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The syntheses of the three selenenium cations 17–19 derived
from N-[n-butyl-(3-nitrobenzylimino)]phenyl selenide (14)
are described. Precursor 14 was synthesized by treating N-
(2-bromo-3-nitrobenzylimino)benzene (12) with in situ gen-
erated nBuSeNa. The selenenium cation 17 with chloride as
counteranion was isolated when 14 was treated with sulfuryl
chloride (SO2Cl2) in the presence of triethylamine (Et3N).
The selenenium cations with bromide (18) and tribromide
(19) as counteranions, were synthesized by treating 14 with
Br2 in the presence of Et3N. Reaction of 19 with thiophenol
afforded two unexpected products: the cyclic diselenide 20
and the bicyclic selenide 21. Oxidation of 18 with hydrogen
peroxide afforded the ebselen derivative, 2-(4-bromophen-
yl)-7-nitro-1,2-benzisoselenazol(2H)-3-one Se-oxide (22).
The presence of nonbonding Se···O/Se–N intramolecular in-
teractions in 18 and 19 have been confirmed by single-crystal

Introduction
Organoselenium compounds stabilized by intramolecular

nonbonding interactions have attracted considerable inter-
est as chiral reagents in asymmetric organic synthesis,[1,2]

and selenoenzyme glutathione peroxidase (GPx) mi-
metics.[3] Ebselen [PZ 51, 2-phenyl-1,2-benzisoselenazol-3-
(2H)-one], a Se–N heterocyclic compound is a clinically
useful antioxidant and antiinflammatory agent.[3f,3i,4] Re-
cently, much attention has been directed towards the syn-
thesis of several other organoselenium compounds that
mimic the activity of GPx.[5–11] Electrophilic selenium rea-
gents (ArSe+X–, where X = F, Cl, Br, BF4, OTf, SbF6, PF6,
OSO3H)[2,12] are often utilized for the functionalization of
olefins. For example, addition of selenium electrophiles 2 to
alkenes leads to the formation of intermediate seleniranium
ions 3 (Scheme 1).[2,12b] These intermediates are then at-
tacked by nucleophiles from the anti side leading to selen-
ides 4. For better reactivity and improved selectivity to-
ward olefins/acetylenes, several in situ generated selenenium
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X-ray studies. Glutathione peroxidase-like antioxidant ac-
tivities of 17–19 and related compounds have been deter-
mined by the coupled reductase assay. It is proved that the
high GPx-like activities of cations involve the formation of
corresponding intermediate selenoxide in the catalytic cycle.
The isolated selenoxide 22 shows the highest GPx-like ac-
tivity among the series of compounds. The compounds have
been further investigated by density functional theory calcu-
lations at the B3LYP level of theory using the 6-31+G(d) basis
set to identify nonbonding Se···O/N interactions. The second
perturbation energy was obtained through natural bond or-
bital (NBO) analysis and NBO charges were calculated to as-
certain the positive charge at the selenium atom. Nucleus-
independent chemical shifts (NICS) calculations have also
been carried out.

ions (ArSe+X–) having both intramolecular coordi-
nating groups and noncoordinating anions (BF4

–, OTf–,
PF6

–, OSO3H–, SbF6
–, SbCl6–) have been em-

ployed.[12b,12c,12j,12n,13]

Although participation of selenenium cations (ArSe+)
has been postulated in all addition reactions of olefins/
acetylenes, its isolation and characterization is limited to
one notable study by Furukawa and coworkers.[14a] The
group was the first to demonstrate the isolation and struc-
tural characterization of organoselenenium ion 5 (Figure 1)
which was synthesized by the reaction of 2,6-bis[(dimethyla-
mino)methyl]phenyl methyl selenide with tBuOCl/KPF6.
Ion 5 has also been prepared by Poleschner and Seppelt by
reacting the precursor selenide with XeF2/KPF6.[12g] More
recently, the group has succeeded in isolating and structur-
ally characterizing the elusive addition intermediate, selenir-
enium ions 6 and its tellurium analogue with bulky, nonco-
ordinating counteranions.[13] Both are stable enough for iso-
lation under argon, however, decompose within a week to a
significant extent. Very recently, transfer of in situ generated
seleniranium group 7 from one olefin to another, has been
observed by Denmark et al. using NMR spectroscopy.[14b]

Back and coworkers have reported the synthesis of a SeIV

cation with chloride as counteranion where selenium is co-
valently bonded to two aryl carbons, one nitrogen atom and
intramolecularly coordinated to an amide oxygen.[15]
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Scheme 1. Preparation of seleniranium cations 3.

Figure 1. Selenium cations and some other organoselenium compounds stabilized by intramolecularly coordinating groups.

Our group has a long standing interest in the synthesis
and reactivity of organochalcogens stabilized by a single
intramolecularly coordinating group.[16] More recently, we
have initiated a program to study the structure and reacti-
vity of organoselenenyl derivatives having two ortho-coordi-
nating groups.[16c–16e] Attempted isolation of diselenide 8
having two ortho-amide groups, afforded much sought after
ebselen derivative 5-tert-butyl-2-phenyl-7-(phenylcarbam-
oyl)benzisoselenazol-3(2H)-one (9) stabilized by coordina-
tion of an amide group.[16d] Similarly, an attempted haloge-
nation reaction of diselenide 10 led to the isolation of novel
selenium (II) ester 11 stabilized by the ortho-formyl
group.[16e] Extending the concept, we planned to isolate
similar diselenides having two different coordinating groups
ortho to the selenium such as substrate N-(2-bromo-3-nitro-
benzylimino)benzene (12), with nitro and imine (–CH=N–)
groups and compare its reactivity with diselenides 8 and 10
having symmetrical coordinating groups. Herein, we report
the attempted synthesis of the diselenide 13 and its se-
lenenyl halide derivatives.
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Results and Discussion

Attempted synthesis of diselenide 13 by reacting 12 with
in situ generated Na2Se2 led to a dark-green intractable
mixture (Scheme 2). Therefore, unsymmetrical N-[n-butyl-
(3-nitrobenzylimino)] phenyl selenide 14 was used as a pre-
cursor to generate the organoselenenyl halides and related
derivatives (Scheme 2). Chlorination of 14 yielded ionic se-
lenenium ion 17 instead of the selenenyl chloride 15. Simi-
larly, bromination of 14 afforded novel ionic selenenyl bro-
mide 18 instead of the expected selenenyl bromide 16. For-
mation of 17 and 18 was accompanied by N-phenyl ring
halogenations as well. An attempt to prepare the corre-
sponding iodide salt by the iodination of 14 with molecular
iodine in chloroform was unsuccessful. When the bromina-
tion reaction of 14 was carried out with an excess of bro-
mine and the stirring was continued for a shorter duration,
the reaction afforded selenenium ion 19 with rare tribro-
mide as the counteranion. In this case no bromination of
the N-phenyl ring was observed. To the best of our knowl-
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edge, this is the first isolation of ionic selenenyl halides and
only the second example of stable isolable selenenium cat-
ions which are stable under ambient conditions.

