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ABSTRACT: The sulfur-containing antioxidant molecule ergothio- .-~
. . .- . // Metal-bound BzMeSMe Metal-bound ImMeSH \
neine with an ablllty to protect metalloenzymes from reactive oxygen v Highly reactive
species (ROS) has attracted significant interest in both chemistry and ¥ Shields Cu(l) from H,0,
biology. Herein, we demonstrated the importance of hydrogen bonding P
in S-oxygenation reactions between various thiones and H,0, and its lmmeﬁ ’ H,0,
significance in protecting the metal ion from H,0,-mediated oxidation. ¢ S
Among all imidazole- and benzimidazole-based thiones (1—10), - 1
ImMS™ (2) showed the highest reactivity toward H,0,—almost 10
and 75 times more reactive than N,N’-disubstituted Im™°S™° (5) and
BzMeSMe (10), respectively. Moreover, metal-bound Im™°S¥ (2) of
[TpmCu(2)]* (13) was found to be S1 and 1571 times more reactive
toward H,0, than the metal-bound Im™S™ (5) of [TpmCu(5)]* ™.
(16), and BzMSM¢ (10) of [TpmCu(10)]* (21), respectively. The
electron-donating N—Me substituent and the free N—H group at the imidazole ring played a very crucial role in the high
reactivity of Im"°S" toward H,0,. The initial adduct formation between Im™°S™ and H,0, (Im™*S"-H,0,) was highly
facilitated (—23.28 kcal mol™") due to the presence of a free N—H group, which leads to its faster oxygenation than N,N’-
disubstituted Im™*S™* (5) or Bz"*S™° (10). As a result, Im™°S™ (2) showed a promising effect in protecting the metal ion from
H,0,-mediated oxidation. It protected biomolecules from Cu(I)-mediated oxidative damage of through coordination to the
Cu(I) center of [TpmCu(CH;CN)]* (11), whereas metal-bound Im™°S™¢ or Bz™eSM¢ failed to protect biomolecules under
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identical reaction conditions.

Bl INTRODUCTION

Reactive oxygen species (ROS) are hi§hly toxic and involved in
oxidative damage to biomolecules.~’ Hydrogen peroxide
(H,0,), a prime member of ROS, is continuously produced in
vivo due to various physiological functions.” On average,
intracellular and extracellular H,O, concentrations roughly can
vary from 0.001-0.1 M and 0.1-10 uM, respectively,
depending upon the normal and oxidative stress conditions.” "’
Moreover, H,0, is known to produce highly reactive hydroxyl
radical (HO®) in reacting with the free Cu(I) ion via a Fenton-
type reaction, which leads to the oxidative damage of DNA and
protein.”'" Excess Cu has been implicated in the progression
of neurodegenerative disorders including Alzheimer’s, Parkin-
son’s, and cardiovascular diseases.”'*™'*

The sulfur-containing small molecules such as GSH and 1-
ergothioneine have evolved to protect cells from Cu-induced
oxidative stress. L-Ergothioneine is mainly synthesized in fungi
and bacteria. Humans acquire this unusual amino acid through
consumption of an ergothioneine-rich diet, primarily by the
consumption of edible mushrooms, black beans, red meat, and
oats.'” In human blood, ergothioneine is estimated to be
present in the range of 1—4 mg/100 mL (ca. 46—183 uM).'
Unlike the thiol (-SH)-containing antioxidant GSH, ergo-
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thioneine exists in two tautomeric forms (thione and thiol
form), mostly in the thione form at physiological pH."”
Although this molecule was discovered more than 100 years
ago, its physiological function has yet to be fully established.
Recently, Brumaghim and co-workers have demonstrated, in
their pioneer work, that the N,N’-disubstituted imidazole-
based thione/selone can prevent the Cu(I)-mediated oxidative
damage of biomolecules by directly binding to the redox active
Cu(I) center and thereby not allowing H,O, to interact with
the metal ion.'® For instance, Im™SM® and its selenium
analogue (Im™°Se™*) were reported to show their antioxidant
activities by coordinating to the Cu(I) center of tris(3,5-
dimethylpyrazolyl)-methane (Tpm) Cu(I) complex, [TpmCu-
(CH5CN)]* (11), through the lone pair of S and Se atoms,
which led to the formation of the corresponding redox inactive
[TpmCu(thione)]* and [TpmCu(selone)]* complexes.'*"’
Interestingly, because of the presence of a lone pair at the S
or Se center of Cu(I)-bound thione or selone of [TpmCu-
(thione)]* or [TpmCu(selone)], the approaching H,O, may
readily interact with the metal-bound thione or selone, instead
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Figure 1. Chemical structures of ergothioneine, imidazole, and
benzimidazole-based thiones and their corresponding Cu(I) com-
plexes.

of the Cu(I) ion which is buried inside the complex (Figure 2).
Unfortunately, unlike its Se analogue, the reactivity of Im"°SMe
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Figure 2. A representational figure showing how metal-bound thione
protects Cu(I) from H,0,.

toward H,O, was reported to be extremely slow, and, thus, it
may allow H,0, to interact with the Cu(I) ion, which leads to
the generated HO® radical via a Fenton-type reaction. As a
result, Im™°S™ poorly inhibits the Cu(I)-mediated oxidative

damage of DNA (ICy, = 1.55 mM, ICy, value is the
concentration required to inhibit 50% of the DNA damage).”

