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A concise and efficient, two-step approach toward 4-organoselenyl coumarin derivatives from the easily
available 4-hydroxycoumarins, is reported. The synthesis was based on conventional tosylation followed
by a tandem selena-Michael addition/b-elimination reaction of an aryl-/benzyl-selenolate anion on the
corresponding 4-tosyloxycoumarins. The selenolate anions were conveniently generated in situ by expo-
sure of the corresponding diselenides to NaBH4. Selected compounds demonstrated to exhibit antioxi-
dant properties in mice cortex and hippocampus.

� 2017 Published by Elsevier Ltd.
The coumarin nucleus, which embodies an a,b-unsaturated lac-
tone motif, is a biologically relevant and highly privileged struc-
ture, which is found in numerous natural products and bioactive
compounds, including pharmaceuticals.1 Despite substituted cou-
marins have shown to exhibit a wide array of biological activities,
including anticoagulant,2a antibacterial,2b antiviral,2c and anti-
inflammatory,2d they have recently emerged as scaffolds for
antioxidant and anticancer compounds.

On the other hand, selenium is an important trace element
found in glutathione reductase, thioredoxin reductase, glutathione
peroxidase and other enzymatic systems, where it is known to play
a key biological role as antioxidant; for example, by converting
H2O2 into H2O.3a–c In addition, selenium derivatives have numer-
ous valuable properties, useful in organic synthesis. Among them,
the selenolates are interesting because they are prone to engage
in Michael additions to a,b-unsaturated carbonyls3d,3e and other
species, forming new CASe bonds.

A small array of coumarin derivatives diversely decorated with
selenium functionalities has been prepared and some of them have
shown to exhibit valuable properties (Fig. 1). Among the heterocy-
cles designed for analytical purposes, a 3-arylselenium 3,4-dihy-
drocoumarin proved to be useful as a fluorescence probe to
detect HClO/ClO�,4a,4b and a coumarin–Se2N chelating conjugate
has been synthesized and characterized as a fluorescent chemosen-
sor for Ag+, taking advantage of both, the high photostability of the
coumarin fluorophore and the high selenophilicity of the silver
cation.4c Further, two coumarin-labelled derivatives of ebselen
were designed as fluorescence probes, suitable for biological and
medicinal studies.4d

Other 3,4-dihydrocoumarins containing a C-3 associated sele-
nium atom have been prepared as antitumor agents5a and as inter-
mediates during the solid-phase synthesis of coumarins. In the
latter case, the seleniummoiety was part of the tether, strategically
lost in the last stage, by selenoxide elimination.5b,5c

7-Phenylselenyl coumarines have also been accessed by arylation
of selenocysteine5d and solid-phase methodologies.5e

3-Organoselenyl coumarines6a,6b have been synthesized by
Lewis acid-mediated cyclizations and the access to 4-hydroxy
selenocoumarins has also been disclosed.6c,6d In addition,
selenopheno[2,3-f]coumarin have been prepared,7a whereas
selenopheno[3,2-g]coumarins and selenopheno[3,2-g]thio- and
seleno-coumarins have been synthesized as psoralen analogs,
which exhibited high photoactivity toward DNA, being potentially
useful for treatment of skin diseases.7b,7c
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Scheme 2. Reagents and conditions: (a) NCS, TsOH�H2O, MeCN, r.t. 4 h (70%); (b)
HNa, Me2CO3, PhMe, reflux, 4 h (82%); (c) Meldrum’s acid, 3 h, 110 �C (100%); (d)
Eaton’s reagent, 70 �C, 4 h (72%).
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PhSH, I2, DMSO, 80 �C, 3 h (R2 = PhS), (b) TsCl, Et3N, CH2Cl2, r.t., overnight. For
product yields, see Table 1.
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The synthesis of condensed selenophenes, including seleno-
pheno[3,2-c]coumarins has been disclosed.7d In addition, 4-
seleno-derivatives of 3-formylcoumarin were prepared as
potential starting materials for the synthesis of condensed
coumarins incorporating selenium-containing heterocyclic
rings.7e The corresponding selenopheno[2,3-c]coumarins7f were
more recently synthesized and proven to be cytotoxic, also acting
as angiogenesis and matrix metalloproteinase (MMP-1–MMP-14)
inhibitors, as well as antioxidant and pro-oxidant agents.

