thereafter, the signal corresponding to ebselenamine 7a was observed by adding 2 equiv of
H2O2 (12 μL, 0.10 mmol) to the above mixture. Again, addition of extra PhSH (2 equiv) to the above

mixture produced selenenyl sulfide 10 and diselenide 9. All the 77Se NMR spectra were recorded from
time to time with subsequent addition of H2O2 and PhSH. See the Supporting Information for the 77Se
NMR spectra.

Mechanistic Study of diselenide 9 with PhSSPh: The 1.5 equiv of PhSSPh (29 mg, 0.13) was added to the
NMR tube containing diselenide 9 (50 mg, 0.086 mmol) in 0.5 mL of CDCl3. The 77Se NMR recorded next
day. Only the diselenide 9 peak was appeared at 361 ppm. Further, 1.5 equiv of PhSSPh was added to the
above mixture. The 77Se NMR spectra were recorded after each addition to the NMR tube. Now, added
one more equiv (6 μL) of H2O2 in the same reaction mixture. The NMR spectra were recorded followed by
77Se NMR spectroscopy. Then another three more equiv of PhSSPh was added and the 77Se NMR
spectrum recorded again. For the spectra related to kinetic experiment, please see the Supporting
Information.

Mechanistic study of diselenide 19 with H2O2 and PhSH: To the NMR tube containing diselenide 16 (50
mg, 0.082 mmol) in 0.50 mL of DMSO-d6 was added 2 equiv of H2O2 (19 μL, 0.16 mmol) and mixed

together. The oxidation reaction of was followed by the 77Se NMR spectroscopy. Thereafter, observing the
signal corresponding to selenoxide[36], an equimolar of PhSH (16 μL, 0.16 mmol) was added to the above
mixture. Immediately, three new signals corresponding to 20, 21 and 7b were observed in the 77Se NMR
spectrum. See the Supporting Information for the NMR spectrum of the mixture.
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HPLC Peroxidation Assay: The experimental setup for recording inhibition times (Tinh) and inhibited rates

of peroxidation (Rinh) during azo-initiated peroxidation of linoleic acid using AMVN at 42 oC in a two-

phase chlorobenzene/water system has been recently described with slight modifications.[45] Fresh
linoleic acid was used as purchased. The values of Rinh and Tinh reported for reactions performed in the
presence and absence of AscOH in Table 1 are means ± SD based on triplicates. As Rinh- and Tinh- values
indicated slight variations depending on the amount of linoleic acid hydroperoxide which is always
present in commercial samples as an impurity, and increases upon storage. In a fresh sample of linoleic
acid was added small amounts of peroxidized linoleic acid from an older bottle until the concentration, as
assessed by UV spectroscopy of conjugated diene formation at 234 nm was about 170-180 µM.

Coupled Reductase Assay: The GPx-like activities of compounds prepared were determined using UV-
spectroscopy by following the reported protocol with slight modifications.[48] The test mixture contained
GSH (2 mM), ethylene diamine tetra acetate (EDTA, 1 mM), GR (1.65 unit×mL-1), and NADPH (0.4 mM) in
potassium phosphate buffer (100 mM), pH 7.5. Catalysts (80 µM) were added to the test mixture at 21 oC
and the reaction was initiated by addition of H2O2 (1.6 mM). Initial reaction rates were based on the
consumption of NADPH as assessed by UV-spectroscopy at 340 nm. The initial reduction rates were
triplicated and calculated from the first 10 seconds of reaction by using 6.22 mM-1cm-1 as the extinction
coefficient for NADPH. GPx-data reported in Table 1 are means ± SD.

