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Generation of nitric oxide (NO) from aromatic N-nitrosoureas 1—3 at ambient temperature without photo
irradiation was confirmed by the trapping of NO as a nitrosyl complex of 5,10,15,20-tetraphenylporphyrinatocobalt
(1) and spectrophotometrically quantified by means of the Griess reaction using a newly designed test apparatus in
which NO; is generated from NO. 3,3-Dibenzyl-1-(4-tolyl)-1-nitrosourea (1a) showed the greatest NO-generation
ability among compounds 1—3 and N-acetyl-S-nitroso-DL-penicillamine (SNAP) in chloroform. A comparison of 1a
and usnal NO donors (NOC-18, NOR-4, SIN-1, SNAP, and SNP) in Krebs buffer was also made using the same

test apparatus.
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While the photolytic decomposition of N-nitrosoacet-
amide? or the thermal cleavage of the N-NO bond of
N-nitrosodiphenylamine at high temperature®* has been
reported, little is known about the decomposition of
aromatic N-nitrosoureas to generate nitric oxide (NO) at
ambient temperature without photo irradiation. We have
recently reported that the decomposition of 3,3-dialkyl-1-
aryl-1-nitrosourea (1) and 3-alkyl-1-aryl-1-nitrosourea (2)
(Fig. 1) produced 3,3-dialkyl- and 3-monoalkyl-1-(2-
nitroaryl)ureas,*> respectively, in CHCl; at 33°C as
N-NO bond-cleaved products. This reaction occurred
even in the dark. The formation of the nitro compounds
suggested NO generation in the reaction. Here we present
evidence for NO generation from the N-nitroso com-
pounds 1—3 at ambient temperature. Further, their
NO-generating ability was confirmed using a convenient
apparatus for NO determination.

Results and Discussion
We recently reported that an NO; complex of Fe
(salen)® was produced by the reaction of 3,3-dibenzyl-

i

nitric oxide; nitrosourea; nitric oxide donor; Griess method; N-acetyl-S-nitroso-DL-penicillamine; tetra-

N,N'-ethylenebis(salicylideneiminato)iron(IIT) ((Fe"!-
(salen)),0), in CHCI; at room temperature. The Fel-
(NOj)(salen) complex was identical with an authentic
sample prepared from (Fe™(salen)),O and gaseous NO
under aerobic conditions, and thus NO was assumed to
be formed in the decomposition of la. However, the
possibility of the formation of the Fe™(NO;)(salen)
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1-(4-tolyl)-1-nitrosourea (1a) with the p-oxo dimer of Fig. 1. Structures of N-Nitrosoureas
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Chart 1.
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or Co'(TPP)

Possible Pathways for Production of NO- or NO;—Complex by the Reaction of Aromatic N-Nitrosourea with Metal Complex in CHCl,4
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complex by the direct reaction of 1a with (Fe"(salen)),O
via path a in Chart 1 could not be ruled out. Consequently,
we tried to confirm the NO generation by removing and
trapping with a metal porphyrin the NO gas from the
reaction solution after the decomposition of the N-nitroso
compound via path b.

Confirmation of NO Liberation from N-Aryl-N-nitroso
Compounds A stable nitrosyl complex has been pro-
duced by the reaction of NO with a metal porphyrin.5:?
Therefore, we tried to trap NO generated from various
N-nitrosoureas (la—d, 2a) shown in Fig. 1 and N-acetyl-
S-nitroso-DL-penicillamine (SNAP)®® using 5,10,15,20-
tetraphenylporphyrinatocobalt(Il) (Co"™(TPP)). Each of
the nitrosoureas or SNAP was dissolved in CCl, or
CHCI; and the solution was allowed to stand at 33°C.
The NO gas thus produced by thermal self-decomposition
was led to a CHCI, solution of Co"(TPP) bubbled through
with argon for 5h. The nitrosyl porphyrinatocobalt(Il)
(Co"(NO)(TPP)) resulting from the decomposition of
compounds 1a, b was separated from the starting material
Co'(TPP) by taking advantage of the difference in their
solubility in CHCI,. Further purification was done by
column chromatography on silica gel with CHCI;. The IR
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Fig. 2a. IR Spectra of Co™(TPP) (Broken Line) and Co™(NO) (TPP)
(Solid Line) in CHCl,
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spectrum of the Co™(NO)(TPP) complex in CHCI, showed
a strong characteristic absorption at around 1685¢cm™!
due to NO coordinated with the central metal (Fig. 2a).>”
As shown in Table 1, the absorption intensity of the
coordinated NO in the IR spectra of nitrosyl complexes
obtained from 1c¢,d,2a and SNAP was weak compared
with those obtained from 1a,b. Thus, the NO generated
from the compounds 1c,d,2a and SNAP was insuffi-
cient to produce the nitrosyl complex; therefore, the pu-
rification of the complex from the impure nitrosyl com-
plex containing a relatively large amount of unreacted
Co''(TPP) was difficult.

