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emia-reperfusion mjury are described.
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Fig. 20
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Fig. 23a
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Fig. 23b
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ALKYLAMINE-SUBSTITUTED
PERTHIOCARBAMATES AS DUAL
PRECURSORS TO HYDROPERSULFIDE
AND CARBONYL SULFIDE

FEDERALLY SPONSORED R.
DEVELOPMENT

(L.

SEARCH OR

[0001] This invention was made with government support
under CHE1900285 awarded by the National Science Foun-
dation. The government has certain rights 1n the invention.

BACKGROUND

[0002] The discovery of H,S as an endogenously pro-
duced signaling molecule has stimulated interest in H,S-
derived species as possible biological mediators. H,S sig-
naling 1s proposed to occur via post-translational

modification of protein cysteine residues (RSH) to form
hydropersuliides (RSSH). Mustaia et al., 2009; Gadalla and

Snyder, 2010; Filipovic et al., 2018; and Ju et al., 2017.
Recent reports indicate that much of the biological effects
attributed to H,S could mstead be due to RSSH and poly-
sulfides. Ida et al., 2014; Ono et al., 2014; and Toohey, 1986.

[0003] Several reports have shown that small molecule
hydropersulfides, such as cysteine hydropersulfide (Cys-
SSH), and glutathione hydropersulfide (GSSH), are ubiqui-
tous and highly prevalent in mammalian cells, tissue, and
plasma. Mustafa et al., 2009; Ida et al., 2014; Numakura et
al., 2017; and Kunikata et al., 2017. Furthermore, numerous
enzymes and proteins have been reported to have RSSH

modifications at many cystemne residues. Massey and
Edmondson, 1970; Branzoli and Massey, 1974; Doka et al.,

2016; Longen et al., 2016; and Wright et al., 2006. Recently,
Akaike and co-workers have shown that Cys-SSH 1s bio-
synthesized and attached to tRNA by the cysteinyl tRNA
synthetases (CARS), and subsequently 1s translationally
incorporated mto proteins. Akaike et al., 2017. The prevalent
nature of RSSH in cells suggests that they could have
important biological functions.

[0004] RSSH display distinct chemistry, which may be
important for their biological utility. For example, RSSH are
superior nucleophiles and more potent reductants than their
corresponding thiols because of the presence of unshared
clectron pairs on the sulfur atom adjacent to the nucleophilic
sulfur atom. Cuevasanta et al., 2015; Cuevasanta et al, 2019;
and Saund et al., 2015. RSSH and related species have been
proposed to behave as potent antioxidants and redox signal-
ing 1ntermediates. Ida et al., 2014; Ono et al., 2014;
Numakura et al., 2017; Kunikata et al., 2017; Saund et al.,
2015; Millikin et al., 2016; Shibata et al., 2016; Alvarez et
al., 2017; and Yang et al., 2019. Recent reports have dem-
onstrated that RSSH are eflicient H-atom transifer agents
toward alkyl, alkoxyl, peroxyl, and thiyl radicals, confirming
theirr promise as potent antioxidants. Bianco et al., 2016;
Chauvin et al., 20177. Unlike thiols, RSSH also can undergo
transsulfuration reactions because of their electrophilic
properties 1n the neutral state. Saund et al., 20135; Fukuto et
al., 2018. The sulfane sulfur 1n RSSH can be reversibly
transierred to other free thiols, such as glutathione (GSH) or
cysteine (Cys-SH), to form GSSH or Cys-SSH, respectively.
Furthermore, studies have suggested RSSH involvement 1n
the detoxification of environmental electrophiles. Bianco et
al., 2019; Lin et al., 2019; Shinka1 and Kumagai, 2019. Yet,

despite the increasing evidence of the role of RSSH 1n redox
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signaling, the biological functions of RSSH remain elusive.
This deficiency 1s partly due to the mnstability of RSSH under
physiological conditions.

[0005] Small molecule donors of reactive sulfur species
are essential tools that can be used to elucidate their bio-
logical chemistry. To this end, several RSSH donors have
been reported (FIG. 1, prior art). For example, precursors
containing an activated disulfide bond have been developed
to rearrange spontancously at physiological pH thereby
producing RSSH. Artaud and Galardon, 2014. A novel class
of S-substituted-thioisothioureas was recently reported to be
ellicient RSSH precursors. Khodade and Toscano, 2018.
Wang and co-workers have developed esterase-sensitive
RSSH prodrugs and demonstrated their cardioprotective
ellects. Zheng et al., 2017. Similarly, Xian and co-workers
have reported tluoride/acid-activated RSSH donors. Kang et
al., 2018. Recently, H,O,-triggered self-immolative RSSH
donors have been developed that exhibit cytoprotective
ellects against oxidative stress. Powell et al., 2018; Bora et
al., 2018. These findings highlight the therapeutic potential
of small molecule RSSH donors against oxidative stress-
related diseases. Although chemical tools for RSSH genera-
tion have emerged, no convenient methodology for the
controlled and extended release of RSSH over long time
periods 1s currently available.

SUMMARY

[0006] In some aspects, the presently disclosed subject
matter provides a compound of formula (I):

(D
R3

|
R S N + Ry o
\S/ \ﬂ/ \\,H/\EK X
2
O

[0007] wheremn: n 1s an integer selected from the group
consisting of 0, 1, 2, 3,4, 5, 6,77, and 8; R, 1s selected from
the group consisting ol branched or unbranched alkyl,
heterocycloalkyl, aryl, heteroaryl, a cysteine residue, a
N-acetylcysteine residue, a homocysteine residue, a gluta-
thione residue, and:

wherein: R, and R are each independently selected from the
group consisting of H, C,-C, alkyl, and aryl; R, 1s C,-C,
alkyl or aryl; R, 1s —OR, or —NR/R,,, wherein R, R, and
R, are each independently selected from the group consist-
ing of H, C,-C, alkyl, and aryl; R, 1s selected from the group
consisting of H, alkyl, aryl, and a functional group that
responds to a stimulus selected from the group consisting of
light, a redox reaction, and an enzymatic reaction; R, 1s
selected from the group consisting of H, alkyl, and aryl; and
X"~ 1s an anion.
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[0008] In certain aspects, n 1s an mteger selected from the
group consisting of 1, 2, and 3.

[0009] In some aspects, the compound of formula (I) 1s:

n 1s an integer selected from the group consisting of 1, 2, and
3; R, and R are each independently H or C,-C, alkyl; R 1s
C,-C, alkyl or aryl; R, 1s —OR, or —NRR; , wherein R,
R,, and R, are each independently selected from the group
consisting of H, C,-C, alkyl, and aryl; R, 1s selected from
the group consisting of H, C,-C, alkyl, and a functional
group that responds to a stimulus selected from the group
consisting of light, a redox reaction, and an enzymatic
reaction; R, 1s selected from the group consisting of H, alkyl,
and aryl; and X~ 1s an anion.

[0010]
1S:

In particular aspects, the compound of formula (I)

HLC CH3

wr N

RgX

wherein: n1s 1 or 2; and R, 1s H or CH,.

[0011] In more particular aspects, the compound of for-
mula (I) 1s selected from the group consisting of:

HAC CH3
\/\ Ho
\I'r H2

0
O 1.c CH; “3H3
H;C N CH; X
\O Q \/\;Jf
H;
HN\I.(CH3 O
O
O 11.c CH; (‘3H3 "
2
H,C N N~
~0 \n/ + Y Xt and
HN\H/CH3
O
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-continued
O 1.c CH CH;
H-C S IL' %2
: N
0 s T . NCH, X
HN\H/CH3
O

[0012] In certain aspects, X~ 1s selected from the group
consisting of C1~, Br~, (PO,)’~, CF,COO~, CH,COO", and
CH.COO™. In more certain aspects, the compound of
formula (I) 1s selected from the group consisting of:

HLC CH3
\/\ CF 3C OO
\’r H2

O
O 1.c  CH; CH3
H,C _CH; CF;C00;
NG T \/\ 33
HN\rr
O 11,C CH3 CH3
N N
/U\R( \n/ ~ NS H CE,COO and
O ch CH;
N\/\/N
Y NCH; CFCO0".
O
[0013] In some aspects, the presently disclosed subject

matter provides a pharmaceutical composition comprising a
compound of formula (I) and a pharmaceutically acceptable
carriet.

[0014] In other aspects, the presently disclosed subject
matter provides a kit comprising a compound of formula (I)
or a pharmaceutical composition thereof.

[0015] In yet other aspects, the presently disclosed subject
matter provides a method for treating a disorder, disease, or
condition associated with oxidative stress 1n a subject 1n
need of treatment thereof, the method comprising adminis-
tering to the subject a therapeutically effective amount of a
compound of formula (I) or a pharmaceutical composition
thereof.

[0016] In particular aspects, the disorder, disease, or con-
dition associated with oxidative stress comprises 1schemia/
reperfusion injury. In yet more particular aspects, the treat-
ing comprises preventing, reducing the occurrence of or
severity of, or protecting against ischemia/reperﬁlsion
injury. In certain aspects, the 1schemla/reper usion 1njury
comprises myocardial ischemia/reperfusion njury.
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[0017] In other aspects, the presently disclosed subject
matter provides a method for preventing or reducing 1sch-
emia/reperfusion injury to an organ to be transplanted, the
method comprising administering to or contacting the organ
with a therapeutically effective amount of a compound of
formula (I) or a pharmaceutical composition thereof.
[0018] Certain aspects of the presently disclosed subject
matter having been stated hereinabove, which are addressed
in whole or 1 part by the presently disclosed subject matter,
other aspects will become evident as the description pro-
ceeds when taken in connection with the accompanying
Examples and Drawings as best described herein below.

BRIEF DESCRIPTION OF THE

[0019] The patent or application file contains at least one
drawing executed 1n color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Oiflice upon request and payment of the
necessary fee.

[0020] Having thus described the presently disclosed sub-
ject matter in general terms, reference will now be made to
the accompanying Figures, which are not necessarily drawn

to scale, and wherein:

[0021] FIG. 1 15 selected small molecule RSSH and COS/
H.S donors (PRIOR ART);

[0022] FIG. 2 shows structures of RSSH precursors 7a-d
with synthetic yields.

[0023] FIG. 3a, FIG. 36, and FIG. 3¢ are: (FIG. 3a)
Reaction scheme showing RSSH generation from 7a 1n the
presence of HPE-IAM; (FIG. 3b) HPLC analysis of RSSH
generation from 7a (100 uM) 1n the presence of HPE-IAM
(5 mM) incubated 1n pH 7.4 phosphate bufler (100 mM)
with DTPA (100 uM) at 37° C. An aliquot of the reaction
mixture was withdrawn at the specified time and quenched
with 1% formic acid. Asterisks indicate the presence of
impurities in the commercial HPE-IAM sample; and (FIG.
3¢) Kinetics of RSS-HPE-AM 9 generation. Data represent
the average £SD (n=3). The curve 1s the calculated best fit

to a single-exponential function (k=0.505£0.019 min™';

t, »=1.420.1 min);

[0024] FIG. 4 shows UPLC-MS chromatograms of RSSH
generation from 7a (100 uM) 1n the presence of NAC (500
uM) incubated 1n pH 7.4 ammonium bicarbonate (50 mM)
with the metal chelator DTPA (100 uM) at 37° C. Aliquots
taken at various times were quenched with 1% formic acid,
and analyzed by UPLC-MS. A peak at 5.67 min attributed to
RSSH 1s observed under these conditions. RSSH-derived
symmetrical dialkyl polysulfide, labeled as S; to Sg
(R'SS SR', n=1-4, cyan highlight), and unsymmetrical dial-
kyl polysulfides labeled as ‘S, to ‘S, (R'SS, SR”, n=1-3,
pink highlight) formation 1s evident. A peak at 3.62 min
attributed to the byproduct 2a also 1s observed;

[0025] FIG. 3a and FIG. 55 show COS measurement using
MIMS generated from 7a-d (50 uM) either (F1G. Sa) without
NAC or (FIG. 5b) with NAC (0.25 mM, 5 equiv.) n pH 7.4
phosphate bufler saline (10 mM) with DTPA (100 uM) at
37° C.;

[0026] FIG. 6a and FIG. 6b show results from H9c2
cardiac myoblasts pretreated with the RSSH precursor 7b at
(50, 100 and 150 uM) and the byproduct 1-methylimidazo-
lidin-2-one (2b) at 150 uM for 2 h followed by exposure to
H,O, (200 uM) for 2 h. (FIG. 6a) Quantification of viability
was carried out using Cell Counting Kit-8 (CCK-8). Results
are expressed as the mean+SEM (n=5 for each treatment

DRAWINGS
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group) with three independent experiments. (FIG. 65) Quan-
tification of cytotoxicity was carried out using SY TOX®
Green nucleic acid stain. Results are expressed as the
meanxSEM (n=5 for each treatment group) with five inde-
pendent experiments. #P<0.05, *P<0.01, **P<0.001 {for
comparisons with the H,O, treatment group. Group com-
parisons are determined by a one-way analysis of variance

(ANOVA) with Dunnett’s correction post-hoc test using
GraphPad Prism 8;

[0027] FIG. 7a and FIG. 76 show the cardioprotective
cllects of 7b postconditioning in the 1solated-perfused
murine heart. (FIG. 7a) Representative images of coronal
slices of the heart following TTC staining. (FIG. 7b) Com-
parison of the volume of infarcted tissue following 1sch-
emia-reperfusion and when the heart 1s conditioned with
precursor 7b (100 uM) at the onset of repertusion. Results
are expressed as the meantSEM (n=4 for each treatment
group) with four independent experiments. **P<0.001 for
comparisons with the IR group. Group comparisons are
determined by a one-way analysis of variance (ANOVA)
with Dunnett’s correction post-hoc test using GraphPad
Prism §;

[0028] FIG. 8 shows RSSH generation from 1a (10 uM) 1n
the presence of HPE-IAM (500 uM) 1 pH 7.4 ammonium
bicarbonate bufller at 37° C. for 15 min analyzed by UPLC-
MS (bottom chromatogram). Under these conditions, R'SS-
HPE-AM (5), dialkyltrisulfide R'S;R" (6), and HPE-IAM
coeluted. Hence, individual mass extracted chromatograms
are shown separately. The byproduct 1,3-dimethyl-2-1mida-
zolidinone (2a) formation also i1s observed. The asterisk
indicates the presence of small amount of impurities 1n the
commercial HPE-IAM sample;

[0029] FIG. 9a¢ and FIG. 9b show: (FIG. 9a) RSSH

generation from la (10 uM) 1n the presence of NEM (500
uM) 1n pH 7.4 ammonium bicarbonate bufler at 37° C. for
15 min analyzed by UPLC-MS (bottom chromatogram).
R'SS-NEM and dialkyltrisulfide 6 coeluted; hence indi-
vidual mass extracted chromatograms are shown separately.
Also, the byproduct 2a and internal standard 4-hydroxyphe-
nylacetamide (labeled as **) coeluted at 3.6 min. Under
these conditions, 7.4+0.2 uM of 2a formation 1s observed. A
peak at 3.7 min corresponding to N-ethylmaleamic acid
(NEMA), dertved from NEM hydrolysis, 1s observed. The
asterisk represents a minor amount of thiol-NEM adduct
formation, suggesting that excess NEM reacts with R'SS-
NEM adduct to produce R'S-NEM, Bogdandi et al., 2019:;
(FIG 5b) Comparison of dialkyltrisulfide 6 formatlon from
la in the presence of NEM and HPE-IAM under similar

conditions;

[0030] FIG. 10 1s a representative UPLC-MS chromato-
gram of RSS-HPE-AM 9 generation from 7a (10 uM)
incubated with HPE-IAM (500 uM) in pH 7.4 ammonium
bicarbonate bufler at 37° C. for 15 min. Under these con-
ditions, 8.7£0.4 uM of byproduct 1,3-dimethyl-2-1midazo-
lidinone (2a) formation 1s observed. The asterisk indicates

the presence of small amount of impurities 1 the commer-
cial HPE-IAM sample;

[0031] FIG. 11 shows the stability of control compound 8

at pH 7.4. F1G. 11 1s an UPLC-MS chromatogram of 8 (100
uM) incubated 1 pH 7.4 ammonium bicarbonate buller at
3°7° C. Aliquots taken at various times were quenched with
1% formic acid and analyzed by UPLC-MS. These data
indicate that control compound 8 i1s stable under these
conditions and does not produce RSSH;
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[0032] FIG. 12 shows UPLC-MS chromatograms of con-
trol compound 8 (100 uM) reaction with n-BuNH,, (500 uM)
in pH 7.4 ammonium bicarbonate:acetonitrile (9:1) with the
metal chelator DTPA (100 uM) at 37° C. Aliquots (200 ulL)
were taken at specified time points, quenched with 1%
formic acid (200 ul) and analyzed using UPLC-MS. The
lack of reaction of 8 with n-BuNH, indicates no RSSH
release via this intermolecular reaction;

[0033] FIG. 13 1s UPLC-MS chromatograms of control
compound 8 (100 uM) reaction with NAC (500 uM) 1n pH
7.4 ammomium bicarbonate (50 mM) with the metal chelator
DTPA (100 uM) at 37° C. Aliquots (200 uL) were taken at
specified time points, quenched with 1% formic acid (200
ul) and analyzed using UPLC-MS;

[0034] FIG. 14 shows the kinetics of decomposition of 7a
(20 uM) 1n the presence of HPE-IAM (1 mM) and formation
of 2a and 9 1n ammonium bicarbonate bufler (50 mM) with
DTPA (100 uM) analyzed using UPLC-MS. An aliquot of
the reaction mixture was withdrawn at the specified time and
quenched with 1% formic acid. The curves are the calculated
best fits to a single-exponential function. The pseudo-first
order rate constants for 7a, 9 and 2a are 0.59+0.02, 0.57=+0.
02, and 0.58+0.03 min™", respectively;

[0035] FIG. 15 1s a representative UPLC-MS chromato-
gram of RSS-HPE-AM 9 generation from 7c¢ (10 uM)
incubated with HPE-IAM (500 uM) 1in ammonium bicar-
bonate pH 7.4 buffer at 37° C. for 7 h. Under these
conditions, 8.8+0.2 uM of 1,3-dimethyltetrahydropyrimi-
din-2(1H)-one (2¢) formation 1s observed. The asterisk
indicates the presence of small amount of impurities 1n the
commercial HPE-IAM sample. A peak at 5.2 min represents
a minor amount of thiol-HPE-AM adduct formation, sug-
gesting that excess of HPE-IAM reacts with 9 to produce
RS-HPE-AM. A peak at 2.95 min corresponding to the
3-(4-hydroxyphenyl)ethyl-2-amino-acetamide, presumably
formed by the ammonolysis of HPE-IAM;

[0036] FIG. 16 1s an HRMS of the peak eluting at 5.67 min
corresponding to R'SSH;:

[0037] FIG. 17 shows RSSH generation from 7a (100 uM)
in the absence of HPE-IAM 1n pH 7.4 ammonium bicar-
bonate bufler with DTPA (100 uM) at 37° C. for 10 min.
RSSH and RSSH-derived symmetrical dialkyl polysulfides
(labeled as S, to S;) formation were observed under these
conditions;

[0038] FIG. 18 shows decomposition of precursor 1a (100
uM) i the absence of IPE-IAM incubated in pH 7.4
ammonium bicarbonate bufiler (50 mM) with DTPA (100
uM) at 37° C. for 10 min. Evidence of an MS-observable
RSSH peak was not observed, which 1s consistent with the
relatively unstable nature of primary alkyl RSSH;

[0039] FIG. 19 shows UPLC-MS chromatograms of
RSSH generation from 7b (100 uM) 1n the presence of NAC
(500 uM) 1incubated 1n pH 7.4 ammonium bicarbonate (50
mM) with DTPA (100 uM) at 37° C. Aliquots taken at
vartous times were quenched with 1% formic acid and

analyzed by UPLC-MS. A peak at 5.67 min attributed to
RSSH 1s observed under these conditions. RSSH-derived
symmetrical dialkyl disulfides labeled as S; to Sg
(R'SS, SR', n=1-4, cyan highlight), and unsymmetrical dial-
kyl disulfides labeled as ‘S, to ‘S. (R’SS, SR, n=0-3, pink
highlight) were observed;

[0040] FIG. 20 shows UPLC-MS chromatograms of
RSSH generation from 7¢ (100 uM) 1n the presence of NAC

(500 uM) 1incubated 1n pH 7.4 ammonium bicarbonate (50
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mM) with DTPA (100 uM) at 37° C. for 60 min. An aliquot
(200 ul) was taken, quenched with 1% formic acid (200 uL)
and analyzed by UPLC-MS. A peak at 3.64 min attributed to
N-acetyl cystine (R’S,R?), formed by NAC reaction with
unsymmetrical disulfide (R'S,R>), is observed under these
conditions. A minor amount of RSSH-derived dialkyl trisul-
fides (S;) 1s also observed, indicating that RSSH release
from 7c¢ under these conditions;

[0041] FIG. 21 shows UPLC-MS chromatograms of
RSSH generation from 7d (100 uM) 1n the presence of NAC
(500 uM) 1ncubated 1n pH 7.4 ammonium bicarbonate (50
mM) with DTPA (100 uM) at 37° C. Aliquots (200 uL.) were
taken at specified time points, quenched with 1% formic acid
(200 uLL) and analyzed using UPLC-MS. A peak at 3.64 min
attributed to N-acetyl cystine (R’S,R”>) is observed under
these conditions. A minor amount of RSSH-derived dialkyl
trisulfides (S;) formation indicates that the precursor 7d
mainly reacts with NAC to produce the R'S,R”>, and the
RSSH-generation path 1s minor under these conditions;

[0042] FIG. 22 1s the MIMS measurement of COS gen-
erated from 7b-d (50 uM) with NAC (0.25 mM, 5 equiv.) 1n
pH 6.0 phosphate bufler containing DTPA (100 uM) at 37°
C.;

[0043] FIG. 23a and FIG. 235 show: (FIG. 23a) RSSH
generation from 7b (100 uM) 1n the presence of NAC (500
uM) 1n pH 7.4 ammonium bicarbonate (50 mM) with DTPA
(100 uM) at 37° C. for 45 min. (FIG. 235) RSSH generation
from 7b (100 uM) 1n the presence of NAC (500 uM) 1n pH
6.0 ammonium acetate butler (50 mM) with DTPA (100 uM)
at 37° C. for 12 h. The presence of RSSH precursor peak
after 12 h incubation at pH 6.0 demonstrates slow RSSH
release under acidic conditions. RSSH-derived symmetrical
dialkyl polysulfide labeled as S3 and S4 (R'SS SR', n=1
and 2), and unsymmetrical dialkyl polysulfide labeled as *S2
and ‘S3 (R'SS, SR®, n=0 and 1) formation were observed.
N-acetyl cystine and N-acetyl cysteine trisulfide are labeled
as ’S, and ”S,, respectively. 4-Hydroxyphenyl acetamide,
labeled as asterisk, 1s used as internal standard in these
experiments;

[0044] FIG. 24 shows UPLC-MS chromatograms of
RSSH generation from 7b (100 uM) in the presence of
glutathione (500 uM) 1incubated in pH 7.4 ammonium bicar-
bonate (50 mM) with DTPA (100 uM) at 377° C. for 45 min.
The reaction mixture was quenched with 1% formic acid and
analyzed by UPLC-MS. Under these conditions, 42+1 uM of
2b formation 1s observed. RSSH-derived symmetrical dial-
kyl polysulfide labeled as S3 and S4 (R'SS, SR', n=1-2), and
unsymmetrical dialkyl polysulfide labeled as ‘S2 to “S4
(R'SS, SR>, n=0-2) formation are observed. 4-Hydroxyphe-
nyl acetamide, labeled as asterisk, 1s used as internal stan-
dard 1n these experiments;

[0045] FIG. 25 15 a cell vaability assay conducted on H9¢2
cells with Precursor 7b (50, 100 and 150 uM) and byproduct
2b (150 uM) using SYTOX® Green nucleic acid stain.
Results are expressed as the mean+tSEM (n=5 for each
treatment group) with 3 independent experiments. *P<0.
0001 as compared to Triton X-100 control; and

[0046] FIG. 26 shows results from H9c¢c2 cardiac myo-
blasts pretreated with the RSSH precursor 7b (150 uM) and
the COS precursor 8 (150 uM) for 2 h followed by exposure
to H,O, (200 uM) for 2 h. Quantification of cytotoxicity was
carried out using SY TOX® Green nucleic acid stain. Results
are expressed as the mean+SEM (n=5 for each treatment
group) with five independent experiments. *P<0.001 for
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comparisons with the H,O, treatment group; when 7b com-
pared with the COS precursor 8, **P<0.05.

DETAILED DESCRIPTION

[0047] The presently disclosed subject matter now will be
described more fully hereinafter with reference to the
accompanying Figures, in which some, but not all embodi-
ments ol the inventions are shown. Like numbers refer to
like elements throughout. The presently disclosed subject
matter may be embodied in many different forms and should
not be construed as limited to the embodiments set forth
herein; rather, these embodiments are provided so that this
disclosure will satisty applicable legal requirements. Indeed,
many modifications and other embodiments of the presently
disclosed subject matter set forth herein will come to mind
to one skilled 1n the art to which the presently disclosed
subject matter pertains having the benefit of the teachings
presented in the foregoing descriptions and the associated
Figures. Therefore, it 1s to be understood that the presently
disclosed subject matter 1s not to be limited to the specific
embodiments disclosed and that modifications and other
embodiments are intended to be included within the scope of
the appended claims.

