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1-(7-Azabenzobicyclo[2.2.1]heptane)diazen-1-ium-1,2-diolate (16) was designed with the expectation
that it would act as a dual nitric oxide (NO) and nitroxyl (HNO) donor that is not carcinogenic or geno-
toxic. Compound 16, with a suitable half-life (17.8 min) in PBS at pH 7, released NO (19%) and HNO (22%)
during a 2 h incubation in PBS at pH 7. In addition, compound 16 exhibited a significant in vitro positive
inotropic effect, increased the rates of contraction and relaxation, and increased coronary flow rate, but
did not induce a chronotropic effect. Furthermore, compound 16 (13.7 mg kg�1, po dose) provided a sig-
nificant reduction in the blood pressure of mice up to 3 h post-drug administration. All these data suggest
that compound 16 constitutes an attractive ‘lead-compound’ that could have potential applications to
treat cardiovascular disease(s) such as congestive heart failure.

� 2013 Elsevier Ltd. All rights reserved.
The potent carcinogenicity, toxicity, and potential genotoxicity
of nitrosamines [R1(R2)N–NO; R1(R2) = dialkyl, cycloalkyl] has pre-
sented medicinal chemistry challenges in the design of biologically
active amines. N-Nitrosodialkylamines such as N-nitrosodimethyl-
amine [(CH3)2N–NO] are activated via a sequence of metabolic
transformations that involve (i) cytochrome P450 mediated
a-hydroxylation to give CH3(CH2OH)N–NO that (ii) subsequently
fragments to furnish an active methyldiazonium ion (H3C–N+„N)
prior to (iii) methylation of DNA to produce a DNA adduct.1 One as-
pect of our medicinal chemistry research program has been focused
on the design of hybrid ester prodrugs wherein diazen-1-ium-1,2-
diolated derivatives of amines are conjugated to a cyclooxygen-
ase-1 (COX-1) and/or cyclooxygenase-2 (COX-2) inhibitor. These
prodrugs fragment under physiological conditions to release nitric
oxide (NO), and/or nitroxyl (HNO), and the parent amine from the
N-amino-diazen-1-ium-1,2-diolate moiety, together with the par-
ent COX inhibitor. The decomposition pathway of the N-amino-dia-
zen-1-ium-1,2-diolate moiety is dependent upon the site of
protonation. The site of protonation is influenced by the nature (pri-
mary or secondary) of the N3-amino group, the relative basicity of
the N3-amino and diazen-1-ium-1,2-diolate N2-nitrogen atoms,
the pH of the reaction media and energy (stability) of tautomeric
species.2–4 In this regard, protonation at the amine N3-nitrogen
and then decomposition would ultimately furnish 2 molecules of
NO and the amine (R2NH).5 Subsequent metabolism of R2NH may
result in formation of a toxic nitrosamine (R2N–NO) as illustrated
in Eq. 1:
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On the other hand, protonation of the diazen-1-ium-1,2-diolate
N2-nitrogen and then decomposition would furnish the nitrosa-
mine (R2N–NO) directly along with a HNO species as shown in
Eq. 2 below:5
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Thus, N-aminodiazeniumdiolates derived from secondary
amines undergo protonation at the amine nitrogen to release 2
molecules of NO (Eq. 1) whereas those derived from primary
amines furnish varying ratio’s of NO and HNO (Eq. 2).2–5

The toxicity of N-nitrosodimethylamine [(CH3)2N–NO]
indicated above and N-nitrosopyrrolidine (1), in conjunction with
numerous reports showing that N-nitroso-L-proline (2) is
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non-tumorigenic in animals,6–11 prompted the synthesis of the O2-
acetoxymethyl diazen-1-ium-1,2-diolate derivative of L-proline (3)
that fragments under physiological conditions in the presence of
an esterase to release the natural amino acid L-proline (4) and 2
molecules of NO.12 Coupling 3 to the selective ulcerogenic COX-1
inhibitors aspirin and indomethacin furnished the respective hy-
brid ester NO donor prodrugs 5 and 6 that are transformed to
non-ulcerogenic selective COX-2 inhibitors which retain the anti-
inflammatory activity of the parent drugs aspirin and indometha-
cin (see structures 1–6 in Fig. 1).12

In contrast to the L-proline-diazen-1-ium-1,2-diolate prodrugs
5 and 6, which undergo protonation of the L-proline nitrogen
atom prior to release of NO (Eq. 1), analogs of celecoxib having
a tetrahydropyridyl (7) or piperidyl (9) diazen-1-ium-1,2-diolate
moiety attached to the central five-membered pyrazole ring are
highly unstable unisolable compounds. Compounds 7 and 9 that
undergo protonation at the diazen-1-ium-1,2-diolate N2-position
(Eq. 2) and spontaneously release HNO and the respective N-
nitrosamine product 813 or 1014 as illustrated in Figure 2. Simi-
larly, the unstable and unisolabile (11),15 and the stable and iso-
labile (13),16 N-methylanilino diazen-1-ium-1,2-diolates both
undergo protonation at the N2-diazen-1-ium-1,2-diolate position
and release HNO to furnish the respective nitrosamines 12 and
14 (Eq. 2). Compound 13, having a half-life of 11 min at pH
7.4 and 37 �C, released the nitrosamine 14 (100%) and HNO
(100%).