Scheme 2. a) Na2Se2, THF, room temp.; b) nBuSeNa, C2H5OH; c)
SO2Cl2, Et3N, CHCl3, 0 °C; d) Br2, Et3N, CHCl3, 0 °C.

In an attempt to prepare the corresponding selenenyl sul-
fide (ArSeSPh), when 19 was treated with thiophenol
(PhSH, 2 equiv.), the reaction provided two unexpected
products (Scheme 3); cyclic diselenide 20 and novel bicyclic
selenide 21 in addition to diphenyl disulfide (38%). Com-
pound 20 was obtained as dark red crystals in very low
yield (5 %) in comparison to 21 (48%). Compound 21 was
isolated as a solvate with dichloromethane during crystalli-
zation. There are very few reports concerning the com-
pounds of type 20 and 21.[17] The sulfur analogue of 21 has
been reported in the literature.[17b]

Scheme 3. a) PhSH (2 equiv.), CH3CN, room temp.

Plausible mechanisms for the formation of 20 and 21 are
given in Scheme 4 and Scheme 5. The formation of 20 in-
volves a nucleophilic attack by the PhS– ion at the electro-
philic imine carbon and 21 involves an attack by the nucleo-
phile at selenium in 19.

The reaction of 18 with an excess of H2O2, interestingly,
afforded 2-(4-bromophenyl)-7-nitro-1,2-benzisoselenazol-
(2H)-3-one Se-oxide (22) in which the SeIV moiety is stabi-
lized by nonbonding Se···O intramolecular interaction with
the ortho-nitro group (vide infra) (Scheme 6). In the reac-
tion, the imine carbon was oxidized into the carbonyl group
and selenium(II) into selenium(IV). It is worth mentioning
here that the presence of the nitro group ortho to the sele-
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Scheme 4. Formation of 20 by the nucleophilic attack of PhSH at
the electrophilic imine carbon.

Scheme 5. Formation of 21 by the nucleophilic attack of PhSH at
the electrophilic selenium.
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nium atom in 7-nitro-2-phenyl-1,2-benzisoselenazol(2H)-3-
one (23) is known to enhance the GPx-like activity (Fig-
ure 2).[18a] 7-Nitro-2-phenyl-1,2-benzisoselenazol(2H)-3-one
Se-oxide (24) has been isolated and is reported to show high
GPx-like activity.[18b] Recent studies have shown that 2-
phenyl-1,2-benzisoselenazol(2H)-3-one Se-oxide (25) is the
more efficient catalyst in the reduction of hydroperoxide. It
has been proposed that 25 is involved as the key intermedi-
ate in the catalytic cycle of ebselen at higher concentration
of peroxide.[19]

Scheme 6. a) H2O2 (30%), CH3CN, room temp.

Figure 2. 7-Nitro-2-phenyl-1,2-benzisoselenazol(2H)-3-one (23)
and related selenoxides.

All newly synthesized compounds were fully charac-
terized by 1H, 13C, 77Se NMR spectroscopy, mass spectrom-
etry techniques and elemental analysis. Some of the com-
pounds were characterized by single-crystal X-ray diffrac-
tion studies.

The molecular structure of selenenium ion 18 (Figure 3)
indicates a T-shaped geometry around selenium with an
N1–Se···O1 bond angle of 155.68(7)°. The Se–N distance
[1.895(2) Å] is quite close to the sum of the Pauling covalent
radii (1.87 Å) of these two atoms.[20a] The distance is much
shorter than the Se–N distance reported for the selenenium
cation 5 (2.154 and 2.180 Å).[14a] Also the Se–N distance is
less than that reported for aliphatic selenenyl bromides;
(1R)-2-endo-(dimethylamino)methyl-2-exo-methoxy-3-endo-
camphorylselenenyl bromide (Se–N 2.157 Å) and (1R)-2-
endo-(N-pyrrolidinyl)methyl-2-exo-hydroxy-3-endo-camphor-
ylselenenyl bromide (Se–N 2.089 Å).[12j] The Se–Br distance
(6.192 Å) in 18 is significantly longer than the sum of the
van der Waals radii (3.4 Å).[20b] The Se···O distance
[2.544(2) Å] is significantly shorter than the sum of the van
der Waals radii (3.4 Å) and indicates a weak Se···O intra-
molecular interaction within the O–Se–N three-center sys-
tem with a strong Se–N interaction. Density functional
theory studies were carried out at the B3LYP level of theory
using the 6-31+G(d) basis set for compound 18. Natural
bond orbital (NBO) analyses were carried out to get an
idea of the interaction energy between selenium and oxygen
atoms. The NBO second-order perturbation energy for the
Se···O1 interaction for 18 is ESe···O = 17.3 kcalmol–1
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(Table 1). The calculated 77Se NMR chemical shift
(1094 ppm) is higher than the experimental value (δ =
937 ppm) (Table 2).

Figure 3. Molecular structure of compound 18. Thermal ellipsoids
are set at 50% probability. Hydrogen atoms are omitted for clarity.
Significant bond lengths [Å] and angles [°]: Se–N1 1.895(0); Se···O1
2.544(2); C1–Se–N1 83.86(0); O1···Se–N1 155.68(0).

Table 1. The theoretical data for 17–22 obtained by DFT calcula-
tions at the B3LYP/6-31+G(d) level along with experimental Se···O
distances. Second perturbation energies on 17–22 calculated at the
B3LYP/6-31+G(d)//6-311+G(d,p) level.