In a separate experiment, Zhu et al. reported that
ergothioneine can prevent Cu(I)-mediated oxidative damage
of DNA and protein in a dose-dependent manner (0.1—1.0
mM), possibly through coordination to the redox active Cu(I)
center.”’ Structurally ergothioneine is quite different from
N,N’-dimethyl substituted thione Im™°S™* as it does not have
any substituent at the N atom of the imidazole ring, and,
therefore, it is pertinent to understand the effect of N-
substituents at the five-membered heterocyclic ring on the
reactivity of metal-bound thiones toward H,0, and their
ability to protect biomolecules from Cu(I)-mediated oxidative
damage. Does a substituent at the N atom of the heterocycle
play any significant role in the reactivity of thiones toward
H,0,? Does Im™S", having N—Me and free N—H groups,
have a similar efficacy in protection from Cu(I)-mediated
oxidative damage than N,N’-disubstituted Im™MesMe or
BzMeSMe2 Thus, to address these relevant unanswered
questions, we employed various imidazole- (1—§) and
benzimidazole-based (6—10) thiones with different substitu-
ents at the N atom of the heterocycle and the corresponding
Cu(I) complexes 12—21, Figure 1, in our study. Herein we
report a detailed investigation of the reactivity of various free
and Cu(I)-bound thiones toward H,0, and their ability to
protect biomolecules from Cu(I)-mediated oxidative damage.

B RESULTS AND DISCUSSION

To understand the role of N-substituents at the five-membered
heterocyclic ring of imidazole- and benzimidazole-based
thiones on the reactivity of thiones toward H,0, and their
ability to inhibit the generation of Cu(I)-mediated HO®
radicals, we synthesized various derivatives of imidazole-
based (1—5) and benzimidazole-based (6—10) thiones by
following the literature procedure.””** Thione-bound Cu(T)
complexes (12—21) were obtained by treating 11, [TpmCu-
(CH,CN)]*, with appropriate thione ligands in dichloro-
methane. Detailed synthetic procedures are mentioned in the
Supporting Information. Thiones and 1:1 thione-bound Cu(I)
complexes were characterized thoroughly by NMR, mass
spectrometry, and single crystal X-ray diffraction (SC-XRD).
Reactivity of Thiones toward H,0,. Imidazole-based
thiones 1—5 showed a strong absorbance band at 265 nm due
to the n — #* transition of the C—S moiety. The S-
oxygenation of thiones 1—5 (10 mM) in the presence of 3
equiv of H,O, was monitored at 37 °C by following the
decrease in absorbance at 265 nm (i.e., the desulfurization of
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Figure 3. Desulfurization of imidazole-based thiones 1—5 (a) and benzimidazole-based thiones 6—10 (b) in the presence of 3 equiv of H,0, at 37

°C.
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thiones), as shown in Figure 3 and Figure SSa. Kinetic studies
of thione oxygenation by H,0, have revealed that the time
required for the 50% cleavage of C—S bond (t,,,) of N—Me-
substituted thione Im™°S" was almost 3.3 times less than the
time required for Im"'S", which did not have any N-substituent
at the five-membered ring. This observation suggests that the
electron-donating N-Me group probably enhances the
reactivity of Im™S" toward H,0,.

However, if the electron-donating N-Me group is the only
reason for its higher reactivity toward H,0O,, it is expected
therefore that the N,N'-dimethylated Im™eSMe will show higher
reactivity than N-methylated Im™°S". However, we found that
the t,/, value for Im™°S™® was 10.7 times higher than the t,,,
value obtained for Im™S™ at 37 °C. This result indicates that
the Im™S™ is more reactive toward H,0, than Im*S™¢, and
possibly the free N—H group of Im™°S" is playing a significant
role here. The reactivity sequence of imidazole-based thiones is
ImMeS™ (2) > Im®'S™ (3) > Im"S™ (1) > ImC®OOMegH (4) >
mMesMe (5), Table 1, which suggests that moving from the
electron-donating N—Me group to the electron-withdrawing
group like —Bn or —CH,CO,Me has reduced the reactivity of
thiones.

Table 1. t,,, Values for the Degradation of C—S Bond of
Thiones Mediated by H,0, at 37 °C and Charge on the S
Atom of Thiones

compd t,/, (min)” charge on S
Im"s" (1) 15.54 +2.92 —0.277
Im™est (2) 4.67 + 1.73 —0.288
Im®'S" (3) 9.73 + 1.65 —0.292
ImCOOMegH (4) 19.33 + 1.70 —0.283
ImMesMe () 49.89 + 1.50 —0.295
BZHSH (6) 20.30 + 2.64 —0.226
BzMesH (7) 9.6 + 19 —0.235
BZBsH (8) 14.95 + 0.61 —0.239
BzCOOMegH (9) 205.8 + 2.21 —0.230
BzMesMe (10) 35229 + 3.12 —0.241

“All experiments were performed at room temperature (37 °C) in
CH,CN, ([Compd] = 10 mM).

We next studied the reactivity of various benzimidazole-
based thiones 6—10 toward H,0, by following a similar
procedure as mentioned above in the case of thiones 1-5
except the desulfurization of thiones 6—10 was monitored at
Amax Of 310 nm instead of 265 nm. Interestingly, the
benzimidazole thiones (6—10) were found to be less reactive
toward H,O, in comparison to their imidazole counterparts
(1-8), Figure 3. However, the reactivity sequence of
benzimidazole-based thiones is similar to the imidazole-based
thiones, B2™S™ (7) > Bz®*S™ (8) > Bz"'S™ (6) > Bz“OOMesH
(9) > BzMesMe (10). BzMSM¢ is ca. 75 and 36 times less
reactive toward H,O, in comparison to Im™*S" and BzMeSH,
respectively. It should be mentioned that the order of reactivity
of benzimidazole-based thiones toward oxidation mediated by
H,O, obtained here is slightly different than the order of
reactivity obtained by Doerge et al., Bz"'S" (6) > BzV*S" (7) >
Bz™eSM¢ (10). The possible reason for this little variation in
reactivity may be due to the use of a different oxidizing reagent,
H,0,, instead of perbenzoic acid in our case.”*

Detection of Intermediates of Oxygenation of
Thiones. The oxidation reactions were monitored by LC/
MS, and the intermediate products obtained in the reactions of

