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I. INTRODUCTION

While certain reactions of nitrogen tetroxide with organic compounds were
studied more than seventy-five years ago, no one has ever published a compre-
hensive review of this field. The variety of reactions which nitrogen tetroxide
exhibits and the fact that in recent years it has become readily available at low
cost make such a review seem very desirable.

The difficulties besetting this literature search and the interpretation of the
experimental work should be stated at the outset. In much of the earlier work
the authors allowed “nitrous fumes” (which generally referred to nitrogen
trioxide) to react with organic compounds. These “nitrous fumes’” were usually
generated from arsenious oxide and nitric acid of various concentrations. Obvi-
ously, this reagent consisted not only of nitrogen trioxide but also of the
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equilibrium mixture of nitric oxide and nitrogen tetroxide. Since it has been dem-
onstrated by Lunge (108) that the composition of “nitrous fumes” varies, depend-
ing upon the concentration of the nitric acid, it is obvious that the research done
with this reagent is subject to criticism because one of the reactants was probably
of unknown composition. While it may be assumed in some instances that the
nitrogen tetroxide reacts independently of the nitric oxide, such is not necessarily
the case. In some cases “nitrous fumes” give substantially the same products
as pure nitrogen tetroxide. Accordingly, it was considered necessary to include
for this study reactions in which “nitrous fumes” or nitrogen trioxide were used.

Studies involving the reaction of organic compounds with nitric oxide or
nitrogen pentoxide, where these were the only oxides used, have been purposely
omitted.

Many interesting investigations have been carried out by allowing organic com-
pounds to react with either organic or inorganic nitrites in aqueous solutions of
acids such as hydrochloric acid. The first step in most of these reactions is the
formation of nitrous acid, which may in turn form oxides of nitrogen as well as
nitric acid. Since these studies would lead to the consideration of diazotizations
as well as other transformations, they have been considered outside the scope of
this review. Most reactions of oxides of nitrogen in aqueous solutions have not
been given consideration, because in such cases one is dealing with mixtures of
nitric and nitrous acids.

Unfortunately, in many of the investigations the authors were not always clear
as to whether the oxides of nitrogen and the solvents were dried before use. In
much of the work yields of the products formed and the conditions of the experi-
ments were not stated. It is reasonable to assume that some of the yields were
not published because they were embarrassingly low. In many cases the proof
of the nature of the products formed rested only on an analysis, which often
leaves much to be desired.

Finally, the experimental work and its interpretation are often very difficult
because of the multiplicity of products and the formation of explosive, unstable,
and inseparable oils. Regardless of whether one starts with pure dry reagents,
there is always the probability (especially at higher temperatures) of the partial
oxidation of the organic compound to form water, which in turn gives rise to more
or less nitric and nitrous acids.

At best one is often dealing with a mixture of reactants. Accordingly, it is
well to be charitable with any criticism concerning vields of products or interpre-
tations offered in this area of research.

Because of the difficulties and uncertainties pointed out above, it is clear that
much of the work already done needs repetition under conditions controlled as
accurately as possible. In view of the availability of low-cost nitrogen tetroxide,
some of these reactions should be of commercial value.

The reactions of nitrogen tetroxide may be classified under six main headings:
(1) nitration, (2) oxidation, (3) reactions with compounds containing earbon—
carbon multiple bonds, (4) reactions with alkali metal salts of organie acids, (5)
reactions with organometallic compounds, (6) miscellaneous. In some instances
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these reactions are difficult to classify because several types may take place simul-
taneously.

II. STRUCTURE AND PROPERTIES OF NITROGEN TETROXIDE

Nitrogen tetroxide has long been regarded as an equilibrium mixture, as indi-
cated by the following equation:

N0, = 2NO;

The dimolecular form is predominant at lower temperatures, but vapor-density
measurements indicate complete conversion to the monomolecular form above
140°C. At 26.7°C. about 20 per cent of the tetroxide exists in the simpler form.
In appearance nitrogen tetroxide varies from colorless crystals at —50°C.
to black vapor at 183°C.; near room temperature the mixture is brown. The
color changes are assumed to be related to the state of the equilibrium. It is
believed that above 140°C. nitrogen tetroxide decomposes to form nitric oxide
and oxygen, a change which is complete at 619.5°C. (117).

The boiling point of nitrogen tetroxide is reported variously from 20°C. to
69°C. (10). International Critical Tables gives 21.3°C. at 760 mm. The boiling
point of 69°C. was reported for the substance after it had stood for one year in a
sealed tube with phosphorus pentoxide. The high boiling point observed after
intensive drying may indicate a change in molecular state. The melting point
of nitrogen tetroxide is —11.5°C.

As would be expected nitrogen tetroxide is toxic, since it reacts with water to
give nitric acid (98). Animals exposed to a concentration of one part per
thousand die in a few minutes. Concentrations greater than five parts per mil-
lion are harmful (103).

Nitrogen dioxide is an odd molecule and is paramagnetic (130a). Infrared
studies indicate that the molecule is triangular in shape.

N*¥
V4
O/ \O_

The structure of nitrogen tetroxide has not been clearly established (117).

The three arrangements given in the older literature are shown by formulas I, 1T,

and III. The modern counterparts of I and IT are shown by formulas Ia and
ITa (88a).
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X-ray analysis of solid nitrogen tetroxide gives evidence for structure IIa.
However, the N—N bond is weak, as indicated by the very small free-energy
change of 1.2 Calories per mole for the dimerization of nitrogen dioxide (130a).
The N—N bond is also abnormally long, 1.6 to 1.7 :\., whereas the usual single-
bond N—N distance is about 1.4 A.

Chemical evidence bearing on the above structures rather favors formula I
(or Ia). Houston and Johnson (91) have assembled a series of arguments in
favor of formula I. They point out that this formula shows nitrogen with
valences of three and five, in accord with its reaction with water to produce both
nitric and nitrous acids. Formulas II and III show nitrogen with a valence of
five or three, respectively. The presence of a nitroso group is inferred from the
reaction of methylphenylamine to form N-methyl-N-nitroso-p-nitroaniline (211):

NN

N=0

The reaction with malonic ester to produce as the first step both nitro- and iso-
nitroso-malonic esters (25) would follow from formula I. Alkyl halides were
reported by Henry (90) to form alkyl nitrates, a fact which also would be in
accord with formula I. Finally, the observation by Bamberger (11) that di-
phenylmercury gave nitrosobenzene and mercury phenyl nitrate would clearly
suggest that both nitroso and nitrate groups were present in the original molecule.

The arguments in favor of formulas IT and III are generally less weighty.
Meyver (119) concluded that formula IIT was correct on the basis of the reduction
of the addition product of nitrogen tetroxide with amylene. This reduction gave
no diamine; Meyer took this as evidence that the compound was CzHy (ONO),
and that it contained no carbon-nitrogen linkage. His dinitrite formula was
later shown to be incorrect (121).

Nitrations with nitrogen tetroxide and possibly its thermal decomposition
into nitric oxide and oxygen may be explained by formula II.

Schaarschmidt (171) suggested that nitrogen tetroxide might be considered
an equilibrium mixture of I, IT, and ITI.

NO;

III. NITRATION WITH NITROGEN TETROXIDE AND NITROGEN TRIOXIDE
(SEE TABLE 1)

A. Aromatic hydrocarbons

In general it seems safe to say that for the majority of nitrations nitrogen
tetroxide offers no advantage over the classical methods using nitric and sulfuric
acid mixtures. It has the disadvantage of being gaseous and accordingly more
difficult to handle. In the preparation of certain specific isomers it may have
an advantage.

As might be expected, the reaction of benzene with nitrogen tetroxide has
probably been studied more than that of any other single aromatic compound
and under a greater variety of conditions. The results have been variable.
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As early as 1880, Leeds (100, 101) treated benzene with nitrogen trioxide at a
low temperature for several days and reported the formation of nitrobenzene,
oxalic acid, and pieric acid. Yields were not stated. Apparently most of the
benzene was recovered unchanged. The products formed with the reagents at
the boiling point of benzene were not clearly established. Friedburg (63, 64)
modified Leeds’s experiment by first dissolving the nitrogen trioxide in carbon
disulfide and then mixing this solution with benzene; he obtained a mixture of
nitrobenzene and p-dinitrobenzene.

Wieland (244) allowed dry benzene and nitrogen tetroxide to react in a sealed
tube at 80°C. for 6 hr. and obtained a low yield of nitrobenzene, 1,3,5-trinitro-
benzene, picric acid, oxalic acid, and unidentified products. When these same
reagents were allowed to stand 35 days at room temperature, more than 30 per
cent of the benzene was converted to nitrobenzene (175) and unidentified prod-
ucts were formed.  When Bass and Johnson (15) sealed dry benzene and nitrogen
tetroxide in a tube and stored the mixture in the dark for three months, a trace
of nitrobenzene was formed and most of the benzene was recovered. The same
experiment carried out in sunlight resulted in an increased yield of nitrobenzene,
accompanied by the formation of some m-dinitrobenzene and a 60 per cent
recovery of the benzene. )

More promising results were obtained by Shorygin and Topchiev (200, 203),
who produced- yields of nitrobenzene as high as 65 per cent by allowing benzene
and nitrogen tetroxide to react in the vapor phase diluted with an inert gas such
as carbon dioxide or nitrogen. McKee and Wilhelm (109) produced nitroben-
zene in yields as high as 36 per cent by passing benzene and nitrogen tetroxide
over silica gel at 360-330°C. Activated alumina, pumice, titanium dioxide, or
dehydrated bauxite substituted for the silica gel was ineffective as catalyst.
German patent 207,170 (69) claimed that zinc oxide and cupric oxide (and other
weakly basic metallic oxides) are effective in catalyzing the vapor-phase nitration
of aromatie compounds with oxides of nitrogen (69). Anhydrous aluminum
chloride and ferric chloride are also believed to catalvze the reaction of benzene
with nitrogen tetroxide (21, 171, 215). When benzene and nitrogen tetroxide
were allowed to stand at low temperature in the presence of mercury, dinitro-
phenol (iscmer unstated) was formed (70).

Another interesting variation has been to mix benzene with 90-95 per cent
sulfuric acid and then introduce nitrogen tetroxide at relatively low tempera-
tures (17, 131, 149). By means of this procedure vields of nitrobenzene as high
as 98 per cent have been obtained (218). Obviously, this method approaches
the usual nitric—sulfuric acid nitration method, but the idea might be useful.

When benzene and nitrogen tetroxide were subjected to a glow discharge in a
~ Siemens type of tube, nitrobenzene, m-dinitrobenzene, and trinitrophenol were
formed (8).

The reactions of nitrogen tetroxide with toluene do not present as clear a pic-
ture as those with benzene because of the mixtures of isomers which may form.
These reactions are further complicated because under some conditions oxidation
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of the side chain occurs. Leeds (102) allowed toluene to react with nitrogen
trioxide and reported the formation of oxalic acid, benzoic acid, dihydroxybenzoic
acid (orientation unstated), o-nitrotoluene, and a methyldinitrodihydroxyben-
zene. The conditions of the reaction were poorly defined, and the yields were
not stated. Schaarschmidt and Smolla (175) mixed toluene with technical
nitrogen tetroxide at room temperature and allowed these mixtures to stand for
varying periods of time (32-108 days). They obtained yields of 19-35 per cent
oxalic acid, 31-59 per cent benzoic acid, 0-0.5 per cent phenol, 0.5-21 per cent
benzaldehyde, and 41-44 per cent nitrotoluenes. Bass and Johnson (15) ob-
served no evidence of nitration when dry nitrogen tetroxide and toluene were
sealed in a tube.and allowed to stand. About 63 per cent of the toluene was
recovered, and about a 25 per cent yield of benzoic acid was produced. No
nitration was observed when the same mixture was sealed in a quartz tube and
exposed to a quartz mercury are at 55°C. for 4 hr.

When nitrogen tetroxide diluted with carbon dioxide was allowed to react with
toluene for 2 hr. at 140-145°C., a 45 per cent conversion to nitrotoluenes was ob-
served with the simultaneous formation of 4-8.3 per cent of nitrophenylmethane
(a-nitrotoluene). The presence of ultraviolet light generally increased the
yields (200). At 14°C. and without carbon dioxide as a diluent some nitroso-
phenylmethane was formed (201). Titov (216, 217) found a slight tendency for
nitrogen tetroxide to cause nitration in the benzene ring but obtained mainly
nitrophenylmethane, dinitrophenylmethane, and oxidation products, the latter
being formed especially at higher temperatures (218).

When toluene was treated with nitrogen tetroxide in the presence of 90-94 per
cent sulfuric acid, yields of mixed nitrotoluenes as high as 98 per cent were ob-
served (17, 131, 218). Aluminum chloride also favored the formation of nitro-
toluenes (215).

Xylene and mesitylene seemed to react with nitrogen tetroxide; evidently the
products were a complex mixture (175). According to Leeds (102) xylene (iso-
mer not stated) reacted with nitrogen trioxide to give oxalic acid, a nitroxylene,
p-toluic acid, and phthalic acid.

p-Cymene reacted with nitrogen trioxide to produce p-toluic acid, oxalic acid,
and a nitrocymene (100, 101, 102). However, Puranen (147) found that p-
cymene reacted with nitrogen tetroxide in acetic acid solution to give a compound
to which formula I was assigned.

11\102 CH, 0]

CH é

b—o;

NO.
CH (|3 CH
llIOg (IJH(CH3)2 ll\’Oz

I
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Naphthalene reacted with nitrogen trioxide to produce a mixture of nitro-
naphthalenes (100, 101). Shorygin and Topchiev (203) obtained a quantitative
conversion of naphthalene to l-nitronaphthalene by heating equimolar portions
of naphthalene and nitrogen tetroxide at 150°C. Under other conditions various
polynitro derivatives were formed. A high yield of 1-nitronaphthalene was also
obtained by Pinck (131) by allowing the above substances to react in the presence
of concentrated sulfuric acid.

Leeds (102) obtained a good yield of anthraquinone by adding nitrogen tri-
oxide to anthracene in acetic acid. When no solvent was used, anthraquinone
and an unidentified red oil were formed. Liebermann (106), using the same
reagents, obtained 9-nitrosoanthrone and other products.

