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Abstract

A series of o-(hydroxymethyl)phenyl selenides containing single or multiple methoxy
substituents was synthesized and the rate at which each compound catalyzed the oxidation of
benzyl thiol to its disulfide with excess hydrogen peroxide was measured. This assay provided
the means for comparing the relative abilities of the selenides to mimic the antioxidant
selenoenzyme glutathione peroxidase. The mechanism for catalytic activity involves oxidation of
the selenides to their corresponding selenoxides with hydrogen peroxide, cyclization to
spirodioxyselenuranes, followed by reduction with two equivalents of thiol to regenerate the
original selenide with concomitant disulfide formation. A single p-methoxy group on each aryl
moiety afforded the highest catalytic activity, while methoxy groups in the meta position had
little effect compared to the unsubstituted selenide and o-methoxy groups suppressed activity.
The installation of multiple methoxy groups on each aryl moiety provided no improvement.
These results can be rationalized on the basis of dominating mesomeric and steric effects of the

p- and o-substituents, respectively.
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Introduction

Glutathione peroxidase '2 (GPx) consists of a family of isozymes, several of which
contain selenium atoms present as selenol moieties of selenocysteine residues. The redox
properties of selenium endow GPx with powerful antioxidant properties that enable it to destroy
harmful peroxides in vivo by catalyzing their reduction with the stoichiometric tripeptide thiol
glutathione. Hydrogen peroxide and lipid peroxides are produced during the course of normal
aerobic metabolism and are harmful to cells and tissues because of their strong oxidizing abilities
and their propensity to generate other reactive oxygen species (ROS) such as the superoxide
radical anion and the hydroxyl radical. Thus, GPx protects living organisms against oxidative
stress by suppressing the formation of ROS.? Oxidative stress has in turn been implicated in a
variety of disease states and degenerative disorders, including inflammation, mutagenesis and
cancer, neurological damage and dementia, cardiovascular disease and possibly the aging
process.* ROS produced by neutrophils during ischemic reperfusion of heart attack and stroke
patients is of special concern, as the high levels of oxidative stress they induce can overwhelm
the protective effects of GPx, resulting in serious cardiovascular and neurological injury.’

Epp, Ladenstein and Wendel® were the first to determine the structure of bovine
erythrocyte GPx, which consists of a tetrameric structure wherein each of the four subunits
contains a selenocysteine moiety. The catalytic cycle of GPx was first proposed by Ganther and
Kraus’ and is shown in Scheme 1. The selenol moiety of each selenocysteine unit (EnzSeH)
functions as a strong reducing agent that converts a peroxide molecule into water or a lipid-
derived alcohol, and is itself reduced to the corresponding selenenic acid (EnzSeOH). Step-wise
reaction of the latter with two molecules of glutathione (GSH) then regenerates the original

selenol via the intermediacy of the selenenyl sulfide (EnzSeSG), while glutathione is oxidized to
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its disulfide (GSSG). The disulfide is in turn recycled to GSH by glutathione reductase-mediated
reduction with NADPH.

Considering the deleterious effects of peroxides and the limitations of GPx to afford
adequate protection under certain physiological conditions associated with exceptionally
elevated levels of oxidative stress, there has been significant interest in the design, synthesis and
bioassay of novel small-molecule mimetics*® of GPx that could afford additional protection to
such patients. Indeed, ebselen”'® and ALT 2074°*!! (Figure 1) have undergone clinical trials as

therapies for various disorders related to oxidative stress.

Scheme 1. Catalytic cycle of GPx.
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Figure 1. Structures of ALT 2074 and ebselen
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Two classes of compounds that were first investigated as potential GPx mimetics by our

12,13
2,

group include the aliphatic and aromatic cyclic seleninate esters 1'% and as well as the

4'12c,l3a

corresponding spirodioxyselenuranes 3'* and Later studies of these types of compounds

by Singh et al.’* and by Bayse and Ortwine'® have also been reported. Certain members of both
classes of compounds display >10-fold greater catalytic activity than that of ebselen.'?™'**!*
However, the seleninate esters suffer from a competing deactivation pathway which generates
selenenyl sulfides that remain relatively inert toward further oxidation or thiolysis.'>'*"
Moreover, we recently observed that the seleninate esters are capable of catalyzing the further
oxidation of disulfides produced from sacrificial thiols to the corresponding thiolsulfinates, a
process that could unintentionally damage other native disulfide-containing peptides and
proteins.'” On the other hand, the spirodioxyselenuranes display a more robust catalytic cycle
(Scheme 2) that does not appear to suffer from similar late-stage side reactions. The catalyst in
Scheme 2 can be introduced via either the oxidized selenurane form 4, or the corresponding
reduced selenide analogue 5, as both are stable and isolable compounds. The catalytic cycle,
when starting from selenide 5, involves oxidation to the corresponding selenoxide 6,
immediately followed by spontaneous cyclization to the selenurane 4. Substitution at selenium
with the thiol generates the postulated intermediate 7, followed by reductive elimination with a
second molecule of thiol to regenerate the selenide catalyst. The choice of benzyl thiol instead of
glutathione was made for our in vitro assay of catalytic activity because it has both a