H,0, (3 equiv) and thiones were identified by mass
spectrometry. The end product [MIm™]* (imidazolium salt),
obtained in the reaction of Im™*S™ and H,0, (3 equiv), was
isolated and characterized thoroughly. LS/MS analysis
confirmed the formation of oxidative intermediate products
such as sulfenic acid ImM*SOH (m/z 131.0287 for [M + H]*)
and sulfonic acid ImM*SO,H (m/z 163.0180 for [M + H]*) or
BZM*SOH (m/z 181.0418 for [M + H]*) and Bz™*SO,H (m/z
213.0334 for [M + H]*) from the reaction mixture of Im™St/
H,0, or Bz™S"/H,0, (Figure 4ab). This is in good
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Figure 4. (a) Proposed mechanism of C—S bond cleavage of Im™*S"
or BzMS" by H,0, (3 equiv) via the formation of sulfenic
(ImM*SOH/Bz™*SOH), sulfinic (Im™*SO,H/BzM*SO,H), and sul-
fonic (ImM*SO,H/BzM*SO,H) acid intermediates. AG values are in
kecal mol™". (b) HRMS of intermediates. (c) ORTEP images of end

products MBz".HSO,, *"Bz"-HSO,, and M*Bz™*-HSO,,

agreement with previous oxidation studies.”* A single crystal
obtained from the reaction mixture of BzM*S"/H,0, in
acetonitrile—dichloromethane (1:1) solution confirmed the
formation of M*Bz"-HSO, (Figure 4c) in which the oxygen
atom of the HSO,™ ion formed a strong H-bonding (2.714 A)
with the N—H group of M*Bz"-HSO,, (Figure S7d). Addition-
ally, the OH group of HSO,” formed a second H-bonding with
the oxygen atom of another M*Bz".HSO, unit leading to the
formation of a chain-like structure. Crystal structures of ®Bz"
HSO, and M*Bz™*-HSO, are shown in Figure 4c.

Reactivity of Copper(l) Complexes toward H,0,. The
oxidation kinetics of isolated complexes (12—21) in the
presence of H,0, (3 equiv) was investigated, similar to
thiones, by following the decrease in absorbance (at 265 nm
for 12—16 and at 310 nm for 17—21), Figure S. The t,, value
for [TpmCu(5)]* (85.56 + 1.6 min) was found to be 51, 40,
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Figure 5. Desulfurization of copper(I) complexes 12—16 (a) and 17—21 (b) in the presence of 3 equiv of H,0, at 37 °C.

and 26 times more than the t,, values obtained for complexes
[TpmCu(2)]*, [TpmCu(3)]*, and [TpmCu(4)]*, respec-
tively, indicating that the metal-bound Im™S™¢ (5) reacts
very slowly with the approaching H,O, than metal-bound
ImMest (2), Im®8" (3), or Im“O°MegH (4). These
observations strongly suggest that the N—H group of metal-
bound thiones is possibly playing a significant role while
reacting with H,0,, similar to the case of free thiones (vide
supra).

Reactivity of the imidazole-based thione-bound Cu(I)
complexes toward H,0, at 37 °C decreases in the order 13
> 14 > 12 > 15 > 16. Likewise, the reactivity of the
benzimidazole-based thione-bound Cu(I) complexes also
decreases in the order 18 > 19 > 17 > 20 > 21. However,
benzimidazole-based thione-bound Cu(I) complexes 17—21
are less reactive in comparison to the corresponding imidazole-
based thione-bound Cu(I) complexes 12—16. Desulfurization
of 21, [TpmCu(10)]*, (t,/, = 2640 + 3.4 min) occurred very
slowly at 37 °C—ca. 1571 times more slowly than the 13,
[TpmCu(2)]*, (t;, = 1.68 = 12 min). Interestingly, the
higher reactivity of the metal-bound thione toward H,O, is
observed in comparison to the corresponding free thione. This
is very likely due to the elongation of the C—S bond of the
thione upon coordination to the metal center (Table SS, vide
infra), as is evident from the significant upfield shift of the
carbon resonance of C—S in *C NMR, Table §1."2%%¢

Detection of Intermediates of Oxygenation of Cu(l)-
Complexes. The mass spectral analyses were carried out to
identify the intermediate products produced during the course

Table 2. t,,, Values for the Degradation of C—S Bond of
Cu(I)-Thione Complexes Mediated by H,0, at 37 °C and
Charge on the S Atom of Metal-Bound Thiones

compd t,/, (min)“ charge on S
[TpmCu(1)]* (12) 275 + 1.8 -0.272
[TpmCu(2)]* (13) 1.68 + 1.2 —0.279
[TpmCu(3)]* (14) 2.16 + 22 —0.291
[TpmCu(4)]* (15) 32+ 18 —0.265
[TpmCu(S)]* (16) 85.56 + 1.6 —-0.221
[TpmCu(6)]* (17) 1046 + 0.7 —0.240
[TpmCu(7)]* (18) 442 + 1.6 —0.252
[TpmCu(8)]* (19) 8.89 + 0.4 —0.256
[TpmCu(9)]* (20) 19.51 + 0.7 —0.231
[TpmCu(10)]* (21) 2640 + 3.4 —0.189

“All experiments were performed at room temperature (37 °C) in
CH,CN, ([Compd] = 10 mM).

of the reaction between Cu(I) complexes and H,0, (3 equiv).
Treatment of H,0, to the solution of [TpmCu(2)]* in
acetonitrile at room temperature afforded [TpmCu-
(ImMeSOH)]* (m/z 491.1405), ImM*SO,H (m/z 147.0232),
ImMeSO;H (m/z 163.0180), and [MIm™]* (m/z 83.0607) in
solution, Figure 6. We also detected HSO,™ ion (m/z 96.9646)
in solution by mass spectrometry. Formation of the end
product MBz"-HSO, in the reaction of [TpmCu(7)]" and
H,0, was confirmed by an X-ray study. On the basis of our
results, we propose a possible pathway of oxidation of Im™°S™
(2)-bound Cu(I) complex [TpmCu(2)]* by H,0,, as shown
in Figure 6a. Density functional theory (DFT) calculations
show that the oxidation of [TpmCu(2)]* to [TpmCu-
ImMSOH)]* by H,0, is, indeed, a energetically favorable
(AG = —35.34 kcal mol™) reaction.