Compounds containing a five-membered L-proline ring (3, 5, 6)
released NO12 while those having a six-membered tetrahydropyr-
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Figure 2. Structures of diazen-1-ium-1,2-diolate derivatives of unstable tetrahy-
dropyridyl (7), unstable piperidyl (9), and unstable N-methylanilino (11) analogs of
celecoxib, and the stable derivative of N-methyl-4-cyanoaniline (13).
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Figure 1. Structures of the putative mutagen N-nitrosopyrrolidine (1), non-
tumorigenic N-nitroso-L-proline (2), the O2-acetoxymethyl derivative of the
L-proline-diazen-1-ium-1,2-diolate (3), L-proline (4), and the hybrid NO donor
ester prodrugs 5 and 6.
idyl (7),13 piperidyl (9),14 or anilino (1115 and 1316 ring released
HNO. These data indicate that the release of NO or HNO is depen-
dent upon (i) ring size and the electronic effect of the substituent
(pyrazole 4,5-olefinic bond in compound 11 and the 4-cyano sub-
stituent in compound 13) at the para-position of an aniline ring.
Ohwada et al. recently reported1 that embedding the nitrosamine
functionality within a 7-azabenzobicyclo[2.2.1]heptane structure,
such as in compound 15, blocks the mutagenicity of these nitrosa-
mines. This lack of mutagenicity is attributed to the fact that these
nitrosamines are inert to a-hydroxylation which is the first trigger
event of mutagenicity. The larger calculated a-H bond dissociation
energies for these bicyclic nitrosamines by magnitudes up to 20–
30 kcal/mol compared to those for monocyclic nitrosamines and
N-nitrosodimethylamine is a logical explanation for inhibition of
the a-hydroxylation reaction. This important discovery by Ohwada
et al. prompted us to investigate the diazen-1-ium-1,2-diolate
derivative of 7-azabenzobicyclo[2.2.1]heptane (16, see structure
in Fig. 3). It was envisaged that 16 has the potential to act as a dual
NO/HNO donor. This belief is based on some structural similarities
(i) between compounds 16, IPA/NO (17; HNO donor at pH >5 and a
HNO and NO donor in the pH 5–8 range),4 the tetrahydropyridyl
compound 7 and the piperidyl compound 9 that each have either
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Figure 3. Structures of the non-mutagenic nitrosamine 15, diazen-1-ium-1,2-
diolate derivative of 7-azabenzobicyclo[2.2.1)heptane (16) and IPA/NO (17).

Table 1
Percent (%) nitrite ðNO�2 Þ and % HNO released from compound 16, IPA/NO (17) and
Angeli’s salt (AS)

Compound NO�2
a HNO b

2 h 4 h 2 h 48 h

16 19.0 21.5 22.3 ± 0.6 20.2 ± 0.9
IPA/NO (17) 62.0 — 5.4 ± 0.1 5.1 ± 1.3
ASc 21.3 20.8 85.9 ± 1.3 85.7 ± 3.6

a
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one or two amino sp3 a-carbons, and (ii) between 16 which has
two amino sp2 b-carbons in the phenyl ring and the anilino com-
pounds 11 and 13 which each have sp2 a- and b-carbons in the
phenyl ring (see structures 16 and 17 in Fig. 3). We now report
the synthesis, biological half-life, NO and HNO release data, some
in vitro hemodynamic properties, and anti-hypertensive activity
of the target compound 16.

7-Azabenzobicyclo[2.2.1]heptane (18, an alternative chemical
name is 1,2,3,4-tetrahydronaphthalen-1,4-imine), required for
the synthesis of the target compound 16, was prepared using syn-
thetic methodologies previously reported.1 Subsequent reaction of
compound 18 with NO gas (40–50 psi) in diethyl ether containing a
solution of NaOMe in MeOH (25% w/v) at 23 �C for 24 h afforded
the target product sodium 1-(7-azabenzobicyclo[2.2.1]hep-
tane)diazen-1-ium-1,2-diolate (16) in 52% isolated yield (see
Scheme 1). Ether is used as a solvent such that the product 16 pre-
cipitates from solution and is readily isolated by filtration and sub-
sequent washing with dry ether. Compound 16, after drying under
vacuum, is a highly stable product that has currently been stored at
25 �C for a period of 2 months. In contrast, IPA/NO is an unstable
and highly explosive compound. It has been reported that IPA/
NO preparations can be unstable in the solid state, sometimes
decomposing suddenly and without warning or apparent provoca-
tion long after isolating the material as a solid.4

