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AbstractÐAn a-tocopherol model compound, 2,2,5,7,8-pentamethyl-6-chromanol, reacted with nitric oxide (NO) in the presence of
various amounts of oxygen to a�ord four major products. Distribution of the products was varied depending on the ratio of NO
and O2, and the preincubation time of NO and O2. # 2000 Elsevier Science Ltd. All rights reserved.

a-Tocopherol (a-Toc) is a ubiquitous antioxidant in
biological systems and protects biological molecules
from the oxidation induced by various kinds of active
oxygens.1ÿ4 Its action is derived from the quenching of
active oxidants with one electron reduction and the
radical chain reaction is terminated by this process.

Nitric oxide (NO) is one of the most important biologi-
cal radical molecules and has been known to ®ll the role
of mediator in many physiological phenomena.5 In
addition, NO brings about cytotoxic activity when it is
generated in relatively high concentration, and reacts
with molecular oxygen or superoxide to give dinitrogen
trioxide (N2O3), nitrogen dioxide (NO2), or peroxy-
nitrite.6,7 These higher nitrogen oxides (NOx) are known
to have high reactivity and oxidation activity in spite of
the slight reactivity of NO itself.8

Since these active species derived from NO are supposed
to give oxidative damages to the body, it is important to
investigate their interaction with a-Toc, which is one of
the major antioxidants in biological systems. In spite of
its relevance and importance, there are few reports con-
cerning the reaction of a-Toc and nitrogen oxides. Jan-
zen et al. reported that a-Toc reacted with NO in the
absence of oxygen to form tocopheroxyl radical which
was detected by ESR and the radical signals were
reversibly changed by the presence or the absence of
excess NO.9 The stable reaction products were, how-

ever, not reported in this paper. d'Ischia reported the
reaction of a-Toc with NO in the presence of oxygen to
give many oxidation products, one of which was a novel
ring contraction product.10 He also reported that
a-tocoquinone was obtained in a low yield. However,
the yield of the product was less than 10%, and the
whole reaction process remained unclear.

In the course of our study of autooxidation of a-Toc,11

we have been interested in the interaction of a-Toc and
NO or other nitrogen oxides. It has been reported that
NO and O2 react in various manners depending upon
the ratio of these two chemicals, and the reaction pro-
cesses are quite complex12 because diverse intermediates
have di�erent reactivities toward co-existing organic
molecules. Thus we decided to investigate the reaction
of a-Toc with nitrogen oxides by changing the ratio of
NO and O2, and in addition, changing the preincuba-
tion time of two gases to clarify the reaction mechanism.
In order to simplify the analysis of the reaction mixture,
a known a-Toc analogue, 2,2,5,7,8-pentamethyl-6-chro-
manol (PMC), was adopted as a ®rst substrate. It was
found that high yields of products were obtained by
controlling the amount and ratio of NO and O2, and
that the products distribution was varied by the ratio
and mixing time of two gases. This paper describes these
results.

When the reaction was carried out using PMC 1 and an
equimolar amount of NO in air in dichloroethane (DCE),
2-(3-hydroxy-3-methylbutyl)-3,5,6-trimethyl-1,4-benzo-
quinone (PMCquinone) (2) was obtained in 33% yield
accompanied by many minor products. The decrease of
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O2 amount made the reaction mixture simpler, and two
major products were obtained whose structures were
assigned as 2 and 2,2,7,8-tetramethylchroman-5,6-dione
(PMCred) (3).13 Among the other minor products, two
compounds were identi®ed as 5-formyl-2,2,7,8-tetra-
methyl-6-chromanol (4)14 and 2,3-dihydro-3,3,5,6,9,10,
11a-heptamethyl-7a-(3-hydroxy-3-methylbutyl)-1H-pyr-
ano[2,3-a]xanthene-8(7aH),11(11aH)-dione (5)15 (Scheme
1 and Table 1). All the reactions were carried out three
times, and the reaction yields shown are mean values.

The reaction seldom proceeded by the mixing of PMC
and 10 equiv of NO in the absence of O2 (Table 1, entry
5), thus there seems to exist no interaction between
PMC and NO. In the case of 1 equiv of NO (entry 1),
however, about a half amount of PMC was consumed
accompanied by formation of a small amount of 2. The
reason for these controversial phenomena was attrib-
uted to a slight contamination of oxygen in the experi-
ment of entry 1, in which the inner pressure was lower
than that of entry 5.16 Product distribution varied when
PMC and NO were allowed to stir for 2 h before the
addition of O2 (entry 2 versus entry 7). The results
indicate that the non-productive interaction exists
between PMC and NO in the absence of O2, as

suggested in the literature.9 When 1 or 2 equiv of NO
was used, PMC was consumed in the presence of 0.5
equiv of O2 to give almost equimolar amounts of 2 and
3 (entry 9 and 10) and the yields became higher with
lesser amount of NO (entry 10). In these cases, the tim-
ing of O2 addition brought about a large e�ect on the
products yields (entry 9 versus entry 8), which also sug-
gests the direct interaction between NO and PMC in the
absence of O2. By decreasing the NO amount, it is
necessary to make the reaction time longer, but the use
of excess amount of O2 resulted in the considerable
consumption of PMC (entry 12). In this case, the minor
products 4 and 5 were obtained more than in the cases
under the former conditions. For the comparison of the
reactivity, 1 equiv of NO2 was used instead of NO and
O2, and the results were shown in entries 14±16. In a
short reaction time (10min), 2 was obtained in 41% yield
without considerable formation of 3 (entry 15), and the
yield of 3 gradually increased with the elongation of the
reaction time. Although the reaction with NO2 corre-
sponds to the reaction with NO and 0.5 equiv of O2

from the viewpoint of the stoichiometry, the results
were di�erent as shown in entries 14 and 10. Thus these
also suggested that the formation of NO2 was incom-
plete in the mixture of NO and 0.5 equiv of O2.