Structural Analysis of Copper(l) Thione Complexes.
Single crystals of complexes [TpmCu(4)]*, [TpmCu(7)]*,
[TpmCu(8)]*, [TpmCu(9)]*, and [TpmCu(10)]* were
obtained through a slow diffusion technique in hexane/
acetonitrile (1:1) solution, and their structures were
determined by X-ray diffraction study, Figure 7. The calculated
four-coordinate geometry index 7, values of Cu(I) centers of
[TpmCu(4)], [TpmCu(7)]", [TpmCu(8)]*, [TpmCu(9)]",
and [TpmCu(10)]* are ranging from 0.67 to 0.72, indicating a
distorted tetrahedral geometry at the Cu(I) center. Upon
coordination to the Cu(I) center through the p-type of S lone
pair (lone pair of thione forms L-type Cu « S dative covalent
bond), the C—S bond length of metal-bound thiones is
expected to increase. Quantum chemical calculations of all
thiones and their corresponding Cu(I) complexes confirmed
that the C—S bond lengths of metal-bound thiones were,
indeed, increased slightly compared to those in free thiones
(~0.025—0.042 A), Table SS.

Theoretical Insight into the Reaction Pathways. To
further understand the mechanism of S-oxygenation of Im™°S™
(2) or BZMs" (7) by H,0, we have performed quantum
chemical calculations (DFT) using the B3LYP/6-31G(d) level
of theory in the gaseous phase. In step 1 of the oxidation of
Im™es" or BzM*S™ by H,0, involved nucleophilic attack of a
negatively charged S atom of thione (HOMO) to the
antibonding orbital of H,0, (LUMO). It resulted in the
elongation of the O—O bond of H,0, and yielded the
oxidation product sulfenic acid Im™*SOH-H,0 or Bz™*SOH-
H,O via the transition state [ImM°S" - ImM*SOH)]* or
[BzMesH - BzM°SOH)]%, as shown in Scheme 1. This
transformation was also accompanied by the elimination of
water after abstraction of the N—H proton. Interestingly, the
very first step of the oxidation reaction between Im™*S™ (2) or
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Figure 7. Molecular structures (50% probability density ellipsoids) of [TpmCu(4)]* (a), [TpmCu(7)]* (b), [TpmCu(8)]* (c), [TpmCu(9)]*
(d), and [TpmCu(10)]* (e).

BzMesY (7) and H,0, was the formation of a 1:1 ImMesH- ImM*SOH-H,0, adduct (—25.8 kcal mol™"), which was again
H,0, or Bz*$".H,0, adduct, which was greatly stabilized by stabilized by two intermolecular H-bondings, namely, N—H---
intermolecular H-bondings between the H atom of the N—H O (1.84 A) and O-+-H-O (1.82 A). The Im™*SOH-H,0,

group of N-substituted Im™S" (2) or Bz™*S™ (7) and H,0,. adduct yielded a further oxidized product sulfinic acid
The adduct Im™*S".H,0, formation was thermodynamically ImM*SO,H.H,0 (—70.73 kcal mol™) via transition state
facilitated (—23.28 kcal mol™) due to the presence of the [ImM*SOH - ImM*SO,H]*. In a similar fashion, in step 3,

strong N—H--O H-bonding (2.86 A) between the H atom of sulfinic acid again oxidized, by one more equivalent of H,0,,
the N—H group of Im™°S" with the O atom of H,0, and a to sulfonic acid Im™*SO;H.H,O (—82.87 kcal mol™) via the

relatively weak S---H—O interaction between the S atom of ImM*SO,H-H,0, adduct. Finally, the unstable sulfonic acid
ImMeS" with the H atom of H,0,, Scheme 1, Figures 8 and underwent C—S bond cleavage through a [Im™*SO;H-H,0]*
S42. Likewise, in the second step (step 2), the sulfenic acid transition state which led to the formation of the final end

(ImM*SOH) further interacted with H,0, to form a 1:1 product MIm" HSO, (—87.11 kcal mol™).
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Scheme 1. Proposed Mechanism of Degradation of C—S Bond of Im"*S™ or BzM*S" by in the Presence of 3 equiv of H,0,
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Figure 8. Schematic representation of the potential energy surface (PES) of the reaction of Im™*S* (2) and Bz™*S" (7) with H,0,. The energy

values are scaled for the A(E + ZPE) values of all the species. Hydrogen bonding distances: d(y_o) = 2.86 A (Im™es™.H,0,), dn-0) = 1.84 A
(Im“*SOH-H,0,), dx_0) = 2.88 A (BzY*S".H,0,), d(x_0) = 1.82 A (Bz"*SOH-H,0,).

Formation of sulfenic acid ImM*SOH-H,0 (—59.51 kcal
mol™') from ImMeS" (step 1) was 4.85 kcal mol™!
thermodynamically more favorable compared to the formation
of BZ2MSOH-H,0 (—54.66 kcal mol™) from BzM*S™, as shown
in Table 3 and Figure 8. This is because the sulfur center of
Im™S" is more nucleophilic in nature and possesses a large

negative charge (—0.288) compared to the sulfur center of
BzMeS™ (—0.235), Table 1. However, the relative energies for
step 2 (i.e., the formation of sulfinic acid from sulfenic acid)
and step 3 (i.e., the formation of sulfonic acid from sulfinic
acid) of benzimidazole-based thione were almost comparable
with the relative energies for step 2 and step 3 of imidazole-

DOI: 10.1021/acs.inorgchem.8b03212
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.8b03212

Inorganic Chemistry

Table 3. Optimized Energy of the Reactants, Products, and Transition States of the Thione Compounds in the Presence of

