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the fairly symmetrical structure. Similarly, cyclo-
hexyl bromide has critical wave length values only 
20 to 35% larger than those of n-hexyl bromide,8 al­
though its viscosity is more than twice as large.9 

A similar trend is evident in the four isomeric butyl 
bromides, which show an increase in viscosity9 

and a decrease in critical wave length9 as the mole­
cule changes from more or less linear to nearly 
spherical in form. 

Although the molar volume of acetophenone, 
117 cc. at'20°, is not much larger than that of cy-
clohexanone, 103 at 20°, and the viscosity is some­
what lower, the critical wave length and its ratio to 
viscosity are much larger. The greater difficulty 
of dipole orientation thus indicated may be attrib­
uted to the considerable protrusion of the CH3CO 
group from the ring. In comparison with aceto­
phenone, the critical wave length of 2-acetonaph-
thone is unexpectedly high, although the large 
naphthyl group should increase both critical wave 
length and viscosity. The molar volume of 2-
acetonaphthone is about 30% higher, while the ra­
tios of the critical wave length to the viscosity are 
almost twice as large. For 1-chloronaphthalene 
which is somewhat similar in shape and slightly 
smaller, the critical wave length8 to viscosity9 ratio 
is 3.7 at 1° and 3.3 at 55°. The molar volume of 
benzophenone, 170 cc. at 60°, is slightly larger than 
that of 2-acetonaphthone, 158, and the viscosity is 
nearly the same, but the critical wave length and 
its ratio to viscosity are much smaller, although 
they might be expected to be about the same. The 
ratio of the critical wave length to the viscosity is 
smaller for benzophenone than for acetophenone in 
spite of the larger size of the molecule. I t would ap-

The hydrazinolysis of primary and secondary 
nitrate esters has been shown2 to involve two 
major processes. Concentrated hydrazine solutions 
mainly effect a reduction of alkyl nitrates, via an 
initial displacement at nitrogen3 (SNX process),4 

resulting in the formation of nitrite ion, nitrogen, 
nitrous oxide, ammonia, hydrazoic acid and the 

(1) Presented before the 128th National Meeting of the American 
Chemical Society, Minneapolis, Minn., September 1955. 

(2) R. T. Merrow and R. W. Van Dolah, T H I S JOURNAL, 76, 4522 
(1954). 

(3) R. T. Merrow and R. W. Van Dolah, Md., 77, 756 (1955). 
(4) M. Anbar, I. Dostrovsky, D. Samuel and A. D. Yoffe, J. Chem. 

Soc, 3603 (1954). The symbol SNO is used to denote nudeophiiic 
attack on the a-carbon atom of the alkyl group, and SKX for nudeo­
phiiic attack on the central atom X of the oxy-acid {e.g., X = N in 
nitrate or nitrite esters). 

pear that, among these ketones, the behavior of 2-
acetonaphthone is distinctly anomalous. It is evi­
dent that, as frequently observed before, marked 
changes in molecular shape cause marked irregulari­
ties in the relations between molecular volume, 
critical wave length and viscosity, but the relation­
ships observed are consistent in order of magnitude. 

The critical wave lengths found for phenyl ether 
are consistent with the value 0.53 cm. calculated 
from Fischer's relaxation time3 determined by a 
thermal method in dilute benzene solution at 23°, 
which gives 0.85 for the ratio of critical wave length 
to viscosity. The phenyl ether molecule is very 
similar in size and shape to that of benzophenone, 
the molar volumes being 104 and 170 cc, respec­
tively, at 60°. It is, therefore, surprising to find 
the critical wave lengths of phenyl ether only about 
one tenth and the ratios of critical wave length to 
viscosity only about one seventh of those for benzo­
phenone. Fischer suggested that the low value for 
phenyl ether might be due to orientation by inter­
nal motion of the molecule, in particular, of the 
oxygen atom, which might occur in the other 
ethers as well. There appears, however, to be 
nothing markedly anomalous in the critical wave 
lengths found for ethyl ether,2 0.45 cm. at 20°, 0.90 
cm. for butyl ether in dilute benzene solution,3 and 
6.5 cm. for decyl ether.2 Also the values of the 
critical wave length to viscosity ratio are, for the 
pure liquid, half as large as those of cyclohexanone 
and, for the benzene solution, about the same size. 
Interpretation of the results for phenyl ether must 
wait upon the results of other measurements upon 
related substances. 