Computational Details: Computational calculations for compounds 10,12 20, and 21 were executed by
using the Gaussian 09 suite of quantum chemical programs.[49] The hybrid Becke 3-Lee-Yang-Parr
(B3LYP) exchange correlation functional was implemented for density functional theory (DFT)
calculations.[50] The geometry optimizations and frequencies were carried out at the B3LYP/6-311+G(d)
basis sets. The quantifications of orbital interaction were done by natural bond analysis at B3LYP/6–
311+G(d,p) level.[51] The 77Se NMR calculations were performed at B3LYP/6-311+G (d,p) level on
B3LYP/6–311+G(d)-level-optimized geometries by using the gauge-including atomic orbital (GIAO)
method (referenced with respect to the peak of Me2Se).[52] 

Declarations
ASSOCIATED CONTENT

Supporting Information

1H, 13C, 77Se NMR and HRMS spectra for all new compounds prepared. Results from 77Se NMR kinetic
studies of compounds prepared and coordinates of optimized geometries. This material is available free
of charge via the Internet.

AUTHOR INFORMATION

Corresponding Authors



Page 16/25

*E-mail: vijay@pu.ac.in 

Notes

The authors declare no competing financial interest

ACKNOWLEDGEMENTS 

We are thankful to the Council of Scientific and Industrial Research (CSIR), New Delhi for financial
support with grant no. 01(3074)/21/EMR-II. MK thanks the CSIR for the SRF fellowships. We also thank
to Mr. Manish Kumar and Mr. Avtar Singh at SAIF, Panjab University, Chandigarh for helpful discussion in
the 77Se NMR kinetic experiments and the Department of Chemistry & Centre of Advanced Studies in
Chemistry, Panjab University, Chandigarh, for infrastructures. 

References
1. a) A. T. Dharmaraja, J. Med. Chem. 2017, 60, 3221–3240; b) X. Ren, L. Zou, J. Lu, A. Holmgren, Free

Radic. Biol. Med. 2018, 127, 238–247.

2. G. E. Arteel, H. Sies, Environ. Toxicol. Pharmacol. 2001, 10, 153–158.

3. A. Polonikov, ACS Infect. Dis. 2020, 6, 1558–1562.

4. M. E. Anderson, Chem. Biol. Interact. 1998, 111–112, 1–14.

5. G. Noctor, G. Queval, A. Mhamdi, S. Chaouch, C. H. Foyer, Arab. B. 2011, 9, 1–32.

6. L. V. Papp, J. Lu, A. Holmgren, K. K. Khanna, Antioxid. Redox Signal. 2007, 9, 775–806.

7. a) J. T. Rotruck, A. L. Pope, H. E. Ganther, A. B. Swanson, D. G. Hafeman, W. G. Hoekstra, Science
1973, 179, 588–590; b) L. Dery, P. S. Reddy, S. Dery, R. Mousa, O. Ktorza, A. Talhami, N. Metanis,
Chem. Sci. 2017, 8, 1922–1926.

8. D. L. Hatfield, M. J. Berry, V. N. Gladyshev, Selenium: Its Molecular Biology and Role in Human Health,
Springer New York, New York, NY, 3rd Ed., 2012.

9. a) R. Brigelius-Flohé, M. Maiorino, Biochim. Biophys. Acta - Gen. Subj. 2013, 1830, 3289–3303; b) F.
M. Maiorino, R. Brigelius-Flohé, K. D. Aumann, A. Roveri, D. Schomburg, L. Flohé, Methods Enzymol.
1995, 252, 38–53; c) P. Mauri, L. Benazzi, L. Flohé, M. Maiorino, P. G. Pietta, S. Pilawa, A. Roveri, F.
Ursini, Biol. Chem. 2003, 384, 575–588; d) B. K. Sarma, G. Mugesh, Org. Biomol. Chem. 2008, 6, 965–
974.

10. L. Orian, P. Mauri, A. Roveri, S. Toppo, L. Benazzi, V. Bosello-Travain, A. De Palma, M. Maiorino, G.
Miotto, M. Zaccarin, A. Polimeno, L. Flohé, F. Ursini, Free Radic. Biol. Med. 2015, 87, 1–14.