H,0,”
B3LYP/6-31g(d) relative ener;
ImMest (2) (En) (keal mol™*
Im™$".H,0, (2-H,0,) —815.2892932 —23.28
[2-2a]* —815.2474668 2.96
ImM*SOH-H,0 (2a-H,0) —815.3470265 —59.51
Im™*SOH-H,0, (2a-H,0,) —890.4697636 -25.8
[2a-2b]# —890.3876830 25.71
Im™*SO,H-H,0 (2b-H,0) —890.5413689 —-70.73
ImMSO,H-H,0, (2b- —965.6480714 —144
H,0,)
[2b-2¢]* —965.5779924 29.57
Im™*SO;H-H,0 (2¢-H,0) —965.7571894 —82.87
[2¢H,0]* —965.6591250 —21.34
MeimH.HSO, (2d-HSO,) —965.7639423 —87.11

B3LYP/6-31g(d) relative energy

BZMesH (7) (Ep) (kcal mol™
Bz™¢S".H,0, (7-H,0,) —968.9458258 —22.29
[7-7a]* —968.9012214 5.69
Bz*SOH-H,0 (7a-H,0) —968.9974128 —54.66
BzM*SOHH,0, (7a-H,0,) —1044.1195717 —26.03
[7a-7b]* —1044.0336805 2591
BzMSO,H-H,0 (7b-H,0) —1044.1914768 —71.18
Bz™*SO,H-H,0, (7b- —1119.2977288 —14.04

HZOZ)
[7b-7¢]* —1119.2266936 30.53
Bz™*SO;H-H,0 (7¢-H,0) —1119.4060536 —82.02
[7¢H,0]* —1119.3017721 —16.58
Meg,1.HSO, (7d-HSO,) —1119.4147539 —87.48

4[2-2a]" - [ImMeS* - ImM*SOH#, [2a-2b]" - [ImM*SOH - Im™*SO,H]* [2b-2c]* - [ImM*SO,H - Im*SO,H]*, [2¢-H,0]* - [ImM*SO,H-H,07*
[7-7a]" - [BzMeSH - BZMeSOH]Y, [7a-7b]" - BZMSOH - BZMSO,H]* [7b-7c]* - [BZM°SO,H - BZM*SO,H]" [7¢-H,0]" - [BZ*SO,H-H,0]".

based thione—only 0.42 (for step 2) and 0.85 kcal mol™" (for
step 3) less favorable compared to imidazole counterpart. Here
it should be noted that the activation energy barriers obtained
for the formation of the corresponding sulfenic, sulfinic, and
sulfonic acids from imidazole-based thione are higher than
those values reported for the endogenous thiol cysteine by
Bayse.”” Significantly, because of the absence of the N—H
group, we have noticed a slow oxidation of Im™*S™¢ (5) or
BzMeSM¢ (10) by H,0,, confirming the importance of the free
N-H group in the oxidation mechanism. A similar observation
was also noticed by Mugesh and co-worker in the case of the
oxidation of imidazole-based thiones by peroxynitrite (PN).**
Additionally, recent theoretical study by Bayse and co-workers
has suggested that the presence of both free N—H and N—Me
groups at the five-membered heterocycle of imidazole-based
thiones/selones increases the stability of the Fe(II) complexes
such as [Fe(OH,)(thione)] and [Fe(OH,),(thione),].”"
DFT calculations of thiones (1—10) and their correspond-
ing Cu(I) complexes (12—21) show that the highest-occupied
molecular orbital (HOMO) of Im™*S™ (2) is mostly localized
on the sulfur center (like a p-type lone pair localized on S),
Figures 9, S44, and $45.'8 Similarly, the HOMO of ImMest.

>~

S
N 2
I/L' .
’ ™

HOMO of ImMeSH (2)

»

HOMO of [TpmCu(2)]*

Figure 9. HOMOs of Im™*S" (2) and [TpmCu(2)]".

bound Cu(I) complex [TpmCu(2)]* (13) is largely localized
on the sulfur center, rather than on metal. In fact, the p-type
lone pair of Im™S" located perpendicular to the Cu—S bond is
the major contributor to this z-type antibonding HOMO.
Brumaghim and co-workers, in their previous work, have
reported that the upon coordination to the metal center the
lone pair of free thione (i.e.,, the HOMO of thione), which is

perpendicular to the Cu—S bond, is further destabilized in
thione-bound Cu(I) complex.”™ The HOMO of [TpmCu-
(2)]" is, indeed, 0.84 eV higher in energy than the HOMO of
2. As a result, the energy gap between the HOMO of
[TpmCu(2)]* and LUMO of H,0,, {AE(complex-H,0,)}, is
smaller than the energy gap between the HOMO of 2 and
LUMO of H,0,, { AE(thione-H,0,)}, Table 4, causing metal-

Table 4. Energy Gaps between the LUMO of H,0, and
HOMO of Thiones (1—10) or HOMO Complexes (12—
21)°

LUMO—HOMO LUMO-HOMO

compd (ev)? complex (ev)©
Im"'st (1) 5.71 [Tar;)Cu(l)T' 4.79
ImMest (2) 5.61 [T(pir;)Cu(Z)T 4.77
Im®sH (3) 5.64 (T IT)Cu(z,)]* 478
IrrEZC))OMeSH 5.67 [T(Iir;l)cu@)]* 491
Im™Mes™e (5) 5.54 [Tlrg)cu(s)]* 4.94
Bz"s" (6) 6.03 (T lr;l)Cu(ﬁ)]* 4.88
BZMesH (7) 595 [T lr;)Cu(7)]* 4.85
Bz""sH(8) 5.97 [T(};t;l)Cu(S)]* 4.87
Bz(Cgc;OMesH 5.99 [Tzr(;l)Cu(9)]* 5.07
BZMesMe (10) 5.89 [TZT)Cu(IO)]* 5.50

“Geometry optimization was performed at B3LYP/6-31G(d) level of
theory. bLUMO of H,0, and HOMO of thiones (1—10). CLUMO of
H,0, and HOMO of Cu(I)-complexes (12—21).

bound thione to be more susceptible to oxidation in
comparison to the free thione. This is in good agreement
with our experimental results. In fact, the HOMOs of all Cu(I)
complexes are found to be higher in energy than the HOMOs
of the corresponding thiones. AE(complex-H,0,) values for
imidazole-based Cu(I) complexes are in the order 16 > 15 >
12 > 14 > 13, and the same values for benzimidazole-based
Cu(I) complexes are in the order 21 > 20 > 17 > 19 > 18,
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which are precisely the reverse order of their reactivity toward
H,0,.