I. Alkylamine-Substituted Perthiocarbamates as Dual

Precursors to Hydropersulfide and Carbonyl Sulfide

A. Representative Compounds of Formula (I)

[0048] In some embodiments, the presently disclosed sub-
ject matter provides a compound of formula (I):

(I
R3

|
R, S N c LRy o
\S/ \H/ \,H/\Ez’ X
2
O

wherein: n 1s an integer selected from the group consisting
of 0, 1, 2, 3,4, 5, 6,7, and &, 1n some embodiments, n 1s
selected from the group consisting of 1, 2, and 3; R, 1s
selected from the group consisting of branched or
unbranched alkyl, heterocycloalkyl, aryl, heteroaryl, a cys-
teine residue, a N-acetylcysteine residue, a homocysteine
residue, a glutathione residue, and:

wherein: R, and R are each independently selected from the
group consisting of H, C,-C, alkyl, and aryl; R, 1s C,-C,
alkyl or aryl; R, 1s —OR, or —NRyR, ,, wherein R, R, and
R, , are each independently selected from the group consist-
ing of H, C,-C, alkyl, and aryl; R, 1s selected from the group
consisting of H, alkyl, aryl, and a functional group that
responds to a stimulus selected from the group consisting of
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light, a redox reaction, and an enzymatic reaction; R, 1s
selected from the group consisting of H, alkyl, and aryl; and
X"~ 1s an anion.

[0049] In certain embodiments, the cysteine residue, the

N-acetylcysteine residue, the homocysteine residue, and the
glutathione residue are selected from the group consisting

of:
*®
O O
)‘\ OH;
8 OH; N
H
NH; O

cysteine N-acetylcysteine
O
K
OH; and
NH,
homocysteine
K
O O -~ O
O N~ Y OH:
H
NH> O
glutathione

wherein each respective residue 1s bound to the compound
of formula (I) through a thiol moiety, with the point of
attachment designated by *. That 1s, the terminal sulfur atom
on the compound of formula (I) 1s dertved from cysteine,
N-acetylcysteine, the homocysteine, and glutathione.

[0050] In some embodiments, the compound of formula
(1) 1s:
O Rs Ry I;‘3
S N + _Ry <.
R?)J\TXS/ T W\EJ’ X
2
HN\I‘rRﬁ O

O

n 1s an mnteger selected from the group consisting of 1, 2, and
3; R, and R; are each independently H or C,-C, alkyl; R, 1s
C,-C, alkyl or aryl; R, 1s —OR, or —NRJR, ,, wherein R,
R,, and R, , are each independently selected from the group
consisting of H, C,-C, alkyl, and aryl; R, 1s selected from
the group consisting of H, C,-C, alkyl, and a functional
group that responds to a stimulus selected from the group
consisting of light, a redox reaction, and an enzymatic
reaction; R, 1s selected from the group consisting of H, alkyl,
and aryl; and X~ 1s an anion. In particular embodiments, R,
1s C,-C, alkyl, including C,, C,, C;, and C, alkyl, such as
methyl, ethyl, n-propyl, isopropyl ((CH;),CH—), n-butyl,
1so-butyl ((CH,),—CH—CH,—), sec-butyl (CH,—CH,—
CH(CH;)—), and tert-butyl ((CH;);—C—). In yet more
particular embodiments, R, 1s methyl.
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[0051]
(I) 1s:

O RS R4 ]T3
R- S N . LRy o
\0)‘\%8‘/ \’r \/)H/\Ef X
2
HN\’rR6 O

O

In certain embodiments, the compound of formula

[0052] wheremn: n 1s an integer selected from the group
consisting ot 1, 2, and 3; R, and R are each independently
H or C,-C, alkyl; R, and R, are each independently C,-C,
alkyl; R, 1s selected from the group consisting of H, C,-C,
alkyl, and a functional group that responds to a stimulus
selected from the group consisting of light, a redox reaction,
and an enzymatic reaction; R, 1s selected from the group
consisting of H, alkyl, and aryl; and X~ 1s an amon.
[0053] In certain embodiments of the compound of for-
mula (I), the functional group that responds to a stimulus
selected from the group consisting of light, a redox reaction,
and an enzymatic reaction 1s selected from the group con-
sisting of:

OH;
0 e

~ ]
7
Y
O

B
R, 10/ \ORlz
O
1&{“\0 AN
‘ : and
0,N A
O 7= ‘
x7 N
OT Ry3;
O
wherein:
[0054] X, and X, are each independently selected from the

group consisting of O, NR,,, and CR,:R,.; wherein R, _,
R,., and R, are each independently H or branched or
unbranched C,-C, alkyl;

[0055] R,, and R,, are each independently selected from
the group consisting of H, and branched or unbranched
alkyl, or R, and R,, together can form a cyclic alkyl or
substituted cyclic alkyl; and
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[0056] R,; 1s selected from the group consisting of
branched or unbranched alkyl and aryl.

[0057] In certain embodiments, the borate ester exempli-

fied by —B(OR,,)(OR,,) can be:

B B B
no”  NOH; o7 Do U . ar
B
O/ \O.
[0058] In particular embodiments, the compound of for-

mula (I) 1s:
O 1,c CH; THs
H3C S N + R2
~0 5 N >N xe
H,
HN\IrCHg O
O

wherein: n 1s 1 or 2; and R, 1s H or CH,.

[0059] In more particular embodiments, the compound of
formula (I) 1s selected from the group consisting of:

O H,C CH;

CH, |
H,C S N v _H X
\OJ\% S ~ \|_r \/\ N f"'
H>
CH; O

T

O
O M,c CH; THB
H;C S N + _CHj
\‘O S‘/ \/\N/ N
H2 ?
HN\I(CH3 O
O
OH.C CH; CH;
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-continued
O H,c CH; CH;
H;C S ILT %2
3 \/\/
~0 s T + O,
HN\I(CH3 O X",
O

[0060] In certain embodiments, X~ 1s selected from the
group consisting of chloride (C17), bromide (Br™), phosphate
((PO,)’7), trifluoroacetate (CF,COQ™), acetate (CH,COO™),
and benzoate (C.H,COQO™). In more certain aspects, the
compound of formula (I) 1s selected from the group con-
sisting of:

O M,c CH; THB
H,C S N + H
~No e \/\Nf
H,
HN CH; O
T CF;COO0":
O
O 1.c CH; THB
H;C S N + _CH;
o o \/\N/'
H,
HN\H/CHz O CF;CO0;
O
O H,C CH; CH;

O
O 1.c CH; CH;
H;C S I"\T Ez
3
~0 s . NeH,
HN\[(CH3 O CEF;COO".
O

[0061] In some embodiments, the presently disclosed sub-
ject matter provides a pharmaceutical composition compris-
ing a compound of formula (I) and a pharmaceutically
acceptable carrier.

[0062] The presently disclosed subject matter further pro-
vides kits comprising one or more compounds of formula (I)
as described heremn. The kits may employ any of the
compounds disclosed herein and instructions for use. The
compound may be formulated 1n any acceptable form. The
kits may be used for any one or more of the uses described
herein, and, accordingly, may contain instructions for any
one or more of the stated uses (e.g., treating and/or prevent-
ing and/or delaying the onset and/or i1schemia/reperfusion
mjury).

[0063] Kits generally comprise suitable packaging. The
kits may comprise one or more containers comprising any
compound described herein. Fach component (1f there is
more than one component) can be packaged in separate
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containers or some components can be combined in one
container where cross-reactivity and shelf life permit.
[0064] The kits may optionally include a set of instruc-
tions, generally written instructions, although electronic
storage media (e.g., magnetic diskette or optical disk) con-
taining instructions also are acceptable, relating to the use of
component(s) of the methods of the presently disclosed
subject matter (e.g., treating, preventing and/or delaying the
onset and/or the development of heart disease or 1schemia/
reperfusion injury). The mstructions included with the kat
generally include information as to the components and their
administration to a subject.

B. Method for Treating a Disorder, Disease, or
Condition Associated with Oxidative Stress,
Including Ischemia/Reperfusion Injury

[0065] In some embodiments, the presently disclosed sub-

ject matter provides a method for treating a disorder, disease,

or condition associated with oxidative stress 1n a subject 1n
need of treatment thereof, the method comprising adminis-
tering to the subject a therapeutically effective amount of a
compound of formula (I) or a pharmaceutical composition
thereof.

[0066] Generally, oxidative stress 1s an imbalance between
the systemic manifestation of reactive oxygen species and a
biological system’s ability to readily detoxily the reactive
intermediates or to repair the resulting damage. Distur-
bances 1n the normal redox state of cells can cause toxic
ellects through the production of peroxides and free radicals
that damage all components of the cell, including proteins,
lipids, and DNA.

[0067] Several disorders, diseases, and conditions are
associate with oxidative stress including, but not limited to,
a mitochondrial disorder; an inherited mitochondrial dis-
case; Alpers Disease; Barth syndrome; a Beta-oxidation
Defect; Carnmitine-Acyl-Carnitine Deficiency; Carnitine
Deficiency; a Creatine Deficiency Syndrome; Co-Enzyme
Q10 Deficiency; Complex I Deficiency; Complex II Defi-
ciency; Complex III Deficiency; Complex IV Deficiency;
Complex V Deficiency; COX Deficiency; chronic progres-
sive external ophthalmoplegia (CPEQO); CPT 1 Deficiency;
CPT II Deficiency; Friedreich’s Ataxia (FA); Glutaric Acid-
uria Type 1I; Kearns-Sayre Syndrome (KSS); Lactic Acido-
s1s; Long-Chain Acyl-CoA Dehydrogenase Deficiency
(LCAD); LCHAD; Leigh Syndrome; Leigh-like Syndrome;
Leber’s Hereditary Optic Neuropathy (LHON); Lethal
Infantile Cardiomyopathy (LIC); Luit Disease; Multiple
Acyl-CoA Dehydrogenase Deficiency (MAD); Medium-
Chain Acyl-CoA Dehydrogenase Deficiency (MCAD);
Mitochondrial Myopathy, Encephalopathy, Lactacidosis,
Stroke (MELAS); Myoclonic Epilepsy with Ragged Red
Fibers (MERRF); Mitochondrial Recessive Ataxia Syn-
drome (MIRAS); Mitochondrial Cytopathy, Mitochondrial
DNA Depletion; Mitochondrial Encephalopathy; Mitochon-
drial Myopathy; Myoneurogastrointestinal Disorder and
Encephalopathy (MNGIE); Neuropathy, Ataxia, and Retini-
t1s Pigmentosa (NARP); Pearson Syndrome; Pyruvate Car-
boxylase Deficiency; Pyruvate Dehydrogenase Deficiency; a
POLG Mutation; a Respiratory Chain Disorder; Short-Chain
Acyl-CoA Dehydrogenase Deficiency (SCAD); SCHAD;
Very Long-Chain Acyl-CoA Dehydrogenase Deficiency
(VLCAD); a myopathy; cardiomyopathy; encephalomyopa-
thy; Parkinson’s disease; amyotrophic lateral sclerosis
(ALS); a motor neuron disease; epilepsy; macular degen-
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cration; metabolic syndrome; brain cancer, Huntington’s
Disease; a mood disorder; schizophrema; bipolar disorder; a
pervasive developmental disorder; autistic disorder; Asper-
ger’s syndrome; childhood disintegrative disorder (CDD);
Rett’s disorder; PDD-not otherwise specified (PDD-NOS); a
cerebrovascular accident; stroke; a vision impairment; optic
neuropathy; dominant inherited juvenile optic atrophy; optic
neuropathy caused by a toxic agent; glaucoma; Stargardt’s
macular dystrophy; diabetic retinopathy; diabetic maculopa-
thy; retinopathy of prematurity; ischemic reperfusion-re-
lated retinal 1njury; oxygen poisoning; a haecmoglobinopa-
thy; thalassemia; sickle cell anemia; seizures; i1schemia;
renal tubular acidosis; attention deficit/hyperactivity disor-
der (ADHD); a neurodegenerative disorder resulting in
hearing or balance impairment; Dominant Optic Atrophy
(DOA); Maternally inhenited diabetes and dealness
(MIDD); chronic fatigue; contrast-induced kidney damage;
contrast-induced retinopathy damage; Abetalipoproteine-
mia; retinitis pigmentosum; Woliram’s disease; Tourette
syndrome; cobalamin ¢ defect; methylmalonic acidunia;
glioblastoma; Down’s syndrome; acute tubular necrosis; a
muscular dystrophy; a leukodystrophy; Progressive Supra-
nuclear Palsy; spinal muscular atrophy; hearing loss; noise
induced hearing loss; traumatic brain 1njury; Juvenile Hun-
tington’s Disease; Multiple Sclerosis; NGLY 1; Multisystem
atrophy; Adrenoleukodystrophy; and Adrenomyeloneuropa-
thy.

[0068] In particular embodiments, the disorder, disease, or
condition associated with oxidative stress comprises 1sch-
emia/reperfusion injury. Accordingly, in some embodiments,
the presently disclosed compounds of formula (I) are car-
dioprotective, for example, against ischemia/reperfusion
injury, including myocardial 1schemia/reperfusion njury. In
certain embodiments, the treating comprises preventing,
reducing the occurrence of or severity of, or protecting
against 1schemia/reperiusion injury.

[0069] Ischemia 1s a condition characterized by an inter-
ruption or inadequate supply of blood to a cell, tissue, or
organ, which causes oxygen deprivation 1n the affected cell,
tissue, or organ. Accordingly, as used herein the term
“1schemic 1njury,” or dertvations thereof, refers to an injury
to a cell, tissue, and/or organ caused by ischemia, 1.€., a
reduction or insuflicient supply of blood (and therefore
oxygen) to a cell, tissue, and/or organ, e.g., due to a blocked
artery and the like, resulting in damage or dysiunction of the
cell, tissue, and/or organ.

[0070] Representative 1schemic injuries include, but are
not limited to, injuries caused by cardiovascular 1schemia,
cerebrovascular 1schemia, renal 1schemia, hepatic 1schemia,
ischemic cardiomyopathy, cutaneous 1schemia, bowel 1sch-
emia, intestinal 1schemia, gastric 1ischemia, pulmonary isch-
emia, pancreatic i1schemia, skeletal muscle 1schemia,
abdominal muscle 1schemia, limb 1schemia, 1schemic colitis,
mesenteric 1schemia, and silent i1schemia. An 1schemic
ijury can aflect, for example, a heart, kidney, liver, brain,
muscle, itestine, stomach, lung, and/or skin.

[0071] In a particular embodiment, the 1schemic injury 1s
the result of a myocardial 1schemia. Myocardial 1schemia 1s
a condition caused by a blockage or constriction of one or
more of the coronary arteries, such as can occur with
atherosclerotic plaque occlusion or rupture. The blockade or
constriction causes oxygen deprivation of the non-perfused
tissue, which can cause tissue damage. An injury resulting,
from a myocardial 1schemia can result from, for example, a
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myocardial mfarction (e.g., an acute myocardial infarction)
in a subject. In another embodiment, the 1schemic injury 1s
an 1njury resulting from cerebral 1schemia (e.g., a stroke) 1n
a subject.

[0072] Upon reperfusion with subsequent reoxygenation
of the cell, tissue, or organ, 1.¢., when blood 1s able to tlow
again or the oxygen demand of the cell, tissue, or organ
subsides, additional injury can be caused by oxidative stress.
As used herein, the term “ischemia-reperfusion injury”
refers to an injury resulting from the restoration of blood
flow to an area of a cell, tissue, and/or organ that had
previously experienced deficient blood tlow due to an 1sch-
emic event. Oxidative stresses associated with reperfusion
may cause damage to the affected cells, tissues, and/or
organs. Ischemia-reperfusion injury 1s characterized bio-
chemically by a depletion of oxygen during an i1schemic
event followed by reoxygenation and the concomitant gen-
eration ol reactive oxygen species during reperiusion.

[0073] An 1schemia-reperfusion mjury can be caused, for
example, by a natural event (e.g., restoration of blood tlow
following a myocardial infarction), a trauma, or by one or
more surgical procedures or other therapeutic interventions
that restore blood tlow to a cell, tissue, and/or organ that has
been subjected to a diminished supply of blood. Such
surgical procedures include, for example, coronary artery
bypass grait surgery, coronary angioplasty, organ transplant
surgery and the like. The eflects of 1schemia/repertusion
injury can be fatal, particularly when the 1injury occurs 1n a
critical organ, such as the heart or brain.

[0074] Accordingly, 1n some embodiments, the presently
disclosed subject matter provides a method for treating,
preventing, reducing, or protecting against 1schemia/reper-
fusion mjury 1n a subject who 1s afilicted with or 1s at risk
of an 1schemia/reperfusion mnjury or an i1schemic event.
Thus, provided herein 1s a method of treating, preventing,
reducing, or protecting against mjury associated with 1sch-
emia/reperfusion by administering to a subject 1 need of
treatment thereol, an therapeutically eflective amount of at
least one compound of formula (I).

[0075] In some embodiments, a compound of formula (I)
1s admimistered to the subject prior to the onset of 1schemia.
Presently disclosed compounds of formula (I) can thus be
used 1n methods of preventing or reducing injury associated
with future 1schemia/reperfusion. For example, administra-
tion ol a compound of formula (I) prior to the onset of
iIschemia may reduce tissue necrosis (the size of infarct) 1n
at-risk tissues.

[0076] In some embodiments, a compound of formula (I)
1s administered to the subject after ischemia. In some
embodiments, a compound of formula (I) 1s administered to
the subject after 1schemia, but before reperfusion. In other
embodiments, a compound of formula (I) 1s administered to
the subject after 1schemia/reperfusion, where the adminis-
tration protects against further injury. In some embodiments,
a compound of formula (I) 1s administered to a subject
thought to be or 1s demonstrated to be at risk for an 1schemic
event. In some embodiments, a compound of formula (I) 1s
administered to or contacted with an organ that 1s to be
transplanted 1n an amount effective to reduce 1schemia/
reperfusion 1jury to the organ upon reperfusion in the
recipient of the transplanted organ.

[0077] For the treatment of 1schemic and 1schemia-reper-
fusion 1njuries caused by therapeutic interventions, such as
surgical procedures, it 1s preferable that a compound of
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formula (I) be administered to a subject undergoing treat-
ment prior to the therapeutic intervention (e.g., cardiac
surgery, organ transplant). For example, a compound of
formula (I) can be administered to a subject undergoing
treatment, e.g., about 5 minutes, about 10 minutes, about 15
minutes, about 20 minutes, about 30 minutes or about 45
minutes, about 1 hour, about 2 hours, about 3 hours, about
4 hours, about 5 hours, about 12 hours, about 24 hours, or
about 48 hours prior to the therapeutic intervention.

[0078] Alternatively, or in addition, a compound of for-
mula (I) can be administered to a subject undergoing treat-
ment at the time of, or during, the therapeutic intervention.
For example, the compound can be administered one or
more times during the course of a therapeutic intervention in
intervals (e.g., 15 minute intervals). Alternatively, a com-
pound of formula (I) can be administered continuously
throughout the duration of a therapeutic intervention.

[0079] Furthermore, a compound of formula (I) can be
administered to a subject undergoing treatment after a thera-
peutic intervention. For example, a compound of formula (I)
can be administered to a subject undergoing treatment, e.g.,
about 5 minutes, about 10 minutes, about 15 minutes, about
20 minutes, about 30 minutes or about 45 minutes, about 1
hour, about 2 hours, about 3 hours, about 4 hours, about 5
hours, about 12 hours, about 24 hours, or about 48 hours
alter the therapeutic intervention.

[0080] A compound of formula (I) also can be used to
prevent, mnhibit, or reduce the occurrence of an 1schemia or
ischemia-reperfusion mjury to a cell, tissue, and/or organ, ex
vivo, prior to a therapeutic intervention (e.g., a tissue
employed 1n a graft procedure, an organ employed 1n an
organ transplant surgery). For example, prior to transplant of
an organ into a host individual (e.g., during storage or
transport of the organ in a sterile environment), the organ
can be contacted with a compound of formula (I) to prevent,
inhibit, or reduce the occurrence of an 1schemia or 1schemia-
reperfusion injury.

[0081] As described herein, conditions resulting from
ischemia, and injuries caused by i1schemia or 1schemia-
reperfusion, can induce apoptotic cell death 1n an afiected
cell, tissue, and/or organ, leading to damage and dystunc-
tion. Accordingly, the compounds of the invention also have
utility 1n methods of inhibiting apoptosis in a cell, a tissue,
and/or an organ (e.g., a transplant tissue or organ or a cell,
tissue or organ 1n a subject), wherein the cell, tissue or organ
has experienced an 1schemia or other condition or disorder
that results 1n excessive or unwanted apoptosis. The methods
comprise contacting the cells, tissue, and/or organ with, or
administering to the subject, an eflective amount of a
compound of formula (I).

[0082] Subjects can be selected for treatment who are at
risk of a first or subsequent 1schemic event. For example,
such subjects include, but are not limited to, those with
known hypercholesterolemia, EKG changes associated with
risk of 1schemia, sedentary lifestyle, angiographic evidence
of partial coronary artery obstruction, echocardiographic
evidence of myocardial damage, or any other evidence of a
risk for a future or additional ischemic event (for example a
myocardial 1schemic event, such as a myocardial infarction
(MI), or a neurovascular ischemia, such as a cerebrovascular
accident (CVA)). In some embodiments, subjects are
selected for treatment who are at risk of future 1schemaia, but
who have no present evidence of 1schemia, such as electro-
cardiographic changes associated with 1schemia (for
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example, peaked or inverted T-waves or ST segment eleva-
tions or depression 1 an appropriate clinical context),
clevated CKMB, or clinical evidence of 1schemia, including
crushing substernal chest pain or arm pain, shortness of
breath and/or diaphoresis.

[0083] Compounds of formula (I) also can be administered
prior to procedures in which myocardial 1schemia 1s at risk
ol occurring, for example an angioplasty or other surgeries,
such as coronary artery bypass grait surgery. In other
embodiments, a compound of formula (I) can be adminis-
tered to a subject at demonstrated risk for an 1schemic event.
The selection of a subject with such a status can be per-
formed by a variety of methods, some of which are noted
hereinabove. For example, a subject with one of more of an
abnormal EKG not associated with active i1schemia, prior
history of myocardial infarction, elevated serum cholesterol,
and the like, would be at risk for an 1schemic event. Thus,
an at-risk subject could be selected by physical testing or
cliciting the potential subject’s medical history to determine
whether the subject has any indications of risk for an
ischemic event. If risk 1s demonstrated based on the indi-
cations discussed above, or any other indications that one
skilled 1n the art would appreciate, then the subject would be
considered at demonstrated risk for an i1schemic event.

[0084] Ischemia/reperfusion may damage tissues other
than those of the myocardium and the presently disclosed
subject matter includes methods for treating or preventing
such damage. In one variation, the method finds use 1n
reducing 1njury from ischemia/reperfusion in the tissue of
the brain, liver, gut, kidney, bowel, or in any other tissue.

[0085] Selecting a person at risk for non-myocardial 1sch-
emia could include a determination of the indicators used to
assess risk for myocardial ischemia. Other factors, however,
may 1ndicate a risk for 1schemia/reperfusion in other tissues.
For example, surgery patients often experience surgery-
related 1schemia. Thus, subjects scheduled for surgery could
be considered at risk for an 1schemic event. The following
risk factors for stroke (or a subset of these risk factors)
would demonstrate a subject’s risk for 1schemia of brain
tissue: hypertension cigarette smoking, carotid artery steno-
s1s, physical iactivity, diabetes mellitus, hyperlipidemia,
transient 1schemic attack, atrial fibrillation, coronary artery
disease, congestive heart failure, past myocardial infarction,
left ventricular dystunction with mural thrombus, and maitral
stenosis. Further, complications of untreated infectious diar-
rhea 1n the elderly can include myocardial, renal, cerebro-
vascular and intestinal i1schemia. Alternatively, subjects
could be selected based on risk factors for ischemic bowel,
kidney or liver disease. For example, treatment would be
initiated 1n elderly subjects at risk of hypotensive episodes,
such as surgical blood loss. Thus, subjects presenting with
such an indication would be considered at risk for an
1schemic event. Also included 1s a method of administering
a compound of formula (I) to a subject who has any one or
more of the conditions listed herein, such as diabetes mel-
litus or hypertension. Other conditions that may result 1n
1schemia, such as cerebral arteriovenous malformation
would be considered to demonstrate risk for an 1schemic
event.