Anthracene and nitrogen tetroxide suspended in benzene reacted to give only a
trace of anthraquinone (15). Anthracene in nitrobenzene was converted to
anthraquinone in high yields (92). Meisenheimer and Connerade (116), as well
as Barnett (14), carried out the same reaction in chloroform and obtained 9,10-
dinitro-9,10-dihyrdoanthracene. Using the same reagents and solvent Shorygin
and Topchiev (203) reported a 40 per cent yield of 9,10-dinitroanthracene along
with 4-8 per cent of 9-nitroanthracene. It is not probable that both of these
latter reports can be correct, since the conditions of the experiments.seem to be
substantially the same. The above examples, from which markedly different
results were obtained depending on the solvent used, serve to illustrate the im-
portance of the solvent in reactions involving nitrogen tetroxide.

Bipheny! was treated with nitrogen tetroxide under various conditions. When
the reagents were mixed at room temperature 4-nitrobiphenyl and 2-nitrobi-
phenyl were produced (63, 64, 203). Monti et al. (127) reported an almost 100
per cent yield of 4-nitrobiphenyl when the reaction was carried out using “nitrous
vapors’ without a solvent. When acetic acid, ether, ligroin, or benzene was
used as solvent at 0-25°C., no nitration took place. With acetic acid as solvent
at 90-95°C., both 4,4’- and 2,4’-dinitrobiphenyl were formed.

When fluorene reacted in various solvents with ‘“nitrous vapors” (127) near
room temperature, 2-nitrofluorene was obtained in yields as high as 70 per cent.
When the reaction was carried out in acetic acid at 90-95°C., a mixture of 2,5-
and 2,7-dinitrofluorenes was formed; with pure nitrogen tetroxide only 2-nitro-
fluorene was reported.

Acenaphthene was nitrated with ‘nitrous fumes,” using ether or petroleum
ether as solvent; a 90-95 per cent vield of 5-nitroacenaphthene was formed. In
benzene or acetic acid at 8-10°C., 5,6-dinitroacenaphthene was produced.
When nitrogen tetroxide was used without a solvent, acenaphthene reacted very
vigorously even at low temperatures, giving 5,6-dinitroacenaphthene (127).

When triphenylmethane was treated with ‘“nitrous vapors” at room tempera-
ture in various solvents, triphenylcarbinol was formed (127). Neither diphenyl-
methane nor 1,2-diphenylethane reacted with “nitrous’’ fumes at 15-20°C.

Schmidt (181) allowed phenanthrene to react with nitrogen trioxide and ob-
tained a small yield of products which he named bismononitrodihydrophenan-
threne oxide (II) and bismononitrodihydrophenanthrene (I1I).
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Nitrogen tetroxide and phenanthrene at 0°C. formed a mixture of isomers in-
cluding the 2-nitro- (32 per cent), 9-nitro- (11 per cent), 4-nitro- (3 per cent), and
a small amount of 3-nitro-phenanthrene (203)

B. Halogenated aromatic compounds

In general the simple halogenated aromatic compounds do not nitrate very
efficiently with nitrogen tetroxide in the absence of concentrated sulfuric acid,
aluminum chloride, or other catalytic agents (173). Fluorobenzene did not
react with nitrogen tetroxide in carbon tetrachloride solution even after 72 hr. of
contact. JTodobenzene under the same conditions was converted to the extent
of 45 per cent to a mixture of o- and p-iodonitrobenzenes. Chloro- and bromo-
benzenes behaved similarly to iodobenzene with lower conversions. p-Chloro-
toluene gave p-chlorobenzoic acid and unidentified nitration products (175).
Purgotti (148) reported no nitration of bromobenzene, symmetrical tribromo-
benzene, 1,2,3,4-tetrabromobenzene, or hexabromobenzene by nitrogen te-
troxide in various solvents. When chlorobenzene was nitrated in the presence of
concentrated sulfuric acid, p-nitrochlorobenzene was the main product (17).

With aluminum chloride, ferric chloride, or phosphorus pentachloride as
catalysts, nitrations of halogenated benzenes by means of nitrogen tetroxide have
been more successful (170, 172, 173, 215). Titov (215) obtained a 96 per cent
vield of the isomerie nitrochlorobenzenes from chlorobenzene. Comparable
results have been obtained with fluoro-, bromo-, and iodo-benzenes. The p-nitro
derivative was formed in the greatest proportion in all cases observed, usually to
the extent of 90 per cent or more of the isomeric mixture. With homologues
such as the chlorotoluenes, oxidation as well as nitration occurred. Schaar-
schmidt (170, 172) suggested that these reactions proceed with the intermediate
formation of complexes of the type shown in formula IV:

2A1CL-3(CeHC1: N,Oy)
v

These complexes decompose upon addition of water to give an unstable product
(V), which then forms the nitro derivatives.

CsHaCl : N204
Vv
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Barnett (14) treated various chloroanthracene derivatives with dry nitrogen
tetroxide in carbon tetrachloride. 1-Chloroanthracene gave an addition com-
pound which when heated with pyridine gave 1-chloro-9(or 10)-nitroanthracene.
1,5-Dichloroanthracene gave 1,5-dichloro-9,10-dinitro-9,10-dihydroanthracene,
which upon heating with pyridine gave 1,5-dichloro-9-nitroanthracene. 9-
Bromoeanthracene gave 9-bromo-9,10-dinitro-9,10-dihydroanthracene, which
upon heating with pyridine gave 9,10-dinitroanthracene. 9,10-Dichloro- and
9,10-dibromo-anthracenes gave unstable intermediate products which readily
changed to produce anthraquinone.

C. Phenolic compounds

In the reaction of nitrogen trioxide with phenol Leeds (102) reported much car-
honization with the formation of picric acid. The conditions of the experiment
were not clearly defined. Nitrogen trioxide dissolved in carbon bisulfide reacted
with phenol to give o- and p-nitrophenols and nitrosophenol (63, 64).

With nitrogen tetroxide phenol was readily nitrated, giving a mixture of the
o0- and p-nitro derivatives in good yields (60, 244). When chloroform or carbon
tetrachloride was used as solvent, 2,4-dinitrophenol was the main product
(148, 203). Anisole and phenetole under comparable conditions did not react.

Sodium phenoxide in earbon bisulfide reacted with nitrogen tetroxide to form
a mixture of o- and p-nitrophenols (177) with the simultaneous formation of
sodium nitrite.

Cresols when nitrated with nitrogen tetroxide generally formed polynitro
derivatives (148, 203, 244). There is wide speculation as to which isomers
are formed. The treatment of halogenated phenols with nitrogen tetroxide leads
to ill-defined mixtures.

More promising results were reported by Shorygin and Topchiev (203) when
2-naphthol was allowed to react with nitrogen tetroxide in chloroform. About
an 80 per cent vield of 1,6-dinitro-2-naphthol was formed.

D. Aromatic and aromatic-aliphatic amines

Vigorous reactions were observed by Leeds (102) when aniline, p-toluidine,
and xylidine were brought in contact with nitrogen trioxide, but no definite
products were obtained. Friedburg (63, 64) obtained 4-nitrodiphenylamine and
2,4-dinitrodiphenylamine by allowing diphenylamine to react with nitrogen
trioxide in carbon disulfide solution.

According to Filippuichev and Petrov (57) and San Fourche and Bureau (169),
primary aromatic amines are readily diazotized when treated with oxides of
nitrogen (57). Varma and Krishnamurthy (227) allowed a series of aromatic
amines (in the form of their hydrochlorides) to react with nitrogen trioxide; they
generally obtained nitrophenols as products. In all instances reported the
amino group was removed from the aromatic ring. For example, aniline hydro-
chloride was converted to 2,5-dinitrophenol; p-nitroaniline to 2 ,4-dinitrophenol;
p-toluidine to 2,6-dinitro-p-cresol; o-aminobenzoic acid to 3-nitrosalicylic acid;
and 1l-aminonaphthalene to 2-nitro-1-naphthol.
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Ryan and Egan (161) allowed diphenylamine to react with nitrous acid (pre-
sumably nitrogen trioxide) and obtained compound VI,

N=0

|
p-NOz Ce H4_‘N—Cs Ha
VI

Similar results were obtained by Stoermer (211).

Stoermer (211) allowed a series of mixed aromatic-aliphatic amines to react
with nitrogen trioxide or with nitrogen tetroxide in various solvents. In all
instances reported the N-nitroso derivative was formed. In some instances
nitration in the ring took place at the same time. As illustrations, methyl-m-
tolylamine and nitrogen trioxide produced methyl-3,5-dinitrotolyl-N-nitroso-
amine; ethyl-p-nitrophenylamine gave ethyl-p-nitrophenyl-N-nitrosoamine;
and methyl-p-nitrophenylamine gave methyl-p-nitrophenyl-N-nitrosoamine.

Aniline reacted with nitrogen tetroxide in chloroform solution to give a 23 per
cent yield of 2,4-dinitrophenol and a small quantity of p-nitroaniline (203). In
benzene solution Witt (256) obtained a quantitative yield of benzenediazonium
nitrate. Acetanilide under the same conditions produced 60 per cent of p-
nitroacetanilide and 30 per cent of the ortho isomer, while N, N-dimethylaniline
gave as high as 86 per cent of p-nitrodimethylaniline (173) and traces of the
meta isomer.

Wieland (244) found that acetanilide and nitrogen tetroxide reacted in cold
ether to form benzenediazonium nitrate and acetic acid and that p-dimethyl-
aminoacetanilide gave no diazonium salt. Diphenylamine and nitrogen te-
troxide reacted in cold ether to produce N-nitrosodiphenylamine, while in cold
benzene or petroleum ether some N-nitrosodiphenylamine along with p-nitro-N-
nitrosodiphenylamine was formed.

Ryan and Egan (161) reported an indefinite mixture of polynitro derivatives
from the reaction between triphenylamine and nitrogen tetroxide.

p-Nitroaniline reacted with nitrogen tetroxide in benzene to give a mixture of
4 ,4'-dinitrodiazoaminobenzene and p-nitrobenzenediazonium nitrate. Either
product could be formed in high yield depending on the conditions (91).

Battlegay and Kern (16) allowed p-toluenesulfonyl-p-toluidide to react with
nitrogen tetroxide and obtained a mixture of p-toluenesulfonyl-2,4-dinitro-p-
toluidide, p-toluenesulfonyl-p-2,6-dinitrotoluidide, and the N-nitroso derivative
of the latter compound. Other p-toluenesulfonyl derivatives of highly substi-
tuted aromatic amines gave mainly the N-nitroso derivatives in high yields.

E., Aromatic ethers

In general the aromatic ethers which have been allowed to react with nitrogen
tetroxide have produced a mixture of mono and (or) dinitro derivatives (14, 53,
54, 116, 158, 160, 161, 163, 164, 165). This type of reaction has been studied
mainly by Ryan et al. Diphenyl ether gave 2,4’- and 4,4'-dinitrodiphenyl
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ether and 2,4-dinitrophenol. 4-Nitrodiphenyl ether was formed when acetic
acid was used as a solvent. Here, as in many other instances, the solvent has an
important bearing on the course of the reaction. In some reactions considerable
oxidation accompanied the nitration.

F. Miscellaneous aromatic and heterocyclic compounds

Salicylic acid reacted with nitrogen tetroxide to form 5-nitrosalicylic acid and
picriec acid (60). Nitrobenzene failed to undergo further nitration with nitro-
gen tetroxide even in the presence of aluminum chloride. Negative results
were also obtained with benzoyl chloride and p-xylene, a result which is surpris-
ing, particularly for the latter compound (215).

With fuming sulfuric acid and nitrogen tetroxide at 5-7°C., nitrobenzene
reacted to give dinitrobenzene (isomer not stated) in a 97.6 per cent yield. The
same method with p-nitrotoluene gave a high yield of a mixture of 2,4-dinitro-
and 2 ,4,6-trinitro-toluenes, while p-chloronitrobenzene gave a 98 per cent yield
of trinitrochlorobenzene. p-Nitrotoluene reacted with fuming sulfuric acid,
potassium persulfate, and nitrogen tetroxide to produce a 97.1 per cent yield of
2,4-dinitrotoluene.

Thiophene reacted with nitrogen tetroxide to give unidentified products (173).
Schaarschmidt, Balzerkiewicz, and Gante (173) stated that pyridine did not
undergo nitration, while Schorygin and Topchiev (202) found that when the
reagents were diluted with carbon dioxide and heated in a sealed tube at 115-
120°C. a 7-10 per cent yield of 3-nitropyridine was formed. The same authors
observed no nitration of quinoline at room temperature and obtained less than
15 per cent of 7-nitroquinoline at 95-105°C. At 105-160°C. both 7-nitroquino-
line and 5,7-dinitroquinoline were formed.

1,9-Benzanthrone reacted with dry nitrogen tetroxide without a solvent to
produce a 96—98 per cent yield of 1-nitrobenzanthrone (99).

Di-p-tolylhydroxylamine produced o,0’-dinitrodi-p-tolylamine when it reacted
with nitrogen tetroxide in cold ether or benzene solution (252). In the same
publication Wieland reported that diphenylhydroxylamine reacted with nitrogen
tetroxide to produce p,p’-dinitrodiphenylamine oxide and that diphenylamine
oxide with nitrogen tetroxide also produced p,p’-dinitrodiphenylamine oxide.

Aryl urethans reacted with “nitrous fumes” to produce nitrourethans (156,
157, 159, 161, 167), along with smaller amounts of polynitro derivatives.

Tetraphenylethylene produced 1,2-diphenyl-1,2-di(p-nitrophenyl)ethylene
when it reacted in chloroform solution with nitrogen tetroxide.

Various phenylureas were allowed to reaet with nitrogen trioxide or nitrogen
tetroxide (168). For the most part nitro or polynitro derivatives were formed
along with nitroso compounds. For example, symmetrical diphenylurea gave with
nitrogen tetroxide sym-4,4’-dinitrodiphenylurea and sym-diphenyl-N,N’-dini-
trosourea.

Ciusa and Pestalozza (28, 29, 30) added nitrogen tetroxide to ether solutions of
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the phenylhydrazones of aromatic aldehydes. With benzaldehyde an almost
quantitative yield of VII was formed, along with a little benzaldehyde and

NO,

Cs H5 C=NNHCG H5
VII

benzenediazonium nitrate, and oxidation products. The phenylhydrazones of
other aromatic aldehydes behaved similarly.

Wieland and Reisenegger (251) allowed various diazo compounds and tetra-
zenes to react with nitrogen tetroxide in benzene solution. Ethyl diazoacetate
produced a low yield of ethyl dinitroacetate; diazodesoxybenzoin gave dinitro-
phenylmethane; diazofluorene gave 9,9-dinitrofluorene; tetraphenyltetrazene
gave sym-p,p’-dinitrotetraphenyltetrazene.

G. Aliphatic hydrocarbons

The nitroparaflins are most commonly prepared by the vapor-phase nitration
with nitrie acid of the lower molecular weight aliphatic hydrocarbons (86, 87,
88, 94). TUp to the present better yields of the nitroparaffins are obtained with
nitrie acid than with nitrogen tetroxide.

