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I. INTRODUCTION 

Esters of nitric acid have been known for over a century, but although certain 
ones, especially cellulose nitrate and glycerol trinitrate, more popularly known by 
the misnomers nitrocellulose and nitroglycerin, have seen wide use in explosives 
and propellants, very little was known concerning their chemical properties. 
In more recent years interest in these compounds has grown, and considerable 

1 Present address: U. S, Bureau of Mines, Pittsburgh, Pennsylvania. 
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TABLE 1 
Synthesis of nitrate esters 

Ester Method Yield References 

Methyl. 

Ethyl.. 

n-Propyl.. 
Iflopropyl 

AUyI.... 

n-Butyl. 

Isobutyl.. 
sec-Butyl. 

(erf-Butyl. 

Methallyl. 
n-Amyl— 

Isoamyl. 

2-Amyl.... 
3-Amyl.... 
i«r(-Amyl. 

Cyclopentyl.. 

n-Hexyl 

Methylisobutylearbinyl. 
Cyclohexyl 

n-Heptyl. 
n-Octyl... 

2-Ootyl. 

n-Nonyl. 
n-Decyl.. 

n-Dodecyl. 

Myristyl (n-CuHig). 
Cetyl (»-CnH««) 
Benzyl 

ROH + HNOi 
ROH + HNOa + HsSOi 
CHiNHNO2 + HNOs 

ROH 4- HNO. + HiSO1 

ROH + HNO. 
ROH + CH5COONOi 
RI + AgNOj 
RI + AgNOa in CH.NOs or C1HjNOi 
ROOH + HNOi 
ROH + HNOa 
RBr + AgNOi 
RI + AgNO. 
RBr + AgNO. 
ROH + HNOa in (CHiCO)iO 
ROH + HNO. 
ROH + HNO, + HsSO4 

ROH + HNO, + HaSOt 
RBr + AgNOi 
ROH + HNO, + HiSO. 
ROH + HNO3 in (CH.CO)iO 
ROH + HNO1 in CH2CIi 
( C H I ) I C - C H J + HNO. in CHiCIi 
RCl + AgNOa in ether 
RCl + AgNOi in CHaCN 
ROH H- HNO3 in organic solvent 
ROH + HNO. + HiSO. 
ROH + HNOi 
ROH + HNO, + HiSO. 
ROH + HNOa in (CHaCO)iO 
ROH 4- HNO3 in (CHaCO)iO 
ROH 4- HNO3 in CHCIi 
(CHOiC-CHCH. 4- HNO, in CCl. or CHiCh 
ROH 4- HNO, 4- HiSO. 
RBr 4- AgNOs 
RBr 4- AgNOa in CHaCN 
ROH 4- HNOa in CHaCOOH-(CH.CO)iO 
ROH 4- HNO, 4- HiSOi 
ROH 4- HNO8 in (CH.CO)iO 
ROH 4- HNO1 in CH.COOH-(CH«CO)iO 
ROH 4- HNO1 in (CHaCO)iO 
RI 4- AgNO, 
ROH 4- HNO. 4- H2SO1 
ROH 4- HNO, 4- H2SOi 
ROH 4- HNO. 
RI 4- AgNO. in CH.CN 
ROH 4- HNO. 4- H2SO. 
RI 4- AgNOs in CHaCN 
RBr 4- AgNO. in CHa 
ROH 4- HNOa in CH.C0OH-(CHaC0)iO 
ROH 4- HNO. 4- HiSO. 
ROH 4- HNO. at 0-5°C. 
ROH 4- HNO, 4- H1SO1 
ROH 4- HNO. 4- H1SO1 
From "Lorol" 
ROH 4- HNO. 
ROH 4- fuming HNOa in (CHaCO)iO 
RCl 4- AgNOa 
RCl 4- AgNOa in CHaCN 
CHiCHiHgCl or (CHaCHOiHg 4- HNOi 

per cent 

66-90 
Nearly 

quantitative 

72 

50 

05 

80-90 

49 

78 
56-60 
47-76 

45 

"Theoretical" 
95 

93-94 
82 

65-77 
47-67 

69 
38 
77 

95 

90 
61 

65-69 
46 
59 

64 
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TABLE 1—Concluded 

Ester 

p-Methylbenzyl 

m-Nitrobenzyl 

0-Phenethyl 
Benzhydryl (diphenylmethyl). 

Trityl (triphenylmethyl) 

Method 

RBr + AgNOi 
RCl + AgNOi 
RCl + AgNOi 
RCl + AgNOi 
RCl + AgNOi 
RCl + AgNOi in CiH.OH 
RCl + AgNOi 
RBr + AgNOi 
ROH + HNOi 
RCl + AgNOi 
RCl + AgNOi 
RCl + AgNOi in ether 
RCl + AgNOi 
RCl + AgNOi 
RCl + AgNOi in ether 
RCl + AgNOi in CCIi 
RCl + AgNOi 

Yield 

per cent 

52 
70 

75 

Quantitative 

References 

(16) 
(15) 
(15) 
(15) 
(15) 
(154) 
(15) 
(59) 
(59) 
(15) 
(15) 
(108) 
(37) 
(15) 
(108) 
(40) 
(37) 

effort has been expended in the study of the physical and chemical properties of 
nitrate esters. A point has been reached where the chemistry of nitrate esters is 
becoming an important part of the rapidly growing field of organic chemistry. 

This review is concerned principally with the simple aliphatic mononitrates 
and a few of the dinitrates and polynitrates, the latter being included only when 
a reaction is involved which is of significance in nitrate ester chemistry. The vast 
fund of technological information in the literature concerned with nitroglycerin, 
nitrocellulose, and ethylene glycol dinitrate is quite important and informative, 
but has little application to the general subject of this review. Accordingly, this 
material has not been covered appreciably here. 

The literature is reviewed through volume 47 (1953) of Chemical Abstracts; 
also included are selected papers that have appeared in the literature in 1954. 

II . SYNTHESIS 

The preparation of nitrate esters is generally accomplished by one of two 
methods: esterification of the appropriate alcohol or reaction of a suitable alkyl 
halide with silver nitrate. Other methods have been used in a few instances. A 
comprehensive summary of methods used for synthesis of the simpler mono­
nitrates is given in table 1. 