11. a) S. S. Zade, H. B. Singh, R. J. Butcher, Angew. Chem. Int. Ed. 2004, 43, 4513–4515; b) V. P. Singh, H.
B. Singh, R. J. Butcher, Chem. Asian J. 2011, 6, 1431–1442.

12. a) M. Iwaoka, S. Tomoda, J. Am. Chem. Soc. 1994, 116, 2557–2561; b) T. G. Back, B. P. Dyck, J. Am.
Chem. Soc. 1997, 119, 2079–2083; c) G. Mugesh, A. Panda, H. B. Singh, N. S. Punekar, R. J. Butcher,
J. Am. Chem. Soc. 2001, 123, 839–850; d) S. K. Tripathi, U. Patel, D. Roy, R. B. Sunoj, H. B. Singh, G.



Page 17/25

Wolmershäuser, R. J. Butcher, J. Org. Chem. 2005, 70, 9237–9247; e) K. P. Bhabak, G. Mugesh, Chem.
Eur. J. 2008, 14, 8640–8651; f) B. K. Sarma, G. Mugesh, Chem. Eur. J. 2008, 14, 10603–10614; g) D.
Bhowmick, S. Srivastava, P. D’Silva, G. Mugesh, Angew. Chem. Int. Ed. 2015, 54, 8449–8453; h) V. P.
Singh, J. Poon, R. J. Butcher, X. Lu, G. Mestres, M. K. Ott, L. Engman, J. Org. Chem. 2015, 80, 7385–
7395.

13. a) H. Fischer, N. Dereu, Bull. des Sociétés Chim. Belges 1987, 96, 757–768; b) J. L. Kice, T. W. S. Lee,
J. Am. Chem. Soc. 1978, 100, 5094–5102.

14. a) T. Saiki, K. Goto, R. Okazaki, Angew. Chem. Int. Ed. 1997, 36, 2223–2224; b) A. Ishii, S.
Matsubayashi, T. Takahashi, J. Nakayama, J. Org. Chem. 1999, 64, 1084–1085; c) K. Goto, M.
Nagahama, T. Mizushima, K. Shimada, T. Kawashima, R. Okazaki, Org. Lett. 2001, 3, 3569–3572.

15. R. Masuda, R. Kimura, T. Karasaki, S. Sase, K. Goto, J. Am. Chem. Soc. 2021, 143, 6345–6350.

16. a) A. Müller, E. Cadenas, P. Graf, H. Sies, Biochem. Pharmacol. 1984, 33, 3235–3239; b) A. Müller, H.
Gabriel, H. Sies, Biochem. Pharmacol. 1985, 34, 1185–1189; c) M. Parnham, H. Sies, Expert Opin.
Investig. Drugs 2000, 9, 607–619.

17. a) A. Wendel, M. Fausel, H. Safayhi, G. Tiegs, R. Otter, Biochem. Pharmacol. 1984, 33, 3241–3245; b)
H. Safayhi, G. Tiegs, A. Wendel, Biochem. Pharmacol. 1985, 34, 2691–2694; c) A. Wendel, G. Tiegs,
Biochem. Pharmacol. 1986, 35, 2115–2118.

18. L. Flohe, W. A. Günzler, H. H. Schock, FEBS Lett. 1973, 32, 132–134;

19. J. T. Rotruck, A. L. Pope, H. E. Ganther, A. B. Swanson, D. G. Hafeman, W. G. Hoekstra, Science 1973,
179, 588–590.

20. a) J. Kil, E. Lobarinas, C. Spankovich, S. K. Griffiths, P. J. Antonelli, E. D. Lynch, C. G. Le Prell, Lancet
2017, 390, 969–979; b) F. Martini, S. G. Rosa, I. P. Klann, B. C. W. Fulco, F. B. Carvalho, F. L. Rahmeier,
M. C. Fernandes, C. W. Nogueira, J. Psychiatr. Res. 2019, 109, 107–117.