A careful study was made by Hass, Dorsky, and Hodge (86) of the nitration of
propane with nitrogen tetroxide. At 790~795°C. approximately equal quantities
of nitromethane, nitroethane, 1-nitropropane, and 2-nitropropane were formed.
Lower temperatures favored the formation of 2-nitropropane. In addition to
the nitroparaffins mentioned, miscellaneous oxidation products including acids
and aldehydes were formed. A large percentage of the starting materials did
not react. . )

The only other work of significance in which nitrogen tetroxide was allowed to
react with aliphatic hydrocarbons seems to be that of Urbdnski and Sloft (221,
222, 223, 224, 225, 226). Nitration of propane at 100°C. gave 1-nitropropane,
some dinitroparaffins, and oxidation products soluble in water. Nitration of
methane at 200°C. gave nitromethane, polynitro derivatives, and oxidation
products.

The hydrocarbons from n-pentane through n-nonane were nitrated with nitro-
gen tetroxide mostly at 200°C. They gave mixtures of mononitro derivatives,
CH3(CHz),NOs, and dinitro derivatives, O;NCH,(CH,),CH:NO,, with conver-
sions of 30 to 80 per cent depending upon the conditions. It would appear that
the above-mentioned types of nitroparaffins would represent an oversimplifica-
tion. On the basis of the work of Hass et al. one would expect a much greater
variety of products. Perhaps it should be pointed out that this discussion of the
work of Urbédnski and Slof has been based for the most part on abstracts. Ac-
cordingly, it may or may not represent a complete listing of the products found
by these authors.

Shorygin and Topchiev (200) found that n-hexane produced a low yield of
2-nitrohexane when it reacted with nitrogen tetroxide diluted with carbon dioxide.
The reaction was carried out for 1 hr. at 10-80°C. Application of the same pro-
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cedure to cyclohexane produced about a 15 per cent yield of mononitrocyclo-
hexane. '

IV. OXIDATION WITH NITROGEN TETROXIDE AND NITROGEN TRIOXIDE
(SEE TABLE 2)

From what has gone before it is obvious that many reactions involving nitro-
gen tetroxide are accompanied by more or less oxidation. There are other reac-
tions in which oxidation products are the most important. There are also border-
line examples which might be placed in more than one category.

A. Oxidation of paraffin hydrocarbons

Frolich, Harrington, and Waitt (65) made a careful study of the reaction of
methane and nitrogen tetroxide when passed through Pyrex tubes at 440-
680°C. and in the presence of various catalysts, including platinum, vanadium
pentoxide, pumice, and nickel. Yields of formaldehyde somewhat under 25 per
cent (based on the methane used) were formed. Methanol was not found
among the products. Bibb (18) did similar work. The formation of formal-
dehyde from methane is the subject of a French patent (62) and a U.S. patent (9).

Chemists have been attracted by the hope of devising schemes of oxidizing
paraflins to aliphatic acids. At best, one could expect a relatively complex
mixture. Grinacher and Schaufelberger reported the oxidation of paraffin
when treated with nitrogen tetroxide at 140°C. for 8 to 10 hr. to products com-
pletely soluble in alkali (77) but apparently did not identify any of them. This
mixture may have contained nitroparaffins as well as carboxylic acids. Accord-
ing to another report (78) the paraffin was oxidized at 120-130°C. for 30 hr. The
acids were esterified, and the resulting esters boiled from 37° to 300°C. at 23 mm.
Apparently no distinet product was isolated. Undecane yielded a mixture of
fatty acids, from which pelargonic acid was reported to have been isolated (77).

Schaarschmidt (171) also studied the action of nitrogen tetroxide with paraffin,
but his success was apparently even less than that of Grinacher,

B. Reactions with oximes

Ponzio (133, 134, 142) studied the reactions of a number of oximes with nitro-
gen tetroxide. Scholl (196, 197) made similar studies. With the oxime of
benzaldehyde and nitrogen tetroxide in dry ether (140) the reaction was reported
as proceeding to give 16 per cent of benzaldoxime peroxide (I), 16 per cent of
diphenylglyoxime peroxide (II), 12 per cent of benzaldehyde (IIT), and 50 per
cent of dinitrophenylmethane (IV).

CeH; CH=NOH 4+ N:0, —

CeH; CH=N—0 CeH; C=N—0
+ | + CeH;CHO + C¢H;CH(NO:):
CsH; CH=N—0 CsH; C=N—0
1 11 11X v
Benzaldoxime Diphenylglyoxime Benzaldehyde  Dinitrophenyl-
peroxide peroxide methane
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WITH ORGANIC COMPOUNDS
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Analogous reactions were reported for p-tolylaldoxime, anisaldoxime, benzo-
phenone oxime, and acetophenone oxime. The ratios of the products (typified
by I, II, III, IV) varied, depending upon the conditions and the specific oxime.
There seems to be some doubt as to whether the dinitro compounds (IV) are
true nitro compounds. Scholl (197) preferred to regard dinitrodiphenylmethane
(V) as having the following structure:

O
7
CsHs—?=N\
CeHs ONO;
Vv
Dinitrodiphenylmethane
Neither Scholl nor Ponzio gave a rigid proof of the structure of this compound.

Scholl (196) concluded that the oximes of acetone, ethyl methyl ketone, and
diethyl ketone reacted as indicated in the following equation:

CHs CHS

] |_NO
C=NOH + N;0O; or N;Oy — C\
| "NO,
CH; CH;
VI

Compound VI was referred to as “propyl pseudonitrol” and was obtained in 25
per cent yield. A similar conclusion was reached by Born (22) for the reaction
products of nitrogen tetroxide with methyl propyl ketoxime, isopropyl methyl
ketoxime, and di-n-propyl ketoxime.

With the glyoximes such as dimethyl, methyl, ethylmethyl, and phenyl, the
main reaction product with nitrogen tetroxide was the glyoxime peroxide.
Formula VII represents the product formed from dimethylglyoxime.

CH; | =N——(')
CH; C=N—0
VII

Ponzio concluded from his series of experiments that when compounds of type
VIII were allowed to react with nitrogen tetroxide the major product was the

Cs Ha——(l3=NOH
R
VIII
0

corresponding dinitromethane when R was H, —CH,0H, or CH,C—, but not
when R was —COOH, —CHj;, or —CsH;.
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Ponzio (133, 134, 135, 136, 143) alsc studied the reactions of the monoximes of
a few 1,2-diketones with nitrogen tetroxide. These reactions were carried out in
cold dry ether, and the reaction mixtures were allowed to stand 1 hr. The prod-
uct was washed with water and dried, and the ether was removed. The reactions
were generally believed to proceed as follows:

B
R—C—C—R’ + N0y - R—C—C—R’ + N,O0 + H,0 + R—C—C—R’
d
lF]I
R'—C—NO; + RCOOH
NO.

Nitrolic acids (IX) have been prepared by Ponzio (137) with nitrogen te-
troxide reacting with e-isonitroso acids as indicated by the type equation:

R—C=NOH R—C=(N:03)
COOH COOH
ngO

NOH

7
R—-C + CO.

NO,
X
Starting with isonitrosoacetic acid or isonitrosopropionic acid, yields of more
than 80 per cent of the corresponding nitrolic acids were produced.
Aromatic nitrolic acids were prepared by Ruggeri by allowing the oximes of

aromatic aldehydes to react with nitrogen tetroxide in ether (154). For example,
p-chlorobenzaldoxime gave (p-chlorophenyl)methylnitrolic acid (X):

/NOH

=

: CI\_— /C\
NO,

X
Boubeault and Wahl (25) allowed the ethyl ester of isonitrosoacetic acid to
react with nitrogen tetroxide and obtained the corresponding isonitrosonitro-
acetic ester (HON=C(NO,)COOC;H;) along with the ethyl ester of bisanhydro-
nitroacetic acid.

C. Reactions with compounds containing active methylene groups

A useful laboratory reaction is the oxidation of malonic ester with nitrogen
trioxide (33, 34, 35, 36, 74, 194) or nitrogen tetroxide (73) to produce ethyl
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oxomalonate. The reagents are mixed while cold and allowed to warm gradually
to room temperature, and the product is distilled. Explosive by-products are
formed during the reaction, the amount depending on the conditions. Gilman
and Johnson (73) obtained almost quantitative yields by adding a little sodium to
the reaction mixture. They also showed that esters other than the ethyl ester
could be used successfully to give analogous products. The reaction proceeds
more satisfactorily with nitrogen tetroxide than with the trioxide.

The nitroso or isonitroso compound (X1I) is generally believed to be the main
by-product which tends to decompose upon distillation.

(ﬁOOCsz (fOOCgHs COOGC.H;
H?N=O or (E=NOH H?NOQ

COOC.H; COOC:H; COOC.H;
XI XII

Curtis and Kostalek (36) believed that XII was formed during the reaction, and
possibly ethyl dinitroacetate also.

If ethyl oxomalonate were needed on a large scale it should be possible to pre-
pare it successfully by this method.

Another reaction related to this has been studied by Bouveault and Wahl,
who converted acetoacetic ester with “nitrous fumes’ into the diketone (XIII).

Il
CH;—C—C—COO0C: H;
XIII

1t was anticipated that ethyl methyl ketone would be converted to diacetyl
and that ethyl cyanoacetate would be converted to ethyl ketocyanoacetate.
These expectations were not realized under the conditions tried (150). Benzyl
phenyl ketone and benzyl cyanide with nitrous acid (probably nitrogen trioxide)
gave XIV and XV, respectively.

?I) lﬁIOH IﬁIOH
CeHi—C—C—CsH; C¢H;—C—CN
XI1v XV
Benzil monoxime c-Cyanobenzaldoxime

Wieland and Block (245, 246) studied the action of nitrogen trioxide with
certain 1,3-diketones. With dibenzoylmethane the reaction proceeded as
indicated:

0] O

I I
2CGH5CCH2006H5 + N203 —_

130
CeHsC—(Ij—CCe,H;, + (CeH:CO), CH(N,O;)CH(COCsHs)s
XVI XVII
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In addition to the above, about 15 per cent of an explosive product was formed to
which the formula XVIII was assigned:

T
|
CoH; C—C—CCeHs
Ne==N |
XVIII

With benzoyl-p-nitrobenzoylmethane a quantitative yield of the corresponding .
triketone was formed. With di-p-methoxybenzoylmethane products correspond-
ing to both XVI and XVII were formed. With acetylbenzoylmethane only the
product analogous to XVI was obtained.

It would be interesting to try other compounds containing active methylene
groups.

D. Miscellaneous oxidations

A number of simple oxidation reactions with nitrogen tetroxide have been
carried out. Toluene gave a mixture of benzaldehyde and benzoic acid (72);
0-, m-, and p-nitrotoluenes gave a low yield of the corresponding nitrobenzoic
acids (15); benzyl alcohol gave benzaldehyde and benzoic acid (15, 31); o- and
p-nitrobenzyl alcohols gave the corresponding nitro derivatives (31, 32); benz-
aldehyde was converted in 75 per cent yield to benzoic acid (15, 63, 64); o-, m-, and
p-nitrobenzaldehydes gave the corresponding nitrobenzoic acids (15); i-phenyl-
2-dichloroethylene gave benzoic and p-nitrobenzoic acids; phenyltrichloroethyl-
ene gave benzoic and p-nitrobenzoic acids (20). Methods have been patented
for the production of anthraquinone from anthracene and nitrogen tetroxide
(71).

Yackel, Kenyon, and Unruh (220, 258) oxidized cellulose with dry nitrogen
tetroxide to form a product readily soluble in 2 per cent sodium hydroxide, am-
monium hydroxide, sodium carbonate, or warm pyridine. This oxidized cellu-
lose is believed to have as high as 25 per cent carboxyl content, and it is believed
that the primary hydroxyl groups are attacked preferentially. The material
is especially interesting because it has a great affinity for basic dyes. Shorygin
and Khait (199) and Maurer and Reiff (115) reported similar work with similar
results. No nitration products were obgerved. Pinck (132) found it possible
to nitrate cellulose quite satisfactorily by means of 85 to 99 per cent sulfuric acid
and nitrogen tetroxide.

Maurer and Drefahl (114) found that nitrogen tetroxide oxidized galactose in
chloroform to mucic acid in 75 per cent yields. a-Methylglucoside was oxidized
to glucuronic acid (isolated as the barium salt) and a-methylgalactoside was
oxidized to e-methylgalacturonic acid under similar conditions.

Indigo was allowed to react with nitrogen trioxide in 95 per cent alcohol.
Ethyl benzoylformate was isolated (144, 145). When the reaction was carried
out in ether, the unstable compound XIX was believed by Posner and Ascher-
mann {144) to be formed,
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] ]
C OH OHC_ ,
NN l/’\(\
e
WA N
| |
N=0 N=0
XIX
Compound XIX was converted into XX in low yield by warming with ethanol.
o)

o)
1 ]
HO C
/ﬁ/~\ ‘/,\/\

CH—C
t/\y/ N/K/

l |
H N=0

XX

Compound XX was treated with nitrogen trioxide in methanol and formed
ethyl benzoylformate. p-Tolylindigo gave an analogous series of reactions.

Bamberger and Pemsel (13) allowed the phenylhydrazone of nitrosoanisalde-
hyde (XXI) to react with “nitrous fumes” and oxidized the nitroso group to the
nitro group, forming XXII in about a 60 per cent yield. A trace of benzene-
diazonium nitrate was also formed.

N=0 1|\102
CH30< >—C=NNHCGH5 + N,0; — CH30< >—C=NNHCGH5
XXI XXII

The phenylhydrazone of nitroso-m-nitrobenzaldehyde behaved in a similar
manner.

Schlenk (178) added nitrogen tetroxide to tetrabiphenylethylene in carbon
tetrachloride solution and reported an almost quantitative yield of the ketone
XXIIIL.

I

NI N e N N
XXII1I

An interesting type of oxidation with nitrogen tetroxide was carried out by
Zincke (260). Tetrachlorocatechol, tetrabromocatechol, 2,3,6-trichlorohomo-
catechol, and 2,3,4-trichlorochomocatechol were added to cold liquid nitrogen
tetroxide. In the case of tetrachlorocatechol these reactions followed the
course indicated:
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NO. Cl Cl )

Cl OH | | | | 7
[ ] 4+ N3O, — Cl0—(——C=C—C~ . H,0
o o ] N
X0, Ol COOH

These changes were believed to proceed through the primary oxidation to the
quinones, followed by the opening of the rings. The products were relatively
unstable.