For many years, we have been engaged in the development of
new synthetic methodologies involving selenium species8 and in
the selenofunctionalization of privileged structures,9 including
their applications to natural product synthesis.10 In continuation
of our research on the preparation of potentially useful selenium
derivatives, herein we report a facile and convenient access to 4-
selenocoumarin derivatives 1, through the addition-elimination
of organoselenolates with tosylates 3, derived from 4-hydroxy cou-
marins (2), as shown in Scheme 1. Despite its potential utility in
organic synthesis, precedents on this type of reaction involving
selenium derivatives are extremely scarce.11 The activity of
selected heterocycles as antioxidants is also reported.

Coumarin (2a) is commercial. The simplest starting 4-hydroxy-
coumarins (2b,c) were synthesized (Scheme 2) according to the lit-
erature. For example, 2-hydroxyacetophenone (4) was submitted
to a highly para-regioselective TsOH-promoted chlorination with
NCS,12 and the resulting 4-chloroderivative 5, obtained in 70%
yield, was exposed to NaH and treated further with dimethyl car-
bonate, affording 82% of 2b.13 On the other hand, the reaction of
ortho-cresol (6) with Meldrum’s acid (7) gave quantitative yield
of 8,14a which was cyclized with Eaton’s reagent (P2O5-MeSO3H,
1:10, w/w) to furnish 72% of the coumarin 2c.14

In order to increase substrate diversity and explore the scope
and limitations of the proposed synthetic approach, the coumarins
2a–c were next functionalized on C-3 (Scheme 3), introducing
potentially labile groups. Thus, 2a–c were brominated with NBS/
NH4AcO in MeCN,15a,15b to furnish 2d–f in 87–92% yield. In addi-
tion, they were submitted to a mild thioarylation with the PhSH/
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Scheme 1. Proposed reaction sequence toward the 4-selenocoumarins 1.
I2 reagent system.15c,15d This afforded 75–92% of the derivatives
2g–i through an in-situ generation/ cleavage of diphenyldisulfide,
followed by CAS bond formation.

In order to complete the sequence and to acquire the proposed
heterocyclic acceptors, the whole set of coumarins was then sub-
jected to a conventional tosylation, with TsCl in CH2Cl2, employing
Et3N as base. This afforded the required tosylates 3a–i in 51–94%
yield, as summarized in Table 1.15e

In general, the tosylation of the substrates carrying the 3-phe-
nylthio moiety proceeded in lower yield (entries 7–9), probably
as a result of steric hindrance; it was also observed that, unexpect-
edly, the transformations of the 8-methylcoumarin derivatives
were less efficient (entries 3, 6 and 9), being outperformed by their
6-chloro congeners (entries 2, 5 and 8).

Next, the tosylates 3a–i were submitted to the projected sele-
nium addition-elimination reaction. Organoselenols are highly
volatile and air-sensitive compounds; in addition, their unpleasant
smell may result in a safety issue. Therefore, the reactions of the
tosylates were performed with organoselenolate anions (R3Se�),
generated in situ by reaction of the corresponding diselenides with
NaBH4.16 The transformation (Table 2), which was carried out in
THF-EtOH,17 smoothly afforded the expected 4-aryl/benzyl seleno-
coumarins 1aa–1cl in 30 min; these mild conditions ensured sur-
vival of the lactone moiety.18

It has been reported that Michael addition of benzeneselenol to
a-bromo-a,b-unsaturated esters results in the formation of a-bro-
moselenides, presumably via intramolecular migration of the ben-
zeneselenyl group in an initially-formed a-bromo-b-benzene
selenylalkanoate through the intermediacy of a cyclic seleniranium
ion.19 No such transformation was observed during this study, pos-
sibly because of the presence of the tosyloxy moiety, which offered
an alternative pathway to the reaction.

It was also observed that, in general, the reactions carried out
with benzylselenolate (entries 4, 8, 12, 16, 20, 24, 28 and 36) gave
lower performances that those with their less nucleophilic arylse-
lenolate congeners, whereas unexpectedly the reactions of entries
17, 18 and 32 proceeded in low yields, furnishing complex
mixtures. In addition, no clear tendencies were observed with
regard to the product yields resulting from the reactions with the
different arylselenolates. Interestingly, however, to the best of



Table 2
Synthesis of the 4-arylselenocoumarins 1 by one-pot selena-Michael addition/b-elimination of tosylates 3 with organoselenolate anions R3Se� in THF-EtOH.21
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Entry no. Starting Tosylate no. R1 R2 R3 Product no. Yield (%)a