The half-life of 16 was measured using a previously reported
spectrophotometric method17 via monitoring the decrease in the
absorbance of the diazeniumdiolate chromophore at about
259 nm in pH 7.4 phosphate buffer at 37 �C. Spectral changes
occurring with respect to incubation times are shown in Figure S1
in Supplementary data. A linear regression of the ln(At � A1) ver-
sus time plot showed good linearity (R2 = 0.993). The observed
half-life (t1/2) for 16 in pH 7.4 phosphate buffer solution containing
5% DMSO at 37 �C was 17.8 min, which is about 7.7-fold longer
than that of IPA/NO (t1/2 = 2.3 min).18 This longer half-life for 16
for may provide a longer in vivo duration of action.

Nitric oxide (NO) is an effective vasodilation agent, and an
inhibitor of platelet aggregation and adhesion.19 Nitroxyl (HNO),
the reduced form of NO, exhibits unique biological and pharmaco-
logical properties compared to other nitrogen oxides.20 In the car-
diovascular system, HNO exerts a positive inotropic cardiac effect
that is independent from b-adrenergic signaling by directly
enhancing cardiac sarcoplasmic reticulum Ca2+ recycling.20,21

HNO also protects heart tissue against ischemia-reperfusion in-
jury,22 it effectively inhibits human platelet aggregation in a rapid
N
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a

Scheme 1. Reagents and conditions: (a) NO gas (40–50 psi), Et2O, NaOMe in MeOH
(25% w/v), 23 �C, 24 h.
and concentration-dependent manner,23 and it is resistant to
superoxide radical anion.20

The diazen-1-ium-1,2-diolate moiety incorporated into the tar-
get compound 16 is a well established NO donor group. The half-
life, and hence rate of NO release from diazen-1-ium-1,2-diolates
derived from secondary dialkylamines, is generally dependent
upon the nature of the alkyl substituents with smaller alkyl sub-
stituents undergoing faster NO release.24 Therefore, it was of inter-
est to determine the percentage nitrite, derived from the reaction
of NO with oxygen in aqueous solution, that is produced upon
incubation of compound 16 having a distinctive 7-azabenzobicy-
clo[2.2.1]heptanes ring system in phosphate-buffered saline (PBS
at pH 7.4). The indirect quantification of NO as nitrite anion using
the Griess reaction (see data in Table 1) was determined for incu-
bation times of 2 and 4 h. The % nitrite arising from 16 (19.0–
21.5%) was very similar to that of the reference compound Angeli’s
salt (20.8–21.3%) for 2 and 4 h incubations, but much lower than
that from IPA/NO (62% for a 1.5 h incubation).

The percentages of HNO released from compounds 16, IPA/NO
and AS were determined by quantification of HNO-derived amide
21 produced by the selective reaction of phosphine 19 with HNO
(Scheme 2) released from the test compound upon incubation in
PBS at pH 7.4 using a LC–MS assay (see data in Table 1) that was
developed in our research program. A detailed description of this
assay has been reported,25 and a summary of plausible reactions
of NO and HNO resulting in the formation of NO�2 , N2O and/or
HNO during the in vitro incubation of IPA/NO is described.25 This
assay uses a small amount of DMSO to solubilize the phosphine
19 which is superior to a previously reported HPLC method that re-
quires 0.5 M NaOH to solubiize 19.26 Compound 16 showed a much
higher HNO release (22.3%) for a 2 h incubation in PBS at pH 7.4
compared to IPA/NO (5.4%), but much lower than that for Angeli’s
salt (AS, 85.9%). Collectively, these nitrite and HNO release data
show that 16 furnishs a balanced release of NO and HNO under
physiological conditions that could be clinically relevant.

Two theoretical pathways for the fragmentation of 16 are illus-
trated in Figure 4. Thus, the diazen-1-ium-1,2-diolate 16 can pro-
tonate the amine nitrogen and then release 2 molecules of NO to
furnish 18 which could undergo subsequent metabolism (nitrosa-
tion) to give the N-nitrosamine 15. Heterolyic N–NO bond cleav-
age27 of 15 may release NO to reform 18 (Path A). Protonation of
the N2-diazen-1-ium-1,2-diolate nitrogen atom and then release
of HNO and the nitrosamine 15 could proceed by Path B. These
two pathways illustrate plausible mechanisms for the release of
Percentage of nitrite produced (mean value, n = 3), based on a theoretical
maximum release of 2 mol of NO/mol of test compound, was determined using the
Griess reaction. Variation from the mean % value was 60.02%. Incubations were
carried out for 2 and 4 h in 2.4 mL of phosphate buffer solution (PBS, pH 7.4) at
37 �C for compounds 16 and AS, and 1.5 h for IPA/NO (17).