V. REACTIONS OF NITROGEN TETROXIDE AND NITROGEN DIOXIDE WITH COMPOUNDS
CONTAINING CARBON—CARBON MULTIPLE BONDS (SEE TABLE 3)

The reactions of nitrogen tetroxide with compounds containing ethylenic or
acetylenic linkages have received considerable attention. Investigators have no
doubt been fascinated by the hope that these reactions would result in the forma-
tion of nitro compounds which might be valuable as explosives or might be
reduced to useful amines. Up to the present time this hope has not been realized
except in a few instances.

In general, the products from these reactions are unstable solids or intractable
unstable oils from which it is often difficult or impossible to isolate pure com-
pounds. Actually, the reports in the literature are conflicting and are confused
by a lack of consistent nomenclature. Because of the unstable nature of many
of the products, analyses are often open to doubt. Any interpretations based on
such analyses must necessarily be scrutinized. In much of the earlier work the
conditions of the experiments were not made clear., Even with the best attempts
on record the products are complex, partly owing to polymerization, especially
with the olefins of lower molecular weight.

In spite of the discouraging results up to the present time, it is still possible that
with the appropriate choice of solvents and conditions some useful reactions may
be found.

Looking at this problem first from a general point of view it would be expected
that compounds with —C==C— linkages could react with nitrogen tetroxide in a
variety of ways. On the basis of the structures suggested for nitrogen tetroxide
the following possibilities have been suggested (174, 184, 233, 237, 242):

| | I |
H—C—NO —(C=NOH —C—NO, —C—NO,

—(|3—0N02 7 —C|3—0N02 —(:3~ON02 —C:?—-—ONO
| Nitrosonitrate | Nitronitrate Nitronitrite
Nit%sate
—(IJ—N02 ——(l'}—ONO
—(I]-—NOg I ONO

Dinitro Dinitrite
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There seems to be no instance in which it has been shown clearly that the dinitrite
was formed. The other four types may have been found. The nitronitrate
could be formed by addition followed by oxidation.

A, Ethylenc and stmple ethylene dertvatives

Sidorenko (208) passed oxides of nitrogen and ethylene through ether and col-
lected the solid which formed. 1t was postulated that the solid formed was 1.

CH,CH;NO,

I
N;0»

l
CH. CH;NO,
I

Heating 1 with concentrated hydrochloric acid gave carbon dioxide, oxides of
nitrogen, and a carbonaceous residue. When warmed with amines I lost nitrous
acid to give (CoH:NO,);=NCH,R. Dem’yanov (39) claimed that ethylene and
nitrogen tetroxide reacted in ether to give CyH,-N,0;, which could be reduced
with tin and hydrochloric acid to ethylenediamine. The production of nitrosites
from ethylene and propylene, etc. was patented by Marshall (111).

Semenoff (198) probably succeeded in isolating a small yield of 1,2-dinitro-
cthane from the reaction of ethylene and nitrogen tetroxide. In these experi-
ments dry ethylene gas was passed through liquid nitrogen tetroxide or the
reagents were warmed to 60-70°C.

As early as 1869 Kolbe (96) heated tetrachloroethylene and nitrogen trioxide in
a sealed tube at 120°C. and obtained a product to which was ascribed the formula
CoCl(NOz)e. This compound was not reduced. Argo and Donnelly (7)
claimed 50 per cent yields of the same dinitro compound under about the same
conditions. Biltz (20) claimed a good yield of sym-dinitrotetrachloroethane from
tetrachloroethylene and nitrogen tetroxide when heated at 106°C. in a sealed
tube for 3 hr. A similar reaction was claimed for tetrabromoethylene. The
proof of the nature of these nitro compounds rested upon analyses. In view of
much of the experience of later investigations it is questionable whether or not
they were nitro compounds. Biltz (19) also believed that sym-diicdodinitro-
ethylene was produced from tetraiodoethylene and nitrogen tetroxide when they
were heated in a sealed tube at 90°C. The proof was not rigid.

Burrows and Hunter (26) allowed sym-tetrachloroethylene to react with nitro-
gen tetroxide and reported the formation of sym-tetrachlorodinitroethane. With
tribromoethylene 1,2-dinitrotribromoethane was formed. These claims also
lack rigid proof. From 1,2-dichloroethylene and trichloroethylene no definite
products were isolated except oxalic acid.

A number of investigations have been made of the reactions of nitrogen te-
troxide with tetramethylethylene. . Schmidt (190) believed that the main product
of these reactions was IT when ether was used as the solvent. His conclusion
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CH; CH, CH; CH;
CHa—é—é—CHs + 2KOH ——> CHa—-é-—-—(IJ——CHa + 2KNO,
(I)NO O|NO CI)H OH
11 111
Pinacol

that the solid compound II was the dinitrite was based on the observation that
normal potassium hydroxide gave the quantity of potassium nitrite to be ex-
pected in accordance with the above reaction. The proof of the presence of
pinacol was lacking. Schmidt also believed that he obtained a small amount of
the dinitro derivative. Dem’yanov (41), on the other hand, believed that the
main product was not the dinitrous ester but the nitronitrate (IV).

(IJHa Clle
CHa-—(IJ———(I)—CHg
ONO; NO,
Iv

Dem’yanov (41) claimed the production of a very small quantity of sym-
dinitrotetramethylethane from the reaction of nitrogen tetroxide and tetra-
methylethylene.

What appears to be the most thorough study of this reaction was made by
Michael and Carlson (124). In ether solution they found 19.6-22 per cent of
2,3-dinitro-2,3-dimethylbutane. Without a solvent or with petroleum ether
only low yields of the dinitro compound were formed. Under all experimental
conditions IV was believed to be formed in various amounts depending upon
the conditions. Compound IV and the dinitro derivative formed a double
compound. Michael and Carlson concluded that Schmidt’s dinitrous ester was
not formed.

Michael and Carlson (123) also studied the products formed from isobutyl-
ene (2-methylpropene) and nitrogen tetroxide under a variety of conditions.
The products from this reaction proved difficult to separate. The products
believed to be formed were V, VI, VII and VIII.

L "
CHg'—iC—ICHz CH3—C=?H
L ONOz NO 2 N02
A% VI
“Bis(a,B-nitrosonitric ester) “a-Nitroisobutene’

derivative of isobutene’’
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T e
CHa—C|3—(IJH2 CHa—(ﬁ———(IJH
NO:; NO, ONO NO;
VII VIII
““a,B-Dinitroisobutane” “a,B-Nitronitrous ester derivative

of isobutene”

Product V was not separated when ether was used as a solvent. Without a
solvent or with petroleum ether, V was formed to the extent of 13 per cent. When
no solvent was used the products were largely oils. The liquid products formed in
ether solution were more tractable and were distillable. The addition products

"in ether solution were not isolated directly but were reduced catalytically.
Ammonia and g-hydroxyisobutylamine were found among the reduction prod-
ucts (16-23 per cent), indicating the presence of VIII; isobutylamine was pro-
duced by reduction, indicating the presence of VI (5~12 per cent); and isobutyl-
enediamine was formed in quantities indicating at least 12 per cent of VII.
This work verifies and adds to the findings of Sidorenko (207). The total yields
of these products account for less than 50 per cent of the theoretical. It is
probable that considerable polymerization or oxidation of the hydrocarbon took
place. Again it is interesting to note the vital effect of the solvent on the course
of the reaction.

Ipatieff and Ssolonima (93) reported V from the reaction of nitrogen tetroxide
with ‘“isobutene’” (2-methylpropene), and analogous products from certain other
ethylene derivatives.

Perhaps the reaction of trimethylethylene (amylene) with the oxides of nitro-
gen has been studied more than that of any other olefin. In 1861 Guthrie (79,
80) obtained a compound from amylene and nitrogen tetroxide to which he gave
the formula C;¢H1o(NO;),. Translated to our present relative atomic weight
system this formula would be CsH1,N:Os. The latest findings indicate this to be
the correct empirical formula for one of the products. Since both nitrogen tri-
oxide and nitrogen tetroxide have been used in these studies, it would be well to
consider them separately.

Wallach (229, 231, 232) obtained a 50 per cent yield of the nitric ester of
2-methyl-3-nitroso-2-butancl (CH;).C(ONO;)CH(NO)CH; (later shown to be
the dimer) from trimethylethylene and ‘“nitrous fumes” in acetic acid solution.
This compound was referred to as trimethylethylene nitrosate. The presence of
the —ONO; grouping was deduced from the reaction of the nitric ester with
aniline to give aniline nitrate and

(CH;),C CHCH;
CeH;NH NO

Similar experiments were carried out with other aromatic amines.
Schmidt (185, 186, 189) claimed vields as high as 84 per cent of what was as-
sumed to be mainly the nitrous ester of 2-methyl-3-nitroso-2-butanol. This con-
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clusion was reached on the basis of the color and on the gradual formation of a
crystalline solid which was regarded as a dimer of the nitrous ester. On the
basis of later work it is questionable if Schmidt’s conclusions were correct.

Again the most complete study of the reaction of trimethylethylene with
nitrogen trioxide was carried out by Michael and Carlson (122). They made
clear that the ‘“nitrous fumes’ from arsenious oxide and nitric acid were variable
in composition, depending upon the concentration of the nitric acid used and
upon other conditions. This discovery explains why so many researches involv-
ing nitrogen trioxide led to differing results. In fact it was found to be difficult
to get consistent yields even with the best efforts to control conditions.

Most of the experiments of Michael and Carlson were carried out using ether
as the solvent. The products found are represented by formulas IX, X, XT,
and XII.

g i
CHs—?——(iJHCHs CH3~(|3——CHCH3
ONO, NO 2 NO, NO o
X X :
(8.6 to 17.4 per cent)
i) .
CHa—-(II—(!}—CHg CH;—C=C—CH;
NO; NO, NO,
XI XI1
(10 to 20 per cent) (10 to 20 per cent)

The dimeric nitric ester of 2-methyl-3-nitroso-2-butanol (IX) was shown to be
present by catalytic reduction to 3-amino-2-methyl-2-butanol. Both X and
X1 were reduced to isoamylenediamine, and XII yielded 3-amino-2-methyl-
butane upon reduction (44). X was oxidized to XI with nitrous fumes or ozone.

The liquid reaction products were distilled at low pressure, giving a volatile
blue oil which contained X and XII and a higher boiling green oil which con-
tained XI. "

The reaction of trimethylethylene with nitrogen tetroxide was first studied by
Guthrie (79, 80) and later by Tilden and Sudborough (214) and Miller (125),
who obtained similar results. All subsequent investigations (95, 121, 186) agree
that the solid derivative formed was the dimerie nitric ester of bis-2-methyl-3-
nitroso-2-butanol. The yields of this ester have been reported from less than 1
per cent to 49 per cent depending upon the conditions.

Michael and Carlson (121) found the main reaction products to be XIIT and
XIV.

(le;; ?Hii
CH3—(|J———C|1HCH3 CHs—(li——-(EHCHs
ONO; NO 2 ONO NO,

XIII XIV
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Very little of XIII was formed in ether, but in petroleum ether or without a
solvent as high as 49 per cent of XIII was found. The liquid products from
petroleum ether or without a solvent were so unstable that they were not identi-
fied. The liquid products formed when ether was used as a solvent were distill-
able. At least 35 per cent of this liquid product was shown to be XIV.

The presence of the —ONO, linkage in XIII was inferred {rom the reaction of
XIIT with sodium thiophenoxide to produce XV and sodium nitrate in quantita-
tive yields.

T
CHS-—-(l}——(E—CHs
CeHsS st
XV

The presence of the —ONO linkage in XIV was also demonstrated by the
reaction of XIV with sodium thiophenoxide to produce a quantitative yield of
XVI and sodium nitrite.

Ty

CHs——(IJ—————lCH

CeH;S NO,
XVl

Monti (126) allowed octylene, diisobutylene, and hexadecylene to react with
nitrogen trioxide and nitrogen tetroxide and obtained chiefly the nitronitrite and
nitrosonitrate derivatives.

Diallyl and nitrogen tetroxide reacted in ether solution to give a substance
which Henry (89) formulated as C¢H1o(NO;)s and which presumably would now
be written as CeH;o(NOy).. This product was not analyzed and no reactions of
it were studied. Sidorenko (206) repeated this work and obtained a product
which could be reduced to a diamine.

B. Aryl ethylenes

When styrene reacted with nitrogen trioxide (146) the product, according to
Sommer (210) and Wieland (239), had the empirical formula CeH;CH=CH;N,Os.
Sommer suggested two possible structures, XVII and XVIII.

C:H; CH—CH, C¢H; CH—CH,
NO NO, NO; NO
XVII XVIII

Wieland believed that the product was the dimeric form of XVII, or bis-1-
nitroso-1-phenyl-2-nitroethane and wrote for it the formula XIX. Wieland re-
ferred to this substance as styrene pseudonitrosite, a name which has led to con-
fusion. Compound XIX was found to be unstable.
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C¢H; CHCH,NO,

NO

|
NO

{
CsH; CHCH,NO,
XIX

When refluxed with ethanol it changed to the oxime of a-nitroacetophenone; with
concentrated hydrochloric acid it changed to a-nitroacetophenone, which further
reacted to form benzoic acid and nitromethane.

Styrene, according to Priebs (146), reacted with nitrogen trioxide to yield
1-nitro-2-phenylethylene, after steam distillation of the product.

When stilbene reacted with nitrogen trioxide a solid product formed which
Schmidt (183) claimed melted at 195-197°C. and Wieland (243) stated melted at
132°C. Apparently these investigators were working under different conditions;
either they had different compounds or possibly they were working with mixtures.
Both seemed to agree on the empirical formula CeH;CH=CHC:H;N,0s;.
Gabriel suggested the formula (CeHsCH=CHC:H;N,Os) (67). Schmidt re-
garded the product as a monomer; Wieland regarded it as a dimer and wrote for
it the structural formula XX, which is analogous to XIX.

Cng,(I]H-—CHCsHE,
NO NO,

l
TO ll\IOz
CeH; CH—CHCsH;
XX
Schmidt formulated his compound as XXI or XXII.
0
Va
C¢H; CH—N C:H; CH—N—O
AN l | ’
0) 0
/ |
CsH; CH—N CsH; CH—N—O
AN
0
XXI - XXII

According to Schmidt (184), stilbene reacted with nitrogen tetroxide to produce
1,2-dinitro-1,2-diphenylethane.