Compound rSe···O [Å] rSe···O [Å] ESe···O
(calcd.) (exp.) [kcalmol–1]

17 2.690 – 19.21
18 2.532 2.544 17.3
19 2.445 2.522 21.3
20 2.527 2.593 14.8
21 2.654 [Se1···O1A] 2.711 8.99

2.615 [Se2···O1B] 2.623 10.07
22 2.757 2.749 5.83

Table 2. Summary of DFT calculations on 17–22 at the B3LYP/6-
31+G(d) level. NBO analysis and GIAO 77Se NMR chemical shifts
calculated in the gas phase at the B3LYP/6-311+G(d,p) level using
the Gaussian 03 suite of quantum chemical calculations along with
experimental 77Se NMR chemical shifts.

Compound qSe qO
77Se 77Se
(calcd.)[a] (exp.)[a]

17 +0.886 –0.369 1371 1185
18 +0.776 –0.406 1094 937
19 +0.840 –0.417 1118 1185
20 +0.407 –0.395 613, 642 489, 430
21 +0.462 –0.383 431 410

+0.527 –0.388 – –
22 +1.579 –0.381 1118 1181

[a] These values are referenced with respect to Me2Se. Compounds
18–22 were optimized on the basis of their known crystal struc-
tures.

The molecular structure of 19 (Figure 4) is quite similar
to 18 except for the counter anion tribromide (Br3

–) which
has inequivalent bond lengths (Br3–Br2 2.593 Å, Br2–Br1
2.489 Å), and angle Br3–Br2–Br1 176.3°. The coordination
geometry around selenium is T-shaped with a N1–Se···O1
bond angle of 156.87(0)°. It is worth noting that the NBO
second-order perturbation energy for the Se···O interaction
(ESe···O = 21.3 kcalmol–1) is higher than that for 18 (ESe···O

= 17.3 kcalmol–1) and suggests a stronger Se···O interaction
in this case (Table 2). The calculated 77Se NMR chemical
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shift (1118 ppm) is comparable to the experimental value
(1185 ppm) which is more downfield than 18, indicating a
higher positive charge on the selenium (vide infra) in 19
(Table 2).

Figure 4. Molecular structure of compound 19. Thermal ellipsoids
are set at 50% probability. Hydrogen atoms are omitted for clarity.
Significant bond lengths [Å] and angles [°]: Br3–Br2 2.593(7); Br2–
Br1 2.489(7); Se–N2 1.899(2); Se···O1 2.521(3); Br3–Br2–Br1
176.26(0); C1–Se–N2 84.91(0); N2–Se···O1 156.87(0).

The coordination geometry around the Se1 atom in 20 is
nearly T-shaped and Se2 is V-shaped (Figure 5). The C1–
Se1–Se2–C7 dihedral angle (–20.27°) is quite small indi-
cating a “cisoid” conformation.[16g] The Se···O1 distance
[2.593(1) Å] is close to that observed in 18 [2.544(1) Å] and
19 [2.521(3) Å]. The NBO second-order perturbation en-
ergy for the Se···O interaction (ESe···O = 14.8 kcalmol–1) is
smaller than for 18 and 19 indicating a weaker Se···O inter-
action (Table 1). The calculated 77Se NMR chemical shifts
are comparable to the experimental values (Table 2).

Figure 5. Molecular structure of compound 20. Thermal ellipsoids
are set at 50% probability. Hydrogen atoms are omitted for clarity.
Significant bond lengths [Å] and angles [°]: Se1–Se2 2.363(0);
Se1···O1 2.593(1); Se2–Se1–C1 90.01(0); Se1–Se2–C7 92.05(0);
Se2–Se1···O1 161.94(0).

The coordination geometry around selenium atoms in 21
is also T-shaped with each selenium atom bonded to a car-
bon atom of phenyl rings, carbon atoms of the bicyclic ring
and oxygen atoms of the nitro groups (Figure 6). Intramo-
lecular distances between selenium atoms and the nitro
group oxygen atoms (Se1···O1A 2.711 Å; Se2···O1B
2.623 Å) are shorter than the sum of the van der Waals
radii (3.4 Å). The NBO second-order perturbation energies
for the Se···O interactions (ESe1···O1A = 8.99 kcalmol–1,
ESe2···O1B = 10.07 kcalmol–1) are in line with the Se···O dis-
tances observed in 18, 19, and 20.
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Figure 6. Molecular structure of compound 21. Thermal ellipsoids
are set at 50% probability. Hydrogen atoms and dichloromethane
molecule omitted for clarity. Significant bond lengths [Å] and
angles [°]: Se1–C1A 1.898(1); Se1–C7B 2.046(2); Se2–C1B 1.898(0);
Se2–C7A 1.991(2); Se1···O1A 2.711(3); Se2···O1B 2.623(3); C7B–
Se1–C1A 99.15(0); C7A–Se2–C1B 100.74(0); C7B–Se1···O1A
170.04(0); C7A–Se2···O1B 170.41(0).

The molecular structure of 22 (Figure 7), shows a see-
saw geometry around selenium with a N1–Se···O2 bond an-
gle of 151.74°. The Se–N distance [1.888(2) Å] is similar to
that reported for 23 [1.896(3) Å].[21] The Se=O1 bond
length [1.638(0) Å] is also close to that reported for a typical
seleninate ester (1.630 Å).[16g] The Se···O2 distance
[2.749(6) Å] is greater than that in 23 [2.573(3) Å], however,
significantly shorter than the sum of the van der Waals radii
(3.4 Å). This indicates a weak Se···O intramolecular interac-
tion in comparison to 17–21. The NBO second-order per-
turbation energy for the Se···O interaction (ESe···O =
5.83 kcalmol–1) is smaller than that for 18 and 19.

Figure 7. Molecular structure of compound 22. Thermal ellipsoids
are set at 50% probability. Hydrogen atoms and dichloromethane
molecule omitted for clarity. Significant bond lengths [Å] and
angles [°]: Se–C1 1.953(9); Se–N1 1.888(8); Se–O1 1.638(6); Se···O2
2.749; C1–Se–N1 83.7(3); N1–Se–O1 102.8(3); N1–Se···O2
151.74(0).

To gain better insight into the mechanism of ionization
and isolation of the stable selenenium cations, selenenyl
bromide 26[16f] containing only one coordinating imine was
optimized (Figure 8).