b Percent of HNO released is based on a theoretical maximum release of 1 mol of
HNO/mol of test compound 16, IPA/NO and AS. HNO was selectively trapped by a
phosphine ligand 19 to produce an equivalent amount of a HNO-derived amide 21.
Test compounds were incubated for 2 and 4 h at 37 �C in a buffer solution contains
7.5% DMSO and 92.5% phosphate buffer (50 lM) at pH 7.4. Quantification of the
HNO-derived amide 21 was performed using a LC–MS assay.25

c AS (Sodium a-oxyhyponitrite is a common and readily available dual NO/HNO
donor reference compound).
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both NO and HNO from compound 16. The nitrosamine 15 is
non-genotoxic1 since it does not undergo a-hydroxylation that is
a trigger event ultimately required for the O6-alkylation of 20-deox-
yguanosine in DNA. In comparison, an isopropyl cation derived
from N-isopropyl-N-(1-hydroxyethyl)nitrosamine via an interme-
diary isopropyl diazonium ion preferentially alkylates 20-deoxy-
guanosine. This finding suggests that any isopropyl cation arising
from the decomposition of IPA/NO would similarly induce a geno-
toxic effect.28

The positive inotropic effect induced by HNO is considered to be
a unique biological and pharmacological action that differs from
that of NO. It was therefore of interest to carry out the title studies
for compound 16 which is an effective HNO donor. To determine
whether compound 16 possessed positive inotropic properties,
hearts from C57BL/6 mice were perfused for 20 min (Table 2). All
hearts had normal baseline contractile function, measured either
as left ventricular developing pressure (LVDP; inotropic effect),
diastolic and systolic contraction, heart rate (HR) and coronary
flow rate. Hearts perfused with compound 16 (10 lM) demon-
strated a significant increase in LVDP (24%, positive inotropic ef-
fect), contraction rate (dP/dtmax; 30%), and coronary flow rate
(53%) when compared to baseline levels. In comparison, a modest
increase (9%) in the rate of relaxation (dP/dtmin) and a significant
decrease (22%) in HR was observed (see data in Table 2). These data
demonstrate compound 16 exhibits significant inotropic effects
impacting cardiac function.
Table 2
Cardiac hemodynamic parameters in isolated perfused hearts

Compound Baseline

LVDP (cmH2O) 169 ± 2
Rate of contraction, dP/dtmax (cm H2O/ms) 4178 ± 141
Rate of relaxation, dP/dtmin (cm H2O/ms) �3318 ± 161
Heart rate, perfused (beats/min) 342 ± 11
Coronary flow rate (mL/min) 2.62 ± 0.1

a Values are mean ± SEM.
* p <0.05 versus baseline, n = 4 for all groups.
Systolic blood pressure (BPsys, mm Hg), diastolic blood pressure
(BPdia, mm Hg), and heart rate (HR, beats min�1) were measured at
1, 3 and 6 h time intervals following oral administration of either
the vehicle alone (control group, n = 6), or the NO/HNO donor com-
pound 16 (60.345 lmol kg�1, or 13.7 mg kg�1, po; n = 6) to C57
black mice. A minimum of three consecutive measurements were
made for each mouse at each time interval and the mean value is
the average of these three measurements. The data obtained for
BPsys, BPdias, BPmean (average of BPsys and BPdia) and HR are illus-
trated in Figure 5, Panels a–d (Table S1 listing numerical
data ± standard deviation is provided as Supplementary data).

The diazen-1-ium-1,2-diolate compound 16 showed a signifi-
cant reduction (⁄p <0.05) in BPsys (mm Hg) at 1 (105.5) and 3
(106.5), but not at 6 (128.9), hours post-drug administration rela-
tive to the control group (1 h, 126.5; 3 h, 118.3; 6 h, 126.2; see data
in Fig. 5a). A significant reductions in BPdia was observed at 1 h
(70.6), but not at 3 h and 6 h, post-drug administration (see data
in Fig. 5b).The BPmean profile (Fig. 5c) shows that there was a signif-
icant reduction in BPmean at 1 and 3 h, but not at 6 h (1 h, 82.3; 3 h,
85.8; 6 h, 101.1) relative to control values (1 h, 106.0; 3 h, 97.5; 6 h,
105.7). These BP data indicate that 16 has a relatively short anti-
hypertensive duration of action of about 3 h. The HR of mice was
determined and the data are shown in Figure 5d (complete data
is provided in Table S1 as Supplementary data). The HR at 1 h
(605) and 3 h (554) and 6 h (466) was higher than that for control
mice (449, 448 and 439 beats min�1 at 1, 3 and 6 h post-drug
Compound 16 a (10 lM) Compound 16 a (100 lM)