1 3a H H Ph 1aa 81
2 3a H H 4Cl-C6H4 1ab 77
3 3a H H 4Me-C6H4 1ac 73
4 3a H H Bn 1ad 72
5 3b Cl H Ph 1ae 84
6 3b Cl H 4Cl-C6H4 1af 64
7 3b Cl H 4Me-C6H4 1ag 70
8 3b Cl H Bn 1ah 22
9 3c Me H Ph 1ai 74
10 3c Me H 4Cl-C6H4 1aj 80
11 3c Me H 4Me-C6H4 1ak 64
12 3c Me H Bn 1al 56
13 3d H Br Ph 1ba 85
14 3d H Br 4Cl-C6H4 1bb 74
15 3d H Br 4Me-C6H4 1bc 78
16 3d H Br Bn 1bd 48
17 3e Cl Br Ph 1be –b

18 3e Cl Br 4Cl-C6H4 1bf –b

19 3e Cl Br 4Me-C6H4 1bg 74
20 3e Cl Br Bn 1bh 42
21 3f Me Br Ph 1bi 77
22 3f Me Br 4Cl-C6H4 1bj 70
23 3f Me Br 4Me-C6H4 1bk 72
24 3f Me Br Bn 1bl 53
25 3g H SPh Ph 1ca 80
26 3g H SPh 4Cl-C6H4 1cb 74
27 3g H SPh 4Me-C6H4 1cc 66
28 3g H SPh Bn 1cd 42
29 3h Cl SPh Ph 1ce 79
30 3h Cl SPh 4Cl-C6H4 1cf 74
31 3h Cl SPh 4Me-C6H4 1cg 80
32 3h Cl SPh Bn 1ch -b

33 3i Me SPh Ph 1ci 68
34 3i Me SPh 4Cl-C6H4 1cj 66
35 3i Me SPh 4Me-C6H4 1ck 56
36 3i Me SPh Bn 1cl 42

a Isolated yields after column chromatography.
b Complex mixture.

Table 1
Functionalization of the 4-hydroxycoumarins 2a–c and synthesis of the tosylates 3a–i.

Entry no. Starting material R1 C-3 Product R2 Yield (%)a Tosylate no. Yield (%)a

1 2a H H 3a 94
2 2b 6-Cl H 3b 79
3 2c 8-Me H 3c 68
4 2a H 2d Br 92 3d 91
5 2b 6-Cl 2e Br 91 3e 57
6 2c 8-Me 2f Br 87 3f 53
7 2a H 2g PhS 92 3g 79
8 2b 6-Cl 2h PhS 75 3h 53
9 2c 8-Me 2i PhS 88 3i 51

a Isolated yields after column chromatography.

G. Padilha et al. / Tetrahedron Letters 58 (2017) 985–990 987
our knowledge, this approach toward 4-selenocoumarins has not
been previously disclosed, the nearest analogy being the displace-
ment of a vinylic chloride in 4-chlorocoumarins, employing the
less readily available PhSeZnCl as selenium source.20

The exact details of the reaction mechanism are still unclear.
Alkenes bearing electron withdrawing groups can react with
nucleophiles in a conjugate fashion, generating a stabilized anion.
If the b-carbon carries a suitable leaving group, its displacement
can further stabilize the system by regenerating the conjugated
system. On the other side, direct substitution of phenolic tosylates
with phenylselenols has some recent precedents;22 however, it can
be proposed instead that the transformation takes place as shown
in Scheme 4, through a sequential selena-Michael addition/b-elim-
ination process.
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In this case, the in situ generated highly nucleophilic selenium
anion should attack the conjugated double bond system of the
heterocycle 3 to afford the anion of a ketene acetal type intermedi-
ate (i), which could rapidly regenerate the ene-lactone motif with
concomitant release of tosylate anion, furnishing 1.23

The group of Rappoport examined the nucleophilic substitution
of vinylic halides, finding that the electrophilicity of the b-carbon
atom determines the reaction rate. The latter increases with the
electronegativity of the b-substituent, because it renders the b-car-
bon more electrophilic. Interestingly, its leaving group ability
increases in the reverse order.24

Sulfonates are ideal partners for this transformation. Conju-
gated enol tosylates have been used as reactants in Michael addi-
tion-elimination sequences.25a including in the synthesis of other
vinylic chalcogenides.25b In principle, the addition is a reversible
process, and hetero-Michael reactions have been shown to be
useful means for functionality transfer between other
heteroatom-supported functionalities.26 Further, this kind of trans-
formation is at the heart of many biochemical and toxicological
mechanisms27 and has been employed as a chemical mechanism
for the detection of biothiols.20b

However, the leaving group ability of the tosylate which should
also favor the reaction, may turn the selena-Michael addition irre-
versible because despite being a less favored leaving group, once it
undergoes elimination, it is unable to compete with the selenolate
anion, in attacking the heterocycle 1 and regenerate the starting
tosylate.

