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ABSTRACT 

DIAZOTIZATION OF ALIPHATIC AND AROMATIC AMINES 

by 

Lorraine Zolton 

The mechanism of diazotization of aliphatic and aromatic amines 

was studied in order to resolve some of the controversy existing in the 

literature. A fluoride buffer which was shown not to affect the nitro-

sating species was used in the pH range 1.5 to 4. The rate of diazotiza 

tion of ammonia and the aliphatic amines was followed by nitrogen evolu

tion, while that of aniline was followed by coupling of the diazonium cation 

with R-salt, sodium-2-napthol-3, 6-disulfonate. 

For all the amines studied the reaction is second order in nitrous 

acid. Because of the basicity of ammonia and the aliphatic amines, the 

reaction is always first order in the amine. For aniline at pH 1.5 and 

2 the reaction is first order in amine, but becomes zero order at pH 3 

and 4 where the concentration of the free base is greater. These results 

were substantiated in the case of aniline by use of a series of theoretical 

curves, representing the log initial rate vs. pH for the different combin

ations of nitrosating and amine species. At pH 3 and 4 the points cor

respond to the curve for a rate determining step involving the formation 

of dinitrogen trioxide, while at pH 1 and 2 the points correspond to the 

curve for a rate determining step involving the attack of the free amine 

xii 



on the nitrosating species, From the agreement in molecular 

rate constants for the diazotization of aniline at different pH values, 

acid catalysis was shown not to occur. The overall mechanism for both 

aliphatic and aromatic amines appears to be the same in the absence of 

any catalysis by extraneous anions and is given by 

N02" + H+ - HONO 

RNH3
+ - RNH2 + H+ 

I  

2HONO - N2Os + H20 

N2Og + RNH2 — products 

When phosphate buffer was used, first order nitrous acid 

dependence was observed. This is probably due to the formation of a 

new nitrosating species, nitrosyl phosphate, which is then attacked by 

the amine. 

Nitrous acid decomposition becomes an important side reaction 

at pH 3 under the conditions used in the diazotization of ammonia, and 

the rate constants had to be corrected for this parallel reaction. At 

pH 2 and below it is the dominant reaction, and it was not possible to 

study the diazotization at these acidities. Since in the case of aniline 

more dilute solutions of the reactants, lower temperatures, and a 

coupling method to follow the rate of diazotization are employed, the 

decomposition of nitrous acid is not an interfering side reaction. 

xiii 



In order to obtain more information on the transition state, a 

series of aliphatic amines with different sterie requirements was studied. 

The enthalpy and entropy of activation were determined for aniline, 

ammonia, n-butyl, sec-butyl, isobutyl, _t-butyl, and neopentyl amines. 

Attack of the amine on the nitrosating species is most likely the rate 

determining step, and a larger molecular rate constant was obtained 

for aniline because of its greater nucleophilicity than for the aliphatic 

amines. Since no large negative entropy of activation was obtained for 

any of the compounds studied, it appears that the formation of ions has 

not occurred in the transition state. An S^2 mechanism is probably 

not applicable. The activated complex most likely consists of the addi

tion product of the amine and the nitrosating species via the formation 

of an N-N bond. It subsequently separates into ions. 

H 

activated complex 
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INTRODUCTION 

The Order of the Reaction and the Nitrosating Species 

Although the reaction of nitrous acid with aliphatic and aromatic 

amines is one of the simpler reactions in organic chemistry, there still 

remains much controversy on its kinetics and mechanism. Several 

different workers have studied this reaction since the first investigation 

of the mechanism was made on aniline by Hantzsch and Schumann (1899). 

They reported over-all second order kinetics, and since two reactants 

were present and in equal concentrations, they concluded that the reac

tion rate is proportional to the concentrations of the amine (they wrote 

its protonated form) and nitrous acid. 

rate «C [ArNH,,+] [HONO] 
O  

Since that time many papers have appeared on this subject. 

Taylor (1928) and Abel (1931) independently studied the reaction 

of aliphatic amines with nitrous acid and came to a different conclusion. 

Taylor, following the reaction by the concentration of the undecom-

posed amine, found that no reaction occurred with 0.05 N_ methylamine 

and 0.05 N nitrous acid, even with the addition of 0.05 N sulfuric acid, 

1 



but that a rapid reaction took place when the nitrous acid concentration 

was increased to 0.1 N. He concluded that two molecules of nitrous 

acid are necessary in the rate controlling step, and since methylamine 

was also present, that the reaction exhibits over-all third order kinetics. 

He did not buffer the reaction mixture and used a layer of "medicinal 

wax" to stabilize the nitrous acid. 

Schmid and Muhr (1937) investigated the aromatic amines and 

found that they, like the aliphatic amines, also follow third order kine

tics. In 1940 Hammett suggested that dinitrogen trioxide, is the 

actual nitrosating species formed from two molecules of nitrous acid. 

2 HONO - N2Os + H20 

The NgOg then attacks the amine: 

H H 
' ' + 

R-N: + 0«N-0-N«0 - R-N-N-0-N*0 
! ' » 

H H O-

He suggested that nitrosyl chloride, NOC1, could be formed in the 

presence of hydrochloric acid and that it can act in a manner analogous 

to that of N9(X.. 

The general scheme of the reaction has usually been assumed 

(Ridd 1961) to be the following: 
+ -H 

R-NH0 + nitrosating species — R-NH9-NO — R-NH-N«0 
2 (1)  ̂ (2) 



- R-N-N-OH - R-N + + OH" - R+ + N. 
(3) (4) (5) ^ 

Evidence for the reaction going through the nitrosamine (2) comes from 

the behavior of the secondary amines, where the prototropic shift (3) 

cannot occur, and the reaction stops at the nitrosamine stage. In addi

tion, a primary aliphatic nitrosamine, monomethyl nitrosamine, has 

recently been obtained from methylamine and nitrosyl chloride at low 

temperature (Muller, Hauss, and Rundel 1960). This compound was 

characterized by comparison of its UV spectrum with that of dimethyl 

nitrosamine. With aromatic amines and primary aliphatic amines the 

initial step is followed by a deprotonation (2), and rearrangement of the 

nitrosamine to the diazohydroxide (3). With aromatic amines, the 

reaction may be stopped at step (4) because of the relative stability of 

the aromatic diazonium cation. In the case of aliphatic amines, the 

reaction proceeds through the carbonium ion (5) to the formation of a 

wide variety of deamination products. It has generally been assumed 

that, the initial nitrosation (1) is the rate determining step. 

The conflict in the data of the various workers is difficult to 

reconcile. Since the reaction of aromatic and aliphatic amines pro

ceeds through the same N-nitrosation to the diazonium compound, 

many workers did not feel that these two very similar reactions should 

go by different mechanisms. Two different schools of thought devel

oped on this mechanism, particularly on the nitrosating species. One 



or the other of two different kinetic equations was accepted by different 

groups of workers, with the rejection of the other. 

rate c£[amine] [HONO] (1) 

rate 0C[amine] [HONO]2 (2) 

Earl and Hills (1939), who studied the diazotization of methylamine, 

found one molecule of nitrous acid involved in the rate equation and 

stated a second molecule of nitrous acid was "spurious." The work of 

other investigators (Taylor 1928; Abel, Schmid, and Schafranik 1931; 

Schmid and Muhr 1937), however, indicated the participation of two 

nitrous acid molecules. The early workers had failed to recognize the 

complexity of this seemingly simple reaction where the form of the 

nitrosating species in the kinetic equation is very dependent on the 

experimental conditions employed. 

In the 1950Ts a new series of investigations was undertaken 

employing experimental techniques which were much improved over 

those of the early workers. 

Dusenbury and Powel (1951a, b, c) carried out the reaction of 

ammonia, methylamine, and glycine with nitrous acid in the presence 

of phosphate buffer to control the pH. However, a complete study of 

the reaction order, first by varying the concentration of the amine 

while holding the concentration of the nitrous acid constant, then by 

varying the nitrous acid concentration with the amine concentration 



constant, was made only at a pH of 3. From this they concluded that 

the reaction is first order in amine and first order in nitrous acid, and 

assumed that these orders also apply at other pH values. They also 

made a series of runs keeping the amine and nitrous acid concentrations 

constant while varying the pH. These results fit a theoretical curve, 

pH vs. log of rate of reaction, for a second order mechanism having an 

activated complex with a +1 charge. In the case of ammonia, the cor-

+ + responding reacting species are NH^ and HONO, or NH^ and I^NOg 

or NO+. The same shaped curve (Fig. 14 ) was obtained for methylamine 

and glycine, although in the latter case it does not correspond to the 

theoretical curve. They proposed the following mechanism in which the 

reacting species are the nitrosonium ion and molecular ammonia, 

formed by preliminary equilibria: 

H+ + HONO ~ HgO + NO+ 

NH4
+ r H+ + NH3 

slow , 
NO + NHL - NH0NO o o 

The rate equation would then be 

d(N ) 
—ar~ ~ 

k
r inh

3] [hon°] iH 1 

About this same time Hughes and his co-workers (Hughes, 

Ingold, and Ridd 1958a, b, c; Hughes and Ridd 1958a, b) began studies 
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on the diazotization of aromatic amines. They found that the order in 

nitrous acid is always two, but that the order in amine is a function of 

the pH. Even in the absence of catalysis by other anions, several differ

ent nitrosating species and rate equations are possible. In some cases 

the same rate equations occur with different nitrosating species. They 

considered the following possibilities: 

Nitrosating 
Species 

Attack or Supply Rate Equation 

(1) HONO slow rate * 1<2 [amine] [HONO] 

(2) H2N02
+ slow * k2

H[amine] [HONO] [H+] 

(8) N2Os slow = kg [amine] [HONO]2 

(4) N2O3 slow . * k2 [HONO]2 

(5) NO+ slow * k0 
H[amine][HONO] [H+] 

L i  

(6) NO+ via H2NO + * k H[HONO] [H+] 

(7) NO+ via N203 « k2 [HONO]2 

In (1) the rate controlling step involves the amine, since the nitrous 

acid is formed in a rapid pre-equilibrium step consisting only of a 

proton transfer: 

N02~ + H+ ~ HONO 

The same is true for (2) where the nitroacidium ion, H2N02
+, is formed 

in an equilibrium step involving a protonation. 

HONO + H+ =* H2N02
+ 
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Thus, if (1) or (2) illustrates the reaction mechanism, the reaction 

cannot be made independent of the concentration of the amine. In (3) 

and (4) the first step involves an equilibrium in which two molecules of 

nitrous acid react to form NgO^, which then attacks the amine. 

2 HONO = N2C>3 + H20 

N2O3 + amine — products 

If the concentration of the amine is low, then the attack of the 

becomes rate determining (3). However, if the concentration of the 

amine is large, the formation of the becomes the slow step and 

the reaction becomes independent of the amine (4). Thus, (3) and (4) 

represent limiting equations. The nitroacidium ion undergoes loss of 

water to form the nitrosonium ion, NO+, in (5) and (6). Depending 

again on the concentration of the amine, the dehydration step (6) or the 

attack of the NO+ on the amine can be made rate determining. If the 

nitrosonium ion is formed in a slow step by the loss of nitrite ion from 

dinitrogen trioxide, then equation (7) is applicable. From their experi

mental results they concluded that processes (3) and (4) are occurring 

in dilute aqueous unbuffered solutions. 

Information has been obtained on the various reacting species 

of nitrous acid in aqueous solutions from studies of oxygen exchange 

18 between HgO and nitrous acid (Bunton, Llewellyn, and Stedman 

1959). The method used to study the reaction involved the isolation 



of nitrous acid as its silver salt, which was decomposed to water by 

heating with ammonium chloride. Nitrous acid exchanges oxygen-18 

with water, but nitrite ion itself does not. The rate of oxygen exchange 

was found to be proportional to the square of the molecular nitrous 

acid concentration and independent of the molecular concentration of 

the nitrite ion. Diazotization and oxygen exchange were compared under 

similar conditions and it was found that the rates were almost the same. 

Thus, the scheme proposed involves formation of dinitrogen trioxide 

2 HONO - N203 + H20 

R « k [HONO]2 
6X 

18 which then reacts rapidly with aniline in the diazotization and HgO in 

the exchange reaction. Other proposed paths were eliminated since 

they involve dependence on nitrite ion, which was shown not to occur. 

Bunton et al. concluded that the first step in the nitrosation of the amine 

is the coming together of two molecules of nitrous acid to form ^O^. 

