Ozone-mediated nitration of naphthalene and some methyl
derivatives with nitrogen dioxide. Remarkable enhancement of the
1-nitro/2-nitro isomer ratio and mechanistic implications
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Naphthalene, 1- and 2-methylnaphthalenes were smoothly nitrated with nitrogen dioxide at low
temperatures in the presence of ozone to afford the corresponding nitro derivatives in high yields. For
naphthalene, the 1-nitro/2-nitro isomer ratios were remarkably high, mostly ranging from 35 to 70.
1,4-Dimethylnaphthalene suffered extensive side-chain substitution under similar conditions. The
enhanced regioselectivity as compared with conventional nitrations has been interpreted in terms of the
electron transfer mechanism involving the nitrogen trioxide as the initial electrophile.

The nitration of naphthalenes is of great importance from both
practical and theoretical points of view. This reaction has long
been accepted to occur via the ionic pathway involving the
nitronium ion (NO,*) as the electrophile. However, Perrin
in 1977 observed the formation of nitronaphthalenes by
controlled potential electrolysis of naphthalene in acetonitrile
in the presence of nitrogen dioxide.! Based on this observation,
he proposed an alternative mechanistic view that a radical
cation-radical pair 2 is formed by the electron transfer between
naphthalene 1 and nitronium ion and the resulting intermediate
2 collapses to form an arenium ion 3 (Scheme 1; pathway a). His
view had received considerable attention and aroused much
debate, but later was subject to refutations from theoretical -3
and experimental studies.*®

The isomer distribution of the nitration product of
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naphthalene varies considerably depending on the reaction
conditions employed. The l-nitro/2-nitro isomer ratios are
mostly between 10 and 20 under the conventional ionic
conditions using nitric acid as the nitrating agent, while the
ratios are below 10 under the homolytic conditions using
nitrogen dioxide and light or heat. However, when the nitration
is carried out under the conditions of electron transfer, the
isomer ratio becomes unusually high and often reaches as high
as 40-50.# Therefore, the enhanced 1-nitro/2-nitro isomer ratio
may be regarded as a good criterion to judge whether the
reaction proceeds via the electron transfer mechanism or not.
This attractive criterion advanced by Eberson er al.® is quite
useful to differentiate mechanistic pathways for aromatic
nitration. For confirmation, a full collection of the 1-nitro/2-
nitro isomer ratio data obtained under a variety of conditions
are presented in Table 1.

Recently, we have observed that nitrogen dioxide is activated
in the presence of ozone to react with a variety of arenes, giving
the corresponding nitro derivatives in high yields (the kyodai-
nitration).% For this novel type of aromatic nitration, we have
proposed a mechanism in which the reaction proceeds in a dual
mode depending on the oxidation potential of aromatic
substrate, ie., sequences eqns. (l1)>(2)—(3) and eqns.
(1)—=(4)—(5):

NO, + 0,— NO, + O, (1

ArH + NO; — ArH'* + NO,~ 2)

ArH'* 4+ NO, — Ar(H)NO,* =5 AINO,  (3)

NO, + NO, — N,0; 25 NO,* + HNO, (4)

ArH + NO,* — Ar(H)NO,* =5 ArNO,  (5)

In order to obtain further information about the mechanism
of this novel nitration, we have investigated the reaction of
naphthalene and some methyl derivatives with nitrogen dioxide
in the presence of ozone. The high l-nitro/2-nitro isomer ratios
observed therein well substantiate our view that the kyodai-
nitration of activated and moderately activated arenes proceeds
via the cation radical generated by the process shown by eqn.

().
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Table 1  1-Nitro/2-nitro isomer ratios observed in the nitration of naphthalene under various conditions
Reactiori Isomer
Reagent Solvent T/°C time/h Yield (%) ratio Ref.

HNO, MeNO, 25 — — 29 9
MeCN 84 — — 11 10
AcOH 25 — — 21 9

50 L — 16 9,11
Ac,0 0 1 100 16 12
25 — — 9 9
50 — — 8 11
H,SO, 25 — — 35 9
HNO,-NaN, Ac,0 0 1 63 24 12
HNO,-HNO, 60%, H,SO, 25 — — 25 13
HNO,-H,S0, AcOH 70 — — 22 9
MeCN 25 — — 16 14
HNO,-H,S0,-Urea MeCN — — -— 9 1
25 — — 20 14