Shilov (204) added oxides of nitrogen to triphenylethylene and obtained a good
yield of what was presumed to be the 1,2-dinitro derivative.
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C. Acetylenic compounds (see table 4)

Several examples have been described in which nitrogen trioxide or tetroxide
reacted with compounds containing acetylenic linkages, forming nitro com-
pounds. With phenylacetylene nitrogen tetroxide {formed 1,2-dinitro-1-
rhenylethylene; 1,2-diphenylacetylene gave 1,2-dinitro-1,2-diphenylethylene,
which upon reduction with zinc and acetic acid gave 2,3,5,6-tetraphenylpipera-
zine (182, 188, 248). As was expected, the 1,2-dinitro-1,2-diphenylethylene
existed as both a cis and a frans isomer (182, 188).

Diicdoacetylene reacted with either nitrogen tetroxide or trioxide in ether solu-
tion to produce triiodonitroethylene (19). Some doubt exists regarding the
nature of this product.

TABLE 4
Acetylenic compounds
ACETYLENIC COMPOUND o PRODUCTS FORMED REFERENCE
CI=CIL.............coiet, N:0; | CI=CINO, (19)
CI=CIL..... .....ccccoiii., N0. | CL=CINO, (19)
CHC=CH................... N0 | CeH;C(NOy)=CHNO, (248)
Cel;C=CCsHs................ N0y CsH:CNO; CeH;:CNO» (182, 188)
NO.CCeH; C¢H;CNO,
CeH;C=CCeH;........... ... N0, C¢H;C===CCsH; (cis and trans) (248)
NO; NO,
CeH,C=CCOOC:H;. . ......... N:0; | CeH;C===CCOOC,H; (241)
NO; NOg

Wieland (241) reported the production of XXIII by the reaction of ethyl
phenylpropiolate with nitrogen tetroxide in petroleum ether.

CeHsC CCOOC2H5

NO; NO,
XXIII1

D. Ethylenic carbonyl compounds

Wieland (237, 247) studied the reaction of a series of compounds with nitrogen
trioxide and in many cases obtained in low yields what he referred to as the cor-
responding pseudonitrosites. In thisgroup were benzalacetone, methyl cinnamyl-
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acetate, anisalacetophenone, 2-p-methoxyphenyl-1-methylethylene and anisal-
acetone. To give a typical example, the product from benzalacetone was formu-
lated as XXIV. TUnder the suggested terminology this would be called
bis-1-acetyl-1-nitro-2-nitroso-2-phenylethane.

CeHs CH———(leCOCHs
NO,

N;O;
L
CeH; CH—-CHCOCH;
XXIV

In all cases Wieland studied several reactions of the products to substantiate his
conclusions.

For cinnamaldehyde Wieland (237) regarded the first step as the formation of
the monomeric nitronitroso derivative similar to XXIV. It was believed that
it passed through the following sequence of changes:

CsH, CH——CHCHO>
—_—

CeH; CH=CHCHO + N,O; ——»( I
NO NO,

1 1
Ce; (”J—C=C—OH — CeH; C-—C=(|)‘H
NOH N——-0

The end product was believed to be the 4-nitro-3-phenylisoxazole, which was
obtained in 35 to 40 per cent yield. Wieland also reported the formation of a low
yield of phenylnitroglyoxime peroxide (XXV).

CeH; C—CNO,

L]l
)
0—0
XXV

From benzalacetophenone with nitrogen trioxide Wieland (236) obtained an
intermediate solid which upon boiling with ethanol gave the nitroisoxazole de-
rivative XX VI, in which nitration took place in the benzene ring as well as reac-
tion at the double bond.

NO.

CsHa C=C
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On the basis of these experiments Wieland concluded (237, 247) that com-
pounds of the type XXVII with nitrogen trioxide generally give the bisnitro-
nitroso derivatives when R is positive in character, but fail to give the bisnitro-
nitroso type when R is strongly negative.

CeHsCH=CHR
XXVII
O

When R is —C—, either the yields of the nitronitroso derivative are low or none
at all can be isolated.

Egoroff (or Yegorov: 48, 49, 50, 51, 52, 259) carried out a series of studies on
the reaction of unsaturated acids with nitrogen tetroxide. In general, relatively
unstable addition products formed which were usually believed to be mixtures of
the dinitro, isomeric nitronitrites, and hydroxynitro derivatives. The latter
type was believed to be formed v7a the nitronitrite.

Upon reduction these addition products were transformed to diamino com-
pounds or to amino aleohols. Although the yields were generally not stated,
they must have been relatively low.

Since these addition compounds could be split at the position of the double
bond by water or hydrochloric acid, it was proposed that such splitting could be
used as a method of locating the position of the ethylenic linkage. The example
of oleic acid will suffice to illustrate. The following sequence of reactions was
suggested:

petroleum ether

CH; (CH,); CH=CH(CH,); COOH + N,0,
NO,

|
CH;3(CH,); CH—CH(CH,); COOH + CH;3(CH,); CH—CH(CH,);COOH

NO; ONO ONO
XXVIII XXIX

18 hr.
160-170°C.

20H3(0H2)7(lJH—(”J(CH2)7COOH + N.O 4+ H,O

NO; O
XXX

2 moles XXVIII 4+ H,O

JHQO

CH;(CH,);CHNO, + COOH(CH,);COOH
XXXI XXXII
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18 hr.
__—ﬁ
160~170°C.
O NO,

[
CH; (CH,); C—CH(CH,); COOH + N;0 + H.0
XXXIII

2 moles XXIX + H,O

Jro

CH;(CH,); COOH 4 NO,CH,(CH:); COOH
XXXIV XXXV

XXVIIT and XXIX when heated with concentrated hydrochloric acid in a sealed
tube for 3-5 hr. were considered as first reacting as above with water to give
XXX, XXXIT, XXXII, XXXIII, XXXIV, and XXXV. Then XXXI and
XXXV reacted further:

OH
e
XXXI = CHa(CHz)yC\ + 1,0 HY, cH,(CH,);COOH + NH,0H
N
NOH
HO\
XXXV = C(CH,):COOH + H,0 -2,
Y4
HON

COOH(CH,);COOH + NH,OH

Accordingly, with concentrated hydrochloric acid the final products formed
are azelaic and pelargonic acids, thus fixing the position of the double bond at
9,10, which is the same position as deduced by ozonolysis. This same type of
bond location was done with other examples. Unfortunately the yields of the
products were not stated. It may be guessed that they were discouragingly low,
because apparently no one has attempted to extend the method. If conditions
could be realized for obtaining reasonably good yields, this idea might be useful.

With cinnamic acid and nitrogen trioxide, Erdman (56) obtained as the only
isolable product I-nitro-2-phenylethylene. With a-methylcinnamic acid the
analogous nitro derivative was obtained. Abderhalden (1) treated dimethyl-
acrylic acid with nitrogen tetroxide and obtained results analogous to those of
Egoroff.

E. Conjugated systems

Some cases of the reaction of nitrogen tetroxide with conjugated systems are
recorded. Wieland (254, 255) observed the formation of 1,4-dinitro-1,4-di-
phenyl-2-butene when either nitrogen trioxide or tetroxide was added to 1,4-
diphenyl-1,3-butadiene. The addition product could be reduced to the corre-
sponding diamine in poor yields. Thorpe and Farmer (213) made a similar claim.
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Neber and Paeschke {128) claimed 1,2-addition to l-cyano-1,4-diphenyl-1,3-
butadiene to obtain 1-cyano-1,4-diphenyl-3,4-dinitro-1-butene. Other exam-
ples studied were less conclusive with regard to 1,2- or 1,4-addition. Franklin
and Wilkins (61) believed they obtained 1,4-dinitro-2-butene from the reaction
of nitrogen tetroxide and 1,3-butadiene when these substances were allowed to
react in various solvents or in the vapor phase. Dinitro derivatives were re-
ported from other conjugated diolefins.

Allen et al. (4) observed both 1,2- and 1,4-addition of nitrogen tetroxide to
2,3-diphenyl-1,3-butadiene, giving rise to XXXVTI and XXXVII.

i
0.NCH,C CCH:NO; CH,=C——CCH;NO;
CeH; Co¢H; CsHs CeH;
XXXVI XXXVII
(m.p. 151°C.) (m.p. 192°C.)

Ozonolysis of XXXVII produced formaldehyde, and oxidation with perman-
ganate gave benzil. When XXXVII was dissolved in concentrated sodium
methoxide a yellow crystalline sodium salt resulted, which upon acidification
with acetic acid gave XXXVI. When the sodium salt of XXXVI was acidified,
XXXVII was obtained.

F. Miscellaneous ethylenic compounds

Propadiene (43) with nitrogen trioxide gave a crystalline nitrosite having the
formula CsHyN,Os;. The structural formula was not elucidated. Dimethyl-
butadiene gave a crystalline nitrosite, C¢HioN2O3, which was reduced to an amine.
The structures of these compounds were not stated.

1-Butene (40) reacted with nitrogen trioxide to give (CiHsN:O;)s, which
presumably was the bisnitrosonitro derivative. A residue was also formed
which upon reduction gave a diamine, CsHs(NH,),, and n-butyraldehyde.

Anethole reacted with sodium nitrite and acetic acid at 50-60°C. to give
XXXVIIT and XXXIX (240).

CH30<m —C——CCH, cH,0{  —C—CCH;

S—2 ]
NOH NOH 1|\T ?I
0—0

XXXVIII XXXIX

When the same reaction was carried out in the cold, the bisnitrosonitro com-
pound XL was formed.

T Nooe
NO NO, |,
XL



218 J. L. RIEBSOMER

Toennies (219) apparently obtained by a similar reaction a com pound with the
same empirical formula but preferred to consider it the nitrosonitrous compound
XLI.

¢ Son—
CH,0{  )CH—CHCH;
NO ONO
XLI

The conditions of Toennies’ experiment were vaguely stated.

Angeli (5, 6) concluded that compounds such as apiole, safrole, and eugenole
containing the grouping —CH,—CH=CH, did not react with nitrous acid (prob-
ably nitrogen trioxide) to give solid derivatives, but that the corresponding iso-
compounds containing —CH=CH—CH; did give solid derivatives, presumably
of the nitronitrite type.

Wieland (255) allowed cyclopentadiene to react with nitrogen trioxide and
obtained an unstable solid derivative. In spite of its instability and the diffi-
culty of its analysis the formula XLII was suggested, probably more because of
analogy with other “pseudonitrosites” obtained by Wieland.

/CHz\ /CHz\
H(HJ ICH——Nz ng—?H ("]H
HC—CHNO, O;NCH————-CH

XLII

Rule (155) and Wieland (255) studied the action of nitrogen trioxide with
dicyclopentadiene. Rule gave XLIIT for the formula of the product, which is

CH,—CH—CH—CH,
N
N

AN

CHNO,
CH—CH——CH—C‘}H
NO 2

HC

XLIII

the bisnitronitroso derivative, the type so often postulated by Wlela.nd for the
addition product of nitrogen trioxide to ethylenic bonds.

Cyclohexene (176) with dry nitrogen tetroxide in cold petroleum ether gave
about a 25 per cent yield of the bisnitrosonitro derivative and oily products.

1,3-Cyclohexadiene with nitrogen trioxide in chloroform gave an intermediate
Which, when reduced with tin and hydrochloric acid, gave CeHs(NH,)s- 2HCIL.

Dihydronaphthalene dissolved in acetone solution and treated with nitrogen
tetroxide gave an unidentified solid, which on treatment with alcoholic potas-
sium hydroxide yielded 2-nitro-3,4-dihydronaphthalene.

Gabriel (66, 67) allowed benzylidenephthalide (XLIV) to react” with both
nitrogen trioxide and tetroxide and obtained the relatively unstable XLV in
both cases.



REACTIONS OF NITROGEN TETROXIDE WITH ORGANIC COMPOUNDS 219

CHCsH; NO: NO,

7 L)
C——CHC,H;

C

A VRN NN
oo (T

Va4 NN S

C C

(“) 4')

XLIV XLV
Compound XLV lost nitrous acid in boiling benzene to give XLVI.

L

C—CeHs
V4
N
>
N4
i
O

XLVI

N

0

According to Dennstedt (45) indene and coumarone reacted in cold ether solu-
tion with nitrogen trioxide to form the corresponding nitrosonitrite derivatives,
along with oily products. In a similar manner santene gives the santene nitro-
sonitrite (XLVII) (129). Compound XLVII can be converted by reduction to
XLVIII and can be oxidized to XLIX.

/CH\ | CH,
H,C ' o NH,
a6 T L om
CH  NO A l N
/’ % N\
HQC C—CH3 / CH CHS
| CH, . XLVIII
H,C | C—ONO
NI \ W
CH CHs N Hc l cZNO
XLVII | CH, |
H,C l C—NO,
NI/
CH,
XLIX

The reaction of benzaldiacetyl monoxime with nitrogen trioxide in dry ether
solution stands out as an unusual case. Diels (46) ascribed formula L to
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the unstable solid derivative thus obtained. A series of reactlons of L were
studied to elucidate its structure.

C:H; CHCH(OH)COCH,CN
1‘\’2 O:
CeH; CHCH(OH)COCH;CN
L

The only case found in which an unsaturated ether was allowed to react with
nitrogen trioxide was that of methyl allyl ether. An undetermined nitro-
nitrosopropyl ether was formed, which upon reduction gave methyl 8,y-diamino-
propyl ether.

TABLE 5
Alkali metal salts of organic acids
ORGANIC ACID SALT Sﬁg’&gfz PRODUCTS FORMED REFERENCE
CH;COONa . .................. N0, (CHaCO)gO (152, 153)
CszCOONa ................... N204 (CzHoCO)EO (152, 153)
CH,COONa ................... N.0O, (C:H:CO)-0 (152, 153)
CHzCOONa e e N204 CHzCO\
| /0 (151)
CH,COONa CH.CO
COON& ................. N204 CO
O>O (151)
COONa C

Considerable use of the oxides of nitrogen has been made in the separation and
detection of terpenes (27, 37, 47, 58, 59, 68, 107, 228, 230). The oxides of nitro-
gen are added to the natural mixture to produce solid derivatives. These com-
pounds and their reactions are usually not important except for identification
purposes. The literature describing these compounds is confusing, because the
structures of some terpenes previously aceepted have been shown to be in error.
Since this field is so confusing and since the compounds formed are not of general
interest, no attempt has been made to collect and discuss the reactions of the
oxides of nitrogen with terpenes.