Nitrous Acid Decomposition 

There is disagreement concerning the importance of nitrous 

acid decomposition during the reaction. Dusenbury and Powell (1951a, 

b,c), who treated ammonia, methylamine, and glycine with nitrous 

acid in the presence of buffers, claim that under their conditions of 

reaction there is no nitrous acid decomposition. Ewing and Bauer 
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(1958), however, claim that nitrous acid decomposition is an important 

side reaction in diazotization at hydrogen ion concentrations of 0.001 M 

and above. They studied the nitric oxide/nitrogen ratio by mass specto-

metric analysis and state that at a pH below 3, the nitric oxide contri

bution to the total gas evolved is very large. 

The Effect of the Acid Concentration 

Hughes, Ingold, and Ridd (1958b) studied the reaction of aniline 

with nitrous acid at 0°, but made no attempt to maintain a constant 

acidity. At initial pH 1 and 2 the reaction was second order in nitrous 

acid and first order in amine, becoming zero order in amine at an 

initial pH of 3. As the pH increases the equilibrium 

C^ELNH* ~ CcHkNH0 + H+ 
o 5 3 6 5 2 

shifts to the right, resulting in more of the aniline being present as 

the free base, the form in which it reacts with the nitrosating species. 

However, at a pH of 4, where the equilibrium is shifted even further 

toward the free base, and zero order dependence would be expected, 

they report an increase in order of the amine to 0.6. Since no method 

was employed to keep the hydrogen ion constant, the pH rises as the 

reaction progresses, thus leading to a growing retardation. 

Larkworthy (1959) diazotized p-chloroaniline, p-amino-

phenyltrimethylammonium perchlorate, and p-methoxyaniline and 



found the most important nitrosating species to be dinitrogen trioxide. 

He also found a small increase in rate constant with an increase in 

hydrogen ion concentration, but claimed that this effect did not nearly 

represent first order dependence on hydrogen ion. Hughes, Ingold, 

and Ridd (1958a) had found that the rate constant is not a function of 

pH and also concluded that there is no acid dependence. For the three 

compounds which he studied, Larkworthy obtained a straight line for 

a Hammett plot with a p value of -1.6 which indicates that the reaction 

is favored by high electron density at the reaction center. Thus, he 

concluded that an S^2 attack by the amine on is occurring and is 

favored by a high electron density on the nitrogen atom of the amino 

group. 

Okano and Ogata (1953) studied the diazotization of aniline and 

substituted anilines in aqueous sulfuric acid by coupling the diazonium 

cation with fi -naphthol. They reported that the reaction is first order 

in aniline and second order in nitrous acid over the entire pH range 

0.6 to 3.3. In contrast to Hughes, Ingold, and Ridd (1958b) and Lark-

worthy (1959), Okano and Ogata claim evidence for first order hydro

gen ion dependence based on the relation between the pH and rate 

constants. They observed an increase in rate constant with a decrease 

in pH and concluded that the more reactive species H^O^*, and not 

N2°3> was the nitrosating agent. However, over the pH range which 
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they used, their third order stoichiometric rate constants passed through 

a maximum at pH 2.0. They showed acid dependence by using only the 

pH range from 2.0 to 3.3, and disregarded their results in the pH range 

0.6 to 2.0. Also, they neglected to calculate rate constants on a mole

cular basis. The reaction sequence which they proposed is the following: 

H30+ + N02" = HONO + H20 

2 HONO + H30+ - HN2Os
+ + 2 H20 

C JELNH* + HnO = C„HkNH„ + H00+ 
b o o  Z  b o  Z  o  

CpHj-NHr. + HN0Oo+ - C„HkN0
+ + H00 + HONO b 5 la b 5 z z 

They carried out competitive diazotizations on eight substituted anilines 

and found that their relative rates follow a Hammett correlation with a 

p value of -1.96. This value compares favorably to that of -1.6 found 

by Larkworthy (1959) for the three compounds which he studied. 

The Effect of Buffers and Added Anions 

Hughes and Ridd (1958a) tried buffers in an attempt to expand 

the pH scale at which the reaction could be studied. However, they 

were unsuccessful in finding any buffers which did not affect the nitro-

sating species. They found that the added anions had one of two effects: 

(1) at best, they catalyzed the formation of the same nitrosating species 

that was found in their absence, or (2) they produced an entirely new 

nitrosating species. Phthalate and acetate buffers fall into the first 
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category. Using an excess of amine in the presence of these buffers, 

they found that the order was still two in nitrous acid, indicating no 

appreciable formation of nitrosyl acetate or nitrosyl phthalate. How

ever, a definite catalytic effect was observed. At the same pH and con

centration of buffer anion, the reaction in which phthalate was present 

was faster than that in which there was acetate, and both reactions 

were faster than in the absence of any buffer anion. The catalytic effect 

is probably represented by the following scheme: 

B" + H2ONO+ - NOB + H20 

NO ~ + NOB N0O„ + B~ 
^ slow z 6 

where B is the buffer anion. The rate equation becomes 

rateoc[B~] [HONO]2 

When chloride, bromide, or iodide ions are present, the formation of 

a new nitrosating species, the nitrosyl halide, was observed. The 

reaction becomes first order in nitrous acid and the kinetic equation 

is 

rate oc [HONO] [Hal-] [H+] 

Dusenbury and Powell (1951a), however, state that substitution 

of sodium chloride for sodium perchlorate to make up the ionic strength 

had no effect on the rate, and concluded that the chloride ion does not 

catalyze the reaction. Allen (1954), who studied the hydrolysis and 

alcoholysis of some organic nitrites, found that chloride and bromide 



catalyzed these reactions. Oxygen exchange studied by Bunton, Llewellyn, 

Stedman (1957) between nitrous acid and water showed that both chloride 

and bromide ions affect the rate of exchange, with bromide having the 

greater effect. Work by other investigators previously mentioned 

(Taylor 1928,* Hammett 1940; Hughes and Ridd 1958b) also indicates 

the catalytic effect of chloride, bromide, and iodide ions. 

Varying the concentration of phosphate buffer over a three fold 

increase, Dusenbury and Powell claim that the rate of the diazotization 

does not change. Anbar and Taube (1954) studied the rate of oxygen 

exchange between nitrite and water in the pH range 4 to 6, and found 

rate ex. [HONO] [H+] 

They also state that the rate of exchange is unaffected by phosphate 

and acetate buffer at low concentration. However, in the data from 

which they drew that conclusion, the rate varied somewhat with phos

phate buffer concentration and changed when the phosphate was replaced 

by acetate buffer at the same pH. Bunton, Llewellyn, and Stedman 

(1957) carried out another series of oxygen exchange studies in the 

presence of acetate and phosphate buffers. They found the rate of 

oxygen exchange was greater in the presence of these buffers than in 

the unbuffered solutions. Although Austin et al. (1952) did not use phos

phate buffer, they claim that it probably catalyzes the reaction. Li 

and Ritter (1953) used acetate buffer in the decomposition of 
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nitrosyldisulfonate ion and found dinitrogen trioxide was the reacting 

species. However, using the same buffer, they found first order nitrous 

acid dependence in its reaction with sulfamate ion. 

The Reaction in Strongly Acidic Solutions 

In general, direct evidence for NO+ as the nitrosating species 

has been obtained only at high acidities. The literature shows a wide 

range of variation reported for the reaction under these conditions. 

The diazotization at intermediate acidities, in the range of 0.5 M 

to 3.0 M perchloric acid, appears to be complex (Challis and Ridd 1961). 

This results from a medium effect combined'with the appearance of a 

new kinetic term with certain amines. With the less basic amines, such 

as p-nitroaniline, the medium effect seems to be the only important 

factor, and the rate equation is the same as that for the acid catalyzed 

diazotization with the substitution of hQ for the hydrogen ion concentra

tion. The rate equation therefore is 

rate cc [ArNHj [HONO] hQ 

However, with the more basic amines it seems that the protonated 

amine is the reacting species. Although the free base is more reactive, 

if the amine is almost completely protonated it appears that the amine 

cation can react with the nitrosating species, and the rate equation 

becomes 

rate oc [ArNH3
+ ] [HONO] h 
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Diazotizations in 30-80% perchloric or sulfuric acid were studied 

by their UV spectra (Singer and Vamplew 1956, Bayliss and Watts 1956). 

Below 40% acid concentration essentially all the nitrous acid is present 

as HONO, and above 70% almost all is present as the nitrosonium ion, 

NO+. In the intermediate acidity range there is some evidence for the 

existence of the nitroacidium ion, HgNC^, although it is also believed 

that in this range there is a mixture of HONO and NO+ (Singer and Vam

plew 1956). At greater than 58% acid concentration the nitrous acid is 

present as a stable ionic entity. Diazotization of aniline, p-toluidine, 

and p-nitroaniline was found (Challis and Ridd 1960) under these condi

tions to follow the rate equation: 

rateoc [ArNHa
+] [NO+] hQ~2 

The rate of the reaction decreases rapidly with an increase in acidity. 

H D With sulfuric acid and deuterated sulfuric acid, the ratio k^ / k^ » 10 

indicates a larger isotope effect than is present at lower acidities. It 

appears that the rate determining step is not the nitrosation of the free 

amine. It was concluded that the amine is rapidly nitrosated to form 

a small equilibrium concentration of PhNHgNO*, which is slowly con

verted into the diazonium ion by steps involving a proton transfer to 

the medium. An increase in the acidity of the medium should decrease 

both the equilibrium concentration of PhNH2NO+ and the rate of proton 

loss in the slow step. 



fast 
ArNH3

+ + NO+ st ArNH2NO+ + H+ 

ArNH2NO+ Sl°WArNHNO + H+ 

| fncf j. 
H + ArNHNO - ArN2 + H20 

H D The large / k2 ratio could come from a medium effect on the 

equilibrium combined with a kinetic isotope effect in the slow step. All 

of these results at higher acidities are apparently not applicable to the 

usual diazotization reaction in dilute aqueous solution, except to suggest 

that NO+ must be ruled out as the nitrosating agent in the dilute solu

tions. 

A Carbonium Ion as an Intermediate 

Although the carbonium ion mechanism has generally been 

assumed to be correct, there is evidence which suggests that this is 

not the only mode of decomposition. The aromatic diazonium cation, 

because of its stability, can be considered the final product in the 

diazotization of aromatic amines. However, the aliphatic diazonium 

cation undergoes loss of nitrogen to ultimately give a variety of pro

ducts. Evidence for the carbonium ion intermediate comes from the 

study of optically active amines. The stereochemistry of the products 

shows largely racemization, with some inversion which can result 

from the shielding of one side of the carbonium ion by the leaving 

nitrogen group. 



17 

Whether an extreme SN1 process or one with some SN2 char

acter is occurring has been discuss-ed by some workers. The deamina

tion of a-  and y-methylallylamines and a,  a-  and y, y-dimethylallylamines 

in water, which give the same mixture of alcohols as is obtained in the 

silver ion catalyzed hydrolysis of the corresponding chlorides, suggests 

a carbonium ion mechanism (Dewolfe and Young 1956). However, the 

deamination of these allylamines in acetic acid gives a larger proportion 

of unrearranged products than the silver ion catalyzed solvolysis of the 

corresponding chlorides, indicating that not all of the deamination pro

ducts are formed from a carbonium ion. 

Streitwieser and Schaeffer (1957) state that the common inter

mediate is the diazonium ion, which can then react by four different 

paths. One of these is direct displacement, as illustrated by the reac

tions of optically active 1- and 2-aminobutane-l-d in acetic acid, which 

give 69% inversion for the primary amine and 28% inversion .for the 

secondary amine. Elimination or rearrangement of a hydrogen or 

carbon function trans to the leaving nitrogen are two other paths. The 

fourth path, carbonium ion formation by loss of nitrogen, is considered 

then as only one means of product formation. 

A discussion of an open vs. a bridged carbonium ion has also 

appeared. Curtin and Crew (1954) studied the rearrangement of 2-

amino-l-p-anisyl-l-phenyl-ethanol and 2-amino-l-p-tolyl-l-phenyl-

ethanol and found that the migration ratio for p-anisyl/phenyl is only 
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1.5 and for p-tolyl/phenyl is 1.3. Thus,, they state that on the basis of 

this insensitivity of the rearrangement to substituents on the amino 

alcohol, the formation of an open carbonium ion (I) is to be preferred 

over the formation of a bridged carbonium ion (II). 

Ar /Art. 
>C-tH2...S2 -9 €H2._4+ 

(I) (II) N2 

Streitwieser (1957) studied the reaction of /3-arylethylamines and found 

the corresponding relative rate of rearrangement for a p-anisyl group 

to be 9.0. He concluded that the migrating group bears a significant 

positive charge, indicating the formation of a bridged carbonium ion (II). 