NO,*BF,” MeNO, 25 — — 12 9,15
Sulfolane 25 — — 10 15
CH,Cl, 20 15 9 12 6
-30 2 15 15 6
MeCN 25 — 11 14
AgNO,-MeCOCI MeCN 25 — — 12 15
AgNO,-PhCOClI MeCN 25 — — 12 15
AgNO,-BF, MeCN 25 — — 19 15
MeONO,-MeOSO,F MeCN 25 — — 13 15
4-NO,pyONO, *? MeCN 25 — — 10 15
(NH,),Ce(NO,), MeCN 84 — — 15 19
Hg(NO;),~Nafion-H® HNO, Room temp. 1 77 32 16
C(NO,), Gas phase 300 — — 1 15
C(NO,),, hv MeCN 23 4 (70) 21 17
Room temp. 17 56 7 12
CHCl, 23 16 (99) 9 17
C(NO,),-TFA, hv® MeCN 23 15 (98) 20 17
pyNO,*? MeCN Room temp. — 98 10 12
23 21 (60) 8 17
2,6-Me,pyNO, *® MeCN -20~0 0.5 (83) 7 17
pyNO,*, hv? MeCN —40 3 62 6 12
2,6-Me,pyNO, *, hv® MeCN —40 16 (93) 18 17
4-MeOpyNO, *, hv® MeCN 23 7 (46) 14 17
4-MeOpyNO,*-TFA, hv® MeCN 23 11 (83) 13 17
N,0, Sulfolane 25 1 2 17 18
N,0,-HCIO, Sulfolane Room temp. 1 32 17 19
N,O,—Electrolysis (E = 1.0 V) Sulfolane Room temp. 1 38 16 19
NO,(N,0,) Sulfolane 25 1 8 19 20
CH,Cl, Room temp. 48 59 24 21
CCl, 25 — — 10 22
50 — — S 22
MeCN 25 — — 24 15
NO,-DTBP? CH,Cl1, 25 — — 8 22
CCl, 25 — — 4 22
NO,-NOCIO, Sulfolane 25 1 23 20 18
NO,~(NH,),Ce(NO,), MeCN 65 — — 16 15
NO,-Zn(NO,), Sulfolane 25 1 22 19 18
NO,-Cu(NO,;), Sulfolane 25 1 30 19 18
NO,-UO(NO,), Sulfolane 25 1 52 19 18
NO,-Electrolysis — — — — 11 1
— — — — 20 14
CH,Cl, —45 — 100 65 6
(E=1.0V) Sulfolane 25 1 24 19 20
(E=13V) — — — — 23 23
(E=17YV) Sulfolane 25 1 50 20 20
N,0,-NO,-NO,-Air Gas phase 25 — 26 2 24
NaphH* + NO, Gas phase 25 300 2

(calcd.)

(NaphH),"* + NO, CH,Cl, -25 — 49 43 6
NaphH'* + NO, CH,Cl, -25 — 119 36 6
NaphH'* + NO, MeNO, — — — 50 25

“ Numeral in parenthesis refers to conversion. ® Abbreviations: py = pyridine, DTBP = 2,6-di-tert-butylpyridine, TFA = trifluoroacetic acid.

Results and discussion

Nitration of naphthalene

General reviews. Since A. Laurent first obtained 1-nitronaph-
thalene in 1835 from the reaction of naphthalene with nitric
acid,?’ a great number of papers and patents dealing with the
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nitrations of naphthalene have appeared. Most of these
nitrations involve the use of nitric acid or a mixture of nitric
acid and sulfuric acid (mixed acid) as the nitrating agent. For
many years l-nitronaphthalene was considered as the sole
product from the mononitration of naphthalene. Fierz-David
in 1943 reported that the nitration of naphthalene produced



Table 2 Kyodai nitration of naphthalene®

Isomer proportions (%)

¢/mol dm™3 t/min T/°C Conversion (%) 1-NO,:2-NO, Isomer ratio
0.002 S -25 >99 84.7:15.3¢ —

0.02 5 0 95.9:4.1 23

0.02 5 -25 97.9:2.1 47

0.2 5 0 97.4:2.6 37

0.2 60 0 >99¢ 97.6:2.4 414

0.2 5 -25 98.2:1.8 55

0.2° 5 -25 98.6:1.4 70

1.7 S 0 97.2:2.8 35

2 All reactions were carried out in dichloromethane (50 cm?) and nitrogen dioxide (0.2 cm?), unless otherwise indicated. The isomer composition was
determined by GLC analysis; 1- and 2-nitronaphthalenes appeared in this order and their correction factors were 1.45 and 1.57, respectively.
b Nitrogen dioxide (1.0 cm®) was used. ¢ A mixture of dinitronaphthalenes were obtained as the major product. Isomer composition determined by
GLC was 1,3- (36.8%), 1,5- (13.4%) and 1,8- (37.0%). ¢ Dinitronaphthalenes were obtained as additional product; 1,3- (3.7%), 1,5- (2.3%;) and 18-

(5.1%). ¢ Methanesulfonic acid (1 mol%) was added.