[0086] The method of administering a compound of for-
mula (I) to an organ to be transplanted includes administra-
tion of a compound of formula (I) prior to removal of the
organ from the donor, for example through the perfusion
cannulas used in the organ removal process. If the organ
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donor 1s a live donor, for example a kidney donor, the
compound of formula (I) can be administered to the organ
donor as described above for a subject at risk for an 1schemic
event. In other cases the compound of formula (I) can be
administered by storing the organ 1n a solution comprising
compound of formula (I). For example, the compound of
formula (I) can be included in the organ preservation solu-
tion, such as University of Wisconsin “UW?” solution, which
1s a solution comprising hydroxyethyl starch substantially
free of ethylene glycol, ethylene chlorohydrin, and acetone
(see U.S. Pat. No. 4,798,824). Where an organ or tissue 1s
accessible because of removal from the patient, such organ
or tissue may be bathed 1n a medium containing the subject
compositions, the subject compositions may be painted onto
the organ, or may be applied in any convenient way. The
methods of the presently disclosed subject matter embrace
administration of the compounds to an organ to be donated
(such as to prevent i1schemia/reperfusion injury). Accord-
ingly, organs that are removed from one subject for trans-
plant into another subject may be bathed 1n a medium
containing or otherwise exposed to a compound or compo-
sition as described herein.

[0087] As used herein, the term “treating” can include
reversing, alleviating, inhibiting the progression of, prevent-
ing or reducing the likelihood of the disease, disorder, or
condition to which such term applies, or one or more
symptoms or manifestations of such disease, disorder or
condition. Preventing refers to causing a disease, disorder,
condition, or symptom or manifestation of such, or wors-
enming of the severity of such, not to occur. Accordingly, the
presently disclosed compounds can be administered prophy-
lactically to prevent or reduce the incidence or recurrence of
the disease, disorder, or condition.

[0088] The “subject” treated by the presently disclosed
methods 1n their many embodiments 1s desirably a human
subject, although 1t 1s to be understood that the methods
described herein are effective with respect to all vertebrate
species, which are intended to be included in the term
“subject.” Accordingly, a “subject” can include a human
subject for medical purposes, such as for the treatment of an
existing condition or disease or the prophylactic treatment
for preventing the onset of a condition or disease, or an
amimal subject for medical, veterinary purposes, or devel-
opmental purposes. Suitable animal subjects include mam-
mals including, but not limited to, primates, e.g., humans,
monkeys, apes, and the like; bovines, e.g., cattle, oxen, and
the like; ovines, e.g., sheep and the like; caprines, ¢.g., goats
and the like; porcines, e.g., pigs, hogs, and the like; equines,
¢.g., horses, donkeys, zebras, and the like; felines, including
wild and domestic cats; canines, including dogs; lago-
morphs, including rabbits, hares, and the like; and rodents,
including mice, rats, and the like. An animal may be a
transgenic animal. In some embodiments, the subject 1s a
human including, but not limited to, fetal, neonatal, infant,
juvenile, and adult subjects. Further, a “subject” can include
a patient afllicted with or suspected of being afllicted with a
condition or disease. Thus, the terms “subject” and “patient™
are used interchangeably herein. The term “subject” also
refers to an organism, tissue, cell, or collection of cells from
a subject.

[0089] In general, the “eflective amount” of an active
agent or drug delivery device refers to the amount necessary
to elicit the desired biological response. As will be appre-
ciated by those of ordinary skill in this art, the effective
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amount of an agent or device may vary depending on such
factors as the desired biological endpoint, the agent to be
delivered, the makeup of the pharmaceutical composition,

the target tissue, and the like.
[0090]

In other embodiments, the presently disclosed sub-

ject matter included administering a compound of formula

(I) 1n combination with one or more therapeutic agents. In
certain embodiments, the presently disclosed method of
treatment further comprises administering to the subject one
or more compounds of formula (I) in combination with one
or more other therapeutic agents designed to minimize or
mitigate 1schemic injury. In particular embodiments, the one
or more other therapeutic agents 1s selected from the group
consisting ol an angiotensin I-converting enzyme (ACE)
inhibitor, an alpha-adrenergic blocker, a central adrenergic
inhibitor, a beta-adrenergic blocker, an angiotensin II recep-
tor blocker, a calcium channel blocker, a vasodilator, a
phosphodiesterase (PDE) inhibitor, an HMG-CoA reductase
inhibitor, a cholesterol-lowering agent, an antiarrhythmic
agent, a digitalis drug, a nitrate, a diuretic, an anticoagulant,
an antiplatelet agent, a thrombolytic agent, an antioxidant,
and combinations thereof, including other agents or medical
interventions for protecting the myocardium 1in subject
afllicted with coronary artery disease.

[0091] The term “combination” 1s used in 1ts broadest
sense and means that a subject 1s administered at least two
agents, more particularly a compound of formula (I) and at
least one more other therapeutic agents. More particularly,
the term “in combination” refers to the concomitant admin-
istration of two (or more) active agents for the treatment of
a, e.g., single disease state. As used herein, the active agents
may be combined and administered 1n a single dosage form,
may be administered as separate dosage forms at the same
time, or may be administered as separate dosage forms that
are administered alternately or sequentially on the same or
separate days. In one embodiment of the presently disclosed
subject matter, the active agents are combined and admin-
istered 1n a single dosage form. In another embodiment, the
active agents are administered in separate dosage forms
(e.g., wherein 1t 1s desirable to vary the amount of one but
not the other). The single dosage form may include addi-
tional active agents for the treatment of the disease state.

[0092] Further, the compounds of formula (I) described
herein can be administered alone or in combination with
adjuvants that enhance stability of the compounds of for-
mula (I), alone or in combination with one or more thera-
peutic agents, facilitate administration of pharmaceutical
compositions containing them 1n certain embodiments, pro-
vide increased dissolution or dispersion, increase inhibitory
activity, provide adjunct therapy, and the like, including
other active ingredients. Advantageously, such combination
therapies utilize lower dosages of the conventional thera-
peutics, thus avoiding possible toxicity and adverse side
ellects incurred when those agents are used as monothera-
pics.

[0093] The timing of administration of a compound of
formula (I) and at least one additional therapeutic agent can
be varied so long as the beneficial eflects of the combination
of these agents are achieved. Accordingly, the phrase “in
combination with” refers to the administration of a com-
pound of formula (I) and at least one additional therapeutic
agent either simultaneously, sequentially, or a combination
thereof. Therefore, a subject administered a combination of
a compound of formula (I) and at least one additional
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therapeutic agent can recerve compound of formula (I) and
at least one additional therapeutic agent at the same time
(1.e., stmultaneously) or at different times (1.e., sequentially,
in either order, on the same day or on diflerent days), so long
as the eflect of the combination of both agents 1s achieved
in the subject.

[0094] When administered sequentially, the agents can be
administered within 1, 5, 10, 30, 60, 120, 180, 240 minutes
or longer of one another. In other embodiments, agents
administered sequentially, can be admimstered within 1, 5,
10, 15, 20 or more days of one another. Where the compound
of formula (I) and at least one additional therapeutic agent
are administered simultaneously, they can be administered
to the subject as separate pharmaceutical compositions, each
comprising either a compound of formula (I) or at least one
additional therapeutic agent, or they can be administered to
a subject as a single pharmaceutical composition comprising
both agents.

[0095] When administered 1n combination, the effective
concentration of each of the agents to elicit a particular
biological response may be less than the eflective concen-
tration of each agent when administered alone, thereby
allowing a reduction 1n the dose of one or more of the agents
relative to the dose that would be needed 1f the agent was
administered as a single agent. The etlfects of multiple agents
may, but need not be, additive or synergistic. The agents may
be administered multiple times.

[0096] In some embodiments, when administered 1n com-
bination, the two or more agents can have a synergistic
cllect. As used herein, the terms “synergy,” “synergistic,”
“synergistically” and derivations thereot, such as in a “syn-
ergistic eflect” or a “synergistic combination” or a “syner-
gistic composition” refer to circumstances under which the
biological activity of a combination of a compound of
formula (I) and at least one additional therapeutic agent 1s
greater than the sum of the biological activities of the
respective agents when administered individually.

[0097] Synergy can be expressed 1n terms of a “Synergy
Index (SI),” which generally can be determined by the

method described by F. C. Kull et al., Applied Microbiology
9, 538 (1961), from the ratio determined by:

O/ Q4+Qy/Up=Synergy Index (SI)

wherein:

[0098] Q) , 1s the concentration of a component A, acting
alone, which produced an end point 1n relation to component
A,

[0099] Q_ 1s the concentration of component A, in a
mixture, which produced an end point;

[0100] Q4 1s the concentration of a component B, acting
alone, which produced an end point 1n relation to component

B: and

[0101] Q, 1s the concentration of component B, 1 a
mixture, which produced an end point.

[0102] Generally, when the sum of Q_/Q, and Q,/Qz 1s
greater than one, antagonism 1s indicated. When the sum 1s
equal to one, additivity 1s indicated. When the sum 1s less
than one, synergism 1s demonstrated. The lower the SI, the
greater the synergy shown by that particular mixture. Thus,
a “synergistic combination” has an activity higher that what
can be expected based on the observed activities of the
individual components when used alone. Further, a “syner-
gistically effective amount” of a component refers to the
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amount of the component necessary to elicit a synergistic
ellect 1n, for example, another therapeutic agent present 1n
the composition.

[0103] As used herein, the term “inhibit,” and grammatical
derivations thereof, refers to the ability of a presently
disclosed compound, e.g., a presently disclosed compound
of formula (I), to block, partially block, interfere, decrease,
or reduce the growth of bacteria or a bacterial infection.
Thus, one of ordinary skill 1n the art would appreciate that
the term “inhibit” encompasses a complete and/or partial
decrease 1n the growth of bacteria or a bacterial infection,
¢.g., a decrease by at least 10%, 1n some embodiments, a
decrease by at least 20%, 30%, 50%, 75%, 95%, 98%, and

up to and including 100%.

C. Pharmaceutical Compositions and
Admainistration

[0104] In another aspect, the present disclosure provides a
pharmaceutical composition including one compound of
formula (I) alone or 1 combination with one or more
additional therapeutic agents in admixture with a pharma-
ceutically acceptable excipient. One of skill in the art will
recognize that the pharmaceutical compositions include the
pharmaceutically acceptable salts of the compounds
described above. Pharmaceutically acceptable salts are gen-
erally well known to those of ordinary skill in the art, and
include salts of active compounds which are prepared with
relatively nontoxic acids or bases, depending on the particu-
lar substituent moieties found on the compounds described
herein. When compounds of the present disclosure contain
relatively acidic functionalities, base addition salts can be
obtained by contacting the neutral form of such compounds
with a suflicient amount of the desired base, either neat or in
a suitable mert solvent or by i1on exchange, whereby one
basic counterion (base) 1n an 1onic complex 1s substituted for
another. Examples of pharmaceutically acceptable base
addition salts include sodium, potassium, calcium, ammo-
nium, organic amino, or magnesium salt, or a similar salt.
[0105] When compounds of the present disclosure contain
relatively basic functionalities, acid addition salts can be
obtained by contacting the neutral form of such compounds
with a sutlicient amount of the desired acid, either neat or in
a suitable mnert solvent or by 1on exchange, whereby one
acidic counterion (acid) 1n an 10mic complex 1s substituted
for another. Examples of pharmaceutically acceptable acid
addition salts include those derived from 1norganic acids like
hydrochloric, hydrobromic, nitric, carbonic, monohydro-
gencarbonic, phosphoric, monohydrogenphosphoric, dihy-
drogenphosphoric, sulfuric, monohydrogensuliuric, hydri-
odic, or phosphorous acids and the like, as well as the salts
derived from relatively nontoxic organic acids like acetic,
propionic, 1sobutyric, maleic, malomic, benzoic, succinic,
suberic, fumaric, lactic, mandelic, phthalic, benzenesulio-
nic, p-toluenesulionic, citric, tartaric, methanesulionic, and
the like. Also included are salts of amino acids such as
arginate and the like, and salts of organic acids like glu-
curonic or galactunoric acids and the like (see, for example,
Berge et al, “Pharmaceutical Salts”, Journal of Pharmaceu-
tical Science, 1977, 66, 1-19). Certain specific compounds
of the present disclosure contain both basic and acidic
functionalities that allow the compounds to be converted
into either base or acid addition salts.

[0106] Accordingly, pharmaceutically acceptable salts
suitable for use with the presently disclosed subject matter
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include, by way of example but not limitation, acetate,
benzenesulfonate, benzoate, bicarbonate, bitartrate, bro-
mide, calctum edetate, camsylate, carbonate, citrate, edetate,
edisylate, estolate, esylate, fumarate, gluceptate, gluconate,
glutamate, glycollylarsanilate, hexylresorcinate, hydrabam-
ine, hydrobromide, hydrochloride, hydroxynaphthoate,
10dide, isethionate, lactate, lactobionate, malate, maleate,
mandelate, mesylate, mucate, napsylate, nitrate, pamoate
(embonate), pantothenate, phosphate/diphosphate, polyga-
lacturonate, salicylate, stearate, subacetate, succinate, sul-
fate, tannate, tartrate, or teoclate. Other pharmaceutically
acceptable salts may be found 1n, for example, Remington:
The Science and Practice of Pharmacy (20” ed.) Lippincott,
Williams & Wilkins (2000).

[0107] In therapeutic and/or diagnostic applications, the
compounds of the disclosure can be formulated for a variety
of modes of administration, including systemic and topical
or localized administration. Techniques and formulations
generally may be found in Remington: The Science and
Practice of Pharmacy (207 ed.) Lippincott, Williams &
Wilkins (2000).

[0108] Depending on the specific conditions being treated,
such agents may be formulated into liquid or solid dosage
forms and administered systemically or locally. The agents
may be delivered, for example, 1n a timed- or sustained-slow
release form as 1s known to those skilled in the art. Tech-
niques for formulation and administration may be found in
Remington: The Science and Practice of Pharmacy (207 ed.)
Lippincott, Williams & Wilkins (2000). Suitable routes may
include oral, buccal, by inhalation spray, sublingual, rectal,
transdermal, vaginal, transmucosal, nasal or intestinal
administration; parenteral delivery, including imtramuscular,
subcutaneous, mtramedullary 1njections, as well as intrath-
ecal, direct intraventricular, intravenous, intra-articular,
intra-sternal, 1ntra-synovial, intra-hepatic, intralesional,
intracranial, intraperitoneal, intranasal, or intraocular injec-
tions or other modes of delivery.

[0109] For injection, the agents of the disclosure may be
formulated and diluted in aqueous solutions, such as in
physiologically compatible buflers such as Hank’s solution,
Ringer’s solution, or physiological saline bufler. For such
transmucosal administration, penetrants appropriate to the
barrier to be permeated are used 1n the formulation. Such
penetrants are generally known 1n the art.

[0110] Use of pharmaceutically acceptable inert carriers to
tformulate the compounds herein disclosed for the practice of
the disclosure into dosages suitable for systemic adminis-
tration 1s within the scope of the disclosure. With proper
choice of carrier and suitable manufacturing practice, the
compositions of the present disclosure, 1n particular, those
formulated as solutions, may be administered parenterally,
such as by mftravenous injection. The compounds can be
tformulated readily using pharmaceutically acceptable carri-
ers well known in the art into dosages suitable for oral
administration. Such carriers enable the compounds of the
disclosure to be formulated as tablets, pills, capsules, lig-
uids, gels, syrups, slurries, suspensions and the like, for oral
ingestion by a subject (e.g., patient) to be treated.

[0111] For nasal or mnhalation delivery, the agents of the
disclosure also may be formulated by methods known to
those of skill 1in the art, and may include, for example, but
not limited to, examples of solubilizing, diluting, or dispers-
ing substances, such as saline; preservatives, such as benzyl
alcohol; absorption promoters; and fluorocarbons.
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[0112] Pharmaceutical compositions suitable for use 1n the
present disclosure include compositions wherein the active
ingredients are contained 1n an eflfective amount to achieve
its intended purpose. Determination of the effective amounts
1s well within the capability of those skilled 1n the art,
especially in light of the detailed disclosure provided herein.
Generally, the compounds according to the disclosure are
cllective over a wide dosage range. For example, 1n the
treatment of adult humans, dosages from 0.01 to 1000 mg,
from 0.5 to 100 mg, from 1 to 50 mg per day, and from 5 to
40 mg per day are examples of dosages that may be used. A
non-limiting dosage 1s 10 to 30 mg per day. The exact
dosage will depend upon the route of admimstration, the
form 1n which the compound 1s administered, the subject to
be treated, the body weight of the subject to be treated, the
bioavailability of the compound(s), the adsorption, distribu-
tion, metabolism, and excretion (ADME) toxicity of the
compound(s), and the preference and experience of the
attending physician.

[0113] In addition to the active ingredients, these pharma-
ceutical compositions may contain suitable pharmaceuti-
cally acceptable carriers comprising excipients and auxilia-
ries which facilitate processing of the active compounds into
preparations which can be used pharmaceutically. The
preparations formulated for oral administration may be in
the form of tablets, dragees, capsules, or solutions.

[0114] Pharmaceutical preparations for oral use can be
obtained by combining the active compounds with solid
excipients, optionally grinding a resulting mixture, and
processing the mixture of granules, after adding suitable
auxiliaries, 1 desired, to obtain tablets or dragee cores.
Suitable excipients are, 1n particular, fillers such as sugars,
including lactose, sucrose, mannitol, or sorbitol; cellulose
preparations, for example, maize starch, wheat starch, rice
starch, potato starch, gelatin, gum tragacanth, methyl cellu-
lose, hydroxypropylmethyl-cellulose, sodium carboxym-
cthyl-cellulose (CMC), and/or polyvinylpyrrolidone (PVP:
povidone). If desired, disintegrating agents may be added,
such as the cross-linked polyvinylpyrrolidone, agar, or alg-
inic acid or a salt thereof such as sodium alginate.

[0115] Dragee cores are provided with suitable coatings.
For this purpose, concentrated sugar solutions may be used,
which may optionally contain gum arabic, talc, polyvi-
nylpyrrolidone, carbopol gel, polyethylene glycol (PEG),
and/or titantum dioxide, lacquer solutions, and suitable
organic solvents or solvent mixtures. Dye-stulls or pigments
may be added to the tablets or dragee coatings for 1dentifi-
cation or to characterize different combinations of active
compound doses.

[0116] Pharmaceutical preparations that can be used orally
include push-fit capsules made of gelatin, as well as soft,
sealed capsules made of gelatin, and a plasticizer, such as
glycerol or sorbitol. The push-fit capsules can contain the
active ingredients 1n admixture with filler such as lactose,
binders such as starches, and/or lubricants such as talc or
magnesium stearate and, optionally, stabilizers. In soft cap-
sules, the active compounds may be dissolved or suspended
in suitable liquids, such as fatty oils, liquid parathn, or liquid
polyethylene glycols (PEGs). In addition, stabilizers may be
added.

D. Definitions

[0117] Although specific terms are employed herein, they
are used 1n a generic and descriptive sense only and not for
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purposes ol limitation. Unless otherwise defined, all tech-
nical and scientific terms used herein have the same meaning,
as commonly understood by one of ordinary skill 1n the art
to which this presently described subject matter belongs.
[0118] While the following terms in relation to com-
pounds of formula (I) are believed to be well understood by
one of ordinary skill in the art, the following definitions are
set forth to facilitate explanation of the presently disclosed
subject matter. These definitions are intended to supplement
and 1llustrate, not preclude, the definitions that would be
apparent to one of ordinary skill 1n the art upon review of the
present disclosure.

[0119] The terms substituted, whether preceded by the
term “‘optionally” or not, and substituent, as used herein,
refer to the ability, as appreciated by one skilled 1n this art,
to change one functional group for another functional group
on a molecule, provided that the valency of all atoms 1s
maintained. When more than one position in any given
structure may be substituted with more than one substituent
selected from a specified group, the substituent may be
cither the same or different at every position. The substitu-
ents also may be further substituted (e.g., an aryl group
substituent may have another substituent off it, such as
another aryl group, which 1s further substituted at one or
more positions).

[0120] Where substituent groups or linking groups are
specified by their conventional chemical formulae, written
from left to nght, they equally encompass the chemically
identical substituents that would result from writing the
structure from right to left, e.g., —CH,O— 1s equivalent to
—OCH,—; —C(=0)0O— 1s equivalent to —OC(=—0)—;
—OC(=0)NR— 15 equivalent to —NRC(=0)0O—, and
the like.

[0121] When the term “independently selected” 1s used,
the substituents being referred to (e.g., R groups, such as
groups R,, R,, and the like, or vaniables, such as “m” and
“n”’), can be 1dentical or different. For example, both R, and
R, can be substituted alkyls, or R, can be hydrogen and R,
can be a substituted alkyl, and the like.

[0122] The terms “a,” “‘an,” or “a(n),” when used 1n
reference to a group of substituents herein, mean at least one.
For example, where a compound 1s substituted with “an”
alkyl or aryl, the compound 1s optionally substituted with at
least one alkyl and/or at least one aryl. Moreover, where a
moiety 1s substituted with an R substituent, the group may
be referred to as “R-substituted.” Where a moiety 1s R-sub-
stituted, the moiety 1s substituted with at least one R
substituent and each R substituent 1s optionally different.

[0123] A named “R” or group will generally have the
structure that i1s recognized 1n the art as corresponding to a
group having that name, unless specified otherwise herein.
For the purposes of illustration, certain representative “R”
groups as set forth above are defined below.

[0124] Descriptions of compounds of the present disclo-
sure are limited by principles of chemical bonding known to
those skilled 1n the art. Accordingly, where a group may be
substituted by one or more of a number of substituents, such
substitutions are selected so as to comply with principles of
chemical bonding and to give compounds which are not
inherently unstable and/or would be known to one of ordi-
nary skill in the art as likely to be unstable under ambient
conditions, such as aqueous, neutral, and several known
physiological conditions. For example, a heterocycloalkyl or
heteroaryl 1s attached to the remainder of the molecule via
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a ring heteroatom 1n compliance with principles of chemical
bonding known to those skilled 1n the art thereby avoiding
inherently unstable compounds.

[0125] Unless otherwise explicitly defined, a “substituent
group,” as used herein, includes a functional group selected
from one or more of the following moieties, which are
defined herein:

[0126] The term hydrocarbon, as used herein, refers to any
chemical group comprising hydrogen and carbon. The
hydrocarbon may be substituted or unsubstituted. As would
be known to one skilled 1n this art, all valencies must be
satisfied 1n making any substitutions. The hydrocarbon may
be unsaturated, saturated, branched, unbranched, cyclic,
polycyclic, or heterocyclic. Illustrative hydrocarbons are
further defined herein below and include, for example,
methyl, ethyl, n-propyl, 1sopropyl, cyclopropyl, allyl, vinyl,
n-butyl, tert-butyl, ethynyl, cyclohexyl, and the like.
[0127] The term “alkyl,” by itsell or as part of another
substituent, means, unless otherwise stated, a straight (1.e.,
unbranched) or branched chain, acyclic or cyclic hydrocar-
bon group, or combination thereof, which may be fully
saturated, mono- or polyunsaturated and can include di- and
multivalent groups, having the number of carbon atoms
designated (1.e., C,_,, means one to ten carbons, including 1,
2,3,4,5,6,7,8,9, and 10 carbons). In particular embodi-
ments, the term “alkyl” refers to C, _,, inclusive, including 1,
2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
and 20 carbons, linear (1.e., “straight-chain’), branched, or
cyclic, saturated or at least partially and 1n some cases tully
unsaturated (1.e., alkenyl and alkynyl) hydrocarbon radicals
derived from a hydrocarbon moiety containing between one
and twenty carbon atoms by removal of a single hydrogen
atom.

[0128] Representative saturated hydrocarbon groups
include, but are not limited to, methyl, ethyl, n-propyl,
1sopropyl, n-butyl, 1sobutyl, sec-butyl, tert-butyl, n-pentyl,
sec-pentyl, 1sopentyl, neopentyl, n-hexyl, sec-hexyl, n-hep-
tyl, n-octyl, n-decyl, n-undecyl, dodecyl, cyclohexyl, (cyclo-
hexyl)methyl, cyclopropylmethyl, and homologs and iso-
mers thereof.

[0129] “‘Branched” refers to an alkyl group in which a
lower alkyl group, such as methyl, ethyl or propyl, is
attached to a linear alkyl chain. “Lower alkyl” refers to an
alkyl group having 1 to about 8 carbon atoms (1.e., a C,_4
alkyl), e.g., 1, 2, 3, 4, 5, 6,7, or 8 carbon atoms. “Higher
alkyl” refers to an alkyl group having about 10 to about 20
carbon atoms, e.g., 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or
20 carbon atoms. In certain embodiments, “alkyl” refers, 1n
particular, to C,_; straight-chain alkyls. In other embodi-
ments, “alkyl” refers, in particular, to C,_, branched-chain

alkyls.

[0130] Alkyl groups can optionally be substituted (a “sub-
stituted alkyl”) with one or more alkyl group substituents,
which can be the same or different. The term “alkyl group
substituent” 1includes but 1s not limited to alkyl, substituted
alkyl, halo, arylamino, acyl, hydroxyl, aryloxyl, alkoxyl,
alkylthio, arylthio, aralkyloxyl, aralkylthio, carboxyl,
alkoxycarbonyl, oxo, and cycloalkyl. There can be option-
ally inserted along the alkyl chain one or more oxygen,
sulfur or substituted or unsubstituted nitrogen atoms,
wherein the nitrogen substituent 1s hydrogen, lower alkyl
(also referred to herein as “alkylaminoalkyl™), or aryl.