He claims that the low migration ratios which Curtin and Crew obtained 

are due largely to the relative population of the different conformations. 

14 A mixture of diastereoisomers of 3-phenyl-2-aminobutane-l-C 

was deaminated and the crude product, 3-phenyl-2-butanol, was treated 

with sodium hypoiodite by Bonner and Tanner (1958). The possibilities 

are (1) if a non-rearranging classical carbonium ion is formed, the 

14 
iodoform obtained would have all the original C , (2) if there is a 

totally concerted phenyl migration then iodoform with no activity would 

be obtained, and (3) if there is a symmetrical phenonium ion, it would 

14 
lead to iodoform with 50% of the original C . The iodoform obtained 

14 had almost exactly 50% of the original C , indicating the participation 

of the symmetrical phenonium ion. 
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Evidence for the existence of a methyl-bridged carbonium ion 

comes from the work of Cram and McCarty (1957), who studied the 

deaminative acetolysis of the optically pure diastereoisomers of 3-

phenyl-2-butylamine. With threo-3-phenyl-2-butylamine, if reaction 

proceeds only through an initial "open" carbonium ion (III), the resulting 

acetate would be a mixture of diastereoisomers (IV and V), unrearranged 

and optically active by virtue of the unchanged asymmetric atom. If a 

methyl-bridged carbonium ion is the intermediate, it could be attacked 

at the a-carbon with regeneration of the original configuration and car

bon skeleton, resulting in optically active unrearranged product with 

retention of configuration (V). Alternatively, the methyl-bridged inter- . 

mediate could be attacked at the /J -carbon to give the optically active 

rearranged product with inversion of configuration (Via), or it could 

open to give a rearranged classical carbonium ion (VII) which would 

form racemic rearranged acetate (Via and VIb). The product was found 

to consist of 32% rearranged material, of which 16% was optically 

active. Thus, a methyl-bridged carbonium ion is a probable intermedi

ate. Since the unrearranged products could also arise from other, less-

likely conformations than the one illustrated here, the proportion of 

the diastereoisomers IV and V does not provide useful information about 

this reaction sequence. 
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Causes of Conflict in the Literature 

A survey of the literature shows conflicting data on the mechan

ism of diazotization. The early workers failed to realize the complexity 

of the reaction and the variation of the nitrosating species with experi

mental conditions. In almost all the work reported the studies are 

insufficiently complete. 

The principal conflicts in the literature most likely arise from 

(1) an assumption that the nitrosating species and the order of the 

reaction are unaffected by a change in pH, (2) confusion between the 



stoichiometric and the molecular rate equations, (3) apparent disagree

ment of experimental fact, although in some cases this is a result of 

disregarding or misinterpreting some of the experimental observations, 

and (4) an assumption that the results with aliphatic amines is directly 

applicable to aromatic amines, and vice versa. 

Thus, Dusenbury and Powell (1951a, b) studied in detail the 

reaction of ammonia and of methylamine with nitrous acid only at pH 3 

and assumed that their results of a second order reaction were appli

cable to other pH values as well. Okano and Ogata (1953) assumed a 

third order reaction for the diazotization of aniline over the pH range 

0.6 to 3.3, with an experimental determination of the order only for 

pH 2.2 and 3.3. At each of these acidities they reported only an aver

age rate constant, and for a range of concentrations of reagents limited 

to a 50% increase in each. Hughes, Ingold, and Ridd (1958a) obtained 

an anomalous order of 0.6 in amine for the diazotization of aniline at 

a pH of about 4. Since they were unable to find a buffer which would 

not affect the nitrosating species, they allowed the acidity to change 

during the measurement of the rate, although they recognized that the 

order changes with variation in pH. 

Okano and Ogata (1953) deduced H^Og* as the nitrosating 

species from their claim of increase in rate with increase in hydrogen 

ion concentration. In order to support this conclusion they discarded 

the half of their data which shows a decrease in rate with an increase 



in acidity, and they compared stoichiometric rate constants. Compari

sons of the rates of reaction of different amines have usually been made 

from their stoichiometric rate constants, which does not take*into 

account the effect a variation in basicity of the amine will have upon the 

actual concentration of the reacting species. 

Dusenbury and Powell state that phosphate buffer has no catalytic 

effect on the reaction of nitrous acid with ammonia (1951a) or with 

methylamine (1951b). They used sodium perchlorate to make up their 

solutions to a constant ionic strength in the reactions with ammonia, 

but sodium chloride was used for that purpose in their experiments with 

methylamine, although Schmid and Muhr (1937) had shown that chloride 

ion catalyzes the diazotization of aniline. Okano and Ogata (1953) state 

that biphthalate-hydrochloric acid and citrate-citric acid buffers gave 

rates for the diazotization of aniline at variance with those using sulfate-

sulfuric acid as the buffer. They make no statement concerning a test 

of the effect of the sulfate-sulfuric acid mixture on the rate, although 

that was the buffer used for reactions in the pH range 2.0-3.3, and 

sulfuric acid alone was used to set the acidity in the pH range 0.6-2.0. 

Phosphate and acetate buffers were used in the oxygen-18 

exchange studies with nitrous acid of Anbar and Taube (1954), who 

claim that the buffers have no effect on the reaction mechanism. How

ever, the data presented shows that the rate varied with phosphate 

buffer concentration and changed when phosphate was replaced by 



acetate. Hughes and his co-workers (Hughes and Ridd 1958a,b; Hughes, 

Ingold, and Ridd 1958d) were unable to find a buffer which would not 

change either the rate of the reaction or the nitrosating species. 

Ewing and Bauer (1958) have shown that nitrous acid decompo

sition is an important side reaction at a pH less than 4 in solutions 

duplicating those of Dusenbury and Powell (1951a, b). Most investigators 

ignore this possibility (Okano and Ogata 1953) or dispute its importance 

(Hughes, Ingold, and Ridd 1958a;Dusenbury and Powell 1951a). Hughes 

et al. determined the rate of nitrous acid decomposition to be only 2% 

of the rate of diazotization of aniline in solutions of pH 2.7 with a 

stoichiometric nitrous acid concentration of 0.001 M. They further 

state that the decomposition becomes non-linear (with no specified 

initial relative rate) at 0.005 M nitrous acid, and that a change in 

acidity has no effect on this reaction other than to change the molecular 

concentration of nitrous acid. Since nitrous acid is about 82% in the 

-4 molecular form at a pH of 2.7 (using a K * 4.5 x 10 ), they should 
cl 

note at least a small but definite change in decomposition rate with 

0.001 M nitrous acid on changing to a pH of 2.0, where the acid is 96% 

in the form of unionized molecules. Some of their experiments, which 

are apparently uncorrected for nitrous acid decomposition, include 

stoichiometric nitrous acid concentrations at 0.003 M and a pH of 1.3. 

If the nitrous acid decomposition is second order in nitrous acid, it 

should not be negligible under these conditions. 
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The above disagreements are especially important when it is 

recognized that the most complete studies of the reaction of nitrous acid 

with ammonia and aliphatic amines (methylamine and glycine) are those 

of Dusenbury and Powell (1951a, b, c) and the far more detailed studies 

of aromatic diazotization are those of Hughes et al. (Hughes, Ingold, 

and Ridd 1958a, b, c, d, Hughes and Ridd 1958a, b). Since there is 

fundamental disagreement between these two series on almost every 

point, it is not possible to fit ammonia, aliphatic amines, and aromatic 

amines into one overall reaction mechanism on the basis of prior work 

in the literature. 



STATEMENT OF PROBLEM 

Although there has been much work done on the mechanism of 

diazotization, there still remain several problems which need investi

gation. Some of the main paints of disagreement concern 

(1) the order of the reaction, both with respect to the amine 

and to the nitrous acid, 

(2) the nature of the nitrosating species, 

(3) the dependence of the rate on the acid concentration, 

(4) the importance of the decomposition of nitrous acid as a 

side reaction, 

(5) the effect of anions, particularly those of buffering agents, 

on the reaction, and 

(6) the accommodation of ammonia, aliphatic amines, and 

aromatic amines into the same overall reaction mechanism. 

The present research was undertaken in an attempt to clear 

up some of the above points of controversy as well as to obtain more 

information in regard to the mechanism. The approaches which are 

likely to resolve the conflicts involve 

(1) controlling the pH without otherwise affecting the reacting 

species, 
25 
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(2) determining the order for each reactant over a wide pH 

range, 

(3) ascertaining the amount of nitrous acid decomposition that 

occurs over the same range of concentrations and acidities as those used 

in the diazotization studies, and 

(4) carrying out the reaction with ammonia, aliphatic amines, 

and aromatic amines under as closely similar conditions as possible. 

The effect of steric factors on the transition state has not been 

previously studied. This can be investigated by using a series of aliphatic 

amines with different steric requirements, such as n-butylamine, sec-

butylamine, isobutylamine, t>butylamine, and neopentylamine. The 

presence or absence of steric effects may give additional information 

about the nature of the reaction intermediates. 



EXPERIMENTAL 

Materials 

Ammonium perchlorate (Matheson, Coleman, and Bell) was 

analyzed by the method of Kolthoff (Kolthoff and Becker 1957) which 

involves addition of excess hypobromite, potassium bicarbonate, and 

potassium iodide. The excess hypobromite is then titrated with standard 

thiosulfate. The ammonium perchlorate was 99% pure, so no correction 

for purity was made. 

Sodium nitrite (Mallinckrodt A. R.) was checked by addition of 

excess eerie sulfate, to which was added an excess of potassium iodide, 

followed by titration of the iodine liberated with standard thiosulfate 

(Kaye 1940). The solution was kept under a nitrogen atmosphere and 

standardization at intervals showed negligible decomposition. 

Sodium perchlorate (G. F. Smith Chem. Co.) was used in all runs 

to make up the ionic strength to a predetermined value. 

Fluoride buffer solutions were made with 48% hydrofluoric acid 

(Mallinckrodt A. R.) and sodium fluoride (Mallinckrodt A. R.). 

Phosphate buffer solutions were made from phosphoric acid 

(Baker A. R.) and sodium dihydrogen phosphate (Merck). 

27 



Aniline was distilled from zinc dust under a nitrogen atmos

phere to obtain a clear- liquid, b.p. 179-80°. 

R-salt, sodium 2-napthol-3, 6-disulfonate (Matheson, Coleman, 

and Bell), war recrystallized several times from a hot sodium chloride 

solution and dried in a vacuum oven (Hughes, Ingold, and Ridd 1958a). 

Sec-butyl, isobutyl, and t-butyl amines were purified by distil

lation to obtain colorless liquids; center cuts b.p. 60.5-62.5°, 65-66°, 

and 42-44°, respectively, were used. 

n-Butylamine was prepared (Smith and Emerson 1955) from 

n-butylamine hydrochloride by addition of a 40% solution of sodium 

hydroxide, followed by saturation of the solution with potassium car

bonate. The n-butylamine, which separates as an oily layer, was dried 

over anhydrous sodium sulfate, distilled, and the center cut, b.p. 70-

80°, was used. 

Neopentylamine was prepared by the reduction of pivalonitrile 

using two different methods. In the first method (Walter and McElvain 

1934) the pivalonitrile, in absolute ethanol, was stirred into finely 

divided sodium in toluene, then 95% ethanol was added to destroy the 

excess sodium. The mixture was then poured into water, and the 

toluene and water layers were separated. The water layer did not 

contain any of the amine. The toluene layer was extracted with 15% 

hydrochloric acid solution. The acid solution was mixed with excess 

40% sodium hydroxide solution and saturated with potassium carbonate 
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to form two layers. The top layer contained ethanol and the amine, 

which have approximately the same boiling point. In order to separate 

the amine, dry hydrogen chloride was bubbled through this solution, 

followed by the addition of ether to give a white solid, the amine hydro

chloride, which was filtered. The free base was obtained by the addition 

of sodium hydroxide and potassium carbonate, as above. A low yield of 

neopentyl amine, b.p. 78-80°, was obtained. A repetition of this pro

cedure, but using n-butanol instead of ethanol, gave no product. 

The second method involved the addition of a 10% excess of 

lithium aluminum hydride in ether to pivalonitrile also in ether (Nystrom 

and Brown 1948, Curtin and Gerber 1952, Gannon and House 1960). The 

pivalonitrile was added at a rate to maintain reflux of the ether. After 

completion of the addition (3 hr.), the reaction mixture was stirred 

for several hours. The solution was cooled in ice, and water was added 

dropwise with stirring to destroy the excess lithium aluminum hydride. 