The formation of Co"(NO)(TPP) was also characterized
by the visible spectrum. The absorption maxima of the
nitrosyl complex were at 414 and 538nm in CHCl,
(Fig. 2b), in accordance with the spectral data of an
authentic sample.”

Detection Method of NO Generation Several NO de-
tection systems have already been reported, for example:
the chemiluminescence method using ozone® or lumi-
nol/H,0,,'” the colorimetric assay,'" the electrode
method,'? the ESR method,®>'¥ the oxyhemoglobin

Table 1. NO-Generating Ability? of Aromatic N-Nitrosoureas and
SNAP, and Absorption Intensity of Co"(NO) (TPP) Complex?

Y-CcH,—N(NO)-X NO-Generating Absorptlon

bility mm mtensny_at

Compd. Y X abrity 1685cm ™!
la  4Me CON(CH,Ph), 4.79 (8.6) s
1b  2Me CON(CH,Ph), 2.12(39) s
le  4-Me CON(ED), 0.35 (0.6) w
1d  2-Me CON(ED), 0.22 (0.4)° W
le  4Cl CON(EY), 0.24 (0.4) —
If 4-Ac  CON(EL), 1.08 (2.0) —
2a  4Me CONHCH,Ph 1.06 (1.9) w
2b  4-Me CONHMe 1.07 (1.9) —
3 4-Me CONH, 0.90 (1.6) —
SNAP 0.55 (1.0) w

a) Measured in CHCI; at 37°C for 2h. Concentration of each N-nitrosourea
was 1-10 x 1073 M. Detection as NO; using the Griess method. The values are
amounts of NO; generated via NO from 100 mm of the compound and those in
parenthesis are the ratio to SNAP. b) The IR absorption intensity in CHCl, is
indicated as follows: s, strong absorption of isolated Co"(NO) (TPP); w, weak
band of the mixture of Co"(TPP) and Co"(NO) (TPP). c) Data for 4h.
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Fig. 2b. Visible Spectra of Co"(TPP) (Broken Line) and Co"(NO) (TPP) (Solid Line) in CHCl, (Concentration: 1.0 x 105 M)
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oxidation method,'® and the GC-MS detection assay.'™
The NO detection in our experiment was performed by
means of the Griess method using the test apparatus
shown in Fig. 3. The advantages of this method are that
it is simple and convenient for the treatment of many
samples and that it can handle both aqueous and organic
media. The apparatus is composed of two vessels sep-
arated by a polyvinylidene fluoride film,'® which has the
physical property of passing only gaseous molecules. A
test solution was placed in vessel a and kept at a constant
temperature. The evolved NO was detected in vessel b by
the Griess reagent (sulfanilic acid and N-(1-naphthyl)-
ethylenediamine). In this system, the NO generated in
vessel a was oxidized to NO, by atmospheric oxygen
and passed into vessel b through the film. It was then
converted to NO; in an aqueous solution of the Griess
reagent.'” Finally, NO; was converted to an azo com-
pound which showed absorption at 546 nm. The observed
values represent the amount of NO, generated via the
NO evolved from the compounds, evaluated by com-
parison with a standard curve for known amounts of
NaNO,.