[0131] Thus, as used herein, the term “substituted alkyl”
includes alkyl groups, as defined herein, in which one or
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more atoms or functional groups of the alkyl group are
replaced with another atom or functional group, including
for example, alkyl, substituted alkyl, halogen, aryl, substi-
tuted aryl, alkoxyl, hydroxyl, nitro, amino, alkylamino,
dialkylamino, sulfate, cyano, and mercapto.

[0132] The term “heteroalkyl,” by itself or in combination
with another term, means, unless otherwise stated, a stable
straight or branched chain having from 1 to 20 carbon atoms
or heteroatoms or a cyclic hydrocarbon group having from
3 to 10 carbon atoms or heteroatoms, or combinations
thereol, consisting of at least one carbon atom and at least
one heteroatom selected from the group consisting of O, N,
P, S1and S, and wherein the nitrogen, phosphorus, and sulfur
atoms may optionally be oxidized and the nitrogen heteroa-
tom may optionally be quaternized. The heteroatom(s) O, N,
P and S and S1 may be placed at any interior position of the
heteroalkyl group or at the position at which alkyl group 1s

attached to the remainder of the molecule. Examples
include, but are not limited to, —CH,—CH,—O—CH,,

—CH,—CH,—NH—CH,;, —CH,—CH,—N(CH;)—CH;,
—CH,—S—CH,—CH,4, —CH,—CH,—S(0)—CH,,
—CH,—CH,—S(0),—CH,, —CH=—CH—0O—CH,;, —51
(CH,)s;, —CH,—CH=—=N-—0OCH,, —CH=—CH—N
(CH;)—CH,, O—CH,;, —O—CH,—CH,, and —CN. Up
to two or three heteroatoms may be consecutive, such as, for
example, —CH,—NH-—OCH, and —CH,—0O—=S81(CH,);.
[0133] As described above, heteroalkyl groups, as used
herein, include those groups that are attached to the remain-
der of the molecule through a heteroatom, such as —C(O)
NR', —NR'R", —OR', —SR, —S(O)R, and/or —S(O,)R".
Where “heteroalkyl” 1s recited, followed by recitations of
specific heteroalkyl groups, such as —NR'R or the like, it
will be understood that the terms heteroalkyl and —NR'R"
are not redundant or mutually exclusive. Rather, the specific
heteroalkyl groups are recited to add clarity. Thus, the term
“heteroalky]l” should not be interpreted herein as excluding
specific heteroalkyl groups, such as —INR'R" or the like.

[0134] “Cyclic” and “cycloalkyl” refer to a non-aromatic
mono- or multicyclic nng system of about 3 to about 10
carbon atoms, €.g.,3,4,5,6,7, 8,9, or 10 carbon atoms. The
cycloalkyl group can be optionally partially unsaturated.
The cycloalkyl group also can be optionally substituted with
an alkyl group substituent as defined herein, oxo, and/or
alkylene. There can be optionally 1nserted along the cyclic
alkyl chain one or more oxygen, sulfur or substituted or
unsubstituted nitrogen atoms, wherein the nitrogen substitu-
ent 1s hydrogen, unsubstituted alkyl, substituted alkyl, aryl,
or substituted aryl, thus providing a heterocyclic group.
Representative monocyclic cycloalkyl rings include cyclo-
pentyl, cyclohexyl, and cycloheptyl. Multicyclic cycloalkyl
rings include adamantyl, octahydronaphthyl, decalin, cam-
phor, camphane, and noradamantyl, and fused ring systems,
such as dihydro- and tetrahydronaphthalene, and the like.

[0135] The term “cycloalkylalkyl,” as used herein, refers
to a cycloalkyl group as defined hereinabove, which 1s
attached to the parent molecular moiety through an alkylene
moiety, also as defined above, e.g., a C, _,, alkylene moiety.
Examples of cycloalkylalkyl groups include cyclopropylm-
cthyl and cyclopentylethyl.

[0136] The terms “cycloheteroalkyl” or “heterocycloal-
ky]l” refer to a non-aromatic ring system, unsaturated or
partially unsaturated ring system, such as a 3- to 10-member
substituted or unsubstituted cycloalkyl ring system, 1includ-
ing one or more heteroatoms, which can be the same or
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different, and are selected from the group consisting of
nitrogen (N), oxygen (O), sulfur (S), phosphorus (P), and
silicon (S1), and optionally can include one or more double

bonds.

[0137] The cycloheteroalkyl ring can be optionally fused
to or otherwise attached to other cycloheteroalkyl rings
and/or non-aromatic hydrocarbon rings. Heterocyclic rings
include those having from one to three heteroatoms inde-
pendently selected from oxygen, sulfur, and nitrogen, in
which the nitrogen and sulfur heteroatoms may optionally be
oxidized and the nitrogen heteroatom may optionally be
quaternized. In certain embodiments, the term heterocylic
refers to a non-aromatic 3-, 6-, or 7-membered ring or a
polycyclic group wherein at least one ring atom 1s a het-
eroatom selected from O, S, and N (wherein the nitrogen and
sulfur heteroatoms may be optionally oxidized), including,
but not limited to, a bi- or tri-cyclic group, comprising fused
six-membered rings having between one and three heteroa-
toms independently selected from the oxygen, sulfur, and
nitrogen, wherein (1) each 3-membered ring has 0 to 2
double bonds, each 6-membered ring has O to 2 double
bonds, and each 7-membered ring has 0 to 3 double bonds,
(11) the nitrogen and sulfur heteroatoms may be optionally
oxidized, (111) the nitrogen heteroatom may optionally be
quaternized, and (1v) any of the above heterocyclic rings
may be fused to an aryl or heteroaryl ring. Representative
cycloheteroalkyl ring systems include, but are not limited to
pyrrolidinyl, pyrrolinyl, imidazolidinyl, imidazolinyl, pyra-
zolidinyl, pyrazolinyl, piperidinyl, piperazinyl, indolinyl,

quinuclidinyl, morpholinyl, thiomorpholinyl, thiadiazi-
nanyl, tetrahydrofuranyl, and the like.
[0138] The terms “cycloalkyl” and “heterocycloalkyl”, by

themselves or in combination with other terms, represent,
unless otherwise stated, cyclic versions of “alkyl” and
“heteroalkyl”, respectively. Additionally, for heterocycloal-
kyl, a heteroatom can occupy the position at which the
heterocycle 1s attached to the remainder of the molecule.
Examples of cycloalkyl include, but are not limited to,
cyclopentyl, cyclohexyl, 1-cyclohexenyl, 3-cyclohexenyl,
cycloheptyl, and the like. Examples of heterocycloalkyl
include, but are not limited to, 1-(1,2,5,6-tetrahydropyrndyl),
1-piperidinyl, 2-piperidinyl, 3-piperidinyl, 4-morpholinyl,
3-morpholinyl, tetrahydrofuran-2-yl, tetrahydrofuran-3-vl,
tetrahydrothien-2-yl, tetrahydrothien-3-yl, 1-piperazinyl,
2-piperazinyl, and the like. The terms *“cycloalkylene” and
“heterocycloalkylene™ refer to the divalent derivatives of
cycloalkyl and heterocycloalkyl, respectively.

[0139] An unsaturated hydrocarbon has one or more
double bonds or triple bonds. Examples of unsaturated alkyl
groups include, but are not limited to, vinyl, 2-propenyl,
crotyl, 2-1sopentenyl, 2-(butadienyl), 2,4-pentadienyl, 3-(1,
4-pentadienyl), ethynyl, 1- and 3-propynyl, 3-butynyl, and
the higher homologs and 1somers. Alkyl groups which are
limited to hydrocarbon groups are termed “homoalkyl.”

[0140] More particularly, the term “alkenyl” as used
herein refers to a monovalent group dertved from a C,_,,
inclusive straight or branched hydrocarbon moiety having at
least one carbon-carbon double bond by the removal of a
single hydrogen molecule. Alkenyl groups include, for
example, ethenyl (1.e., vinyl), propenyl, butenyl, 1-methyl-
2-buten-1-yl, pentenyl, hexenyl, octenyl, allenyl, and buta-
dienyl.
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[0141] The term “cycloalkenyl” as used herein refers to a
cyclic hydrocarbon containing at least one carbon-carbon
double bond. Examples of cycloalkenyl groups include
cyclopropenyl, cyclobutenyl, cyclopentenyl, cyclopentadi-
ene, cyclohexenyl, 1,3-cyclohexadiene, cycloheptenyl,
cycloheptatrienyl, and cyclooctenyl.

[0142] The term “‘alkynyl” as used herein refers to a
monovalent group derived from a straight or branched C,_,,
hydrocarbon of a designed number of carbon atoms con-
taining at least one carbon-carbon triple bond. Examples of
“alkynyl” include ethynyl, 2-propynyl (propargyl), 1-propy-
nyl, pentynyl, hexynyl, and heptynyl groups, and the like.

[0143] The term “alkylene” by itself or a part of another
substituent refers to a straight or branched bivalent aliphatic
hydrocarbon group derived from an alkyl group having from
1 to about 20 carbon atoms, e.g., 1, 2,3, 4, 5,6,7,8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 carbon atoms. The
alkylene group can be straight, branched or cyclic. The
alkylene group also can be optionally unsaturated and/or
substituted with one or more “alkyl group substituents.”
There can be optionally inserted along the alkylene group
one or more oxygen, sulfur or substituted or unsubstituted
nitrogen atoms (also referred to herein as “alkylaminoal-
ky1”), wherein the nitrogen substituent 1s alkyl as previously
described. Exemplary alkylene groups include methylene
(—CH,—); ethylene (—CH,—CH,—); propylene
(—(CH,);—); cyclohexylene (—C.H,,—); —CH—CH—
CH—CH—; —CH—CH—CH,—; —CH,CH,CH,CH,—,
—CH,CH—CHCH,—, —CH,CsCCH,—, —CH,CH,CH
(CH,CH,CH;)CH,—, —(CH,),—NR)—(CH,),—,
wherein each of q and r 1s independently an integer from O
to about 20, e.g., 0, 1, 2,3,4,5, 6,7, 8,9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, or 20, and R 1s hydrogen or lower
alkyl; methylenedioxyl (—O—CH,—0O—); and ethylene-
dioxyl (—O—(CH,),—0O—). An alkylene group can have
about 2 to about 3 carbon atoms and can further have 6-20
carbons. Typically, an alkyl (or alkylene) group will have
from 1 to 24 carbon atoms, with those groups having 10 or
tewer carbon atoms being some embodiments of the present
disclosure. A “lower alkyl” or “lower alkylene” 1s a shorter
chain alkyl or alkylene group, generally having eight or
fewer carbon atoms.

[0144] The term “‘heteroalkylene” by itself or as part of
another substituent means a divalent group derived from
heteroalkyl, as exemplified, but not limited by, —CH,—
CH,—S—CH,—CH,— and —CH,—S—CH,—CH,—
NH—CH,—. For heteroalkylene groups, heteroatoms also
can occupy etther or both of the chain termim (e.g., alkyle-
neoxo, alkylenedioxo, alkyleneamino, alkylenediamino, and
the like). Still further, for alkylene and heteroalkylene link-
ing groups, no orientation of the linking group 1s implied by
the direction 1n which the formula of the linking group 1s
written. For example, the formula —C(O)OR'— represents

both —C(O)OR'— and —R'OC{O)—.

[0145] The term “aryl” means, unless otherwise stated, an
aromatic hydrocarbon substituent that can be a single ring or
multiple rings (such as from 1 to 3 rings), which are fused
together or linked covalently. The term “heteroaryl” refers to
aryl groups (or rings) that contain from one to four heteroa-
toms (1in each separate ring in the case of multiple rings)
selected from N, O, and S, wherein the nitrogen and sulfur
atoms are optionally oxidized, and the nitrogen atom(s) are
optionally quaternized. A heteroaryl group can be attached
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to the remainder of the molecule through a carbon or

heteroatom. Non-limiting examples of aryl and heteroaryl
groups include phenyl, 1-naphthyl, 2-naphthyl, 4-biphenyl,

1-pyrrolyl, 2-pyrrolyl, 3-pyrrolyl, 3-pyrazolyl, 2-imidazolyl,
4-1midazolyl, pyrazinyl, 2-oxazolyl, 4-oxazolyl, 2-phenyl-
4-oxazolyl, 5-oxazolyl, 3-1soxazolyl, 4-1soxazolyl, 3-1soxa-
zolyl, 2-thiazolyl, 4-thiazolyl, 5-thiazolyl, 2-furyl, 3-turyl,
2-thienyl, 3-thienyl, 2-pyridyl, 3-pyndyl, 4-pyndyl, 2-py-
rimidyl, 4-pyrimidyl, 5-benzothiazolyl, purinyl, 2-benzimi-
dazolyl, 5-indolyl, 1-1soquinolyl, 5-1soquinolyl, 2-quinox-
alinyl, 5-quinoxalinyl, 3-quinolyl, and 6-quinolyl.
Substituents for each of above noted aryl and heteroaryl ring

systems are selected from the group of acceptable substitu-

ents described below. The terms “arylene” and “het-
croarylene” refer to the divalent forms of aryl and het-
croaryl, respectively.

[0146] For brevity, the term “aryl” when used in combi-
nation with other terms (e.g., aryloxy, arylthioxy, arylalkyl)
includes both aryl and heteroaryl rings as defined above.
Thus, the terms “arylalkyl” and “heteroarylalkyl” are meant
to include those groups 1n which an aryl or heteroaryl group
1s attached to an alkyl group (e.g., benzyl, phenethyl,
pyridylmethyl, furylmethyl, and the like) including those
alkyl groups 1 which a carbon atom (e.g., a methylene
group) has been replaced by, for example, an oxygen atom
(e.g., phenoxymethyl, 2-pyridyloxymethyl, 3-(1-naphth-
yloxy)propyl, and the like). However, the term “haloaryl,” as
used herein 1s meant to cover only aryls substituted with one
or more halogens.

[0147] Where a heteroalkyl, heterocycloalkyl, or het-
croaryl includes a specific number of members (e.g. “3 to 7
membered”), the term “member” refers to a carbon or
heteroatom.

[0148]
formula:

ah N

—— R, or I R

~ N

as used herein refers to a ring structure, for example, but not
limited to a 3-carbon, a 4-carbon, a 5-carbon, a 6-carbon, a
7-carbon, and the like, aliphatic and/or aromatic cyclic
compound, including a saturated ring structure, a partially
saturated ring structure, and an unsaturated ring structure,
comprising a substituent R group, wherein the R group can
be present or absent, and when present, one or more R
groups can each be substituted on one or more available
carbon atoms of the ring structure. The presence or absence
of the R group and number of R groups 1s determined by the
value of the variable “n,” which 1s an integer generally
having a value ranging from O to the number of carbon
atoms on the ring available for substitution. Each R group,
i more than one, 1s substituted on an available carbon of the
ring structure rather than on another R group. For example,
the structure above where n 1s 0 to 2 would comprise
compound groups including, but not limited to:

Further, a structure represented generally by the




US 2023/0242479 Al

R R R
- /R2 ™ .
| |
| |
| |
| ",, | ’—.
R,

and the like.

[0149] A dashed line representing a bond 1n a cyclic ring
structure 1ndicates that the bond can be either present or
absent in the ring. That 1s, a dashed line representing a bond
in a cyclic ring structure indicates that the ring structure 1s
selected from the group consisting of a saturated ring
structure, a partially saturated ring structure, and an unsatu-
rated ring structure.

[0150] The symbol ( "™™"¥¥) denotes the point of attach-
ment ol a moiety to the remainder of the molecule.

[0151] When a named atom of an aromatic ring or a
heterocyclic aromatic ring 1s defined as being “absent,” the
named atom 1s replaced by a direct bond.

[0152] FEach of above terms (e.g., “alkyl,” “heteroalkyl,”
“cycloalkyl, and “heterocycloalkyl”, *“aryl,” *“heteroaryl,”
“phosphonate,” and “sulfonate” as well as their divalent
derivatives) are meant to include both substituted and unsub-
stituted forms of the indicated group. Optional substituents
for each type of group are provided below.

[0153] Substituents for alkyl, heteroalkyl, cycloalkyl, het-
erocycloalkyl monovalent and divalent derivative groups
(including those groups often referred to as alkylene, alk-
enyl, heteroalkylene, heteroalkenyl, alkynyl, cycloalkyl,
heterocycloalkyl, cycloalkenyl, and heterocycloalkenyl) can
be one or more of a variety of groups selected from, but not
limited to: —OR', —0O, —=NR', —=N—0OR', —NR'R", —SR',
-halogen, —S1R'R"R™, —OC(O)R', —C(O)R', —CO,R’,
—C(O)NR'R", —OC(O)NR'R", —NR"C(O)R', —NR'—C
(ONR"R™, —NR"C(O)OR', —NR—C(NR'R")—=NR",
—S(O)R', —S(0),R', —S(O),NR'R", —NRSO,R', —CN,
CF;, fluormated C,_, alkyl, and —NO, in a number ranging
from zero to (2m'+1), where m' 1s the total number of carbon
atoms 1n such groups. R', R", R" and R"" each may
independently refer to hydrogen, substituted or unsubsti-
tuted heteroalkyl, substituted or unsubstituted cycloalkyl,
substituted or unsubstituted heterocycloalkyl, substituted or
unsubstituted aryl (e.g., aryl substituted with 1-3 halogens),
substituted or unsubstituted alkyl, alkoxy or thioalkoxy
groups, or arylalkyl groups. As used herein, an “alkoxy”
group 1s an alkyl attached to the remainder of the molecule
through a divalent oxygen. When a compound of the dis-
closure includes more than one R group, for example, each
of the R groups 1s independently selected as are each R, R",
R™ and R"" groups when more than one of these groups 1s
present. When R' and R" are attached to the same nitrogen
atom, they can be combined with the nitrogen atom to form
a 4-, 5-, 6-, or 7-membered ring. For example, —NR'R" 1s
meant to mnclude, but not be limited to, 1-pyrrolidinyl and
4-morpholinyl. From the above discussion of substituents,
one of skill in the art will understand that the term *“alkyl”
1s meant to include groups including carbon atoms bound to
groups other than hydrogen groups, such as haloalkyl (e.g.,
—CF,; and —CH,CF;) and acyl (e.g., —C(O)CH,, —C(O)
CF;, —C(O)CH,OCH,, and the like).
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[0154] Smmilar to the substituents described for alkyl
groups above, exemplary substituents for aryl and heteroaryl
groups (as well as their divalent derivatives) are varied and
are selected from, for example: halogen, —OR', —NR'R",
—SR', —SiR'R"R"™, —OC(O)R', —C(O)R', —CO,R’,
—C(O)NR'R", —OC(O)NR'R", —NR"C(O)R', —NR'—C
(())N]R"H]R'I"Hj _N]R'I'I'C:(())()]R'I'j —NR4C(NR'R”R”'):NR""3
—NR—C(NR'R")=NR"—S(O)R', —S(O),R', —S(O)
,NR'R", —NRSO,R', —CN and —NO,, —R'", —N,, —CH
(Ph),, fluoro(C,_,)alkoxo, and fluoro(C,_,)alkyl, 1n a num-
ber ranging from zero to the total number of open valences
on aromatic ring system; and where R', R", R'™ and R"" may
be independently selected from hydrogen, substituted or
unsubstituted alkyl, substituted or unsubstituted heteroalkyl,
substituted or unsubstituted cycloalkyl, substituted or unsub-
stituted heterocycloalkyl, substituted or unsubstituted aryl
and substituted or unsubstituted heteroaryl. When a com-
pound of the disclosure includes more than one R group, for
example, each of the R groups 1s independently selected as
are each R', R", R and R"" groups when more than one of
these groups 1s present.

[0155] Two of the substituents on adjacent atoms of aryl or
heteroaryl ring may optionally form a ring of the formula
-1-C(O)—(CRR"),—U—, wherein T and U are indepen-
dently —NR—, —O—, —CRR"— or a single bond, and g
1s an 1integer of from O to 3. Alternatively, two of the
substituents on adjacent atoms of aryl or heteroaryl ring may
optionally be replaced with a substituent of the formula
-A-(CH,),—B—, wheren A and B are independently
—CRR'"—, —O—, —NR—, —S—, —S(0)—, —S(0),—,
—S(0O),NR'— or a single bond, and r 1s an integer of from
1 to 4.

[0156] One of the single bonds of the new ring so formed
may optionally be replaced with a double bond. Alterna-
tively, two of the substituents on adjacent atoms of aryl or
heteroaryl ring may optionally be replaced with a substituent
of the formula —(CRR") —X'—(C"R") —, where s and d
are independently integers of from O to 3, and X' 1s —O—,
—NR'—, —S—, —S(O)—, —S(0O),—, or —S(O),NR'—.
The substituents R, R', R" and R" may be independently
selected from hydrogen, substituted or unsubstituted alkyl,
substituted or unsubstituted cycloalkyl, substituted or unsub-
stituted heterocycloalkyl, substituted or unsubstituted aryl,
and substituted or unsubstituted heteroaryl.

[0157] As used herein, the term “acyl” refers to an organic
acid group wherein the —OH of the carboxyl group has been
replaced with another substituent and has the general for-
mula RC(=0)—, wherein R 1s an alkyl, alkenyl, alkynyl,
aryl, carbocylic, heterocyclic, or aromatic heterocyclic
group as defined herein). As such, the term “acyl” specifi-
cally includes arylacyl groups, such as a 2-(furan-2-yl)
acetyl)- and a 2-phenylacetyl group. Specific examples of
acyl groups include acetyl and benzoyl. Acyl groups also are
intended to include amides, —RC{(=—0O)NR', esters, —RC
(—0O)OR', ketones, —RC(=0O)R', and aldehydes, —RC
(—O)H.
[0158]

The terms “alkoxyl” or *“‘alkoxy” are used inter-
changeably herein and refer to a saturated (1.e., alkyl-O—)
or unsaturated (1.e., alkenyl-O— and alkynyl-O—) group
attached to the parent molecular moiety through an oxygen
atom, wherein the terms “alkyl,” “alkenyl,” and “alkynyl”
are as previously described and can include C, _,, inclusive,
linear, branched, or cyclic, saturated or unsaturated oxo-
hydrocarbon chains, including, for example, methoxyl,
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cthoxyl, propoxyl, 1sopropoxyl, n-butoxyl, sec-butoxyl, tert-
butoxyl, and n-pentoxyl, neopentoxyl, n-hexoxyl, and the
like.

[0159] The term “alkoxyalkyl™ as used herein refers to an
alkyl-O-alkyl ether, for example, a methoxyethyl or an
cthoxymethyl group.

[0160] “Aryloxyl” refers to an aryl-O— group wherein the
aryl group 1s as previously described, including a substituted
aryl. The term “aryloxyl” as used herein can refer to phe-
nyloxyl or hexyloxyl, and alkyl, substituted alkyl, halo, or
alkoxyl substituted phenyloxyl or hexyloxyl.

[0161] ““Aralkyl” refers to an arvl-alkyl-group wherein
aryl and alkyl are as previously described, and included
substituted aryl and substituted alkyl. Exemplary aralkyl
groups include benzyl, phenylethyl, and naphthylmethyl.
[0162] “‘Aralkyloxyl” refers to an aralkyl-O— group
wherein the aralkyl group 1s as previously described. An
exemplary aralkyloxyl group 1s benzyloxyl, 1.e., C.H.—
CH,—O—. An aralkyloxyl group can optionally be substi-
tuted.

[0163] ““‘Alkoxycarbonyl” refers to an alkyl-O—C(=0)—
group. Exemplary alkoxycarbonyl groups include methoxy-
carbonyl, ethoxycarbonyl, butyloxycarbonyl, and tert-buty-
loxycarbonyl.

[0164] “‘Aryloxycarbonyl” refers to an aryl-O—C(=—0)—
group. Exemplary aryloxycarbonyl groups include phenoxy-
and naphthoxy-carbonyl.

[0165] “‘Aralkoxycarbonyl” refers to an aralkyl-O—C
(—O)— group. An exemplary aralkoxycarbonyl group 1s
benzyloxycarbonyl.

[0166] “‘Carbamoyl” refers to an amide group of the
formula —C(=0O)NH,. “Alkylcarbamoyl” refers to a
R'RN—C(=—0)— group wherein one of R and R' 1s hydro-
gen and the other of R and R' 1s alkyl and/or substituted alkyl
as previously described. “Dialkylcarbamoyl” refers to a
R'RN—C(=—0)— group wherein each of R and R' 1s 1inde-
pendently alkyl and/or substituted alkyl as previously
described.

[0167] The term carbonyldioxyl, as used herein, refers to
a carbonate group of the formula —O—C(=0)—OR.
[0168] ““Acvyloxyl” refers to an acyl-O— group wherein
acyl 1s as previously described.

[0169] The term “amino” refers to the —NH, group and
also refers to a nitrogen contaiming group as 1s known 1n the
art derived from ammoma by the replacement of one or more
hydrogen radicals by organic radicals. For example, the
terms “acylamino” and “alkylamino” refer to specific N-sub-
stituted organic radicals with acyl and alkyl substituent
groups respectively.