chromophore for HPLC analysis and a distinct methylene signal to facilitate NMR

investigations.
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Figure 2. Structures of representative cyclic seleninate esters 1 and 2, and spirodioxyselenuranes
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Scheme 2. Catalytic cycle of spirodioxyselenuranes 2.
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In our earlier investigations, we observed that the aliphatic catalysts 1 and 3 displayed
especially high catalytic activities compared with most of the aromatic analogues that were
studied.'® However, the expected greater metabolic stability and lower toxicity of the aromatic

8c,18

derivatives prompted us to focus attention on the latter compounds. Furthermore, the

unsubstituted selenurane 4a displayed poorer catalytic activity than its derivatives containing
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electron-donating groups para to the selenium atom (4b, 4f), while electron-withdrawing groups

(4c-4e) further diminished its activity.'**

The Hammett plot for compounds 4a-4e produced a
reaction constant ¢ = -3.1, consistent with a rate-determining step in which the transition state is
associated with an increase in positive charge that can be stabilized by electron-donating
substituents. This in turn suggests that the oxidation of 5 to 6, i.e. Se(Il) to Se(IV), is rate-
limiting in Scheme 2. The corresponding reaction constant for a similar series of substituted
cyclic seleninate esters 2 was determined to be ¢ = -0.45, indicating a significantly lower
sensitivity to substituent effects than in the selenurane series."** This proved to be an additional
advantage for the use of the selenuranes, as they were more amenable to tuning of their catalytic
activity through judicious choice of substituents. Finally, in a recent study of derivatives of
cyclic seleninate esters 2 containing single or multiple electron-donating methoxy substituents at
various positions, we noted that a single p-methoxy group improved activity due to mesomeric
effects, while a m-methoxy group had little effect upon activity and an o-methoxy substituent
suppressed activity, presumably because of steric hindrance of the selenium center. The
introduction of a second or third methoxy group had little further effect upon catalytic activity."’
In view of the undesired complexities associated with cyclic seleninate esters, compared

to spirodioxyselenuranes as GPx mimetics, we turned our attention to a similar series of mono-,

di- and trimethoxy analogues of selenuranes 4 and selenides 5.

Results and Discussion
Since oxidation of the selenium atom had been previously shown to comprise the rate-
determining step in the catalytic cycle shown in Scheme 2,"** it was expected that electron-

donating o- or p-methoxy groups would enhance catalytic activity through mesomeric effects. In
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contrast, meta-substituted methoxy groups cannot interact with the selenium atom through
resonance and were expected to have a less pronounced effect on catalytic activity. In the case of
o-methoxy substituents, steric effects could retard reaction rates and oppose the expected
mesomeric effect. Moreover, substituents that coordinate to selenium in various redox processes
can also strongly affect reaction rates.”” In related work, Mugesh and coworkers' reported that
p-methoxy groups had little effect on the activity of diaryl diselenides, while o-methoxy
substituents improved catalytic activity by suppressing unproductive thiol exchange reactions at
selenium that competed with desired thiol attack at sulfur in postulated selenenyl sulfide
intermediates.

Although the selenides and corresponding selenuranes are interconvertible, as shown in
Scheme 2, and either can be introduced into an assay for catalytic activity, the selenides were
chosen for this purpose instead of the corresponding spirodioxyselenuranes, as the use of the
latter can result in abnormally high initial reaction rates due to their very rapid consumption by
thiolysis, followed by the slower, rate-determining oxidation of the resulting selenides back to
the selenuranes. Furthermore, the concentration of thiols (mainly glutathione) in tissues and
cells of living organisms is generally higher than that of peroxides and so the introduction of the
catalyst in its oxidized selenurane form would in any case likely result in its rapid reduction to
the selenide in vivo.

In view of these considerations, it was of interest to prepare, assay and compare the
compounds shown in Figure 3 in order to delineate the effects of various methoxy substituents
upon the catalytic activity of the present selenide/selenurane system and to compare the

properties of these compounds with those of the corresponding cyclic seleninate series.
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10

The desired novel o-hydroxymethyl selenides 8-12 shown in Figure 3 were synthesized
as indicated in Scheme 3. The selenides 5a and 5b were prepared as described previously'*'*

and were included for comparison.