Next, we turned our attention to the antioxidant activity of
these heterocycles, selecting compounds 1bj, 1aj, 1cb and 1bc
as models. Antioxidants protect biological targets against oxida-
Table 3
Antioxidant activity of compounds 1bj, 1aj, 1cb and 1bc in the assay of inhibition of RS in

Comp. no. Place Compound concentration (lM)

0.01 0.1 1

1bj Cortex 101.9 ± 3.2 81.5 ± 8.0⁄⁄ 72.1 ± 12.5⁄⁄⁄

1aj Cortex 109.6 ± 10.2 72.0 ± 11.2⁄⁄ 55.1 ± 13.8⁄⁄⁄

1cb Cortex – – 92.5 ± 9.6
1bc Cortex – 95.6 ± 6.3 54.5 ± 3.9⁄⁄⁄

1bj Hippocampus – – 76.3 ± 7.7
1aj Hippocampus – – 86.0 ± 1.7
1cb Hippocampus – – 94.0 ± 0.7
1bc Hippocampus – 118.3 ± 10.6 43.4 ± 9.3⁄⁄⁄

Data are expressed as mean ± SD (n = 4) of% reactive species production; IC50 = concen
denote p < 0.05 (⁄); p < 0.01 (⁄⁄) and p < 0.001 (⁄⁄⁄), when compared to the NaN3-induc

Table 4
Antioxidant activity of compound 1bc in the TBARS assay, in mice brain tissues (cortex an

Tissue Compound concentration (lM)

1 5 10

Cortex 118.9 ± 11.9 92.3 ± 13.5⁄ 14.6 ±
Hippocampus 111.2 ± 9.9 72.6 ± 3.6⁄⁄ 51.5 ±

Data are expressed as mean ± SD (n = 4) of% lipid peroxidation; IC50 = concentration (lM
p < 0.05 (⁄); p < 0.01 (⁄⁄) and p < 0.001 (⁄⁄⁄), when compared to the SNP-induced oxida
tive damage caused by reactive species (RS). The oxidative stress
phenomenon is found in several psychiatric disorders, such as
major depression, schizophrenia and anxiety,28a also being at
the root of many other diseases; hence, antioxidants are widely
used as prevention agents against oxidative damage. NaN3 is cap-
able to induce RS such as H2O2 and OH. These species can be
determined intracellularly using dichlorodihydrofluorescein-2,7-
diacetate (DCFH-DA),28b a non-fluorescent reagent that diffuses
readily through the cell membranes, being cleaved by esterases
to DCF. In the presence of RS, mainly H2O2, DCF is oxidized to
its fluorescent form, which can be measured by
spectrofluorimetry.

When the levels of RS formed in cortex and hippocampus of
mice were determined with DCHF-DA,29 it was observed (Table 3)
that in the cortex compounds 1bj and 1aj significantly decreased
the levels of RS formation at 0.1 lM, while compound 1bc did
the same at 1 lM and compound 1cb acted similarly at 5 lM.
Interestingly, the effectivity of the protection against formation
of RS was different in the hippocampus, where 1bj, 1aj and 1cb sig-
nificantly decreased the levels of RS at 5 lM, while compound 1bc
produced meaningful results at 1 lM.

Furthermore, among the tested compounds, 1bc proved to be
the most potent, exhibiting the lowest IC50 values in cortex
(1.0 ± 0.2 lM) and hippocampus (2.7 ± 2.0 lM). In addition, it also
demonstrated to be the most efficient, with the highest Imax values
for the cortex (93.1 ± 0.3 lM) and hippocampus (81.4 ± 1.1 lM).

Lipid peroxidation entails an oxidative deterioration of lipids
containing carbon–carbon double bonds. In biological systems, this
process can lead to various pathological consequences.30 The brain
is more susceptible to oxidative stress than other organs due to its
important oxygen consumption and high iron content in some
areas, combined with the presence of large amounts of unsaturated
fatty acids.