PRINCETON, N E W JERSEY 

alcohol corresponding to the ester. A displace­
ment on carbon (SNC),4 yielding nitrate ion and sub­
stituted hydrazines, occurs to an increasing extent 
as more dilute hydrazine solutions are used. Aral-
kyl nitrates undergo this latter process predomi­
nantly in both concentrated and dilute hydrazine.2 

A kinetic study of the two processes has been 
carried out in an attempt to ascertain whether 
differences in mechanism, other than the locus of 
attack, exist. 

With alkyl nitrates, considerable reduction al­
ways occurs, even in dilute hydrazine solutions, and 
it has not been possible to isolate the SNC reaction 
of these esters. With benzyl nitrate, on the other 
hand, the SNC reaction occurs to the extent of more 

[CONTRIBUTION FROM THE ORGANIC CHEMISTRY BRANCH, CHEMISTRY DIVISION, RESEARCH DEPARTMENT, U. S. XAVAL 
ORDNANCE T E S T STATION] 

Reactions of Nitrate Esters. IV. Kinetics of Hydrazinolysis1 

B Y RAYMOND T. MERROW 

RECEIVED SEPTEMBER 12, 1955 

In homogeneous systems, both the SNC and SNX type reactions of nitrate esters with hydrazine are first order with respect 
to the esters. The former is also first order in hydrazine, and solvent effects point to molecular hydrazine as the reactive 
nucleophile. The rate data for reduction (SNX) indicate an apparently high order dependence on hydrazine concentration. 
Solvent effects suggest that N 2 H j - may be involved in the rate-determining step. Activation energies have been calculated 
for both processes. A heterogeneous reduction gives apparent zero-order kinetics, and there is evidence that diffusion of 
one reactant into the other is the rate-controlling process. 



1298 RAYMOND T. MERROW Vol. 78 

than 95% in dilute hydrazine, and this reaction 
can be followed alkalimetrically. The stoichiome-
try is one mole of base consumed per mole of ni­
trate ester, and the kinetics are second order (first 
order in each reactant). A slow, apparently auto-
catalytic decline in base concentration, which was 
observed in dilute solutions of hydrazine alone, oc­
curred only to a negligible degree during the time 
required for nearly complete hydrazinolysis of the 
ester, as indicated in Fig. 1. 
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Fig. 1.—Consumption of base in hydrazinolysis of benzyl 
nitrate (curve A) and in autodecomposition of hydrazine 
(curve B) in 60% ethanol at 52°. 

The rate data for the benzyl nitrate reaction are 
given in Table I. In the temperature range at 
which this study was made, the rate constants were 
found to be lower in 90% than in 60% ethanol,5 

while the activation energy was essentially the 
same in both solvents. A single rate run in 60% 

TABLE I 

HYDRAZINOLYSIS OF BENZYL NITRATE IN AQUEOUS ETHANOL 

N J H 4 , 
M 

0.336 
.312 
.294 
.293 
.294 
.290 
.298 
.307 
.192 
.325 
.294 

R O N O J , Alcohol 

0 
M 
171 

.094 

.107 

.143 

.090 

.066 

.101 

.117 

.100 

.098 

.142 

(vol. %) 
60 
60 
60 
60 
60 
60 
90 
90 
90 
60" 

Temp., 
0 C. 

52.17 
52.17 
39.95 
39.95 
28.96 
28.96 
52.17 
39.95 
28.96 
28.96 
.52.17 

10<A 
(l./mole/ 

sec.) 

5.66 
5.53 
1.80 
1.75 
0.69 
0.61 
3.07 
1.04 
0.39 
0.50 
3.50 

E, 
(kcal./mole) 

log 
A 

18.1 ± 0 . 5 8.93 

17.3 ± 0.4 8.08 

' 0.1 M in LiCl. '' 1-Propanol used instead of ethanol. 