A. ESTERIFICATION OF ALCOHOLS 

1. With mixed acids 

The most common method of converting alcohols to nitrate esters is that in­
volving the use of a mixture of nitric and sulfuric acids. The nitrating mixture 
generally consists of nearly equal volumes of concentrated nitric (specific gravity 
1.42) and sulfuric (specific gravity 1.84) acids, with a small amount of urea or 
urea nitrate to destroy any nitrous acid present. Sufficient mixed acid is used to 
provide an excess of nitric acid with respect to the alcohol. The esterification is 
normally carried out in the cold, by slow addition of the alcohol (either pure or 
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in sulfuric acid) to the mixed acid. Adequate stirring and careful control of tem­
perature and rate of addition reduce or eliminate the undesirable side reaction, 
which is oxidation of the alcohol (146). The ester, which forms rapidly, is sepa­
rated from the excess acid either by pouring the reaction mixture into cold water 
or by careful distillation. Good yields of primary and secondary nitrates have 
been obtained in this manner. 

Similar esterihcations have been carried out using mixtures of nitric acid and 
acetic anhydride, with acetic acid also present in some instances. Techniques 
similar to those used with the nitric-sulfuric acid mixture may be applied, or the 
esterifications may be carried out by the simultaneous slow addition of 100 per 
cent nitric acid and the alcohol to acetic anhydride at room temperature (81,103). 

2. With nitric acid alone 

Nitrate esters may be prepared by the action of nitric acid alone on alcohols. 
Absolute nitric acid is used for this purpose, and the reactions are carried out in 
the same way as those with nitric-sulfuric acid mixtures. Urea is generally added 
to destroy nitrous acid. 

Inert organic solvents have occasionally been used in esterifications of alcohols 
with nitric acid. Tertiary butyl nitrate has been made in 60 per cent yield by the 
addition of 98.6 per cent nitric acid to a cold (-3O0C.) solution of the alcohol in 
methylene chloride (102, 111). Yields up to 77 per cent of terf-amyl nitrate have 
been obtained in similar preparations with chloroform as the solvent (111). 

B. REACTION OF SILVER NITRATE WITH ALKYL HALIDES 

1, Heterogeneous reactions 

The metathetical reaction between silver nitrate and an alkyl halide to pro­
duce the corresponding nitrate ester is an extremely useful method of prepara­
tion of a number of nitrate esters. The majority of nitrate ester syntheses of this 
type are carried out in a heterogeneous fashion. Ordinarily the esters are synthe­
sized by stirring powdered silver nitrate with a solution of the alkyl halide in an 
inert solvent at room temperature, benzene (87), ether (12), nitromethane 
(63), and nitrobenzene (63) being most commonly used as solvents.2 

In several cases, the conversion of alkyl halides to nitrates can be achieved 
in the absence of a solvent (12). 

Ethanol can be used as a solvent (11, 26), but solvolysis of the nitrate ester 
is an undesirable side reaction in this case. 

2. Homogeneous reactions 

The relatively high solubility of silver nitrate in acetonitrile affords a method 
of nitrate ester synthesis from silver nitrate and alkyl halides in which the 
reaction mixture is homogeneous. Thus, this method is used to prepare 2,4,6-
trinitrobenzyl nitrate from the corresponding bromide (59). 

2 The examples given here are merely illustrative of the oases cited. For a comprehensive 
list of syntheses of simple nitrate esters, see table 1. 
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• The versatility of the acetonitrile method is demonstrated by the preparation 
of a number of nitrate esters from the halides and silver nitrate, using acetonitrile 
as solvent (54). 

Iodides or bromides are commonly used in the preparation of the simple 
primary or secondary nitrates. Chlorides of the tertiary, allylic, or benzyl type 
are, however, sufficiently reactive to be metathesized by silver nitrate, and thus 
can be used in the preparation of the corresponding nitrate esters. 

C. MISCELLANEOUS PREPARATIONS 

Although the majority of nitrate esters are prepared by either nitric acid 
esterification or silver nitrate metathesis, a number of methods have been used 
in the synthesis of special types of nitrate esters. While the methods described 
in preceding sections are generally applicable, the syntheses described in this 
section are, for the most part, fairly limited in scope. 

Methyl nitrate is obtained from the nitrolysis of methylnitramine (60): 

CH3NHNO2
 H N ° 3 > CH3ONO2 + N2O 

Methyl nitrate 

Ethyl hydroperoxide reacts readily with nitrous acid to give a fair yield of ethyl 
nitrate (10). 

Another preparation of ethyl nitrate involves the ethanolysis of benzoyl 
nitrate (61): 

C2H6OH + C6H6COONO2 • C6H6COOH + C2H6ONO2 

Ethyl nitrate 

Benzyl nitrate is isolated as one of the products of the reaction of benzyl 
mercuric chloride or dibenzylmercury with nitric acid in the presence of oxides 
of nitrogen (164). 

Nitration of cyclohexane, w-heptane, or n-octane with nitrogen pentoxide 
gives rise to cyclohexyl, 2-heptyl, or 2-octyl nitrate, respectively. Cyclohexyl 
nitrite is oxidized by nitrogen pentoxide to cyclohexyl nitrate (165). 

A number of products are obtained from the electrochemical nitration of ethyl­
ene, including ethyl and butyl nitrates (122), but yields are extremely low. 

Electrolysis of mixtures of sodium nitrate and sodium salts of carboxylic 
acids yields mixtures of products, among which are mono- and dinitrate esters 
(55, 57, 58, 138). The method is not of preparative value however, because of 
the low yields and the complexity of the product mixtures. 

/3-Hydroxynitrates are obtained from the addition of nitric acid to epoxides 
(120). Unsymmetrical 1,2-epoxides yield predominantly primary nitrate esters 
(78). Kinetically, the addition shows a first-order dependence on the concentra­
tion of nitrate ion, hydronium ion, and epoxide (127). 

The reaction of dinitrogen tetroxide with propylene oxide is reported to yield 
a nitrite-nitrate (133), from which a hydroxy nitrate can be made by hydrolysis. 

Nitrate esters of iodohydrins can be prepared by treating the appropriate 
olefin with a mixture of mercuric nitrate or silver nitrate and iodine. Typical 
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examples are the preparation of ethylene and cyclohexene iodohydrin nitrates 
(20): 

C H 2 = C H 2
 H g ( ^ ° 3 ) 2 > ICH2CH2ONO2 '2 

ONO2 

Hg(NOs)2 or AgNO3 

The addition of dinitrogen tetroxide to an olefin yields, in addition to a num­
ber of other products, a nitroso nitrate. For example, addition of dinitrogen 
tetroxide to isobutylene yields, as one of the products, 2-methyl-2-nitrosopropyl 
nitrate (112): 

(CH 3 ) 2 C=CH 2 + N2O4 -> (CH 3) 2CCH 2ON0 2 

I 
NO 

A number of other examples of this addition appear in the literature (42, 145). 
Nitrate esters are obtained in a number of instances as by-products in the 

reaction between an alkyl bromide or iodide and silver nitrite (29, 87, 89, 91). 
Formation of nitrate esters in these reactions of halides with silver nitrite 

can be prevented by using a low temperature (O0C.) for the reaction (90). 
Certain highly methylated benzene derivatives, on treatment with fuming 

nitric acid, give substituted benzyl nitrates, usually mixtures of isomers (149, 
150, 151). 