1-nitronaphthalene (94%;), 2-nitronaphthalene (4.5%), 2.4-
dinitro-1-naphthol (0.4-3.6%) and small amounts of 1,5- and
1,8-dinitronaphthalenes.?® The amount of 2-nitro isomer is
known to increase as the reaction temperature is raised.?®:3°
Further nitration with strong nitric acid gives as the major
products 1,5- and 1,8-dinitronaphthalenes in an approximate
ratio 1:2,28-31:32 while a mixture of polynitronaphthalenes
mainly composed of 1,3,5- and 1,4,5-trinitronaphthalenes and
1,3,5,7-tetranitronaphthalene was obtained under forcing
conditions.®® The reported partial rate factors for 1- and 2-
positions of naphthalene are 470 and 50,3* or 212 and 11.4.3°

Previous methods for the nitration of naphthalene include
electrolysis in dilute nitric acid;*® heating with alkali nitrates—
bisulfate 37 or nitric acid-pyridine-zinc chloride;*® reaction
with 70% nitric acid in the presence of Nafion-H and
mercury(n) nitrate;'® treatment with nitrosulfonic acid,®®
dinitrogen tri- and tetra-oxides—boron trifluoride complex,*%4!
potassium nitrate-sulfuric acid*?> and ammonium nitrate—
triftuoroacetic acid anhydride;*? reaction with nitrogen dioxide
in concentrated sulfuric acid** and reaction with nitrosyl
chloride.4®

Kyodai-nitration of naphthalene. Naphthalene reacted with
extreme ease with nitrogen dioxide in the presence of ozone
even at — 25 °C, giving a mixture of isomeric nitronaphthalenes
in nearly quantitative yield (Table 2). The results indicate that
the «-selectivity is quite high, the 1-nitro/2-nitro ratios being in
the range 23-70. These values are comparable to those (36-65)
reported for the reaction of naphthalene cation radical salts
with nitrogen dioxide,*> but contrast to the values (10-20)
reported for the conventional nitration based on the use of
nitric acid. The high positional selectivity was kept almost
unchanged throughout the mono-nitration stage, which
strongly suggests that the reaction proceeds via a single
mechanistic pathway.

At high conversion, dinitronaphthalenes were formed as
additional products. Interestingly, the isomer composition of
dinitronaphthalenes was quite unusual in that 1,3-dinitronaph-
thalene was an important component. The dinitration of
naphthalene by conventional methods affords a mixture of 1,5-
and 1,8-dinitronaphthalenes in an approximate ratio 1:2,3!
where the 1,3-isomer was formed only in a slight amount.

Nitration of methylnaphthalenes

1-Methylnaphthalene. 1-Methylnaphthalene was previously
nitrated by nitric acid,*® acetyl nitrate,® methyl nitrate—
aluminum chloride,*’ N-nitropyridinium tetrafluoroborate !>
or nitrogen dioxide.> At the mono-nitration stage, 1-methyl-4-
nitronaphthalene was the major product, accompanied by 2-, 5-
and 8-nitro isomers as the second important products.®*!2 The
3-nitro isomer was also formed as the minor product. The
isomeric ratios varied considerably depending on the nitrating
agent employed. Further nitration with strong acid led to 1-

methyl-4,5-dinitronaphthalene as the major product, the 2,4-
and 4,8-dinitro isomers being the second major products.
Under forcing conditions, 1-methyl-2,4,5-trinitronaphthalene
was obtained as the main product.

As shown in Table 3, the kyodai-nitration of this
hydrocarbon gave 84-93% of the 4-nitro derivatives. The high
positional selectivity compared with that of the usual
electrophilic nitration suggests the involvement of a radical
cationic species as the intermediate for ring substitution.
Addition of methanesulfonic acid facilitated the reaction
appreciably. 4-Methyl-2-nitronaphth-1-ol was also formed in a
trace amount.

2-Methylnaphthalene. Since 2-methyl-1-nitronaphthalene is
important as the starting material for some pharmaceuticals,
the nitration of 2-methylnaphthalene was examined by many
workers.>'1248 However, most early works were qualitative in
nature. 2-Methylnaphthalene was easily nitrated with nitric
acid to form 2-methyl-1-nitronaphthalene as the major
product. Important isomers included the 4-, 8- and 5-nitro
derivatives, in decreasing order of amount. The 6- and 3-nitro
isomers were not important.>-®

The kyodai-nitration of 2-methylnaphthalene, carried out at
0 and —25 °C under similar reaction conditions, gave a mix-
ture of six isomeric mononitro derivatives with the res-
pective percentage ratios 72.8:13.9:6.2:52:1.5:0.4 and
80.1:11.2:4.3:3.2:0.9:0.4. The major product was the 1-nitro
isomer and the second major product was the 4-nitro isomer.
The other four isomers were 8-, 5-, 3- and 6-nitro derivatives in
decreasing order of amount. The positional selectivity at 1-
position was again higher as compared with the values of
conventional nitrations, except for the case where the 2-
methylnaphthalene cation radical was reacted with nitrogen
dioxide.®

1,4-Dimethylnaphthalene. The nitration of 1,4-dimethylnaph-
thalene is confusing in the literature. The major product
reported was either 1-methyl-4-nitromethylnaphthalene,!?4°
1,4-dimethyl-5-nitronaphthalene,®*° 1-methyl-4-methylene-1-
nitro-1,4-dihydronaphthalene,®' 1,4-dimethyl-1-nitro-4-nitro-
oxy-1,4-dihydronaphthalene *2 or 1,4-dimethyl-2-nitronaphth-
alene.>12