Next, 500 ml. of a 20% solution of sodium potassium tartrate was 

added, and the ether layer was separated, dried over anhydrous sodium 

sulfate, and fractionally distilled, b.p. 78-80°. Potentiometric titration 

of the neopentylamine with perchloric acid demonstrated its purity. 

Benzenesulfonamide was recrystallized from ethanol and water. 

White crystals were obtained, m.p. 156-156.5°; lit. 156° (Huntress and 

Autenrieth 1941). 
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1, 3-Diphenylguanidine was recrystallized from ethanol. White 

needles were obtained, m.p. 147°; lit. 148° (Heilbron 1953). 1,1-Di-

phenylhydrazine hydrochloride was converted to the free base. Difficulty 

was encountered in preventing the base from oxidizing. The hydro

chloride was dissolved in warm water, and a dark colored material 

which did not dissolve was removed by filtration. Decolorization with 

charcoal was repeated until a yellow solution was obtained. Heating to 

too high a temperature darkened the solution, indicating the formation 

of more oxidized material. The yellow solution was cooled in ice and 

cold 40% sodium hydroxide solution was added. A white precipitate was 

obtained which was quickly filtered and dried in a vacuum oven. On 

drying a tan colored compound was obtained which was kept in a vacuum 

desiccator, m.p. 34°; lit. m.p. 34.5° (Volander and Bittnis 1935). 

Solutions 

All amines were used as their perchlorate salts. Standardiza

tion of the solutions of the amines was carried out and an equivalent 

amount of a perchloric acid solution was added. Stock solutions of 

fluoride buffer, pH 1.5-4, for use with the aromatic amine, were made 

using the appropriate amounts of sodium fluoride and hydrofluoric 

acid. For the aliphatic amines a stock solution of hydrofluoric acid 

was used and the appropriate amount of sodium fluoride was weighed 

out each time. 
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A solution 0.01 M in R-salt and 0.025 M in borax was used to 

couple the diazonium cation (Hughes, Ingold, and Ridd 1958a). 

Stock solutions of thymol blue for pH 1.2-2.8 and bromphenol 

blue for pH 3.0-4.0 were made up, and aliquots of these solutions were 

added to the reaction mixtures to determine the pH. 

The reaction mixture consisting of fluoride buffer, sodium per-

chlorate, and the perchlorate salt of the appropriate amine was usually 

made up to 50 ml. in a volumetric flask. This solution was washed into, 

the reaction flask with the necessary amount of water to bring the final 

total volume of the reaction mixture, after addition of the sodium nitrite 

solution, to 100 ml. The stock solution of sodium nitrite was diluted 

to such a concentration that 5 or 10 ml. of it could be added to the reac

tion mixture to obtain the desired nitrite concentration. 

Apparatus 

The rate of diazotization of aliphatic amines was followed by 

nitrogen evolution. In a constant temperature bath was placed a long-

necked flask (Fig. 1) with side arm connected by means of a three-way 

stopcock to a gas buret, which was in turn connected to a leveling bulb. 

Water from the constant temperature bath was circulated around the 

gas buret. Temperature control was 0.05°. 

Diazotization of aromatic amines was carried out in a 200 ml. 

three-necked round-bottom flask containing a ground glass stirrer and 
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Fig. 1. Apparatus for studies of the diazotization of aliphatic amines. 



ground glass stoppers in the side necks. For reactions at 0° this flask 

was immersed in an ice-water mixture in a large Dewar flask. Reac

tions at other temperatures were run in the same reaction flask 

immersed in a Wilkens-Anderson low temperature bath. 

A Bausch and Lomb Spectronic 20 was used to measure the 

amount of coupling reaction between the R-salt and the diazonium 

cation. 

For all solutions except those containing fluoride ions, pH 

measurements were made on a Leeds and Northrup pH meter. This 

instrument was also used for all potentiometric titrations. 

The hydrogen ion concentration of solutions containing fluoride 

ions was determined spectrophotometrically on a Cary Model 11 

Recording spectrophotometer. 

Procedure 

Aromatic Amines 

A stock solution, 0.01 M in R-salt and 0.025 M in borax, was 

made up for coupling with the aromatic diazonium cation. For the 

preparation of a standard curve, the reaction mixture used consisted 

of 100 ml. of a solution 0.002 M in anilinium perchlorate, 0.006 M in 

perchloric acid, and 0.04 M in sodium nitrite. This reaction goes to 

completion almost immediately. Several different sized aliquots of 

this solution were withdrawn and added to 27 ml. of the R-salt solution 



with the immediate appearance of a bright orange color. The optical 

density of these solutions was taken at 590 m/i on a Spectronic 20. A 

plot of optical density vs. concentration was in accordance with Beer's 

Law. 

The diazotization of aniline was carried out in a 200 ml. three-

necked round-bottom flask with a ground glass stirrer and bushing 

adapter. Ground glass stoppers were placed in the other two necks. A 

solution containing the anilinium per chlorate, sodium perchlorate, and 

fluoride buffer was put into the reaction flask and allowed to come to 

thermal equilibrium. To start the reaction a solution of sodium nitrite, 

which had been brought to the same temperature, was added by pipet to 

this solution, bringing the total volume to 100 ml. When the pipet was 

emptied, the timer and stirrer were started. At various intervals 5 ml. 

aliquots of the reaction mixture were withdrawn and added to 27 ml. of 

the R-salt and borax solution. The optical density was taken and, if 

necessary, the solution was diluted, thus measuring the amount of 

diazonium cation that was formed. Almost all of the reactions were 

followed up to 80 or 100% of completion. At the end of the reaction, 

an aliquot was withdrawn and added to the appropriate indicator and 

the hydrogen ion concentration determined spectrophotometrically. 

To determine if the decomposition of nitrous acid was a signif

icant side reaction under the conditions used for the diazotization of 
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aromatic amines, a run was made at 5° excluding the aniline. The 

reaction mixture consisted of 0.01 M sodium nitrite, fluoride buffer at 

pH 2, and sodium perclilorate to make the solution the same ionic 

strength as with the amine present. This reaction was carried out in 

the apparatus used for the aliphatic amines. No evolution of gas was 

observed, and it was concluded that the decomposition of nitrous acid 

was not a side reaction under the conditions employed. 

Aliphatic Amines 

The rate of reaction of aliphatic amines was followed by the 

evolution of nitrogen into a gas buret in the apparatus previously 

described. A solution of the ammonium perchlorate, fluoride buffer, 

and sodium perchlorate was added to the reaction vessel and allowed 

to come to temperature. The first series of runs, in which the air was 

swept out of the reaction flask by flushing the apparatus with nitrogen 

gas, gave an inhibition period oefore any gas was evolved. After the 

reaction started, a red-brown gas could be seen in the gas buret, and 

the results were not reproducible. However, if nitrogen gas was 

bubbled through the solutions and the water in the gas buret for several 

minutes, the inhibition period disappeared, and the results were then 

reproducible. This procedure was used for all the runs and care was 

taken to exclude all air on adding the sodium nitrite solution by allow 

ing nitrogen gas to sweep over the reaction flask when it was opened. 



After addition of the sodium nitrite solution by pipet, the reaction 

vessel was closed and the magnetic stirrer was started. The three-way 

stopcock was turned to open the system to the atmosphere and the level

ing bulb was raised in order to fill the gas buret. The reaction vessel 

was next connected to the gas buret by turning the three-way stopcocK. 

Readings of the volume of nitrogen evolved were taken at intervals to 

measure the rate of reaction. Periodically, the barometric pressure 

was also taken for correction of the gas volumes to standard conditions. 

These reactions were followed to approximately 50% completion and the 

pH was determined in the same manner as with the aromatic amines. 

Duplicate runs agreed to within 3%. 

In order to determine if an olefin was present as a gaseous 

product in the reactions of the aliphatic amines, a sulfuric acid trap 

was used. This trap, consisting of a gas dispersion bottle containing 

concentrated sulfuric acid, was placed in the constant temperature bath 

between the reaction vessel and the gas buret. Duplicate runs were 

made with and without the use of the sulfuric acid trap, and in all cases 

the difference in rates was negligible. It was concluded that no gaseous 

olefins were evolved. 

Under the conditions of several of the diazotizations of aliphatic 

amines, the decomposition of nitrous acid was a significant side reac

tion. In order to determine that portion of the volume of evolved gas 

which was nitric oxide arising from the decomposition of nitrous acid, 
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duplicates of many of the runs, excluding the amine perchlorate, were 

made. Sodium perchlorate was added to compensate for the decrease 

in ionic strength from the exclusion of the amine. Again, nitrogen gas 

was bubbled initially through the solutions and the water in the gas 

burets to avoid the inhibition period. It was assumed that all of the gas 

evolved here was from the decomposition of nitrous acid. 

pK Determinations 3. 

The pK 's of the butyl and neopentyl amines were determined 
cl 

potentiometrically by the titration of a solution of the amine with stand

ard 0.1 N; perchloric acid. For 1,1-diphenylhydrazine and 1, 3-diphenyl-

guanidine, a 50 mg. sample of the base was dissolved in water and 

excess perchloric acid was added. The excess acid was then titrated 

with 0.05 N sodium hydroxide. All of the titrations were carried out 

at room temperature, the temperature of the solution being taken at the 

completion of the reaction. 

The same procedure was attempted for the determination of the 

pK of benzenesulfonamide. However, no displacement of the titration 
3, 

curve of perchloric acid with sodium hydroxide was observed when the 

benzenesulfonamide was present, indicating a pK <2. A spectro-
cl 

photometric method was next attempted. Benzenesulfonamide solutions 

were made 0.01, 0.1, and 1.0 M in hydrogen ion with hydrochloric acid. 

No change in the UV spectrum was observed with an increase in 
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hydrogen ion concentration. Moreover, a solution of benzenesulfona-

mide in 1 M sodium hydroxide gave the same spectrum as that of the 

compound in water and in acid. A spectrophotometry method, then, 

cannot be used to determine the pKa of the compound since the UV 

spectra of CgHj-SOgNE^, CgHgSC^NHg4", and CgHgSC^NH are the same. 

This probably occurs because there is little resonance interaction 

between the free electron pair on the nitrogen atom and the pi electrons 

of the benzene ring. The only conclusion that can be reached is that the 

pK of benzenesulfonamide is less than 2. 
ci 

Calculations 

Correction of Gas Volume 

A correction has to be applied to the volume of gas in the 

apparatus to obtain the actual volume of nitrogen evolved. To obtain 

the total volume of gas space inside the apparatus, or initial gas vol

ume, V , the volume of the solution is subtracted from the volume of 
' o 

the reaction vessel and tubing. The volume of gas in the buret plus the 

initial gas volume is then corrected to standard conditions, taking into 

account the vapor pressure of the water at that temperature. The cor

rection factors, F and F., are defined as ' o r 

AP - VP or7„ t-i o w 273 F * x 0 760 T 

AP. - VP or?„ 
F « 1 W v 273 

1 760 T 



where AP^ * initial atmospheric pressure 

AP^ * atmospheric pressure at time of reading 

VP * vapor pressure of the solvent, water, at the tempera
ture of the reaction 

Then, 

where 

T « absolute temperature of the gas 

VQrpT) * (V . + V ) F. - (V x F ) 
STP obs o 1 o o 

VgTp * volume of gas evolved, corrected to standard 
conditions 

V"obs ~ reading of the gas buret 

Vq « initial free gas space of the apparatus 

If the atmospheric pressure remains unchanged, F^ * Fq and 

the equation can be simplified to 

V - (V x F ) 
STP ' obs o; 

Correction for Nitrous Acid Decomposition 

Since nitrous acid decomposition may be an important side 

reaction in the diazotization of ammonia, a correction for it must be 

made in some cases. This was particularly so at pH 3 and a nitrous 

acid concentration of 0.064 M. At pH 1 and 2 the ammonia does not 

participate in the reaction (Table 16). Therefore, decomposition of 

nitrous acid is probably occurring almost exclusively as a second 

order reaction (Table 15). 



40 

A blank, containing sodium nitrite, fluoride buffer, and sodium 

perchlorate, which would evolve gas only by nitrous acid decomposition, 

was run in parallel with the same reaction mixture containing ammonia. 

From the rate of evolution of gas from the blank, a second order rate 

constant for nitrous acid decomposition, kp was calculated. In the 

reaction mixture containing ammonia, two parallel reactions are 

occurring, nitrous acid decomposition and diazotization. A second 

order rate constant for the overall reaction, k, was calculated. The 

rate constant for the diazotization, kg, can be evaluated from the other 

two rate constants (Frost and Pearson 1953, p. 151). 

k 2 " k _ k l  

Determination of Reaction Order 

The order of the reactions was determined at various values of 

pH. Since the rate of reaction of the aromatic amine was rapid and the 

reaction was usually followed to completion, the half-life method 

(Frost and Pearson 1953, p. 41) was used to determine the order with 

respect to each reactant. Several runs were made where the concen

tration of one reactant was held constant and that of the other was 

varied. A plot of log t.^ vs- concentration was made, the slope 

of the line obtained being the order with respect to the reactant varied. 