Figure 3. Structures of methoxy-substituted diaryl selenides.
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The preparation of the desired selenides 8 and 9 from the corresponding diselenides 13
and 14, respectively, is shown in Scheme 3. The diselenides had in turn been prepared previously
as intermediates for the synthesis of cyclic seleninate esters,'’ while selenide 11 was isolated as a
byproduct of its diselenide analogue.'’

In contrast to selenide 5a and its p-monosubstituted derivatives 5b-5f,'** the methoxy-
substituted selenides 8-10 and 12 proved difficult to prepare in pure form. In general, the crude

products contained the corresponding diselenides and other unidentified byproducts. In order to
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obtain 8-10 and 12 in the high state of purity required for measurement of their catalytic activity,

they were typically oxidized to the more easily purified spirodioxyselenuranes, followed by

reduction back to their corresponding selenides with benzyl thiol and further purification by

chromatography and/or recrystallization. Thus, while crude yields were moderate, the final yields

of analytically pure products were low. Among various methods that were attempted for the

synthesis of these selenides, the most successful are shown in Scheme 3. Selenides 8 and 9 were

obtained by reduction of diselenides 13 and 14, respectively, with sodium borohydride, followed

by treatment of the resulting selenolates with the diazonium salts derived from diazotization of

the corresponding 2-aminobenzyl alcohols. On the other hand, the m,p-dimethoxy selenide 10

and the trimethoxy derivative 12 were best obtained by the treatment of iodides 15 and 16 with

selenourea in the presence of Cu(I[)O nanoparticles.22

Scheme 3. Synthesis of selenides 8-10 and 12.
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The catalytic activities of compounds Sa, 5b and 8-12 were then measured in our

previously described assay,

12,13,23

in which benzyl thiol was oxidized with a small excess of



Can. J. Chem. Downloaded from www.nrcresearch

press.com by DIRECTORATE OF COLDWATER FISHERIES RES on 09/22/15

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 12 of 26

12

hydrogen peroxide in the presence of 10 mol % of the catalyst. The formation of dibenzyl
disulfide was monitored by HPLC and the resulting #;,; values, representing the time required for
the conversion of 50% of the thiol to its disulfide, are shown in Table 1. Kinetic plots of disulfide

formation vs. time for selenide catalysts 5a, Sb and 8-12 are provided in Figures 4-10.

Table 1. Catalytic activity of methoxy-substituted selenides and cyclic seleninate esters

catalyst
10 mol %
2BnSH + H,0, > BnSSBn + H,0
CH,Cl, - MeOH (95:5)

18°C
MeO Se

catalyst = o || 2

N OH

entry  catalyst MeO substituent(s)* 7, (h)™*

1 S5a none 20 (53)
2 5b )% 5.5(38)
3 8 m 17 (50)
4 9 0 21 (70)
5 10 m,p 6.3 (49)
6 11 o.p 17(55)
7 12 0,m,p 15 (45)

“Ortho and para refer to positions relative to the Se substituent; meta refers to the position that is
meta to the Se substituent and para to the hydroxymethyl group. bValues in parentheses are the
112 values for the corresponding similarly substituted cyclic seleninate esters,'” and are included
for comparison. All ¢;,, values are the average of 2-5 runs. “A control reaction in the absence of a
catalyst afforded a ¢;, value of >170 h.
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Figure 6. Kinetic plot for selenide 8.
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Figure 7. Kinetic plot for selenide 9.
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Figure 8. Kinetic plot for selenide 10.
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Figure 9. Kinetic plot for selenide 11.
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Figure 10. Kinetic plot for selenide 12.
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The presence of a p-methoxy group in each of the aryl moieties in Sb increased the
catalytic activity almost four-fold relative to the unsubstituted compound 5a (entries 1 and 2).
Single methoxy groups in the meta or ortho positions had little effect, with the former providing
a slightly enhanced rate and the latter a very slightly suppressed one (entries 3 and 4) compared
to Sa. Inclusion of an additional methoxy substituent into the meta positions of the
monomethoxy derivative Sb to give 10 decreased its activity slightly (entry 5), while the
additional ortho substituent in 11 strongly suppressed it (entry 6). The trimethoxyaryl derivative
12 (entry 7) was also nearly three times less active than the p-methoxy derivative Sb. These
results indicate that the presence of an o-methoxy substituent is slightly (entry 4 vs. 1) or
considerably (entry 6 vs. 2, entry 7 vs. 5) detrimental to catalytic activity, while m-methoxy

groups can be either activating (entry 3 vs. 1, entry 7 vs. 6) or deactivating (entry 5 vs. 2)
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Furthermore, a comparison of the present selenides Sb and 8-12 with the analogous cyclic
seleninate esters reported previously'” reveals that the selenides are all considerably more active,
with shorter #;,, than their similarly substituted seleninate counterparts.