The kyodai-nitration of 1,4-dimethylnaphthalene proceeded
somewhat sluggishly and the side-chain nitration was the major
reaction that took place. This tendency became especially
prominent as the reaction temperature was raised and the
concentration of the nitrating agent was increased (Table 4).
The relative increase in side-chain nitration may in part
be attributed to the direct attack by nitrogen dioxide.>
Interestingly enough, the 2-nitro isomer was favoured over the
5-nitro isomer in the kyodai-nitration, while the opposite trend
was observed in the conventional nitration based on the use of
nitric acid. This is in accordance with an observation that the
radical cation of 1,4-dimethylnaphthalene reacts with nitrogen
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Table 3 Nitration of 1-methylnapthalene

Isomer proportions (%)

Reagents ¢/mol dm™3 t/min T/°C Conversion (%) 2-:3-:4-:5-:8-NO,

NO,-0,¢ 0.02 10 0 98 5.3:5.2:88.3:0.8:0.3
0.02 10 -25 95 8.6:4.2:85.1:1.8:0.3
0.2 60 0 >99 12.2:0.7:85.0:1.6:0.5
0.2 10 -25 81 8.6:0.8:84.4:6.1:0.1
0.2 60 -25 95 3.5:2.1:92.6:1.0:0.8
0.2% 10 =25 88 7.8:1.31:85.0:5.8:0.1
1.7 60 -25 15 4.8:2.1:85.7:7.3:0.1

HNO;-Ac,0¢ 0 94 29.8:2.4:49.2:6.8:11.8

HNO;-Ac,0¢ 0 29:2:51:8:10

NO,, CH,Cl,° 20 18:—:66:10:6

ArH'* + NO,* < =20 8:—:88:1:3

“ All reactions were carried out in dichloromethane (50 cm?) containing nitrogen dioxide (1.0 cm?), unless otherwise indicated. * Methanesulfonic
acid (1 mol%;) was added. ¢ This work; HNO, (2 equiv.)-Ac,0, 1 h. ? From ref. 12. ¢ From ref. 5.

Table 4 Nitration of 1,4-dimethylnaphthalene

Product distribution (%)

Reagents ¢/mol dm™3 t/min T/°C Conversion (%) 2-NO,:5-NO,:SC?
NO,-0,° 0.02 10 0 >99 52.7:10.0:37.3
0.02 10 —-25 98 19.9:5.2:74.9
0.2 10 0 97 18.1:0.3:81.6
0.2 45 0 >99 30.8:6.4:62.8
0.2 10 =25 97 9.0:0.1:90.9
0.2°¢ 10 -25 98 9.1:<0.1:90.9
HNO,-Ac,04 —10 6:18:76
NO,*BF, ", CH,Cl,* 0 100:0:0
Py-NO,*, MeCN*¢ 50 8:0:92
Py-NO,*, MeCN, hv¢ 0 8:0:29/
C(NO,),, MeCN, hv? 0 8:0:24"
C(NO,),, MeCN, collidine, hv* 0 81:0:19
HNO, H,SO,-NaN3, AcOH’ 20 14:82:4
NO,, CH,Cl,°¢ ) 20 3:5:92
ArH'* + NO,° -20 95:5:<0.1

“ See footnote a in Table 3. * 1-Nitromethyl-4-methylnaphthalene. © Methanesulfonic acid (1 mol%) was added. ¢ From ref. S. ¢ From ref. 12.
4 Adduct (71%) was reported. ¢ From ref. 53. * Adduct (68%) was reported. ' From ref. 4.

Table5 Comparison of the ratios of the most abundant isomer to the sum of all other isomers formed in the nitration of naphthalene, 1-methyl- and

2-methylnaphthalenes

Nitrating condition

Substrate NO,** NO,* ArH'* + NO,* NO,-0,°
Naphthalene 11 25 3665 23-70°¢
1-Methylnaphthalene 1.3 1.9 7.3 5.4-13
2-Methylnaphthalene 1.3 1.9 5.3 2.74.0

“ From ref. 4. ® Data from Tables 2—4. © Some values are ignored, if dinitro products were formed.

dioxide to give the 2-nitro derivative.® 'H NMR inspection of
the crude product mixture ruled out the presence of any adducts
which may lead to side-chain substitution products.