Determination of the NO-Generating Ability The
NO-generating ability of 3,3-dialkyl-1-aryl-1-nitrosoureas
(1a—f), 3-monoalkyl-1-aryl-1-nitrosoureas (2a,b), or
1-aryl-1-nitrosourea (3) was evaluated using this system.
A CHCI; solution of one of the N-nitrosoureas 1—3 or
SNAP was kept in vessel a at 37 °C for 2 h, and the amount
of NOj in vessel b was determined by using visible
spectroscopy. The results are shown in Table 1. The
aromatic N-nitrosoureas, except for le—e, were excellent
NO donors compared with SNAP,® which is known to
generate NO. The conjugation between the phenyl ring
and ureido-N! in the aromatic N-nitrosourea should be
the principal requirement for the radical cleavage of the
N-NO bond. Under the same conditions, NO generation
from aliphatic N-nitrosoureas could not be observed
because there was no such conjugation.®

In these aromatic N-nitrosoureas, the NO-generating
ability was influenced by the steric effect in addition to
the conjugation. Compound 1a having dibenzyl groups at
ureido-N3 showed the greatest ability among the tested
3,3-dialkyl derivatives (1a—f). Disruption of the N-NO
bond of 1a with its bulky dibenzyl groups is likely to be
accelerated by steric hindrance. The NO-generating ability
of the N3-dialkyl-substituted N-nitrosoureas (la—d)

10 mm
vessel b —» l
Griess reagent
O-ring
KF film
vessel a

reaction mixture

Fig. 3. Apparatus Used for the Evaluation of NO-Generating Ability
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appreciably changed with the size of the ureido-N3
substituents; compound 1a,b (R!=R2=benzyl) showed
greater ability than compounds 1¢,d (R' =R?=ethyl).

The conjugation of the C!'-N' bond of ortho-tolyl
derivatives 1b,d may be less effective compared with that
of para-tolyl derivatives la,c because of twisting of the
C!-N! bond owing to the hindrance of the neighboring
nitroso group by the ortho-methyl group. The NO-gen-
erating ability of 1a and 1c is actually larger than that of
1b and 1d, respectively.

In the case of the N3-monoalkyl compounds 2 (R!=H,
R2=benzyl or methyl) and N3-dihydrogen compound 3
(R!=R?=H), the NO-generating ability was high, despite
the reduced steric hindrance compared with that of 1c,d,
as shown in Table 1. The variation of the N3-alkyl size
from benzyl to methyl in compounds 2a,b did not cause
a remarkable change, and a similar relationship seems to
hold for compounds 2 and 3. One reason for the relatively
high NO generation of compounds 2a,b compared with
1c,d is thought to be that when the steric hindrance of
the N3-alkyl group and the nitroso group is small, the
stability of N-NO bond decreases in the order of the
ureido-N! nitrogen basicity owing to the substituent ef-
fect of the N3 nitrogen: N3-dialkyl (1)> N3-monoalkyl-
monohydrogen (2)> N3-dihydrogen (3). The presence of
an electron-attracting group at the para position of the
phenyl ring is also effective for NO generation. Com-
pound 1f having an acetyl group showed increased NO-
generating ability owing to the decreased basicity of
the N'* nitrogen.

Consequently, N-NO bond radical cleavage appears
to be controlled by the resonance effect of the substituents
on the aromatic ring. The steric hindrance due to the
ureido-N? disubstituents in the N-nitrosoureas 1 should
promote the N-NO bond radical cleavage controlled by
the conjugation of the benzene ring 7 electrons.

A Comparison of NO-Generating Ability among Several
NO Donors A comparison of the NO-generating ability
of 1a and the usual NO donors3>-1% (NOC-18, NOR-4,
SIN-1, SNP, and SNAP) was performed in a Krebs buffer
at 37°C for 2 h using the same apparatus. Compound 1a,
NOR-4, and SNAP were reacted in the buffer containing
10% dimethyl sulfoxide (DMSO). These results are
summarized in Table 2. The aromatic N-nitrosourea 1a is
a good candidate for an NO donor: however, some
modification of 1a to improve its solubility in water would

Table 2. NO-Generating Ability? of Aromatic N-Nitrosourea (1a)
and Usual NO Donors

NO donor!? NO-Generating ability (mm)
1a? 0.45
NOC-18 0.95
NOR-4? 0.11%
SIN-1 0.38
SNP 0.04
SNP® 0.71
SNAP? 0.50

a) Each compound (1.6 x 1073 M) was reacted in Krebs buffer at 37°C for 2h
and NO was detected as NO; using the Griess method. The values are amounts
of NO; generated from 100mM. b) Reaction in the mixture of DMSO-Krebs
buffer (1:9). ¢) Reaction in H,0 (pH 6.4). d) Data for 3h.
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be desirable.