It is also noteworthy that o-methoxy-substituted compounds 9 and 12 (but not 11)
displayed nonlinear kinetic behaviour, characterized by a slower reaction rate in the early stages
of the reaction. While the reason for this behaviour is uncertain, we note that all of the present
catalysts, including 9 and 12, persist in their selenide form throughout the reaction, as long as
unreacted thiol is present. Thus, the significant accumulation of an unexpected and more active
catalytic species that could accelerate the reaction in its later stages does not appear to be
responsible for the nonlinear kinetics of these two catalysts (for HPLC analyses of 9 and 12, see
the Supporting Information). Furthermore, the persistence of the catalysts in their reduced
selenide form is consistent with the oxidation of selenium as the rate-determining step, followed
by a considerably more rapid thiolysis of the resulting spirodioxyselenurane. It is interesting to
note that the anomalous behaviour of 9 and 12 contrasts with the abnormally fast initial reaction
rates observed when similar catalysts are introduced in their oxidized spirodioxyselenurane

13
form. ”?

The accelerated rates of the latter can be attributed to the rapid thiolysis of the catalyst
(Scheme 2) to produce the disulfide in the early stages of the reaction, followed by the slower
reoxidation of the reduced selenide catalyst.

In conclusion, the most effective substitution pattern in the selenide/selenurane series of
catalysts is a single p-methoxy substituent (on each aryl moiety), while single ortho and meta
methoxy groups had relatively little effect on activity. There is little or no advantage to the

incorporation of additional m-methoxy groups to the p-substituted compound 5b and the addition

of an o-methoxy group to 5b or 10 resulted in significant loss of activity. This suggests that
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detrimental steric effects outweigh performance-enhancing mesomeric or coordination effects in
the case of the o-methoxy substituents in the present series of compounds, as well as in the cyclic
seleninate esters. Finally, the hydroxymethyl selenides in Table 1 proved in each case superior

catalysts to the corresponding cyclic seleninate esters under the conditions of this assay.

Experimental Section

General Experimental.

Diselenides 13-16 and selenide 11 were prepared as described previously.” 2-Amino-4-
methoxybenzyl alcohol and 2-amino-3-methoxybenzyl alcohol are known compounds® that
were prepared by the reduction of the corresponding carboxylic acids with lithium aluminum
hydride. Iodo alcohols 15 and 16 were obtained by the method of Lete and coworkers.”’

"H NMR spectra were recorded at 400 MHz, while °C and ""Se NMR spectra were
obtained at 101 and 76 MHz, respectively. Chemical shifts of ”’Se NMR spectra were measured
with diphenyl diselenide in CDCl; (463.0 ppm)® as the standard, relative to dimethyl selenide
(0.0 ppm). High resolution mass spectra were obtained using a time of flight (TOF) analyzer
with electron impact (EI) ionization or a quadrupole TOF analyzer with electrospray ionization
(ESD).

The HPLC-based in vitro assay was carried out in the following manner. Catalytic
activity was measured by adding the catalyst (0.031 mmol; 10 mol % relative to benzyl thiol) to
a mixture of 33% hydrogen peroxide (0.035 M) and benzyl thiol (0.031 M) in 10.0 mL of
dichloromethane-methanol (95:5) while maintaining the temperature at 18 °C. The reactions
were monitored by HPLC analysis, using a UV detector at 254 nm and a reversed phase column

(Novapak C18; 3.9 x 150 mm). The eluant was acetonitrile-water (90:10) at a flow rate of 0.9
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mL/min. Naphthalene (0.0080 M) was employed as an internal standard. Benzyl thiol was
redistilled and hydrogen peroxide was titrated®” prior to use. The assay is sensitive to acidic and

other contaminants. Each replicate assay was performed in a clean new vial.”®

Preparation of 2,2'-selenobis(4-methoxybenzyl alcohol) (8).

2-Amino-4-methoxybenzyl alcohol (492 mg, 3.22 mmol) was suspended in 12 mL of
water, cooled to 0 °C and treated with 1.8 mL of concentrated HCI, followed by the dropwise
addition of NaNO; (260 mg, 3.77 mmol) in 1.8 mL of water. In a separate round bottom flask,
the diselenide 13 (460 mg, 1.06 mmol) was dissolved in 34 mL of THF:water (1:1), cooled to 0
°C and treated with NaBH4 (283 mg, 7.48 mmol). The pH of the diazonium salt solution was
then adjusted to ~5.5 with saturated aqueous sodium acetate. This mixture was subsequently
transferred in a dropwise manner to the clear selenolate solution. The reaction mixture was
warmed to room temperature, left for 2 h and quenched with 15 mL of saturated aqueous NH4Cl
solution. The mixture was extracted with ethyl acetate, washed with brine, dried (MgSQO,4) and
concentrated. The resulting oil was purified by flash chromatography (hexanes-ethyl acetate, 1:1)
to afford 301 mg of a mixture of desired selenide and the diselenide starting material. In order to
separate them, the mixture and 29% hydrogen peroxide (0.51 mL) were dissolved in 10 mL of
dichloromethane and left for 12 h. The resulting mixture of the corresponding
spirodioxyselenurane and cyclic seleninate ester was concentrated under reduced pressure and
separated by flash chromatography (ethyl acetate-methanol, 9:1). The selenurane was reduced to
the desired selenide by treating it with 2 equivalents of benzyl thiol in 5 mL of dichloromethane
for 1 h. Concentration of the mixture and purification by chromatography (ethyl acetate-hexanes,
1:1) afforded 123 mg (33%) of selenide 8 as a white solid, mp 115-116 °C; IR (film) 3319, 2919,