Mechanistic consideration

Eberson ef al. have demonstrated that the ArH-NO, * type and
ArH'*-NO, type reactions differ significantly from each other
with regard to the product distributions. For naphthalene, the
high 1-nitro/2-nitro ratios of 36-65 have been found for the
former type of reactions,* while the low values of 10-20 have
been reported for the latter. The ratios of the most abundant
isomer to the sum of all other isomers observed in the kyodai-
nitration of naphthalene and two mono-methyl derivatives are
compared with those calculated from the literature data (Table
5). Our values compare favourably with those from the ArH" * -
NO, type reactions, but show significant difference from the
values of the ArH-NO,* type reactions. Thus we may safely
consider that the kyodai-nitration of naphthalene proceeds via
the electron transfer mechanism depicted in Scheme 1.
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Nitrogen dioxide and ozone react rapidly to form nitrogen
trioxide, which oxidizes naphthalene 1 to yield a radical cation—
nitrate anion pair 4 (Scheme 1; pathway b). Physicochemical
parameters obtained from AMI calculations** show the
energetic preference of the process NO;—NO;~ over the
process NO,*—NO, (Table 6). The vertical ionization
potential as well as the bond reorganization energy >’ of the
former process are considerably lower as compared with those
of the latter process. The nitrate anion in the pair 4 would be
rapidly removed by an adventitious acid source to give a cation
radical 5, which is trapped by nitrogen dioxide to lead to the
expected nitro compound 7 vie a common arenium ion
intermediate 3. A noticeable facilitating effect of the added
protonic acid observed under certain conditions (Table 3) may
in part be attributed to its role as the scavenger of the NO;
moiety from the cation radical-anion pair 4. The enhanced
1-nitro/2-nitro ratio (up to 70) observed in the presence of
methanesulfonic acid at a low conversion stage may well be
understood on this basis. The ion-radical pair 4 might in part



Table 6 Physicochemical parameters for the relevant nitrogen oxide species calculated by the AM1 method

Relevant redox pairs Vertical ionization potential/eV

Bond reorganization energy/kJ mol™!

Standard electrode potential/V (vs. NHE)

NO,/NO," 5.43 106
NO*/NO 9.04 (9.25)°
NO,*/NO, 10.24 (9.79)

82 (88, 293)*
536 (435, 585)°

2.3-2.6 (H,0)**
1.55 (MeCN),56 1.60 (MeNO,) %
1.59 (MeCN) %6

“ Values in parentheses are taken from ref. 25. * Bond and total reorganization energies taken from ref. 7.

0.296 0.161
0.166 | o082 |
2
5 9
o Ratio = 1.78 a:f Ratio = 1.97
973.2 kJ mol™ 1123.4 kJ mol™

Fig. 1 Frontier electron densities for the radical reaction calculated by
the PM3 method for the monomeric and dimeric cation radicals derived
from naphthalene

collapse into the radical intermediate 6, which then would lead
to a dinitronaphthol 8, a compound reported by early
workers. 28

Although the nitro-trinitromethyl adduct formation is
important in the charge-transfer nitration of naphthalenes with
tetranitromethane,’®-%! the nucleophilic attack of the nitrate
anion onto the cation radical would be less important in our
case because of the weak nucleophilic nature of nitrate anion. 62
Nitrate anion has a lower n(Mel) value (1.5) compared to
those of trinitromethanide ion or pyridine (2.9 and 5.2,
respectively). 863

Gas phase nitration of naphthalene with dinitrogen
pentaoxide has been known to show the low 1-nitro/2-nitro
isomer ratios of 2.1-2.5.2* Furthermore, the free radical
nitration of naphthalene with dinitrogen tetraoxide in carbon
tetrachloride in the dark has been reported to yield a significant
amount of dinitronaphthalenes even at low conversion.?? The
absence of dinitronaphthalenes at an early stage of the kyodai-
nitration rules out a possible intervention of the free radical
mechanism.

The 1-nitro/2-nitro isomer ratios in the kyodai-nitration are
often subject to variation depending on the substrate-reagent
ratios employed. This may partly be rationalized by the known
equilibrium between the monomer and dimer radical cations
of naphthalene [eqn. (6)].%* Difference in reactivity of these
cation radicals toward nitrogen dioxide necessarily results in
the different isomer distribution of the nitration product. The
frontier electron densities for the radical reaction ®® calculated
by the PM3 method 3* for the monomeric and dimeric cation
radicals derived from naphthalene are shown in Fig. 1.
Obviously, substitution at the 1-position is favoured for the
dimeric cation radical 9, which is in accord with the high I-
nitro/2-nitro ratios observed at an initial stage of the reaction,
where the dimeric cation radical exists in high concentration.
Moreover, the dimeric radical cation 9 is energetically more
favoured (AG = —20 kJ mol™') over the monomeric one 5 (see
Experimental). This aspect of aromatic nitration remains to be
elucidated.

ArH'* + ArH == (ArH),""* )

In summary, naphthalene reacts easily with nitrogen dioxide
in the presence of ozone at low temperatures to give a mixture of
1- and 2-nitronaphthalenes in almost quantitative combined
yield. Formation of the further nitration products is less
prominent as compared with the conventional nitration based
on the use of nitric acid. The observed 1-nitro/2-nitro ratios are

in the range 23-70, which is incompatible with the classical
electrophilic mechanism based on the nitronium ion as
electrophile, but compatible with the non-classical mechanism
in which the nitrogen trioxide is involved as the initial
electrophile.

Experimental

Materials

General experimental details were given in previous papers.®®
All reagents and solvents used were reagent-grade commercial
products. Dichloromethane was dried by distillation from
calcium hydride. Nitrogen dioxide (999 pure) was obtained in a
cylinder from Sumitomo Seika Co. Ltd. and used after transfer
distillation. An apparatus (Nippon Ozone Co. Ltd., type ON-1-
2) was used for the generation of ozone. The machine produced
ozone at a rate of 0.6 mmol min~! with an oxygen flow of 10
dm?® h™! under an applied voltage of 80 V. Its efficiency was
calibrated by iodometric titration. Naphthalene was recrystal-
lized from ethanol before use. 1- And 2-methylnaphthalenes
and 1,4-dimethylnaphthalene were used as obtained. All
products were known and identified by 'H NMR and IR
spectroscopies, GC-MS or by direct comparison with the
authentic samples.