The use of our test apparatus for investigating NO
generation ability allows us to distinguish NO and O;.
Compound 1a and SNAP show similar NO-generating
ability in Krebs buffer and the NO-generating ability of
sodium pentacyanonitrosylferrate dihydrate (SNP) varies
remarkably with the pH value. The ability shown in Table
2 is lower than the reported NO-generating ability®” of
these donors obtained by the ESR method using 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-
oxide (carboxy-PTIO) as an NO trapping agent. This is
because the NO, (NO, NO,, NOj, etc.) produced from
the NO donors may remain in the buffer solution or the
space between vessels ¢ and b. However, this novel method
using a simple apparatus is advantageous for the separa-
tion and detection of NO (or NO,) gas from the reaction
mixture.

Experimental

Infrared (IR) spectra were recorded on a JASCO A-102 spectrometer.
Electronic spectra (UV) were recorded on a Hewlett Packard 8452A
spectrophotometer.

Materials Aromatic N-nitrosoureas (1—3) were prepared according
to the methods described in our previous papers.** 3,3-Diethyl-1-(4-
acetylphenyl)-1-nitrosourea (1f) was similarly prepared. Pale yellow
needles, mp 61.5—62.5°C (dec.) (from ether-hexane). IR (CHCl;)cm ™%
1700 (C=0), 1598 (ring). Anal. Caled for C,3H,,N;0;: C, 59.30; H,
6.51; N, 15.96. Found: C, 59.45; H, 6.56; N, 16.14.

SNP and Co'(TPP) were purchased from Wako Pure Chemical Co.,
Ltd. (Osaka). (E)-N-4-Ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenyl
nicotinamide (NOR-4), I-hydroxy-2-oxo-3,3-bis(3-aminoethyl)-1-tria-
zene (NOC-18), and 3-morpholinosydononimine hydrochloride (SIN-1)
were purchased from Dojindo Co., Ltd. (Kumamoto). SNAP was
purchased from Alexis Co., Ltd. (California). Nitric oxide (contaiming
90% nitrogen) was purchased from Nihon Sanso Chemical Co., Ltd.
(Tokyo).

Trapping of NO Generated from the N-Nitrosoureas by Co"(TPP)
NO generation from the N-nitroso compounds 1—3 was confirmed by
the formation of Co™(NO)(TPP). In a typical experiment, 3,3-dibenzyl-1-
(4-tolyl)- 1-nitrosourea 1a (30mg, 8.35x 10”*mmol) was dissolved in
CCl, (4ml), and the solution was kept at 33 °C for 5h under argon. The
resulting gaseous NO was bubbled into a dry CH,Cl, (2ml) solution of
Co'(TPP) (20mg, 2.98 x 10~ >mmol) via a constant stream of argon.
The CH,Cl, solution was evaporated under reduced pressure, and the
residue was re-dissolved in a small amount of CHCI,. The solution was
filtered and the filtrate was evaporated to dryness under reduced pressure.
The extraction procedure with CHCI; was repeated several times, and
the Co™(NO)(TPP) complex was purified by column chromatography on
silica gel with CHCl; (Table 1 and Figs. 2a and 2b). Dull purple-tinged
grayish powder. IR (CHCl;)em™': 1685 (NO).® UV-visible Agne" nm
(¢): 414 (230000), 538 (16000).” Anal. Caled for C,H,3CoN;O: C,
75.32; H, 4.02; N, 9.98. Found: C, 74.53; H, 3.97; N, 9.89.

Determination of NO Generated from N-Nitrosoureas The NO-
generating ability of the N-nitroso compounds 1—3 was evaluated in
CHCI, using the described test apparatus (Fig. 3). It consists of two
vessels separated by a polyvinylidene fluoride film (KF film),'® which
has the physical property of passing only gaseous molecules. A CHCl,
solution (2ml) of one of the N-nitroso compounds or SNAP (1—10mg)
was placed in vessel a (10 i.d. x45mm), and kept at 37°C for 2h. The
generated NO was detected in vessel b (10 i.d. x 35mm) by means of the
Griess reagent (a mixture of sulfanilic acid and N-(I-naphthyl)ethylene-
diamine). The amount of NO; was determined by comparison with a
standard curve prepared by using known amounts of NaNO,, an
absorption intensity at 546 nm. The result are shown in Table I as the
amount of NO, generated via NO from 100mM N-nitroso compounds
or SNAP.