This procedure was repeated varying the concentration of the other 

reactant. 



• For the aliphatic amines, the rate of the reaction was much 

slower than in the case of the aromatic amine. The method of van't 

Hoff (Frost and Pearson 1953, p. 44), which involves the initial rate 

as a function of concentration, was used to determine the order with 

respect to each reactant. As a measure of the derivative, dx/dt, the 

ratio of finite increments Ax/At is taken. This is accurate for not 

more than one-tenth of the reaction. The concentration of one reactant 

was held constant and that of the other reactant varied. A tangent to 

the curve at the initial part of the reaction was drawn, and the slope 

of this line was taken as a measure of the initial rate. A plot of log 

(Ax/At) vs. concentration was made, the slope of this line being the 

order with respect to the reactant varied. This procedure was repeated 

varying the concentration of the other reactant. 

Rate Constants 

Two types of rate constants were calculated. The first type, 

the stoichiometric rate constant, k , depends on the total amount of s 

amine species and the total amount of nitrite species present; the 

second type, the molecular rate constant, k , depends on the concen

tration of free amine and unionized nitrous acid, which are presumed 

to be the species actually undergoing the reaction. 

The reactions studied, for which second or third order rate con

stants were applicable, are of the type (Frost and Pearson 1953, 

pp. 14-22) 
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(1) 2 A ss . . . 

(2) 2A + B « . . . 

In (1) the rate equation for the second order stoichiometric rate 

constants, kg, is 

1 x 
k „t 's2 a(a - x) 

where, 

a * the initial moles/liter of 2 HONO species 

x * the moles/liter of diazonium salt which has formed in 
time t 

A plot of x/ [a(a-x)] vs. t in seconds gives a straight line with slope of 

ks2' 

The rate equations for (2), the third order stoichiometric rate 

constant are 

where a « b 

, , x (2a-x) 
* 2 2 Sd 2a (a-x) 

and for a b 

, , 1 r x , 2.303 , b(a-x) 
s3 * (b-a) f a(a-x) (b-a) og a(b-x) ^ 

where, 

a w the initial moles/liter of 2 HONO species 

b * the initial moles/liter of JJ amine species 



x * the moles/ liter of diazonium salt which has formed or 
nitrogen evolved in time t 

In the first case, a * b, a plot of • x(2a-x) —_ vs> ^ gjves a 

2a (a-x) 

straight line whose slope is the third order stoichiometric rate constant, 

kgg. In the second case, a b, a plot of 

r x 2.303 b (a-x) 7 

^ a(a-x) b-a og a(b-x) ^ 

vs. t gives a straight line whose slope is multiplied by -r— to 
D — 3. 

give ks3. 

Molecular rate constants, which depend only on the concentra

tion of the species actually reacting, were also calculated. To obtain 

the molecular second order rate constants, k n, the stoichiometric 
' m£' 

second order rate constant was divided by the square of the fraction of 

the total nitrite species in the form of nitrous acid. The third order 

molecular rate constant, was obtained by dividing the third order 

stoichiometric rate constant by the square of the fraction of the total 

nitrite species in the form of nitrous acid and by the fraction of the 

total amine species present as the free base. 

The energy of activation, E , was determined from studying 
ct 

the reaction at several different temperatures. A plot of log k vs. 1/T 

was made and least square calculations were used to determine the 

slope of the line. This value was multiplied by 2.303 R to obtain the 

energy of activation in kcal./mole. 
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Ionic Strength 

The ionic strength was calculated as the sum of the molecular 

concentrations at equilibrium, of the sodium nitrite, sodium fluoride, 

anilinium or ammonium perchlorate, and sodium perchlorate, the 

latter being added to bring the total to the desired predetermined value. 

These salts were considered to be completely ionized, and the hydro

fluoric acid component of the buffer to be completely unionized for 

purposes of this calculation. 

Hydrogen Ion Concentration Determination in the Presence 
of Fluoride Ions 

If fluoride ions are present in a solution, a pH meter cannot 

be used to measure its hydrogen ion concentration. Therefore, a 

spectrophotometry method had to be used. It was found that the acid 

and base peaks of thymol blue are separated enough and that both peaks 

occur in the pH range 1.2-2.8. This indicator was used well within 

this range, from approximately pH 1.5-2.2. Bromphenol blue was used 

in the.pH range 2.9-4.2. Both acid and base peaks were obtained in 

this region. This indicator, however, was used at the more extremes 

of its pH range, therefore, the accuracy of the measurements is 

decreased and the values are not as reliable as those obtained with 

thymol blue. 

Several different buffer solutions in the appropriate pH range 

were made up to a known concentration in indicator. The spectra of 
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these solutions were taken on a Cary Model 11 Recording Spectrophoto

meter and from the known hydrogen ion concentration of the buffer and 

the height of the acid and base peaks, the constant for the indicator 

could be calculated. The appropriate indicator was added at known con

centration to the reaction mixtures at the completion of the reaction and 

the visible spectrum was recorded. From the constant for the indicator 

and the height of the acid and base peaks, the hydrogen ion concentration 

of the solution could be calculated. The pH of several solutions was taken 

at the beginning and end of the reaction and it was found that the hydro

gen ion concentration remained relatively constant. 

Theoretical Curves for Possible Reacting Species in the 
Diazotization of Aniline 

A series of theoretical curves, each representing one possible 

combination of reacting species of aniline and nitrous acid, were con

structed for various possible combinations. 

Plots of the log p vs. pH were constructed (Fig. 12). Each of 

the possible pairs of reacting species from nitrous acid and amine gives 

a different set of p values, where p represents the ratio of the rate of 

reaction at a given acidity to the rate at 1 M hydrogen ion concentration. 

The following equilibria expressions and equations were used: 
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+ + [H9 NO9
+] 

H + HONO ZL H0N00 K * £ (2\ 
2  2  a  [ H + ]  [ HONO] 

+ + [C6H5NH][H+] ^ 
CftH,NH,/ ~ H + C<,HkNH0 K0 » (3) 

6 5 3 6 5 2 2 [C6H5NH3
+] ^ 

[C6H5NH2] + [C6H5NH3
+] » S amine (4) 

[HONO] + [N02~] + [H2N02
+]» 2 nitrite (5) 

Solving (1) and (2) for [HONO] 

[HT] [NO ] [H
2

N02 ] 
[HONO] « = - - (6) 

1 KJH+] 

Solving (6) for [N02 ] 

K [H NO +] 
[NO ] - 22 (7) 

2 Ka [H+f 

Substituting (6) and (7) into (5) and solving for [H2N02
+] 

[NO ~ + HONO + H9NO0
+] x „ 

[H NO +] - i-g ? [hY K (8) 
2 2 [H ] KA + [H ] + KJ A 

If [H2N02
+] is not present in the kinetic expression, 

(5) reduces to 

[HONO] + [N02~] « 2 nitrite (9) 
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and (7) is rederived as 

[HONO] K 
[NO "] * ——— (10) 

2 [H+] 

Substituting (10) into (9) and solving for [HONO] 

[HONO + N09" ] 
[HONO] « 7 Z [H+] (11) 

[H+J + Kj 

Solving (3) for [CgHgNHg4-] , substituting into (4), and 

solving for [C^K^N^ ] 

[C H NH + c H NH +] 
[C6H NH ] J K (12) 

[H ] + K„ 1 

The appropriate quantities are then substituted into the differ

ential rate equations for the possible reaction mechanisms to give the 

following results: 

A. 2 HONO - N203 + H20 

dlC6H5N2+l A 2 
- RH+ - k2 [H0N°] <1S> 

Defining RH+ as the rate of the reaction at a given acidity, R1 as the 

+ 
RH+ 

rate at [H ] » 1 M, and p as the ratio —^—-—, substituting (11) into 
1 

(13) and simplifying, for mechanism A 
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tH+]2, + 

B. HONO + C6H0NH3
+ - C6H5N2

+ + 2 H O 

RH+ " K
2

B[HON°L [C
6

H5NH3+] (14) 

Substituting (11) and (12) into (14) and simplifying, for mechanism B 

PH - [H+]2 

B [H+] +K1 J I [H+] + K, 

c. H2NO2
+ 

+ C6H5NH2 - C6H5N2
+ 

+ 2 H2O 

RH+ " K2° [H2N02+ 1 [C
6

H5NH2^ (15) 

Upon substituting (8) and (12) into (15), it is seen that the result can 

be simplified to the same final form as in case B, si.ice appears 

only in a term K [H+]^ that is negligible in comparison to ([H+] + K.,), 
£1 1 

D. N203 + C6H5NH2 - C6H5N2
+ 

+ H2O + NO2-

R„+ « K3
D [HONO]2 [C6H5NH? ] 

Similarly 

PD " tH+]2 
(~ZJ 

1 

[H1"] + K1  I  I [HT] + K2 



E. HONO + C0H5NH2 - CGH5N2 + OH~ + H20 

Rh+ - k2
E [HONO] [C6HgNH2 ] 

Similarly 

E ^ ^ ' [H+] + KX [H+] + K2 



DISCUSSION AND RESULTS 

Fluoride Buffer 

From the work of other investigators (Dusenbury and Powell 

1951a, b, c; Hughes, Ingold, and Ridd 1958b; Hughes and Ridd 1958a), 

it appears necessary to buffer the reaction mixtures in the diazotization, 

but the usual buffers either catalyze the reaction or change the nitro-

sating species. Most Duffer solutions contain very nucleophilic anions 

which form nitrosyl compounds (Bunton, Llewellyn, and Stedman 1957). 

In reactions sensitive to nucleophilic reagents, a buffer solution of very 

low nucleophilic activity is needed (Pritchard and Long 1957). Although 

chloride, bromide, and iodide ions have been shown to change the nitro-

sating species, it has been mentioned that fluoride ion has no effect 

(Hughes and Ridd 1958b). Since fluoride is not very nucleophilic, it is 

not likely to form nitrosyl fluoride; also, mixtures of sodium fluoride 

and hydrofluoric acid could act as buffers in the pH range of 2 to 4. In 

order to test this, the concentration of the buffer was varied while 

keeping the concentration of the reactants constant for both the ammonia 

and aniline. 
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Fluoride ion does not affect the reaction except to act as a 

buffer (Tables 1 and 2). The hydrogen ion concentration of several 

reaction mixtures, for both aromatic.and aliphatic amines, was meas-

ured at both the beginning and the end of the reaction, and the acidity 

remained relatively constant. 

Order in Aniline and Nitrous Acid 

Using fluoride buffers at several values of pH in the range 1 to 

4, reactions of aniline were carried out with nitrous acid. The order 

with respect to each reagent was determined at each pH by varying the 

concentration of the aniline while holding that of the nitrous acid con

stant, and then varying the nitrous acid concentration with that of the 

aniline constant. 

An order of two in nitrous acid was always obtained (Tables 3, 

5, 7, and 9; Figs. 3, 5, 6, and 7), while the reaction was first order 

in amine at pH 1.5 and 2 (Tables 4 and 6, Figs. 2 and 4), and zero 

order at pH 3 and 4 (Tables 8 and 10). These results are in agreement 

with the equilibrium for aniline, 

CLELNEL + H+ - CcHcNHo+ pK * 4.58 at 25° 
6 5 2  6 5 3  ^  a  

since at the higher pH's, excess amine is present in the form of the 

free base. 
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Table 1. Effect of Fluoride Buffer Concentration on the Reaction of 
Ammonia with Nitrous Acid.a 

Run 

T 1 

' pH 
t i 

r 

HF + F~, M , Initial rate moles liter-1 

t sec.--'- ^ x 105 

1 3.10 0.450 0.333 

2 3.02 0.600 0.340 

3 3.08 0.900 0.330 

3, Stoichiometric concentrations: ammonia 0.100 M,nitrous acid 0.064 M; 
ionic strength 0.800, temperature 40°. 

k Uncorrected for nitrous acid decomposition. 

