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0*(Ethanesulfohydroxamic acid) and O(N-methoxy-2-ethanesulfonylamido) diazen-1-ium-1,2-diolates (4—7), a novel type of O*(protected)
diazeniumdiolate, were synthesized using a key thioacetate oxidation reaction. Nitric oxide release studies showed that O?-(N-methoxy-2-
ethanesulfonylamido) diazeniumdiolates 5 and 7 released NO in a nonphysiological alkaline buffer, in the presence of bases such as the basic
natural amino acids Arg and His, or the non-nucleophilic organic base DBU in PBS at pH 7.4, via a -elimination cleavage reaction.

Diazeniumdiolates, which can spontaneously release
nitric oxide (NO) under physiological conditions (pH
7.4, 37 °C) with a range of half-lives from a few seconds
to several days,' display vasorelaxant,” antithrombotic,’
cytostatic,* and genotoxic® activities. Selective protection
at the terminal oxygen atom (0?) of the diazen-1-ium-1,2-
diolate offers a method to facilitate delivery of the NO-
donor to the target tissue site and release of NO to induce
the desired therapeutic effect. A number of different O*
protected diazeniumdiolates have been reported that
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include O?-vinyl,® O*-acetoxymethyl,” O*-glycosylated,®
and 0*(2.4-dinitrophenyl) diazeniumdiolates.” These
O*-protected compounds, which are metabolized by en-
zymes such as hepatic cytochrome P450,° esterase,” certain
glycosidases,® and glutathione/glutathione S-transferase
(GSH/GST),' have been studied extensively. Although
there have been many attempts directed toward the devel-
opment of O*-protected diazeniumdiolates as potential ther-
apeutic candidates, no compound has achieved clinical
approval to date. As part of our ongoing program to
investigate the application of NO-donors as potential
therapeutic agents, we now report a new type of O*-ethane-
sulfohydroxamic acid and O*-(N-methoxy-2-ethanesulfony-
lamido) protected diazen-1-ium-1,2-diolates. These com-
pounds are NO donors which can release NO in the presence
of a base, including the basic natural amino acids Arg and
His, via a 3-elimination cleavage reaction.
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Figure 1. Rationale for the design of novel base-sensitive
O~-(ethanesulfonyl) diazen-1-ium-1,2-diolates.

The concept that O*(ethanesulfonyl) diazen-1-ium-1,2-
diolates will undergo a base-induced f-elimination reac-
tion is based on the knowledge that (i) 2-chloroethanesul-
fonyl chloride (1), upon reaction with an amine, is reported
to release HCI (dehydrochlorination) to form a vinylsul-
fonylamide product 2 (Figure 1) and (ii) the N-methox-
yethanesulfonylamide ester of ibuprofen (3), which was
developed by our group and shown to exhibit more potent
anti-inflammatory activity (AI) than the parent drug
ibuprofen,'? released ibuprofen in the presence of the
non-nucleophilic base 1,8-diazabicyclo[5.4.0lundec-7-ene
(DBU) (Figure 1). Accordingly, it was of interest to
investigate whether coupling a diazen-1-ium-1,2-diolate
(NONOate) moiety to the S-position of an ethanesulfonyl
group would provide a hitherto-unknown class of O*
protected diazen-1-ium-1,2-diaolates in which the NON-
Oate moiety acts initially as a leaving group via a base-
induced fS-elimination which would subsequently release
NO. Credence for this objective is consistent with previous
data showing that (i) alkylsulfohydroxamic acids release
NO in PBS at pH 7.4, and nitroxyl (HNO) in the presence
of base, to act as NO/HNO donors'? and (ii) N-methox-
ysulfonylamides, which cannot act as NO/HNO donors,
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are useful model compounds to study the potential
B-elimination reaction in the absence of NO release. We
now describe the synthesis, S-elimination, and NO release
properties for the O*(ethanesulfohydroxamic acid) and
O°-(N-methoxy-2-ethanesulfonylamido) derivatives of the
pyrrolidine and prolinol diazen-1-ium-1,2-diolate com-
pounds 4—7 illustrated in Figure 1.

Scheme 1. Synthesis of the Pyrrolidine Analogs 4 and 5

KSAc, THF, reflux, 8 h Q

BrCH.CH.B 8 Nal, Acetone, rt, 5h
I r
2T 63% rxsj 87%
8 9

CN N’O_
N + +,O_
N-O Na CN_N‘
1 p

o)
|x >¥ N—O\/S
S NaHCO;, 15-crown-5 12 (20%)
10 THF/DMF, it, 18 h o %
L0
1) Hy0,, HOAC, NaOAg, 55 °C, 10 h CN_N‘ o
> N-0—__$-0 Na
2) PdiC A
13 (66%) o
1) SOCl,, DMF
25°C, 2h

el
—= CN—N\\ o 4R=

2) HO-NH,+ HCl for 4 N-O~_ g H  &R=

MeO-NH,* HCI for 5 H OR

K,COQOj3 for 4, NaHCO; for §

Dry THF, 25 °C, 3 h

25% for 4 (two steps)

28% for 5 (two steps)