209 ± 8* 213 ± 3*

5411 ± 292* 5547 ± 217*

�3629 ± 138 �3945 ± 128
268 ± 17* 307 ± 15*

4.03 ± 0.2* 3.92 ± 0.1*



Figure 5. Systolic blood pressure (BPsys), diastolic blood pressure (BPdia), mean blood pressure (BPmean), and heart rate (HR) in conscious mice following oral administration of
either vehicle alone (control group, mean ± SD, n = 6), or NO/HNO donor compound 16 (60.345 mol kg�1 po or 13.7 mg kg�1 po; mean ± SD, n = 6). Data are presented as group
mean ± SD. Statistical differences between groups are denoted as ⁄p <0.05 and ns = no significant difference (p >0.05).
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administration, respectively). It is plausible that this in vivo in-
crease in HR is attributed to a neuronal input that increases HR
in order to compensate for the reduction in blood pressure. In com-
parison, a 22% reduction in HR rate was observed in the in vitro
(ex vivo) perfused heart study described previously where a neuro-
nal input is not operative.

In conclusion, the hither-to-unknown 1-(7-azabenzobicy-
clo[2.2.1]heptane)diazen-1-ium-1,2-diolate (16) described in this
study29 possesses the following distinctive chemical and/or biolog-
ical advantages compared to IPA/NO: (i) compound 16, unlike the
unstable and highly-explosive parent IPA/NO,2,4 is a stable readily
isolated compound, (ii) compound 16 has a longer improved
half-life (17.8 min) under physiological conditions relative to IPA/
NO which has a very short half-life (2.3 min),18 (iii) in contrast to
diazen-1-ium-1,2-diolate derivatives of secondary amines which
release NO after protonation of the amine nitrogen atom, com-
pound 16 also undergoes protonation at the N2diazen-1-ium-1,2-
diolate nitrogen atom to also release HNO that was quantified by
selective formation of the HNO-derived amide 17 using an efficient
LC–MS assay, (iv) the nitrosamine compound 15, which is a
potential metabolite of 16, is expected to be non-carcinogenic
and non-genogenic,1 (v) compound 16 showed a significant
in vitro inotropic effect, increasing the force of contraction and
coronary flow rate, and (vi) compound 16 exhibited an anti-hyper-
tensive effect since BPmean was lowered significantly up to 3 h
post-drug administration. These results reveal that compound 16
is a novel chemically stable compound with excellent dual NO/
HNO release properties at physiological pH. Accordingly, com-
pound 16 is a novel type of lead-compound with relevant pharma-
ceutical properties for the design of dual NO/HNO donors with
potential applications to treat cardiovascular disease(s) including
congestive heart failure.

Acknowledgment

We are grateful to the Canadian Institutes of Health Research
(Grant No. MOP-14712 to E.E.K and MOP-115037 to J.M.S.) for
financial support of this research.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmcl.2013.02.040.

References and notes

1. Ohwada, T.; Ishikawa, S.; Mine, Y.; Inami, K.; Yanagimoto, T.; Karaki, F.;
Kabasawa, Y.; Otani, Y.; Mochizuki, M. Bioorg. Med. Chem. 2011, 19, 2726. and
references cited therein.

2. Dutton, A. S.; Suhrada, C. P.; Miranda, K. M.; Wink, D. A.; Fukuto, J. M.; Houk, K.
N. Inorg. Chem. 2006, 45, 2448.

3. Miranda, K. M.; Katori, T.; Torres de Holding, C. L.; Thomas, L.; Ridnour, L. A.;
McLendon, W. J.; Cologna, S. M.; Dutton, A. S.; Champion, H. C.; Mancardi, D.;
Tocchetti, C. G.; Saavedra, J. E.; Keefer, L. K.; Houk, K. N.; Fukuto, J. M.; Kass, D.
A.; Paolocci, N.; Wink, D. A. J. Med. Chem. 2005, 48, 8220.

4. Salmon, D. J.; Torres de Holding, C. L.; Thomas, L.; Peterson, K. V.; Goodman, G.
P.; Saavedra, J. E.; Srinivasan, A.; Davies, K. M.; Keefer, L. K.; Miranda, K. M.
Inorg. Chem. 2011, 50, 3262.

5. Andrei, D.; Salmon, D. J.; Donzelli, S.; Wahab, A.; Klose, J. R.; Citro, M. L.;
Saavllllledra, J. E.; Wink, D. A.; Miranda, K. M.; Keefer, L. K. J. Am. Chem. Soc.
2010, 132, 16526.

6. Greenblatt, M.; Lijinsky, W. J. Natl. Cancer Inst. 1972, 48, 1389.
7. Nagasawa, H. T.; Fraser, P. S.; Yuzon, D. L. J. Med. Chem. 1973, 16, 583.
8. Garcia, H.; Lijinsky, W. Z. Krebsforsch 1973, 79, 141.

http://dx.doi.org/10.1016/j.bmcl.2013.02.040


2774 A. Bhardwaj et al. / Bioorg. Med. Chem. Lett. 23 (2013) 2769–2774
9. Nixon, J. E.; Wales, J. H.; Scanlan, R. A.; Bills, D. D.; Sinnhuber, R. O. Food Cosmet.
Toxicol. 1976, 14, 133.