(5) AH solyent compositions are expressed in volume per cent., 
based on volumes before mixing. The required amounts of water (if 
any) and hydrazine were measured, and mixtures were made up to vol­
ume, after addition of the nitrate esters, with the ethanol or other or­
ganic solvent. 

propanol also gave a smaller value for k than cor­
responding runs in 60% ethanol. 

The effect of solvent on rate is in accord with the 
Hughes-Ingold theory8 of solvent effects for an 
SN2 reaction between two uncharged molecules. 
Cristol and Barasch,7 however, have called atten­
tion to the non-validity of the use of relative rate 
constants alone in comparing solvent effects, and 
have recommended consideration of activation 
energies as better, but not infallible, criteria. In 
the present work, no conclusions can be drawn 
from activation energies, since the values obtained 
in different solvents were the same within experi­
mental error. Baker and Easty8 reported a similar 
solvent effect on the rate of neutral hydrolysis of 
alkyl nitrates, with no change in activation en­
ergy. That reaction has been shown9 to proceed 
predominantly by an SN C mechanism. On the 
basis of these similarities, and the fact that the 
data fit a second-order rate law and give reason­
able values for E and A, it is concluded that molec­
ular hydrazine is the nucleophile involved in the 
SNC process. 

In all of the runs for which data are recorded in 
Table I, hydrazine was present in two- or threefold 
excess. With benzyl nitrate in excess, treatment 
of the data for a second-order rate law did not yield 
a straight line, but a curve of increasing slope. This 
effect is probably due to the increasing importance 
of consecutive reactions leading to polyalkylated 
hydrazine derivatives. Some typical treatments 
of data are shown in Fig. 2. 

100 2 0 0 300 4 0 0 

TIME (MINUTES). 

Fig. 2.—Treatment of data according to second-order 
rate law with hydrazine in excess (1.96:1, curve A) and 
with benzyl nitrate in excess (1.97:1, curve B; 1.58:1, 
curve C); solvent, 60% ethanol; temperature, 52°. 

The reduction of primary and secondary alkyl 
nitrates by means of concentrated hydrazine was 
conveniently studied by measuring the pressure of 
the evolved gases. The validity of the method 
was established in two ways: (1) for a given hy-

(0) E. D. Hughes and C. K. Ingold, J. Chem. .Soc , 214 (1935). 
(7) S. J. Cristol and W. Barasch, T H I S JOURNAL, 74, 16S8 (195:.'). 
(8) J. W. Baker and D. M. Easty, J. Chem. S0C-, 1103 (1952). 
(9) S. J. Cristol, B. Franzus and A. Shadan, THIS JOURNAL, 77, 

2512 (1955). 
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drazine concentration, the total pressure rise during 
a run was shown to be directly proportional to the 
amount of nitrate ester used; (2) the same rate 
constants were obtained from polarographic meas­
urements of nitrate ester concentration as from 
the manometric method. The reduction was car­
ried out in both homogeneous and heterogeneous 
systems. 

The homogeneous reaction, in which a small 
amount of nitrate ester was dissolved in a mixture of 
hydrazine and an organic solvent, was shown to be 
first order in nitrate ester concentration. The order 
with respect to hydrazine could not be established 
with any degree of certainty because of the appar­
ent complexity of the mechanism (see below). For 
example, a series of runs with ethyl nitrate in 25, 
50 and 75% ethanolic hydrazine at 27° gave rate 
constants of 3.27 X 1O-6, 48.0 X 10 - 6 and 282 X 
1O-6 sec. -1, respectively. If the effect were con­
sidered to be due entirely to changing the concen­
tration of a reactant, and medium effects were dis­
counted, the order in hydrazine would appear to be 
approximately 4. 