1590, 1471, 1224, 1038 cm™; 'H NMR (400 MHz; CDCL3) 6 7.35 (d, J = 8.4 Hz, 2 H), 6.89 (d, J
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=2.8 Hz, 2 H), 6.82 (dd, J = 8.4, 2.8 Hz, 2 H), 4.68 (s, 4 H), 3.71 (s, 6 H), 2.11 (br s, 2 H); "*C
NMR (101 MHz; CDCls) § 159.7, 134.5, 131.8, 130.4, 120.1, 113.6, 65.0, 55.5; "’Se NMR (76
MHz; CDCls) & 335.8; mass spectrum, m/z (EI, relative intensity) 354 (10, M"), 199 (20), 135
(82), 121 (68), 108 (75), 77 (100); exact mass caled. for C;¢Hi504%Se: 354.0370; found:

354.0357. Anal. calcd. for C;H1504Se: C, 54.40; H, 5.14; found: C, 54.38; H, 5.49.

Preparation of 2,2'-selenobis(5-methoxybenzyl alcohol) (9).

Selenide 9 was prepared similarly to 8 from 2-amino-3-methoxybenzyl alcohol and
diselenide 14 in 38% yield; white solid, mp 182-183 °C; IR (film) 3214, 2929, 1557, 1462, 1267,
1000 cm™; "H NMR (400 MHz; DMSO-d) & 7.25 (t, J = 8.0 Hz, 2 H), 7.09 (d, J = 8.4 Hz, 2 H),
6.82 (d, J=8.0 Hz, 2 H), 5.13 (t, J= 5.6 Hz, 2 H), 4.54 (d, J= 5.2 Hz, 4 H), 3.56 (s, 6 H); °C
NMR (101 MHz; DMSO-dg) & 158.6, 146.2, 128.5, 119.1, 118.0, 109.9, 62.9, 55.8; "’Se NMR
(76 MHz; DMSO-d) & 144.2; mass spectrum, m/z (EI, relative intensity) 354 (50, M") 200 (65),
121 (100), 77 (60); exact mass calcd. for C16H1804808e: 354.0370; found: 354.0371. Anal. calcd.

for C¢H304Se: C, 54.40; H, 5.14; found: C, 54.20; H, 5.18.

Preparation of 2,2'-selenobis(4,5-dimethoxybenzyl alcohol) (10).

Selenide 10 was prepared according to a modification of the general procedure of Reddy,
Kumar and Rao® for the synthesis of symmetrical aryl selenides. 2-Iodo-4,5-dimethoxybenzyl
alcohol (1.09 g, 3.70 mmol) and selenourea (151 mg, 1.23 mmol) were dissolved in 5 mL of
DMSO. Commercially available nanopowder (<50 nm particle size) copper(Il) oxide (59 mg,
0.74 mmol) was added and the mixture was degassed with a stream of argon for 20 min.
Potassium hydroxide (138 mg, 2.46 mmol) was added and the mixture was heated at 85 °C for
18 h. The mixture was poured onto 15 mL of water, extracted with ethyl acetate, washed with

brine, dried (MgSO,4) and concentrated under reduced pressure. The product was subjected to
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flash chromatography (ethyl acetate-hexanes, 1:1) to afford a mixture of the desired selenide 10
and the corresponding diselenide, which were separated as in the case of selenide 8 and
diselenide 13. The crude selenide was purified by chromatography (ethyl acetate-hexanes, 1:1) to
afford 128 mg (25%) of selenide 10 as a white solid, mp 112-113 °C; IR (film) 3533, 3419,
2924, 1500, 1252, 1195, 1148 cm™; 'H NMR (400 MHz; CDCls) & 6.96 (s, 2 H), 6.83 (s, 2 H),
4.64 (s, 4 H), 3.83 (s, 6 H), 3.68 (s, 6 H), 2.67 (br s, 2 H); *C NMR (101 MHz; CDCls) & 149.2,
148.8, 135.1, 120.9, 117.3, 112.1, 64.9, 56.1, 56.0; ""Se NMR (76 MHz; CDCl3) 5 310.8; mass
spectrum, m/z (EI, relative intensity) 414 (38, M"), 316 (32), 151 (100) 138 (46); exact mass
caled. for CisH06™'Se: 414.0582; found: 414.0583. Anal. caled. for CisHpOgSe: C, 52.31; H,

5.36; found: C, 52.38; H, 5.51.

