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An isolable small-molecule cysteine sulfenic acid (Cys—SOH) protected
by a molecular cradle was synthesized by direct oxidation of the
corresponding cysteine thiol and its structure was established by
X-ray crystallographic analysis. Studies on biologically relevant reactivity
indicated its usefulness as a biorepresentative small-molecule sulfenic
acid model.

Sulfenic acids (R-SOH) are well recognized as important inter-
mediates in biological”> and organic® transformations.
Cysteine sulfenic acids (Cys-SOH), in particular, have been
attracting increasing attention due to their crucial roles in a
variety of cellular processes, including transcription regulation,
signal transduction, and the regulation of oxygen metabolism
and oxidative stress responses.’ Oxidation of cysteine thiols
(Cys-SH) to Cys-SOH by reactive oxygen species is a reversible
post-translational modification, and the Cys-SOH formed can
then be converted to the disulfides (Cys-SSR) and to the
cysteine sulfinic acids (Cys-SO,H). Although much research
has been carried out into their biological functions, Cys-SOH
still remains an elusive species due to the intrinsic instability of
the R-SOH species. A Cys-SOH readily undergoes dehydrative
self-condensation to produce a thiosulfinate (R-S(O)-S-R).*
Cys-SOH generated in several proteins are stabilized by the
local protein environment, and their existence has been sup-
ported by analytical methods such as X-ray crystallography,
mass spectrometry, and NMR spectroscopy.® In most cases,
however, identification of Cys-SOH in protein has been based
on indirect methods, ie., trapping experiments utilizing
chemical probes.’ For the modeling of protein Cys-SOH, many
studies on small-molecule Cys—SOH have also been carried out;
however, the greater instability of small-molecule Cys-SOH
compared with those stabilized in proteins has been a
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significant hurdle in efforts to determine their chemical properties
and reactivity. There are no reports of even spectroscopic observa-
tions of small-molecule Cys-SOH. In the field of organosulfur
chemistry, various non-cysteinyl sulfenic acids have been synthe-
sized by taking advantage of either kinetic stabilization or thermo-
dynamic stabilization.®® The chemical behavior of Cys-SOH has
been interpreted based on the properties and reactivities of those
non-cysteinyl sulfenic acids although their structural and electronic
properties are different from those of sulfenic acids with a cysteine
backbone. For a better understanding of the chemical behavior of
Cys-SOH in biological systems, the development of a stable
reference compound for Cys-SOH is highly desirable.

Here we report the first synthesis and isolation of a stable
small-molecule Cys-SOH utilizing a nanosized molecular cavity
as a protective cradle for the reactive cysteine unit (Fig. 1).
Crystallographic analysis of the cradled Cys-SOH and model
studies of biologically relevant chemical processes involving
Cys-SOH are also described.

The bulky groups that have been utilized for kinetic stabili-
zation of sulfenic acids®” have only a local protective effect
limited to the directly attached reactive functionality and are
therefore too ineffective in stabilizing a whole cysteine unit
with the -SOH functionality. During the course of our studies
on highly reactive species of biological importance,”°
we recently designed a molecular cavity based on an
m-phenylene dendrimer framework of ca. 2 nm scale.? In the
present study, we utilized the framework as a molecular cradle that
can accommodate a whole cysteine unit within the cavity (Fig. 1).

SOH

OMe
= (Bpsc—N
H o

Fig. 1 Cradled cysteine model for stabilization of cysteine-derived reac-
tive intermediates such as Cys—SOH.
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In this model, a cavity-shaped benzoyl group (denoted as Bpsc)
is introduced to a cysteine unit as an N-terminal protecting
group. This novel cysteine model, which is referred to as a
cradled cysteine, is expected to be useful for the synthesis of
reference compounds of highly reactive cysteine derivatives
such as Cys-SOH.