Comparison of NO Generation by the NO Donors Comparison of
NO generation between 1a and the usual NO donors®>*'* was done by
a method similar to that previously described. The Krebs buffer solution
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(2ml) of 1a (1 mg) or one of the usual NO donors (I—10mg) was kept
at 37°C for 2h in the test apparatus. However, 1a, SNAP and NOR-4
were first dissolved in 0.2 ml of cold DMSO and then diluted with the
Krebs buffer (1.8 ml), respectively. The results are shown as the amount
of NO; in Table 2.

Acknowledgements The authors are grateful to Dr. Nobuyuki
Hisazumi and Dr. Kazuhiro Meguro, Polymer Processing Technical
Center of Kureha Chemical Industry Co., Ltd., (Ibaraki, Japan) for the
generous gift of the KF film.

References and Notes

1) TamlJ. N, YipR. W.,Chow Y. L., J. Am. Chem. Soc., 96, 4543—
4549 (1974).

2) Welzel P., Chem. Ber., 1971, 808—821.

3) Buglass A. J., Challis B. C., Osborne M. R., IARC Sci. Public., 9,
94—100 (1974).

4) Tanno M., Sueyoshi S., Kamiya S., Chem. Pharm. Bull., 38, 2644—
2649 (1990).

5) Tanno M., Sueyoshi S., Kamiya S., Chem. Pharm. Bull., 38, 49—
54 (1990).

6) Scheidt W. R., Hoard J. L., J. Am. Chem. Soc., 103, 8281—8288
(1973).

7) Wayland B. B., Minkiewicz J. V., Abd-Elmageed M. E., J. Chem.
Soc., Chem. Commun., 1976, 1015—1016.

8) a)Field L., Dilts R. V., Ravichandran R., Lenhert P. G., Carnahan
G. E., J. Chem. Soc., Chem. Commun., 1978, 249—250; Hrabie
J. A., Klose J. R., Wink D. A., Keefer L. K., J. Org. Chem., 58,
1472—1476 (1993); Drago R. S., Paulik F. E., J. Am. Chem. Soc.,
82, 96—98 (1960); b) Dojindo Technical Bull., 1994, 10; ¢) Hogg
N., Darley-vsmer V. M., Wilson M. T., Moncada S., Biochem.
J., 281, 419— 424 (1992).

9) Palmer R. M. J., Ferrige A. G., Moncada S., Nature (London),
327, 524—526 (1987).

10) Kikuchi K., Nagano T., Hayakawa H., Hirata Y., Hirobe M., Anal.
Chem., 65, 1794—1799 (1993).

11) Green L. C., Wagner D. A., Glogowski J., Skipper P. L., Wishnok
J. S., Tannenbaum S. R., Anal. Biochem., 126, 131—138 (1982).

12) Ichimori K., Ishida H., Fukahori M., Nakazawa H., Murakami
E., Rev. Sci. Instrum., 65, 2714—2718 (1994).

13) Akaike T., Yoshida M., Miyamoto Y., Sato K., Kohno M,
Sasamoto K., Miyazaki K., Ueda S., Maeda H., Biochemistry, 32,
827—832 (1993).

14) Kelm M., Schrader J., Cir. Res., 66, 1561—1575 (1990).

15) Palmer R. M. J., Ashton D. S., Moncada S., Nature (London),
333, 664—666 (1988).

16) A generous gift from Polymer Processing Technical Center of
Kureha Chem. Ind. Co., Ltd., (Ibaraki, Japan). The pose diameter
of the film is about 0.2 u.

17) Saltzman B. E., Mendenhall A. L., Jr., Anal. Chem., 36, 1300—
1304 (1964).

18) Tanno M., Manuscript in preparation.

19) The structures of the NO donors are as follows:

Me Me
8 2
- OH
N N K/N +
NH N 3 N N
2 Q NT N R
o B
NH% N—g" Hal
~
N
NOC-18 NOR-4 SIN-1
TO SNO
Nay NG LgeON | Me—C—CHCOM
NC”’/ \CN
Me NHAc
CN
SNP SNAP

NII-Electronic Library Service