The calculated Se···N (2.184 Å) and Se–Br distances
(2.526 Å) are close to those observed experimentally and,
in particular, the Se–Br distance is longer than the sum of
the covalent radii (2.31 Å), which indicates a bond length-
ening (Table 3). The significant bond elongation of the Se–
Br bond is due to the strong Se···N interaction. A signifi-
cant extension of the Se–I (2.777 Å) bond has also been



V. P. Singh, H. B. Singh, R. J. ButcherFULL PAPER

Figure 8. Optimized geometries of 17–19 and 26–30. The optimiza-
tions of the geometries were performed at the B3LYP/6-31+G(d)
level of theory.

observed in [2-(4,4-dimethyl-2-oxazolinyl)phenyl]selenenyl
iodide.[16a] To delineate the role of the second coordinating
group, selenenyl bromide 27 was optimized (Figure 8). The
optimized geometry of 27 exhibits Se–N/Se···O interactions.
The Se–N (1.970 Å) and Se···O (2.682 Å) distances are close
to the experimentally observed values. The Se–Br distance
(2.795 Å) is significantly elongated and indicates the forma-
tion of a contact ion pair in the gas phase (Table 3).

Table 3. The theoretical data for 26–30 obtained by DFT calcula-
tions at the B3LYP/6-31+G(d) level and NBO analysis calculated
at the B3LYP/6-31+G(d)//6-311+G(d,p) level.

Compound qSe Se···O [Å] Se–N [Å] Se–Br [Å]

26 +0.547 – 2.184 2.526
27 +0.846 2.682 1.97 2.796
28 +0.514 2.369 4.545 2.407
29 +0.525 – 2.204 2.534
30 +0.496 3.208 2.775 –

To further establish the role of the positive charge on
selenium during the ionization of the Se–Br bond, the NBO
charges were calculated. It is worth mentioning that the
high positive charge on the selenium is influenced by both
the electronegative group bonded to the selenium and the

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 637–647642

intramolecular interaction. It is well established that strong
intramolecular coordination between Se–N/Se···O leads to
a significant downfield shift in 77Se NMR[3m,22] and thus, it
enhances the positive charge on selenium. The NBO charge
on selenium in the case of 27 was found to be +0.846 which
is significantly greater than +0.547, observed for 26
(Table 3). This clearly establishes the role of the second co-
ordinating group in enhancing the positive charge on sele-
nium and inducing the ionization of the Se–Br bond. It ap-
pears that the strong coordination of the imine nitrogen
plays a crucial role in the ionization.

When optimization was carried out for 28 with the imine
nitrogen pointing away from selenium and only with nitro
group coordination, the Se–Br distance was found to be
2.407 Å, indicating no significant bond elongation. Also the
NBO charge on the selenium was found to be +0.514. In
another experiment, when the nitro group was replaced
with a CH3 group in 29, the resulting optimized geometry
was found to be very similar to 26 which, has only one
imine coordinating group. To establish the role of the elec-
tronegativity of bromine in enhancing the positive charge
on selenium, bromine was replaced with a CH3 group in 30.
Interestingly, in this case both the coordinating groups were
pointing away from the selenium and the charge on sele-
nium was found to be +0.496 (Table 3). Finally, DFT calcu-
lations were done on the crystal structures of 18 and 19.
Selenenium ion 18 exhibits Se–N/Se···O distances similar to
those observed in the gas phase. Surprisingly, the bromide
ion was found several angstroms away from selenium in 18
as compared to 27. This may be due to packing effects in
the solid state. Compound 19 exhibits more charge on sele-
nium (+0.840) than 18 (+0.775). In the case of 17, the
charge on the selenium was found to be highest in the series
(Table 2). The high charge on selenium in 17 is due to the
difference in the electronegativity of chlorine and bromine.
The optimized geometry of 17 is similar to 27 except for
the difference in counter anions (Figure 8). The NBO sec-
ond-order perturbation energy for the Se···O interaction in-
dicates a weak interaction. To understand the factors for
the unusually high NBO charge on the selenium in 19, cal-
culations of the nucleus-independent chemical shifts
(NICS) were carried out. Surprisingly, the NICS (0) value
for the five-membered heterocyclic ring in 19 was found to
be –8.0 ppm which is equal to benzene (–8.0 ppm).[23,24]

This indicates a significant delocalization of the selenium
p-electrons leading to a strongly aromatic five-membered
heterocycle (Figure 9). The delocalization of p-electrons on
the selenium is further corroborated by a considerable
downfield chemical shift of 19 and the delocalization also
facilitates ionization of the Se–Br bond.

The GPx-like activities of the selenenium cations and re-
lated derivatives were determined by the reductase coupled
assay, using UV/Vis spectrophotometry. The decrease in β-
nicotinamide adenine dinucleotide phosphate (NADPH)
concentration was monitored spectrophotometrically at
340 nm. The initial reduction rates (υ0) for H2O2 by reduced
glutathione (GSH) in the presence and absence of catalysts
were calculated from a linear fit spanning the first 5–10%
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Figure 9. HOMO-11 of 19 showing the delocalization of p electrons
in the five-membered heterocycle optimized at B3LYP/6-
311+G(d,p). The tribromide ion is omitted for clarity.

of the reaction. It was found that cations 17, 18, and 19
were more efficient catalysts in comparison to ebselen
(Table 4). Compound 19 is almost 3.5-times more active
than ebselen. Cyclic diselenide 20 and selenide 21 showed
poor GPx activity. Compound 22 has the highest activity
in the series. The higher catalytic activity of 22 is, presum-
ably, due to the presence of a nitro group ortho to the sele-
nium atom. It has been reported that the presence of a nitro
group ortho to the selenium improves the GPx-like activity
of seven-substituted ebselen derivatives.[18a]

Table 4. Initial rates, ν0 (µmin–1) for the reduction of H2O2 by
GSH for 12 and 17–22 at 25 °C.

Entry Compound ν0 [µmin–1][b]

i control[a] 15.2�2.0
ii ebselen 118.2�2.9
iii 12 14.9�0.5
iv 17 256.7 �2.3
v 18 270.9�0.6
vi 19 404.3�3.4
vii 20 46.9�1.4
viii 21 24.3�1.3
ix 22 472.7�3.5

[a] Control values were obtained from the reduction of H2O2 by
GSH in the absence of GPx samples. [b] Assay conditions: reac-
tions were carried out with 0.1- phosphate buffer pH 7.5, with
EDTA (1 m), GSH (2 m), NADPH (0.4 m), GR (1.3 unit/mL),
selenium compounds (80 µ), and H2O2 (1.6 m).