Role of the Thiones in Preventing ROS Generation
via Cu-Mediated Process. Our experimental results strongly
suggest that the metal-bound Im™*S" (2) of [TpmCu(2)]*
(13) and BzMS" (7) of [TpmCu(7)]* (18) is more reactive
toward H,0, compared to metal-bound Im™S™¢ (5) of
[TpmCu(5)]* (16) and BzMeS™¢ (10) of [TpmCu(10)]*
(21), and, thus, complexes 13 and 18 are expected to produce
lower amounts of HO® radicals in comparison to complexes 16
and 21. To investigate this we have measured the HO® radical-
mediated degradation of methyl orange dye (MO) by
[TpmCu(CH,;CN)]* (11), in the presence of H,0, at 21
°C, in which the Cu(I) ion is more exposed to H,0, and, thus,
expected to produce more amounts of HO® radicals, Figure
10a. The amount of HO® radical production, therefore, can be

a) S100 b) Cu(l)-complexes
O 80 §100
% 60 :é 80
S & 60
§ 40 § 40
;_; 20 § 20 Control
e 1 21 16 18 13 g o
Cu(l)-complexes 1 21 16 18 13 TPATPAH,0,
c)g 30 d) Entry Amount of Carbonylation
K 25 (nmol/mg) %
g B 20 1 2457406 100
SE15
8% 13 5.01:0.68  20.04+2.75
£ 10
$€ & 16 21.97£0.78  89.4%1.57
e 18 9.5310.54 38.7942.2
1 21 16 18 13
Cu(l)-complexes 21 23.13:0.50  94.15:0.5
e) " 13 18 16 21

3 4 5 6 7 8 9 10 11 12 13

Nicked DNA

Supercoiled
DNA

Figure 10. (a) Degradation of methyl orange (a), oxidation of
terephthalic acid (b), and BSA protein carbonylation (c) by Cu(I)
complexes 11, 13, 16, 18, and 21 in the presence of H,0,. (d)
Quantitative data showing the amounts of protein carbonylation by
Cu(I) complexes. (e) Agarose gel showing a reduction in oxidative
DNA damage. Lanes: (1) MW 1 kb ladder; (2) DNA; (3) DNA +
H,0,; (4) 11 (25 uM) + DNA + H,0,; (5) 11 (50 uM) + DNA +
H,0,; (6) 13 (25 uM) + DNA + H,0,; (7) 13 (50 uM) + DNA +
H,0,; (8) 18 (25 uM) + DNA + H,0,; (9) 18 (50 uM) + DNA +
H,0,; (10) 16 (25 uM) + DNA + H,0,; (11) 16 (50 uM) + DNA +
H,0,; (12) 21 (25 uM) + DNA + H,0,; (13) 21 (50 uM) + DNA +
H,0,.

determined indirectly by monitoring the decreased concen-
trations of MO spectrophotometrically at A, of 417 nm, as
reported in the literature.”” The amounts of MO degradation
by 11 in the presence of H,O, were considered as 100% and
compared with the amounts of MO degradation obtained by
other thione-based Cu(I)-complexes, [TpmCu(2)]* (13),
[TpmCu(5)]* (16), [TpmCu(7)]* (18), and [TpmCu(10)]*
(21), under identical reaction conditions (see Experimental
Section for more details). As expected, complexes 13 and 16
produced 88% and 36%, respectively, lower amounts of HO®
radicals compared to 11, showing that Cu(I)-bound Im™<S"
(2) of 13 is more effective in protecting the metal ion from
H,0, compared to the Cu(I)-bound ImMS™® (5) of 16.

Likewise, 18 and 21 produced 74% and 12%, respectively,
lower amounts of HO® radicals in comparison to 11,
suggesting that the Im™°S" (2) is more effective than BzMS"
(7) in protecting Cu(I).

In order to reconfirm that the Cu(I)-bound Im™SH (2) or
BzMS™ (7) produces lower amount of *OH radicals in the
reaction of H,0, in comparison to [TpmCu(CH;CN)]* (11),
under identical reaction conditions, the nonfluorescent
terephthalic acid was employed as fluorescence probe, which
is known to react with the HO® radical to form highly
fluorescent 2-hydroxy terephthalic acid with excitation and
emission wavelengths of 315 and 425 nm, respectively.’’
Complexes [TpmCu(2)]* (13) and [TpmCu(5)]* (16)
produced 88% and 39%, respectively, lower amounts of HO*
radicals in comparison to 11, whereas complexes [TpmCu-
(7)]* (18) and [TpmCu(10)]* (21) produced 79% and 15%,
respectively, lower amount of HO® radical in comparison to 11
(Figure 10b). These results again confirmed that the metal-
bound Im™*S™ (2) is the most effective among other thiones in
protecting Cu(I) from H,0,.

The protein carbonylation assay was performed to
investigate the effect of 11, 13, 16, 18, and 21 on the
oxidation of protein in the presence H,0, (Figure 10c). The
extent of oxidative damage of protein (BSA, 1 mg/mL) by
HO® radicals produced in the reaction between Cu(I)
complexes (100 yM) and H,0, (1 mM) was measured
spectrophotometrically in quantifying the amount of protein
carbonyl formation by following the literature procedure.’’
The absorbance band at 370 nm was followed to quantify the
cabonylation of protein.”’ The maximum amount of protein
carbonylation was observed in the case of complex 11 (24.57 +
0.6 nmol/mg of protein, considered as 100%), whereas the
minimum amount of protein carbonylation was observed by
[TpmCu(2)]* (13) (5.01 + 0.68 nmol/mg of protein, 20%
only), suggesting that the metal-bound Im™°S™ (2) is the most
effective in protecting protein from Cu(I)-mediated oxidative
damage. The metal-bound Im™°S™® (5) of 16 was very slow in
reacting with H,0O, and thus allowed H,O, to react with the
metal ion, Cu(I), which led to the formation of HO® radicals
and caused oxidative damage to protein. The amounts of
protein carbonylation by 18 and 21 followed a similar trend, as
shown in Figure 10c,d.