Pseudo-first-order rate constants and activation 
energies were measured for the hydrazinolysis of 
ethyl, »-butyl and 2-octyl nitrates in 50% ethanolic 
hydrazine, using the anhydrous base. Replacement 
of half of the ethanol by water in a series of runs 
with butyl nitrate resulted in an increase in activa­
tion energy, and a decrease in the rate constants 
over the range of temperatures studied. These re­
sults are shown in Table II . When 95% hydrazine 
was substituted for the anhydrous base in a series 
of runs with ethyl nitrate, the rate constants were 
lower, but the activation energy was essentially 
unchanged (Table III) . Replacement of half of 
the ethanol by water again resulted in a lowering 
of the rate constants and in an increase in activa­
tion energy. While activation energies were ob­
tained in only the two solvent systems (hydrazine-
ethanol and hydrazine-ethanol-water), rate con­
stants were measured at a single temperature in a 
number of others. In general, as indicated in 
Table IV, the rates were greater in the less highly 
ionizing solvents. 

TABLE II 

R A T E DATA FOR HYDRAZINOLYSIS OF ALKYL NITRATES IN 

5 0 % ETHANOLIC HYDRAZINE 
Temp., 

Nitrate "C. 

Ethyl 28.96 
39.95 
52.17 

n-Butyl 

2-Octyl 

28.96 
39.95 
52.17 
28.96 
39.95 
52.17 

28.96 
39.95 
52.17 

10** (sec. - ' ) 

6 .72 ,5 .89 
10.1 , 10.2, 11.9 
2 6 . 7 , 2 3 . 1 , 3 0 . 7 

4 . 1 5 , 3 . 7 5 , 3 . 9 2 ° 
7.23, 7.63, 6.98* 

14.7, 14.7 
2 .09, ' '2 .0I 6 

4.69, '4 .4O6 

11.4,* 12.36 

0.88 
1.82 
4.12 

E (kcal./mole) 

12.4 ± 1.1 

11.0 ± 0.3 

14.8 ± 0Ah 

13.0 ± 0 .3 

TABLE II I 

HYDRAZINOLYSIS OF ETHYL NITRATE IN 50% HYDRAZINE" 

IN AQUEOUS ETHANOL 
Temp., Total % HjO 

0C. insolvent 104A (sec. - ') E(kcal./mole) 
28.96 
39.95 
52.17 

28.96 
39.95 
52.17 

2 .5 
2 .5 
2 .5 

27.5 
27.5 
27.5 

3.95 I 
8.07 \ 

16.33 j 

2.87 ] 
5.83 } 

14.67 I 

11.9 ± 0.2 

1 3 . 8 ± 0.9 

" Commercial 9 5 % hydrazine constituted 50% of the 
total volume. 

TABLE IV 

RATES OF REACTION OF ETHYL NITRATE IN 50% HYDRA­

ZINE" AT 27.03° 
Remainder of 104fe 

solvent (sec. "0 
10<* 

Remainder of solvent (sec. -1) 

• These rate constants were determined polarographically. 
AU others were obtained by manometry. b Solvent for 
these runs contained 2 5 % water. All others were anhy­
drous. 

CH3OH 3.25 M-C4H9OH 5.22 
C2H5OH 4.80 CH5CN 4.69 
K-C3H7OH 5.57 C 2 H 5 O H - H 2 O ( I ) I ) 3.27 

° Commercial 9 5 % hydrazine. 

The lower rate constants and higher activation 
energy in the more highly ionizing solvent (hydra­
zine-ethanol-water) are in agreement with the pre­
dictions of the Hughes-Ingold theory6 for a reaction 
of an ion with a neutral molecule. The relative 
rates are, of course, dependent upon the tempera­
ture range of the investigation7 and, in the present 
instance, extrapolation indicates that, at higher 
temperatures, the rate would be higher in the more 
polar solvent. The rates of alkaline hydrolysis 
of methyl and ethyl nitrate are lowered by in­
creasing the polarity of the solvent,8 while changes 
in activation energy with solvent are small and in 
opposite directions for the two esters. 

There appears to be no doubt that this reduction 
involves attack by a nucleophilic species. No gas 
evolution was observed when solutions of hydra-
zinium salts were used instead of the free base. 
Further, under conditions where the reaction does 
proceed, it was found that addition of alkali in­
creased the rate, while addition of acid (in sufficient 
amount to affect measurably the pH) had a retard­
ing effect. 