A mixture of 98 per cent nitric acid and phosphorus pentoxide is used success­
fully to prepare di- and trinitroxycyclohexanes (38). 

Polynitrates are prepared by esterification of the corresponding polyalcohols 
with mixed acid, using the same techniques as those applied in the preparation 
of mononitrates3 (116). 

III . PHYSICAL PROPERTIES 

The lower nitrate esters are colorless mobile liquids boiling slightly higher than 
the corresponding alcohols. They possess pleasant, sweetish odors, some quite 
similar to those of the parent alcohols. The nitrates are somewhat more dense 
than the alcohols and have slightly higher refractive indices. The esters are quite 
insoluble in water, but are very soluble in alcohols and ethers. 

The nitrate esters show characteristic absorption bands in the infrared near 
6.1, 7.8, and 11.8 microns (97), and the latter band has been used for quantita­
tive estimation of ethyl nitrate in complex gaseous mixtures (99). Both the in­
frared (98) and ultraviolet (105) spectra provide evidence for the structure 

O 

R—0—N 
\ 

O 
3 References given in this section are illustrative only, and are not intended to be com­

prehensive. 
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and against a previously proposed peroxidic structure R—O—O—N=O. The 
lower primary nitrates, from methyl to n-butyl, all have dipole moments of 
approximately 2.9 D (39). 

The molecular structure of methyl nitrate has been derived from Raman spec­
tra and electron diffraction experiments. The Raman evidence (36) shows that 
the ONO2 group is coplanar and that the carbon atom is in a plane perpendicular 
to the ONO2 group. 

Electron diffraction studies lead to the following structure for methyl nitrate 
(124): 

O 
'"--..1.26 A. 

125°16'(N-

/1.26 A. 

O 

CH3 
105° / „ 

/^—-/1.43A. 

. ' O 
1.36 A. 

This is in agreement with the findings of the Raman spectra experiments in that 
the ONO2 group is coplanar and that a plane of symmetry exists, denned by the 
C—0—N bonds. 

IV. CHEMICAL PROPERTIES 

A. SOLVOLYTIC DECOMPOSITION 

1. Hydrolysis 

It has long been recognized that hydrolytic decomposition of nitrate esters 
involves the occurrence of other reactions besides the normal ester hydrolysis 
to alcohol and nitrate ion or nitric acid. Considerable confusion has existed, 
especially in the older literature, regarding these side reactions, with some in­
vestigators believing that they arise from a subsequent oxidation-reduction 
between the alcohol and nitric acid (52), and others regarding the side reactions 
as proceeding simultaneously with, and independently of, the normal hydrolysis 
(18, 83, 85). More recent studies (12, 14, 102) have established the simultaneous 
occurrence of three distinct reactions in the hydrolysis of nitrate esters. These 
reactions, illustrated with hydroxyl ion, are as follows: 

(a) Nucleophilic substitution: 

HO- + RONO2 -> ROH -f NO3-

(6) Elimination of /3-hydrogen: 

HO- + RCH2CH2ONO2 -> RCH=CH 2 + H2O + N O r 

(c) Elimination of a-hydrogen: 

HO- + RCH2ONO2 -> R C H = O + H2O + NO2-

Similar reactions can occur in neutral hydrolysis, with water acting as the nucleo­
philic agent. While these reactions are written as bimolecular, any of these 
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processes, under suitable conditions, can also proceed by a unimolecular mech­
anism. 

The substitution reaction, giving alcohol and nitrate ion, predominates in both 
alkaline and neutral hydrolysis of primary and secondary nitrate esters (12), 
although some products of both elimination processes are obtained from alkaline 
hydrolysis. Two possible bimolecular mechanisms for the substitution reaction 
have been considered. On the basis of similarities in the kinetics of nitrate ester 
hydrolysis and displacement reactions of alkyl halides, it has been proposed that 
both classes of compounds react by nucleophilic displacements on carbon (13), 

\ / 
HO- + — C - X -> H O - C — + X -

/ \ 
where X may be halogen or —ONO2. That this mechanism does, indeed, obtain 
in neutral hydrolysis has been shown by the fact that an optically active nitrate 
is converted to the alcohol having the inverted configuration (41). However, 
in alkaline hydrolysis there is some retention of configuration in going from 
nitrate to alcohol, a result which suggests that a different mechanism is opera­
tive. The most reasonable mechanism appears to be that involving cleavage of 
the oxygen-nitrogen bond, analogous to the usual acyl-oxygen cleavage in car-
boxylate esters (43). 

In addition to the bimolecular processes for substitution, a base-independent 
carbonium-ion process ( S N I ) is also available. The alcohol-producing reaction 
has been shown to proceed by this mechanism exclusively in the hydrolysis of 
terl-butyl nitrate (12, 102), and partially in the neutral hydrolysis of isopropyl 
nitrate (12). 

Olefin formation occurs most extensively (up to 45 per cent) in the hydrolysis 
(either neutral or alkaline) of tert-butyl nitrate (12, 102), but small amounts 
of olefin are formed in the alkaline hydrolysis of ethyl (2 per cent) and isopropyl 
(10 per cent) nitrates (12). This elimination reaction apparently proceeds by a 
second-order (E2) process for the ethyl and isopropyl esters, and by a first-
order (El) process for tert-butyl nitrate. 

I t has been definitely established that nitrite ion is formed directly from the 
nitrate ester and is not the result of a secondary reaction in which alcohol is 
oxidized to aldehyde (12, 27, 28). 

The formation of nitrite ion and a carbonyl compound from a nitrate ester 
was formerly believed to arise through the intermediate production of an alkyl 
hydroperoxide, which then might lose water to form the carbonyl compound 

RCH2ONO2 + H2O -* RCH2OOH + HNO2 

RCH2OOH -»• RCHO + H2O 

(84, 105). This theory had its foundation in the fact that ethyl nitrate can be 
prepared from ethyl hydroperoxide and nitrous acid (10). Evidence cited to 
support the hydroperoxide theory includes the oxidation of mercaptans to di­
sulfides by nitrate esters in alkaline solution (83) and the formation of diethyl 
peroxide when butyl nitrate is hydrolyzed in the presence of diethyl sulfate (105). 
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The fact that nitrite ion and carbonyl compound are formed in equivalent 
amounts and that no nitrite ion is formed from nitrate esters having no a-hydro-
gen atoms is the basis for the now generally accepted mechanism for nitrite 
formation, i.e., an elimination reaction: 

HO- : -» H - ^ - 0 - 4 j 0 2 - • HOH + C = O + N O r 
/ \ / 

This is entirely analogous to other /3-elimination reactions, except that the result­
ing double bond is between carbon and oxygen instead of between two carbon 
atoms. The kinetics are second order (first order in nitrate and first order in 
hydroxide ion), and the mechanism is almost certainly bimolecular (12). 