[0170] An “aminoalkyl” as used herein refers to an amino
group covalently bound to an alkylene linker. More particu-
larly, the terms alkylamino, dialkylamino, and trialkylamino
as used herein refer to one, two, or three, respectively, alkyl
groups, as previously defined, attached to the parent molecu-
lar moiety through a mitrogen atom. The term alkylamino
refers to a group having the structure —NHR' wherein R' 1s
an alkyl group, as previously defined; whereas the term
dialkylamino refers to a group having the structure
—NR'R", wherein R' and R" are each independently
selected from the group consisting of alkyl groups. The term
trialkylamino refers to a group having the structure
—NR'R"R", wherein R', R", and R are each independently
selected from the group consisting of alkyl groups. Addi-
tionally, R', R", and/or R™ taken together may optionally be
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—(CH,),— where k 1s an integer from 2 to 6. Examples
include, but are not limited to, methylamino, dimethyl-
amino, ethylamino, diethylamino, diethylaminocarbonyl,
methylethylamino, 1sopropylamino, piperidino, trimethyl-
amino, and propylamino.

[0171] The amino group 1s —NR'R", wherein R' and R
are typically selected from hydrogen, substituted or unsub-
stituted alkyl, substituted or unsubstituted heteroalkyl, sub-
stituted or unsubstituted cycloalkyl, substituted or unsubsti-
tuted heterocycloalkyl, substituted or unsubstituted aryl, or
substituted or unsubstituted heteroaryl.

[0172] The terms alkylthioether and thioalkoxyl refer to a
saturated (1.e., alkyl-S—) or unsaturated (1.e., alkenyl-S
and alkynyl-S—) group attached to the parent molecular
moiety through a sulfur atom. Examples of thioalkoxyl
moieties include, but are not limited to, methylthio, ethyl-
thio, propylthio, 1sopropylthio, n-butylthio, and the like.
[0173] “Acylamino” refers to an acyl-NH— group
wherein acyl 1s as previously described. “Aroylamino™

refers to an aroyl-NH— group wherein aroyl 1s as previously
described.

[0174] The term “carbonyl” refers to the —C(=0)—
group, and can include an aldehyde group represented by the
general formula R—C(=—0O)H.

[0175] The term “carboxyl” refers to the —COOH group.
Such groups also are referred to herein as a “carboxylic
acid” moiety.

[0176] The term “cyano” refers to the —C=N group.
[0177] The terms “halo,” “halide,” or “halogen™ as used
herein refer to fluoro, chloro, bromo, and 10do groups.
Additionally, terms such as “haloalkyl,” are meant to include
monohaloalkyl and polyhaloalkyl. For example, the term
“halo(C,_,)alkyl” 1s mean to include, but not be limited to,
tritluoromethyl, 2,2.2-trifluoroethyl, 4-chlorobutyl, 3-bro-
mopropyl, and the like.

[0178] The term “hydroxyl” refers to the —OH group.
[0179] The term “hydroxyalkyl” refers to an alkyl group
substituted with an —OH group.

[0180] The term “mercapto” refers to the —SH group.
[0181] The term “oxo” as used herein means an oxygen
atom that 1s double bonded to a carbon atom or to another
clement.

[0182] The term “mtro” refers to the —INO, group.
[0183] The term “thio” refers to a compound described
previously herein wherein a carbon or oxygen atom 1s
replaced by a sulfur atom.

[0184] The term “sulfate” refers to the —SO, group.

[0185] The term thiohydroxyl or thiol, as used herein,
refers to a group of the formula —SH.

[0186] More particularly, the term “sulfide” refers to com-
pound having a group of the formula —SR.

[0187] The term “sulfone” refers to compound having a
sulfonyl group —S(O,)R.

[0188] The term “sulfoxide” refers to a compound having
a sulfinyl group —S(O)R

[0189] The term ureido refers to a urea group of the
formula —NH—CO—NH,.

[0190] Throughout the specification and claims, a given
chemical formula or name shall encompass all tautomers,
congeners, and optical- and stereoisomers, as well as race-
mic mixtures where such 1somers and mixtures exist.
[0191] Certain compounds of the present disclosure may
possess asymmetric carbon atoms (optical or chiral centers)
or double bonds; the enantiomers, racemates, diastereometrs,
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tautomers, geometric 1somers, stereoisometric forms that
may be defined, 1n terms of absolute stereochemistry, as (R)-
or (S)- or, as D- or L- for amino acids, and imndividual 1somers
are encompassed within the scope of the present disclosure.
The compounds of the present disclosure do not include
those which are known 1n art to be too unstable to synthesize
and/or 1solate. The present disclosure 1s meant to 1nclude
compounds 1n racemic, scalemic, and optically pure forms.
Optically active (R)- and (S)-, or D- and L-1somers may be
prepared using chiral synthons or chiral reagents, or resolved
using conventional techniques. When the compounds
described herein contain olefenic bonds or other centers of
geometric asymmetry, and unless specified otherwise, 1t 1s
intended that the compounds include both E and 7 geometric
1SOmMers.

[0192] Unless otherwise stated, structures depicted herein
are also meant to include all stereochemical forms of the
structure; 1.¢., the R and S configurations for each asym-
metric center. Therefore, single stereochemical 1somers as
well as enantiomeric and diastereomeric mixtures of the
present compounds are within the scope of the disclosure.

[0193] It will be apparent to one skilled i1n the art that
certain compounds of this disclosure may exist 1n tautomeric
forms, all such tautomeric forms of the compounds being
within the scope of the disclosure. The term “tautomer,” as
used herein, refers to one of two or more structural 1somers
which exist 1n equilibrium and which are readily converted
from one 1someric form to another.

[0194] Unless otherwise stated, structures depicted herein
are also meant to include compounds which differ only 1n the
presence ol one or more 1sotopically enriched atoms. For
example, compounds having the present structures with the
replacement of a hydrogen by a deuterium or tritium, or the
replacement of a carbon by "“C- or “*C-enriched carbon are
within the scope of this disclosure.

[0195] The compounds of the present disclosure may also
contain unnatural proportions of atomic 1sotopes at one or
more of atoms that constitute such compounds. For example,
the compounds may be radiolabeled with radioactive 1so-
topes, such as for example tritium ("H), iodine-125 (**°1) or
carbon-14 (**C). All isotopic variations of the compounds of
the present disclosure, whether radioactive or not, are
encompassed within the scope of the present disclosure.

[0196] The compounds of the present disclosure may exist
as salts. The present disclosure includes such salts.
Examples of applicable salt forms include hydrochlorides,
hydrobromides, sulfates, methanesulfonates, nitrates,
maleates, acetates, citrates, fumarates, tartrates (e.g. (+)-
tartrates, (—)-tartrates or mixtures thereof including racemic
mixtures, succinates, benzoates and salts with amino acids
such as glutamic acid. These salts may be prepared by
methods known to those skilled in art. Also included are
base addition salts such as sodium, potassium, calcium,
ammonium, organic amino, or magnesium salt, or a similar
salt. When compounds of the present disclosure contain
relatively basic functionalities, acid addition salts can be
obtained by contacting the neutral form of such compounds
with a suflicient amount of the desired acid, either neat or in
a suitable inert solvent or by 1on exchange. Examples of
acceptable acid addition salts include those derived from
inorganic acids like hydrochloric, hydrobromic, nitric, car-
bonic, monohydrogencarbonic, phosphoric, monohydrogen-
phosphoric, dihydrogenphosphoric, sulfuric, monohydro-
gensulfuric, hydriodic, or phosphorous acids and the like, as
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well as the salts derived organic acids like acetic, propionic,
isobutyric, maleic, malonic, benzoic, succinmic, suberic,
fumaric, lactic, mandelic, phthalic, benzenesulionic,
p-tolylsulionic, citric, tartaric, methanesulfonic, and the like.
Also 1ncluded are salts of amino acids such as arginate and
the like, and salts of organic acids like glucuronic or
galactunoric acids and the like. Certain specific compounds
of the present disclosure contain both basic and acidic
functionalities that allow the compounds to be converted
into either base or acid addition salts.

[0197] The neutral forms of the compounds may be regen-
erated by contacting the salt with a base or acid and 1solating
the parent compound 1n the conventional manner. The parent
form of the compound differs from the various salt forms 1n
certain physical properties, such as solubility 1n polar sol-
vents.

[0198] Certain compounds of the present disclosure can
exist 1n unsolvated forms as well as solvated forms, 1nclud-
ing hydrated forms. In general, the solvated forms are
equivalent to unsolvated forms and are encompassed within
the scope of the present disclosure. Certain compounds of
the present disclosure may exist in multiple crystalline or
amorphous forms. In general, all physical forms are equiva-
lent for the uses contemplated by the present disclosure and
are intended to be within the scope of the present disclosure.

[0199] In addition to salt forms, the present disclosure
provides compounds, which are in a prodrug form. Prodrugs
of the compounds described herein are those compounds
that readily undergo chemical changes under physiological
conditions to provide the compounds of the present disclo-
sure. Additionally, prodrugs can be converted to the com-
pounds of the present disclosure by chemical or biochemical
methods 1n an ex vivo environment. For example, prodrugs
can be slowly converted to the compounds of the present
disclosure when placed 1n a transdermal patch reservoir with
a suitable enzyme or chemical reagent.

[0200] The term “‘protecting group” refers to chemical
moieties that block some or all reactive moieties of a
compound and prevent such moieties from participating 1n
chemical reactions until the protective group 1s removed, for
example, those moieties listed and described m T. W.
Greene, P. G. M. Wuts, Protective Groups i Organic
Synthesis, 3rd ed. John Wiley & Sons (1999). It may be
advantageous, where diflerent protecting groups are
employed, that each (different) protective group be remov-
able by a diflerent means. Protective groups that are cleaved
under totally disparate reaction conditions allow differential
removal of such protecting groups. For example, protective
groups can be removed by acid, base, and hydrogenolysis.
Groups such as trityl, dimethoxytrityl, acetal and tert-
butyldimethylsilyl are acid labile and may be used to protect
carboxy and hydroxy reactive moieties in the presence of
amino groups protected with Cbz groups, which are remov-
able by hydrogenolysis, and Fmoc groups, which are base
labile. Carboxylic acid and hydroxy reactive moieties may
be blocked with base labile groups such as, without limita-
tion, methyl, ethyl, and acetyl 1n the presence of amines
blocked with acid labile groups such as tert-butyl carbamate
or with carbamates that are both acid and base stable but
hydrolytically removable.

[0201] Carboxylic acid and hydroxy reactive moieties
may also be blocked with hydrolytically removable protec-
tive groups such as the benzyl group, while amine groups
capable of hydrogen bonding with acids may be blocked
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with base labile groups such as Fmoc. Carboxylic acid
reactive moieties may be blocked with oxidatively-remov-
able protective groups such as 2,4-dimethoxybenzyl, while
co-existing amino groups may be blocked with fluoride
labile silyl carbamates.

[0202] Allyl blocking groups are useful 1n the presence of
acid- and base-protecting groups since the former are stable
and can be subsequently removed by metal or pi-acid
catalysts. For example, an allyl-blocked carboxylic acid can
be deprotected with a palladium(O)— catalyzed reaction in
the presence of acid labile t-butyl carbamate or base-labile
acetate amine protecting groups. Yet another form of pro-
tecting group 1s a resin to which a compound or intermediate
may be attached. As long as the residue 1s attached to the
resin, that functional group 1s blocked and cannot react.
Once released from the resin, the functional group 1s avail-
able to react.

[0203] Typical blocking/protecting groups include, but are
not limited to the following moieties:

H,C N
allyl Bn
O
X /\O O
‘ ch/\/
/ O
Cbz Alloc
H;C CHj;
CHj; \.”
S1
H;C
e H,C ’)-"H
H-C
CH; 7 CHi
Me t-butyl TBDMS
CH; O CH, U
> A
P S1
H5C O O
H;C
Teoc Boc
I
S
O
H;CO H;C
pMB tosyl

trityl acetyl
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-continued

[0204] Following long-standing patent law convention,
the terms “a,” “an,” and ‘““the” refer to “one or more” when
used in this application, including the claims. Thus, for
example, reference to “‘a subject” includes a plurality of

subjects, unless the context clearly 1s to the contrary (e.g., a
plurality of subjects), and so forth.

[0205] Throughout this specification and the claims, the
terms “comprise,” “comprises,” and “comprising” are used
in a non-exclusive sense, except where the context requires
otherwise. Likewise, the term “include” and 1ts grammatical
variants are intended to be non-limiting, such that recitation
of 1tems 1n a list 1s not to the exclusion of other like 1tems
that can be substituted or added to the listed items.

[0206] For the purposes of this specification and appended
claims, unless otherwise indicated, all numbers expressing
amounts, sizes, dimensions, proportions, shapes, formula-
tions, parameters, percentages, quantities, characteristics,
and other numerical values used in the specification and
claims, are to be understood as being modified 1 all
instances by the term “about” even though the term “about™
may not expressly appear with the value, amount or range.
Accordingly, unless indicated to the contrary, the numerical
parameters set forth i1n the following specification and
attached claims are not and need not be exact, but may be
approximate and/or larger or smaller as desired, reflecting
tolerances, conversion factors, rounding off, measurement
error and the like, and other factors known to those of skill
in the art depending on the desired properties sought to be
obtained by the presently disclosed subject matter. For
example, the term “about,” when referring to a value can be
meant to encompass variations of, 1n some embodiments,
+]100% 1n some embodiments +50%, 1n some embodiments
+20%, 1n some embodiments +10%, 1n some embodiments
+5%, 1n some embodiments *1%, 1n some embodiments
+0.5%, and 1n some embodiments £0.1% from the specified
amount, as such variations are appropriate to perform the

disclosed methods or employ the disclosed compositions.

[0207] Further, the term “about” when used 1 connection
with one or more numbers or numerical ranges, should be
understood to refer to all such numbers, including all num-
bers 1 a range and modifies that range by extending the
boundaries above and below the numerical values set forth.
The recitation of numerical ranges by endpoints includes all
numbers, e.g., whole integers, including fractions thereof,
subsumed within that range (for example, the recitation of 1
to 5 includes 1, 2, 3, 4, and 5, as well as fractions thereof,
e.g., 1.5, 2.25,3.75, 4.1, and the like) and any range within
that range.
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EXAMPLES

[0208] The following Examples have been included to
provide guidance to one of ordinary skill in the art for
practicing representative embodiments of the presently dis-
closed subject matter. In light of the present disclosure and
the general level of skill mn the art, those of skill can
appreciate that the following Examples are intended to be
exemplary only and that numerous changes, modifications,
and alterations can be employed without departing from the
scope ol the presently disclosed subject matter. The syn-
thetic descriptions and specific examples that follow are
only intended for the purposes of illustration, and are not to
be construed as limiting 1n any manner to make compounds
of the disclosure by other methods.

Example 1

Alkylamine-Substituted Perthiocarbamates: Dual
Precursors to Hydropersulfide and Carbonyl Sulfide
with Cardioprotective Actions

1.1 Overview

[0209] The recent discovery of hydropersulfides (RSSH)
in mammalian systems suggests their potential roles 1n cell
signaling. The exploration of RSSH biological significance,
however, 1s challenging due to their instability under physi-
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ological conditions. The presently disclosed subject matter
provides the preparation, RSSH-releasing properties, and
cytoprotective nature of alkylamine-substituted perthiocar-
bamates. Triggered by a base-sensitive, self-immolative
moiety, these precursors show eflicient RSSH release and
also demonstrate the ability to generate carbonyl sulfide
(COS) 1n the presence of thiols. Using this dually-reactive
alkylamine-substituted perthiocarbamate platform, the gen-
eration of both RSSH and COS 1s tunable with respect to
haltf-life, pH, and availability of thiols. Importantly, these
precursors exhibit cytoprotective effects against hydrogen
peroxide-mediated toxicity imn H9¢2 cells and cardioprotec-
tive eflects against myocardial ischemia/reperfusion injury,
indicating their potential application as new RSSH- and/or
COS-releasing therapeutics.

1.2 Approach

[0210] Activation of prodrugs via intramolecular cycliza-
tion-climination has been a widely used strategy for drug
delivery. Saan et al., 1990; Gomes et al., 2007; and Blen-
cowe et al., 2011. In this approach, active drug release 1s
dependent upon a predictable intramolecular cyclization-
climination reaction. A strategy for RSSH release with the
sulthydryl group of RSSH protected 1n the form of perthio-
carbamate 1 and a terminal non-nucleophilic quaternary
ammonium salt 1s shown 1n Scheme 1.

Scheme 1. Design of hydropersulfide/carbonyl sulfide precursors.
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[0211] As shown in Scheme 1 (Path A), neutralization of
the quaternary ammonium salt under physiological condi-
tions forms an active amine nucleophile that can then
undergo an mtramolecular cyclization to release RSSH and

a cyclic urea, presumably a biologically innocuous byprod-

21
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tert-butyl methyl(2-(methylamino)ethyl)carbamate 1n the
presence of triethylamine to obtain 4 1n 69% overall yield
(Scheme 2). The tert-butoxycarbonyl (Boc) protecting group
was removed by treatment with trifluoroacetic acid to obtain
precursor la 1 95% vield.

Scheme 2. Synthesis of hydropersulfide precursor 1a.
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uct. Varying the substituent on the trigger nitrogen and
changing the length of the methylene spacer should allow
the rate of cyclization to be tuned, thereby varying RSSH
release rates. Without wishing to be bound to any one
particular theory, 1t also was thought that the alkyl substitu-
ent on the perthiocarbamate mitrogen would improve the
aqueous stability of these precursors.

[0212] Recently, Pluth and co-workers have reported
caged sulfenyl thiocarbonates (FIG. 1) that release carbonyl
sulfide (COS) 1n the presence of biological thiols. Zhao et
al., 2019. Under physiological condition, COS 1s rapidly
hydrolyzed to H,S by the ubiquitous enzyme, carbonic
anhydrase (CA). Chengelis and Neal, 1980. The detection of
COS 1n human tissues suggests that 1t also may have
regulatory roles 1 biology, Steiger et al., 2017, however, an
understanding of these roles remains limited. To advance
future mvestigations into the biological roles of COS, a
series ol COS donors that are activated by diflerent triggers
has been developed. Steiger et al., 2016; Zhao and Pluth,
2016; Powell et al., 2016; Sharma et al., 2017; Powell et al.,
2019; Zhao et al., 2019, and Chauhan et al., 2019.

[0213] Again, without wishing to be bound to any one
particular theory, 1t was thought that perthiocarbamates 1
also may produce COS 1n the presence of thiols as shown 1n
Scheme 1, Path B. Under biological conditions, the RSSH
released from Path A may react further with thiols to produce
H,S. Similarly, COS generated from Path B would be
converted to H,S by CA.

1.3 Results and Discussion

[0214] To synthesize alkylamine-substituted perthiocar-
bamates, N-acetyl-cysteine methyl ester was treated with
chlorocarbonylsulienyl chloride to obtain the S-perthiocar-
bonyl chloride 3, which was immediately reacted with

Cl

1
DCM R\S/S\’rm -
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N
0°C..1h
: 0 s \/\T/
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0°C..1h
Y
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rt, 1 h
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[0215] With 1a in hand, RSSH generation was examined
using ultra-performance liquid chromatography-mass spec-
trometry (UPLC-MS). p-(4-hydroxyphenyl)ethyl 1odoacet-
amide (HPE-IAM) was used as an RSSH trap. HPE-IAM

was chosen because 1t 1s a soft electrophile and has been
widely used to estimate RSSH vields from biological
samples. Akaike et al., 2017; Hamid et al., 2019. Incubation
of 1a with HPE-IAM (50 equiv.) in ammonium bicarbonate
bufler (pH 7.4, 50 mM) shows RSS-HPE-AM 5 formation
(FIG. 8; Scheme 3, eq. 1), demonstrating the release of
RSSH. Dialkyltrisulfide 6 formation, however, also 1is
observed as a major product (Scheme 3, eq. 2), suggesting
that precursor la 1s a competitive trap for the initially
released RSSH. As expected, the byproduct 1,3-dimethyl-
2-1imidazolidinone (2a) 1s observed 1n 52% yield under these
conditions, confirming that RSSH release occurs via intra-
molecular-cyclization reaction. To verify RSSH generation,
la was independently incubated with N-ethyl maleimide
(NEM, 30 equiv.) in pH 7.4 bufler and UPLC-MS analysis
shows RSS-NEM adduct formation (FIG. 9a). In addition,
improved vield (74%) of the byproduct 2a was observed and
the level of trisulfide decreased in the presence of NEM
(FI1G. 9b), presumably due to its better RSSH-trapping
elliciency vs. HPE-IAM.

Scheme 3. Proposed mechanism of RSSH and trisulfide formation
from precursor 1a.

(1)

PE-IAM

la
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[0216] To minimize the reaction of released RSSH with 1ts

precursor, donor 7a (FIG. 2), which 1s equipped with an
inhibiting dimethyl substituent alpha to the disulfide, was
synthesized. RSSH generation from 7a was examined with

HPE-IAM trapping and shows RSS-HPE-AM 9 formation
with no evidence of dialkyltrisulfide generation (FIG. 10).

[0217] To support the proposed mechanism for RSSH
release, RSSH release from a control compound 8 (Scheme
4) lacking the terminal amine group was examined. No
RSSH release 1s observed from 8 under similar conditions

(FIG. 11), confirming that the terminal amine 1s required for
precursor activation.

[0218] The ability of 8 to release RSSH via intermolecular
reactions with amines also was tested (Scheme 4, eq. 1).
Incubation of 8 with a model amine, n-butylamine (5 equiv.),
however, shows no reactivity, at least over 2 h (FIG. 12),
suggesting that 8 1s stable under these conditions and does
not release RSSH via intermolecular reaction. Additionally,
RSSH release from 8 1n the presence of N-acetyl cysteine
(NAC) was tested 1n pH 7.4 ammonium bicarbonate builer.
Without wishing to be bound to any one particular theory, 1t
was thought that 11 thiol attacks the perthiocarbamate car-
bonyl group of 8, RSSH and/or RSSH derived polysulfides,
and the NAC-thiocarbamate byproduct should be observed
(Scheme 4, eq. 2). However, UPLC-MS analysis shows no
evidence of these products (FIG. 13). Instead, mixed disul-
fide (R'SSR?) formation is observed, presumably formed by
the thiol attack on the internal sulfur of the compound 8
(Scheme 4, eq. 3). Furthermore, mixed disulfide R'SSR”
undergoes disulfide exchange reaction with NAC to produce
N-acetyl cystine (R°SSR’) and N-acetyl-penicillamine
methyl ester (R'SH) (Scheme 4, eq. 4). Together, these
results indicate that the control compound 8 does not release

RSSH via intermolecular reactions 1n the presence of amines
or thiols.

Scheme 4. Reaction of 8 with n-BuNHZ? and N-acetyl cysteine
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[0219] Next, the kinetics of RSSH release from 7a was

monitored by HPE-IAM trapping in pH 7.4 phosphate butler
at 37° C. using HPLC. An increase 1n peak intensity at 14.1
min attributed to RSS-HPE-AM 9 1s observed (FI1G. 3b6). To
quantify RSSH, 9 was independently synthesized (Scheme
5, herein below). HPLC analysis shows 89% formation of 9
from 7a with a first-order rate constant of k=0.505 min™"
(t,,,=1.4 min, Table 1). In addition, 87% of byproduct 2a
formation, analyzed using UPLC-MS, also 1s observed (FIG.
10). The kinetics of 9 (k=0.58+0.02 min~'; t, ,=1.2 min) and
2a (0.57+0.02 min™"; t,,,=1.2 min) formation from 7a using
UPLC-MS were analogously measured and observed similar
rate constants, indicating that RSSH trapping with HPE-

IAM 1s rapid under these conditions (FIG. 14). The eflfect of
pH on the kinetics of RSSH release also was examined. As

expected, the rate of RSSH release from 7a decreases at pH
6.0 (k=0.031 min™"; t,,=22.2 min) and increases at pH 8.0

(k=2.58 min™"; t,,,=0.27 min).

Scheme 5. Synthesis of RSS-HPE-AM 9.
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[0220] To tune the kinetics of RSSH release, precursor 7b
with a terminal free amine was synthesized. HPLC analysis
shows an increase 1n half-life (16.7 min, Table 1) at pH 7 4.
Similar to precursor 7a, a pH effect on RSSH release for 7b
(t, ,=280 min at pH 6.0; t,,,=5.1 min at pH 8.0) also was
observed. Precursor 7c, equipped with three methylene
spacers, was synthesized to measure i1ts eflect on RSSH
release. It was thought that inclusion of a longer spacer
compared with that 1n precursor 7a would reduce the rate of
the mntramolecular-cyclization reaction and therefore RSSH
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release. As expected, the half-life of 7¢ increases to 118 min,
still with 90% RSSH release. In addition, 88% of the
expected byproduct 1,3-dimethyltetrahydropyrimidin-2
(1H)-one (2¢) also 1s observed (FIG. 135). Analogously,
significantly slower RSSH release (t,,,=484 min) from 7d,
which 1s equipped with both a terminal free amine and three
methylene spacers, also was observed. Taken together, these
results demonstrate the ability of the perthiocarbamate plat-
form to release RSSH efliciently with tunable rates and over
long time frames.