10. Mirvish, S. S.; Bulay, O.; Runge, R. G.; Patil, K. J. Natl. Cancer Inst. 1980, 64, 1435.
11. Hecht, S. S.; Abbaspour, A.; Hoffman, D. A. Cancer Lett. 1988, 42, 141.
12. Velázquez, C. A.; Chen, Q.-H.; Citro, M. L.; Keefer, L. K.; Knaus, E. E. J. Med. Chem.

2008, 51, 1954.
13. Chowdhury, M. A.; Abdellatif, K. R.; Dong, Y.; Knaus, E. E. Bioorg. Med. Chem.

2008, 16, 8882.
14. Chowdhury, M. A.; Abdellatif, K. R.; Dong, Y.; Yu, G.; Huang, Z.; Rahman, M.;

Das, D.; Velázquez, C. A.; Suresh, M. R.; Knaus, E. E. Bioorg. Med. Chem. Lett.
2010, 20, 1324.

15. Abdellatif, K. R.; Chowdhury, M. A.; Knaus, E. E. J. Heterocycl. Chem. 2008, 45,
1707.

16. Toscano, J. P. III; Pavlos, C. M.; Roppana, P. K. WO 2005/075598, A2
International Patent, issued august 18, 2005.

17. Shami, P. J.; Saavedra, J. E.; Wang, L. Y.; Bonifant, C. L.; Diwan, B. A.; Singh, S. V.;
Gu, Y.; Fox, S. D.; Buzard, G. S.; Citro, M. L.; Waterhouse, D. J.; Davies, K. M.; Ji,
X.; Keefer, L. K. Mol. Cancer Ther. 2003, 2, 409.

18. Maragos, C. M.; Morley, D.; Wink, D. A.; Dunams, T. M.; Saavedra, J. E.;
Hoffman, A.; Bove, A. A.; Isaac, L.; Hrabie, J. A.; Keefer, L. K. J. Med. Chem. 1991,
34, 3242.

19. Butler, A. R.; Williams, D. L. H. Chem. Soc. Rev. 1993, 22, 233.
20. Irvine, J. D.; Ritchie, D. H.; Favalora, J. L.; Andrews, K. L.; Widdip, R. E.; Kemp-

Harper, B. K. Trends Pharmacol. Sci. 2008, 29, 601.
21. (a) Paolocci, N.; Saavedra, J. E.; Miranda, K. M.; Martignani, C.; Isoda, T.; Hare, J.

M.; Espey, M. G.; Fukuto, J. M.; Feelisch, M.; Wink, D. A.; Kass, D. A. Proc. Natl.
Acad. Sci. U.S.A. 2001, 98, 10463; (b) Paolocci, N.; Katori, T.; Champion, H. C.; St.
John, M. E.; Miranda, K. M.; Fukuto, J. M.; Wink, D. A.; Kass, D. A. Proc. Natl.
Acad. Sci. U.S.A. 2003, 100, 5537.

22. Pagliaro, P.; Mancardi, D.; Rastaldo, R.; Penna, C.; Gattullo, D.; Miranda, K. M.;
Feelisch, M.; Wink, D. A.; Kass, D. A.; Paolocci, N. Free Radical Biol. Med. 2003,
34, 33.

23. (a) Bermejo, E.; Sáenz, D. A.; Alberto, F.; Rosenstein1, R. E.; Sara, S. E.; Bari, E.;
Lazzari, M. A. Thromb. Haemost. 2005, 94, 578; (b) Hoffman, M. D.; Walsh, G. M.;
Rogalski, J. C.; Kast, N. J. Mol. Cell. Proteomics 2009, 8, 887.

24. Hrabie, J. A.; Keefer, L. K. Chem. Rev. 2002, 102, 1135. and references cited
therein.

25. Huang, Z.; Kaur, J.; Bhardwaj, A.; Alsaleh, N.; Reisz, J. A.; DuMond, J. F.; King, S.
B.; Seubert, J. M.; Zhang, Y.; Knaus, E. E. J. Med. Chem. 2012, 55, 10262.