To further establish that the GPx mimetics were working
as catalysts and not undergoing only stoichiometric reac-
tions, we carried out several control experiments in the ab-
sence and presence of various components of the bioassay,
such as with catalyst and GSH, catalyst and H2O2 etc. Since
19 itself reacts with the system [containing GSH and gluta-
thione reductase (GR), data not shown], achieving com-
plete conversion of GSH into oxidized glutathione (GSSG)
is difficult to monitor. However, the reaction rates remained
linear for at least 5 min. When only compound 19 (10 µ)
was added into the mixture [containing 0.1  buffer pH 7.5,
1 m ethylenediamine tetraacetate (EDTA), 2 m GSH,
0.4 m NADPH, 1 unit of GR], the rate was found to be
1.93 µmin–1 and 9.64 µ of GSSG was formed in 5 min
(see Figure S51 in the Supporting Information). Sub-
sequently, when H2O2 (1.6 m) was added into the above
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reaction mixture, the rate was increased to 6.75 µ min–1

and 33.76 µ of GSSG was formed in 5 min (see Figure
S52 in the Supporting information for this article which is
available on the WWW under http://dx.doi.org/10.1002/
ejic.200900669). For compound 19, 48.24 µ of GSH was
oxidized into GSSG (24.12 µ) at lower catalyst concentra-
tion (10 µ). Thus, when compared to the catalyst 19 alone,
at least four times more GSH was oxidized in 5 min.

To understand the mechanism and identify the interme-
diates involved in the catalytic cycle of selenenium cations,
detailed 77Se NMR spectroscopy experiments for 19 were
carried out. When 19 was treated with H2O2 (2 equiv.) in
[D6]DMSO, no new signal except that for 19 at δ =
1183 ppm was observed. On the addition of more H2O2

(4 equiv.), a new signal at δ = 1185 ppm was observed and
is assigned to selenoxide 24 (Scheme 7). Further addition
of H2O2 (6 equiv.) did not lead to any change in the 77Se
NMR spectrum. The identity of the obtained product 24
was further established by comparing the 77Se NMR chemi-
cal shift (1181 ppm) of the closely related 22 prepared from
the reaction of 18 with H2O2 (6 equiv.). The formation of
24 may take place via seleninic acid 31. The reaction did
not lead to the observation of a 77Se NMR signal around
1300 ppm expected for the formation of 31 at this stage of
the reaction. It is worth comparing that ebselen on reaction
with H2O2 has been reported to exhibit a 77Se NMR signal
at δ = 1122 ppm due to the formation of seleninic acid.[19c]

However, the addition of PhSH (2 equiv.) to the mixture
produced two new signals at 439 and 1372 ppm, respec-
tively. The signal at δ = 439 ppm is assigned to selenenyl
sulfide 33. The signal of 33 is close to that observed for
2,6-diformyl-4-tert-butylphenylselenenyl sulfide (δ =
435 ppm).[16c] The signal was completely different from
those obtained for 20 (430, 489 ppm) and 21 (δ = 410 ppm)
from the reaction of 19 with PhSH (2 equiv.) in acetonitrile
at room temperature. The other signal obtained at δ =
1372 ppm is assigned to seleninic acid 31. The signal of 31
is shifted downfield by 25 ppm from N,N-dimethylbenzyla-
mineseleninic acid (1347 ppm)[3m] indicating a strong Se···O
interaction with the ortho nitro group. The formation of
selenosulfide 33 probably takes place through thioseleninate
32 for which no 77Se NMR signals were observed. When
more PhSH (4 equiv.) was added into the mixture, a new
signal at δ = 1191 ppm was observed which is assigned to
24. The signal is also in the range of peaks expected for
selenenic acids, for example: ortho-nitrobenzeneselenenic
acid (1066)[25] and 2-[(cyclohexyl-methylamino)methyl]ben-
zeneselenenic acid (1173 ppm).[3c] As selenol 34 is a highly
reactive species and can be easily oxidized to give back 24
via selenenic acid 35, we suggest that the signal at δ =
1191 ppm is due to 24 and not due to 35. Fisher and De-
reu[19a] have also proposed that ebselen at higher peroxide
concentrations is first oxidized to its selenoxide, which then
reacts with PhSH (1 equiv.) to form the corresponding
thioseleninate. Alternatively, the formation of thioseleninate
32 may also take place from the reaction of 31 with PhSH.
Kice et al.[26] have reported the formation of thioseleninate
when benzeneseleninic acid was treated with thiol. On the
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Scheme 7. Proposed catalytic cycle for the reduction of H2O2 by 19.

basis of the above observations, we propose the following
catalytic mechanism for the reduction of H2O2 with PhSH
in the presence of 19.

Conclusions

We have isolated the first examples of stable ionic se-
lenenyl chloride, bromide, and tribromide. Strong coordina-
tion by the imine nitrogen plays an important role in ioniza-
tion of the Se–halide bond. The Se–N/Se···O interactions
by two coordinating groups and the consequent five-mem-
bered aromatic heterocycle ring formation lead to a high
positive charge on selenium. Both the high positive charge
on the selenium and the aromaticity of the five-membered
heterocyclic ring facilitate the ionization of the Se–Br bond.
The heterocycle is closely related to ebselen and exhibits
excellent GPx-like activity probably due to the in situ for-
mation of corresponding selenoxides.

Experimental Section
General Procedure: n-Butyllithium, selenium powder, and 3-nitro-
phthalic acid were purchased from Sigma–Aldrich. All other chem-
icals were of highest purity available. All reactions were performed
under nitrogen or argon by modified Schlenk techniques and moni-
tored by thin-layer chromatography techniques from time to time.
All the experiments were carried out in a well-ventilated fume
hood. Column chromatography was performed on glass columns
loaded with silica gel of 60–120 mesh. Solvents were purified by
standard techniques.[27] Melting points were recorded by a VEEGO
melting point (VMP-1) apparatus and are uncorrected. 1H
(399.88 MHz), 13C (100.56 MHz), and 77Se (57.26 MHz) NMR
spectra were recorded with a Varian NMR-Mercury plus 400 MHz
spectrometer and 300 MHz for 77Se NMR at the indicated fre-
quencies. Chemicals shifts (δ) are shown with respect to SiMe4

(TMS) as internal for nuclei 1H and 13C and Me2Se as external
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standards for nuclei 77Se. Data were recorded as follows: chemical
shifts, integration multiplicity (s = singlet, d = doublet, t = triplet,
m = multiplet), coupling constants (Hz), and assignment. Optical
rotation was measured with an Autopole IV Automatic Polarime-
ter. The mass spectra were recorded at room temperature with a
Micro mass Q–TOF (YA 107) mass spectrometer. Elemental analy-
ses were performed with a CHN–CE instruments Flash 1112 series
EA Theroquest elemental analyzer. Infrared spectra were recorded
in the range 4000–450 cm–1 using KBr for solid samples and neat
for liquid samples between CsI plates on a Perkin–Elmer spectrum
one FT–IR spectrometer. The UV–VIS spectra in solution for GPx
activity were recorded with a JASCO, V-570 spectrometer.

