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The reactions of peroxynitrite with a variety of organic molecules which include a biologically important function-
ality have been examined to construct a simple model for the peroxynitrite-induced in vivo transformations as well as a
chemical probe for the active species involved therein. Phenols were found to undergo hydroxylation, nitration, oxida-
tive dimerization, and oxidation to cyclohexadienones and quinones. The ring nitration of catechol was confirmed for
the first time in the in vitro reaction of peroxynitrite. Dealkylation and N-oxide formation were the major reaction modes
observed for N,N-dimethyl-p-toluidine. 1,2-Phenylenediamine gave benzotriazole in high yield. The electron-deficient
C—C double bond in 1,4-naphthoquinone underwent epoxidation, while the electron-rich C—C double bond in o-methyl-
styrene suffered oxidative cleavage to acetophenone. The activated double bond in rans-stilbene underwent oxidative
cleavage and epoxidation in parallel to give benzaldehyde and trans-stilbene oxide as the major products. The triple
bond in diphenylacetylene was simply oxygenated to form benzil, together with trace amounts of ring nitration products.
1-Phenylethanol, imidazole, 2’-deoxyadenosine, and 2’-deoxyguanosine were all quite slow to react, while uracil and cy-
tosine were almost inert to peroxynitrite. The reaction modes exhibited by peroxynitrite are too widespread and compli-
cated to explain the whole mechanistic pathway in terms of a single active species. All reaction modes observed for the
peroxynitrite to date could be classified into five categories according to their types: i) electron transfer type, ii) O-elec-
trophilic type, iii) N-electrophilic type, iv) O-nucleophilic type, and v) radical type. Some of these may compete under
certain conditions. The active species involved in each of these types of reactions are as follows: i) NO*, NO,, and OH,
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ii) ONOOH, iii) ONOOH and NO*, iv) OOH™ and ONOO ", and v) NO, and OH".

In recent years, the peroxynitrite anion (O=NOO™), which
forms in vivo from nitrogen monoxide and superoxide anion,'
has received considerable attention due to its potential to injure
or destroy biological molecules or molecular systems, leading
to the pathogenic process of human diseases. Typical phenom-
ena that have been reported to involve peroxynitrite are the
breaking of DNA strands** and the inactivation of en-
zymes.”®” However, chemical processes involved in these
phenomena remain to be elucidated in many respects due to
the lack of relevant information on the nature of peroxynitrite.

A number of papers have dealt with the reaction of perox-
ynitrite; such studies include the nitration and oxidation of
phenols,?*1%!" pitration and nitrosation of thiols,'*'* oxidation
of lipids, nitration as well as other complex transforma-
tions of indole'®'"'® and purine derivatives,'*?° oxidation of al-
dehydes,”’22 and one-electron oxidation of metal complex-
es.?? In a recent communication,’* we have reported some new
modes of reactions exhibited by peroxynitrite, which included
the epoxidation of an electron-deficient carbon-carbon double
bond, dealkylation of tertiary amine, and formation of benzot-
riazole from 1,2-phenylenediamine. In the present paper, we
have elaborated the above results further and have extended
our study to include compounds bearing other functional
groups of biological significance.

14,15

We have employed '"H NMR as a major tool to monitor the
progress of reaction; a known type of organic transformation
occurring in situ in the reaction mixture could be directly ob-
served. By assigning the peaks of each product, we could
readily identify and quantify the products simultaneously with-
out their isolation. The reactions were carried out in deuterium
oxide (D,0O), acetonitrile-d; (CD3;CN), and chloroform-d
(CDCl;). The behavior of peroxynitrite was found to be quite
similar in these solvent systems, showing a similar product dis-
tribution as well as a similar kinetic profile.>® Hydrophobic
substrates and products are soluble in the latter two solvents,
so a variety of organic substrates were subjected to the action
of peroxynitrite as a model for bio-transformations. The com-
pounds chosen as simplified models for biomolecules included
phenol (1), catechol (5), p-cresol (7a), 1,4-naphthoquinone
(24), 1-phenylethanol (35), and imidazole (36), which may be
regarded as the substructure of tyrosine (7b), vitamin K, nore-
pinephrine, and histidine, respectively, as illustrated in Fig. 1.
In addition, several compounds were examined as potential
chemical probes for the active species involved in the perox-
ynitrite-induced transformations. They included 2,6-di-#-bu-
tylphenol (12), N,N-dimethyl-p-toluidine (17), 1,2-phenylene-
diamine (21), o~methylstyrene (26), trans-stilbene (28), and
diphenylacetylene (33).
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Results and Discussion
Reaction of Phenols and Catechol. There are many

types of biomolecules that contain a phenolic substructure.
Recent works have shown this structural unit to be quite sus-
ceptible to the action of peroxynitrite, giving a mixture of ni-
tration and hydroxylation products.”'®!! In the present work,
we have taken up phenol (1) as a simplified model for phenolic
biomolecules and have examined its behavior toward perox-
ynitrite in detail according to the procedures A—C (see Experi-
mental). The results obtained were compared with the previ-
ously reported ones.

'"H NMR spectra of the reaction mixtures, obtained accord-
ing to the procedures A and B, showed several sets of new
peaks, some of which were assigned to p-nitrophenol (2), o-ni-
trophenol (3), and hydroquinone (4) by direct comparison with
the authentic specimens (Eq. 1).