The amount of nitrite ion formed varies from traces in the case of methyl 
nitrate (12, 83) to 35 per cent in the case of isobutyl nitrate (83), and yields of 
benzaldehyde up to 90 per cent have been reported from the alkaline hydrolysis 
of benzyl nitrate (28, 102). 

The hydrolysis of nitrate esters is accelerated only slightly by acids (123), 
and no detailed study of products has been made under acid conditions. 

The rate of hydrolysis of primary and secondary nitrates, even in the presence 
of alkali, is extremely slow compared with the hydrolysis of alkyl halides (12). 
The effects on the rate (in base) of varying such factors as solvent, structure of 
the alkyl group, and nucleophilic character of the reagent are the same for ni­
trates as for halides (13) and are in accordance with the predictions of the Hughes-
Ingold theory (77) for reactions between an ion and a neutral molecule. 

2. In concentrated sulfuric acid 
Cryoscopic and spectroscopic evidence indicates that, in concentrated sulfuric 

acid, nitrate esters undergo complex ionization, yielding nitronium ion NO2
+; 

this is similar to the ionization shown by certain sterically hindered benzoic 
acids. A van't Hoff i factor approaching 5 has been found for ethyl nitrate (71, 
94, 121) and a value greater than 4 for isoamyl nitrate (121). This has been in­
terpreted (94) as being due to ionization in the following manner: 

H 
RONO2 + H2SO4 

' H 
I 

.RONO2 

+ HSO4- (i) 
LRONO2J 

ROH + NO2
+ (2) 

ROH + 2H2SO4 -> ROSO3H + H3O+ + HSO4- (3) 

The ultraviolet absorption spectrum of a sulfuric acid solution of ethyl nitrate 
is almost identical with that of a solution of nitric acid in sulfuric acid, but is 
different from that of a chloroform solution of the ester (94). 

That the ionization is more complex than that given by equation 1 alone is 
also indicated by the fact that the ester is not regenerated when the sulfuric 
acid solution is poured into cold water. 
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The formation of nitronium ion probably explains the potency of sulfuric acid 
solutions of nitrate esters as nitrating agents. 

Certain highly alkylated benzyl nitrates, on treatment with sulfuric acid, are 
converted to aromatic nitro compounds, with the nitro group replacing the ni-
troxymethyl group (149, 150). For example, 5-bromo-2,3,4,6-tetramethylbenzyl 
nitrate is converted into 5-bromo-2,3,4,6-tetramethylnitrobenzene (bromo-
nitroisodurene). 

3. Alcoholysis 

In the absence of water, the reaction of alkyl nitrates with alcoholic potas­
sium hydroxide produces the mixed ethers rather than the alcohols (30, 33, 34, 
35). Ethers are also obtained from the action of sodium alkoxides on nitrate 
esters. 

B. THERMAL DECOMPOSITION 

The thermal decomposition of nitrate esters has been studied by a number of 
investigators (1, 99, 100, 128, 129, 132, 159). With a few exceptions mentioned 
at the end of this section, the compound chosen in this study has been ethyl 
nitrate. 

The principal product obtained from this decomposition is ethyl nitrite, with 
nitromethane and methyl nitrite being minor products. On the basis of the earlier 
kinetic studies which relied completely on manometric data (1, 129), the follow­
ing incorrect mechanism was proposed: 

C2H6ONO2 <=* C2H6O- + NO2 (4) 

H 

C2H6O. + C2H6ONO2 -> C2H6OH + CH3CONO2 (5) 

H 

CH3CONO2 -> CH3CHO + NO2 (6) 
* 

2NO2 + C2H6OH -> C2H6ONO + HONO2 (7) 

Such a mechanism has been adequately refuted by the latest work on this sub­
ject, in which the course of the reaction was followed by infrared spectrometry 
(99, 100). Here it was found that ethyl nitrite is the principal product formed in 
the early stages of reaction, with nitromethane and methyl nitrite occurring in 
minor quantities. The original mechanism would set an upper limit of 50 per cent 
on the yield of ethyl nitrite, based on the ethyl nitrate decomposed, whereas 
yields as high as 75 per cent were found. Reactions 5 and 6 can likewise be re­
jected on the basis of this study, since acetaldehyde, which should be a major 
product if the proposed mechanism were operative, is present in the products in 
only very small amounts, as shown by the relatively low absorption in the car-
bonyl absorption region at ca. 5.7 p. 
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The following mechanism appears to fit all the experimental facts: 

C2H6ONO2 ^ A ^ C2H6O- + NO2 (8) 

C2H6O > CH3. + CH2O 

2CH2O + 3NO2 > 3NO + 2H2O + CO + CO2 (9) 

2CH3- + 7NO2 > 7NO + 3H2O + 2CO2 (10) 

CH3- + NO2 • CH3NO2 

CH3- + NO2 > CH3O. + NO 

CH3O- + NO > CH3ONO 

C2H6O- + NO — ^ C2H6ONO (11) 

The observed lowering of the rate by addition of nitrogen dioxide (100, 128, 
129) is explained by the fact that the nitrogen dioxide accelerates the reverse 
of step 8. Similarly, the inhibiting effect of oxygen on the rate (100) involves 
oxidation of the nitric oxide formed in steps 9 and 10 to nitrogen dioxide. 

The effect of nitric oxide on the rate of decomposition of ethyl nitrate is quite 
informative. At low concentrations of nitric oxide there is a sharp increase in the 
rate as nitric oxide is added, but as the concentration of nitric oxide increases, 
the rate appears to approach a limiting value. This appears to refute a pre­
viously (131) proposed exchange reaction between nitric oxide and ethyl nitrate: 

NO + C2H6ONO2 -> NO2 + C2H6ONO (12) 

If reaction 12 were to occur, there should be a continual increase in the rate 
with addition of nitric oxide, contrary to what is observed. In the presence of 
excess nitric oxide the reaction apparently reduces essentially to steps 8 and 11. 
A kinetic treatment based on this latter assumption leads to the expression: 

- d In (C2H6ONO2) = Ic1 

dt MNO8) 
~*~ Zc2(NO) 

This rate expression predicts that addition of nitric oxide should cause the 
rate to approach a limiting value corresponding to fa. 

Addition of acetaldehyde enhances the rate by virtue of the fact that it reacts 
rapidly with nitrogen dioxide (100, 104). 