Carboxylic acid 1 (Bpsc-OH) with the m-phenylene dendrimer
framework was synthesized by the route shown in Scheme S1
(see ESIt). After conversion of 1 to acid chloride 2, the cradle
moiety was introduced to a cysteine unit by the reaction of 2 with
the cysteine derivative 3 to afford 4 (Scheme 1). The reduction of
4 with dithiothreitol (DTT) afforded the cradled Cys-SH 5 in
91% yield.

The reaction of Cys-SH with H,0, is central to many
processes in biology, from protein folding to redox
signaling."" The initial products have been commonly assumed
to be Cys-SOH, but there is no example in which this has been
directly demonstrated, besides in the crystallographic monitoring
of protein thiol oxidation.**® For non-cysteinyl derivatives,
the spectroscopic monitoring of the formation of 9-fluoro-
triptycenesulfenic acid by H,0, oxidation of the corresponding
thiol was recently reported.'” Herein, the synthesis of an isolable
Cys-SOH by direct H,0, oxidation of Cys-SH was examined.
Treatment of Cys-SH 5 with aqueous sodium hydroxide followed
by the reaction with H,O, in THF/H,O (ca. 10:1 v/v) at room
temperature afforded the corresponding Cys-SOH 6 as the major
product; it was isolated as stable colorless crystals in 27% yield
(Scheme 2). An organic base could also be used; in the presence of
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), H,0, oxidation of 5 in
THF afforded 6 in an isolated yield of 36%. This is the
first example of the synthesis and isolation of a small-molecule
Cys-SOH. It is notable that 6 can be purified by silica gel column
chromatography in air and handled under standard laboratory
conditions. Characterization of 6 was performed by NMR and IR
spectroscopies, as well as by elemental analysis. The 'H NMR
(CeDg) spectrum of 6 exhibited a singlet due to the SOH proton at
0 5.36, which is readily exchangeable with D,0.

The structure of 6 was finally established by X-ray crystal-
lographic analysis (Fig. 2). The cysteine moiety of 6 is anchored
in a large cavity produced by the Bpsc cradle (dimensions ca.
2.3 x 1.7 nm). The interatomic distance between sulfur and
oxygen of the SOH moiety of 6 (1.616(7) A) is distinctly longer
than in the case of sulfoxides (typical bond length: 1.50 A),*?
indicating that 6 exists as the sulfenyl form (R-S-O-H) rather
than the sulfoxide form (R-S(O)-H). Although several crystal
structures of Cys-SOH in proteins have been characterized,® the

SS-Py
SOCl,
HoN™ "CO,Me 3
Bpsc—OH DMF Bpsc-Cl 2 2
] CH,Cl 2 CH,Cl
94% 99%
SS-Py SH
DTT, Etz;N
Bpsc-NH™ "CO.Me CHCl, Bpsc-NH™ “CO,Me

4 91% 5
Scheme 1 Synthesis of Cys—SH 5. Py represents 2-pyridyl.
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3 0,

6%

SOH
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Scheme 2 Synthesis of Cys—SOH 6 by H,O, oxidation of Cys—SH 5.

Fig. 2 Crystal structure of Cys—SOH 6. Selected bond lengths (A), bond
angle (deg), and torsion angle (deg): S(1)-O(1) 1.616(7); C(1)-S(1) 1.799(8);
C(1)-S(1)-0(1) 99.5(4); O(1)-S(1)-C(1)-C(2) -=59.9(7).

resolution has been limited to ca. 1.7 A. The crystal structure of
6 allows detailed discussion of the structural parameters of
Cys-SOH. This structural information is expected to serve as
the model for the geometric adjustment of a Cys-SOH moiety in
protein crystallographic analysis.

Cys-SOH 6 exhibited remarkable thermal stability, both in
the solid state and in solution. In the solid state, it decomposed
at a high temperature of 214 °C. In solution, no detectable
change was observed in the "H NMR spectrum of 6 in C¢Dg at
50 °C over 17 h. It remained intact in the presence of triethyl-
amine in THF at room temperature for 7 days.