TABLE 1

Hydropersulfide Yields and Half-lives for Precursors 7a-d

Hydropersulfide
Precursor R? I Yield (%) t,» (min)
7a CH,; 1 89 + 3 1.4 +£0.1
7b H 1 94 + 1 16.7 £ 0.3
7c CH, 2 90 = 118 £+ 4
7d H 2 82 + 1 484 + 10

“RSSH precursors (100 uM) were incubated in the presence of HPE-IAM (5 mM) in pH
7.4 phosphate buffer containing D'TPA at 37° C. Reported data represent averages = SD
(n = 3).

[0221] The ability of these precursors to release RSSH
also was examined in the presence of thiols, which are likely
to be present 1n significant concentrations under physiologi-
cal conditions. Because thiols also can readily react with
HPE-IAM, RSSH release was measured 1n its absence. It
was thought that 11 thiol reaction with the precursor (Scheme
6, eq. 2) competes with RSSH release (Scheme 6, eq. 1),
reduced vields of RSSH and cyclic ureas 2a-d and increased

formation of thiocarbamate-derived COS and unsymmetri-
cal disulfide 10 (R'SSR?) should be observed. Since RSSH

1s an unstable species under aqueous conditions, the cyclic-
urea yields were measured as an 1ndication of RSSH vield.

Scheme 6. RSSH and COS Generation from 7a-d in the Presence of Thiol.

(1)

(2)
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[0222] When 7a 1s incubated with NAC 1n pH 7.4 bufler,

a new peak at 5.67 min with m/z=238.0556 [M+H]™ corre-
sponding to RSSH (expected m/z=238.0566) 1s observed
(FIG. 4 and FIG. 16). Furthermore, symmetrical dialkyl
polysulfide (R'SS, SR*, n=1-4) formation also is observed
(FIG. 4, cyan highlight), presumably formed by the decom-
position of RSSH through disproportionation (Scheme 6, eq.
5) and RSSH-poly sulfide exchange reactions (Scheme 6, eq.
6). In addition, unsymmetrical dialkyl polysulfide
(R'SS SR, n=1-3) (FIG. 4, pink highlight), likely produced
by the NAC reaction with symmetrical dialkyl polysulfides,
also 1s observed. The presence of an observable MS peak for
RSSH under these conditions 1s likely due to 1ts equilibrium
with polysulfides and 1ts relative stability as a sterically

Aug. 3, 2023

hindered persulfide. Notably, 87% of byproduct 2a 1s
observed under these conditions (Table 2), suggesting that
the efliciency of RSSH generation for short-lived precursor
7a 1s unaflected by thiol.

[0223] RSSH generation from 7a in the absence of a
trapping agent also was examined. As shown 1n FIG. 17, a
peak at 5.67 min corresponding to RSSH, as well as poly-
sulfides (R'SS,SR', n=1-4) and N-acetyl-penicillamine
methyl ester was observed again, indicating that RSSH
undergoes disproportionation reactions and its presence 1s
likely due to equilibrium reactions with polysulfides. In
contrast, UPLC-MS analysis of RSSH release from precur-
sor la in the absence of trap shows no evidence of an
MS-observable RSSH peak (FIG. 18), consistent with the

relatively unstable nature of primary alkyl persulfides.

TABLE 2

Yields of 2a-d from Precursors 7a-d
in the Presence of N-acetyl Cysteine

Precursor 7a 7b 7c 7d

Byproduct %“ 87 + 1 58 £ 0.7 19.2 £ 0.5 59 +04

“RSSH precursors (100 uM) were incubated in the presence of NAC (500 uM) in pH 7.4

ammonium bicarbonate buffer contaiming DTPA (100 uM) at 37° C. Reported data
represent averages = SD (n = 3).

[0224] Thiocarbamate 11a formation, another anticipated
product of precursor 7a reaction with NAC, also was exam-
ined (Scheme 6, eq. 2). UPLC-MS analysis showed no
evidence of thiocarbamate formation, suggesting that 1f 1t
formed, 1t rapidly decomposes under aqueous conditions to
release COS (Scheme 6, eq. 4). COS production was moni-
tored using membrane inlet mass spectrometry (MIMS), a
technique used to detect hydrophobic gases dissolved in
aqueous solution using semi-permeable membrane that
allows gases and not the liquid phase to enter a mass
spectrometer. Cline et al., 2011.

[0225] When precursor 7a 1s examined in the absence of
NAC, a very small increase i the m/z=60 signal attributed
to COS (FIG. 5a) 1s observed, likely arising from released
RSSH reaction with precursor 7a producing thiocarbamate
11a, which subsequently decomposes to give COS (Scheme
6, eq. 3 and 4). Only a small additional increase in COS
signal (FIG. 5b) 1s observed in the presence of NAC,
suggesting that 7a rapidly releases RSSH (Scheme 6, eq. 1)
and thus 1s less available to react with NAC (Scheme 6, eq.
2). Taken together, these results again demonstrate that 7a
mainly produces RSSH, even 1n the presence of thiols.

[0226] Next, precursor 7b decomposition was examined 1n
the presence of NAC. UPLC-MS analysis shows decreased

byproduct 2b yield (58%), and reduced levels of R'SS, SR'
and R'SS, SR> (FIG. 19). Consistent with this observation,
increased production of COS (FIG. 5b) also was observed.
These results suggest that with decreasing RSSH release
rate, precursor reaction with thiol becomes more competi-
tive. Furthermore, mainly unsymmetrical disulfide 10 (FIG.
20 and FIG. 21) and COS (FIG. 5b), and reduced yields of
2¢ and 2d (Table 2) from precursors 7¢ and 7d, respectively,
1s observed 1n the presence of NAC. These results indicate
that donors 7¢ and 7d produce mainly COS 1n the presence

of thiol.

[0227] In addition to COS formation, thiocarbamates
11b-d also can potentially undergo an intramolecular cycl-
ization to produce cyclic ureas 2b-d and H,S. Reduced
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yields of 2b-d during 7b-d decomposition 1n the presence of
NAC was observed, however, indicating that this cyclization
reaction 1s not a major contributor. Furthermore, the pre-
dicted pKa of the thiocarbamate sulthydryl group 1s ca. 3.5,
indicating that it will be predominantly present 1n anionic
form at pH 7.4, thus distavoring intramolecular cyclization

to release H,S. Note that pKa 1s calculated using Advance
Chemistry Development (ACD/Labs) Software V11.02.

[0228] The control compound 8 also was examined for
COS release under similar conditions. Relatively slow COS
release compared with that from 7a-d 1s found (FIG. 55b).
This result suggests that in the cases of precursors 7a-d, 1in
addition to the thiol-mediated COS release pathway
(Scheme 6, eq. 2), RSSH reaction with the precursor to
produce the thiocarbamate intermediate (Scheme 6, eq. 3)
presumably contributes to the observed enhanced rate of

COS release.

[0229] Although partial COS production 1s observed from
longer-lived precursors 7b-7d in the presence of thiols, the
COS generation pathway might be distavored under certain
conditions. For example, patients with cardiovascular dis-

case often have reduced levels of glutathione. Wang et al.,
2013; Bajic et al., 2019.

[0230] This result implies that under reduced thiol levels,
these precursors may favor the RSSH generation pathway.
Furthermore, during myocardial ischemia injury, the local
pH changes to mildly acidic, Effros et al., 1975; Yan and
Kleber, 1992, and under these conditions, thiol reaction with
the RSSH precursor may be diminished. Based on these
conditions, COS release from 7b-d with NAC was examined
in pH 6.0 bufler at 37° C. As expected, diminished levels of
COS are observed (FIG. 22). Under the same conditions,
RSSH release from 7b 1s still observed, albeit at a slower rate

(FIG. 23).

[0231] The reactivity of NAC vs. GSH with precursor 7b
at pH 7.4 also was compared. Without wishing to be bound
to any one particular theory, it was thought that 1t GSH
reaction with the precursor 1s slower than NAC, increased
yield of RSSH and cyclic urea 2b (Scheme 6, eq. 1), and
reduced levels of thiocarbamate-derived COS and unsym-
metrical disulfide 10 (R'SSR?) (Scheme 6, eq. 2) should be
observed. When 7b 1s incubated with NAC, UPLC-MS
analysis shows 58% of byproduct 2b formation. In the
presence ol GSH, a small decrease 1n 2b yield (42%) was
observed, suggesting that GSH reaction with 7b 1s slightly
faster than NAC. Consistent with this observation, increased
levels of unsymmetrical disulfide (R'SSR?) and reduced
levels of RSSH-derived symmetrical dialkyl polysulfides
(R'SS SR', n=1 and 2) and unsymmetrical dialkyl polysul-
fides (R'SS, SR>, n=1 and 2) (FIG. 24) also were observed
in the case of GSH reaction with 7b. Additionally, slightly
higher/taster COS release from 7b 1in the presence of GSH
was observed compared with NAC, analyzed by MIMS (SI,
FIG. 107). Together, these results indicate that precursor 7b
reaction with GSH (pK_ 8.83) 1s slightly faster than with
NAC (pK , 9.52), likely due to the higher concentration of
the corresponding thiolate at neutral pH. Zhao et al., 2019;

Aldini et al., 2018.

[0232] Several studies have speculated that intracellular
RSSH and related species protect cells from oxidative stress.

Ida et al., 2014; Ono et al, 2014; Numakura et al., 2017;
Kunikata et al., 2017; Saund et al., 2015; Millikin et al.,
2016; Shibata et al., 2016; and Bianco et al., 2016. Whether

the presently disclosed alkylamine-substituted perthiocar-
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bamates exert protective eflects against oxidative stress and
myocardial 1schemia-reperfusion (I/R) mjury was imvesti-
gated. The medium-lived precursor 7b (t,,,=16.7 min) was
chosen for the studies. First, the cytotoxicity of 7b on H9¢2
myoblasts was measured using the nucleic acid stain,
SYTOX®, a probe for compromised cell membrane integ-
rity. Jones and Singer, 2001. Both precursor 7b and 1its
byproduct 2b show no toxicity toward H9¢2 cells after 24 h
of exposure at varied concentrations (0-150 uM) (FIG. 11).
The cytoprotective eflects of 7b against oxidative stress 1n
HO9c2 cells was then measured. H,O,, (200 uM) was given as
a pro-oxidant source, and drastically reduced cell viability
was observed using CCK-8 staining (FIG. 6a). Ishiyama et
al., 1997; Tominaga et al., 1999,

[0233] Pretreating myoblasts with precursor 7b for 2 h,
however, resulted 1n a dose-dependent attenuation of H,O,-
induced toxicity (FIG. 6a). Under similar conditions, the
byproduct 2a shows no protective eflect against H,O,-
mediated toxicity, suggesting that the protection i1s due to
RSSH and/or COS. Next, the cytoprotective effect of 7b was
independently evaluated using the SYTOX® assay, due to
the potential background reduction of CCK-8 by reactive
sulfur species leading to artifactual viability measurements.
Bianco et al., 2019; Lin et al., 2019. As shown 1n FIG. 65,
7b consistently shows protective effects against H,O,-me-
diated toxicity. Under similar conditions, the COS precursor
8 also shows protective effects against H,O,-mediated tox-
icity, but to a lesser extent compared with 7b (FIG. 26).
Altogether these results suggest that 7b 1s not cytotoxic to
cardiac-derived tissue, can be taken up by the cells, and
coniers protection against oxidative stress.

[0234] To build on the results from these 1n vitro studies,
7b also was tested in 1solated-perfused (ex vivo) mouse
hearts. The Langendorfl model of myocardial 1schemia-
reperfusion 1s a widely used technique whereby the 10no-
tropic and chronotropic eflects of a drug can be studied
directly without confounding neural/hormonal influences
and minimizes changes in coronary vascular tone. Pagliaro
et al., 2003; Bell et al., 2011. Following 20 min of global
iIschemia, 7b was infused for the first 7 min of reperfusion
at a concentration of 100 uM. Repertusion i1s continued for
a total duration of 90 min before the heart 1s infused with
triphenyltetrazolium chloride (ITTC), a stain for determining
cellular viability within a given tissue. Rossello et al., 2016.

[0235] FIG. 7a shows coronal sections of murine hearts
stained with TTC. After 20 min global i1schemia (I/R),
Krebs-Henseleit (KH) perfused hearts show 42% infarct size
(FIG. 7b). This loss 1n viable myocardial tissue was signifi-
cantly attenuated in 7b-perfused infarcted hearts (16%
infarct size). These data demonstrate that RSSH and/or COS
can provide protection when given at reperfusion 1n hearts
subjected to I/R 1mnjury. Although more work remains to be
done to determine the mechanism by which RSSH condi-
tions the tissue to deal with the stress of reperfusion and/or
compensates for the damage incurred during 1schemia, these
data combined with in-vitro cellular studies imply that the
alkylamine-substituted perthiocarbamates reported here can
reduce the extent of myocardial 1schemia-reperfusion mjury
and may be pharmacologically useful.

1.4 Summary

[0236] In summary, alkylamine-substituted perthiocar-
bamates have been prepared as a new, versatile, and readily
modifiable platform for controllable RSSH release. These
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precursors show eflicient RSSH release with half-lives rang-
ing from 1.4 to 484 min in the presence of HPE-IAM. For
long-lived precursors, COS also 1s produced along with
RSSH 1n the presence of thiols. Alkylamine-substituted
perthiocarbamates are an example of prodrugs in which
RSSH generation 1s not dependent upon exogenous reactiv-
ity, but rather from an intramolecular cyclization-elimina-
tion reaction. Furthermore, the terminal amine of these
precursors can be conjugated with functional groups that
respond to specific stimuli such as light, redox-reactions, or
enzymes to achieve spatiotemporal control over RSSH
release. The potential therapeutic benefit of these precursors
has been demonstrated in the context of oxidative stress and
myocardial i1schemia-reperfusion injury. As such, it 1s
thought that these precursors will find significant utility as
chemical tools for mvestigating RSSH and COS biology.

1.5 General Methods

[0237] Analytical thin layer chromatography (TLC) was
performed on silica gel on TLC Al foils with fluorescent
indicator F254 plates (Sigma-Aldrich). Visualization was
accomplished with UV light (254 nm) or staining with
KMnO,. Starting materials, solvents, and reagents were
received from commercial sources (Sigma-Aldrich, Oak-
wood Chemical, and TCI), unless otherwise noted and were
used without purification. Deuterated solvents (Cambridge
Isotope Laboratories) were used for NMR spectroscopic
analyses. NMR spectra were obtained on a Bruker 400 MHz
NMR spectrometer. In the case of '"H NMR in CDCl,,
chemical shifts are reported relative to tetramethylsilane
(0=0). The other spectra are referenced 1nternally according
to residual solvent signals of CDCl, (°C NMR; 8=77.16
ppm), and DMSO-d, ("H NMR; 6=2.50 ppm, "°C NMR;
0=39.52 ppm). High-resolution mass spectra were obtained
on a Waters Acquity Q-ToF MS/MS instrument. The kinetics
of RSSH generation were measured using a high-pertor-
mance liquid chromatography (HPLC, Agilent 1100 series)
system with a Phenomenex C-18 reverse phase column (2350

mmx4.6 mm, 5 um). UPLC-MS analysis was carried out
with a Waters Acquity/Xevo-G2 UPLC-MS system

equipped with ACQUITY UPLC BEH C18 column (2.1
mmx350 mm, 1.7 um). The mass signals for products of
RSSH trapping with p-(4-hydroxyphenyl)ethyl i1odoacet-
amide (HPE-IAM) were obtained via deconvolution using
MassLynx 4.1 software. In addition to the protonated mol-
ecule [M+H]™, [M+Na]™ adduct also was observed during
ESI-MS analysis. The pH measurements were performed
using a Fisher Scientific Accumet AB15 pH-meter.

1.6 Chemical Synthesis

[0238] tert-Butyl (2-(methylamino)ethyl)carbamate and
tert-butyl (3-(methylamino )propyl)carbamate were recerved
from the commercial sources. tert-Butyl methyl(2-(methyl-
amino )ethyl)carbamate, Meyer et al., 2010, and tert-butyl
methyl(3-(methylamino )propyl)carbamate, Devine et al.,
2017, were synthesized using a previously reported proce-
dure and the analytical data collected was consistent with the
reported values.

[0239] General note—'H and '"C NMR spectra of com-
pounds 4, Sla, S1b, Slc, S1d, and 8 show two sets of some
signals at 24° C., likely due to the presence of rotamers.
Hence, 'H and '°C NMR spectra were acquired at 24° C.,
and 70° C. or 80° C. to distinguish these rotamers.
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Methyl-13-acetamido-2,2,5,8-tetramethyl-4,9-d1oxo-
3-oxa-10,11-dithia-5,8-diazatetradecan-14-oate (4)

10240}

\i;f\ S’STL\/\T**

O

A solution of chlorocarbonylsulfenyl chloride (288 mg, 2.2
mmol) in dichloromethane (4 mL) was added dropwise to
the solution of N-acetyl-cysteine methyl ester (354 mg, 2
mmol) in dichloromethane (4 mL) at 0° C. under a nitrogen
atmosphere. The reaction mixture was stirred at 0° C. for 1
h and volatiles were removed under vacuum to obtain
S-perthiocarbonyl chlornide 3. This compound was 1mmedi-
ately dissolved 1in anhydrous dichloromethane (3 mL) and
added slowly mto a cold solution (0° C.) of tert-butyl
methyl(2-(methylamino)ethyl)carbamate (376 mg, 2 mmol)
and triethylamine (223 mg, 2.2 mmol) 1n dichloromethane (5
ml.). The reaction mixture was stirred at 0° C. for 1 h,
quenched with water (20 mL) and extracted with dichlo-
romethane (3x10 mL). The combined organic layer was
washed with brine (3x10 mlL), dried over anhydrous
Na,SO,, and evaporated under vacuum. The residue was
purified by flash column chromatography on silica gel to
afford the product 4 (mixture of rotamers) as a semisolid
(586 mg, 69% vyield); 'H NMR (400 MHz, DMSQO, 24° C.)
0 8.43 (d, I=7.3 Hz, 1H), 4.51-4.46 (m, 1H), 3.63 (s, 3H),
3.49 (bs, 2H), 3.34 (bs, 2H), 3.10-2.91 (m, SH), 2.77 (s, 3H),
1.86 (s, 3H), 1.37 (s, 9H); "°C NMR (101 MHz, DMSOQ, 24°
C.) 0 170.9, 1694, 163.9, 134.9, 134.5, 78.8, 78.6, 52.1,
51.1,47.9,47.1,46.4,45.6,44.8,35.9,35.4,35.2,34.2,34.0,
33.6, 28.0, 22.3; '"HNMR (400 MHz, DMSO, 70° C.) 6 8.21
(d, J=7.3 Hz, 1H), 4.56-4.51 (m, 1H), 3.65 (s, 3H), 3.51 (,
I=5.6 Hz, 2H), 3.36 (t, J=5.6 Hz, 2H), 3.09-3.03 (m, 2H),
3.00 (s, 3H), 2.80 (s, 3H), 1.87 (s, 3H), 1.40 (s, 9H); °C
NMR (101 MHz, DMSO, 70° C.) 6 1704, 168.9, 164.1,
154 .4, 78.4, 51.7, 51.2, 51.1, 47.5, 45.5, 35.0, 34.0, 27.8,
21.9; HRMS (ESI): m/z caled. for C,H,,N,OS,Na”
[M+Na]* 446.1390, found 446.1391.

2-(((2-Acetamido-3-methoxy-3-oxopropyl)disul-
fannecarbonyl)(methyl)amino )-N-methylethan-1-
aminium (la)

10241]

I |
S N +
\OJ\[/\S’/ \’r \/\}I:II/
2
\H/NH O

CF;CO0-

O
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N-Boc protected compound 4 (232 mg, 0.59 mmol) was
dissolved 1n a 1:1 muxture of dichloromethane:trifluoro-
acetic acid (4 mL) and the solution was stirred at room
temperature for 1 h. The solvent was evaporated under
vacuum, dichloromethane was successively added and
evaporated to remove the residual TFA, to provide the
precursor la as a semisolid (246 mg, 95% yield); "H NMR
(400 MHz, DMSOQO) o6 8.57 (s, 2H), 8.48 (d, J=7.7 Hz, 1H),
4.54 (td, J=8.2, 5.4 Hz, 1H), 3.77-3.51 (m, SH), 3.25-2.91
(m, 7H), 2.59 (s, 3H), 1.87 (s, 3H); "°C NMR (101 MHz,
CDCl,) 0 171.4, 171.3, 169.0, 161.4 (q, J=36.3 Hz), 116.2
(q. J=290.3 Hz), 52.8, 509, 47.3, 47.2, 41.1, 35.7, 33.6,
22.7, HRMS (ESI): m/z calcd. for C,,;H,,N,O,S,” [M]*
324.1046, found 324.1052.

N-Acetyl-penicillamine methyl ester

10242]

NHAc

N-acetyl-penicillamine methyl ester was synthesized fol-
lowing a previously reported method. L1 and Sha, 2008. To
a solution of N-acetyl-D-penicillamine (1.68 g, 8.8 mmol) 1in
anhydrous methanol (40 mL) under a nitrogen atmosphere,
chlorotrimethylsilane (1.91 g, 17.6 mmol) was added. The
mixture was stirred at room temperature for 16 h. The
solvent was evaporated under vacuum, and the residue was
purified by flash chromatography (silica gel, eluent: 50%

cthyl acetate 1n hexane) to afford the title compound as a
white solid (0.75 g, 41% vyield); 'H NMR (400 Mz,

CDCL;) ¢ 6.42 (d, J=8.6 Hz, 1H), 4.63 (d, J=9.4 Hz, 1H),
3.73 (s, 3H), 2.05 (s, 3H), 1.97 (d, J=1.3 Hz, 1H), 1.47 (s,
3H), 1.33 (d, J=1.2 Hz, 3H); C NMR (101 MHz, CDCl,)
o 171.1, 170.0, 60.4, 52.3, 46.6, 31.2, 29.5, 23.3; HRMS
(ESI): m/z caled. for CiH, NO,S [M+Na]* 228.0665, found
228.0661.

1.6.1 General Procedure for Synthesis of N-Boc Protected
RSSH/COS Precursors (Sla-d)

[0243] A solution of chlorocarbonylsulienyl chloride (1.1
equiv.) 1 anhydrous dichloromethane (4 mlL) was added
dropwise to the solution of N-acetyl-penicillamine methyl
ester (1 equiv.) in dichloromethane (4 mL) at 0° C. under a
nitrogen atmosphere. The reaction mixture was stirred at 0°
C. for 1 h, and volatiles were removed under vacuum. The
residue was immediately dissolved in anhydrous dichlo-
romethane (3 mL), and slowly added into a mixture of
N-Boc protected diamine (1 equiv.) and triethylamine (1.1
equiv.) 1 dichloromethane (5 mL) at 0° C. The resulting
solution was stirred at 0° C. for 1 h. The reaction mixture
was quenched by water (20 mL) and extracted with dichlo-
romethane (3x10 mL). The combined organic layer was
washed with brine (3x10 mlL), dried over anhydrous
Na,SO,, and evaporated under vacuum. The residue was
purified by flash chromatography on silica gel usmg cthyl
acetate (EA) and petroleum ether (PE) as eluent to afford the
desired product as a mixture of rotamers.
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Methyl 13-acetamido-2,2,5,8,12,12-hexamethyl-4,9-
dioxo-3-oxa-10,11-dithia-5,8-diazatetradecan-14-
oate (Sla)

0244]
0 ‘ 0O
\O/“\%S/STN\/\NJJ\OX
NH O ‘

633 mg, 78% yield; semisolid; "H NMR (400 MHz, DMSO,
24° C.) 0 8.30(d, J=8.6 Hz, 1H), 4.49 (d, J=8.6 Hz, 1H), 3.63
(s, 3H), 3.54 (s, 2H), 3.37 (s, 2H), 3.06 (s, 1.6H), 2.95 (s,
1.4H), 2.80 (s, 1.4H), 2.74 (s, 1.6H), 1.89 (s, 3H), 1.37 (s,
9H), 1.25 (s, 6H); '°C NMR (101 MHz, DMSO, 24° C.) §
170.2, 169.5, 164.3, 164.0, 154.9, 154.5, 78.5, 58.2, 51.8,
47.9,47.6,47.1,46.1,45.5,44.6,35.8,35.5,35.0,34.7,34.3,
33.9, 33.6, 24.5, 23.7, 23.5, 22.2; 'H NMR (400 MHz,
DMSQO, 80° C.) 6 7.98 (d, J=8.7 Hz, 1H), 4.54 (d, J=8.7 Hz,
1H), 3.66 (s, 3H), 3.55 (t, J=6.0 Hz, 2H), 3.38 (t, J=6.0 Hz,
2H), 3.02 (s, 3H), 2.81 (s, 3H), 1.92 (s, 3H), 1.41 (s, 9H),
1.32 (s, 3H), 1.30 (s, 3H); '°C NMR (101 MHz, DMSOQO, 80°
C.)0169.6,169.0,164.2,154.4,78.4, 58.3, 51.6, 51.1, 47.5,
45.4, 35.0, 33.9, 27.7, 24.4, 23.8, 21.8; HRMS (ESI): m/z
caled. for C,iH;:N;OS,Na*™ [M+Na]* 474.1703, found
474.1713.