OH OH

2 3 )]
OH OH
OH

In addition, small amounts of catechol (§) and p-benzoquinone
(6) were detected by HPLC. The latter two products could not
be detected by '"H NMR spectra due to extensive overlapping
of their characteristic peaks. According to the procedure C as
a control experiment, the original peak of 1 remained un-
changed in intensity and no other peaks appeared even after
prolonged standing. The relative yield of each product was
calculated on the basis of their peak area relative to that of an
internal standard (Table 1). The major reaction modes ob-
served for phenol were nitration and oxidation; in the former
reaction, ortho- and para-nitration products 2 and 3 were
formed in ca. 1:1 ratio, while in the latter the hydroxylation

OH
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"H NMR (8/ppm, 400 MHz) spectra from the reaction
of p-cresol 7a (a) in buffered D,0, (b) in CD;CN, and (c)
from the reaction of tyrosine 7b in buffered D,O. All reac-
tions were carried out according to procedure A and prod-
uct yields are listed in Table 2.

Fig. 2.

products 4, 5 and quinone 6 were obtained. Table 1 shows a
comparison with the previous data reported for the reactions
under similar conditions.””'? Despite the differences in way of
manipulation, our results bear close resemblance to the report-
ed ones, endorsing the validity and reliability of our procedure.
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Table 1. Reaction of Phenol 1 with Peroxynitrite
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ONOO~ Yield?/% Conversion®
Entry Conditions equiv 3 4 5 6 %
1 Procedure A, D,O 4 4 1 — — 26
2 Procedure B, D,O 4 8 0 — — 36
3 Procedure C, D,O, control 4 — — — — — <5
4 H,0 buffer (pH 7)° 1 0.5 0.8 0.2 0.1 trace 10
5 CH;CNY 1 30 34 0 trace 0.1 19
6 H,O buffer (pH 7)° — 3 1 2.5 1 —9
7 H,O buffer (pH 7)"° — 2 3 3 — -9
8 H,O0 buffer (pH 7)!! — 3.5 1 1 — -9
9 H,O0 buffer (pH 7), CO, 2 — 7 2 0 — -9

a) Yields in entries 1-3 were calculated on phenol employed, while those in entries 4-9 were based

on peroxynitrite added.

b) Percent ratio against the consumed phenol.
¢) Yields were determined by HPLC.

d) Conversion data are not available.

In order to see the generality of the present reaction, we further
examined the behavior of related phenol derivatives toward
peroxynitrite under similar conditions.

The reaction of p-cresol (7a) with peroxynitrite was carried
out in buffered D,O and CD;CN according to the procedures A
and C. Regardless of the buffered solutions (Figs. 2a and 2b),
both reaction systems showed a close similarity in the peak
pattern of '"H NMR spectra. Three sets of major peaks were
observable, one of which showed an aromatic feature and the
other two non-aromatic ones. Of three major products, one
was readily identified as 4-methy-2-nitrophenol (8a) by direct
comparison with the authentic specimen. Two non-aromatic
compounds showed two doublet peaks with a large coupling
constant J = 9.6-10.0 Hz (mostly < 9.0 for aromatic ones)
and their methyl peaks shifted upfield from the benzylic (2.2
ppm) to the aliphatic regions (< 2.0 ppm). On the basis of the
spectral data, one of these was identified as 4-methyl-4-nitro-
2,5-cyclohexadienone (9a) and the other tentatively assigned
as a 4,4’-dimeric structure of oxidized p-cresol, e.g., 1,1’-dime-
thyl-4,4’-dioxo-1,1",4,4"-tetrahydrobiphenyl (10a). However,
compounds 9a and 10a were comparatively unstable under the
conditions employed and decomposed within several hours. A
flask-scale reaction was performed for p-cresol (7a) and subse-
quent chromatography of the resulting product mixture gave
nitration product 8a, together with small amounts of a 2,2’
dimer (11a). The peaks of 11a were hidden by those of com-
pound 7a in the "H NMR spectrum of the reaction mixture. In
Table 2, the product yields are presented in conversion yield,
which refers to the percent yield of a product against the con-
sumed amount of a given substrate. The modification of reac-
tion conditions, such as the absence or presence of CO, and the
atmospheric environment of air or argon, exerted little effect
on these relative product yields.

Concurrent nitration, hydroxylation, and oxidative dimer-
ization have recently been reported for the reaction of tyrosine
(7b) and peroxynitrite.'®?*?” Amino acid 7b may be regarded
as a side-chain modified p-cresol (7a), and therefore, would be
expected to show behavior toward peroxynitrite similar to that
of 7a. Indeed, the 'H NMR spectrum of the reaction mixture
of 7b and peroxynitrite showed a peak pattern very similar to

Table 2. Reaction of p-Cresol 7a with Peroxynitrite

Procedure, ONOO~  Conversion  Conversion yield”/%
solvent equiv % 8a 9a 10a
A, D,O 4 61 31 15 4
C,D,0 4 <5 — — —
A, CD;CN 2 20 14 8 6
A", CD;,CN 2 22 13 6 7
B, CD;CN 2 30 11 6 4
C, CD;sCN 2 <5 — — —

a) Conversion yield refers to the percent yield of each prod-
uct against the total amount of 7a consumed.
b) Reaction was carried out under an argon atmosphere.

that of the reaction product from 7a (Fig. 2c). Thus, on the
analogy of the spectral pattern, the major products were as-
signed as nitrotyrosine 8b and two adducts 9b and 10b, which
should correspond to the products 8a—10a, respectively, de-
rived from 7a. Due to a low solubility of tyrosine 7b and con-
sequently a poor resolution of the "H NMR spectrum, we could
not estimate the accurate yields of these products. We now re-
port two additional types of new products 9b and 10b. The
formation of several yet unidentified products was suggested
from the "H NMR spectrum of the reaction product of 7b, but
their peaks were too weak to draw any positive evidence for
chemical structures from them.