The fact that the activation energy of reductive 
hydrazinolysis was found to be larger in the more 
polar solvent, is suggestive of an ion, N2H3", per­
haps as the nucleophilic reagent responsible for the 
reduction process. This would certainly parallel 
the reactions of nitrate esters with water and with 
hydroxyl ion, in which the uncharged molecule 
(H2O) attacks mainly at carbon,9 while the anion 
(OH -) attacks predominantly at the nitrogen 
atom.4'9 Participation of the similar ions N H 2

-

and R N H - in ammonolysis10 and aminolysis11 of 
certain carboxylate esters has been suggested on 
the basis of kinetic studies. 

In the absence of any reactant, the concentra­
tion of hydrazide ion is very small; Pleskov12 gives 
a value of 2 X 1O-25 for the ion product for auto-

(10) R. L. Bettsand L. P. Hammett, T H I S JOURNAL, 59, 1508 (1937). 
(11) P. J. Hawkins and I. Piscalnikow, ibid., 77, 2771 (1955). 
(12) V. A. Pleskov, Acta Physicochim. (U.S.S.R.), IS, 662 (1940); 

C. A., 36, 2214 (1942). It is assumed that ion concentrations are ex-
pressed in moles per liter. 
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protolysis of anhydrous hydrazine. This corre­
sponds to a concentration of about 4 X 10~13 M 
for hydrazide ion. A simple second-order rate ex­
pression involving hydrazide anion and ni trate es­
ter would therefore require a very high value for 
the pre-exponential (A) factor. For example, the A 
factor calculated from the rate da ta for 2-octyl ni­
t rate given in Table I I (using the above value for 
[N2H3]) is approximately 10211./mole/sec. 

However, the concentration of hydrazide ion in 
these reaction mixtures may be considerably 
greater than the autoprotolysis constant would 
indicate, if the equilibrium (1) is displaced by re­
moval of hydrazinium ion through rapid reactions, 
for example, with nitri te ion. 

2X2H4 T ^ NcH5
+ + X 2 H 3 - (1) 

Electroneutrality could be maintained by replace­
ment of this cation by the ammonium ion, pro­
duced by equilibration of ammonia (formed in 
(4) or (5b) below) with nitrous acid or with hydra­
zinium ion itself. On the basis of the observed 
kinetic solvent effects, it is suggested tha t the rate-
controlling step may be 

ROXO2 + X 2 H 3 - > R O - + H2XXHNO2 (2) 

but tha t the rate expression is complicated by 
other processes which affect the concentration of 
N 2 H 3

- through their effect on N 2H 5
+ . Subsequent 

steps of the previously suggested mechanism2 in­
clude the formation of hydrazoic and nitrous acids, 
and the reaction of the lat ter with hydrazine, viz. 
H2XXHXO2 + 

r~>- H-XXHXHXH 2 + HXO2 (3a) 
XsH 4-I 

<-+• H X = X H + X 2H 5
+ + XO 2 - (3b) 

2 H X = X H >• H X = N N H X H i > HX3 + XH3 (4) 

X2H6
+ + xo. ,- 7-»-

,->• HX3 + 2H..0 (5a) 
X,H4 + HX0 2—| 

'-->• NH3 + N2O 4- H2O (5b) 

In addition, the concentration of hydrazinium ion, 
and, hence, tha t of hydrazide ion, is influenced by 
the following acid-base equilibria 

X2H4 + HX3 -7-» X2H5
+ -1- XV 

X2H4 + H2O(ROH) -7-^" X2H5
+ + OH-(RO-) 

I t would not be surprising, therefore, to find a non-
simple relationship between hydrazine concentra­
tion and the rate of a reaction dependent on N 2 H 3

- . 
A few rate experiments have been run on the 

heterogeneous reaction of butyl ni t rate with excess 
hydrazine in the absence of added solvent. The 
rate of pressure change was constant for any given 
run, indicating a zero-order reaction. In the ab­
sence of stirring, the rate was found to vary with 
the amount of butyl nitrate, bu t was essentially in­
dependent of the volume of hydrazine used, which 
suggests tha t the rate-controlling factor may be the 
interfacial area between the butyl ni t rate droplets 
and the hydrazine. 