21. Z. Jin, X. Du, Y. Xu, Y. Deng, M. Liu, Y. Zhao, B. Zhang, X. Li, L. Zhang, C. Peng, Y. Duan, J. Yu, L. Wang,
K. Yang, F. Liu, R. Jiang, X. Yang, T. You, X. Liu, X. Yang, F. Bai, H. Liu, X. Liu, L. W. Guddat, W. Xu, G.
Xiao, C. Qin, Z. Shi, H. Jiang, Z. Rao, H. Yang, Nature 2020, 582, 289–293.

22. a) K. P. Bhabak, G. Mugesh, Chem. Eur. J. 2007, 13, 4594–4601; b) K. Selvakumar, P. Shah, H. B.
Singh, R. J. Butcher, Chem. Eur. J. 2011, 17, 12741–12755; c) K. Satheeshkumar, G. Mugesh, Chem.
Eur. J. 2011, 17, 4849–4857; d) S. J. Balkrishna, S. Kumar, G. K. Azad, B. S. Bhakuni, P. Panini, N.
Ahalawat, R. S. Tomar, M. R. Detty, S. Kumar, Org. Biomol. Chem. 2014, 12, 1215–1219; e) A. J.
Pacuła, J. Ścianowski, K. B. Aleksandrzak, RSC Adv. 2014, 4, 48959–48962; f) M. Elsherbini, W. S.
Hamama, H. H. Zoorob, J. Heterocycl. Chem. 2018, 55, 1645–1650; g) R. Kadu, M. Batabyal, H.
Kadyan, A. L. Koner, S. Kumar, Dalt. Trans. 2019, 48, 7249–7260.

23. a) Z. Chen, H. Lai, L. Hou, T. Chen, Chem. Commun. 2020, 56, 179–196; b) K. N. Sands, T. A. Tuck, T.
G. Back, Chem. Eur. J. 2018, 24, 9714–9728; c) M. Álvarez-Pérez, W. Ali, M. Marć, J. Handzlik, E.
Domínguez-Álvarez, Molecules 2018, 23, 628.

24. a) G. Mugesh, H. B. Singh, Chem. Soc. Rev. 2000, 29, 347–357; b) K. P. Bhabak, G. Mugesh, Acc.
Chem. Res. 2010, 43, 1408–1419; c) A. C. Ruberte, C. Sanmartin, C. Aydillo, A. K. Sharma, D. Plano, J.



Page 18/25

Med. Chem. 2020, 63, 1473–1489.

25. a) A. J. Mukherjee, S. S. Zade, H. B. Singh, R. B. Sunoj, Chem. Rev. 2010, 110, 4357–4416; b) K.
Selvakumar, H. B. Singh, Chem. Sci. 2018, 9, 7027–7042.

26. M. J. Parnham, J. Biedermann, C. Bittner, N. Dereu, S. Leyck, H. Wetzig, Agents Actions 1989, 27,
306–308.

27. V. P. Singh, J. Poon, J. Yan, X. Lu, M. K. Ott, R. J. Butcher, P. J. Gates, L. Engman, J. Org. Chem. 2017,
82, 313–321.

28. V. P. Singh, H. B. Singh, R. J. Butcher, Eur. J. Org. Chem. 2011, 5485–5497.

29. a) L. Valgimigli, D. A. Pratt, Acc. Chem. Res. 2015, 48, 966–975; b) J. Poon, D. A. Pratt, Acc. Chem.
Res. 2018, 51, 1996–2005.

30. a) J. J. Hanthorn, L. valgimigli, D. A. Pratt, J. Am. Chem. Soc. 2012, 134, 8306-8309; b) R. Shah, E. A.
Haidasz, L. valgimigli, D. A. Pratt, J. Am. Chem. Soc. 2015, 137, 2440-2443.