The product from a similar reaction of 2,6-di--butylphenol
(12) showed a simple 'H NMR pattern consisting of four major
singlet peaks (Fig. 3), three of which were readily attributed to
2,6-di-#-butyl-4-nitrophenol (13), 2,6-di-z-butyl-p-benzoquino-
ne (14), and a 4,4’-dimeric bis-phenol (15), respectively. Ac-
cording to the procedure C as a control, no reaction was ob-
served to take place. The formation of a dimer 15 suggested
the radical nature of the present reaction. The phenoxyl radical
generated from 12 is flanked and stabilized by two bulky #-bu-
tyl groups, so it in part dimerizes at para position to form a
significant amount of bis-phenol 15. Quinone 14 also has two
t-butyl groups that would prevent the quinone framework from
further degradation. This contrasts to p-benzoquinone 6,
which is susceptible to further transformation and can be de-
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Fig. 3. 'H NMR (§/ppm, 400 MHz) spectrum from the reac-
tion of 2,6-di-z-butylphenol 12 in CD;CN according to pro-
cedure A.

tected only in a trace amount in a similar reaction of 1. This is
the first example of the formation of significant amounts of a
phenolic dimer and a quinone from the reaction of phenol and
peroxynitrite.

Catechol type aromatic amino compounds, represented by
dopamine and epinephrine, exist in neurons as neurotransmit-
ters. The catechol framework in biomolecules is highly elec-
tron-rich and quite sensitive toward the action of electrophiles.
Accordingly, this type of bio-substructure is of interest in
terms of the reaction with peroxynitrite. The reaction of cate-
chol with peroxynitrite has previously been reported to give
melanin.2®® We carried out the reaction of catechol 5 with per-
oxynitrite under a variety of conditions and examined the
products in detail. The reaction mixture showed a complex
pattern of 'H NMR (Fig. 4), part of which was attributed to 4-
nitrocatechol (16) by comparison with the authentic specimen.
This constitutes the first observation of a nitration product
from the reaction of catechol and peroxynitrite anion, which
suggests the possible formation of the nitro derivatives from
bio-relevant catechol compounds in vivo.?

The proposed mechanism for the formation of nitration, ox-
idation, and dimerization products from phenolic substrates is
depicted in Scheme 1. We postulate that a cation radical and a
phenoxyl radical intermediate, which can interconvert through
a protonation—deprotonation process, result from the one-elec-
tron oxidation of a phenolic substrate and act as a common
precursor for a variety of descendent molecules. The CIDNP
experiments® as well as a kinetic feature obtained for a series
of 4-substituted phenols® also support the radical nature of the
reaction. Homocoupling of the resulting radical species would
lead to the dimerization products 10, 11, and 15, while hetero-
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Fig. 4. 'H NMR (8/ppm, 400 MHz) spectrum from the reac-
tion of catechol 5 in buffered D,0O according to procedure
A.
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coupling with nitrogen dioxide would form the nitration prod-
ucts 2, 3, 8,9, 13, and 16. The attack of molecular oxygen or
O-nucleophiles would give rise to the oxidation products 4-6
and 14.

Reaction of N,N-Dimethyl-p-toluidine. The tertiary ami-
no group constitutes one of the important functionalities found
in biomolecules. The reaction with peroxynitrite was exam-
ined using N,N-dimethyl-p-toluidine 17 as a substrate due to
the ease of detection and identification of the degradation
products. The reaction was carried out in CD;CN according to
the procedure A and three major products were identified as N-
methyl-p-toluidine (18), N-methyl-N-nitroso-p-toluidine (19),
and N,N-dimethyl-p-toluidine N-oxide (20) by direct compari-
son with the authentic specimens (Fig. 5). A similar reaction
in D,O gave 18 and 20 in similar yields. Substrate 17 was inert
in both solvents under a control condition according to the pro-
cedure C.

The dealkylation of tertiary amine 17 is supposed to occur
via an electron transfer pathway,31 as shown in Scheme 2,
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Fig. 5. 'H NMR (§/ppm, 400 MHz) spectrum from the reac-
tion of N,N-dimethyl-p-toluidine 17 in CD;CN according
to procedure A.
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though no reports to date have mentioned the concurrent for-
mation of an N-oxide 20. Carboxylic peracids such as m-chlo-
roperbenzoic acid and peracetic acid are known to oxidize ter-
tiary amines to form the corresponding N-oxides.*> Peroxyni-
trous acid (HOO-N=0) is isoelectronic in structure with car-
boxylic peracid (HOO-C(=0)R) and therefore could probably
cause a similar type of oxidation (Scheme 3). By analogy with
carboxylic peracid, the electrophilic hydroxy oxygen atom in
peroxynitrous acid ONOOH would attack the nitrogen atom of
amine 17 to form N-oxide 20. Our observations have con-
firmed for the first time that two different types of reactions,
i.e. electron transfer-induced dealkylation and electrophilic N-
oxidation, proceed in parallel in the reaction of peroxynitrite
with tertiary amine.