According to previous reports,'' it is likely that the
PYRRO/NO compound 11 could act as a base to induce
p-elimination (—HCI) from a 2-chloroenthanesulfonyl
compound to give a vinyl product and release of NO from
the PYRRO/NO reactant 11, rather than condensation
with the chloro compound to form the desired O*-alkylation
product. Consequently, an alternative synthetic strategy
was required. It is reported that oxidation of a thioacetate
using aqueous hydrogen peroxide (H->O,) and sodium
acetate affords a sodium sulfonate.' It was anticipated that
B-elimination would not occur when O*alkylation of a
diazen-1-ium-1,2-diolate was performed since the thioace-
tate group is a weak electron-withdrawing moiety compared
to a sulfohydroxamic group. The synthetic methods used to
prepare the target sulfohydroxamic products 4 and 5 are
depicted in Scheme 1. Thus, reaction of 1,2-dibromoethane
8 with potassium thioacetate furnished the monosubstituted
2-bromoethyl thioacetate (9). The 2-bromoethyl compound
9 was transformed by reaction with sodium iodide in
acetone to the more reactive 2-iodoethyl thioacetate (10)
to improve the yield in the subsequent O*-alkylation reac-
tion. In this regard, O*-alkylation of PYRRO/NO 11 using
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Liskamp, R. M. Tetrahedron Lett. 2009, 50, 3391-3393.
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10 furnished the O°-(2-acetthioethyl) 1-(pyrrolidin-1-yl)-
diazen-1-ium-1,2-diolate (12) in 20% yield. Although the
NONO moiety is quite sensitive to an acidic medium,
fortunately the thioacetate moiety in the O*-alkylated dia-
zeniumdiolate 12 can be converted to the sodium sulfonate
analog 13 in the presence of H>O, and sodium acetate in a
solution of acetic acid at 55 °C with a reaction time of 10 hin
a 66% yield without decomposition of the NONO moiety.
Reaction of the sodium sulfonate 13 with thionyl chloride in
DMF afforded the corresponding relatively unstable sulfo-
nyl chloride product which was used immediately in the
subsequent reaction without further purification. Thus,
reaction of this sulfonyl chloride with hydroxylamine hy-
drochloride in the presence of potassium carbonate in dry
THF afforded the target sulfohydroxamic product 4. A
similar reaction of the sulfonyl chloride with methoxylamine
hydrochloride in the presence of sodium bicarbonate in dry
THEF furnished the N-methoxysulfonylamide product 5.

Scheme 2. Synthesis of the Prolinol Analogs 6 and 7
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Given that prolinol may have a more favorable toxico-
logical profile compared to pyrrolidine, the prolinol diaze-
niumdiolate analogues 6 and 7 were synthesized as illustrated
in Scheme 2. Condensation of sodium 1-[2-hydroxymethyl]-
pyrrolidin-1-yl]diazen-1-ium-1,2-diolate (14) with 2-iodo-
ethyl thioacetate (10) furnished the O°-(2-acetthioethyl)
prolinoldiazeniumdiolate 15 in 24% yield. Since the hydro-
xyl group present in the prolinol derviative 15 will be
sensitive to thionyl chloride during a subsequent step to
prepare the sulfonyl chloride, this hydroxyl group was
acetylated using acetyl bromide to protect the hydroxyl
group as the acetate 16. Oxidation of the thioacetate moiety
present in 16 upon treatment with H,O, and sodium acetate
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furnished the sodium sulfonate 17 in 75% yield. Transfor-
mation of the sodium sulfonate 17 to the sulfonyl chloride by
reaction with thioyl chloride and the subsequent reaction of
sulfonyl chloride with hydroxylamine hydrochloride or
methoxylamine hydrochloride in the presence of potassium
carbonate or sodium bicarbonate in dry THF afforded the
respective target products 6 and 7.

Table 1. Amount of Nitric Oxide (nmol) Released from 4—7, 11
(120 nmol) in PBS at Different pH Values®

PBS PBS PBS PBS 7.4 +
compd 4.0° 7.4° 10.0° Serum®
4 0 86 0.74 10
5 0 43 94 8.6
6 3.4 36 1.1 1.6
7 3.1 26 41 2.6
11 — 223 —_ -

“The amount of NO, ™ (nmol) arising from 120 nmol test compound.
It is assumed that NO,™ formation is an equimolar reflection of the
reaction of NO with H,O to produce nitrite. The result is the mean value
of three measurements (n = 3) where the variation from the mean
value was <2%; ”A solution of the test compound (120 nmol) in
phosphate buffer (2.4 mL) at various different pH values (4.0, 7.4, or
10.0) was incubated at 37 °C for 1.5 h. “ A solution of the test compound
(120 nmol) in phosphate buffer (2.4 mL) at pH 7.4, to which 90 uL of rat
serum had been added, was incubated at 37 °C for 1.5 h.