Table 2. Effect of Fluoride Buffer Concentration on the Reaction of 
Aniline with Nitrous Acid.a 

Run ; pH ' HF + F , M_ ^1/2 min' 

4 2.10 0.100 33.0 

5 1.92 0.200 37.0 

6 1.95 0.300 36.0 

ct Stoichiometric concentrations: aniline 0.001 M, nitrous acid 0.001 M; 
ionic strength 0.1, temperature 0°. 
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Table 3. Effect of Nitrous Acid Concentration on Reaction with 
Aniline at pH 1.5.a 

— „ . . , . _ _ — ' 

Run ' pH ' 2 HONO, M ' ,t1/n min. 
I T T / ^ 

7 

8 

9 

10 

£1 Stoichiometric concentrations: aniline 0.001 M, fluoride buffer 
0.100 M; ionic strength 0.1, temperature 0°. 

1.50 0.00075 96.0 

1.49 0.001 52.0 

1.56 0.002 13.5 

1.53 0.003 4.7 

Table 4. Effect of Aniline Concentration on Reaction with Nitrous 
Acid at pH 1.5.a 

T T ' 

Run ' pH '2 CgHgNHg , M ' t^ min. 

8 1.49 0.001 52.0 

11 1.46 0.002 25.0 

12 1.47 0.003 17.0 

13 1.55 0.004 13.0 

Stoichiometric concentrations: nitrous acid 0.001 M, fluoride 
buffer 0.100 M; ionic strength 0.1, temperature 0°. 
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Table 5. Effect of Nitrous Acid Concentration on Reaction with 
Aniline at pH 2.a 

t T T 

Run ' pH ' S BONO, M ' t . min. 
T T f V " 

14 2.11 0.0005 160.0 

4 2.10 0.001 33.0 

16 2.01 0.0015 10.0 

17 2.17 0.002 5.6 

cl Stoichiometric concentrations: aniline 0.001 M, fluoride buffer 0.100 M; 
ionic strength 0.1, temperature 0°. 

Table 6. Effect of Aniline Concentration on Reaction with Nitrous 
Acid at pH 2.a 

T t t 

T t T 

Run , pH , Z CgHj-NHg, M_ , ^\/2 m^n• 

18 2.03 0.0005 65.0 

15 2.11 0.001 33.0 

19 2.12 0.002 17.0 

20 2.11 0.003 12.0 

a Stoichiometric concentrations: nitrous acid 0.001 M, fluoride 
buffer 0.100 M; ionic strength 0.1, temperature 0°. 



55 

Table 7. Effect of Nitrous Acid Concentration on Reaction with 
Aniline at pH 3.a>b 

Run ' 2 EONO, M ' t1/r min. 
t r V " 

21 0.0005 120.0 

22 0.001 25.4C 

23 0.002 5.0 

24 0.003 2.6 

o 
Stoichiometric concentrations: aniline 0.001 M, fluoride buffer 
0.050 M; ionic strength 0.1, temperature 0°. 

k pH not measured. 

p 
Using same concentrations and temperature, except with 0.1M 
fluoride buffer, t* 28.0 min. 

Table 8. Effect of Aniline Concentration on Reaction with Nitrous 
Acid at pH 3.a> ^ 

Run ' >; CgHgNHg , M ' t^2 min. 

22 0.001 25.4 

25 0.002 25.0 

26 0.003 24.5 

a Stoichiometric concentrations: nitrous acid 0.001 M, fluoride 
buffer 0.050 M; ionic strength 0.1, temperature 0°. 

k pH not measured. 
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Table 9. Effect of Nitrous Acid Concentration on Reaction with 
Aniline at pH 4. a 

T T T 

Run pH '2 HONO, M t min. 
T t T V ^ 

27 4.09 0.001 53.0 

28 4.08 0.002 31.5 

29 4.14 0.003 14.5 

30 4.08 0.004 7.3 

Stoichiometric concentrations: aniline 0.001 M, fluoride buffer 
0.100 M; ionic strength 0.1, temperature 0°. 

Table 10. Effect of Aniline Concentration on Reaction with Nitrous 
Acid at pH 4. a 

r T f 

Run ' pH '2 CgHgNHg, M ' t^4 min. 

31 4.15 0.0005 31.0 

28 4.08 0.001 31.5 

32 4.13 0.002 29.0 

33 4.10 0.003 29.0 

£L Stoichiometric concentrations: nitrous acid 0.002 M, fluoride 
buffer 0.100 M; ionic strength 0.1, temperature 0°. 
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Order in Ammonia and Nitrous Acid 

The first series of runs, in which nitrogen was not bubbled 

through the reaction mixtures, showed inhibition periods which ranged 

from a few seconds to almost an hour, depending on the concentration 

of nitrous acid. These results were discarded since they were not 

reproducible. If nitrogen is bubbled through the reaction mixtures and 

water in the gas burets, the runs are reproducible at the acidities used. 

The inhibition period was caused uy the presence of oxygen., which aids 

nitrous acid decomposition by removing the nitrosating species as 

nitrogen dioxide (Ewing and Bauer 1958) . 

The reaction was second order in nitrous acid at pli 2. 3 , and 4 

(Tables 11. 14, and 15, Figs. 9 and 11); however the order in ammonia 

varied. At a pE of 1 and 2. it was zero order (Table 16) ; at pH 3, 0.6 

order (Table 13, Fig. 10) ; and at pE 4, first order ('fable 12, Fig. 8) . 

This is opposite to what "would be expected, considering the ammonia 

equilibrium, if the reacting species is the free base. 

NH„ + H+ = NH* pK « 9.24 at 25° 
O 4 cl 

Because of the basicity of ammonia, most of it is present in the pro-

tonated form. As the pH decreases less of it is present in the unpro-

tonated form, and first order dependence on ammonia at pH 4 indicates 

that at the highest pH used, not enough is present as the free base for 

the reaction to become independent of it. Thus, it is not to be expected 



Table 11. Effect of Nitrous Acid Concentration on Reaction with 
Ammonia at pH 4. a 

' ' ' Initial rate moles 
Run ' pH ' Zj  HONO, M ' liter"1 sec."1 

x 106 

55 b 0.192 11.4 

56 3.91 0.096 2.35 

57 3.99 0.064 1.50 

58 b 0.032 0.411 

59 3.94 0.016 0.0895 

Stoichiometric concentrations: ammonia 0.250 M, fluoride buffer 
0.600 M; ionic strength 0.800, temperature 40°. 

U pH not measured. 

Table 12. Effect of Ammonia Concentration on Reaction with 
Nitrous Acid at pH 4. a 

' ' ' Initial rate moles 
Run ' pH ' i NH„, M ' liter"1 sec."1 

_ J ; 6_ x 107 

60 3.95 0.050 1.91 

61 3.92 0.100 3.75 

62 3.94 0.200 9.40 

a Stoichiometric concentrations: nitrous acid 0.064 M, fluoride 
buffer 0.600 M; ionic strength 0.800, temperature 40°. 
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Table 13. Effect of Ammonia Concentration on Reaction with 
Nitrous Acid on pH 3. a 

Run 

f 

pH 
T 

/ 

f T 

' 2 NHL, M ' 
T " T 

Initial rate moles 
liter"1 sec.' ^ 

x 105 

69 c 0.250 0.701 

70 3.07 0.200 ,0.603 

66 3.12 0.100 0.340 

71 3.02 0.050 0.242 

I  % 
Stoichiometric concentrations: nitrous acid 0.064 M, fluoride buffer 
0.600 M; ionic strength 0.800, temperature 40°. 

k Uncorrected for nitrous acid decomposition. 

c pH not measured. 

Table 14. Effect of Nitrous Acid Concentration on Reaction with 
Ammonia at pH 3. a 

' ' ' Initial rate moles 
Run ' pH '2, HONO, M ' liter"'! sec."1 D 

f x 105 

63 3.16 0.192 2.25 

64 3.12 0.128 1.29 

2 3.02 0.064 0.340 

67 3.07 0.032 0.0920 

68 3.07 0.016 0.0187 

a Stoichiometric concentrations: ammonia 0.1 M, fluoride buffer 
0.600 M; ionic strength 0.800, temperature 40°. 

k Uncorrected for nitrous acid decomposition. 
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Table 15. Effect of Nitrous Acid Concentration on Reaction with 
Ammonia at pH 2. a 

T I Initial rate moles 
Run ' V HONO, M ' liter" sec.--'-

f t x 106 

72 0.064. 9.5 

73 0.128 39.5 

ci Stoichiometric concentrations: ammonia 0.100 M, fluoride buffer 
0.600 M; ionic strength 0.800, temperature 40°. 

Table 16. Lack of Participation of Ammonia in Reaction at pH 1 
and 2. a 

? f f Initial rate moles 
Run ' 

T 
pH ' £ NH„, M ' 

T " f 
liter "1 sec."-^ 

x 106 

74 2 0.05C 10.7 

72 2 0.100 9.5 

75 2 0.250 15.0 

76 1 0.050 10.0 

77 1 0.250 15.0 

Stoichiometric concentrations: nitrous acid 0.064 M, fluoride 
buffer 0.600 M; ionic strength 0.800, temperature 40°. 
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that at lower pH values, the reaction becomes zero order in ammonia. 

At first it might appear that the ammonium ion is the reacting species, 

but it does not seem likely that the nitrosating agent would react with 

an already tetra-coordinated nitrogen as in the ammonium ion. It 

appears that the reaction studied at higher acidities may not only be the 

diazotization, but in part the decomposition of nitrous acid, giving nitric 

oxide as well as nitrogen. This decomposition reaction would be more 

likely to occur at higher acidities, since the equilibrium is shifted 

toward the nitrous acid molecule. 

H+ _+ NO ~ ~ HONO pK « 3.35 at 0° 
Z £L 

In order to determine what fraction of the evolved gas comes 

from nitrous acid decomposition, blanks containing sodium nitrite, 

fluoride buffer, and sodium perchlorate were run in parallel with the 

same reaction mixtures containing ammonia. 

At pH 4 the decomposition of nitrous acid was shown to be neg

ligible. This indicates that the reaction at this acidity is only the 

diazotization, which is second order in nitrous acid and first order in 

ammonia. However, at pH 3 there are two competing reactions: the 

decomposition of nitrous acid and the diazotization of ammonia. With 

0.064 M nitrous acid and 0.10 M ammonia, approximately half of the 

gas arises from the diazotization (Table 17). This, then, would explain 

why an order of only 0.6 in ammonia at pH 3 was obtained for this 



67 

Table 17. Amount of Evolved Gas Representing Nitrous Acid 
Decomposition. a 

t  f  '  f  ?  

Run ' pH ' HONO, M ' NH„, M ' Fractl0n 

, , — , o — , nitrous oxide 

78 1 0.064 0.100 1.00 

79 2 0.064 0.100 0.95 

80 3 0.016 0.100 negligible 

81 3 0.032 0.100 0.20 b 

82 3 0.064 0.100 0.56 c 

83 4 0.032 0.250 negligible 

84 4 0.064 0.250 negligible 

85 4 0.128 0.250 negligible 

cl Concentration fluoride buffer 0.600 M, ionic strength 0.800, temper
ature 40°= 

^ Estimated from relative initial rates. 
ki c 1 Fraction nitrous oxide « 
K 

where k^ is the rate constant for the decomposition of nitrous acid 

and k is the overall rate constant for the decomposition of nitrous 
acid and the diazotization of ammonia. 

/ 



reaction. If this value is corrected for nitrous acid decomposition, 

then an order of one in ammonia is obtained. At higher acidities, the 

decomposition of nitrous acid becomes the dominant reaction, and it is 

impossible to correct for it with sufficient accuracy to obtain meaning

ful results. Hence, the reaction is zero order in ammonia at pH 1 and 

2 because the reaction that is actually occurring does not involve the 

amine. 

Dusenbury and Powell (1951a, b, c) claimed, although they 

offered no experimental evidence, that there was no nitrous acid 

decomposition in the reactions which they studied, even at a pH of 0.43 

and a nitrous acid concentration of 0.0477 M. This suggested an inves

tigation of the diazotization of ammonia in the presence of phosphate 

buffers in order to determine what role they play in the overall reaction 

scheme. Contrary to Dusenbury and Powell, evidence was found for 

phosphate buffer catalysis (Table 18). This did not represent first 

order dependence, but approximately 0.5 order (Fig. 13). To determine 

if this effect represents just catalysis or the formation of a new nitro-

sating species, the order was investigated with respect to each reactant 

(Tables 19 and 20, Fig. 12). It appears that the reaction is approxi

mately 0.5 order in ammonia and 1.5 order in nitrous acid. This can 

be interpreted as indicating the formation of a new nitrosating species 

giving first order nitrous acid dependence and involving the mono and/ 

or di-hydrogen phosphate ion. Also, greater than first order nitrous 
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Table 18. Phosphate Buffer Catalysis in Reaction of Nitrous Acid 
with Ammonia. a 

' ' ' Initial rate moles 
Run ' pH ' 2H,,PO,, M ' liter-1 sec.-1 b 

'  3  4  ~  '  x l O 5  

88 2.91 0.906 0.875 

89 3.00 0.567 0.600 

90 2.98 0.340 0.451 

cl Stoichiometric concentrations: ammonia 0.100 M, nitrous acid 
0.096 M; ionic strength 0.800, temperature 40°. 