Excellent first-order kinetics are observed when the ethyl nitrate decomposition 
is carried out in the presence of both nitric oxide and acetaldehyde. The nitric 
oxide reacts with the ethoxyl radical, and the acetaldehyde destroys the nitrogen 
dioxide as it is formed. The following general rate expression is thus obtained 
(100): 

k = 1018JV41lM0/,",sec.-1 
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The decomposition of n-propyl nitrate has been investigated in the tem­
perature range 165-1870C, using manometric techniques (130). The reaction is 
first order and essentially homogeneous. The rate constant over the temperature 
interval studied was found to be given by the expression: 

7 , / , H i -36,860/flr - 1 

k = 10 e sec. 
A kinetic study of the decomposition of n-propyl nitrate at 181°C. (101) re­

veals that this decomposition is similar in many respects to the decomposition 
of ethyl nitrate. The principal products, as revealed by infrared and visible 
region spectra, are n-propyl nitrite, nitroethane, nitrogen dioxide, and nitric 
oxide. The effect of additives upon the reaction appears to parallel the results 
observed in the ethyl nitrate decomposition (99, 100). Nitrogen dioxide and oxy­
gen inhibit the decomposition and nitric oxide has an accelerating effect. 

The following reaction sequence appears to fit all the observed facts: 

C3H7ONO2 <F* C3H7O- + NO2 

C3H7O- -* C2H5- + CH2O 

CH2O + NO2 -» NO + H2O + CO 

C3H7O- + NO -» C3H7ONO 

C2H6- + NO2 -» C2H6NO2 

C2H6- + C3H7ONO2 -» C2H6NO2 + C3H7O-

Preliminary studies on the decomposition of tert-butyl nitrate (101) at 1810C. 
indicate that the products of the decomposition are tert-butyl nitrite, acetone, 
nitromethane, methyl nitrite, nitrogen dioxide, and nitric oxide. These are 
readily accounted for by the following sequence of reactions: 

CH3 CH3 

! I 
CH3CONO2 -» CH3CO- + NO2 

I I 

CH3 CH3 

(CHs)3CO- -> CH3- + CH3COCH3 

CH3- + NO2 -» CH3NO2 

CH3- + NO2 -» CH3ONO 

NO2 + CH3COCH3 -» NO + products 
CH3 CH3 

I I 
CH3CO- + NO -> CH3CONO 

I I 
CH3 CH3 
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Acetone is a major product of this decomposition. This is in accord with pre­
vious findings on the decomposition of tert-butoxyl radicals derived from the 
homolytic cleavage of di-ter£-butyl peroxide. 

Studies on the inflammation of alkyl nitrate vapors (3, 4, 66, 67, 68, 69, 70) 
have demonstrated the existence of three modes of thermal decomposition: 
chemiluminescence, explosion, and decomposition without glow. The lumines­
cent mode, as obtained at low pressures in the case of methyl nitrate, is attributed 
to the methoxyl radical and, as such, is substantiation of the primary reaction 
being the fission of the alkoxyl-nitrogen bond (67). Explosion limits of methyl 
and ethyl nitrates are increased by potassium chloride and potassium iodide 
surfaces (68). 

More recently the flame velocities of methyl and ethyl nitrate vapors have 
been determined at low pressures and found to be independent of pressure (3, 4). 
Product analyses show the presence of carbon monoxide, water, nitric oxide, 
hydrogen, nitrogen, nitrous oxide, carbon dioxide, and formaldehyde in the case 
of methyl nitrate. Ethyl nitrate yields a more complex mixture, containing, 
as well, methane, acetylene, and acetaldehyde. 

The combustion of liquid nitrate esters can be studied over a wide range of 
pressures by igniting the liquid contained in a glass capillary tube and measuring 
the rate of regression of the surface (2, 75, 155). 

After combustion at atmospheric pressure 70-90 per cent of the nitrogen from 
ethyl nitrate is found as nitric oxide, the remainder being nitrogen and nitrous 
oxide. As the pressure is increased a second flame, which is thought to correspond 
to the complete reduction of nitric oxide, appears. The depression of the burning 
rate by the addition of small quantities of lead tetramethyl supports the assump­
tion of a radical mechanism. At higher concentrations, however, lead tetra­
methyl causes an acceleration of burning rate, requiring a different mechanism, 
as yet not elucidated, to be operative (2). Deuterated ethyl nitrate is found to 
burn more slowly than the ordinary material by a factor of 1.4, which requires 
an isotopic effect in bond breaking as well as the change of diffusional coefficients 
of the hydrogen atoms (155). 

The explosive decomposition of nitrate esters appears to follow a path dif­
ferent from that of the thermal decomposition (44). The general reaction for the 
explosive decomposition can be expressed as: 

2RCHRZONO2 -• 2RCOR' + NO2 + NO + H2O 

The ketone or aldehyde corresponding to oxidation of the parent alcohol of the 
nitrate ester is obtained. Methyl, ethyl, n-propyl, n-butyl, isobutyl, and benzyl 
nitrates all yield the corresponding aldehydes upon explosive decomposition, 
and a-phenylethyl nitrate yields acetophenone. 

Photolysis of ethyl nitrate yields a variety of products (65). If ethyl nitrate 
is photolyzed at 950C. with 2537 A. ultraviolet light, the following compounds 
can be found among the products: nitrogen dioxide, nitric oxide, nitrous oxide, 
nitrogen, nitromethane, hydrogen, carbon monoxide, carbon dioxide, formalde­
hyde, and acetaldehyde. 
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C. NITRATION BY NITRATE ESTERS 

1. Aromatic systems 

There are several instances in which nitrate esters are used in aromatic nitra­
tion. Toluene is readily nitrated at 4O0C. by ethyl nitrate in 98 per cent sulfuric 
acid to yield 44.5 per cent of p-nitrotoluene (188). In the nitration of toluene, 
(3-chloroethyl nitrate and n-butyl nitrate are also quite effective. 

This nitration can be formulated according to the generally accepted concepts 
concerning the nitration of aromatic systems (79). Evidence is presented earlier 
in support of the fact that ethyl nitrate dissociates in concentrated sulfuric 
acid to nitronium ion, NO2

+, which apparently serves as the nitrating agent. 
A number of Lewis acids can be used as effective nitration catalysts with ni­

trate esters. Thus, benzene and toluene are nitrated by ethyl nitrate in the 
presence of aluminum chloride (24). 

The nitration of benzene with ethyl nitrate, in somewhat lower yields, can be 
achieved by the use of other catalysts. Typical examples of these nitration 
catalysts are stannic chloride, antimony pentachloride, and ferric chloride (166). 

Ethyl nitrate can be used in the nitration of a number of other aromatic sys­
tems including biphenyl (136), carbazole (136), 2,2'-dimethoxybiphenyl (136), 
phenol (24), anisole (24), and indole (6). 