The reaction of Cys-SOH with a thiol to produce a disulfide
is one of the most fundamental processes in redox regulation
and protein folding."* However, the chemical information for
this process has been accumulated in a rather indirect fashion,
that is, without direct observation of the reacting Cys-SOH. In
the studies on non-cysteinyl R-SOH, there are only a few reports
on the reaction of stable R-SOH with a thiol.”*“° In these
examples, the corresponding disulfides were obtained in good
yields, but the reactions were found to be extremely slow. The
reactivity of Cys-SOH 6 toward a thiol was then investigated.
When 6 was treated with N-acetylcysteine methyl ester (7) in
THF/H,O (10:1 v/v) at room temperature, the corresponding
mixed disulfide 8 was formed as the sole product, but the
conversion of 6 to 8 was only 54% after 15 days (Scheme 3a).
The addition of benzoic acid as an acid catalyst had virtually no
accelerating effect (Scheme 3b). In sharp contrast, the reaction
was strongly enhanced in the presence of triethylamine and
completed within 10 min, to afford 8 quantitatively (Scheme 3c).

This journal is © The Royal Society of Chemistry 2021
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Scheme 3 Reaction of Cys—SOH 6 with thiol 7. The yields of 8 were
estimated by *H NMR spectroscopy.

Since 8 was immediately formed in the latter case, it is unlikely
that the sluggish reaction in the former two cases is due to the
steric hindrance caused by the Bpsc cradle. In the latter case,
triethylamine is considered to play crucial roles both in increas-
ing the nucleophilicity of the thiol and in increasing the leaving
ability of the OH group. The triethylammonium ion generated
in the deprotonation of a thiol to form a thiolate will behave
as an acid catalyst through protonation of the OH group.
These results indicate that, without an appropriate additive,
the reaction of Cys-SOH with a thiol is intrinsically slow,
suggesting the importance of a basic residue in the vicinity of
the -SOH functionality for facile disulfide formation in biolo-
gical systems.

The cradled Cys-SOH 6 was reduced by DTT in the presence
of triethylamine to afford Cys-SH 5 in 85% yield (Scheme 4),
demonstrating the reversible redox processes between Cys-SH
and Cys-SOH. The mixed disulfide 8 was also reduced to 5
under similar conditions.

For trapping Cys-SOH generated in proteins, various types of
chemical probes have been developed, based on the electrophilic’®
and nucleophilic'® reactivities of Cys-SOH. Among them,
5,5-dimethyl-1,3-cyclohexanedione (9a, dimedone) is the most com-
monly and widely utilized chemical probe for Cys-SOH. A variety of
derivatives based on the cyclic 1,3-dicarbonyl scaffold have also been
developed. Recently, Carroll et al reported the preparation of a
library of dimedone-type chemical probes and the screening of their
properties by evaluating the reactivity toward Cys-SOH, generated
in situ by hydrolysis of a dipeptide-based cyclic sulfenamide.”®'>**
Whereas studies on the chemical probes for Cys-SOH have been
carried out exclusively with in situ-generated Cys-SOH, or transiently
generated species, isolable Cys-SOH models that can be utilized
under reaction conditions different from those used for its genera-
tion would serve the development of such studies by removing
various constraints in conducting the experiments. The reaction of 6
with dimedone (9a) under various conditions was then investigated.

SOH DTT (5 eq) SH

EtsN (5 eq)
CHCl3, rt, 3 h

85% 5
SS-Cys DTT (5 eq)
I EtsN (5 eq)

Bpsc-NH™ "CO,Me CDClg, 1t, 3 h
8 99%

Scheme 4 Reduction of Cys—SOH 6 to Cys—SH 5.