^ Uncorrected for nitrous acid decomposition. 



Table 19. Effect of Ammonia Concentration on Reaction with Nitrous 
Acid in the Presence of Phosphate Buffer.a 

' 71 ' Initial rate moles 
Run ' pH ' iNH„ M ' liter"1 sec.-1 b 

t J 
x 105 

91 3.12 0.050 0.450 

89 3.00 0.100 0.600 

Stoichiometric concentrations: nitrous acid 0.096 M, phosphate 
buffer 0.567 M; ionic strength 0.800, temperature 40°. 

^ Uncorrected for nitrous acid decomposition. 

Table 20. Effect of Nitrous Acid Concentration on Reaction with 
Ammonia in the Presence of Phosphate Buffer. a 

' ' ' Initial rate moles 
Run ' pH ' 2) HONO, M ' liter-1 sec,.-1 b 

x 105 

92 2.98 0.192 1.60 

93 c 0.128 0.921 

89 3.00 0.096 0.600 

94 c 0.064 0.302 

2L Stoichiometric concentrations: ammonia 0.100 M, phosphate 
buffer 0.567 M; ionic strength 0.800, temperature 40°. 

b Uncorrected for nitrous acid decomposition. 

Q 

pH not measured. 
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acid dependence can be accounted for on the oasis of the contribution 

of the decomposition of nitrous acid. Less than first order dependence 

on phosphate buffer can be explained by assuming that it does not affect 

the decomposition of nitrous acid, which accounts for about 50% of the 

reaction, but only the formation of the nitrosating species. 

A great deal of the evidence presented by Dusenbury and Powell 

for the reaction occurring between NOH and the free amine depends on 

the agreement, in the case of ammonia and methylamine, between the 

experimental points and the theoretical curve for these species (Fig. 14). 

Although their experimental points for glycine fall on the same curve 

as that obtained for the reaction of ammonia and methylamine with NO+, 

the glycine theoretical curve for tne corresponding species has a differ

ent shape. In the case of glycine the theoretical curve begins to drop 

off more sharply with increasing pH above pH 1.5, while the experimental 

points correspond to the theoretical curve for ammonia and methylamine. 

AtpH 0 to almost 3 the experimental points for ammonia,methylamine, 

and glycine fit the theoretical curve for nitrous acid decomposition just 

as well as the curve for reaction of NO with the amine compounds. 
1 

4. 
The results, instead of indicating the reaction of free amine and NO , 

can just as well demonstrate nitrous acid decomposition at higher acidi

ties. Dusenbury and Powell are probably getting nitrous acid decompo

sition in the pH range 0 to 3, and not diazotization as they claimed. 
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A. Theoretical curve for the reaction of ammonia and 
methylamine with NO+ 

B. Theoretical curve for the reaction of glycine with NO+ 

C. Theoretical curve for the decomposition of nitrous 
acid 

X Experimental curve for the diazotization of glycine. 
Similar curves were obtained for ammonia and 
methylamine 

Fig. 14. Theoretical curves for amine and nitrosonium ion as reacting 
species (Dusenbury and Powell, 1951a, b, c) and decomposi
tion of nitrous acid. 
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The mechanism which represents the actual diazotization in the presence 

of phosphate buffers is probably the following: 

H+ + HN02 = h
2

N02+ 

H3P04 H+ + H2P04" 

H2NO2
+ + H2PO4 " ~ NO • H2PO4 + H2O 

NO • H2P04 - NO+ + H2P04" 

NO+ + NKn - NH„NO+ or NO-H0PO, + NH„ - NH0NO+ + H0PO, 
o 6 2 4 3 3 24 

and the rate equation would then be 

ratedC [NHg] [H2N02
+] [H„PC>4~ ] 

The existence of the mono and/or dihydrogen phosphate anion would 

depend on the pK of the reaction. 

Stoichiometric and Molecular Rate Constants for the Reaction of 
Aniline with Nitrous Acid 

After the determination of the reaction order , the correspond

ing first or second order stoichiometric rate constants were calculated. 

Over the range of reagent concentrations employed good agreement 

was obtained for these rate constants. Second order rate constants were 

calculated for the reactions at pH 3 and 4 (Tables 23 and 24) and third 

order rate constants at pH 1.5 and 2 (Tables 21 and 22). 
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Table 21. Stoichiometric and Molecular Third Order Rate Constants 
for Reaction of Aniline with Nitrous Acid at pH 1.5. a 

Run ' pH 
t 

' Z HONO, 
M 

'^CfiHKNHr, - 6 5 2 
M 

2 2' 
t liter moles • 

sec.~* 

iC3m 
liter2 mo 

sec." 

7 1.50 0.00075 0.001 362 4.51 

8 1.49 0.001 0.001 334 4.19 

9 1.56 0.002 0.001 333 4.17 

10 1.53 0.0Q3 0.00 J. 375 4.71 

11 1.46 0.001 0.002 333 4.17 

12 1.47 0.001 0.003 337 4.21 

13 1.55 0.001 0.004 317 3.96 

Average 342 4.27 

les"2 

1 x 10"5 

a 
Concentration fluoride buffer 0.100 M, ionic strength 0.1, tempera
ture 0°. 

Table 22. Stoichiometric and Molecular Third Order Rate Constants 
for Reaction of Aniline with Nitrous Acid at pH 2. a 

f t  T  '  i  r  1  k  

Srn 
; pH ^ WH2> W moles"2 ! liter2 moles"2 

M g sec.-ixlCT3 sec.-ixlO"5 

14 2.11 0.0005 0.001 1.10 4.37 

4 2.10 0.001 0.001 1.04 4.14 

16 2.01 0.0015 0.001 0.96 3.80 

17 2.17 0.002 0.001 1.17 4.70 

18 2.03 0.001 0.0005 1.04 4.14 

19 2.12 0.001 0.002 1.05 4.16 

20 2.11 0.001 0.003 1.06 4.18 
Average 1.06 4.21 

3/ Concentration fluoride buffer 0.100 M, ionic strength 0.1, tempera
ture 0C. 
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Table 23. Stoichiometric and Molecular Second Order Rate Constants 
for Reaction of Aniline with Nitrous Acid at pH 3. a> 

T  

r  

Run , S HONO, 
1  

M ' 
T  -C6H5NH2' 

M 

i K2s T 1 
. liter moles 1 

- i  sec. 1 

' It Q  2m 
, liter moles 

-1 sec. x 

21 0.0005 0.001 0.795 1.67 

22 0.001 0.001 0.769 1.60 

23 0.002 0.001 0.775 1.62 

24 0.003 0.001 0.793 1.65 

25 0.001 0.002 0.767 1.60 

26 0.001 0.003 0.759 1.59 

Average 0.776 1.62 

a Concentration fluoride buffer 0.050 M 
ture 0°. 

, ionic strength 0.1, tempera-

k pH not measured. 

Table 24. Stoichiometric and Molecular Second Order Rate Constants 
for Reaction of Aniline with Nitrous Acid at pH 4. a 

Run 

t T  

' pH ' 
T  f  

Z j H O N O ,  

r  

M ' 
T  

j,CcHcNH0, 
b o  £>' 

M 

*2s _i' 
, liter moles 

- 1  sec. x 

k 0  2m 
. liter moles 

- 1  sec. 

27 4.09 0.001 0.001 0.0780 2.34 

28 4.08 0.002 0.001 0.0895 2.68 

29 4.14 0.003 0.001 0.0830 2.48 

31 4.15 0.002 0.0005 0.0860 2.58 

32 4.13 0.002 0.002 0.0895 2.68 

33 4.10 0.002 0.003 0.0885 2.66 

Average 0.0857 2.58 

Concentration fluoride buffer 0.001 M, ionic strength 0.1, tempera
ture 0°. 

/ 



While stoichiometric rate constants depend on the concentration 

of all the forms of the reactants present, molecular rate constants 

depend only on the concentration of the species actually undergoing the 

reaction. The stoichiometric rate constants were converted to mole

cular rate constants by taking into account the amount of free base and 

nitrous acid present at the various pH's. If the order at different pH's 

is the same, then the molecular rate constants should be the same if 

there is no acid catalysis. The agreement in these rate constants, at 

pH 1, 1.5, and 2 is good (Tables 21, 22, and 25). 

However, the molecular rate constant at pH 4 is greater than 

that at pH 3 (Tables 23 and 24). Two factors contribute to the difficulty 

in obtaining accurate molecular rate constants in the pli range of 3 to 

4. The acidity constant for nitrous acid, which is sensitive to ionic 

strength, has been measured accurately only at low ionic strength 

(Hughes, Ingold, and Ridd 1958b). Accuracy of measurement of hydro

gen ion concentration becomes more critical as the pH increases. At 

higher acidities, nitrous acid is present almost entirely in the mole

cular form and small errors in the acidity constant or pH measure

ments would have little effect on the concentration of molecular nitrous 

acid and hence on the molecular rate constant. However, at lower 

acidities the fraction present as molecular nitrous acid decreases, 

and differences in the acidity constant and especially in pil become 

_4 increasingly important. At pH 3, using 4.5 x 10 as the acidity 
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Table 25. Absence of Acid Catalysis in Reaction of Aniline with 
Nitrous Acid. 

pH 

T 

2 m 
' liter mole 
'  s e c . " L  

kQ 
R  „ 3m 2 -2 , liter moles 
, sec."-'- x 10-5 

1 . 0 A  4.29 

1.5b 4.27f 

2 c 4.21f 

3 d 1.62* 

4 e 2.58f 

cL Stoichiometric concentrations: aniline 0.002 M, nitrous acid 
0.001 M; made up to pH 1 with perchloric acid, ionic strength 0.1, 
temperature 0°, Run 40. 

k Detailed values for the runs averaged here are given in Table 21. 

Detailed values for the runs averaged here are given in Table 22. 

^ Detailed values for the runs averaged here are given in Table 23. 

Detailed values for the runs averaged here given in Table 24. 

f Average value for all runs at given pH. 
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constant for nitrous acid, a deviation of ± 0.1 in pH would result in a 
I 

difference of almost 25% in the molecular rate constant, while at pH 4, 

using the same value for the K , the same deviation of pH would give a 
3, 

difference in molecular rate constant of more than + 50%. At larger 

values of K , which would be likely at the higher ionic strengths used in 
<X. 

these experiments, the variation in molecular rate constants with a 

small change in pH increases. Therefore, to obtain oetter molecular 

rate constants, particularly at pH 4, would require a value for the K 
ct 

of nitrous acid at medium ionic strengths, and buffer control and pH 

measurements which are beyond the experimental limitations of these 

investigations. However, since the molecular rate constant at pH 4 

appears slightly greater than at pH 3, and those at pH 1, 1.5, and 2 are 

identical, absence of acid catalysis is demonstrated. 

Theoretical Curves for Possible Reacting Species 

Theoretical curves for various possible pairs of reacting species 

from aniline and nitrous acid were constructed (Table 26, Fig. 15). The 

The experimental points represent the logarithm of the initial rate vs. 

pH. Since all the experimental points do not correspond to one curve, 

some of the curves were shifted vertically to give a common intersect. 

At pH 1, 1.5, and 2 these points correspond to the curve for the depend

ence of the rate determining step on the concentration of free amine and 

ainitrogen trioxide while at pH 3 and 4, the points fall on the curve in 

l 
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Table 26. Determination of Reacting Species at Several pH Values 
from Theoretical Curves in Reaction of Aniline with 
Nitrous Acid. 

? 

Run ' 
T 

pH 

r 

, Initial rate moles 
, liter" sec.-l x 10" 

41 1.0a 1.03 

8 1.49b 3.02 

. 4 2. 10b 7.90 

22 3. 0C 5.00 

27 4. 09b 0.565 

a Stoichiometric concentrations: aniline 0.001 M, nitrous acid 0.001 M, 
made up to pH 1 with perchloric acid, ionic strength 0.1, tempera
ture 0°. 

b Stoichiometric concentrations: aniline 0.001 M, nitrous acid 
0.001 M, fluoride buffer 0.100 M; ionic strength 0.1, temperature 0°. 

C Stoichiometric concentrations: aniline 0.001 M, nitrous acid 
0.001 M, fluoride buffer 0.050 M, ionic strength 0.1, tempera
ture 0°. 

i 
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Fig. 15. Theoretical curves for reaction of aniline with nitrous 
acid. 



which the rate determining step involves only the formation of dinitrogen 

trioxide. This agrees with the results obtained for the reaction order 

and stoichiometric and molecular rate constants. 