A similar statement can be made for the studies conducted with oxides of
nitrogen and rubber. After examining several papers by Harries (81, 82, 83, 84,
85) and by others (2, 3, 55, 75) and after observing the inconclusive nature of
this work, no attempt was made to collect all the references on this subject.
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VI. REACTIONS WITH ALKALI METAL SALTS OF ORGANIC ACIDS (SEE TABLE 5)

Rodionov and Oblitseva (152, 153) observed that good yields of acetic, pro-
pionie, and butyric anhydrides could be obtained by heating the dry sodium
salts of the corresponding acids with nitrogen tetroxide. They expressed the
reaction for sodium acetate as follows:

2CH;COONa + 2N,0, — (CH3C0),0 + 2NaNO; + N20;

This same technique was tried by Riebsomer and Reinecke (151), using the
sodium salts of succinic and phthalic acids. The corresponding anhydrides were
obtained in yields of 75 per cent or more. This approach to anhydride formation
might be of interest.

VII. REACTIONS WITH ORGANOMETALLIC COMPOUNDS (SEE TABLE 6)

Wieland (238) found that ethyimagnesium iodide in cold ether reacted very
vigorously with nitrogen tetroxide. After hydrolysis and extraction with ether,
diethylhydroxylamine was obtained. No analogous compound was produced
from aryl Grignard reagents (249). This method might be useful for the synthe-
sis of special hydroxylamines which are not readily obtainable by other methods.

Various aromatic organometallic compounds have been allowed to react with
nitrogen trioxide or with mixtures of nitric oxide and nitrogen dioxide simul-
taneously (11, 97, 110, 209). In many instances good vields of the aromatic
diazonium nitrates were produced. Thus diphenylmercury gave benzenedia-
zonium nitrate with a yield of 85 per cent; tetraphenyltin, 40 per cent: tetra-
phenyllead, 100 per cent; phenylmagnesium bromide, 15 per cent; triphenyl-
bismuth, 54 per cent; di-p-tolylmercury, 51 per cent. Aryl metal nitrates and
aromatic nitroso compounds were formed simultaneously. Dimethylmercury
gave an explosive crystalline product (12).

VIII. MISCELLANEOUS REACTIONS (SEE TABLE 7)

Schmidt (191, 192, 193, 194) allowed various mono-a-substituted acetoacetic
esters to react with nitrogen trioxide and obtained generally the corresponding
relatively unstable blue a-nitroso derivatives. The general reaction may be
written:

i |
CH; COCHCOOC.H; + N;0; — CH300(I)COOC2H5
NO

When both « hydrogens were substituted with alkyl groups no action took
place.

a-Nitroso or -isonitroso compounds were also formed from ethyl propionate,
isoamyl acetate, and other esters. Schmidt’s general conclusion was that these



222

J. L, RIEBSOMER

TABLE 6
Organometallic compounds
oRoxvouETALIC coxorp | OXIDE OF N——— e
Hg(CeH)a. .o Ny0; | HgCeH; N O, CeH:N=NNO;, C;H;NO (111,10)
Hg(CeHzoo o oo N:0. | HgCeH;NO;, CeH;NO (11)
(p-CHsCHu)Hg . .. ......... N.0; | p-CH;CsH.HgNO;, p-CH;CHN=NXNO; | (97)
(p-CHiCeH,)Hg . ........... N,04 | p-CH;CH HgNO;, p-CH3;CsH,NO (97)
(0-CH3CeHy)Hg. . .......... N:0; | 0-CH;CsHHgNO;, 0-CH;CH,N=NNO; (97)
(0-CH;CeHy).Hg . . ......... 1 N0y | 0-CH;C:HHgNOs, 0-CH;CHLNO (87)
N:0; HgNO; N=N—NO; 97)
/\/\ NN
vy
INCNEZNN /K/ N/
{ H l l 1 i N0, HgNO, (67
NN NSNS 7NN\
9y
NN
(CeHs)aSn. ..o NyO; | CeH;N=NNO; (110)
(CeHs)sSnCl. . .............. N:0; | CsH:N=NNO, (110)
(CeH3)oSnCla. .o N:0; | CsH:N=NNO; (110)
CH:SnCl;. ... N.0; | CeH;N=NNO; (110)
(CsH;)4Pb. .“ ................. N:0; | CH;N=NNO; (110)
(CeHs)sPbCL. ... N.0; | CH;N=NNO; (116)
(CeHy)sBi. . ..o N:0; | CHsN=NNO; (110)
(CeHs) TiCl................. N:0: | CeHiN=NNO; (1183)
CeH:MgBr.................. N:0; | CgHsN=NNO; (110)
CoHMgI. . ................. N.0; | (C:H;):NOH (after hydrolysis) (23%)
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TABLE 7
Miscellaneous
COMPOUND N:E)If;x PRODUCTS FORMED RETER-
Maleic acid................... N,O; | Fumaric acid (180)
Oleicacid..................... N:0, | Elaidic acid (76,
118)
CeHaNHQ ..................... N204 CGH3N=NN03 (256)
CeH;NHCOCH;. .............. N0+ CeH;N=NNO;, CH;COOH (244)
=\ co o™ NN, | @)
0,.N \__/NHa ............ N,;O, OgI\\\\ /I\ =NN H\ /I\ 0.,
o .
Y NO, NO, 0N (91)
——\x e V2
\——/I\H2 ................ N204 \—_/B I\I\H\ /
/ NO;
SN==NN
\_ /2\ NNO;
0. N \ 0:N / NO. 91)
g V4 NN NN \
\ _/NHz ............... 1\204 \ /I\—RINH\__/
0N
\’\ /‘I\ =NNO;
0N NHCH;......... N.0; N=0 @
N =
023\ /NCHs
/ NO, NO, N=0 (211)
OzN\ /INHCHa ......... N.Os 02N<—/\ NCH,
ST - N=0 (211)
O:N NHC.H;........ N0
\ / 2Hs 203 /:__:\,
[OPIE NC.Hs
N__~
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TABLE 7—Continued

OXIDE REFER-
COMPOUND NITSOFGEN PRODUCTS FORMED ENCE
Cl ci N=0 (211)
02N< /\NHCH3 ......... N:Os | o RN \[ CH
S 2 \ /A 3
Cl N=0 (211)
N 0N )NCHs
NOH NO
|
CH,CCH;.......... L N.,0; | CH3CCH; (196)
or
N204 N02
1I\l'OH NO
|
CH:CCHs.................... N:0; | C,H,CCH; (196)
or
N:04 NO,
NOH NO
|
CHCCHs. .. ..o N:0; | C.H;CC:H; (196)
or |
N:0, NO,
CH3 CH3
CH;COCHCOOC:Hs........... N:0; | 0=NCHCOOC:H; (unstable) (184)
C.H; C.H;
CH,COCHCOOC.H;. ......... N;0; | O=NCHCOOC:H; (unstable) (194)
C4H9 C2H5
CH,COCHCOOC.H;........... N;0; | O=NCHCOOC:H; (unstable) (194)
CHacOCIHCOOCzﬂs .......... N;0; | O=NCHCOOC:H; (unstable) (191,
193,
CH,COOC.H; CH,COOC,H; 104)
CH;COCHCOOC:H;. . ........ N0 O=NCHCOO0C,H; (194)
‘ | | (unstable)
CH;COCHCOOC:H:; CH;COCHCOOC,H;
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TABLE 7—Continued

OXIDE REFER-
COMPOUND NIT;);'GENV PRODUCTS FORMED ENCE
CHO ‘ N=0
i
CH,CHCOOC.H;.............. | N30; | CH;CHCOOC,H; (unstable) (191)
COCH; IT—:O
C:H,CHCOOC.H;............. N:203 | C;H/.CHCOOC H; (unstable) (191)
CgHsCOCIi(COOCsz)Q e NgOg O=NCH(COOC2H5)2 (unstable) (191)
N=0
|
(CH;);,CHCH,COOC,H;. . .....| N;0; | (CH;);CHCHCOOC:H; (unstable) (192)
CN
| ‘
CaHsCCsI‘Is ................... N204 (CeI’Ia)zC(NOQ)CN or (Cng)zc(ONO)CN (257)
CsH;CCeHs
CN
) ; 0] (179)
| [
‘ C C
AN New o Y\
“ I o C(N:05)
NN S NN S
C C
I I
0 O
OE Ozll\T NO: (0]
N
Cl‘( (OH ................... N204 Cl_|c_‘c__(lj=lc_c_COOH_H20 (260)
CR /¢ H Cl Cl Cl
Cl
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nitroso compounds Would form from nitrogen trioxide with compounds of the
type

1
(IJ—COOCsz
R
0] (0]

V4 Y4
when R’ was H, CHgC\ ) CGH5C\ , alkyl, or —COOH.

R—

’

Instances are recorded showing that nitrogen oxides are capable of transform-
ing geometric isomers from one form to the other. Thus Schmidt (180) was able
partially to convert maleic to fumaric acid. Meyer (118) and Gottlieb (76) trans-
formed oleic to elaidic acid.

One example is recorded in which a six-membered ring compound was changed
to a five-membered ring compound (179). 1,4-Naphthoguinone reacted with
nitrogen trioxide to produce I, which Schmidt named «,y-diketohydrindene
nitrosite.

i ? i
C C C CH,
YN YN N /N

‘ ‘ CN:0; — 1 & CHz c_ Cc=0
N\ AN —{

|| u \ D

O O 0

I I 111

Compound I was relatively unstable and in hot water lost oxides of nitrogen to
form diketohydrindene (II), which in turn gradually changed to the anhydro-
bisdiketohydrindene (I1TI).

Masson (113) allowed nitrogen trioxide to react with glycerol. An unstable
compound was formed to which was assigned the formula CsHs(NO.)s. The
analytical data were not convincing. It was believed to be a nitrous ester.

Wittig (257) studied one example in which a saturated molecule was split by
nitrogen tetroxide. The dinitrile of tetraphenylsuccinic acid in chloroform
treated with nitrogen tetroxide gave IV or V in better than 50 per cent yield.

|CGH5 (ljeHa (|36H5
CyH,CNO, or CQHs?ONO 10 _, ¢,H,COH

CN CN CN

v A VI

The product hydrolyzed with water and acetic acid to produce the cyanohydrin
VI, thus suggesting that structure V is to be preferred.
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. IX. SUMMARY

With the availability of inexpensive nitrogen tetroxide this area of research
should be greatly stimulated. It would seem probable that nitrations with
nitrogen tetroxide would be limited to special cases in which it might offer a
peculiar advantage. The most fruitful fields of research are likely to be found
in the use of nitrogen tetroxide as an oxidizing agent and in addition to com-
pounds containing multiple bonds. The latter field is especially attractive,
since the addition compounds may be reduced to amines or aminoalcohols,
some of which should be useful. The reduction of these compounds has often
been unfortunate because of the low yields obtained. But with the techniques
now available for small- or large-scale reductions it may be possible to overcome
this difficulty. g

Many of the experiments which have been done with nitrogen tetroxide should
be repeated under conditions controlled as accurately as possible. In those ex-
periments in which solvents are used, a variety of solvents should be tried, be-
cause the medium in which these reactions take place often exerts a profound
influence. It is possible that some inert gas could often be added with advantage
when vapor-phase reactions are tried.

The author wishes to express his gratitude to Mr. Dale Stauffer, who was help-
ful in part of the literature search, and to Dr. H. B. Hass and Dr. Elizabeth
Riley who kindly made certain literature files available. The William Mertin
Blanchard Memorial Research Fund defraved the cost of preparation of this
manuscript.

REFERENCES

(1) ABpeRHALDEN, E., AND Hevns, K.: Ber. 67, 530-47 (1934).
(2) ALEXANDER, P.: Z. angew. Chem. 20, 1355~67 (1907).
(3) ALexXANDER, P.: Z. angew. Chem. 24, 680 (1911).
4) Aruien, C. F. H., Evior, C. G., axp BeLL, A.: Can. J. Research 17B, 75-88 (1939);
Chem. Abstracts 33, 6284 (1939).
(5) Anarri, A.: Ber. 24, 39946 (1891).
(6) Axcrwrr, A.: Ber. 25, 1956-63 (1892).
(7) Arco, W.L., James, E. M., axp Do~xNELLY, J. L.: J. Phys. Chem. 23, 578-85 (1919).
(8) Avawnesov, D., axp Vyarskin, I.: Khim. Referat. Zhur. 2, No. 5, 43 (1939); Chem.
Abstracts 34, 2262 (1940).
(9) Baiey, R.: U. 8. patent 1,319,748 (October 28, 1919).
(10) Baker, H. B., anp Baker, M.: J. Chem. Soc. 102, 2339 (1912); Chem. Abstracts 7,
1332 (1913).
(11) BaMBERGER, E.: Ber. 80, 506-13 (1897).
(12) BAMBERGER, E., AxpD MULLER, J.: Ber. 32, 3546-54 (1899).
(13) BaMBERGER, E., AxD PeMmseL, W.: Ber. 36, 57-84 (1903).
(14) BarngrT, E.: J. Chem. Soc. 127, 2040—4 (1925).
(15) Bass, L., anp Jounson, T. B.: J. Am. Chem. Soc. 48, 456-61 (1924).
(16) BarTiEGAY, M., AND KERN, W.: Bull. soc. chim. 41, 1336-41 (1927); Chem. Abstracts
22, 923 (1928); Brit. Chem. Abstracts 19284, 34.
(17) BarTLecAaY, M., AnD Rastmesew, A.: British patent 262,097 ; French patent 619,224,
(18) Bies, C. H.: Ind. Eng. Chem. 24, 10-12 (1932).
(19) Birtz, H.: Ber. 30, 1201-10 (1897).
(20) Bivrz, H.: Ber. 35, 1528-33 (1902).



228 J. L. RIEBSOMER

(21) Boepanov, M. I.: Anilinokrasochnaya Prom. 8, 133-44 (1933); Chem. Abstracts 27,
5312 (1933).

(22) Borvw, G.: Ber. 29, 90-102 (1896).

(23) BouveavuLrt, L., AND WaHL, A.: Compt. rend. 137, 196 (1903).

(24) BovveauLt, L., aNp WanL, A.: Compt. rend. 138, 1221-3 (1904); Chem. Zentr.
1904, II, 27.

(25) BouveavLr, L., anp Wasr, A.: Bull. soc. chim. 31, 679-82 (1904) ; Chem. Zentr. 1904,
11, 195.

(26) Burrows, R. B., axp HuNTER, L.: J. Chem. Soc. 134, 1357-60 (1932).

(27) Canotums, A.: Ann, 41, 76 (1842).

(28) Crusa, R., aND Prsrarnozza, U.: Atti accad. Lincei 17, 1, 840 (1908); Chem. Zentr.
1908, II, 945,

(29) Crusa, R., axp Prstavozza, U.: Atti accad. Lincei 17, i, 840 (1908); Chem. Abstracts
3, 1168 (1909).