26. Reisz, J. A.; Zink, C. N.; King, S. B. J. Am. Chem. Soc. 2011, 133, 11675.
27. Ohwada, T.; Mura, M.; Tanaka, H.; Sakamoto, S.; Yamaguchi, K.; Ikeda, H.;

Inagaki, S. J. Am. Chem. Soc. 2001, 123, 10164.
28. Blans, P.; Fishbein, J. C. Chem. Res. Toxicol. 2004, 17, 1531.
29. General: Melting points were measured in capillaries using a Thomas–Hoover

capillary apparatus and are uncorrected. 1H and 13C NMR spectra were
measured on a Bruker AVANCE III 600 NMR spectrometer using D2O as solvent.
Infrared (IR) spectra were recorded as films on NaCl plates using a Nicolet 550
series II Magna FTIR spectrometer. The reaction of 18 with NO to prepare 16
was carried out using a Parr 5100 Low Pressure Reactor. The purity of
compounds was assessed on the basis of elemental analysis and these
microanalyses were performed for C, H, and N by the Microanalytical
Service Laboratory, Department of Chemistry, University of Alberta.
7-Azabenzobicyclo[2.2.1]heptane (18) was prepared according to the
reported method.1 Nitric oxide gas was purchased from Praxair (Edmonton,
Canada). All other reagents, purchased from the Aldrich Chemical Co.
(Milwaukee, WI), were used without further purification. IPA/NO (17) and
the phosphorous compounds 19–21 were prepared using the methods
previously reported.25 Animal experiments used male and female mice aged
3–5 months that were 22–33 g in weight. Mice were treated in accordance
with guidelines and protocols approved by Health Science Laboratory Animal
Services (HSLAS), University of Alberta. C57BL/6 mice were purchased from
Charles River Laboratories (Pointe Claire, PQ).
Sodium 1-(7-azabenzobicyclo[2.2.1]heptane)diazen-1-ium-1,2-diolate (16): A
solution of 7-azabenzobicyclo[2.2.1]heptane (18, 900 mg, 6.19 mmol) in dry
diethyl ether (50 mL) was mixed with a solution of 25% NaOMe in MeOH
(0.42 mL, 7.42 mmol). The resulting solution was flushed with argon, charged
with 40–50 psi of NO, and stirred at 23 �C. After 24 h, the pressure was
released, the product that had precipitated was collected by filtration, the
precipitate was washed with ether (2 � 10 mL), and the solid was dried under
vacuum to give the target product 16 (731 mg, 51.9%) as a stable non-explosive
grey-white powder; mp 275–277 �C; IR (film) 2960, 1232, 1095 cm�1; UV–vis,
5% DMSO in PBS pH 7.4, kmax = 259 nm (e = 2213 M�1 cm�1, 1H NMR (600 MHz,
D2O): d 1.30–1.33 (2H, m, CHH0 + CHH0), 2.13–2.18 (2H, m, CHH0 + CHH0), 5.15–
5.20 (2H, m, NCH + NCH0), 7.18–7.33 (4H, m, ArHs); 13C NMR (150 MHz, D2O):
23.55 (2 � CH2), 66.42 (2 � NCH), 121.43 (ArCH), 128.35 (ArCH), 142.07 (ArC).
Anal. Calcd for C10H10N3NaO2: C, 52.87; H, 4.44; N, 18.50. Found: C, 51.67; H,
4.10; N, 16.75.
Measurement of compound 16 half-life: The half-life of compound 16 was
measured spectrophotometrically by monitoring the decrease in absorbance of
the diazeniumdiolate chromophore at about 259 nm wavelength using a
micro-volume UV–vis spectrophotometer (Thermo Scientific NanoDrop 2000).
A solution of 16 in DMSO solution (150 lL of 6 mM) was added to the buffer
solution (2.85 mL of pH 7.4 50 mM PBS) in a cuvette. The final concentration of
16 was 300 lM. The mixture was stirred for incubation times from 0 to 24 h at
37 �C. Wavelength scannings within the 200–400 nm range were recorded
with respect to incubation time. The absorbance at each wavelength was
recorded and overlapped absorbances were stacked to form a graphic (see
Fig. S1 in Supplementary data) illustrating the spectral changes accompanying
the decomposition (fragmentation) of compound 16 with respect to incubation
time. The maximum absorbance at each time point at 259 nm was recorded to
calculate the half-life. Absorbance � time (A � t) data was obtained and first-
order rate constants were calculated from a linear regression of the ln(At � A1)
plots, which generally showed good linearity (R2, 0.993). The t1/2 value was
calculated using the following equations: ln[A]t = �kt + ln[A]0 and t1/2 = ln(2)/k.
Nitric oxide release assay: In vitro nitric oxide release was estimated by
quantification of nitrite produced by the reaction of nitric oxide with oxygen
and water using the Griess reaction upon incubation of the test compound
(2.4 mL of 5.0 � 10�2 mM) in phosphate buffer solution (PBS) at pH 7.4 at 37 �C
for 2/4 h time intervals. The amount of nitric oxide released at each time
interval was determined for test compounds 16, IPA/NO (17) and AS using the
reported procedure.30