Scheme 1.

Table 1. The yie1dsa of four oxidation products of PMC by the reaction with NO in the presence of various amounts of oxygen

Added O2 (equiv)

Entry NO (equiv) 0 h 2 h Reaction time (h) Recovered PMC (%) Yield of 2 (%) Yield of 3 (%) Yield of 4 (%) Yield of 5 (%)

1 1 Ð Ð 2 50.8 � 3.1 7.2 � 4.4 2.3 � 0.7 2.4 � 0.7 1.8 � 0.4
2 1 Ð 1 2 0.0 � 0.0 36.1 � 7.6 53.8 � 6.2 0.0 � 0.0 2.5 � 1.1
3 1 Ð 1 1 0.0 � 0.0 31.3 � 0.9 15.0 � 6.5 2.8 � 2.4 3.1 � 1.7
4 1 Ð 1 0.2 22.6 � 4.1 17.7 � 2.5 3.7 � 0.3 3.6 � 0.4 3.2 � 0.6
5 10 Ð Ð 2 98.7 � 3.7 1.9 � 0.7 0.0 � 0.6 0.0 � 0.3 0.4 � 0.2
6 10 Ð 1 0.2 0.0 � 0.0 17.0 � 2.6 16.0 � 1.6 0.0 � 0.0 0.0 � 0.0
7 1 1 Ð 2 0.0 � 0.0 17.2 � 1.0 26.7 � 1.2 0.0 � 0.0 1.6 � 0.6
8 2 0.5 Ð 2 5.0 � 1.5 19.2 � 6.3 15.3 � 5.6 5.2 � 1.0 5.1 � 0.6
9 2 Ð 0.5 2 1.8 � 1.4 38.3 �10.1 35.7 �12.0 7.2 � 1.0 5.1 � 2.1
10 1 Ð 0.5 2 0.0 � 0.0 44.1 � 6.6 45.8 � 2.8 6.2 � 3.6 2.9 � 0.7
11 0.1 Ð 10 2 79.1 � 2.5 6.3 � 1.3 0.6 � 0.4 0.0 � 0.0 9.2 � 0.8
12 0.1 Ð 10 24 28.9 � 7.5 14.7 � 2.0 2.2 � 1.6 6.1 � 0.9 16.7 � 2.1
13 0.1 Ð 1 24 70.0 � 2.4 5.8 � 1.1 1.8 � 0.4 1.4 � 1.2 9.2 � 1.7
14 NO2 (1 equiv) 2 0.0 � 0.0 51.1 � 12.1 16.0 � 9.6 2.5 � 2.3 14.4 � 1.3
15 NO2 (1 equiv) 0.2 4.9 � 7.0 40.9 � 16.8 2.4 � 0.6 0.0 � 0.0 15.6 � 0.8
16 NO2 (1 equiv) 24 0.0 � 0.0 22.6 � 9.4 32.0 � 14.1 0.0 � 0.0 6.1 � 5.5

aThe yields were measured three times and represented with standard deviation.
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Since the overall product yields are up to 90%, the
results are thought to a�ord the rational background
for the discussion of total reaction mechanism.
Although there must be several pathways to give these
products, one of the supposed reaction mechanisms is as
shown in Scheme 2. It is well known that NO reacts
with O2 to form N2O3 or NO2 according to the ratio of
NO/O2. Thus, based on the stoichiometry, the major
reactive species in the reaction are regarded as NO2

(+N2O3)+little O2 (entries 2±4, 7), N2O3 (+NO)
(entries 6, 8, 9), NO2 (entry 10), and NO2+O2 (entries
11±13), respectively, although these reactive species
interconvert with each other in the reaction mixture.
This interconversion is suggested by the fact that the
result obtained from the use of NO2 (entry 14) was dif-
ferent from that in entry 10. The reaction is supposed to
commence with the hydrogen abstraction with NO,
N2O3 or NO2 to form phenoxy radical 6. The data in
Table 1 show that NO interacts with PMC without the
aid of O2, thus NO must have the reactivity toward
PMC to give the phenoxy radical. In the presence of
reactive NO2 (or N2O3), 6 was supposed to be further
oxidized by NO2 (or N2O3) to form PMCquinone 2.
When active NOx was decreased, this process must
become slower, and oxygen can substitute for NOx to
oxidize 6, and the reaction pathway is supposed to
change into the formation of PMCred 3 or 4. When the
amount of NOx was lowered further, the oxidation
might proceed via the sole participation of oxygen after
the initial formation of 6. Since 5 was thought to be a
product of Diels±Alder reaction of a quinonoid 10 and
2,15 the reaction was carried out in the presence of
excess 2, but the yield of 5 was not increased. Therefore,
there must be an alternative pathway to the formation
for 5 other than the one shown in Scheme 2. Even in the
presence of 0.25 equiv of NO, PMC was consumed by
excess O2 and elongation of the reaction time (entries
11, 12). These data suggest there is a pathway where
NO2 might act in a catalytic manner for the oxidation.

The similar results were reported by Kochi et al. that
hydroquinone was oxidized by catalytic amounts of
NO2 in the presence of excess amount of oxygen.17

In this paper, we described the reaction of PMC and
NO in the presence of various amounts of oxygen to
form the products, four of which were identi®ed and
quanti®ed. It is the ®rst ®nding that the oxidized pro-
ducts were obtained in good yields by the restriction of
the amounts of NO and oxygen. In addition, the pro-
duct distribution was altered by the change of NO/O2

ratio. Our preliminary experiments showed that the
reaction with a-tocopherol gave analogous results pre-
sented in this paper, and these results will be reported in
a near future.
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