(30) Crusa, R., avp Pestavozza, U.: Gazz. chim, ital. {I] 39, 304-11 (1909); Chem. Ab-
stracts 3, 1531 (1909).

(31) CoHEN, B., anp Cavvert, H. I.: J. Chem. Soc. T1, 1050-7 (1897).

(32) Couex, B., axp Harrison, W. H.: J. Chem. Soc. 71, 1057-9 (1897).

(33) ConNraD, M., Biscuorr, C. A., aANp GuTtHzEIT, M.: Ann. 209, 211-18 (1881).

(34) CurTiss, R.8.: Am. Chem. J. 33, 603—4 (1905).

(35) Curtiss, R. S.: Am. Chem. J. 35, 477-86 (1906).

(36) Curtiss, R. 8., anp KosTALEK, J. A.: J. Am. Chem. Soc. 33, 962-74 (1911).

(37) Dem’vanov, N. Ya.: J. Russ. Phys. Chem. Soc. 83, 283-9 (1901); Brit. Chem. Ab-
stracts 1901, I, 554.

(38) Dem’vanov, N, Ya., axp SiooreNko, K. W.:J. Russ. Phys. Chem. Soe. 41, 832 (1908);
Brit. Chem. Abstracts 1909, I, 754.

(39) DeEM’vaxov, N. Ya.: Ann. inst. agron. Moscow 4, Heft 4, 155-217 (1898); Chem.
Zentr. 1899, 1, 1064. .

(40) DeM’vaNov, N. Ya.: Ber. 40, 245-6 (1907).

(41) DEm’vanov, N. Ya.: J. Russ. Phys. Chem. Soc. 36, 15 (1904).

(42) DeM’vanNov, N. Ya.: Anilinokrasochnaya Prom. 4, 132-43 (1934); Chem. Abstracts
28, 5401 (1934).

(43) DeM’vanov, N. Ya., anp Ivanov, A. A.: Comp. rend. acad. sci. (U. R. 8. 8.) [N.8.]
1, 318-24 (1934); Chem. Abstracts 28, 4374 (1934).

(44) DemM’vanov, N. Ya., anp Wirniams, V. V.: Bull. acad. sci. U.R.S.8., Classe sci.
math. nat. 19381, 1123-40; Chem. Abstracts 26, 3238 (1932).

(45) DenNsTEDT, M., AND AHRENS, C.: Ber. 28, 1331-5 (1895).

(46) Drevs, Orro: Ann, 432, 1-45 (1923).

(47) DuLow, R.: Bull. inst. pin 1934, 129-39; Chem. Abstracts 28, 7255 (1934).

(48) Egororr, I. W.: J. Russ. Phys. Chem. Soc. 35, 358-75 (1903); Brit. Chem. Abstracts
1903, I, 789.

(49) Ecororr, I. W.: J. Russ. Phys. Chem. Soc. 35, 466-82 (1903); Brit. Chem. Abstracts
1903, I, 790.

(50) Ecororr, I. W.: J. Russ. Phys. Chem. Soc. 35, 482-8 (1903); Brit. Chem. Abstracts
1903, I, 790.

(51) Ecororr, I. W.: J. Russ. Phys. Chem. Soc. 85, 965-73 (1903); Brit. Chem. Abstracts
1904, 1, 216.

(52) Ecororr, I. W.: J. Russ. Phys. Chem. Soc. 85, 973-97 (1903); Brit. Chem. Abstracts
1904, I, 217.

(563) Ecorova, O. I.: Ukrain. Khem. Zhur. 4, Sci. Pt., 193-8 (1929); Chem. Abstracts 24,
1078 (1930).

(54) Ecorov, O. I.: J. Russ. Phys. Chem. Soc. 62, 1097-11C0 (1930); Chem. Abstracts 25,
2706 (1930).

(55) Emprn, F.: Ber. 58, 2522 (1925).



REACTIONS OF NITROGEN TETROXIDE WITH ORGANIC COMPOUNDS 229

(56) Erpamann, H.: Ber. 24, 2771-5 (1891).

(57) Frurepvicuev, S. F., axp Perrov, P. P.: Anilinokrasochnaya Prom. 3, 351-3;
Chem. Abstracts 28, 3720 (1934).

(58) ForsTrr, M, O., axp MickLeTawalT, F. M.: J. Chem. Soc. 79, 325-35 (1904).

(59) ForsTtER, M. O., axp MickLerawalr, F. M.: Proc. Chem. Soc. 20, 19-20 (1904);
Chem. Zentr. 1904, I, 807.

(60) FrankLanp, P. F., axp Farmer, R. C.: J. Chem. Soc. 79, 1356-73 (1901).

(61) FrANKLIN AND WiLkENs: British patent 532,686 (1940).

(62) French patent 709,823; Chem. Abstracts 26, 1302 (1932).

(63) Friepsura, L. H., axp MaxpeL, J. A.: J. Am. Chem. Soc. 12, 7-12 (1890).

(64) FriepsURG, L. H., axp Manper, J. A.: J. Am. Chem. Soc. 12, 7-12 (1890); Chem.
Zentr. 1880, II, 8.

(65) IFrowuicH, Per K., Harrineron, P. J., anp Warrr, A, H.: J. Am. Chem. Soc. 50,
3216-21 (1628).

(66) Gasrieyn, S.: Ber. 18, 1251 (1885).

(67) GaBrizL, S.: Ber. 18, 2436-42 (1885).

(68) GExvREssE, P.: Compt. rend. 130, 918-20 (1900); Chem. Zentr. 1900, I, 1021.

(69) German patent 207,180 (February 2, 1908); Chem. Abstracts 8, 1935 (1909).

(70) German patent 214,045.

(71) German patents 215,335; 234,289; 254,710, 256,623; 268,049.

(72) GracaLoNEg, A.: Gazz. chim. ital. 61, 828-32 (1931); Chem. Abstracts 26, 1910 (1932).

(73) Giumax, E., axp Jouxson, T. B.: J. Am. Chem. Soc. 50, 3341-8 (1928).

(74) Giuman, H.: Organic Syntheses, Collective Vol. I, p. 261. John Wiley and Sons,
Inc., New York (1932).

(75) Gorgas, A.: Ber. 83B, 2700-5 (1930).

(76) GorrLiEB, J.: Ann. 67, 52 (1846). :

(77) GrRANACHER, CH., AND SCHAUFELBERGER, P.: Helv. Chim. Acta 3, 721-37 (1920);
Chem. Abstracts 15, 668 (1920).

(78) GrAnacHER, CH., aAXD ScHAUFELBERGER, P.: Helv. Chim. Acta 5, 392-5 (1922);
Chem. Abstracts 17, 2864 (1923).

(79) GurHrIg, F.: Ann. 119, 83-92 (1861).

(80) GurHrig, F.: Ann. 121, 117 (1862).

(81) Harrims, C.: Ber. 34, 2091 (1901).

(82) Harries, C.: Ber. 85, 3256 (1902).

(83) Harriks, C.: Ber. 38, 87-90 (1905).

(84) Harrims, C.: Z. angew. Chem. 20, 1265-71 (1907).

(85) Harrigs, C.: Z. angew. Chem. 20, 1969 (1907) ; Chem. Abstracts 2, 714 (1908).

(86) Hass, H. B., Dorsky, J., aAxp Hopce, E. B.: Ind. Eng. Chem. 383, 1138-43 (1941).

(87) Hass, H. B., axp Hobpge, E. B.: Canadian patent 382,346 (June 27, 1939); Chem.
Abstracts 33, 6881 (1939).

(88) Hass, H. B., anp RiLey, E. F.: Chem. Rev. 82, 373-430 (1943).

(88a) HenbDrIicks, 8. B.: Z. Physik 70, 699 (1931).

(89) Henry, L.: Ber. 2, 279 (1869).

(90) HeNry, L.: Bull. sei. acad. roy. Belg. [2] 38, 1 (1874).

(91) Houston, B., axp Jorxsoxn, T. B.: J. Am. Chem. Soc. 47, 3011-18 (1925).

(92) Iv’inskir, M., Maksorov, B. V., axp Eracin, N. V.: J. Chem. Ind. (Moscow) 5,
469-73 (1928); Chem. Abstrcts 22, 3888 (1928).

(93) IpaTiEFF, W., AND SsorLonNiMa, A.: J. Russ. Phys. Chem. Soc. 33, 496-501 (1901);
Chem. Zentr. 1901, II, 1201.

(94) Jomnson, K. (to Commercial Solvents Corporation): U. S. patent 2,213,444 (Sep-
tember 3, 1940) ; Chem. Abstracts 35, 465 (1941).

(95) KringstepT, F. W.: Ber. 58, 2363-70 (1925).

(96) Koupr, H.: Ber. 2, 326 (1869).

(97) Kunz, J.: Ber. 31, 1528-31 (1898).



230 J. L. RIEBSOMER

(98) LaTowsky, L., MacQuippy, E., axp Toruman, P.: J. Ind. Hyg. Toxicol. 28, 129-33
(1941); Chem. Abstracts 35, 7575 (1941).
(99) Laver, K., aNp ArarasHi, K.: Ber, 68B, 1373-6 (1935).
(100) Leeps, A.: J. Am. Chem. Soc. 2, 277-87 (1880).
(101) Leeps, A.: Ber. 13, 1993 (1880).
(102) LeEDS, A.: Ber. 14, 482-5 (1881).
(103) Leamany, K. B., axp Hasecawa: Arch. Hyg, 77, 31123 (1913); Chem. Abstracts T,
2432 (1913).
(104) Levrowp, E.: Ber. 84, 2829-37 (1901).
(105) Liporr, P. H.: J. Russ. Phys. Chem. Soc. 29, 214-15 (1897); Chem. Zentr. 1897, II,
445,
(108) LieBermanN, C., AND LiNDEMANN, L.: Ber. 13, 1584-9 (1880).
(107) Lipp, P.: Ann. 398, 241-60 (1913).
(108) Lunee, G.: Ber. 11, 1641 (1878).
(109) McKzg, R., anp WiLHELM, R.: Ind. Eng. Chem, 28, 662-7 (1936).
(110) Magagrova, L. G., axp NesmevanNov, A, N.: J. Gen, Chem. (U.S.S.R.) 9, 771-9
(1939) ; Chem. Abstracts 34, 391 (1940).
(111) Marsuailyr,J.: U. 8. patent 1,473,825 (October 5, 1921).
(112) Masnov, N. J.: J. Gen. Chem. (U.S.8.R.) 10, 1915-17 (1940); Brit. Chem. Abstracts
1941, II, 311.
(113) Masson, O.: Chem. News 47, 278 (1883); Chem. Zentr, 1883, 484; J. Chem. Soc. 43,
348 (1883).
(114) Mavurer, K., ANp DREFAHL, G.: Ber, 76B, 1489-91 (1942).
(115) Mavurer, K., axp Rerrr, G.: J. Makromal, Chem. 1, 27-34 (1943); Chem. Abstracts
38, 1211 (1944).
(116) MEISENHEIMER, J., AND CONNERADE, E.: Ann. 330, 133-84 (1903).
(117) MeuLor, J. W.: A Comprehensive Treatise on Inorganic and Theoretical Chemistry,
Vol. VIII, pp. 529-48. Longmans, Green and Company, London (1928).
(118) Meyer, H.: Ann. 35, 174-88 (1840).
(119) Mever, V.: Ann. 171, 1-64 (1876).
(120) Meyer, V.: Ber. 21, 1291-5 (1888).
(121) MicHAEL, A., axD CarLusoN, G. H.: J. Am. Chem. Soc. 59, 843-9 (1937).
(122) MicHAEL, A., AND CarLsoN, G. H.: J. Org. Chem. 4, 169-97 (1939).
(123) MicHAEL, A., aND CarLsoN, G. H.: J. Org. Chem. 5, 1-13 (1940).
(124) Micuasr, A., aND CarLsoN, G. H.: J. Org. Chem. 6, 14-23 (1940).
(125) MiILLER, A. K.: Chem. News 56, 206 (1887); Chem. Zentr. 1887, 58, 1487,
(126) MonTri, L.: Gazz. chim. ital. 80, 787-97 (1930); Chem. Abstracts 25, 1483 (1931).
+(127) Monrr, L., MaRTELLO, V., AND VALENTE, F.: Gazz. chim. ital. 66, 31-8 (1936); Chem.
Abstracts 30, 6359 (1936).
(128) NEBER, P. W., AND PAESCHKE, S.: Ber. 59, 2140-50 (1926).
(129) ONISHCHENKO, A. S.: Bull. acad. sci. U.R.8.8., Classe sci. math. nat., Sér. chim. 1987,
209-23; Chem. Abstracts 31, 5341 (1927).
(130) OniscHENKO, A, 8.: Bull. acad. sci. U.R.8.8., Classe sci. math. nat., Sér. chim.
1937, 539-46; Chem. Abstracts 32, 2089 (1938).
(130a) Parmer, W.G.: Valency, pp. 47,78,127,190. Cambridge University Press, London
(1944).
(131) Pinek, L. A.: J. Am. Chem. Soc. 49, 2536-9 (1927).
(132) Pinck, L. A.: Ind, Eng. Chem. 22, 1241-3 (1930).
(1383) Ponzio, G.: Gazz. chim. ital. 27, I, 171-9 (1897); Chem. Zentr. 1897, I, 857.
(134) Ponzio, G.: J. prakt. Chem. [ii] 62, 543-4 (1900); Brit. Chem. Abstracts 80, I, 154
(1901).
(135) Pownzio, G.: Gazz. chim. ital. 31, I, 262-4 (1901); Chem, Zentr. 1901, I, 1319.
(136) Poxzio, G.: Gazz. chim. ital. 81, IT, 133-8 (1901) ; Chem. Zentr, 1901, II, 1007.
(137) Ponzio, G.: Gazz. chim. ital. 33, I, 508-12 (1903); Chem. Zentr. 1908, II, 937.
(138) Poxzro, G.: J. prakt. Chem. [2] 73, 494-6 (1906); Chem. Zentr. 1908, 11, 328.



REACTIONS OF NITROGEN TETROXIDE WITH ORGANIC COMPOUNDs 231

(139) Powzio, G.: Atti accad. Lincei Roma [5] 15, 1I, 42-5 (1906); Chem. Zentr. 1906, II,
951. :

(140) Ponzio, G.: Atti accad. Lincei Roma [5] 15, II, 118-28 (1906); Chem. Zentr. 1906,
11, 1003.

(141) Poxnzio, G.: Gazz. chim. ital. 36, 287-98 (1906) ; Chem. Zentr. 1906, 11, 1607.