31. a) G. W. Burton, K. U. Ingold, Acc. Chem. Res. 1986, 19, 194–201; b) E. Niki, N. Noguchi, Acc. Chem.
Res. 2004, 37, 45–51; c) K. U. Ingold, D. A. Pratt, Chem. Rev. 2014, 114, 9022–9046.

32. a) V. P. Singh, J. Poon, L. Engman, J. Org. Chem. 2013, 78, 1478–1487; b) V. P. Singh, J. Poon, L.
Engman, Org. Lett. 2013, 15, 6274–6277; c) J. Poon, V. P. Singh, J. Yan, L. Engman, Chem. Eur. J.
2015, 21, 2447–2457; d) J. Poon, J. Yan, K. Jorner, H. Ottosson, C. Donau, V. P. Singh, P. J. Gates, L.
Engman, Chem. Eur. J. 2018, 24, 3520–3527; e) J. Poon, J. Yan, V. P. Singh, P. J. Gates, L. Engman,
Chem. Eur. J. 2016, 22, 12891–12903; f) V. P. Singh, J. Yan, J. Poon, P. J. Gates, R. J. Butcher, L.
Engman, Chem. Eur. J. 2017, 23, 15080–15088; g) S. Kumar, J. Yan, J. Poon, V. P. Singh, X. Lu, M.
Karlsson Ott, L. Engman, S. Kumar, Angew. Chem. Int. Ed. 2016, 55, 3729–3733.

33. a) S. Kumar, H. Johansson, L. Engman, L. Valgimigli, R. Amorati, M. G. Fumo, G. F. Pedulli, J. Org.
Chem. 2007, 72, 2583–2595; b) S. Kumar, H. Johansson, T. Kanda, L. Engman, T. Müller, H.
Bergenudd, M. Jonsson, G. F. Pedulli, R. Amorati, L. Valgimigli, J. Org. Chem. 2010, 75, 716–725; c) H.
Johansson, D. Shanks, L. Engman, R. Amorati, G. F. Pedulli, L. Valgimigli, J. Org. Chem. 2010, 75,
7535–7541.

34. a) R. Amorati, L. Valgimigli, P. Dinér, K. Bakhtiari, M. Saeedi, L. Engman, Chem. Eur. J. 2013, 19,
7510–7522; b) T. Marino, A. Galano, G. Mazzone, N. Russo, J. R. Alvarez-Idaboy, Chem. Eur. J. 2018,
24, 8686–8691.

35. M. Kumar, B. Chhillar, M. Yadav, P. Sagar, N. K. Singhal, P. J. Gates, R. J. Butcher, V. P. Singh, Org.
Biomol. Chem. 2021, 19, 2015–2022.

36. M. Kumar, M. Yadav, B. Chhillar, V. P. Singh, Asian J. Org. Chem. 2021, 10, 1492–1499.

37. C. Boulègue, M. Löweneck, C. Renner, L. Moroder, ChemBioChem 2007, 8, 591–594.

38. I. L. Dalinger, T. I. Cherkasova, S. S. Vorob"ev, A. V Aleksandrov, G. P. Popova, S. A. Shevelev, Russ.
Chem. Bull. 2001, 50, 2401–2405.

39. S. G. Tajc, B. S. Tolbert, R. Basavappa, B. L. Miller, J. Am. Chem. Soc. 2004, 126, 10508–10509.



Page 19/25

40. a) K. Selvakumar, H. B. Singh, N. Goel, U. P. Singh, R. J. Butcher, Chem. Eur. J. 2012, 18, 1444–1457;
b) K. Selvakumar, H. B. Singh, R. J. Butcher, Chem. Eur. J. 2010, 16, 10576–10591.

41. a) B. Kersting, M. DeLion, Zeitschrift für Naturforsch. B 1999, 54, 1042–1047; b) S. S. Zade, S. Panda,
S. K. Tripathi, H. B. Singh, G. Wolmershäuser, Eur. J. Org. Chem. 2004, 3857–3864; c) G. Roy, G.
Mugesh, J. Am. Chem. Soc. 2005, 127, 15207–15217.