Preparation of 2,2'-selenobis(3,4,5-trimethoxybenzyl alcohol) (12).

Selenide 12 was prepared similarly to 10 from 2-iodo-3,4,5-trimethoxybenzyl and
selenourea. in 18% yield as a colourless oil; IR (neat) 3457, 2929, 2848, 1581, 1481, 1314, 1152,
1105, 1010 cm™; "H NMR (400 MHz; CDCls) & 6.85 (s, 2 H), 4.87 (br s, 4 H), 3.88 (s, 6 H), 3.77
(s, 6 H), 3.46 (s, 6 H), 3.36 (s, 2 H); >C NMR (101 MHz; CDCl3) § 154.3, 154.2, 142.1, 139.4,
116.4, 108.9, 66.4, 60.9 (x 2), 56.2; 7Se NMR (76 MHz; CDCls) & 156.0; mass spectrum, m/z
(EL relative intensity) 474 (40, M"), 276 (18), 198 (36), 181 (100), 168 (38); exact mass calcd.

for CaoH605 °Se: 474.0793; found: 474.0792.
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Supporting Information

Copies of NMR spectra of selenides 8, 9, 10 and 12, as well as HPLC analyses of

reactions conducted with catalysts 9 and 12 are available in the Supporting Information.

References

1.

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

(a) Flohé, L.; Giinzler, W. A.; Schock, H. H., FEBS Lett. 1973, 32, 132-134. (b) Margis,
R.; Dunand, C.; Teixeira, F. K; Margis-Pinheiro, M. FEBS J. 2008, 275, 3959-3970.

(a) Arthur, J. R. Cell. Mol. Life Sci. 2000, 57, 1825-1835. (b) Brigelius-Floh¢, R; Maiorino,
M. Biochim. Biophys. Acta 2013, 1830, 3289-3303. (c) Brigelius-Floh¢, R.; Kipp, A. P.
Ann. N. Y. Acad. Sci. 2012, 1259, 19-25. (d) Stadtman, T. C. J. Biol. Chem. 1991, 266,
16257-16260. (e) Tappel, A. L. Curr. Top. Cell Regul. 1984, 24, 87-97. (f) Flohé, L. Curr.
Top. Cell Regul., 1985, 27, 473-478. (g) Ganther, H. E. Chem. Scr. 1975, 8a, 79-84.

(a) Nogueira, C. W.; Rocha, J. B. T. in Organic Selenium and Tellurium Compounds;
Rappoport, Z., Ed.; Wiley: Chichester, 2012; Volume 3, Part II, Chapter 21. (b)
Masukawa, T. in The Chemistry of Organoselenium and Tellurium Compounds; Patai, S.,
Ed.; Wiley: Chichester, 1987; Volume 2, Chapter 9. (c¢) Brenneisen, P.; Steinbrenner, H.;
Sies, H. Mol. Aspects Med. 2005, 26, 256-267. (d) Oxidative Stress; Sies, H., Ed;
Academic Press: London, 1985. (e) Free Radicals and Oxidative Stress: Environment,
Drugs and Food Additives; Rice-Evans, C.; Halliwell, B.; Lunt, G. G., Eds.; Portland

Press: London, 1995. (f) Oxidative Processes and Antioxidants; Paoletti, R.; Samuelsson,

Page 22 of 26



Page 23 of 26

Can. J. Chem. Downloaded from www.nrcresearchpress.com by DIRECTORATE OF COLDWATER FISHERIES RES on 09/22/15

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

23

B.; Catapano, A. L.; Poli, A.; Rinetti, M., Eds.; Raven Press: New York, 1994. (g)
Selenium in Biology and Human Health; Burk, R. F., Ed.; Springer-Verlag: New York,
1994.