Bpsc-NH~ "CO,Me

6
Cys-SH
7

EtsN

Bpsc-NH™ "CO,Me
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a)/ CgDg, 75 °C, 23 h
76%

b) PhCO,H (3 eq)

Bpsc-NH™ "CO,Me

+ CgDg, 75°C, 7 h
87% Bpsc-NH COgMe
Et3N (3 eq)
O O CeDe, 1t, 30
9a(3 eq) 95%

Scheme 5 Reaction of Cys—SOH 6 with dimedone 9a.

When 6 was treated with 9a in C¢D¢, without any additives,
the enol form of the corresponding S-adduct 10a was obtained
as the sole product (Scheme 5a). However, the reaction was
extremely slow. After heating at 75 °C for 23 h, the yield of 10a
was 76%. The addition of benzoic acid slightly accelerated the
reaction, although heating was still necessary (87% yield after
heating at 75 °C for 7 h) (Scheme 5b). In stark contrast, the
reaction was remarkably enhanced in the presence of triethyl-
amine; it was completed within 3 h at room temperature to
afford 10a in 95% yield (Scheme 5c). Just as in the case of the
reaction of 6 with a thiol, the amine base is considered to play
important roles in increasing the nucleophilicity of 9a and the
leaving ability of the hydroxy group of 6. In their study, utilizing
a dipeptide-based sulfenic acid generated in situ, Carroll et al.
showed that the reaction of 9a with the sulfenic acid is pH-
dependent and that the reaction rate is decreased in the low pH
region.'> The result of the present study, that the reaction of 9a
with 6 required the addition of an amine to proceed smoothly,
is consistent with their results, corroborating the findings that
dimedone (9a) can trap a sulfenic acid efficiently only under
appropriate reaction conditions.

The reactivity of cyclohexane-1,3-dione (9b) and 1,3-dime-
thylbarbituric acid (9c) toward 6 was also determined (Scheme 6).
When 6 was treated with 9b or 9c in the presence of triethylamine in
C¢Ds at room temperature, the enol forms of the corresponding
S-adduct 10b or 10c were obtained in good yields, respectively.

The kinetic study of the reaction of 6 with 9a (3 equiv.) in
the presence of triethylamine (3 equiv.) at room temperature
provided a second-order rate constant value of k= 6.8 M~ s~ ..
For the reaction of 6 with 9b and 9¢, second-order rate
constants of k = 6.3 and 8.3 M ' s', respectively, were
determined. It is notable that the rate constant for the reaction
of 6 with 9a (k= 6.8 M~ " s™") is of the same order as that of the
in situ-generated dipeptide-based sulfenic acid reported by Carroll
etal (k=11.8M 's ', in 2:1 PBS buffer: ACN, pH = 7.4, r.t.),">*

) ”
0~~"0 OQOH
SOH 9 (3eq) S
EtsN (3 e
Bpsc-NH” ~CO,Me N (3 eq) Bpsc-NH” “CO,Me
CgDs, rt
6 10
a: X =-CH,CMe,CHy-  95%
b: X = -(CHy)s- 98%
c: X = -NMe-C(O)-NMe-  80%

Scheme 6 Reaction of Cys-SOH 6 with 1,3-dicarbonyl compounds
9a—c. Reaction time for (a) 3 h, (b) 6.5 h, and (c) 2.5 h.
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although there are differences in the solvents and reaction con-
ditions. These results suggest that the reactivity of 6 is not unduly
hindered by the Bpsc cradle. In this cradled cysteine model, the
-SOH functionality is peripherally protected, yet sufficiently acces-
sible, to appropriate reagents.

In conclusion, the first synthesis and isolation of a small-
molecule Cys-SOH has been achieved by taking advantage of a
cradled cysteine model and its structure was established by
X-ray crystallographic analysis. The cradled Cys-SOH, having
both high stability and sufficient reactivity, is expected to serve
as a biorepresentative small-molecule sulfenic acid model in
research efforts to realize a better understanding the chemical
behavior of Cys-SOH in biological systems. Further investiga-
tions on its reactivity towards various biologically relevant
reagents as well as on the development of its water-soluble
derivative are currently in progress.
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