Finally we performed the DNA gel electrophoresis experi-
ment to investigate the effect of 11, 13, 16, 18, and 21 on
protecting DNA from Cu(I)-mediated oxidative damage in the
presence of H,0, (Figure 10e), by following the previous work
by Brumaghim and co-workers.””*> We have observed ca.
93.03% DNA damage (6.96 + 3.03% supercoiled DNA and
93.03 + 3.03% nicked DNA) by complex 11 (50 zM) in the
presence of H,0, (50 yM). On contrast, we noticed only ca.
10.70% DNA damage (89.30 + 1.45% supercoiled DNA and
10.70 + 1.45% nicked DNA) by complex 13 (50 £M), under
identical reaction conditions, suggesting that 13 produced a
lower amount of HO® radicals in comparison to 11. The
detailed experimental procedure and the percentage of DNA
inhibition by 11, 13, 16, 18, and 21 are mentioned in the
Experimental Section and in Table S8. The protein carbon-
ylation and DNA assays were performed in phosphate buffer,
and thus, the stability of the Cu(I) complexes (13, 16, 18 ,and
21) in aqueous phase was also examined by LC/MS as shown
in Figure S19, which suggests that these Cu(I) complexes are
stable in water for a few days. It has been reported that
ImMeSMe is more effective in inhibiting the Fe(II)-mediated
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DNA damage than Cu(I)-mediated, and thus, it is very
important to study the effect of these imidazole- and
benzimidazole-based thiones on preventing the other metal-
mediated, say Fe(II), oxidative damage of biomolecules.>

In conclusion, here we demonstrated the importance of
hydrogen bonding in the reactions between imidazole- or
benzimidazole-based thiones with H,0,, and its effect in
protecting the metal ion Cu(I) from H,0,-mediated oxidation.
Metal-bound Im™eS" (2) of [TpmCu(2)]* (13) showed
remarkably high reactivity toward H,0,. [TpmCu(2)]* (13) is
S1- and 1571-fold more reactive toward H,O, compared to
[TpmCu(5)]* (16) and [TpmCu(10)]* (21), respectively.
DFT calculations revealed that the initial adduct (ImMes™
H,0,) formation between ImM°S™ (2) and H,0, is
thermodynamically facilitated by 23.28 kcal mol™' through
strong H-bonding between the N—H group of Im™°S" (2) and
the O atom of H,0,. Because of its high reactivity, Im"*S" (2)
showed an excellent ability to protect Cu(I) by acting as a
sacrificial antioxidant. Finally, we showed that the metal-bound
ImMeS" (2) of [TpmCu(2)]" has an excellent ability to protect
DNA and protein from Cu(I)-mediated oxidative damage
through coordination to the Cu(I) center of [TpmCu-
(CH4CN)]*, whereas metal-bound N,N’-methyl substituted
ImMesMe (5) or BzM°SM¢ (10) failed to protect Cu(I) from
H,0,-mediated oxidation. We believe that this work will help
in understanding the protective effect of ergothioneine
derivatives to metalloenzymes from reactive oxygen species,
particularly H,O,, and help in designing a better synthetic
thione-based antioxidant molecule.

B EXPERIMENTAL SECTION

General Experimental. Imidazole, benzimidazole, and tereph-
thalic acid were obtained from Alfa Aesar. Tetrakis(acetonitrile)-
copper(I)tetrafluoroborate, sulfur powder and H,0, (30 wt % in
H,0) were obtained from Sigma-Aldrich, and other chemicals were
obtained from local companies. Tris(pyrazolyl)methane was prepared
by following the literature procedure.”® All the experiments were
carried out under anhydrous and anaerobic conditions using standard
Schlenk techniques for the synthesis. 'H (400 MHz) and “*C (100
MHz) NMR spectra were obtained on a Bruker Advance 400 NMR
spectrometer using the solvent as an internal standard for 'H and *C.
Chemical shifts ("H, '*C) are cited with respect to tetramethylsilane
(TMS). Synthesis of the Cu(I) complexes [TpmCu(1)]* (12),
[TpmCu(2)]* (13), [TpmCu(3)]* (14), [TpmCu(4)]* (15),
[TpmCu(5)]* (16), [TpmCu(6)]* (17), [TpmCa(7)]* (18),
[TpmCu(8)]* (19), [TpmCu(9)]* (20), and [TpmCu(10)]* (21)
are mentioned in the Supporting Information.

Procedure for Kinetic Studies. The cleavage of the C—S bond
of thiones and their corresponding Cu-complexes in the presence of
H,0, at 37 °C was followed by UV—visible spectroscopy (Figures SS
and S6). In general, H,0, was added to a solution of thione (0.01 M)
in CH;CN, in a 1:3 molar ratio, and was stirred continuously. An
aliquot of 20 yL was taken from the reaction mixture at various time
intervals and was further diluted for recording UV spectra. The
decrease in the absorbance band at 265 nm (compounds 1—$ and
complexes 12—16) and 310 nm (compounds 6—10 and complexes
17—-21) in the presence of H,O, was monitored. The initial value at 0
min was considered as 100% of thione (0.01 M). The obtained results
are an average of three trials, and the standard deviations are given in
Table 1 (compounds) and Table 2 (complexes) as well as shown by
error bars in Figure 3 (compounds 1—10) and Figure 5 (complexes
(12-21).