The sodium salt of pyrrole reacts with ethyl nitrate to yield /3-nitropyrrole. 
This nitration is different from that of the other aromatic systems discussed 
here, in that the nitration is performed under essentially basic conditions. 
Probably the reaction proceeds by way of a nucleophilic attack by the pyrrole 
anion on the nitrate ester, displacing ethoxide ion (5): 

NO2 
+ C2H6O-

NNK 

2. Active methylene compounds 

Certain compounds containing active methylene groups are readily nitrated 
by means of primary or secondary alkyl nitrates in the presence of ethoxide ion. 
While the reaction proceeds in good yield with such compounds as phenylaceto-
nitrile and related compounds, and with certain cyclic ketones, no examples of 
nitration of open-chain aliphatic compounds have been found; e.g., it has been 
reported (176) that ethyl acetate cannot be nitrated in this manner. 

The reaction apparently involves a nucleophilic displacement by the anion 
of the active methylene compound on the nitrogen atom of the ester, thus: 

Y Y 

CH2 + C 2 H 5 O- H C : - + C2H6OH 

Z 
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Y A OR Y 

HC:- + N - * HC-NO2 + RO" 
/ S \ / 

Z O O Z 
Y Y 

fRO- \ fROH 
HC-NO2 + ?=i : C—NOr + 
/ [C2H6O- / [C2H6OH 

Z Z 

Y represents an electron-attracting group, such as phenyl or carbonyl, and Z 
may be another such group or an alkyl group. 

The initial product is the salt of a nitro compound, from which either the 
act- or the normal form of the free nitro compound may be obtained. Where two 
equivalent active methylene groups are available, as in cyclohexanone, either 
the mononitro (172) or the dinitro (173) derivative may be prepared by con­
trolling the relative amounts of reactants, although with cyclopentanone only 
the dinitro compound has been isolated (174). 

In the nitration of derivatives of arylacetic acids, the products can be readily 
hydrolyzed and decarboxylated to give the corresponding arylnitromethanes. 
Indeed, the nitration of phenyl- and p-bromophenylacetic esters leads directly 
to the salts of the arylnitromethanes by spontaneous decarboxylation of the 
intermediate nitro esters (179, 180). By further treatment of either the aryl 
nitromethanes or of aryl nitroacetonitriles with alkali, good yields of the cor­
responding stilbenes may be obtained (182). 

In several instances (146, 162), but not all (76, 163), where optically active 
nitrate esters were used, transient optical activity has been reported for the 
salts, but in no case has optical activity been found in the free nitro compounds. 

A summary of nitrations of this type is given in table 2. 

S. N-Nitration 

iV-Nitration by nitrate esters is achieved in a few instances. Phenylnitramine 
can be prepared from ethyl nitrate and aniline in the presence of either sodium 
in ether (8) or potassium ethoxide (17). 

Nitration of ethylurea or ethyl urethan by ethyl nitrate in sulfuric acid yields 
the corresponding nitro derivative (161): 

C2H6NHCONH2
 C '**5°f ° ' > C2H6NHCONHNO2 

H20O4 

NH 2COOC 2H 6 ° 2 ^ 5 2 f ° 2 ' O2NNHCOOC2H5 H20O4 

iV-Nitration is presumed to occur in the reaction of hydrazine with nitrate 
esters (see Section IV,E) and is written as the primary step in the decomposition 
of hydroxylamine with ethyl nitrate in the presence of sodium ethoxide (7): 

C2H6ONO2 + H2NOH N a 0 C 2 H S O2NNHOH + C2H6OH 

O2NNHOH + H2NOH • N2 + HNO2 + 2H2O 



TABLE 2 

Reactions of nitrate esters with active methylene compounds 

Compound Ni t ra ted 

f\—A 

r̂ V-A 
\k /UBr 

CH, 

< f ^ > C H i C N 

<^J^>CHiCOOCiHi 

Br 

^I3>CH,CN 

Br<fIT^CHiCN 

B r v f l j ^ C H i C O O C i H t 

CO 

H,C C H i 

HiC C H i 

CO 

HiC C H i 

HiC C H , 

V i 

CO 

HiC C H i 

H i C C H i 

V, 
CO 

HiC C H i 

HiC C H , 

VH 
[ 

C H i 

Ni t ra te Ester 

E t h y l 

d- a n d I-2-Octyl 

Methyl 

Ethyl 

d-, 1; and ii-2-Octyl 

Ethyl 

Ethyl 

Ethyl 

E t h y l 

E t h y l 

E t h y l 

E t h y l 

1-2-Octyl 

d-, !-, a n d iI-2-Octyl 

Product : Salt of 

I 
[ 

C 

H NO, 

f\-tfS 
W/UB' 

C 

H NO, 

<^J^C H C N 

NO, 

< ^ j j ^ C H , N O , 

Br 

< ^ J ^ > C H C N 

NOi 

B r ^ ^ s C H C N 

N O , 

B r < ^ > > C H , N O , 

CO 

0 , N C H C H N O 

HiC C H , 

CO 

HiC C H N O i 

H,C C H , 

V i 
CO 

0 , N C H C H N O , 

H ,C C H , 

C H , 

CO 

HiC C H N O , 

HiC C H , 

V, 
CO 

H,C C H N O , 

HiC C H i 

V 
C H i 

Yield 

per cent 

>70 

62.5 

75-82 

70-80 

80 

>30 , 80 

ca. 30 

85-90 

ca. 100 

66-83 

ca. 100 

30-34 

References 

(181) 

(162) 

(23) 

(177) 

(163) 

(176, 179) 

(178) 

(175) 

(180) 

(174) 

(172) 

(173) 

(146) 

(146) 
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TABLE 2—Concluded 
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Compound Nitrated 

CO 

CH1 
! 

^ • V CH2 

CH2 

CHi 
<^J^>CH»CN 

H1C 
< ^ ^ > C H J C N 

C H I < ^ 2 3 C H ' C N 

CH1CN 

^ y * | C H r O N 

HC CH 

HC CH 

Nitrate Ester 

Ethyl 

d-, J-, and «-2-0ctyl 

Ethyl 

Ethyl 

Ethyl 

Ethyl 

Ethyl 

Ethyl 

Product: Salt of 

CO 

CHNO2 
I 

CH2 

CH2 

CH1 

< ^ ^ > C H C N 

NO2 

H1C 

O F C N 

NO2 

C H ' < f Z 3 ' C H C N 

NO2 

I 

V-

V 

CH(CN)NO2 

• ^ 
\ y 

^ - C H C N 

^) NO2 

HC CH 

*& CH 

V 
H NO2 

Yield 

per cent 

ca. 100 

"Good" 

oa. 75 

References 

(157) 

(76) 

(183) 

(181) 

(185) 

(186) 

(187) 

(160) 

Nitrosation is possible in the reaction of an amine with a nitrate ester. Nitro-
sodiphenylamine is one of the products obtained in the reaction of diphenylamine 
with ethyl nitrate (139). 