Reaction of 1,2-Phenylenediamine. Aromatic 1,2-di-
amine is a good chemical probe for in situ-generated nitrosyl

Bull. Chem. Soc. Jpn., 74, No. 12 (2001) 2389

i OH
CU L0 C~ O=Nu
RT Y07 -iNu R”
ﬂ:’)’ i T OH Me
.y Me -Me
Y ~ -
NJ ‘/O\ N-Me N\O o N\
0" =N Ar
\
Ar 20
17
Scheme 3.
NH, X
O e O (X
CD4CN / ,
NH, 3 N X
21 22 23
Procedure  Conversion Yield against conversion
A 53% 28% 14%
B 49% 37% 8%
C <5% - -
Internal + 1 21 21
standard R

Fig. 6. 'H NMR (8/ppm, 400 MHz) spectrum from the reac-
tion of 1,2-phenylenediamine 21 in CD;CN according to
procedure A.
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ion (NO™) and has been used for the quantification of nitrite
ion under acidic conditions.*® The reaction of 1,2-phenylene-
diamine (21) in CD;CN according to the procedures A and B
gave benzotriazole (22) and an unidentified aromatic product
(23) (Fig. 6). A similar reaction in D,0O also formed 22 as a
precipitate in undetermined yield. Aromatic 1,2-diamines are
inactive to nitrite ion under neutral aqueous conditions. So the
triazole formation can be interpreted in terms of the initial
electrophilic attack by nitrosyl ion or its equivalent (XNO) on
the nitrogen atom of 1,2-diamine and subsequent ring closure
of the resulting diazotized species leading to triazole 22
(Scheme 4). An alternative free radical mechanism has also
been presented.**
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Fig. 7. 'H NMR (8/ppm, 400 MHz) spectrum from the reac-

tion of 1,4-naphthoquinone 24 in CD;CN according to pro-
cedure A.
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Reaction of 1,4-Naphthoquinone. Many polycyclic
quinones are of biological importance and this type of structur-
al unit is widely distributed in natural products. As a simpli-
fied model compound, we chose 1,4-naphthoquinone (24) and
investigated the reactivity of its electron deficient C—C double
bond, doubly conjugated with two carbonyl functions. The re-
action of 24 with peroxynitrite gave a product of simple 'H
NMR spectral pattern as the sole product, which was readily
identified as 2,3-epoxy-2,3-dihydro-1,4-naphthoquinone (25)
(Fig. 7). No reaction took place in a control experiment ac-
cording to the procedure C.

A plausible mechanism for the epoxidation of an electron
deficient C—C double bond in 24 is the Michael-type addition
of peroxynitrite or its equivalent (XOO™) and subsequent ring
closing, as shown in Scheme 5%

Reactions of o-Methylstyrene, trans-Stilbene, and
Diphenylacetylene. In order to know the behavior of the
electronically neutral C—C double bond toward peroxynitrite,
we have monitored the reaction of o-methylstyrene (26) by
means of 'H NMR and GC-MS. The conversion was fair to
moderate, and the major product was readily identified as ace-
tophenone (27) by direct comparison with the authentic speci-
men (Eq. 2).

(0]
ONOO™ (2 eq) )
CD4CN
Procedure A
26 27

Yield 76% against 13%
conversion

The intermediate formation of an epoxidation product could
not be observed, which contrasts to the behavior of the elec-
tron-deficient C—C double bond in quinone 24. A control ex-
periment according to the procedure C confirmed that the sub-
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Fig. 8. 'H NMR (8/ppm, 400 MHz) spectrum from the reac-

tion of trans-stilbene 28 in CDCl; according to procedure
A.

strate 26 remained intact under the conditions employed.

The activated olefinic bond in trans-stilbene (28) reacted
with peroxynitrite anion with comparative ease, giving benzal-
dehyde (29) and trans-stilbene oxide (30) as the major prod-
ucts, together with a trace amount of benzil (31). Concurrent
ring nitration was observed to a small extent, giving a mixture
of trans-nitrostilbenes (32a—c). Noteworthy is a finding that
the epoxide 30 and diketone 31 are not the precursors to alde-
hyde 29; competitive oxidation of 28 and 30 (or 31) by perox-
ynitrite has been found to result in the preferential consump-
tion of the former, leading to the formation of 29 and 30.
Compounds 30 and 31 remained almost intact under the condi-
tions employed (Fig. 8). On a similar treatment, trans,trans-
1,4-diphenyl-1,3-butadiene readily gave a complicated mixture
of products, the only identified product being aldehyde 29
(conversion yield, < 10%). The conjugated diene system is
quite susceptible to the action of peroxynitrite.

The present observation constitutes the first example of the
oxidative cleavage of the C—C double bond caused by perox-
ynitrite. This is of interest in view of the metabolic degrada-
tion of olefinic and polyenic compounds in biological tissues.
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The mechanism for the oxidative cleavage of the electron-rich
C—C double bond would probably involve initial attack by an
electrophilic O-atom of peroxynitrous acid ONOOH, as sug-
gested in Scheme 3. However, the mode of subsequent C—C
bond cleavage is not clear at the present stage.

The acetylenic bond is uncommon among organic com-
pounds of biological origin, but its behavior toward peroxyni-
trite is of interest from a mechanistic point of view. The triple
bond in diphenylacetylene (tolan, 33) was found to undergo
oxygenation with peroxynitrite anion to afford benzil 31 as the
sole major product. No cleavage of the C—C bond was ob-
served. Concurrent ring nitration took place to a small extent,
but strangely enough, the ortho and meta nitro derivatives
(34a,b) were the only nitration products observed (Fig. 9).
This contrasts to the reaction of trans-stilbene 28, where all
three possible nitro isomers were formed. The formation of
1,2-diketone 31 suggests a sequence involving the nucleophilic
attack of peroxynitrite anion onto the acetylenic carbon, fol-
lowed by the ring closure to a 1,2-dioxetene intermediate
which collapses to diketone 31. The relative reactivity of the
double bond against the triple bond, as determined by the com-
petitive reaction of 28 and 33 toward peroxynitrite anion, was
around 4.4. This aspect of peroxynitrite chemistry is under in-
vestigation.

Reaction of 1-Phenylethanol. To investigate the reactivi-
ty of activated secondary alcohols toward peroxynitrite, we ex-
amined the reaction of 1-phenylethanol (35) according to the
procedure A. Ketone 27 was the sole major product obtained,
though the conversion yield was quite low (Eq. 3).