42. D. Bhowmick, G. Mugesh, Org. Biomol. Chem. 2015, 13, 10262–10272.

43. a) M. Iwaoka, S. Tomoda, J. Am. Chem. Soc. 1996, 118, 8077–8084; b) T. Wirth, G. Fragale, M.
Spichty, J. Am. Chem. Soc. 1998, 120, 3376–3381; c) M. Iwaoka, H. Komatsu, T. Katsuda, S. Tomoda,
J. Am. Chem. Soc. 2004, 126, 5309–5317.

44. B. K. Sarma, G. Mugesh, J. Am. Chem. Soc. 2005, 127, 11477–11485.

45. a) D. Shanks, R. Amorati, M. G. Fumo, G. F. Pedulli, L. Valgimigli, L. Engman, J. Org. Chem. 2006, 71,
1033–1038; b) S. Kumar, H. Johansson, L. Engman, L. Valgimigli, R. Amorati, M. G. Fumo, G. F.
Pedulli, J. Org. Chem. 2007, 72, 2583–2595; c) S. Kumar, H. Johansson, T. Kanda, L. Engman, T.
Müller, H. Bergenudd, M. Jonsson, G. F. Pedulli, R. Amorati, L. Valgimigli, J. Org. Chem. 2010, 75,
716–725; d) H. Johansson, D. Shanks, L. Engman, R. Amorati, G. F. Pedulli, L. Valgimigli, J. Org.
Chem. 2010, 75, 7535–7541.

46. J. Helberg, D. A. Pratt, Chem. Soc. Rev. 2021, 50, 7343–7358.

47. H. J. Reich, R. J. Hondal, ACS Chem. Biol. 2016, 11, 821–841.

48. S. R. Wilson, P. A. Zucker, R. R. C. Huang, A. Spector, J. Am. Chem. Soc. 1989, 111, 5936–5939.

49. Gaussian 09, Revision d.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P.
Hratchian,A. F. Izmaylov, J. Bloino, G. Zheng,J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A.
Montgomery, Jr. J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K.N. Kudin, V. N.
Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G.A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A.
D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian, Inc., Wallingford
CT, 2013.

50. a) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789; b) A. D. Becke, J. Chem. Phys. 1993,
98, 5648–5652.

51. a) A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899–926; b) F. Weinhold, Natural Bond
Orbital (NBO), version 5.0.

52. C. A. Bayse, Inorg. Chem. 2004, 43, 1208–1210.

Supplementary Figures And Table



Page 20/25

Table S1 and Figures S1-S23 are not available with this version.

Figures

Figure 1

Some representative organoselenium GPx mimetics (1-6) and radical-trapping antioxidants (7a-d)

Figure 2



Page 21/25

Peroxidation traces (conjugated diene formation versus time) recorded in the absence i.e. control and
presence of antioxidant 21 in the lipid layer and AscOH in the aqueous phase.

Figure 3

The GPx-like activities of measured by plotting the absorbance of NADPH-consumption versus time

Figure 4
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Scheme 1. Reaction of 8 with PhSH and H2O2 followed by the 77Se NMR spectroscopy

Figure 5

Scheme 2. Proposed mechanism for compound 12 from diselenide 9 via intermediate 11
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Figure 6

Scheme 3. Mechanistic study of diselenide 9 with PhSH and H2O2

Figure 7

Scheme 4. Disproportionation of 10 into diselenide 9 and PhSSPh, and further reaction produced 12 via
the unstable intermediate 11

Figure 8

Scheme 5. Reaction of diselenide 19 with H2O2 and PhSH
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Figure 9

Scheme 6. The 77Se NMR mechanistic study of compound 8 with PhSH and H2O2

Figure 10

Scheme 7. Proposed mechanism for the radical-trapping antioxidant activity of  12
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