(a) Moutet, M.; D’Alessio, P.; Malette, P.; Devaux, V.; Chaudiére, J. Free Radical Biol.
Med. 1998, 25, 270-281. (b) Maulik, N.; Yoshida, T.; Das, D. K. Mol. Cell. Biochem.
1999, 796, 13-21. (c) Dhalla, N. S.; Elmoselhi, A. B.; Hata, T.; Makino, N. Cardiovasc.
Res. 2000, 47, 446-456. (d) Muzékova, V.; Kandar, R.; Vojtisek, P.; Skalicky, J.;
Vankova, R.; Cegan, A.; Cervinkova, Z. Physiol. Res. 2001, 50, 389-396. (e) Crack, P. J.;
Taylor, J. M.; de Haan, J. B.; Kola, I.; Hertzog, P.; lannello, R. C. J Cereb. Blood Flow
Metabol. 2003, 23, 19-22. (f) Wong, C. H. Y.; Bozinovski, S.; Hertzog, P. J.; Hickey, M.
J.; Crack, P. J. J. Neurochem. 2008, 107, 241-252. (g) Lim, C. C.; Bryan, N. S.; Jain, M;
Garcia-Saura, M. F.; Fernandez, B. O.; Sawyer, D. B.; Handy, D. E.; Loscalzo, J.; Feelisch,
M.; Liao, R. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H2144-H2153

Epp, O.; Ladenstein, R.; Wendel, A. Eur. J. Biochem. 1983, 133, 51-69.

Ganther, H. E.; Kraus, R. J., In Methods in Enzymology, Colowick, S. P.; Kaplan, N. O.,
Eds. Academic Press: 1984; Vol. 107, 593-602.

For reviews, see: (a) Day, B. J. Biochem. Pharmacol. 2009, 77, 285-296. (b) Bhabak, K.
P.; Mugesh, G. Acc. Chem. Res. 2010, 43, 1408-1419. (c) Mugesh, G.; Singh, H. B. Chem.
Soc. Rev. 2000, 29, 347-357. (d) Mugesh, G.; du Mont, W.-W.; Sies, H. Chem. Rev. 2001,
101,2125-2179. (e) Back, T. G. Can. J. Chem. 2009, 87, 1657-1674.

For selected studies of ebselen, see: (a) Miiller, A.; Cadenas, E.; Graf, P.; Sies, H.
Biochem. Pharmacol. 1984, 33, 3235-3239. (b) Wendel, A.; Fausel, M.; Safayhi, H.; Tiegs,

G.; Otter, R. Biochem. Pharmacol. 1984, 33, 3241-3245. (c) Parnham, M. J.; Kindt, S.



Can. J. Chem. Downloaded from www.nrcresearchpress.com by DIRECTORATE OF COLDWATER FISHERIES RES on 09/22/15

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

10.

11.

12.

Page 24 of 26

24

Biochem. Pharmacol. 1984, 33, 3247-3250. (d) Miiller, A.; Gabriel, H.; Sies, H. Biochem.
Pharmacol. 1985, 34, 1185-1189. (e) Safayhi, H.; Tiegs, G.; Wendel, A. Biochem.
Pharmacol. 1985, 34, 2691-2694. (f) Wendel, A.; Tiegs, G. Biochem. Pharmacol. 1986,
35, 2115-2118. (g) Fischer, H.; Dereu, N. Bull. Soc. Chim. Belg. 1987, 96, 757-768. (h)
Haenen, G. R. M. M.; De Rooij, B. M.; Vermeulen, N. P. E.; Bast, A. Mol. Pharmacol.
1990, 37, 412-422. (i) Glass, R. S.; Farooqui, F.; Sabahi, M.; Ehler, K. W. J. Org. Chem.
1989, 54, 1092-1097. (j) Bhabak, K. P.; Mugesh, G. Chem. Eur. J. 2007, 13, 4594-4601.
(k) Sarma, B. K.; Mugesh, G. Chem. Eur. J. 2008, 14, 10603-10614. (1) Bhabak, K. P.;
Vernekar, A. A.; Jakka, S. R.; Roy, G.; Mugesh, G. Org. Biomol. Chem. 2011, 9, 5193-
5200. (m) Selvakumar, K.; Shah, P.; Singh, H. B.; Butcher, R. J. Chem. Eur. J. 2011, 17,
12741-12755. (n) Sarma, B. K.; Mugesh, G. J. Am. Chem. Soc. 2005, 127, 11477-11485.
For the use of ebselen in the treatment of hearing loss, see: (a) Dolgin E. Nature Medicine
2012, 18, 642-645. (b) Lynch, E.; Kil, J. Semin. Hear. 2009, 30, 47-55. (c) Kil, J.; Pierce,
C.; Tran, H.; Gu R.; Lynch, E. D. Hear. Res. 2007, 226, 44-51.

For studies of ALT2074 (formerly identified as BXT51072) and related selenazinones, see:
(a) Jacquemin, P. V.; Christiaens, L. E.; Renson, M.; Evers, M. J.; Dereu, N. Tetrahedron
Lett. 1992, 33, 3863-3866. (b) Asaf, R.; Blum, S.; Miller-Lotan, R.; Levy, A. P. Lett. Drug
Design Discovery 2007, 4, 160-162. (c) Castagné, V.; Clarke, P. G. H. J. Neurosci. Res.
2000, 59, 497-503.