OH (o]
ONOO™ (2 eq) 3)
CD3CN
Procedure A
35 27
Yield 62% against 7%

conversion

We may conclude that the major reaction mode of secondary
alcohols toward peroxynitrite is the oxidation to carbonyl com-
pounds. Even the activated alcoholic function in 35 was much
less reactive as compared with the other functional groups ex-
amined above. Therefore, this mode of reaction would be un-
important for peroxynitrite under in vivo conditions, in view of
the presence of a variety of functional groups of higher reactiv-
ity in complex biomolecules. This information should be im-
portant for understanding the behavior of multi-functionalized
biomolecules toward peroxynitrite.

Reaction of Azacyclic Compounds. The reaction with
peroxynitrite has been examined for several bio-relevant aza-
cyclic compounds. Cytosine and uracil were completely unre-
active under the conditions of the procedure A. Imidazole
(29), 1-methylimidazole, 2’-deoxyadenosine, and 2’-deox-
yguanosine were all quite reluctant to react with peroxynitrite
in CD;CN to form trace amounts of yet unidentified products.
The low reactivity of these azacyclic compounds suggests the
insignificant contribution of peroxynitrite to the in vivo degra-
dation of these heterocyclic systems.

Possible Active Species Involved in the Reaction of Per-
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Fig. 9. 'H NMR (§/ppm, 400 MHz) spectrum from the reac-
tion of diphenylacetylene 33 in CDCl; according to proce-
dure A.

oxynitrite. What is the actual species that is responsible for
the peroxynitrite-induced transformation of biomolecules? As
described above, the peroxynitrite has been found to exhibit
various types of reactions depending on the type of substrates
employed. Thus it hardly seems possible to account for such
multiplicity of the reaction modes demonstrated herein by as-
suming only a single attacking species as the actual reactant.
As many control experiments according to the procedure C
showed, no reaction took place after the complete disappear-
ance of peroxynitrite anion in both aqueous and acetonitrile so-
lutions. This finding confirms the view that any active species
derived from peroxynitrite is short-lived under neutral condi-
tions.

All reactions so far observed for peroxynitrite may be clas-
sified into five categories according to their types, as summa-
rized in Table 3. The first category includes the nitration,
dimerization, and hydroxylation of phenols, quinone forma-
tion, and dealkylation of tertiary amine. The products from
this category of reactions presumably arise from the electron-
transfer type reaction, as shown in Schemes 1 and 2. The sec-
ond category includes the N-oxide formation from tertiary
amine, oxidative cleavage of olefinic bond, and oxidation of al-
cohols to carbonyl compounds, which resemble the reactions
caused by peracid reagent (Scheme 3). The third category in-
cludes the formation of triazole and S-nitrosation of thiols,'>!?
that should result from the initial attack of an N-electrophile,
as shown in Scheme 4. The fourth category includes the ep-
oxidation of electron-deficient C—C double bond, in which the
reaction is highly likely to involve an O-nucleophile (Scheme
5). The oxidation of aldehyde is assumed to proceed via nu-
cleophilic attack of peroxynitrite at the carbonyl carbon, and
therefore, it may be better included in this category.”'*> The
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Table 3. Classification of Peroxynitrite-induced Reactions
According to Their Types
Probable
Reaction mode Reaction type active
species
+ Nitration of phenols
. . +
Hydr0?<yla}t10n of phenols Electron NO
- Dimerization of phenols NO,
transfer

- Oxidation of phenol to quinone OH*
- Dealkylation of amines

+ N-oxide formation from amine
- Oxidative cleavage of olefinic

O-Electrophile =~ ONOOH
bond
- Oxidation of alcohol to ketone
+ Triazole formation . ONOOH
- S-Nitrosation N-Electrophile NO*
- Epoxidation of quinone . ONOO™
- Oxidation of aldehyde O-Nucleophile HOO™
- Lipid oxidation
- Oxidation of alcohol to ketone Radical NO,
- Hydroxylation of electron poor OH*

aromatic compound

last category is the radical type reaction that includes the oxi-
dation of lipid'* and hydroxylation of electron-deficient aro-
matic compounds.” Reactions of the last type have not yet
been elucidated in detail.

Possible candidates for the active species that should arise
from peroxynitrite are illustrated in Scheme 6. Peroxynitrite
anion itself can work as an O-nucleophile, which is protonated
to form peroxynitrous acid ONOOH (pK, = 6.8) under neutral
conditions. Peroxynitrous acid is susceptible to the attack of
nucleophile at both nitrogen and hydroxylic oxygen atoms. In
the former type of reactions, peroxynitrous acid undergoes het-
erolytic cleavage to transfer the NO™ unit to a given substrate.
In the latter case, this acid transfers an electrophilic oxygen

iv).Q-Nucleophile..........-

iii) N-Electrophile

v) N-/O-Radical — . v) O-Radical

"~ iv) O-Nucleophile

i) One-electron oxidizing agents

Scheme 6.

Action of Peroxynitrite on Organic Molecules

ONOO™ (2 eq)

17 + 24 18 + 19 + 20 + 25

CD4CN 2%  20% 1% 32%
Procedure A

17: Conversion 36%
24: Conversion 40%

Scheme 7.