LC–MS quantification of phosphine-mediated HNO trapping: A solution of
phosphine 19 in DMSO (25 lL), the test compound (16, IPA/NO or AS) in
DMSO (25 lL) and internal standard compound 4-hydroxybenzophenone in
DMSO (25 lL) were added to a PBS solution pH 7.4 (925 lL), providing final
concentrations of 19 (1 mM), test compound (200 lM), and 4-
hydroxybenzophenone (5.05 lM). The incubation mixture was stirred at
37 �C in a sealed vial for 2 h or 48 h. Hydrogen peroxide solution (30% w/v,
5 lL) was added into the incubation mixture to quench the reaction of 19 and
HNO. An aliquot (500 lL) was removed and the solution was evaporated to
dryness under vacuum (using a Thermo Scientific Savant DNA 120 SpeedVac
Concentrator) at about 60 �C. Methanol (500 lL) was added to dissolve the
residue. After centrifugation, an aliquot of the clear methanol solution (250 lL)
was analyzed by LC–MS (Water’s Micromass ZQTM 4000 LC–MS, operating in
the ESI negative mode, equipped with a Water’s 2795 Separation Module).
Separations were performed in triplicate using a Kromasil 100-5-C18 (100 lM
pore size, 5 lM particle size) reverse phase column (2.1 mm
diameter � 50 mm length), preceded by a Kromasil 100-5-C18 2.1� guard
column. Separations were effected using a gradient going from MeCN:1%
aqueous formic acid (40:60, v/v) to MeCN:1% aqueous formic acid (60:40, v/v)
over a 12 min period at a flow rate of 0.25 mL/min. Operating parameters were
as follows: Capillary voltage = 3.5 kV; Cone voltage = 20 V; Source
temperature = 140 �C; Desolvation temperature = 250 �C; Cone nitrogen gas
flow = 100 L/h; Desolvation nitrogen gas flow = 550 L/h. The identities of
products 20 (retention time of 6.62 min), 21 (retention time of 3.63 min) and
the internal standard 4-hydroxybenzophenone (retention time of 10.89 min)
were confirmed by MS (LC–MS chromatograms are provided as Supplementary
data). The amount of compound 21 produced upon incubation of the test
compound was determined from a standard curve (that was linear over a
concentration range of 0.2–10 lg/mL, R2 >0.997) prepared using an authentic
sample of compound 21. The LC–MS HNO release data presented in Table 1 is
the mean of triplicate experiments. A control experiment involving incubation
of compound 19 and 4-hydroxybenzophenone under identical conditions, but
not containing a test compound, and subsequent LC–MS analysis showed the
absence of 21.
Determination of cardiac hemodynamic properties for compound 16: C57BL/6
mouse hearts were perfused in the Langendorff mode as described
previously.31–33 Briefly, hearts were perfused in a retrograde fashion at
constant pressure (90 cm H2O) with continuously aerated (95% O2/5% CO2)
Krebs-Henseleit buffer at 37 �C. Hearts were first stabilized for 20 min with
buffer and then perfused with compound 16 (10 or 100 lM) for 20 min. Heart
rate (HR), diastolic and systolic rates, left ventricular developing pressure
(LVDP) and coronary flow rate were measured.
In vivo blood pressure measurement: Non-invasive blood pressure and heart rate
measurements were performed according to a protocol approved by the Health
Sciences Animal Welfare Committee at the University of Alberta (Edmonton,
Canada). Following oral administration of test compound 16
(60.345 lmol kg�1, or 13.7 mg kg�1, po dose) dissolved in water containing
1% methyl cellulose, changes in BPsys, BPdia, BPmean and HR in C57 black mice
were measured in a conscious state at 1, 3 and 6 h time intervals using our
previously reported method.34

30. Cocco, M. T.; Congiu, C.; Onnis, V.; Morelli, M.; Cauli, O. Eur. J. Med. Chem. 2003,
38, 513.

31. Batchu, S. N.; Law, E.; Brocks, D. R.; Falck, J. R.; Seubert, J. M. J. Mol. Cell. Cardiol.
2009, 46, 67.

32. Chaudhary, K. R.; Batchu, S. N.; Das, D.; Suresh, M. R.; Falck, J. R.; Graves, J. P.;
Zeldin, D. C.; Seubert, J. M. Cardiovasc. Res. 2009, 83, 362.

33. Seubert, J. M.; Sinal, C. J.; Graves, J.; DeGraff, L. M.; Bradbury, J. A.; Lee, C. R.;
Goralski, K.; Carey, M. A.; Luria, A.; Newman, J. W.; Hammock, B. D.; Falck, J. R.;
Roberts, H.; Rockman, H. A.; Murphy, E.; Zeldin, D. C. Circ. Res. 2006, 99, 442.

34. Bhardwaj, A.; Batchu, S. N.; Kaur, J.; Huang, Z.; Seubert, J. M.; Knaus, E. E.
ChemMedChem 2012, 7, 1365.


	A diazen-1-ium-1,2-diolate analog of 7-azabenzobicyclo[2.2.1] heptane: Synthesis, nitric oxide and nitroxyl release, in vitro  hemodynamic, and anti-hypertensive studies
	Acknowledgment
	Supplementary data
	References and notes