Synthesis of 12: To a solution of 2-bromo-3-nitrobenzaldehyde[28]

(19.56 mmol, 4.5 g) in glacial acetic acid (30 mL) was added dis-
tilled aniline (19.56 mmol, 1.82 g, 2.5 mL) with continuous stirring
at room temperature. After completion of the addition of aniline,
a yellow precipitate was formed. To complete the precipitation, the
reaction mixture was cooled with ice, then filtered and washed with
ice-cooled ethanol. Recrystallization from hot ethanol afforded a
light yellow solid; yield 3.7 g (83%); m.p. 116–118 °C. 1H NMR
(CDCl3): δ = 7.26–7.46 (m, 5 H, ArH), 7.53–7.57 (t, J = 7.32 Hz,
1 H, ArH), 7.79–7.81 (dd, J = 7.93, 1.52 Hz, 1 H, ArH), 8.43–8.46
(dd, J = 7.93, 1.83 Hz, 1 H, ArH), 8.92 (s, 1 H) ppm. 13C NMR
(CDCl3): δ = 116.9, 121.3, 126.9, 127.3, 128.3, 129.5, 132.1, 137.3,
150.9, 151.6, 157.5 ppm. IR (KBr): ν̃ = 3387, 2918, 1614 (C=N),
1586, 1533 (NO2), 1486, 1362, 1259, 1212, 1034, 810, 762, 739,
699 cm–1. MS (TOF MS ES+): m/z (%) = 305.085 [M + H]+.
C13H9BrN2O2 (305.13): calcd. C 51.17, H 2.97, N 9.18; found C
51.45, H 2.60, N 9.09.

Synthesis of 14: To a solution of di-n-butyl diselenide (1.2 mmol,
0.34 g) in deoxygenated ethanol (10 mL), was added NaBH4

(2.2 mmol, 0.08 g) at 0 °C under an inert atmosphere. The reaction
mixture was stirred at room temperature for 30 min. Compound 12
(2.0 mmol, 0.61 g) was added to the in situ prepared nBuSeNa at
0 °C. The reaction mixture was stirred at room temperature for 2 h.
The excess of solvent was removed under vacuum. The residue was
dissolved in chloroform and washed with water. The organic layer
and the chloroform extracts from the aqueous layer were combined
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and dried with anhydrous sodium sulfate. Removal of solvent and
purification of the residue by silica gel column chromatography
(elution with 4% ethyl acetate/petroleum ether) afforded an orange
liquid. IR (neat): ν̃ = 2959, 1619 (C=N), 1532 (NO2), 1363 cm–1.
HRMS (Q-TOF MS): m/z calcd. for C17H18O2N2Se [M + H]+:
363.0619; found 363.0612. 77Se NMR (CDCl3): δ = 212 ppm.

Synthesis of 17: To a solution of compound 14 (1.05 mmol, 0.38 g)
in CHCl3 (5 mL) was added SO2Cl2 (2.1 mmol, 0.28 g, 0.168 mL)
in CHCl3 (2 mL) in the presence of Et3N (2.1 mmol, 0.21 g,
0.27 mL) at 0 °C with continuous stirring under an inert atmo-
sphere. Additionally, the reaction mixture was stirred at room tem-
perature for 30 min. The resulting greenish-yellow precipitate was
filtered off and dried under vacuum. Recrystallization from MeOH
afforded a green solid; yield 0.18 g (45%); m.p. 193–195 °C. 1H
NMR (CD3OD): δ = 7.75–7.99 (m, 4 H, ArH), 8.20–8.24 (t, J =
7.94 Hz, 1 H, ArH), 8.98–9.01 (dd, J = 8.24, 0.91 Hz, 1 H, ArH),
9.05–9.07 (dd, J = 7.99, 1.91 Hz, 1 H, ArH), 10.61 (s, 1 H) ppm.
13C NMR (CD3OD): δ = 124.7, 131.2, 131.9, 132.0, 133.4, 135.5,
140.1, 140.8, 144.1, 146.8, 164.89 ppm. IR (KBr): ν̃ = 2894, 1613
(C=N), 1519 (NO2), 1414, 1313, 766 cm–1. MS (TOF MS ES+): m/z
(%) = 304.9208 ([M – 2Cl]+, 80Se, 100%). 77Se NMR (CD3OD): δ
= 1185 ppm. C13H8Cl2N2O2Se (374.08): calcd. C 41.74, H 2.16, N
7.49; found C 42.06, H 2.71, N 7.43.

Synthesis of 18: To a solution of compound 14 (0.62 mmol, 0.23 g)
in CHCl3 (5 mL) was added Br2 (0.62 mmol, 0.11 g, 0.04 mL) in
CHCl3 (2 mL) in the presence of Et3N (1.24 mmol, 0.13 g,
0.17 mL) at 0 °C with continuous stirring under an inert atmo-
sphere. After the complete addition of Br2, the reaction mixture
was stirred at room temperature for 2 h. The yellow precipitate was
filtered off and dried under vacuum. Recrystallization from
DMSO/MeOH afforded red crystals of 18; yield 0.16 g (55%); m.p.
244–246 °C. 1H NMR ([D6]DMSO): δ = 7.76–7.79 (m, 4 H, ArH),
8.20–8.24 (t, J = 8.24 Hz, 1 H, ArH), 8.99–9.01 (dd, J = 7.99,
0.91 Hz, 1 H, ArH), 9.02–9.08 (dd, J = 7.93, 0.91 Hz, 1 H, ArH),
10.60 (s, 1 H) ppm. 13C NMR ([D6]DMSO): δ = 123.6, 130.4, 130.6,
130.7, 131.9, 133.8, 139.1, 139.2, 142.5, 145.0, 162.6 ppm. IR
(KBr): ν̃ = 3016, 2928, 1611 (C=N), 1577, 1516 (NO2), 1413, 1356,
1308, 1075, 1005, 820, 809, 733 cm–1. MS (TOF MS ES+): m/z (%)
= 382.73 ([M – Br]+, 80Se, 100 %). 77Se NMR ([D6]DMSO): δ =
937 ppm. C13H8Br2N2O2Se (462.99): calcd. C 33.72, H 1.74, N
6.04; found C 33.66, H 1.55, N 6.55.