Yield against conversion

atom to a substrate, as has been observed in the N-oxide for-
mation from tertiary amine. Therefore, both N- and O-atoms,
as indicated in the formula ONOOH, are capable of reacting as
the electrophile depending on substrates. The dissociation
mode of peroxynitrous acid is still controversial,*®’ but we
now propose that there could arise four types of reactive spe-
cies from peroxynitrite: NO,, OH®, NO*, and OOH™. The
former three species are capable of inducing the one-electron
transfer oxidation. Two radical species, NO, and OH®, may
cause the radical addition and hydrogen abstraction, while two
ionic species NO* and OOH~ work as an N-electrophile and
an O-nucleophile, respectively. In the presence of CO,, an ad-
ditional active species is likely to be involved.***%

The following experiment has disclosed that the above-men-
tioned active species can be generated in situ and concurrently
under certain conditions. An equimolar solution of 17 and 24
was treated with peroxynitrite and the conversion of these sub-
strates to the respective products was monitored by '"H NMR
(Scheme 7). Both substrates were converted with similar ease
to give a similar yield of the expected products in parallel, each
yield being close to that obtained from a separate reaction of
the individual compounds. This example clearly shows the
multiple reactions to run abreast, leading to the formation of
products 18 and 19 via the electron-transfer process, of 20 via
the attack of an O-electrophile, and of 25 via the attack of an
O-nucleophile.

Conclusion

The multiplicity in reaction mode of the peroxynitrite-in-
duced transformation of bio-related organic molecules has
been established. New reaction modes observed in the present
work include the dealkylation of tertiary amine, triazole forma-
tion, epoxidation of quinone, oxidation of alcohol to carbonyl
compound, oxidative cleavage of olefinic bond, and oxygen-
ation of acetylenic bond. The versatility of the reaction mode
is suggestive of the involvement of several different active spe-
cies in the reaction of peroxynitrite. The reactions exhibited
by peroxynitrite are classified into five categories according to
their types, and the relationships between the reaction modes
and the likely active species involved therein are summarized
in Table 3. There are many yet unidentified products, the iden-
tification of which may provide additional new reaction
modes. These reactions would probably be involved in vivo
and contribute to the degradation of biological systems, even-
tually leading to the pathogenic process of diseases. Better un-
derstanding about the behavior of peroxynitrite toward a wide
variety of bio-relevant molecules should enable us to predict
the role of peroxynitrite in vivo and should provide invaluable
information on its physiological significance.

Experimental

All chemicals used as substrates were purchased from Aldrich,
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TCI, Wako, Ishizu, and Acros. Authentic samples used for identi-
fying the products were synthesized by the following procedures.
N-methyl-p-toluidine (18) was obtained from p-toluidine and me-
thyl iodide. N-methyl-N-nitroso-p-toluidine (19) was synthesized
by the N-nitrosation of N-methyl-p-toluidine with sodium nitrite
in sulfuric acid.*® N,N-dimethyl-p-toluidine N-oxide (20) was ob-
tained by the oxidation of N,N-dimethyl-p-toluidine with m-chlo-
roperbenzoic acid.*? Authentic nitrostilbenes were synthesized by
the Wittig reaction of benzaldehyde with isomeric nitroben-
zylidene(triphenyl)phosphoranes, while nitrodiphenylacetylenes
were obtained by the Sonogashira coupling of phenylacetylene
with isomeric iodonitrobenzenes.

'H NMR spectra were obtained with a JEOL 400 MHz spec-
trometer for solutions in D,O, CD;CN, or CDCI;. Chemical ion-
ization mass spectra (CI-MS) were obtained on a Shimadzu GC-
MS QP-5000 instrument using isobutane as an ionizing gas. An
apparatus from Nippon Ozone Co. Ltd., type ON-1-2, was used
for the generation of ozone, the efficiency of which was monitored
by a MODEL-1700 ozone monitor from Dylec, Inc. The machine
produced ozone at a rate of 12 mmol h™! under the conditions of
an oxygen flow rate of 10 dm® h™! and an applied voltage of 100
V. Products were identified by "H NMR and GC-MS analyses or
by direct comparison with the authentic samples.

Preparation of Peroxynitrite. Peroxynitrite was prepared
according to the Pryor method, by passing ozone at a rate of 12
mmol h™! for 1.2 h into a solution of sodium azide (10 mmol) in
alkaline D,O (5 mL, 0.01 M NaOH solution).*' The concentration
of peroxynitrite (0.78-0.96 M) was determined on the basis of a
characteristic absorption at 302 nm (¢ = 1670 M~ ' cm ™).

Synthesis of Authentic Specimens. trans-4-Nitrostilbene
(32¢). A mixture of 4-nitrobenzyl bromide (3.0 g, 14 mmol),
triphenylphosphine (3.7 g, 14 mmol), and m-xylene (35 mL) was
heated under reflux for 12 h to afford (4-nitrobenzyl)triphen-
ylphosphonium bromide as crystalline solid (5.3 g, 79%). To an
equimolar solution of phosphonium salt (5.3 g, 11 mmol) and ben-
zaldehyde (1.2 g, 11 mmol) in dichloromethane (100 mL) was
added dropwise aqueous NaOH (0.5 g, 13 mmol) over 10 min and
the resulting mixture was heated with stirring at 50 °C for 30 min.
The organic layer was separated, washed successively with satu-
rated aqueous NaHSO; (20 mL) and water (30 mL X 3), and dried
over MgSO,. The solvent was removed and the solid residue was
recrystallized from ethanol to give 32¢ as pale yellow needles (1.3
g, 51%). Mp 155-157 °C (Ref. 42 155-157 °C). 'H NMR
(CDCl3) 68.22 (2H, d,J = 8.1 Hz), 7.64 (2H, d,J = 8.1 Hz), 7.56
(2H, d, J = 8.1 Hz), 7.41 2H, t, J = 8.1 Hz), 7.3-7.4 (2H, m),
7.14 (1H,d,J = 8.1 Hz).