Kyodai-nitration of naphthalenes: typical procedure
1-Methylnaphthalene and nitrogen dioxide were dissolved in an
appropriate molar ratio in a freshly distilled dichloromethane
(50 cm?) and the solution was placed in a 50 cm? flask fitted
with a gas inlet tube and a vent which permits waste gas to
escape. The mixture was cooled to —25 °C or 0 °C externally
with a cooling bath (EYELA COOL ECS-1 with two thermo
controllers THS-40 and THD-50), while a stream of ozonized
oxygen was introduced under vigorous stirring through the
gas inlet tube, which should dip just below the surface of the
liquid in the flask. Throughout the reaction, ozonized oxygen
was fed continuously at a low flow rate. Under these reaction
conditions, the loss of nitrogen dioxide was not so significant.
The progress of the reaction and the product composition
were intermittently monitored by GLC using cyclododecane
as an internal standard on a Shimadzu gas chromatograph
instrument GC-14A, fitted with a fused silica capillary column
(J&W Scientific, DB-5-30N-STD, 30 m x 0.25 mm i.d., 5%
phenyl-methylsilicone, df = 0.25 mm) and a flame ionization
detector. Peak areas were determined using a Shimadzu C-R5A
Chromatopac computing integrator. After the lapse of an
appropriate time, the reaction was quenched with ice-cooled
water and excess nitrogen dioxide was expelled by blowing
argon into the solution. The reaction mixture was diluted with
saturated aq. sodium hydrogen carbonate (50 cm?®) and the
organic phase was separated, washed with brine (50 cm?)
followed by water (30 cm?®), and dried over anhydrous
magnesium sulfate. Removal of the solvent under reduced
pressure left a mixture of unreacted substrate and isomeric
nitro-1-methylnaphthalenes as an oily residue. 'H NMR
inspection of this crude product mixture ruled out the presence
of any addition products. The isomer compositions were
estimated by GLC analysis at the injection-port temperature
of 200 °C. The isomers appeared in the order 8-, 2-, 5-, 4- and
3-nitro as had been reported previously.®12
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Molecular orbital calculations

All semi-empirical calculations were carried out with the
MOPAC®? (version 6.10) program using the PM3 or AMI
Hamiltonian implemented on a Sony Tektronix CAChe system
(version 3.5). Unrestricted Hartree-Fock wave functions were
employed and the calculations were carried out by full
optimization using an extra keyword PRECISE. The frontier
electron densities for radical reactions were defined by Fukui ez
al. as a sum of the HOMO and SOMO coefficients.®® The
reorganization energy of the inner sphere (4;) for the process
NO; — NO;  was calculated as the difference between the
heat of formation (A¢H) of the assumed nitrate ion which has
the same structure as nitrogen trioxide, and A;H with the UHF-
optimized structure of nitrate ion. Standard heat of formations
of relevant species were NO;, 152.0; NO;~, —371.7; NO*,
954.7, NO, 5.0; NO,* 925.2; NO,, —62.6 kJ mol!, res-
pectively. The standard heat of formation for a neutral naph-
thalene molecule was calculated by PM3 Hamiltonian to be
170.2 kJ mol™, so the energy difference of the equilibrium
between the dimeric cation radical on one side and monomeric
cation radical and naphthalene on the other [eqn. (6)] was
estimated as AG =1123.4 — (973.2 + 170.2) = —20.0 kJ
mol .

Acknowledgements

We thank Prof. L. Eberson of Lund University for his valuable
suggestions on the kyodai-nitration of naphthalenes. Financial
support of this work from the Grant-in-Aid for Scientific
Research (No. 05554023) of the Ministry of Education, Science,
Sports and Culture of Japan is gratefully acknowledged. T. M.
thanks the Japan Society for the Promotion of Science for the
Fellowship (No. 5026).