Hydroxyl Radical (*OH) Detection using Methyl Orange.
The solution containing MO (150 M), H,0, (37.5 mM), and
complex (4.5 mM) was stirred at 37 °C for 3 min in acetonitrile
solution. A total of 400 uL of the reaction mixture was diluted to 2

mL, and the radical minimization efficiency was measured by UV—
visible spectroscopy at A, = 417 nm.”” The UV—visible spectra for
the compounds are shown in Figure S46. The results shown are an
average of three trials, and the standard deviations are shown by error
bars in Figure 10a. The related data are given in Table S6.

Hydroxyl Radical (*OH) Detection Using Terephthalic Acid.
The *OH radical was generated by using a classical Fenton-type
reaction (Cu-complex/H,0,). Copper complexes (1 mM), 0.50 mM
terephthalic acid, and 50 mM H,0, were added and mixed well in
acetonitrile solution. The amount of *OH radical scavenging was
detected by measuring the intensity of the characteristic peak of 2-
hydroxyterephthalic acid. The excitation wavelength was set at 315
nm, and the fluorescence spectra of the samples were collected at an
emission of 425 nm.>® The results shown are an average of three trials,
and the standard deviations are shown by error bars in Figure 10b.
The related data are given in Table S7.

DNA Damage Experiment. The DNA cleavage study was
performed using the previously reported method with little
modification.””*> The pET15b plasmid of 578 bp size was used as
a model for the experiment. The conversion of covalently closed
circular double-strand supercoiled pET15b DNA (form I) to a relaxed
open circular form (form II) and linear form (III) was used to
investigate DNA strand breakage. The efficiency of the copper
complexes in minimizing the DNA damage was compared. Cu(I)
complexes (25 uM and SO uM), plasmid DNA (pET1Sb, 578 bp),
and phosphate buffer (0.1 M, pH 7.4) were initially combined. The
reaction mixture was incubated for S min prior to H,0, (50 uM)
addition. The agarose gel (0.8% agarose) was dissolved in 1X TAE
buffer and heated until boiling. As the boiling solution comes to 60
°C, ethidium bromide (EtBr, 20 4L in 250 mL agarose solution) was
added and poured into a gel casting apparatus. Gel was transferred
into an agarose gel running apparatus, and loading dye (6%, 3 uL) was
added into wells of the agarose gel. Gel was run at constant voltage
(90 V) for 60 min. Images were taken in the exposure of UV-light by
using gel-documentation instrument. Ethidium stains supercoiled
DNA less efficiently than nicked DNA, so supercoiled DNA band
intensities were multiplied by 1.24 prior to comparison.”****** The
percent of DNA damage inhibition was determined using the formula
1 — [%N/%B]*100, where %N = percentage of nicked DNA in the
thione containing Cu (I) complex (lanes 6—13) and %B = percentage
of nicked DNA in the complex 11 (lane S). All percentages are
corrected for residual nicked DNA (nicked DNA observed in lane 2)
prior to calculation. Results are the average of at least three trials, and
standard deviations are indicated in Table S8.

Protein Carbonyl Assay. Protein carbonyl formation was studied
in the presence of Cu(I) complexes by following the literature
procedure.’’ In general, protein BSA (1 mg/mL), Cu(I) complexes
(0.1 mM), H,0, (1 mM) was mixed well and incubated for 1 h in 0.1
M phosphate buffer at 21 °C. After 1 h, 0.5 mL of 10 mM DNPH
(DNPH prepared in 2 N HCl) was added in the mixture. The
reaction mixture was further incubated at room temperature for 1 h,
followed by the addition of 0.5 mL of 20% trichloroacetic acid. The
sample was further incubated at ice for 20 min and centrifuged at
12000 rpm for 10 min. The protein pellet was washed three times
with 3 mL of an ethanol/ethyl acetate mixture (1:1, v/v) and
dissolved in 1 mL of 6 M guanidine (pH 2.3). The peak absorbance at
370 nm was measured to quantitate protein carbonyls. Data were
expressed as nanomoles of carbonyl groups per milligram of protein.
The experiment was repeated three times, and the standard deviation
was shown as error bars in Figure 10c. The data are given in Figure
10d.

X-ray Crystal Analysis. Crystal structures of compounds were
determined by measuring X-ray diffraction data on D8 Venture
Bruker AXS single crystal X-ray diffractometer equipped with CMOS
PHOTON 100 detector having monochromatised microfocus sources
(Mo—Ka = 0.71073 A). Single crystals of complex 15
(CCDC1854405), complex 18 (CCDC1854408), complex 19
(CCDC1854409), complex 20 (CCDC1854406), complex 21
(CCDC1854407), compound MBz™-HSO, (CCDC1854410), com-
pound 5"Bz"-HSO, (CCDC1854412), compound M*BzM*“HSO,
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(CCDC1854411), compound 4 (CCDC1867238), compound 8
(CCDC1866261), and compound 9 (CCDC1866260) suitable for X-
ray diffraction studies were obtained from a slow evaporation process
using various solvents. All the crystal data were collected at room
temperature. Structures were solved using SHELX program
implemented in APEX3.*°"*" The non-H atoms were located in
successive difference Fourier syntheses and refined with anisotropic
thermal parameters. All the hydrogen atoms were placed at the
calculated positions and refined using a riding model with appropriate
HFIX commands. The program Mercury was used for molecular
packing analysis."" In addition, the anisotropic displacement
parameters for disordered fluorine atoms were fixed using EADP
restraint.”

Computational Details. All the calculations were carried out
using the B3LYP level of theory as implemented in the Gaussian 09
package.43 The 6-31G(d) basis set was used for all atoms (except Cu),
whereas the Stuttgart—Dresden basis set (SDD) was used for the Cu
atom with the respective relativistic effective core potential.**
Frequency calculations of all the optimized structures were performed
to ensure that the optimized structures were the local energy minima
structure without any imaginary frequencies. The NBO Version 3.1
program implemented in Gaussian 09 was used to perform NPA.*
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