Other isomeric frans-nitrostilbenes were similarly obtained as
pale yellow needles.

trans-2-Nitrostilbene (32a2):* mp 71-73 °C; 'H NMR
(CDCl3) 68.13 (1H, dd, J = 8.1, 1.1 Hz), 7.42 (8H, m), 7.12 (2H,
m).

trans-3-Nitrostilbene (32b):*> mp 113-115 °C; 'H NMR
(CDCl3) 68.36 (1H, s), 8.08 (1H, dd, J = 8.7, 1.2 Hz), 7.78 (1H,
dd, J = 8.7, 1.2 Hz), 7.54 (1H, t, J = 8.7 Hz), 7.3-7.4 (5H, m),
7.1-7.2 (2H, m).

3-Nitrodiphenylacetylene (34b).** To a solution of phenyl-
acetylene (0.9 g, 9 mmol) and 4-iodonitrobenzene (2.2 g, 9
mmol) in THF (50 mL) was added successively tetrakis(triphen-
ylphosphine)palladium (10 mol%), Cul (10 mol%), and triethyl-
amine (30 mol%) and the resulting mixture was stirred for 3 h at
room temperature. The solvent was removed under reduced pres-
sure to leave a solid residue, which was washed thoroughly with
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water and chromatographed over silica gel using a mixture of eth-
yl acetate and hexane (1:5) as the solvent to give pure 34b as pale
yellow crystals (0.8 g, 42%). Mp 67-69 °C; 'H NMR (CDCl;) §
8.38 (1H, s), 8.1-8.2 (2H, m), 7.82 (1H, dd, J = 5.1, 2.7 Hz), 7.5-
7.6 2H, m), 7.3-7.4 (3H, m). Anal. Calcd for C;HoNO,: C,
75.33; H, 4.06; N, 6.27%. Found: C, 75.58; H, 4.17; N, 6.45%.

Other isomeric nitrodiphenylacetylenes were synthesized using
the same procedure.

2-Nitrodiphenylacetylene (34a):* oil; '"H NMR (CDCl;) §
8.07 (1H, dd, J = 6.3, 1.1 Hz), 7.71 (1H, dd, J = 6.3, 1.1 Hz),
7.5-7.7 (3H, m), 7.45 (1H, t,J = 6.3 Hz), 7.3-7.4 (3H, m).

4-Nitrodiphenylacetylene (34c):*®> mp 113-115 °C; 'H
NMR (CDCl;) 6 8.22 (2H, d, J = 8.7 Hz), 7.67 (2H, d, J = 8.7
Hz), 7.5-7.6 (2H, m), 7.4-3.5 (3H, m).

NMR Experiments for the Reaction of Peroxynitrite with
Organic Substrates. All reactions were performed at room
temperature in an NMR tube containing a buffered deuterium ox-
ide (D,0), acetonitrile-d; (CD;CN), or chloroform-d (CDCls) so-
lution according to the following three different procedures (de-
noted hereafter as procedures A—C). A buffered D,O solution
(0.25 M, pH 7.0) was prepared by dissolving sodium dihydrogen-
phosphate and disodium hydrogenphosphate in a 4:6 molar ratio
in D,O. For the reactions in CD;CN and CDCl;, sodium dihydro-
gen phosphate (2 mg) was added and dispersed by sonication.
The 'H NMR analyses were carried out before and after the addi-
tion of peroxynitrite and the conversion and product yield were es-
timated on the basis of '"H NMR peak area of each compound. p-
Dichlorobenzene, p-dinitrobenzene, p-dimethoxybenzene, p-ni-
trotoluene, and 1,3,5-trinitrobenzene were employed as the inter-
nal standard for the reactions in organic solvents, while 3,3-di-
methylglutaric acid and 2,2-dimethylmalonic acid were used for
the reactions in aqueous systems. All major products were identi-
fied by direct comparison with the authentic specimens.

Procedure A: To a solution of a substrate (10 pmol) and an
internal standard in a buffered solvent (0.6 mL) was added a solu-
tion of peroxynitrite (20-40 pmol) all at once under air. Immedi-
ately after the addition, the mixture was shaken vigorously and,
after being kept for 10 min, it was analyzed by '"H NMR and GC-
MS.

Procedure B: All reactions were carried out in a manner sim-
ilar to procedure A, excepting the additional presence of sodium
hydrogencarbonate (10 pmol).

Procedure C (Control experiment): A solution of perox-
ynitrite (20-40 pmol) was added to a buffered solvent (0.2 mL)
and allowed to stand for 10 min, during which time the peroxyni-
trite decomposed completely. Then, a solution (0.4 mL) of a given
substrate (10 pmol) and an internal standard was added to this so-
lution; after it was kept for 10 min, the reaction mixture was ana-
lyzed by '"H NMR.

Spectral Data of Reaction Products. 4-Nitrophenol (2):
'H NMR (D,0) 68.02 (2H, d,J = 9.2 Hz), 6.71 (2H, d,J = 9.2
Hz).

2-Nitrophenol (3): 'H NMR (D,0) §7.93 (1H, dd, J = 8.8,
1.9 Hz), 7.45 (1H, t, J = 8.8 Hz), 6.95 (1H, d, J = 8.4 Hz), 6.75
(1H,t,J = 8.4 Hz).

Hydroquinone (4): 'H NMR (D,0) §6.65 (4H, s).

4-Methyl-2-nitrophenol (8a): 'H NMR (D,0) § 7.80 (1H,
s), 7.35 (1H, d, J = 8.4 Hz), 6.92 (1H, d, J = 8.4 Hz), 2.17 (3H,
s); '"H NMR (CD;CN) & 7.85 (1H, s), 7.43 (1H, d, J = 8.6 Hz),
6.97 (1H, d, J = 8.6 Hz), 2.29 (3H, s); CI-MS m/z (rel intensity)
154 M+1, 100).