Only a limited amount of quali tat ive informa­
tion is available regarding effects of ionic strength 
on rates. No primary salt effect is to be expected, 
of course, since one of the reactants (the ni trate 
ester) is a neutral molecule. A small decrease in 
the rate of the benzyl nitrate reaction was noted on 

addition of LiCl to the mixture. The rate of hy-
drazinolysis of butyl ni t ra te in hydrazine-ethanol-
water was increased by the addition of LiCl, NaOH 
or HCl, provided in the lat ter case tha t the concen­
trat ion of HCl was small in relation to the hydra­
zine concentration. This rate increase is probably 
due to a secondary salt effect on the degree of ioni­
zation (autoprotolysis) of hydrazine, and thus lends 
support to the postulate t h a t the hydrazide ion is 
the active species in this reaction.13 As noted 
above, larger amounts of acid caused a decrease in 
rate, probably by reducing the concentration of 
N 2 H 3 ^ and increasing t h a t of N 2H 5

+ . 

Experimental 
Starting Materials.—Ethyl and re-butyl nitrates were com­

mercial products, distilled before use. Commercial 95% 
hydrazine was used in some runs as obtained. The anhy­
drous hydrazine used in other experiments was prepared by 
distillation from KOH. Benzyl nitrate was made by the 
reaction of the chloride with silver nitrate,14 and 2-octyl ni­
trate by esterification of 2-octanol with mixed acid.15 

Analytical Procedures.—In studying the hydrazinolysis of 
benzyl nitrate under second-order conditions (dilute hydra­
zine solutions), the extent of reaction was determined by 
alkalimetric titration. Aliquots containing from 0.5 to 
2.0 milliequivalents of base were withdrawn and run into 15 
ml. of water and the solutions were titrated with standard 
0.5 N HCl. Brom cresol green (4 drops) was used as the 
indicator, and the sjnd-point was taken as the point where 
the color matched that of 20 ml. of ^H 4.0 buffer solution 
containing four drops of the indicator. 

Most of the runs in concentrated hydrazine solution were 
followed manometrieally. The reaction mixtures were 
made up in volumetric flasks at the reaction temperature 
and immediately transferred to the thermostatted reaction 
vessel, a ground-glass stoppered erlenmeyer flask connected 
by a sidearm to a gas bulb and manometer. The flask was 
stoppered, and gas pressure was measured periodically. Xo 
agitation was used in the heterogeneous reactions. The 
nitrate ester was pipetted into the hydrazine, and remained 
as droplets at the bottom of the reaction flask, diminishing 
in size until the mixture was completely homogeneous at 
the end of the reaction. 

In a few runs of this sort, nitrate ester concentration was 
followed polarographically by the method of Whitnack, Hal.16 

Calculation of Rate Data.—Second-order rate constants 
for the benzyl nitrate hydrazinolyses were determined 
graphically. The following form of the equation for a 
second-order rate law was used 

d / 1 - a(j>/b)\ _ (b_ - fllfe 
dt \ ° g """l - <j> ) ~ 2.303 

where b = initial concentration of component in excess; a = 
initial concentration of other component; and 4> = fraction 
of reaction at time t. 

Pseudo-first-order rate constants were obtained from the 
manometric data, by plotting log (P „ — P1) vs. time and 
multiplying the slope of the line by 2.303. Where nitrate 
ester concentration was followed, log [ROXO2] was plotted. 

In the heterogeneous runs, the pressure of the gaseous 
products increased linearly with time (indicating zero-order 
kinetics), and the slopes of these lines gave a direct measure 
of the rate. 

Activation energies were calculated in the usual manner. 
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(13) The author is indebted to a referee for this suggestion. 
(14) G. R. Lucas and L. P. Hamtnett, THIS JOURNAL, 64, 1928 
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