Methyl 13-acetamido-2,2,8,12,12-pentamethyl-4,9-
dioxo-3-oxa-10,11-dithia-5,8-diazatetradecan-14-
oate (S1b)

[0245]

‘ 0O
™~ D N\/\ )'k /k
O\l'(NH | T i O

O

614 mg, 78% yield; semisolid; "H NMR (400 MHz, DMSO,
24° C.) 6 831 (d, J=8.5 Hz, 1H), 7.02 (s, 0.5H), 6.85 (s,
0.5H), 4.50 (d, J=8.5 Hz, 1H), 3.63 (s, 3H), 3.45-3.40 (m,
2H), 3.12-2.93 (m, 5H), 1.89 (s, 3H), 1.36 (s, 9H), 1.26 (s,
6H); °C NMR (101 MHz, DMSO, 24° C.) § 170.3, 169.5,
164.5, 164.3, 155.6, 77.8, 77.7, 58.3, 58.2, 51.8, 49.7, 49.5,
37.6, 374 355 35.2, 28.2, 243, 238 23.7,22.2; lHNM{
(400 MHz, DMSO, 80° C.) 6 7.99 (d, J=8.4 Hz, 1H), 6.35
(s, 1H), 4.54 (d, J=8.7 Hz, 1H), 3.66 (s, 3H), 3.46 (t, J=6.1
Hz, 2H), 3.14 (q, J=6.1 Hz, 2H), 3.03 (s, 3H), 1.92 (s, 3H),
1.39 (s, OH), 1.32 (s, 3H), 1.31 (s, 3H); '’C NMR (101 MHz,
DMSQO, 80° C.) 0 169.6, 169.0, 164.4, 155.1, 77.5, 58.4,
51.6, 51.1, 49.4, 37.6, 35.1, 27.8, 24.5, 23.9, 21.8; HRMS
(ESI): m/z caled. for C,-H,,N,OS,Na* [M+Na]™ 460.
1546, found 460.1550.
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Methyl 14-acetamido-2,2,5,9,13,13-hexamethyl-4,
10-dioxo-3-oxa-11,12-dithia-5,9-diazapentadecan-
15-o0ate (S1c)

[0246]

| |
N /,,S N\/\/N O
OYNH oY TS

O

360 mg, 58% vield; semisolid; 'H NMR (400 MHz, DMSO,
24°(C.)08.30(d, J=8.7Hz, 1H),4.51 (d, J=8.7 Hz, 1H), 3.63
(s, 3H), 3.43-3.37 (m, 2H), 3.19-2.94 (m, 5H), 2.77 (s, 3H),
1.89 (s, 3H), 1.77-1.69 (m, 2H), 1.39 (s, OH), 1.26 (s, 6H);
°C NMR (101 MHz, DMSO, 24° C.) 8 170.2, 169.5, 164.1,
163.6, 154.6, 78.4, 58.1, 47.8, 47.3, 45.9, 45.2, 35.4, 34.7,
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816 mg, 77% vyield; semisolid; S1d; 'H NMR (400 MHz,
DMSO, 24° C.)08.31 (d, J=8.7 Hz, 1H), 6.90 (s, 0.5H), 6.76
(s, 0.5H), 4.50 (d, J=8.7 Hz, 1H), 3.64 (s, 3H), 3.40 (bs, 2H),
3.04-2.90 (m, SH), 1.89 (s, 3H), 1.73-1.53 (m, 2H), 1.37 (s,
OH), 1.26 (s, 6H); “C NMR (101 MHz, DMSO, 24° C.) &
170.2, 169.5, 164.1, 163.8, 155.6, 77.5, 38.2, 54.9, 47.9,
47.4,37.4,35.4,34.8, 28.3, 27.2, 24.5, 23.6, 22.2; 1HNM{
(400 MHz, DMSQO, 80° C.) ¢ 8.00 (d, J=8.6 Hz, 1H), 6.46
(s, 1H), 4.54 (d, J=8.7 Hz, 1H), 3.66 (s, 3H), 3.41 (t, J=7.2
Hz, 2H), 3.01 (s, 3H), 2.96 (q, J=7.2 Hz, 2H), 1.92 (s, 3H),
1.70 (quintet, J=7.2 Hz, 2H), 1.40 (s, 9H), 1.31 (s, 3H), 1.30
(s, 3H); "°C NMR (101 MHz, DMSO, 80° C.) § 169.6,
169.0, 164.0, 155.2, 77.2, 58.3, 51.6, 51.2, 47.5, 37.4, 34.7,
27.9, 27.4, 24.4, 23.8, 21.8; HRMS (ESI): m/z calcd. for
C,:H33N;OS,Na™ [M+Na]* 474.1703, found 474.1714.

1.6.2 General Procedure for Synthesis of 7a-d

10248]

Scheme 7. Synthesis of alkylamine-substituted perthiocarbamates 7a-d

- RZ
o SH* \)‘\ T 1h \JJ\% Y g Tx

NHAc

APy

NHAc

a_

33.7,28.0,26.2,25.3,24.5, 23.6, 22.2; '"H NMR (400 MHz,
DMSQO, 80° C.) 6 7.98 (d, J=8.7 Hz, 1H), 4.55 (d, J=8.7 Hz,
1H), 3.66 (s, 3H), 3.40 (t, J=7.2 Hz, 2H), 3.19 (1, J=7.2 Hz,
2H), 3.03 (s, 3H), 2.80 (s, 3H), 1.92 (s, 3H), 1.78 (quintet,
J=7.2 Hz, 2H), 1.42 (s, 9H), 1.32 (s, 3H), 1.30 (s, 3H); °C
NMR (101 MHz, DMSO, 80° C.) 0 169.6, 169.0, 163.9,
154.4, 78.1, 58.2, 51.6, 51.1, 47.4, 45.5, 34.6, 33.4, 27.7,
254, 244, 238, 21.8; HRMS (ESI): m/z calcd. for

C,H, N,0.S,* [M+H]* 466.2040, found 466.2041.

Methyl 14-acetamido-2,2,9,13,13-pentamethyl-4,10-
dioxo-3-oxa-11,12-dithia-5,9-diazapentadecan-13-
oate (S1d)

[0247)

| .
N /,S N\/\/N O
OYNH oY T <

O

NEt;, DCM

NHACc Boc

TFA, DCM
rt, 1 h

0°C., 1h )J\% \I-r \M/\

NHACc B-:::u;:
Sla-d

[0249] N-Boc protected compounds Sla-d (1 mmol) were
dissolved 1n a 1:1 mixture of dichloromethane and trifluo-
roacetic acid (4 mL). The resulting solution was stirred at
room temperature for 1 h, and volatiles were removed under
reduced pressure. The dichloromethane was successively
added and evaporated to remove the residual TFA and obtain

the desired RSSH/COS precursor.

2-(((3-acetamido-4-methoxy-2-methyl-4-oxobutan-
2-yl)disulfannecarbonyl)(methyl Jamino )-N-methyl-
cthan-1-aminium (7a)

10250
I |
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405 mg, 96% vyield; semisolid; "H NMR (400 MHz, CDCI,)
0 9.02 (bs, 1H), 8.46 (bs, 1H), 7.85 (d, J=9.3 Hz, 1H), 4.63
(d, 9.3 Hz, 1H), 4.13-4.10 (m, 1H), 3.74 (s, 3H), 3.55-3.51
(m, 1H), 3.36 (s, 2H), 3.13 (s, 3H), 2.79 (s, 3H), 2.14 (s, 3H),
1.50 (s, 3H), 1.35 (s, 3H); C NMR (101 MHz, CDCl,) &
171.7,171.2,169.4, 161.1 (q, I=37.5 Hz), 116.0 (q, J=289.9
Hz), 58.6, 53.1,52.5,47.4,47.2,35.8,33.6,27.1,25.7,22.7;
HRMS (ESI): m/z caled. for C,;H,.N;O,S,” [M]* 352.
1359, found 352.1367.

2-(((3-acetamido-4-methoxy-2-methyl-4-oxobutan-
2-yl)disultannecarbonyl)(methyl Jamino )ethan-1 -
aminium (7b)

[0251]

S N X
- \r o NNH, CE.CO0-

485 mg, 97% yield; semisolid; 'H NMR (400 MHz, CDCI,)
0 8.40 (s, 3H), 8.19 (d, J=9.3 Hz, 1H), 4.61 (d, J=9.5 Hz,
2H), 3.75 (s, 3H), 3.38-3.16 (m, 6H), 1.97 (s, 3H), 1.42 (s,
3H), 1.29 (s, 3H); C NMR (101 MHz, CDCl,) 8 172.2,
172.1, 170.9, 160.9 (q, I=37.3 Hz), 116.1 (q, J=289.9 Hz),
59.2, 52.77, 52.6, 48.3, 38.1, 35.3, 27.0, 26.8, 22.3; HRMS
(ESI): m/z calcd. for C,,H, ,N,O,S," [M]* 338.1203, found
338.1199.

3-(((3-acetamido-4-methoxy-2-methyl-4-oxobutan-
2-yl)disulfannecarbonyl)(methyl)amino)-N-methyl-
propan-1-aminium (7/c)

[0252]

H,
N N
M T N

290 mg, 94% vyield; semisolid; "H NMR (400 MHz, DMSO)
0 8.47 (bs, 2H), 8.33 (d, J=8.7 Hz, 1H), 4.52 (d, J=8.7 Hz,
1H), 3.64 (s, 3H), 3.49-3.44 (m, 2H), 3.07-2.84 (m, 5H),
2.56 (s, 3H), 1.90 (s, 3H), 1.84-1.78 (m, 2H), 1.27 (s, 3H),
1.27 (s, 3H); °C NMR (101 MHz, CDCl,) 3 170.9, 170.4,
168.0, 161.9 (q, J=37.5 Hz), 116.6 (q, J=291.4 Hz), 39.0,
52.7, 52.2, 47.6, 46.8, 35.1, 33.2, 26.5, 25.7, 24.0, 22.8;
HRMS (ESI): m/z calcd. for C, H,.N;O,S,” [M]* 366.
1516, found 366.1513.
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3-(((3-acetamido-4-methoxy-2-methyl-4-oxobutan-
2-yDdisulfannecarbonyl)(methyl)amino)propan-1-
aminium (7d)

[0253]

/S\H/N\/\/NH3+ CF3CO0"

O

540 mg, 96% vyield, semisolid; 'H NMR (400 MHz, CDCl,)
0 7.91 (bs, 3H), 7.57 (d, J=8.4 Hz, 1H), 4.53 (d, J=8.4 Hz,
1H), 3.73 (s, 3H), 3.66-3.46 (m, 2H), 3.11 (s, 3H), 3.04 (s,
2H), 2.08 (s, 3H), 2.06-1.94 (m, 2H), 1.43 (s, 3H), 1.33 (s,
3H);, '°C NMR (101 MHz, CDC1,) & 171.5, 170.5, 168.5,
161.5 (q, J=37.1 Hz), 116.4 (q, J=289.6 Hz), 59.2, 32.7,
52.3,47.5,37.2,35.2,263, 254, 25.1, 22.6; HRMS (ESI):
m/z calcd. for C,;H, N;O,S,” [M]™ 352.1359, found 352.
1364.

Methyl 2-acetamido-3-methyl-3-((methyl(propyl)
carbamoyl)disulfanyl)butanoate (8)

AP

NHAc¢

[0254]

479 mg, 58% vyield; mixture of rotamers; 'H NMR (400
MHz, DMSOQO, 24° C.) ¢ 8.31 (d, J=8.7 Hz, 1H), 4.51 (d,
J=8.7 Hz, 1H), 3.64 (s, 3H), 3.40 (bs, 2H), 3.04 (s, 1.5H),
2.93 (s, 1.5H), 1.89 (s, 3H), 1.59-1.51 (m, 2H), 1.26 (s, 6H),
0.84 (3H); "°C NMR (101 MHz, DMSO, 24° C.) & 170.2,
169.5, 163.9, 163.7, 38.1, 51.8, 51.7, 51.5, 51.0, 35.3, 34.6,
24.4, 23.6, 22.2, 20.8, 199 10.8; '"H NMR (400 MHz,
DMSO, 70“C)6807(d J=8.7 Hz, 1H), 4.54 (d, J=8.7 Hz,
1H), 3.65 (s, 3H), 3.37 (t, J=7.2 Hz, 2H), 3.00 (s, 3H), 1.91
(s, 3H), 1.58 (sextet, J=7.2 Hz, 2H) 1.30 (s, 3H), 1.29 (s,
3H), 0.87 (t, J=7.2 Hz, 3H); 13C NMR (101 MHz, DMSO,
70° C.) 0 169.8, 169.1, 163.9, 58.2, 51.6, 51.3, 51.1, 34.7,
24.3, 2377, 21.9, 20.1, 10.4; HRMS (ESI): m/z calcd. for
C,3H,-N,O,S," [M+H]" 337.1250, found 337.1260.

2-Acetamido-3-(benzothiazol-2-yldisulfanyl)-3-
methylbutanoic acid (S2)

[0255]
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2, 2'-Dibenzothiazolyl disulfide (2.61 g, 7.84 mmol) was
dissolved in CHCI, (100 mL). To this solution, N-acetyl-D-
penicillamine (1 g, 5.23 mmol) was added. The reaction
mixture was stirred at room temperature for 16 h. The
solvent was removed under reduced pressure, and the resi-
due was purified by flash column chromatography on silica

gel (5% MeOH in DCM) to obtain S2 (1.49 g, 80% yield)
as a white solid; 'H NMR (400 MHz, DMSO) & 13.13 (s,
1H), 8.39 (d, J=9.3 Hz, 1H), 8.03 (d, J=8.0 Hz, 1H), 7.84 (d,
J=8.0 Hz, 1H), 7.50-7.38 (m, 2H), 4.64 (d, J=9.2 Hz, 1H),
1.92 (s, 3H), 1.44 (s, 3H), 1.41 (s, 3H); '°C NMR (101 MHz,
DMSO) o0 172.6, 1708, 169.6, 154.3, 135.2, 126.6, 125.0,
121.9, 121.8, 58.0, 54.6, 25.0, 23 4, 223 HRMS (_JSI) m/z
calcd. for C14H17N203S3+ [M+H]+ 357.0396, found 357.
0395.

Methyl 2-acetamido-3-(benzo[d]thiazol-2-yldisulia-
nyl)-3-methylbutanoate (53)

FSAR4Y

To a solution of S2 (1.46 g, 4.1 mmol) 1n anhydrous
methanol (30 mL) under a mitrogen atmosphere, chlorotrim-
cthylsilane (1.33 g, 12.29 mmol) was added. The reaction
mixture was stirred at room temperature for 16 h, and
volatiles were removed under vacuum. The residue was

purified by flash column chromatography (silica gel, hexane/
cthyl acetate 50:50) to afford the product S3 (0.97 g, 64%)

as a semisolid; "H NMR (400 MHz, CDC1,) 8 7.88 (d, J=7.8
Hz, 1H), 7.79 (dd, J=8.0, 0.6 Hz, 1H), 7.47-7.42 (m, 1H),
7.37-732 (m, 1H), 6.57 (d, J=9.0 Hz, 1H), 4.84 (d, J=9.3 Hz,
1H), 3.76 (s, 3H), 2.05 (s, 3H), 1.53 (s, 3H), 1.48 (s, 3H): *°C
NMR (101 MHz, CDCl,) o 172.2, 170.4, 170.0, 154.5,
135.9, 126.5, 125.0, 122.3, 121.3, 59.0, 54.9, 52.6, 26.0,
24.9, 23.3; HRMS (ESI): m/z calcd. for C,.H, N, O,S;”
[M+H]™ 371.0552, found 371.0560.

10256]

O

N-(4-Hydroxyphenethyl)-2-(tritylthio)acetamide
(54)

10257]

/\/OH

O
\
EEZP:S\)J\E/\/\/

To a solution of S-trityl 2-mercaptoacetic acid (1.80 g, 5.38
mmol) 1n anhydrous DMF (30 mL) at 0° C., EDC-HCI (1.24

g 6.46 mmol) and DMAP (13 mg, 0.1 mmol) were added.
The mixture was stirred at 0° C. for 1 h. Tyramine (812 mg,
5.92 mmol) was added to the reaction mixture and stirred at
room temperature for overnight. The reaction mixture was
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quenched by the addition of 1 M HCI (30 mL) and extracted
with ethyl acetate (3x30 mL). The combined organic layer
was washed with brine, dried over Na,SO,, and the solvent
was evaporated under vacuum. The residue was purified by

flash column chromatography to atford the product S4 (1.45
g, 59% vyield) as a white solid; 'H NMR (300 MHz, DMSO)

0 9.14 (s, 1H), 7.87 (t, J=5.2 Hz, 1H), 7.38-7.14 (m, 15H),
6.92 (d, J=8.2 Hz, 2H), 6.64 (d, J=8.2 Hz, 2H), 3.14-3.03 (m,
2H), 2.73 (s, 2H), 2.54 (2H), CH,, protons merged with a
DMSO-d, peak; °C NMR (101 MHz, DMSO) § 167.0,
155.6,144.1,129.4,129.3, 129.1, 128.1, 126.8, 115.1, 635.9,
40.8, 36.0, 34.1; HRMS (ESI): m/z calcd. for
C,oH, . NO,SNa™ [M+Na]* 476.1655, found 476.1649.

N-(4-Hydroxyphenethyl)-2-mercaptoacetamide (S3)
[0258]

OH
O

HSHRHJ,M\\
N
H

To a stirred solution of S4 (200 mg, 0.4 mmol) in CH,CL, (10
ml) at 0° C., Et;S1H (107 uLL, 0.7 mmol), and CF;COOH (1
ml.) were added. The reaction mixture was warmed to room
temperature, stirred for 1 h and volatiles were evaporated
under vacuum. The residue was purified by flash chroma-
tography (silica gel, eluent: 50% ethyl acetate in hexane) to
afford the product S5 (64 mg, 69% vyield) as a semisolid; 'H
NMR (400 MHz, CDCl,) o 7.06 (d, J=8.4 Hz, 2H), 6.79 (d,
J=8.4 Hz, 2H), 6.71 (s, 1H), 3.54-3.49 (m, 2H), 3.21 (d,
I=9.1Hz, 2H), 2.77 (t, I=7.0 Hz, 2H), 1.77 (t, J=9.1 Hz, 1H);
“C NMR (101 MHz, CDCl,) 8 169.4, 154.7, 130.5, 130.0,
11577, 41.3, 347, 28.5; HRMS (ESI): m/z calcd. for
C,,H,.NO,S™ [M+H]* 212.0740, found 212.0740

Ethyl 2-acetamido-3-((2-((4-hydroxyphenethyl)
amino)-2-oxoethyl)disulfanyl)-3-methylbutanoate

(9)
10259]

OH

To a nitrogen-tlushed solution of S5 (107 mg, 0.5 mmol) and
activated disulfide S3 (225 mg, 0.6 mmol) 1n dichlorometh-
ane (10 mL), triethylamine (0.14 mL, 1.1 mmol) was added.
The reaction mixture was stirred at room temperature for 2
h. The mixture was quenched by the addition of 1M aqueous
hydrochloric acid solution and extracted with dichlorometh-
ane. The organic layer was washed with brine, dried over
Na,SQ,, filtered, and the solvent was evaporated under
vacuum. The crude product was purified by flash column
chromatography to aflord the product 9 (0.18 g, 86% yield)
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as a white solid; '"H NMR (400 MHz, CDCl,) 8 7.04 (d,
J=8.5 Hz, 2H), 6.79 (d, J=8.5 Hz, 2H), 6.59 (s, 1H), 6.54 (X,
J=5.6 Hz, 1H), 6.43 (d, J=9.2 Hz, 1H), 4.73 (d, J=9.2 Hz,
1H), 3.74 (s, 3H), 3.50 (q, J=6.4 Hz, 2H), 3.46-3.32 (m, 2H),
2.76 (1, I=6.9 Hz, 2H), 2.05 (s, 3H), 1.38 (s, 3H), 1.37 (s,
3H);, '°C NMR (101 MHz, CDCl,) & 170.9, 170.6, 168.7,
155.3,129.9,129.8, 115.8, 38.8, 52.6, 52.6,43.6, 41.5, 34.7,
26.0, 24.2, 23.2; HRMS (ESI): m/z calcd. f{or
C,:H,-N,O.S,” [M+H]™ 415.1356, found 415.1354.

1.6.3 RSSH Release from Precursor 1a Analyzed by UPLC-
MS

[0260] Precursor 1a was dissolved 1n DMSO to afford a 1
mM stock solution. Similarly, HPE-IAM and N-ethyl male-
imide (NEM) were independently dissolved in DMSO to
obtain 50 mM stock solutions. To a 20 ml scintillation vial,
HPE-IAM or NEM (30 uL, 50 mM) was added 1n pH 7.4
ammonium bicarbonate bufler (2.94 mlL) containing the
DTPA (100 uM). The resulting solution was pre-incubated at
37° C. for 10 min. Precursor 1la (30 ulL, 1 mM) was then
added 1nto the mixture and incubated for 15 min at 37° C.
An aliquot of the reaction mixture (300 ul.) was withdrawn,
4-hydroxyphenylacetamide (10 uM) was added as internal

standard, and analyzed using UPLC-MS as follows: Mobile
phase: 0-1 min 90% water+0% ACN+10% formic acid
(0.1%); 1-7.5 min gradient up to 10% water+80% ACN+
10% formic acid (0.1%); 7.5-8.4 min 10% water+80%
ACN+10% formic acid (0.1%); 8.4-8.5 min gradient up to
90% water+0% ACN+10% formic acid (0.1%), 8.5-10 min
90% water+0% ACN+10% formic acid (0.1%). Flow
rate=0.3 mL/min. To quantily the byproduct 2a generated
from 1la, a calibration curve with known concentrations of
commercially available cyclic urea 2a was generated. These
studies were conducted at least 1n triplicate and representa-
tive spectra are presented.

1.6.4 RSSH Generation and Quantification of Cyclic-Ureas
2a-d from 7a-d by UPLC-MS

[0261] Precursors 7a-d (10 uM) were independently 1ncu-
bated with HPE-IAM (500 uM) mm pH 7.4 ammonium

bicarbonate bufler (530 mM) containing DTPA (100 uM) at
37° C. The reaction mixture (500 ul) was analyzed using
UPLC-MS. To quantily 2a-d generated from these precur-
sors, a calibration curve of each individual cyclic urea with
known concentrations was independently generated.

1.6.5 Kinetics of RSSH Release tfrom Precursors 7a-d Moni-
tored by HPLC

[0262] Precursors 7a-d were dissolved 1n DMSO to afl
10 mM stock solutions. HPE-IAM was dissolved in DMSO
to obtain a 100 mM stock solution. To a 20 mL scintillation
vial, HPE-IAM (150 uL, 100 mM) was diluted 1n pH 7.4
phosphate builer (2.82 mL) containing the DTPA (100 uM).

This solution was pre-incubated for 10 min at 37° C. and
then precursor 7a-d (30 uL, 10 mM) were independently
added 1nto the mixture. The resulting solution was incubated
at 37° C. At different time points, an aliquot of 200 uL was
taken and quenched with 200 ulL 1% formic acid solution.
These samples were stored at 0° C. until HPLC analysis was
performed. The sample (20 ul.) was injected into a high-
performance liquid chromatography (HPLC) equipped with
Phenomenex C-18 reverse phase column (250 mmx4.6 mm,
5 um). HPLC Method: mobile phase A (H,O) and mobile
phase B (ACN), tlow rate: 1 mL/min, run time: 20 min, the
gradient elution method: 10% to 40% B from O to 12 min,

40% to 80% B from 12 to 20 min. The elution was

ord

31
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monitored by a UV detector at 275 nm. A calibration curve
was generated using RSS-HPE-AM 9 to quantify RSSH

generation from 7a-d.

1.6.6 Analysis of RSSH Generation from 7a-d in the Pres-
ence of N-Acetyl Cysteine by UPLC-MS

[0263] o a solution of N-acetyl cysteine (NAC, 500 uM)
in pH 7.4 ammonium bicarbonate bufler (50 mM) containing
DTPA (100 uM), precursors 7a-d (100 uM) were 1idepen-
dently added. The resulting mixture was incubated at 37° C.
An aliquot (200 pL) of reaction mixture was withdrawn at
specified time points and quenched with 1% formic acid
(200 uL.). 3-Amino-benzoic acid (50 uM) was added to each
sample as internal standard prior to UPLC-MS analysis. To
quantily 2a-d generated from these precursors, a calibration
curve for each individual cyclic urea with known concen-
trations was independently generated.