(142) Poxnzio, G.: Gazzetta 39i, 324-6 (1909); Brit. Chem. Abstracts 19094, I, 308; Chem.
Abstracts 3, 1531 (1909).

(143) Ponzio, G., AND DE GasPARI, A.: Gazz. chim. ital. 28, 11, 260-79 (1898); Chem. Zentr.
1898, 11, 965.

(144) Pos~Ner, T., AND AscuerRMANN, G.: Ber. 53, 1925-40 (1920).

(145) Posngr, T., aNp Heumann, W.: Ber. 56, 1621-9 (1923).

(146) Priess, B.: Ann. 225, 319-64 (1884).

(147) PuraNEN, N.: Ann. Acad, Sci, Fennicae 8TA, No. 10, 80 pp. (1933); Chem. Abstracts
27, 5062 (1933).

(148) PurcotTr, A.: Ann. ist. super. agrar. Portici {3] 3, 41-6 (1929); Chem. Abstracts 25,
3632 (1931). o

(149) RasowMsEFr, A.: British patent 262,097 (November 24, 1925); Chem. Abstracts 21,
3626 (1927).

(150) RIEBSOMER, J., AND HaGur, G.: Unpublished research.

(151) RiessoMER, J., AND REiNECKE, R.: Unpublished research.

(152) Rooionov, V. M., axp OBriTzEvA, T. A.: Trans. VI Mendeleev Congr. Theoret.
Applied Chem. 1932, 2, Pt. 1, 1002-3 (1935); Chem. Abstracts 30, 4149 (1936).

(153) Ropronov, V. M., anp OsBrrrzeva, T. A.: Trudy VI Vsesoyuz. Mendeleev. S’ezda
Teoret. i Priklad. Chim. 2, No. 1, 1002-3 (1938); Chem. Abstracts 34, 6572 (1940).

(154) Rucceri, G.: Atti accad. sci. Toreno 58, 441 (1923); Gazz. chim. ital. 53, 691-8
(1923); Chem. Abstracts 18, 227 (1924).

(155) RuLg, A.: J. Chem. Soc. 93, 1560-4 (1908).

(156) Ryan, H., axp ConNaLLY, A.: Sci. Proc. Roy. Dublin Soc. 17, 125-30 (1923); Chem.
Abstracts 17, 1792 (1923).

(157) Ryan, H., axp CurLLiNANE, N.: Sci. Proc. Roy. Dublin Soc. 17, 119-24 (1923); Chem.
Abstracts 17, 1792 (1923).

(158) Ryan, H., axnp CULLINANE, N.: Sci. Proc. Roy. Dublin Soc. 17, 321-6 (1924); Chem.
Abstracts 18, 1655 (1924).

(159) Ryan, H., AnD DoNNELLAN, A.: Sci. Proc. Roy. Dublin Soc. 17, 113-8 (1923); Chem.
Abstracts 17, 1791 (1923).

(160) Ryan, H., anp DrumM, P.: Seci. Proc. Roy. Dublin Soc. 17, 313-20 (1924); Brit. Chem.
Abstracts 1924A, I, 504. i

(161) Ryan, H., anp Ecan, M.: Proc. Roy. Irish Acad. 36B, 329-33 (1924).

(162) Rvan, H., anp Gry~N, M.: Proc. Roy. Irish Acad. 37B, 78-83 (1926); Chem. Ab-
stracts 20, 2834 (1926).

(163) Ryan, H., anp Kgang, J.: Sci. Proc. Roy. Dublin Soc. 17, 287-95 (1924).

(164) Ryan, H., axp KeaNE, J.: Sci. Proc. Roy. Dublin Soc. 17, 297-303 (1924).

(165) Ryawn, H., axp KexNey, T.: Sei. Proc. Roy. Dublin Soc. 17, 305-11 (1924); Brit.
Chem. Abstracts 1924A, I, 505.

(166) Ryan, H., anp MarkEY, A.: Proc. Roy. Irish Acad. 87B, 71-7 (1926); Chem. Ab-
stracts 20, 2834 (1926).

(167) Ryawn, H., axp O’'Donovan, J. L.: Sci. Proe. Roy. Dublin Soc. 17, 131-7 (1923);
Chem. Abstracts 17, 1792 (1923).

(168) Rvan, H., anp O’Toore, P. K.: Sci. Proc. Roy. Dublin Soc. 17, 139-55 (1923);
Chem. Abstracts 17, 1762 (1923).

(169) San FourcHE, A., aAnp BUureav, J.: Compt. rend. 202, 66-8 (1936).

(170) ScuaarscuMIDT, A.: Ber. 57, 2065-72 (1924).

(171) ScHaARscHMIDT, A.: Z. angew, Chem, 37, 933-8 (1924); Chem. Abstracts 19, 942 (1925).

(172) ScaaarscHMIDT, A.: Z. angew. Chem. 39, 1457-9 (1926); Chem. Abstracts 21, 3055
(1927).



232 J. L. RIEBSOMER

(173) ScHAARSCHMIDT, A., BALZERKIEWICZ, H., AND GANTE, J.: Ber. 58, 499-502 (1925).

(174) ScHAARSCHMIDT, A., AND HorMEIER, H.: Ber. 58, 1047-54 (1925).

(175) ScHaarscHMIDT, A., AND SMoLLE, E.: Ber. 57, 32-42 (1924).

(176) ScHAARscuMIDT, A., VEIDT, M., AND ScHLOsSSER, F.: Ber. 656, 1103-12 (1922).

(177) ScuaLy, R.: Ber. 16, 1897-1003 (1883).

(178) ScuiLEnk, W.: Ann. 394, 178-223 (1912).

(179) Scumipt, J.: Ber. 38, 543-7 (1900).

(180) Scamipt, J.: Ber. 83, 3241(1900).

(181) Scamipt, J.: Ber. 88, 3251 (1900).

(182) Scumipr, J.: Ber. 34, 619 (1901).

(183) Scamipt, J.: Ber. 34, 623 (1901).

(184) ScmmipT, J.: Ber. 34, 3536-43 (1901).

(185) Scmmipr, J.: Ber. 35, 2323 (1902).

(186) ScumipT, J.: Ber. 85, 2336 (1902).

(187) Scamipr, J.: Ber. 85, 3721-40 (1902).

(188) ScamipT, J.: German patent 126,798; Brit. Chem. Abstracts 82, I, 500 (1902).

(189) Scumipr, J.: Ber. 36, 1768 (1903).

(190) ScumipT, J.: Ber. 36, 1775 (1903).

(191) Scumipr, J., AND DieTERLE, H.: Ann. 877, 30-70 (1910).

(192) Senmipt, J., axp Haip, A.: Ann. 877, 23-30 (1910).

(193) ScuMipt, J., AND WipmaN, K.: Ber. 42, 497 (1909).

(194) Scumipt, J., AND Wipman, K.: Ber. 42, 1886 (1909).

(195) Scumitt, CH.: Compt. rend. 140, 1400-1 (1905); Chem. Zentr. 1905, 1I, 120.

(196) Scuoiy, R.: Ber. 21, 506-10 (1888).

(197) ScHoLL, R.: Ber. 23, 3490-3505 (1890).

(198) SEMENOFF, A.: Jahresber. 1864, 480; Z. Chem. Pharm., p. 129 (1864); Phil. Mag. [4]
29, 306 (1865).

{199) SeORYGIN, P. P., AND KHa1T, E. V.: J. Gen. Chem. (U.S.8.R.) 7, 188-92 (1937).

(200) SmorvaIN, P, P., axo TorcuiEv, A.: Ber. 67, 1362-8 (1934).

(201) SuoryeIn, P. P., anp TorcHitv, A.: J. Gen. Chem. (U.S.8.R.) 5, 549-54 (1935);
Brit. Chem. Abstracts 19364, 61.

(202) SmoryaIN, P. P., anp TorcHIEV, A.: Ber. 69B, 1874-7 (1936).

(203) SmoryaIiN, P. P, Torcaiev, A. V., aND ANaN’INA, V. A.: J. Gen.Chem.(U.8.8.R.)
8, 981-90 (1938); Chem. Abstracts 33, 3781 (1939).

(204) SziLov, E. A.: J. Russ. Phys. Chem. Soc. 62, 65-9 (1930); Chem. Abstracts 24, 4289
(1930).

(205) SipGwIcK, N. V.: Organic Chemistry of Nitrogen, pp. 225-6. Oxford University Press,
London (1937).

(206) SiporeNEo, K.: J. Russ. Phys. Chem. Soc. 36, 898-905 (1904); Chem. Zentr. 1004,
II, 1024.

(207) Srporenxko, K.: J. Russ. Phys. Chem. Soc. 88, 955-8 (1906); Chem. Zentr. 1807, I, 399.

(208) SiporEnko, K.: J. Russ. Phys. Chem. Soc. 46, 1585-1604 (1913); Chem. Abstracts 8,
493 (1914).

(209) SmrtH, L. I., axp Tayior, L. F.: J. Am. Chem. Soc. 57, 2460-3 (1935).

(210) SomMmER, E.: Ber. 29, 356-60 (1896).

(211) STOERMER, R.: Ber. 31, 252341 (1898).

(212) Straus, F., axp ExuaRD, W.: Ann, 444, 146-64 (1925).

(213) THoRPE, J. F., aNp Faruer, E. H.: The Science of Petroleum, Vol. 11, pp. 936-84.
Oxford University Press, London (1938). '

(214) TiLpeN, W. A., anp SupsoroucH, J. J.: J. Chem. Soc. 63, 479-84 (1893); Chem. Zentr.
1893, I, 635. '

(215) Trtov, A. I.: J. Gen. Chem. (U.8.8.R.) 7, 5914 (1937); Chem. Abstracts 81, 5773
(1937).

(216) Tirov, A. I.: J. Gen. Chem. (U 8.8.R.) 7, 1695-1903 (1937); Chem. Abstracts 81,
8516 (1937).



REACTIONS OF NITROGEN TETROXIDE WITH ORGANIC COMPOUNDS 233

(217) Tirov, A. L.: J. Gen. Chem. (U.8.8.R.) 10, 1878-84 (1940); Chem. Abstracts 36,
4356 (1941).

(218) Tirov, A. 1., aNp BarvsunNikova, A. N.: J. Gen. Chem. (U.8.8.R.) 6, 1801, 1855
(1936); Chem. Abstracts 31, 4285 (1937).

(219) Tornnies, P.: Ber. 20, 2982-7 (1887).

(220) Uxrun, C., anp Kexyon, W.: J. Am. Chem. Soc. 64, 127-31 (1942).

(221) UrsAnski, T., axp Svof, M.: Compt. rend. 203, 620-2 (1936); Chem. Abstracts 31,
654 (1937).

(222) Unsixnsxi, T., axp Svof, M.: Compt. rend. 204, 870-1 (1937); Chem. Abstracts 31,
3868 (1937).

(223) UrsAnski, T., ANp Svof, M.: Roczniki Chem. 16, No. 4-5, 466-9 (1936); Chem. Ab-
stracts 81, 6190 (1937).

(224) UrsAxski, T., axp Svof, M.: Roczniki Chem. 17, 161-4 (1937); Chem. Abstracts 81,
6190 (1937).

(225) UnsAnski, T., anp Srof, M.: Przeglad Chem. 2, 42-3 (1938); Chem. Abstracts 82,
42-3 (1939).

(226) UrpAnski, T., aND Svof, M.: II° Congr. mondial pétrole 2, Sect. 2, Phys., c¢him.,
raffinage, 163-7 (1937); Chem. Abstracts 88, 532 (1939).

(227) Varma, S. V., axp KRISENAMURTHY, P. V.: Quart. J. Indian Chem. Soc. 8, 323-7
(1926); Chem. Abstracts 21, 2256 (1927).

(228) WaLracH, O.: Ann. 239, 1-54 (1887).

(229) WarnacH, O.: Ann. 241, 288-315 (1887).

(230) WarracH, O.: Ann. 241, 315 (1887).

(231) WaLLacH, O.: Ann. 248, 161-74 (1888).

(232) WaLLacH, O.: Ann. 262, 324 (1891).

(233) Warvach, O.: Ann. 332, 305-561 (1904).

(234) WEBER, C.: Ber. 35, 1947-51 (1902).

(235) WeBER, C.: Ber. 36, 3103-8 (1903).

(236) Wicvanp, H.: Ann. 328, 154-255 (1903).

(237) WisLanp, H.: Ann. 329, 225-68 (1903).

(238) WirLanp, H.: Ber. 36, 2315-19 (1903).

(239) WieLanp, H.: Ber. 36, 2558-68 (1903).

(240) Wisvaxp, H.: Ber. 36, 3020 (1903).

(241) WieLanp, H.: Ber. 53, 1343-6 (1920).

(242) Wicranp, H.: Ann. 424, 71 (1921).

(243) WirLaxp, H., et al.: Ann. 424, 75-92 (1921).

(244) Wicrnanp, H.: Ber. 54, 1776-84 (1921).

(245) WicLanD, H., axp BrocH, 8.: Ber. 37, 1524-36 (1904).

(246) WierLanp, H., axp Broca, S.: Ber. 37, 2524-8 (1904).

(247) Wizraxp, H., anp Brocw, S.: Ann. 340, 63-85 (1905).

(248) WierLanp, H., axp BrvMmick, E.: Ann. 424, 100 (1921).

(249) WirrLanp, H., axp GayBarsaN, 8.; Ber. 39, 1499-1506 (1906).

(250) WieLaxp, H., axp Ranx, F.: Ber. 54, 1770-6 (1921).

(251) Wieranp, H., AND REISENEGGER, C.: Ann. 401, 244-51 (1913).

(252) Wieranp, H., anp Rorh, K.: Ber. 53, 210~30 (1920).

(253) WieLaND, H., AND SEMPER, L.: Ann. 368, 36-70 (1908).

(254) WieLanxp, H., axp SteENzL, H.: Ber. 40, 4825-34 (1907).

(255) WieLanp, H., anp StENzL, H.: Ann. 360, 299-322 (1908).

(256) WitT, O. N.: Tageblatt der Natur-forschung-versuchung zu Baden-Baden, p. 194
(1879); Chem. Zentr. 1880, II, 226.

(257) WrirTic, G., aND PockeLs, U.: Ber. 69B, 790-2 (1936).

(258) YackEeL, E., axp KENTON, W.: J. Am. Chem. Soc. 64, 121-7 (1942).

(259) Yraorov, Y.: J. prakt. Chem. 86, 521-39 (1912); Chem. Abstracts 7, 1477 (1913).

(260) Zixcke, TH.: Ann. 435, 145-73 (1924).