D. ALKYLATION* W I T H NITRATE ESTERS 

A number of reactions are known in which nitrate esters act as alkylating 
agents. These reactions apparently proceed via a displacement at the a-carbon 
atom of the ester, as distinguished from the attack on the nitrogen atom, which 
leads to nitration products. The alkylation reaction may be written as 

\ l / / + 

B: + C ->• B:C 1- NO 3 -

I \ 
ONO2 

where B: represents a generalized nucleophilic reagent, either a neutral molecule 
such as ammonia or a negative ion like the malonic ester anion. 

When nitrate esters are heated with ammonia or primary or secondary ali­
phatic amines, 7V-alkylation occurs. Methyl (80), ethyl (80), and n-propyl (169) 
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amines have been prepared from the corresponding nitrates and ammonia in 
sealed tubes at 10O0C. Piperidine (64) and diethylamine (64) have been alky­
lated by heating with primary, secondary, and tertiary alkyl nitrates. 

Primary aromatic amines, such as aniline (140), the toluidines (141), and m-
xylidine (141), react with alkyl nitrates to give the amine nitrate and the N-
alkylated amine. Secondary and tertiary aromatic amines, however, give oxida­
tion-reduction and condensation products, usually highly colored and difficult 
to characterize (142). Diphenylnitrosoamine, for example, has been obtained 
from diphenylamine and ethyl nitrate. 

Hydrazine is readily alkylated at room temperature by nitrate esters of the 
benzyl type (108, 110) and, apparently, to a lesser extent by aliphatic nitrates. 

Pyridine and tertiary aliphatic amines react at reflux temperatures with pri­
mary nitrate esters to form quaternary ammonium salts (16, 96). Secondary and 
tertiary nitrates, however, undergo elimination reactions under the same con­
ditions to form olefins (96). Dimethylaniline and benzyl nitrate form a quater­
nary salt (119), although, as noted above, aliphatic nitrates are reduced by 
such amines. 

S-Alkylation with nitrate esters has also been reported. Methyl and ethyl 
isothiuronium nitrates are formed by heating thiourea with the appropriate 
nitrate esters (158). Trimethyl- and triethylsulfonium nitrates have been ob­
tained from the reaction at room temperature (and over a long period of time) 
of the dialkyl sulfides with the corresponding alkyl nitrates (137). 

Benzylmalonic ester (118) and benzylacetoacetic ester (117) have been pre­
pared by the reaction of benzyl nitrate with the sodio derivatives of malonic 
and acetoacetic esters. Other nitrate esters, however, react with similar carb-
anions to form nitro rather than alkyl derivatives (see table 2). 

E. REDUCTION OF NITRATE ESTERS 

Reductions of nitrate esters by a number of different reducing agents are re­
ported in the literature. Research in this field is not, in general, detailed or ex­
tensive, but for the most part consists of isolated examples of the action of 
various reducing agents upon the simple aliphatic nitrate esters. As yet, nitrate 
ester reduction is not particularly useful as a synthetic or analytical tool, prob­
ably because the product is nearly always the parent alcohol from which the 
ester is made. 

1. Electrolytic 

Electrolytic reduction of simple nitrate esters proceeds smoothly at ca. 1 v. 
vs. the standard calomel electrode. The reaction involves a two-electron change, 
yielding the parent alcohol and nitrite ion (81, 134) as products. Ethyl nitrate, 
cyclohexyl nitrate, and the dinitrates of cis- and frcms-cyclohexanediol are all 
reduced in good yield to the corresponding alcohols. As would be expected, the 
number of electrons involved in a nitrate ester reduction is proportional to 
the number of nitrate ester groups. Thus, reduction of butyl nitrate is a two-
electron reduction, reduction of ethylene glycol or cyclohexanediol dinitrate a 
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four-electron reduction, of nitroglycerin a six, and of pentaerythritol tetrani-
trate an eight (171). 

2. By Grignard reagents 

A few instances are reported of reactions of nitrate esters with Grignard rea­
gents. Dimethylhydroxylamine is obtained from methyl nitrate and methyl-
magnesium iodide (114). 

Similarly, the action of methylmagnesium iodide on ethyl nitrate leads to the 
formation of dimethylhydroxylamine, and diethylhydroxylamine is formed in 
the general reaction between ethylmagnesium iodide and a nitrate ester (74). 

3. By hydrazines 

Hydrazine and substituted hydrazines are effective as reducing agents for 
nitrate esters. In the presence of a platinum or palladium catalyst, n-hexyl ni­
trate reacts with hydrazine to yield hexyl alcohol, nitrous oxide, nitrogen, and 
water. When methylhydrazine is used, two additional products are formed: 
namely, methane and ethane (95). 

In the absence of the platinum or palladium catalyst, the reaction between 
a nitrate ester and hydrazine is considerably slower and somewhat more com­
plicated. The simple aliphatic nitrates, such as the ethyl and n-butyl esters, are 
converted to the parent alcohols in addition to several gaseous products which 
include nitrogen, nitrous oxide, hydrazoic acid, and ammonia (110). A possible 
course for the reaction is as follows: 

RONO2 + NH2NH2 -> ROH + NH2NHNO2 

The unstable nitrohydrazine can conceivably decompose in two ways. An E2 
elimination of nitrous acid gives rise to diimide: 

NH2NHNO2 - ^ * N H = N H + HNO2 

Nucleophilic displacement of nitrite ion by hydrazine yields tetrazane: 

NH2NH2 + NH2NHNO2 -»• NH2NHNHNH2 + HNO2 

The gaseous products can arise by decomposition of these labile intermediates. 
Nitrous oxide is probably formed by the reaction of hydrazine with nitrous 
acid (50). 

The reaction of phenylhydrazine with ethyl nitrate at elevated temperatures 
to give nitrogen, aniline, and ammonium nitrate has been reported (169a). 
From the same reactants at ordinary temperatures in the presence of sodium 
ethoxide, a number of products are obtained, including nitrite ion, nitrogen, 
benzene, biphenyl, phenyl azide, azobenzene, aniline, and nitrobenzene (17a). 

4- Hydrogenolysis 

A limited number of cases of hydrogenolysis of a nitrate ester have been 
reported (93). If n-amyl nitrate is reduced with palladium on charcoal, Raney 
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nickel, or platinum, the products are amyl alcohol and ammonia. However, if 
palladium on calcium carbonate is used in the reduction, the products are the 
alcohol and nitrogen. The palladium-calcium carbonate reduction is useful in 
the denitration of nitrated carbohydrate derivatives where the presence of am­
monia will cause undesirable side reactions. 