Synthesis of 19: To a solution of compound 14 (0.44 mmol, 0.16 g)
in chloroform (5 mL) was added Br2 (0.88 mmol, 0.14 g, 0.06 mL)
in CHCl3 (2 mL) in the presence of Et3N (0.88 mmol, 0.088 g,
0.12 mL) at 0 °C with continuous stirring under an inert atmo-
sphere. Additionally, the reaction mixture was stirred at room tem-
perature for 40 min. The resulting red precipitate was filtered off
after which it turned into a yellow precipitate. The crude product
was recrystallized from diethyl ether/CH3CN/CH2Cl2 to give light
yellow crystals; yield 0.06 g (60%); m.p. 175–178 °C. 1H NMR
(CD3CN): δ = 7.73–7.87 (m, 5 H, ArH), 8.15–8.19 (t, J = 7.93 Hz,
1 H, ArH), 8.88–8.90 (dd, J = 7.99, 0.91 Hz, 1 H, ArH), 9.00–9.03
(dd, J = 7.99, 0.91 Hz, 1 H, ArH), 10.19 (s, 1 H) ppm. 13C NMR
(CD3CN): δ = 125.2, 132.1, 132.5, 132.6, 134.0, 135.4, 140.6, 140.7,
144.3, 147.0, 162.8 ppm. IR (KBr): ν̃ = 3032, 2992, 2920, 2855,
1614 (C=N), 1561, 1526 (NO2), 1451, 1413, 1360, 1300, 1231, 1005,
804 759, 732 cm–1. MS (TOF MS ES+): m/z (%) = 304.87 (M+,
80Se, 100%). 77Se NMR (CD3CN): δ = 1185 ppm.
C13H9Br3N2O2Se (543.91): calcd. C 28.71, H 1.67, N 5.15; found
C 28.26, H 1.41, N 5.99.

Synthesis of 20: Benzenethiol (4 mmol, 0.41 mL) was added to a
solution of compound 19 (2 mmol, 1.05 g) in acetonitrile (10 mL).
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The mixture was stirred at room temperature for 5 h, concentrated
under vacuum, and the oily liquid was dissolved in water (10 mL).
The aqueous layer was extracted with chloroform. The separated
organic layers were dried with anhydrous sodium sulfate. Removal
of solvent and purification of the residue by silica gel column
chromatography (elution with 5% ethyl acetate/petroleum ether)
afforded two products 20 and 21, respectively. Recrystallization of
20 from CH2Cl2/petroleum ether (1:1) gave red crystals; yield
0.045 g (5%); m.p. 135 °C. 1H NMR (CDCl3): δ = 6.20 (s, 1 H),
7.27–7.40 (m, 7 H, ArH), 8.16–8.18 (t, J = 7.27 Hz, 1 H,
ArH) ppm. 13C NMR (CDCl3): δ = 59.2, 125.1, 126.6, 129.1, 129.3,
129.4, 132.4, 133.2, 134.8, 139.6, 146.7 ppm. IR (KBr): ν̃ = 3442,
2923, 2851, 1588, 1512 (NO2), 1324, 1295, 749, 720 cm–1. MS (TOF
MS ES+): m/z (%) = 293.72 [M – SC6H5]+. 77Se NMR (CDCl3): δ
= 430, 489 ppm. C13H9NO2SSe2 (401.19): calcd. C 38.39, H 2.26,
N 3.49, S 7.99; found C 39.01, H 1.97, N 4.18, S 7.91.

Synthesis of 21: Recrystallization of 21 from CH2Cl2/petroleum
ether (1:1) gave dark red crystals; yield 0.26 g (48%); m.p. 244–
246 °C. [α]D25 = –0.002 (c = 0.066, CHCl3). 1H NMR (CDCl3): δ =
6.33 (s, 2 H), 7.27–7.01 (m, 5 H, ArH), 7.31–7.34 (t, J = 7.63 Hz,
2 H, ArH), 7.53–7.55 (dd, J = 8.24, 1.22 Hz, 2 H, ArH), 8.24–8.27
(dd, J = 8.24, 1.22 Hz, 2 H, ArH) ppm. 13C NMR (CDCl3): δ =
58.7, 58.9, 119.3, 125.2, 126.1, 126.3, 129.9, 131.8, 132.3, 138.1,
146.0, 146.7 ppm. IR (KBr): ν̃ = 3076, 2923, 2851, 1597, 1516
(NO2), 1328, 1264, 1036, 932, 803, 755 cm–1. MS (TOF MS ES+):
m/z (%) = 520.00 ([M + H]+, 80Se, 100%). 77Se NMR (CDCl3): δ
= 410 ppm. C20.5H13.5ClN3O4Se2 (559.21): calcd. C 44.03, H 2.43,
N 7.51; found C 43.42, H 2.15, N 7.95.

Synthesis of 22: To a solution of compound 18 (1.0 mmol, 0.462 g)
in acetonitrile (5 mL) was added 30% H2O2 (6 mmol, 0.68 mL) at
room temperature. The mixture was stirred at room temperature
for 1/2 h. The precipitate was filtered off and dried under vacuum
to give an orange compound. Recrystallization from DMSO/
MeOH/ether gave needle-shaped yellow crystals; yield 0.165 g
(40%); m.p. 220–222 °C. 1H NMR ([D6]DMSO): δ = 7.45–7.47 (d,
J = 8.70 Hz, 2 H, ArH), 7.70–7.72 (d, J = 8.70 Hz, 2 H, ArH),
8.14–8.18 (t, J = 7.59 Hz, 1 H, ArH), 8.44–8.47 (dd, J = 7.59,
1.19 Hz, 1 H, ArH), 8.72–8.75 (dd, J = 8.39, 1.19 Hz, 1 H,
ArH) ppm. 13C NMR ([D6]DMSO): δ = 120.6, 128.5, 129.1, 132.4,
132.6, 134.4, 135.0, 135.4, 141.9, 143.2, 165.2 ppm. IR (KBr): ν̃ =
3076, 2933, 1689 (C=O), 1529 (NO2), 1485, 1340, 1320, 1071, 864
(Se=O), 729 cm–1. MS (TOF MS ES+): m/z (%) = 414.82 [M +
H]+. 77Se NMR (CDCl3): δ = 1181 ppm. C13H7BrN2O4Se (414.08):
calcd. C 37.71, H 1.70, N 6.77; found C 37.49, H 1.50, N 7.29.