Nitrotyrosine (8b): 'H NMR (D,0) §7.7 (1H, s), 7.29 (1H,
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d,J = 8.4 Hz), 6.88 (1H, d,J = 8.8 Hz), 3.7 (1H, m), 3.0 (2H, m).
4-Methyl-4-nitro-2,5-cyclohexadienone (9a2):° 'H NMR
(D,0) §7.22 (2H, d,J = 9.8 Hz), 6.31 (2H, d, J = 9.8 Hz), 1.82
(3H, s); 'TH NMR (CD;CN) §7.16 (2H, d, J = 9.6 Hz), 6.33 (2H,
d,J = 9.6 Hz), 1.88 (3H, s).
1,1’-Dimethyl-4,4’-dioxo-1,1’,4,4’-tetrahydrobiphenyl (10a):
'"H NMR (D,0) §6.96 (2H, d, J = 9.6 Hz), 6.07 2H, d, J = 9.6
Hz), 1.34 (3H, s); '"H NMR (CD;CN) §6.92 (2H, d, J = 9.6 Hz),
6.02 2H, d,J = 9.6 Hz), 1.36 (3H, s).
2,2’-Dihydroxy-5,5’-dimethylbiphenyl (11a):*’ 'H NMR
(CDCly) §7.11 (2H, d, J = 8.4 Hz), 7.07 (2H, s), 6.93 (2H, d, J =
8.4 Hz), 2.30 (6H, s); CI-MS m/z (rel intensity) 215 (M+1, 100).
2,6-Di-t-butyl-4-nitrophenol (13): 'H NMR (CD;CN) §
7.79 (2H, s), 1.31 (18H, s); CI-MS m/z (rel intensity) 252 (M +1,
100), 236 (9), 220 (5).

2,6-Di-t-butyl-1,4-benzoquinone (14):* 'H NMR (CD;CN)
66.47 (2H, s), 1.24 (18H, s); CI-MS m/z (rel intensity) 221 (M+1,
100).

4,4 -Dihydroxy-3,3,5,5’-tetra-¢t-butylbiphenyl (15):* 'H
NMR (CDs;CN) 6 7.29 (4H, s), 1.42 (36H, s); CI-MS m/z (rel in-
tensity) 410 (M*, 100), 299 (52), 243 (44).

4-Nitrocatechol (16): 'HNMR (D,0) §7.65 (1H,d,J = 8.8
Hz), 7.55 (1H, s), 6.60 (1H, d, J = 8.8 Hz).

N-Methyl-p-toluidine (18):*° 'H NMR (D,0) & 7.00 (2H, d,
J = 8.4 Hz), 6.68 2H, d, J = 8.4 Hz), 2.59 (3H, s), 2.09 (3H, s);
'"H NMR (CD;CN) §6.93 2H, d, J = 8.4 Hz), 6.49 (2H, d, J =
8.4 Hz), 2.70 (3H, s), 2.18 (3H, s); CI-MS m/z (rel intensity) 120
M—1, 100), 91 (70), 77 (60).

N-Methyl-N-nitroso-p-toluidine (19):>® 'H NMR (CD;CN)
67.44 (2H,d,J = 8.4 Hz), 7.30 (2H, d, J = 8.4 Hz), 3.38 (3H, s),
2.31 (3H, s); CI-MS m/z (rel intensity) 151 (M+1, 57), 122 (100).

N,N-Dimethyl-p-toluidine-N-oxide (20):>> 'H NMR (D,0)
67.55(2H,d,J = 8.4 Hz),7.23 (2H, d,J = 8.4 Hz), 3.43 (6H, s),
2.22 (3H, s); 'H NMR (CD;CN) §7.74 (2H, d, J = 8.4 Hz), 7.27
(2H, d,J = 8.4 Hz), 3.60 (6H, s), 2.36 (3H, s); CI-MS m/z (rel in-
tensity) 150 (M —1, 100).

Benzotriazole (22): 'H NMR (CD;CN) §7.82 (2H, dd, J =
6.2,3.2 Hz), 7.44 (2H, dd, J = 6.2, 3.2 Hz); MS m/z (rel intensity)
120 M+1, 100).

Unidentified product (23): "H NMR (CD;CN) § 7.65 (1H, d, J
= 8.4 Hz),7.15 (1H, t,J = 8.4 Hz), 6.82 (1H, d, J = 8.4 Hz), 6.69
(1H,t,J = 8.4 Hz).

2,3-Epoxy-2,3-dihydro-1,4-naphthoquinone (25):> 'H
NMR (CD;CN) 6 7.94 (2H, dd, J = 5.6, 3.2 Hz), 7.82 (2H, dd, J
= 5.6, 3.2 Hz), 4.02 (2H, s); CI-MS m/z (rel intensity) 175 M+1,
100%), 146 (23), 105 (35).

Acetophenone (27): 'H NMR (CD;CN) §7.95 2H, d, J =
8.4 Hz), 7.5-7.6 (1H, m), 7.49 (2H, t,J = 8.4 Hz), 2.55 (3H, s).

trans-Stilbene Oxide (30): 'H NMR (CDCly) § 7.3-74
(10H, m), 3.87 (2H, s).

Benzil (31): 'H NMR (CDCl;) § 7.98 (4H, dd, J = 7.2, 1.5
Hz), 7.67 2H, t,J = 7.2 Hz), 7.51 (4H, t,J =7.2 Hz).
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