References

1 C. L. Perrin, J. Am. Chem. Soc., 1977, 99, 5516.

2 J. P. B. Sandall, J. Chem. Soc., Perkin Trans. 2, 1992, 1689.

3 J. F. Johnston, J. H. Ridd and J. P. B. Sandall, J. Chem. Soc., Perkin
Trans. 2, 1991, 623.

4 L. Eberson, M. P. Hartshorn and F. Radner, Acta Chem. Scand.,
1994, 48, 937.

5 L. Eberson and F. Radner, Acta Chem. Scand., Ser. B, 1986, 40, 71.

6 L. Eberson and F. Radner, Acta Chem. Scand., Ser. B, 1980, 34,
739.

7 L. Eberson and F. Radner, Acta Chem. Scand., Ser. B, 1984, 38,
861.

8 L. Eberson, L. Jonsson and F. Radner, Acta Chem. Scand., Ser. B,
1978, 32, 749.

9 R. G. E. Alcorn and P. R. Wells, Aust. J. Chem., 1965, 18, 1377.

10 S. Dingtiirk and J. H. Ridd, J. Chem. Soc., Perkin Trans. 2, 1982,
965.

11 A. Streitwieser, Jr., and R. C. Fahey, J. Org. Chem., 1962, 27, 2352.

12 S. Sankararaman and J. K. Kochi, J. Chem. Soc., Perkin Trans. 2,
1991, 1.

13 D. S. Ross, K. D. Moran and R. Malhotra, J. Org. Chem., 1983, 48,
2118.

14 L. Eberson and F. Radner, Acta Chem. Scand., Ser. B, 1978, 32,
749.

15 G. A.Olah, S. C. Narang and J. A. Olah, Proc. Natl. Acad. Sci. USA,
1981, 78, 3298.

16 G. A. Olah, V. V. Krishnamurphy and S. C. Narang, J. Org. Chem.,
1982, 47, 596.

17 E. K. Kim, T. M. Bockman and J. K. Kochi, J. Chem. Soc., Perkin
Trans. 2, 1992, 1879.

18 D.S. Ross, J. R. Schmitt and R. Malhotra, Chem. Abstr., 1984, 100,
155980b.

19 A. Boughriet, C. Bremard and M. Wartel, Electrochim. Acta, 1988,
33, 701.

20 A. Boughriet, C. Bremard and M. Wartel, J. Electroanal. Chem.,
1987, 225, 125.

21 F. Radner, Acta Chem. Scand., Ser. B, 1983, 37, 65.

22 G. L. Squadrito, F. R. Fronczek, D. F. Church and W. A. Pryor,
J. Org. Chem., 1989, 54, 548.

682 J. Chem. Soc., Perkin Trans. 2, 1996

23 J. M. Achord and C. L. Hussey, J. Electrochem. Soc., 1981, 128,
255.

24 J.N. Pitts, Jr., R. Atkinson, J. A. Sweetman and B. Zielinska, 4tmos.
Environ., 1985, 19, 701.

25 A. Boughriet, C. Bremard and M. Wartel, New J. Chem., 1987, 11,
245,

26 For a survey, see: T. Mori and H. Suzuki, Synlett, 1995, 383.

27 A. Laurent, Ann. Chim. Phys., 1835, 59, 376.

28 H. E. Fierz-David and H. R. Sponagel, Helv. Chim. Acta, 1943, 26,
98.

29 H. Ikegami and H. Hiyama, J. Chem. Soc., Ind. Chem. Sect., 1954,
57, 332.

30 M. J. S. Dewar and T. Mole, J. Chem. Soc., 1956, 1441.

31 E. R. Ward and J. G. Hawkins, J. Chem. Soc., 1954, 2975.

32 (a) H. H. Hodgson and J. Walker, J. Chem. Soc., 1933, 1346; (b)
L. H. Klemm, J. W. Sprague and E. Y. K. Mak, J. Org. Chem.,
1957, 22, 161.

33 E.R. Ward, C. D. Johnson and L. A. Day, J. Chem. Soc., 1959, 487.

34 M. J.S. Dewar, T. Mole and E. W. T. Warford, J. Chem. Soc., 1956,
3376.

35 D. J. Clark and D. J. Fairweather, Tetrahedron, 1969, 25, 5525.

36 F. Fichter and E. Pliiss, Helv. Chim. Acta, 1932, 15, 236.

37 1. A. Nigeli, Bull. Soc. Chim. Fr., 1899, [iii] 21, 246.

38 M. Battegay and J. Brandt, Bull. Soc. Chim. Fr., 1899, [iv] 31, 786,

39 P. S. Varma and D. A. Kulkarni, J. Am. Chem. Soc., 1925, 47,
143.

40 G. B. Bachman and C. M. Vogt, J. Am. Chem. Soc., 1958, 80,
2987.

41 G. B. Bachman and T. Hokama, J. Am. Chem. Soc., 1957, 79,
4370.

42 H. H. Hodgson and J. S. Whitehurst, J. Chem. Soc., 1945, 202.

43 J. V. Crivello, J. Org. Chem., 1981, 46, 3056.

44 L. A. Pinck, J. Am. Chem. Soc., 1927, 49, 2536.

45 W. Steinkopfand M. Kiihnel, Ber. Dtsch. Chem. Ges., 1942, 75, 1323.

46 (a) H. W. Thompson, J. Chem. Soc., 1932, 2310; (b) R. Lesser,
Liebigs Ann. Chem., 1914, 402, 1; (¢) O. Scherler, Ber. Dtsch. Chem.
Ges., 1891, 23, 3921.