5. By lithium aluminum hydride 

Lithium aluminum hydride is another useful reagent in reductive denitration. 
Cyclohexyl, n-hexyl, and 2-octyl nitrates, and the dinitrates of cis- and trans-
cyclohexanediol, are all reduced in essentially quantitative yield to the alcohols 
by lithium aluminum hydride (153). 

6. By metal-acid mixtures 
As would be expected, metal-acid mixtures are effective in the reduction of 

nitrate esters. The action of tin and hydrochloric acid yields the corresponding 
alcohol (147). Similarly, iron and acetic acid react with n-butyl nitrate to yield 
the parent alcohol (144). This reduction finds application in the sugar series in 
the denitrations with zinc or iron in acetic acid (47). 

7. By sulfides 
Hydrogen sulfide and ammonium sulfide are also used to reduce nitrate esters. 

Hydrogen sulfide reacts with ethyl nitrate to form ethyl alcohol, ammonia, and 
sulfur (86); n-butyl nitrate is acted upon by ethanolic ammonium sulfide to 
yield n-butyl alcohol and sulfur (144). The latter reaction appears to be quite 
dependent upon the pH and the molecular species of sulfide present (109). 
The reaction of n-butyl nitrate with sodium hydrosulfide yields n-butyl alcohol 
and sodium nitrite as the main products. If ammonium hydrosulfide is used, the 
principal nitrogen-containing product is ammonia, and 4 gram-atoms of sulfur 
are produced per mole of nitrate. Above pH 13, either sodium or ammonium 
hydrosulfide reduces butyl nitrate to nitrite ion and n-butyl alcohol, with the 
formation of 1 gram-atom of sulfur. The reaction is apparently second order 
kinetically and is catalyzed by hydroxyl ion and by polysulfide. 

A mechanism has been proposed (115) for the sulfide denitration of nitro­
cellulose: namely, hydrolysis of the ester followed by reduction of nitrate ion. 
However, it has been shown that this mechanism does not obtain in the reaction 
of n-butyl nitrate with sulfides (109). It has further been shown that another 
conceivable mechanism—reduction of the nitrate ester to the corresponding 
nitrite ester, followed by subsequent reaction of the nitrite with sulfide—is not 
operative. The most reasonable mechanism for the sulfide denitration, therefore, 
appears to involve nucleophilic attack by sulfide or polysulfide upon the nitrogen 
atom of the nitrate ester, with displacement of alkoxide ion, similar to the pri­
mary reaction proposed in the hydrazine denitration (110). 

8. Miscellaneous reductions 
Nitrate esters are also acted upon by metallic sodium. The products of the 

reaction between sodium and methyl, ethyl, or amyl nitrate are sodium nitrite 
and the parent alcohol (as its sodium salt) (32, 34). 
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Nearly all of the cases of nitrate ester reduction reported above appear to 
proceed without cleavage of the carbon-oxygen bond in the ester. This cleavage 
occurs, however, in the reduction of butyl nitrate with strong hydriodic acid, 
from which butyl iodide, nitrogen dioxide, and iodine are produced (33). 

Fission of the carbon-oxygen bond also occurs in the conversion of the pri­
mary nitrate group in a sugar nitrated in the 6-position to the corresponding 
iodide by means of sodium iodide in acetone. This latter reaction apparently 
involves a concerted displacement of nitrate by iodide (47). 

V. TYPICAL INDUSTRIAL APPLICATIONS 

Nitrate esters have a variety of industrial applications, examples of which 
will be mentioned in this section. 

Probably the most widely recognized application of nitrate esters is their use 
as high explosives or as ingredients of smokeless powder and rocket propellants. 
Among the simple aliphatic nitrates, nitroglycerin and ethylene glycol dinitrate 
are, by far, the compounds most widely used for this purpose (156). The pure 
compounds have the disadvantage of being quite sensitive to shock. Despite this, 
nitroglycerin has seen widespread use in "shooting" oil wells. However, nitro­
glycerin and ethylene glycol dinitrate can be stored, shipped, and handled con­
veniently if adsorbed on some suitable material, such as kieselguhr, or when 
formulated into propellants. 

Methyl and ethyl nitrates have been used as explosives and have been found 
to be about equivalent to trinitrotoluene in explosive power (156), but, because 
these compounds are rather volatile liquids, they are difficult to handle as ex­
plosives and their use is limited. 

Methyl nitrate has been considered for use as a propellant, both alone and 
mixed with methanol (170), but because of its explosive nature, it does not ap­
pear to be entirely satisfactory for this purpose. Propyl nitrate, on the other 
hand, is useful as a monopropellant in liquid-propellant motors (48). 

Several nitrate esters, including methyl, ethyl, and /3-chloroethyl, have been 
used as additives in both gasoline and diesel fuels as combustion accelerators and 
as antiknock agents (9, 51, 53, 72). 

Ethyl, propyl, and sec-butyl nitrates are rather effective in stabilizing trichloro-
ethylene, which is used in cleaning iron or aluminum (82). 

Ethyl and butyl nitrates are useful as catalysts with phosphoric esters in the 
manufacture of ketene from acetic acid (152). 

VI. PHYSIOLOGICAL PROPERTIES AND HAZARDS INVOLVED (167) 

In addition to the hazards presented by nitrate esters because of their flam-
mability and explosive nature, the toxicity of these compounds deserves con­
sideration also. Only glycerol trinitrate has been studied extensively with re­
gard to physiological properties, but other nitrate esters appear to have similar 
but milder effects. 

The toxicity of these compounds is due mainly to their effects on the blood 
and the circulatory system. Nitrate esters oxidize hemoglobin to methemoglobin 
and, by depression of the muscles in the vascular walls, cause a peripheral vaso-
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dilation, resulting in lowered systolic blood pressure and increased pulse and 
respiratory rates. On the basis of this vasodilator action, several of the nitrate 
esters, including amyl nitrate and glycerol trinitrate, are widely used therapeu­
tically for the relief of high blood pressure. 

The most characteristic symptom of poisoning by nitrate esters (particularly 
that due to glycerol trinitrate) is severe headache and a feeling of pressure on 
the front and back of the head. The dilation of the peripheral blood vessels 
results in a shift of blood to the splanchnic area and may cause a decreased supply 
of blood to the brain (in spite of cerebral vasodilation), resulting in vertigo or 
fainting. Apparent immunity to glycerol trinitrate may be built up by con­
tinued exposure. 

Nitrate esters may be absorbed by inhalation, through the skin, or through the 
digestive tract, and precautions should be taken to avoid prolonged exposure or 
contact. It is believed that persons addicted to alcohol may be especially sus­
ceptible to these compounds. 
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