Reductase-Coupled Assay: The GPx-like activity of organoselenium
compounds was determined by the spectrophotometric method at
340 nm described by Wilson et al.[3a] A typical test mixture con-
tained GSH (2 m), EDTA (1 m), glutathione reductase (1.3 unit/
mL), and NADPH (0.4 m) in 0.1  potassium phosphate buffer,
pH 7.5. The catalysts (2 m) were added to the test mixture at
25 °C and the reaction was started by the addition of H2O2

(1.6 m). The initial reduction rates were calculated from the oxi-
dation rate of NADPH at 340 nm. The initial reduction rate was
determined at least 3–4 times and calculated from the first 5–10%
of the reaction by using 6.22 m–1 cm–1 as the extinction coefficient
for NADPH.

Computational Studies: All the theoretical calculations were exe-
cuted by the Gaussian 03 suite of quantum chemical programs.[29]

The hybrid Becke 3-Lee–Yang–Parr (B3LYP) exchange correlation
functional was implemented for DFT calculations.[30] The geometry
optimizations were carried out at the B3LYP level of DFT by using
the 6-31+G(d) basis sets. The 77Se NMR calculations were per-
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formed at B3LYP/6-311+G (d,p) level on B3LYP/6-31+G(d)-level-
optimized geometries by using the gauge-including atomic orbital
(GIAO) method (referenced with respect to the peak of Me2Se).[31]

The quantifications of orbital interaction were done by natural
bond orbital (NBO) analysis at B3LYP/6-311+G(d,p) level.[32] Nu-
cleus-independent chemical shifts (NICS)[33] were carried out at
B3LYP/6-31+G(d)//6-311+G(d,p) level.

X-ray Crystallographic Analysis: The X-ray crystallographic studies
were carried out with a CrysAlis CCD diffractometer using graph-
ite-monochromatized Mo-Kα radiation (λ = 0.71073 Å) and data
were collected at room temperature (293 K) and 200 K. The struc-
tures were solved by direct methods and refined by a full-matrix
least-squares procedure on F2 for all reflections in SHELXL-97
software.[34]

CCDC-726577 (for 18), CCDC-726578 (for 19), CCDC-726579 (for
20), CCDC-726580 (for 21), and CCDC-734677 (for 22) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystal Data for 18: C13H8Br2N2O2Se, Mr = 462.99, monoclinic,
space group P121/n1, a = 12.3695(3) Å, b = 9.0232(2) Å, c =
13.2943(3) Å, α = γ = 90°, β = 109.791(3)°, V = 1396.16(6) Å3, Z
= 4, T = 200(2) K, ρcalcd. = 2.203 Mgm–3, GOF = 0.867, R1 =
0.0331, wR2 = 0.0542 [I�2σ(I)]; R1 = 0.0849, wR2 = 0.0599 (all
data). Of the 20866 reflections that were collected, 5726 were
unique (Rint = 0.0511).

Crystal Data for 19: C13H9Br3N2O2Se, Mr = 543.91, triclinic, space
group P1̄, a = 6.9018(3) Å, b = 9.9121(4) Å, c = 12.0342(5) Å, α =
104.843(4)°, β = 95.362(4)°, γ = 99.326(4)°, V = 777.138(6) Å3, Z
= 2, T = 110(2) K, ρcalcd. = 2.324 Mg m–3, GOF = 0.956, R1 =
0.0422, wR2 = 0.0908 [I�2σ(I)]; R1 = 0.0677, wR2 = 0.0964 (all
data). Of the 9148 reflections that were collected, 5074 were unique
(Rint = 0.0394).

Crystal Data for 20: C13H9NO2SSe2, Mr = 401.19, monoclinic,
space group P121/c1, a = 14.6256(5) Å, b = 12.9422(10) Å, c =
7.1523(2) Å, α = γ = 90°, β = 101.816(3)°, V = 1325.15(12) Å3, Z
= 4, T = 110(2) K, ρcalcd. = 2.011 Mgm–3, GOF = 0.947, R1 =
0.0282, wR2 = 0.0521 [I�2σ(I)]; R1 = 0.0473, wR2 = 0.0540 (all
data). Of the 9693 reflections that were collected, 4374 were unique
(Rint = 0.0307).

Crystal Data for 21: C20.50H13.50ClN3O4Se2, Mr = 559.21, mono-
clinic, space group C121/c1, a = 9.3147(4) Å, b = 13.6971(4) Å, c =
31.4352(10) Å, α = γ = 90°, β = 91.111(3)°, V = 4009.9(2) Å3, Z =
8, T = 373(2) K, ρcalcd. = 1.853 Mgm–3, GOF = 1.192, R1 = 0.0705,
wR2 = 0.1205 [I�2σ(I)]; R1 = 0.0913, wR2 = 0.1247 (all data). Of
the 15622 reflections that were collected, 6601 were unique (Rint =
0.0360).

Crystal Data for 22: C13H7BrN2O4Se, Mr = 414.08, monoclinic,
space group P21/n, a = 13.5497(9) Å, b = 4.2684(2) Å, c =
23.0580(17) Å, α = γ = 90°, β = 91.789(7)°, V = 1332.92(15) Å3, Z
= 4, T = 110(2) K, ρcalcd. = 2.063 Mgm–3, GOF = 1.153, R1 =
0.1031, wR2 = 0.2491 [I�2σ(I)]; R1 = 0.1288, wR2 = 0.2612 (all
data). Of the 8327 reflections that were collected, 4273 were unique
(Rint = 0.0793).

Supporting Information (see also the footnote on the first page of
this article): Details of 1H NMR, 13C NMR, MS, IR spectra and
elemental analysis data of all newly synthesized compounds, 77Se
NMR spectra for 14 and 17–22, 77Se NMR spectra of catalytic
cycle for 19, tables of coordinates, NBO charges, NBO second-or-
der perturbation energies, for all optimized geometries 17–22 and
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26–30, NICS calculations for 17–20 and for GPx-like activity of 12
and 17–22.
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