Increased neuronal oxidative stress levels cause deleterious
effects on signal transduction and structural plasticity, mostly by
inducing lipid peroxidation in membranes, proteins and genes.31

Therefore, to further determine the antioxidant profile of the
compounds, their inhibitory effect on the sodium nitroprusside
(SNP)-induced lipid peroxidation was also determined in mice
brain tissue (cortex and hippocampus) through the formation of
cortex and hippocampus of mice.

IC50 (lM) Imax (%)

5 10 50

44.3 ± 6.7⁄⁄⁄ 37.4 ± 8.3⁄⁄⁄ 29.6 ± 11.4⁄⁄⁄ 4.4 ± 1.2 67.8 ± 11.4
53.2 ± 4.6⁄⁄⁄ 24.5 ± 11.2⁄⁄⁄ 18.3 ± 6.6⁄⁄⁄ 6.8 ± 1.1 72.7 ± 9.9
53.5 ± 3.0⁄⁄ 48.0 ± 7.9⁄⁄ 20.9 ± 10.3⁄⁄⁄ 19.0 ± 19.5 63.3 ± 10.3
39.6 ± 3.8⁄⁄⁄ 28.6 ± 4.8⁄⁄⁄ 29.4 ± 5.0⁄⁄⁄ 1.0 ± 0.2 93.1 ± 0.3

54.2 ± 16.1⁄⁄ 44.0 ± 18.7⁄⁄ 39.9 ± 18.0⁄⁄ 21.6 ± 26.4 47.3 ± 9.2
77.9 ± 9.0⁄ 75.5 ± 5.3⁄⁄ 18.4 ± 15.2⁄⁄⁄ 39.3 ± 1.0 46.2 ± 11.2
71.5 ± 3.7⁄⁄ 71.9 ± 2.9⁄⁄ 53.3 ± 7.7⁄⁄⁄ – 35.6 ± 8.4
32.6 ± 9.8⁄⁄⁄ 47.2 ± 10.9⁄⁄⁄ 21.3 ± 2.2⁄⁄⁄ 2.7 ± 2.0 81.4 ± 1.1

tration (lM) to decrease 50% RS formation; Imax = % maximal inhibition; asterisks
ed oxidation, by the Student-Newman-Keuls test.

d hippocampus).

IC50 (lM) Imax (%)

50

4.2⁄⁄⁄ 18.3 ± 2.6⁄⁄⁄ 8.0 ± 1.0 80.4 ± 2.7
17.6⁄⁄⁄ 19.0 ± 3.5⁄⁄⁄ 7.3 ± 1.5 85.3 ± 3.4

) to decrease 50% of lipid peroxidation; Imax = % maximal inhibition; asterisks denote
tion, by the Student-Newman-Keuls test.
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thiobarbituric acid reactive substances (TBARS).32 It was observed
that compounds 1bj, 1aj and 1cbwere not effective even at 50 lM,
whereas 1bc significantly decreased the levels of lipid peroxidation
at a 5 lM concentration. It also exhibited good IC50 values for the
assays in both, cortex (8.0 ± 1.0 lM) and hippocampus
(7.3 ± 1.5 lM), and displayed high Imax values (93.1 ± 0.3 lM for
cortex and 81.4 ± 1.1 lM for hippocampus), as depicted in Table 4.
These results suggest that incorporation of selenium functionali-
ties into certain coumarin structures can increase their potential
as antioxidant agents.

In conclusion, we have developed a facile and convenient
approach toward 4-organoselenyl coumarins from 4-hydroxy cou-
marin tosylates, using the corresponding diorgano diselenides as
selenium sources. The transformation seems to proceed through
a one-pot sequential selena-Michael addition/b-elimination mech-
anism, with tosylate as the leaving group.

The reaction is carried out at room temperature, where it is tol-
erant to different substituents on the coumarin ring, including sen-
sitive halides and the phenylthio moiety, and delivers the expected
products, that may otherwise be more difficult to obtain in a single
step. The easy availability of the starting materials and the mild
reaction conditions turn the proposed procedure amenable to use
in synthetic organic chemistry. In addition, the observed results
of the biological tests on mice brain tissue of cortex and hippocam-
pus indicate that the 4-selenocoumarin derivatives have antioxi-
dant properties.
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