(a) Back, T. G.; Moussa, Z. J. Am. Chem. Soc. 2002, 124, 12104-12105. (b) Back, T. G.;
Moussa, Z. J. Am. Chem. Soc. 2003, 125, 13455-13460. (c) Back, T. G.; Kuzma, D.;

Parvez, M. J. Org. Chem. 2005, 70, 9230-9236.



Page 25 of 26

Can. J. Chem. Downloaded from www.nrcresearchpress.com by DIRECTORATE OF COLDWATER FISHERIES RES on 09/22/15

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

13.

14.

15.

16.

17.

18.

19.

20.

25

(a) Press, D. J.; Mercier, E. A.; Kuzma, D.; Back, T. G. J. Org. Chem. 2008, 73, 4252-
4255. (b) McNeil, N. M. R.; Matz, M. C.; Back, T. G. J. Org. Chem. 2013, 78, 10369-
10382.

Back, T. G.; Moussa, Z.; Parvez, M. Angew. Chem. Int. Ed. 2004, 43, 1268-1270.

(a) Tripathi, S. K.; Patel, U.; Roy, D.; Sunoj, R. B.; Singh, H. B.; Wolmershéuser, G.;
Butcher, R. J. J. Org. Chem. 2005, 70, 9237-9247. (b) Tripathi, S. K.; Sharma, S.; Singh,
H. B.; Butcher, R. J. Org. Biomol. Chem. 2011, 9, 581-587. (c) Singh, V. P.; Singh, H. B.;
Butcher, R. J. Chem. Asian J. 2011, 6, 1431-1442.

Bayse, C. A.; Ortwine, K. N. Eur. J. Inorg. Chem. 2013, 3680-3688.

McNeil, N. M. R.; McDonnell, C.; Hambrook, M.; Back, T. G. Molecules 2015, 20, 10748-
10762.

(a) Nogueira, C. W.; Zeni, G.; Rocha, J. B. T. Chem. Rev. 2004, 104, 6255-6286. (b)
Nogueira, C. W.; Rocha, J. B. T. J. Braz. Chem. Soc. 2010, 21, 2055-2071. (c) Meotti, F.
C.; Borges, V. C.; Zeni, G.; Rocha, J. B. T.; Nogueira, C. W. Toxicol. Lett. 2003, 143, 9—
16.

Press, D. J.; McNeil, N. M. R., Hambrook, M.; Back, T. G. J. Org. Chem. 2014, 79, 9394-
9401.

For a review, see: (a) Mukherjee, A. J.; Zade, S. S.; Singh, H. B.; Sunoj, R. B. Chem. Rev.
2010, /70, 4357-4416. For key references, see: (b) Mugesh, G.; Panda, A.; Singh, H. B.;
Punekar, N. S.; Butcher, R. J. J. Am. Chem. Soc. 2001, 123, 839-850. (c¢) Iwaoka, M.;
Komatsu, H.; Katsuda, T.; Tomoda, S. J. Am. Chem. Soc. 2004, 126, 5309-5317. (d)

Iwaoka, M.; Tomoda, S. J. Am. Chem. Soc. 1994, 116, 2557-2561.



Can. J. Chem. Downloaded from www.nrcresearchpress.com by DIRECTORATE OF COLDWATER FISHERIES RES on 09/22/15

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

21.

22.

23.

24.

25.

26.

27.

28.

Page 26 of 26

26

(a) Bhabak, K. P.; Mugesh, G., Chem.—Eur. J. 2008, 14, 8640-8651. (b) Bhowmick, D.;
Mugesh, G., Tetrahedron 2012, 68, 10550-10560.

Reddy, V. P.; Kumar, A. V.; Rao, K. R. J. Org. Chem. 2010, 75, 8720-8723.

Back, T. G.; Dyck, B. P. J. Am. Chem. Soc. 1997, 119, 2079-2083.

Ida, Y.; Matsubara, A.; Nemoto, T.; Saito, M.; Hirayama, S.; Fujii, H.; Nagase, H., Bioorg.
Med. Chem. 2012, 20, 5810-5831.

Ruiz, J.; Ardeo, A.; Ignacio, R.; Sotomayor, N.; Lete, E. Tetrahedron 2005, 61, 3311-3324.

Duddeck, H. Prog. NMR Spectrosc. 1995, 27, 1-323.
Kolthoff, M. 1., Chem. Weekblad 1920, 17, 197.

When the catalysts were employed in their oxidized (spirodioxyselenurane) form under
similar conditions, shorter ¢;/; times were typically observed, in part because of very rapid
initial consumption of the catalyst, with accompanying disulfide formation. The order of

addition of reagents and minor changes to the conditions can also affect the kinetic results.