1.6.7 Analysis of COS Release from 7a-d in the Presence of
N-Acetyl-Cysteine Using MIMS

[0264] COS was analyzed using a Hiden HPR-40 MIMS
system with a sample cell and membrane probe that have
been optimized to detect gases dissolved 1n aqueous solution
as described previously. Cline et al., 2011. A stock solution
of N-acetyl-cystemne (25 mM) was prepared in DI water.
RSSH precursor stock solutions (5 mM) were prepared 1n
DMSO. These solutions were degassed by purging with
nitrogen for 10 min before COS release analysis. Typically,
20 mL phosphate bufler solution (10 mM) was added to the
sample cell, degassed and purged with a continuous flow of
argon for 15 min. N-acetyl cystemne (200 ul, 25 mM) and
RSSH precursor (200 ul., 5 mM) were then 1njected using a
gas tight syringe and 1on current at m/z 60 (COS™) were

collected for 2 h (source pressure was approximately 1x1077
to 5x10~7 Torr).

1.6.8 Culture of Cells

[0265] HO9c¢2(2-1) embryonic rat heart myoblasts were
obtained from the American Type Culture Collection. Cells
were grown 1n Dulbecco’s minimal essential medium
(DMEM), supplemented with fetal bovine serum (FBS)
10%, penicillin 100 U/mL and streptomycin 100 ug/mlL..
They were propagated in 175-flasks, split before reaching
70-80% contluence (usually every day or every second day),
and used within 11 passages. Cells were passaged to tissue
culture treated 96-well microtiter plates at the specified
density in 180 ul. volumes and incubated for 24 h.

1.6.9 Cytotoxicity Study of 7b

[0266] Cells were seeded at a density of 1x10” cells/well.
After 24 h, the media was replaced and compound added 1n
20 uL. volumes using DMSO:H,O (<0.01% DMSQO) as the
vehicle. Cells were incubated for an additional 24 h before
media was removed. Then, 100 uL. of media containing 3 uM
SYTOX™ Green nucleic acid stain (Invitrogen) was added
and the cells were incubated for 2 h before fluorescence
readings were obtained at 485, /538, (Step 1). Finally, an
additional 100 uLL of media containing 3 uM SYTOX™ and
0.2% Triton X-100 was added 1n order to permeabilize all
cells and incubated for 1 h belfore fluorescence values
measured (Step 2). The relative % cells surviving was
calculated as a 100% minus the ratio of the fluorescence
value of Step 1 over Step 2 (% cells surviving=100%-—

(FL ;5(Step 1) FL. :(Step 2)).
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1.6.10 H9¢2 Cell Protection by Precursor 7b from H,O,-
Mediated Oxidative Stress

1.6.10.1 Cell Counting Kit-8 (CCK-8) (See Powell et al.,
2018; Ishiyama et al., 1997; Tominaga et al., 1999)

[0267] Cells were seeded at a density of 5x10° cells/well.
After 24 h, precursor 7b or byproduct 2b was added at 20 uL
volumes using DMSO:H,O (<0.01% DMSO as the vehicle).
Cells were 1incubated for 2 h before media was removed and
the cells gently washed with PBS (pH 7.4). Then, 180 uL of
fresh media and 20 ulL. H,O, diluted into H,O were added
and cells were incubated for an additional 2 h. At the
completion of H,O, exposure, each well 1s careftully washed
3 times with PBS (pH 7.4) before adding 100 uL. of media,
without-FBS, containing 10% v/v CCK-8 (Dojindo) and
incubated for 3 h prior to obtaining absorbance values at 450
nm. The relative % viability was calculated as 100 times the
ratio of the Abs, ., (pretreated, H,O,-exposed) over Abs,,
(vehicle-treated, non H,O,-exposed).

1.6.10.1 SYTOX™ Green Nucleic Acid Stain (see Hatfgaard
et al., 2006)

[0268] Cells were seeded at a density of 1x10* cells/well.
After 24 h, precursor 7b or byproduct 2b 1s added 1n 20 uL
volumes using DMSO:H20 (<0.01% DMSOQO). Cells were
incubated for 2 h before media was removed and the cells
gently washed with PBS (pH 7.4). Then, 180 uL of fresh
media and 20 ul. H,O, diluted 1n H,O were added before
cells were incubated for an additional 1 h. After removing
this media, 100 pul. of media containing 3 uM SYTOX™
Green nucleic acid stain was added, and the cells incubated
tor 2 h betfore fluorescence readings were obtained at 485,/
538, (Step 1). Finally, an additional 100 ul. of media
containing 3 uM SYTOX™ and 0.2% Triton X-100 was
added 1n order to permeabilize all cells and incubated for 1
h before fluorescence values measured (Step 2). The relative
% cells surviving was calculated as a 100% minus the ratio
of the fluorescence value of Step 1 over Step 2 (% cells
surviving=100%—(FL.;.(Step 1)/FL ;.(Step 2)). Fluores-
cence values for vehicle-treated, non-H,O,-exposed wells
were treated as background cell death and this value 1s added
to the % cell survival for each subsequent group.

1.6.11 Isolated Perfused Heart Protocol and Infarct Size
Determination (See Sun et al., 2016; Rossello et al., 2016;
Bell et al., 2011)

[0269] Male CS7BL/6J mice obtained from Jackson Labo-

ratories (Bar Harbor, Me., USA) were used for all experi-
ments. Mice were between 12 and 14 weeks of age at the
time of experimentation. All animals received humane care
in compliance with the “Principles of Laboratory Animal
Care” formulated by the National Society for Medical
Research and the “Guide for the Care and Use of Laboratory
Animals™ published by the US National Institutes of Health.
The Animal Care and Use Committee from Johns Hopkins
University approved of this study.

[0270] After anticoagulation with heparin and cervical
dislocation, a thoracotomy was performed and the heart was
quickly excised and placed in ice-cold Krebs-Henseleit

bufler (in mmol/L: 11.1 D-glucose, 1.2 MgSO,, 1.2
KH,PO,, 4.7 KCI, 118 Na(l, 2 CaCl,, 25 NaHCQO;). The
aorta was cannulated, and the heart was perfused with

Krebs-Henseleit bufler (oxygenated with 95% O,/5% CO,
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and maintained at pH 7.4) 1n retrograde fashion at a constant
pressure of 80 mm/Hg at 37° C. After baseline equilibration
for 20 min, mouse hearts were subjected to 20 min of
no-flow global 1schemia followed by 90 min of reperfusion.
Pharmacological postconditioning with 7b (100 uM) was
performed at the onset of reperfusion for 7 min. Hearts were
then reperfused for a total of 90 min. Control hearts recerved
no pharmacological postconditioning.

[0271] At the conclusion of reperfusion 1n either group,
the heart was dismounted from the rig and the cannula was
mounted on an infusion line connected to a syringe pump

(Harvard Apparatus). The mouse hearts were perfused with
1% (w/v) of 2,3, 5-tniphenyltetrazolium chloride (TTC)

while sitting 1n a bath of 1% TTC at 37° C. for 10 min (Flow
rate=0.5 mL/min). Then, the pump 1s turned off and the heart
remains in the T'TC bath for an additional 5 min. Following
incubation, the heart 1s de-cannulated, weighed and allowed
to freeze to a semi-frozen state at —20° C. for 20-30 min
betore the heart 1s sliced transversely at 1 mm thick slices.
The slices are then weighed and fixed overnight in 10%
formalin, followed by imaging with a high-resolution cam-
era. Plammetry of the images was conducted using Imagel

(NIH).
1.7 Representative Results

[0272] 1.7.1 RSSH Release from the Precursor 1a Ana-
lyzed by UPLC-MS

[0273] Precursor 1a was dissolved in DMSO to afford a 1
mM stock solution. Similarly, HPE-IAM was dissolved in
DMSO to obtain a 50 mM stock solution. To a 20 mL
scintillation vial, HPE-IAM (30 uL, 50 mM) was added 1n
pH 7.4 ammonium bicarbonate bufler (2.94 mL) contaiming
the DTPA (100 uM). The resulting solution was pre-incu-
bated at 37° C. for 10 min. Precursor 1a (30 uL., 1 mM) was
then added 1nto the mixture and mcubated for 15 min at 37°
C. An aliquot of the reaction mixture (500 ul) was with-

drawn and analyzed using UPLC-MS as follows: Mobile
phase: 0-1 min 90% water+0% ACN+10% formic acid
(0.1%); 1-7.5 min gradient up to 10% water+80% ACN+
10% {formic acid (0.1%); 7.5-8.4 min 10% water+80%
ACN+10% formic acid (0.1%); 8.4-8.5 min gradient up to
90% water+0% ACN+10% formic acid (0.1%), 8.5-10 min
90% water+0% ACN+10% formic acid (0.1%). Flow
rate=0.3 mL/min. The mass signals for product of RSSH
trapping with HPE-IAM were obtained via deconvolution
using MassLynx 4.1 software. These studies were conducted
at least 1n triplicate and representative spectra are presented.
1.7.2 Kinetics of RSSH Release from Precursors 7a-d Moni-
tored by HPLC

[0274] Precursors 7a-d were dissolved in DMSO to afford
10 mM stock solutions. HPE-IAM was dissolved in DMSO
to obtain a 100 mM stock solution. To a 20 mL scintillation
vial, HPE-IAM (130 uL, 100 mM) was diluted in pH 7.4
phosphate builer (2.82 mL) containing the DTPA (100 uM).
This solution was pre-incubated for 10 min at 37° C. and
then precursor 7a-d (30 ul, 10 mM) were independently
added 1nto the mixture. The resulting solution was incubated
at 37° C. At different time points, an aliquot of 200 ulL was
taken and quenched with 200 ul. 1% formic acid solution.
These samples were stored at 0° C. until HPLC analysis was
performed. The sample (20 ulL) was injected into a high-
performance liquid chromatography (HPLC) equipped with
Phenomenex C-18 reverse phase column (250 mmx4.6 mm,

5 um). HPLC Method: mobile phase A (H,O) and mobile
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phase B (ACN), tlow rate: 1 mL/min, run time: 20 min, the
gradient elution method: 10% to 40% B from O to 12 muin,
40% to 80% B from 12 to 20 min. The eclution was
monitored by a variable UV detector at 275 nm. A calibra-
tion curve was generated using RSS-HPE-AM 9 to quantify
RSSH generation from 7a-d.

1.7.3 RSSH Generation and Quantification of Cyclic-Ureas
2a-d from 7a-d by UPLC-MS

[0275] Precursors 7a-d (10 uM) were independently 1ncu-
bated with HPE-IAM (500 uM) in pH 7.4 ammonium
bicarbonate bufler (30 mM) containing DTPA (100 uM) at
3’7° C. This reaction mixture was analyzed by UPLC-MS as
tollows: Mobile phase: 0-1 min 90% water+0% ACN+10%
formic acid (0.1%); 1-7.5 min gradient up to 10% water+
80% ACN+10% formic acid (0.1%); 7.5-8.4 min 10%
water+80% ACN+10% formic acid (0.10%); 8.4-8.5 min
gradient up to 90% water+0% ACN+10% formic acid
(0.1%), 8.5-10 min 90% water+0% ACN+10% formic acid
(0.1%). Flow rate=0.3 mL/min. To quantily 2a-d generated
from these precursors, a calibration curve of each individual
cyclic urea with known concentrations was independently

generated.
1.7.4 Analysis of RSSH Generation from 7a-d in the Pres-

ence of N-Acetyl Cysteine by UPLC-MS

[0276] To a solution of N-acetyl cysteine (NAC, 500 uM)
in pH 7.4 ammonium bicarbonate bufler (50 mM) containing
DTPA (100 uM), precursors 7a-d (100 uM) were 1indepen-
dently added. The resulting mixture was incubated at 37° C.
An aliquot (200 uL) of reaction mixture was withdrawn at
specified time points and quenched with 1% formic acid
(200 uL). 3-amino-benzoic acid (50 uM) was added to each
sample as internal standard prior to UPLC-MS analysis. To
quantily 2a-d generated from these precursors, the calibra-
tion curve of each individual cyclic urea with known con-
centrations was independently generated.

1.7.5 Analysis of COS Release from 7a-d 1n the Presence of
N-Acetyl-Cysteine Using MIMS

[0277] COS was analyzed using a Hiden HPR-40 MIMS
system with a sample cell and membrane probe that have
been optimized to detect gases dissolved 1n aqueous solution
as described previously. Cline et al., 2011. A stock solution
of N-acetyl-cystemne (25 mM) was prepared in DI water.
RSSH precursor stock solutions (5 mM) were prepared 1n
DMSQO. These solutions were degassed by purging with
nitrogen for 10 min before COS release analysis. Typically,
20 mL phosphate bufler solution (10 mM) was added to the
sample cell, degassed and purged with a continuous flow of
argon for 15 min. N-acetyl cystemne (200 ul, 25 mM) and
RSSH precursor (200 ul., 5 mM) were then injected using a
gas tight syringe and ion current at m/z 60 (COS™) were
collected for 2 h (source pressure was approximately 1x10~’

to 5x10~7 Torr).

1.7.6 Culture of Cells

[0278] HO9c2(2-1) embryonic rat heart myoblasts were
obtained from the American Type Culture Collection. Cells
were grown 1n Dulbecco’s minimal essential medium
(DMEM), supplemented with fetal bovine serum (FBS)
10%, pemcillin 100 U/mL and streptomycin 100 ug/mlL..
They were propagated in 175-flasks, split before reaching
70-80% contluence (usually every day or every second day),
and used within 11 passages. Cells were passaged to tissue
culture treated 96-well microtiter plates at the specified
density 1 180 ul volumes and incubated for 24 h.
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1.7.7 Cytotoxicity Study of 7b

[0279] Cells were seeded at a density of 1x10” cells/well.
After 24 h, the media was replaced and compound added in
20 uL. volumes using DMSO:H,O (<0.01% DMSQ) as the
vehicle. Cells were incubated for an additional 24 h before
media was removed. Then, 100 uL. of media containing 3 uM
SYTOX® Green nucleic acid stain (Invitrogen) was added
and the cells were incubated for 2 h before fluorescence
readings were obtained at 485, /538, (Step 1). Finally, an
additional 100 pL. of media containing 3 uM SYTOX® and
0.2% Triton X-100 was added 1n order to permeabilize all
cells and incubated for 1 h before fluorescence values
measured (Step 2). The relative % cells surviving was
calculated as a 100% minus the ratio of the fluorescence
value of Step 1 over Step 2 (% cells surviving=100%-—
(FLs3s(Step 1)/FLs35(Step 2)).

1.7.8 H9c2 Cell Protection by Precursor 7b from H,O.,-
Mediated Oxidative Stress

1.7.8.1 Cell Counting Kit-8 (CCK-8)

[0280] See Powell et al., 2018; Ishiyama et al., 1997; and
Tominaga et al., 1999, for general procedures. Cells were
seeded at a density of 5x10° cells/well. After 24 h, precursor
/b or byproduct 2b was added at 20 ul. volumes using
DMSO:H,O (<0.01% DMSO as the vehicle). Cells were
incubated for 2 h before media was removed and the cells
gently washed with PBS (pH 7.4). Then, 180 uL of fresh
media and 20 uL H,O, diluted into H,O were added and
cells were incubated for an additional 2 h. At the completion

of H,O, exposure, each well 1s carefully washed 3 times
with PBS (pH 7.4) betfore adding 100 uL. of media, without-
FBS, containing 10% v/v CCK-8 (Dojindo) and incubated
for 3 h prior to obtaining absorbance values at 450 nm. The
relative % viability was calculated as 100 times the ratio of
the Abs, ., (pretreated, H,O,-exposed) over Abs, <, (vehicle-
treated, non H,O,-exposed).

1.7.8.2 SYTOX® Green Nucleic Acid Stain

[0281] See Holigaard et al., 2006, for general procedures.
Cells were seeded at a density of 1x10” cells/well. After 24
h, precursor 7b or byproduct 2b 1s added in 20 uLL volumes
using DMSO:H,O (<0.01% DMSOQO). Cells were incubated
for 2 h before media was removed and the cells gently
washed with PBS (pH 7.4). Then, 180 uL of fresh media and
20 ul H,O,, diluted 1n H,O were added before cells were
incubated for an additional 1 h. After removing this media,
100 uL. of media containing 3 uM SYTOX® Green nucleic
acid stain was added, and the cells incubated for 2 h before
fluorescence readings were obtained at 485, /338, (Step
1). Finally, an additional 100 ulL of media containing 3 uM
SYTOX® and 0.2% Triton X-100 was added 1n order to
permeabilize all cells and incubated for 1 h before fluores-
cence values measured (Step 2). The relative % cells sur-
viving was calculated as a 100% minus the ratio of the
fluorescence value of Step 1 over Step 2 (% cells surviv-
ing=100%—(FL.;.(Step 1)/FL.;.(Step 2)). Fluorescence
values for vehicle-treated, non-H,O,-exposed wells were
treated as background cell death and this value 1s added to
the % cell survival for each subsequent group.

1.7.9 Isolated Pertused Heart Protocol and Infarct Size
Determination” "

[0282] See Sun et al., 2016; Rossello et al., 2016; and Bell
et al., 2011, for general procedures. Male C57BL/6J mice
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obtained from Jackson Laboratories (Bar Harbor, Me., USA)
were used for all experiments. Mice were between 12 and 14
weeks of age at the time of experimentation. All amimals
received humane care 1n compliance with the “Principles of
Laboratory Amimal Care” formulated by the National Soci-
ety for Medical Research and the “Guide for the Care and
Use of Laboratory Animals™ published by the US National
Institutes of Health. The Animal Care and Use Committee
from Johns Hopkins University approved of this study.

[0283] After anticoagulation with heparin and cervical
dislocation, a thoracotomy was pertormed and the heart was
quickly excised and placed in ice-cold Krebs-Henseleit
buffer (in mmol/L: 11.1 D-glucose, 1.2 MgSO,, 1.2
KH,PO,, 4.7 KCl, 118 NaC(l, 2 Ca(Cl,, 25 NaHCO,). The
aorta was cannulated, and the heart was perfused with
Krebs-Henseleit buftler (oxygenated with 95% O,/5% CO,
and maintained at pH 7.4) 1n retrograde fashion at a constant
pressure of 80 mm/Hg at 37° C. After baseline equilibration
for 20 min, mouse hearts were subjected to 20 min of
no-tflow global 1schemia followed by 90 min of reperfusion.
Pharmacological postconditioning with 7b (100 uM) was
performed at the onset of reperfusion for 7 min. Hearts were
then reperfused for a total of 90 min. Control hearts received
no pharmacological postconditioning.

[0284] At the conclusion of reperfusion 1n either group,
the heart was dismounted from the rig and the cannula was
mounted on an infusion line connected to a syringe pump

(Harvard Apparatus). The mouse hearts were perfused with
1% (w/v) of 2,3,5-triphenyltetrazolium chlonide (TTC)

while sitting 1n a bath of 1% TTC at 37° C. for 10 min (Flow
rate=0.5 mL/min). Then, the pump 1s turned ol and the heart
remains in the TTC bath for an additional 5 min. Following,
incubation, the heart 1s de-cannulated, weighed and allowed
to freeze to a semi-frozen state at —20° C. for 20-30 min
betfore the heart 1s sliced transversely at 1 mm thick slices.
The slices are then weighed and fixed overnight in 10%
formalin, followed by 1maging with a high-resolution cam-
era. Planimetry of the images was conducted using Imagel

(NIH).
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[0352] Although the foregoing subject matter has been
described 1n some detail by way of illustration and example
for purposes of clarity of understanding, 1t will be under-
stood by those skilled in the art that certain changes and
modifications can be practiced within the scope of the
appended claims.

That which 1s claimed:
1. A compound of formula (I):

()

wherein:
n 1s an iteger selected from the group consisting of O,
1,2, 3,4,5,6,7, and 8;
R, 1s selected from the group consisting of branched or
unbranched alkyl, heterocycloalkyl, aryl, heteroaryl,
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a cysteine residue, a N-acetylcysteine residue, a
homocysteine residue, a glutathione residue, and:

wherein:

R, and R; are each independently selected from the
group consisting of H, C,-C, alkyl, and aryl;

R 1s C,-C, alkyl or aryl;

R, 1s —OR, or —NR/R, ,, wherein Ry, R, and R, , are
cach independently selected from the group consist-
ing of H, C,-C, alkyl, and arvl;

R, 1s selected from the group consisting of H, alkyl,

aryl, and a functional group that responds to a
stimulus selected from the group consisting of light,

a redox reaction, and an enzymatic reaction;

R, 1s selected from the group consisting of H, alkyl, and
aryl; and

X~ 1s an anion.
2. The compound of claim 1, wherein n 1s an integer

selected from the group consisting of 1, 2, and 3.

3. The compound of claim 1, wherein the compound of
tformula (I) 1s:

O Rs R4 ]El?t3
S N . R, X
R; 3 \I-r \(\’(\g”
2
HN\H/R6 O
O

n 1s an integer selected from the group consisting of 1, 2,
and 3;

R, and R. are each independently H or C,-C, alkyl;
R, 1s C,-C, alkyl or aryl;

R, 1s —OR, or —NRGR,,, wherein R, R, and R, are
cach independently selected from the group consisting
of H, C,-C, alkyl, and aryl;

R, 1s selected from the group consisting of H, C,-C, alkyl,
and a functional group that responds to a stimulus
selected from the group consisting of light, a redox
reaction, and an enzymatic reaction;

R, 1s selected from the group consisting of H, alkyl, and
aryl; and

X~ 1§ an anion.
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4. The compound of claim 3, wherein the compound of
formula (I) 1s:

O H,C CH; Tﬂs
H,C S N . R, X
H>
HN\I(CHg O
O
wherein:

nis 1 or 2; and
R, 1s H or CH,.
5. The compound of claim 4, wherein the compound 1s
selected from the group consisting of:

O H,e CH;

CH, |
H;C S N . _H X
H,
CHj3 O

T

O
O H,c CH; THs
H;C S N . _CH; X
NG e \/\Nf
H,
HN\I(CH3 O
O
O 1.,c CH; CHj
H;C S I!J %2
3 \/\/
~0 s~ T PN X and
HN\[(CH3 O
O
O m,c CH; CH;
H;C S r‘q Ez
3 \/\/
~o0 s T e, X
HN\”/CH3 O
O

6. The compound of claim 1, wherein X~ 1s selected from
the group consisting of Cl-, Br-, (PO,)’", CF,COO-,
CH,COO™, and C.H.COO".

7. The compound of claim 1, wherein the functional group
that responds to a stimulus selected from the group consist-

ing of light, a redox reaction, and an enzymatic reaction 1s
selected from the group consisting of:

- F /OH;
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wherein:

X, and X, are each independently selected from the
group consisting of O, NR, 4, and CR, R, «; wherein
R,., R,s, and R, are each independently H or

branched or unbranched C,-C, alkyl;

R,; and R,, are each independently selected from the
group consisting ol H, and branched or unbranched
alkyl, or R, and R, , together can form a cyclic alkyl
or substituted cyclic alkyl; and

R, ; 1s selected from the group consisting of branched or
unbranched alkyl and aryl.

8. The compound of claim 6, wherein X~ 1s CF,COO™ and
the compound of formula (I) 1s selected from the group

consisting of:

O 11,¢ CH;

CHa ‘
H4C S N . _H CF,CO0-
H,
CH; O

T

O
O 1.,c  CH; (‘?Hs
H3C\O S#/S N\/\i‘/CHB CEF;COO~;
H;
HN\’(CHg O
O
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9. A pharmaceutical composition comprising a compound
of claim 1 and a pharmaceutically acceptable carrier.

10. A kit comprising a compound of claim 1.

11. The kat of claim 10, further comprising instructions for
use in treating or preventing ischemia/reperfusion njury.

12. A method for treating a disorder, disease, or condition
associated with oxidative stress in a subject in need of
treatment thereof, the method comprising administering to
the subject a therapeutically eflective amount of a compound
of formula (I) of claim 1.

13. The method of claim 12, wherein the disorder, disease,
or condition associated with oxidative stress comprises
ischemia/reperfusion 1njury.

14. The method of claim 13, wherein the treating com-
prises preventing, reducing the occurrence of or severity of,
or protecting against 1schemia/reperfusion injury.

15. The method of claim 13, wherein the subject 1s at risk
of an 1schemia/reperfusion injury or an i1schemic event.

16. The method of claim 15, wherein the risk of an
1Ischemia/repertusion 1mnjury or an 1schemic event includes a
therapeutic intervention.

17. The method of claim 16, comprising administering a
compound of formula (I) to the subject before the therapeu-
tic intervention.

18. The method of claim 13, wherein the compound of
formula (I) 1s administered to the subject after ischemia.

19. The method of claim 18, wherein the compound of
formula (I) 1s admimstered to the subject after ischemia, but
before reperfusion.

20. The method of claim 13, wherein the 1schemia/
reperfusion mnjury comprises myocardial 1schemia/repertu-
s101 1njury.

21. A method for preventing or reducing ischemia/reper-
fusion injury to an organ to be transplanted, the method
comprising administering to or contacting the organ with a

therapeutically eflective amount of a compound of formula
(I) of claim 1.

22. The method of claim 21, comprising administering a
compound of formula (I) to a transplant donor prior to
harvesting the organ therefrom.
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