The amount (nmol) of NO released from the O*[N-
hydroxy(methoxy)-2-ethanesulfonamido]diazen-1-ium-
1,2-diolates 4—7 and PYRRO/NO 11 (120 nmol) upon
incubation in phosphate-buffered-solution (PBS) at pH
4.0, PBS at pH 7.4, PBS at pH 10.0, or PBS at pH 7.4
containing rat serum were measured by quantitation of
nitrite using the Griess reaction (see data in Table 1).
Compounds 4 and 6 can theoretically release 3 equiv of
NO (1 equiv from the SO,NHOH moiety and 2 equiv from
the diazeniumdiolate moiety). Compounds 5, 7, and 11 can
theoretically release 2 equiv of NO from the diazenium-
diolate moiety. In PBS pH 4.0, all target compounds
released a very low amount of NO (0—3.4 nmol of NO, ™
were detected from 120 nmol of the test compound),
showing a good stability in an acidic medium. In PBS
pH 7.4 sulfohydroxamic acids 4 and 6 released more NO
relative to their O-methyl counterparts 5 and 7 (86 > 43
nmol, for4and 5,36 > 26 nmol, for 6 and 7, respectively),
which can be attributed to the alkylsulfohydroxamic acid
moiety acting as a NO donor in PBS at pH 7.4." It is
interesting that the N-methoxy compounds 5 and 7 release
more NO atpH 10.0 thanat pH 7.4 (94 and 43 nmol for 5 at
pH 10.0 and 7.4; 41 and 26 nmol for 7 at pH 10.0 and 7.4).
Since the N-methoxysulfonylamide moiety cannot act as a
NO donor, the higher NO release at pH 10.0 likely arises
from the NONO moiety after its base-induced S-elimina-
tion. Furthermore, in PBS at pH 10.0, NO release from the
sulfohydroxamic acids 4 and 6 was suppressed (0.74—1.1
nmol). One plausible explanation for this reduction in NO
release could be due to the fact that the sulfohydroxamic
acid moiety, at nonphysiological alkaline pH, decomposes
to release HNO (rather than NO) and sodium sulfinate'*

Org. Lett,, Vol. 13, No. 5, 2011



Table 2. Amount of Nitric Oxide (nmol) Released from 5 and 7
(120 nmol) in the Presence of Basic Compounds at Physiological
pH*

PBS + PBS + PBS + H,0 +

compd DBU? Arg® His? H,0° DBU?
5 98 96 89 36 209
7 34 34 29 — —

“The amount of NO, ™ (nmol) arising from 120 nmol test compound.
The result is the mean value of three measurements (n = 3) where
variation from the mean value was <2%. “A solution of the test
compound (120 nmol) in phosphate buffer (2.4 mL) at pH 7.4 containing
basic compound DBU, Arg, or His (240 nMol) was incubated at 37 °C
for 1.5h. “A solution of the test compound (120 nmol) in ultrapure water
(2.4 mL) was incubated at 37 °C for 1.5 h. A solution of the test
compound (120 nmol) in ultrapure water (2.4 mL) containing DBU (240
nmol) was incubated at 37 °C for 1.5 h.

which would prevent any subsequent S-elimination from
occurring that is necessary to release the NONO moiety.
On the other hand, NO release from 4—7 in PBS contain-
ing rat serum was suppressed (1.6—10 nmol) possibly due
to strong serum protein binidng, which is consistent with a
similar serum effect previously observed for aryl and alkyl
sulfohydroxamic acids.'*"”

These preliminary NO release studies indicate that
N-methoxysulfonylamides 5 and 7 can decompose to
release NO via a nonphysiological alkaline-induced f-eli-
mination process. It was also of interest to investigate
whether this f-elimination process could be induced in
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Org. Biomol. Chem. 2010, 8, 4124-4130.
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the presence of basic natural amino acids [arginine (Arg),
histidine (His)] at physiological pH. Therefore, NO release
from 5 and 7 upon incubation in PBS at pH 7.4 containing
DBU, Arg, or His was investigated (see data in Table 2).

The amounts of NO,  (nmol) produced from 5 (120
nmol) in the presence of DBU, Arg, or His are 98, 96, and
89 nmol, respectively, which are similar to that arising from 5
in PBS at pH 10.0 (94 nmol, in Table 1). Similar comparisons
were observed for compound 7. Furthermore, the amounts of
NO released from 5 (120 nmol) in H,O alone and in H,O
containing DBU (240 nMol) were 36 and 209 nmol, respec-
tively. In this regard, the basic amino acids Arg and His, and
the organic non-nucleophilic base DBU, at physiological
pH appear to function similar to that observed at a non-
physiological alkaline pH of 10 with respect to inducing
a f-elimination process for these O”-((N-methoxy)ethane-
sulfonylamido) diazen-1-ium-1,2-diolates to free the NONO
moiety which then acts as a NO donor to release NO.

In summary, the stability data for the new O*-(ethanesul-
fohydroxamic acid) protected diazeniumdiolates (4, 6) in the
presence of serum at physiological pH, and the capability of
the O°-((N-methoxy)ethanesulfonylamido) diazeniumdio-
lates (5, 7) to release NO in the presence of basic compounds,
particularly basic amino acids, at physiological pH has been
acquired. These data provide insight into their relevant
pharmaceutical properties that are useful for developing
drug design strategies pertaining to NONQOate donors.
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