47 H. Willstaedt and G. Scheiber, Ber. Dtsch. Chem. Ges., 1934, 67,
466.

48 (a)J. A. Brink, Jr. and R. N. Shreve, /nd. Eng. Chem., 1954, 46, 694;
(b) K. E. Shulze, Ber. Dtsch. Chem. Ges., 1884, 17, 842; (¢) V. Vesely
and J. Kapp, Recl. Trav. Chim. Pays-Bas, 1925, 44, 360; (d)
A. Fischer, J. Packer, J. Vaughan and G. J. Wright, J. Chem. Soc.,
1964, 3687; (¢) A. Fischer, A.J. Read and J. Vaughan, J. Chem. Soc.,
1964, 3691.

49 (a) R. Robinson and H. W. Thompson, J. Chem. Soc., 1932, 2015;
(b) H. Suzuki and K. Nakamura, Bull. Chem. Soc. Jpn., 1971, 44,
303; (c) J. Calvert, L. Eberson, M. P. Hartshorn and J. O. Svensson,
J. Chem. Soc., Perkin Trans. 2, 1995, 645.

50 A. Davies and K. D. Warren, J. Chem. Soc. B, 1969, 873.

51 R. Robertson, J. Chem. Soc. B, 1970, 1289.

52 A. Fischer and A. L. Wilkinson, Can. J. Chem., 1972, 50, 3988.

53 S. Sankararaman and J. K. Kochi, J. Chem. Soc., Perkin Trans. 2,
1991, 165.

54 For calculation methods, see: (a) J. J. P. Stewart, J. Comput.
Chem., 1989, 10, 209; (b) 1989, 10, 221; (¢) M. J. S. Dewar, E. G.
Zoebisch, E. F. Healy and J. J. P. Stewart, J. Am. Chem. Soc.,
1985, 107, 3902.

55 P. Neta and R. E. Huie, J. Phys. Chem., 1986, 90, 4644.

56 K. Y. Lee, C. Amatore and J. K. Kochi, J. Phys. Chem., 1991, 95,
1285.

57 Reorganization barriers for conventional nitrating species such
as NO,*, NO* and others have been reported. (a) L. Eberson,
R. Gonzalez-Luque, J. Loventzon, M. Merchan and B. O. Roos,
J. Am. Chem. Soc., 1993, 115, 2898; (b) A. Boughriet and M. Wartel,
Int. J. Chem. Kinet., 1993, 25, 383.

58 For a review, see: L. Eberson, M. P. Hartshorn, F. Radner and
J. O. Svensson, J. Chem. Soc., Perkin Trans. 2, 1994, 1719.

59 For naphthalene, see: L. Eberson, M. P. Hartshorn and F. Radner,
J. Chem. Soc., Perkin Trans. 2, 1992, 1793.

60 For 1-methylnaphthalene, see: J. L. Calvert, L. Eberson, M. P.
Hartshorn, R. G. A. R. Maclagan and W. T. Robinson, Aust. J.
Chem., 1994, 47, 1591.

61 For 1,4-dimethylnaphthalene, see: (@) L. Eberson, M. P. Hartshorn
and F. Radner, J. Chem. Soc., Perkin Trans. 2, 1992, 1799; (b)
T. M. Bockman, E. K. Kim and J. K. Kochi, Bull. Soc. Chim. Fr.,
1993, 130, 323.

62 In some cases, prominent m-nitration was observed at an initial stage
as a result of the annihilation of a radical cation and nitrate anion.
See: H. Suzuki, T. Murashima and T. Mori, J. Chem. Soc., Chem.
Commun., 1994, 1443.



63 R. G. Pearson, H. Sobel and J. Songstad, J. Am. Chem. Soc., 1968, 66 (a) H. Suzuki, T. Murashima, I. Kozai and T. Mori, J. Chem. Soc.,

90, 319. Perkin Trans. 1, 1993, 1591; (b) H. Suzuki and T. Mori, J. Chem.

64 (a) L. Eberson, M. P. Hartshorn and O. Persson, J. Chem. Soc., Soc., Perkin Trans. 2, 1994, 479; (c) 1995, 41; (d) H. Suzuki, T. Mori
Perkin Trans. 2, 1995, 409; (b) S. Steenken, C. J. Warren and B. C. and K. Maeda, Synthesis, 1994, 841; (¢) H. Suzuki, S. Yonezawa
Gilbert, J. Chem. Soc., Perkin Trans. 2, 1990, 335; (¢) J. R. Leis, and T. Mori, Bull. Chem. Soc. Jpn., 1995, 68, 1535.

M. E. Pena and J. H. Ridd, J. Chem. Soc., Chem. Commun., 1988,
670; (d) H. P. Fritz, H. Gebauer, P. Friedrich, P. Ecker, R. Artes
and U. Schubert, Z. Naturforsch., Teil B, 1978, 33, 498; (e) H. P.
Fritz and H. Gebauer, Z. Naturforsch., Teil B, 1978, 33, 702; 66.

65 (@) K. Fukui, T. Yonezawa, V. Nagata and H. Shingu, J. Chem. ) Paper 5/04900H
Phys., 1954, 22, 1433; (b) K. Fukui, T. Yonezawa and H. Shingu, Received 24th July 1995
J. Chem. Phys., 1952, 20, 722. Accepted 2nd November 1995

J. Chem. Soc., Perkin Trans. 2, 1996 683