Effect of Ionic Strength for Reaction of Aniline with Nitrous Acid 

A small increase in rate with an increase in ionic strength was 

observed (Table 27). This is difficult to understand at pH 3 and 4 where 

the reaction takes place between two neutral molecules to form an 

uncharged reaction intermediate, A reaction of this type should 

not be affected by changes in ionic strength. At pH 1.5 and 2, the reac

tion should not have a primary salt effect either since it occurs between 

two neutral molecules to form ions and the activated complex in such a 

reaction has no net charge (Gould 1959). However, only at a pi,, of 1.5 

is the variation appreciable. In all other cases rate differences are 

small, either within, or not much greater than, the range of experi

mental error. 

Activation Energies for the Reaction of Aniline with Nitrous Acid 

The diazotization of aniline was studied over a range of temper

atures at each pH (Fig. 16, Table 28). Activation energies are usually 

considered to be accurate to within 0.6 kcal./mole. At pH 4 the lowest 

activation energy is observed since the rate determining step involves 

only the coming together of two nitrous acid molecules to form dini

trogen trioxide. This process would be expected to have a low energy 
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Table 27. Effect of Ionic Strength on Reaction of Aniline with 
Nitrous Acid. 

! 

Run , 

r f 

f T 

. PH T M 
: k2s 
, liter moles-1 

sec."-^ 
, liter moles 

sec."^- x 10" 

8 1.49a 0.100 3.34 

34 1.47a 0.500 4.25 

35 1.52a 0.750 4.55 

4 2.10a 0.100 10.4 

36 2.01a 0.500 11.1 

37 1.99a 0.750 11.2 

22 3.0b 0.100 0.769 

38 3.0b 0.500 0.800 

39 3.0b 0.750 0.870 

100 3.9la 0.100 0.171 

104 3.84a 0.500 0.190 

105 3.93a 0.750 0.201 

Stoichiometric concentrations: aniline 0.001 M, nitrous acid 
0.001 M, fluoride buffer 0.100 M; temperature 0°. 

k Stoichiometric concentrations: aniline 0.001 M, nitrous acid 
0.001 M, fluoride buffer 0.050 M, temperature 0°, pH not measured. 

/ 
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Fig. 16. Activation energies for reaction of aniline with nitrous acid 
at pH 1.5, 2, 3, and 4. 
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Table 28. Activation Energies for Reaction of Nitrous Acid with 
Aniline. 

k0 k„ E , 2s t „3s . a i T p or , 
, liter moles-1, liter^ moles , keal/mole 

sec.-* sec.-^x 10"^ 

Run 1 

I 

' pH 
f t 

T 
°C 

8 1.49a 0 

42 1.50a 5 

43 1.48a 10 

44 1.48a 15 

4 2.10a 0 

45 2.04a 5 

46 2.09a 10 

47 2.01a 15 

22 3.0b 0 

48 3.0b 5 

49 3.0b 10 

50 3.0° 15 

100 3.91a 0 

101 3.89a 5 

102 

c
i 
O

 
C

O
 

10 

103 3.87a / 15 

0.804 

1.255 

1.632 

0.171 

0.202 

0.232 

0.293 

/ 

9.00 

8.41 

8.25 

7.18 

cl Stoichiometric concentrations: aniline 0.001 M, nitrous acid 
0.001 M, fluoride buffer 0.100 M, ionic strength 0.1. 

b Stoichiometric concentrations: aniline 0.001 M, nitrous acid 
0.001 M, buffer 0.050 M; ionic strength 0.1, pH not measured. 

/ 



86 
/ 

of activation. However, at pH 3 where the same rate determining step 

involving an inorganic species should be occurring, the activation energy 

is somewhat larger. The rate determining step at pH 3 might involve 

not only dependence on the nitrous acid, but also a slight dependence on 

aniline. At pH 1.5 and 2, the rate determining step involves the amine 

and dinitrogen trioxide, and a slightly higher activation energy than in 

the case of the purely inorganic process is observed. 

Rate Constants for the Reaction of Ammonia with Nitrous Acid 

Rate constants v/ere calculated at pH 3 and 4. At pH 4 nitrous 

acid decomposition was shown not to occur and the rate constants could 

be calculated without any correction factor. The agreement obtained 

for the third order rate constants is good over the range of concentra

tions employed (Table 29). 

At pH 3, the rate constants had to be corrected for nitrous acid 

decomposition. The accuracy of the rate constants is uncertain because 

of the difficulty in evaluating the amount of nitrous acid decomposition 

that is actually occurring. However, the relative agreement in the 

rate constants at different concentrations is fairly good (Table 30). 

Effect of Ionic Strength for Reaction of Ammonia with Nitrous Acid 

The rate constants for the reaction of ammonia decrease slightly 

with an increase in ionic strength (Table 31). Differences here are well 
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Table 29. Third Order Rate Constants for Reaction of Ammonia 
with Nitrous Acid at pH 4. a'  ̂  

Run 

r 

' pH 1 

T 1 

1 HONO, M 
f 

t  

' £ NH„, M 
T  3 

.  OS 
? ? , liter^ moles * . 

sec.~l x 10 

55 b 0.192 0.25 1.75 

56 3.91 0.096 0.25 1.08 

58 b 0.032 0.25 1.17 

59 3.94 0.016 0.25 1.12 

60 3.95 0.064 0.05 1.29 

62 3.94 0.064 0.20 1.17 

57 3.99 0.064 0.25 1.28 

Average 1.27 

Concentration fluoride buffer 0.600 M, ionic strength 0.800, 
temperature 40°. 

k pH not measured. 
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Table 30. Third Order Rate Constants for Reaction of Ammonia 
with Nitrous Acid at pH 3. a'  ̂  

Run ' pH ' 2 BONO, Mb ' Z, NHg, M ' k3s 
' ' ' ' liter moles 

sec.-1 x 10 3 

68 3.07 0.016 0.10 5.07 

67 3.07 
( 

0.032 0.10 5.56 

2 3.02 0.064 0.10 4.41 

69 d 0.064 0.25 4.32 

70 3.07 0.064 0.20 4.45 

Average 4.76 

Concentration fluoride buffer 0.600 M, ionic strength 0.800, temper
ature 40°. 

k Total concentration of added sodium nitrite„ / 

Corrected for nitrous acid decomposition. 

pH not measured. 

i 

i 
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Table 31. Effect of Ionic Strength on Reaction of Ammonia with 
Nitrous Acid at pH 4. a 

t  f  

Run ' ju T ^3s 
' ___ ' liter moles sec." 

57 0.800 1.28 

95 1.20 1.24 

96 1.60 1.05 

cL Stoichiometric concentrations: ammonia 0.25 M, nitrous acid 
0.064 M, fluoride buffer 0.600 M; temperature 40°. 

Table 32. Activation Energy for Reaction of Ammonia with Nitrous 
Acid at pH 4. a 

k3s „ . E 
Run ' T, °C ' 2 i -2 ' a ' , liter moles 

- 1  1 A  3  keal/ mole sec. 1 x 10 ° 

97 20 0.370 

98 25 0.428 

99 30 0.736 

57 40 1.280 

12.2 

a Stoichiometric concentrations: ammonia 0.25 M, nitrous acid 
0.064 M, fluoride buffer 0.600 M; ionic strength 0.800. 

/ 
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within the range of experimental variation (Table 29). This is what 

would be expected since a reaction occurring between two neutral mole

cules to form ions should show no primary salt effect. 

Activation Energy for Reaction of Ammonia with Nitrous Acid 

The activation energy for the reaction of ammonia with nitrous 

acid was calculated at pH 4 (Table 32, Fig. 17). A higher activation 

energy was obtained for ammonia than for aniline. This will be 

considered later. 

pK Values for Some Amines 
a _ 

The reaction of ammonia with nitrous acid could not be made 

zero order in ammonia because of its high basicity. If a compound 

could be found with an amino group not conjugated with a benzene ring, 

and with approximately the same pK as aniline, the reaction should be 
el 

independent of its concentration at a pH of 4, as it is in the case of 

aniline. Thus, the rate determining step would involve only the nitrous 

acid, and the molecular rate constant should then be the-same as the one 

for aniline. This would further illustrate that the diazotization of both 

aliphatic and aromatic amines proceeds through the same mechanism. 

A few amino compounds have substituents which would decrease 

their pK values and not give interferring anions on reaction. Only one 
ci 

compound, 1,1-diphenylhyarazine, had a suitable pK (Table 33). ci 
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£ HONO - 0.064 M 

L NHg » 0.250 M 

Z HF « 0.600 M 

u «" 0.800 
0.9 

0.8 

CO co 

0.7 

+ 
tn 

0.6 

0.5 
3.42 3.34 3.38 3.26 3.30 3.20 

^r- x 103 

Fig. 17. Activation energy for reaction of ammonia with nitrous 
acid at pH 4. 

I  



Table 33. pK Values of the Conjugate Acids of Some 
cl 

Amino Compounds. 

Compound 

» f 
, Temper- , 
, ature, °C , pK 

^ a 

Aniline 25 — (4.58a) 

N, N' -Diphenylguanidine 23 7.47k — 

1,1-Diphenylhydrazine 25 3.93b — 

Benzenesulfonamide 25 < 2b>c 

Ammonia 25 (9.25a) 

n-Butylamine 25 10.60d (10.61e) 

Isobutylamine 25 10.30d (10.43e) 

sec-Butylamine 25 10.35d — 

t-Butylamine 25 10.38d (10.82f'g) 

Neopentylamine 25 9.96d — 

a King (1959). 

k Compound dissolved in excess perchloric acid, which was titrated 
potentiometrically with standard sodium hydroxide. 

No change in UV spectrum on addition of either acid or base. 
JJ 

Compound dissolved in water and titrated potentiometrically with 
standard perchloric acid. 

6 Hoerr, McCorkle, and Ralston (1943). 

^ Verlearschi (1949). 

g 16°C. 



This compound, however, is oxidized by the nitrous acid instead of 

undergoing diazotization. A suitable non-aromatic amine, such that the 

diazotization rate would be independent of its concentration was not then 

investigated in this work. 

The pK values for the conjugate acids of the butylamines and ct 

neopentylamine were also determined, so that their molecular rate 

constants could be calculated. The results are shown in Table 39. 

Reaction of Aliphatic Amines with Nitrous Ac id 

The diazotization of n-butyl, sec-butyl, t-butyl, isobutyl, and 

neopentyl amines was carried out, and for all but the neopentylamine 

the order with respect to the amine and nitrous acid was studied. All 

the reactions were studied at pH 4 since nitrous acid decomposition 

was shown not to occur at/this low acidity. In all cases at pR 4, the 

reaction is first order in amine and second order in nitrous acid. These 

compounds were studied to determine the effect of steric factors on the 

transition state; activation energies were calculated (Tables 34-39, 

Figs. 18 and 19). It has been established that no part of the observed 

rates of reaction of the aliphatic amines is due to formation of gaseous 

olefins. Small differences in hydrogen ion concentration near pH 4 do 

not have as large an effect on the molecular rate constant as in the 

case of aniline, since here there is a third order rate constant with 



Table 34. Variation of Rate Constant with Temperature for Reaction 
of n-Butylamine with Nitrous Acid. a 

a 

T f 

f Lr 
Temperature, , 3s 

Run , pH , °C f liter^ moles \ 
sec."-*- x 10 6 

110 4.08 20 0.680 

111 3.95 25 0.837 

112 4.10 30 1.26 

113 4.02 40 4.27 

Concentrations: n-butylamine 0.250 M, nitrous acid 0.128 jM, 
fluoride buffer 0.600 M; ionic strength 0.800. 

Table 35. Variation of Rate Constant with Temperature for Reaction 
of Isobutylamine with Nitrous Acid. a 

Run - nH - Temperature , k3s 
T ^ ( °C , liter moles 

• sec." x 10_^_ 

114 4.08 20 0.751 

115 4.05 25 0.950 

116 4.03 30 1.64 

117 3.92 40 3.48 

a Concentrations: isobutylamine 0.250 M, nitrous acid 0.128 M, 
fluoride buffer 0.600 M, ionic strength 0.800. 

/ 



Table 36. Variation of Rate Constant with Temperature for Reaction 
of sec-Butylamine with Nitrous Acid. a 

a 

' ' ' k , , Temperature, , 3s n 

Run , pH , °C , liter moles 
sec.~1 x 10 3 

118 3.98 20 0.341 

119 4.04 25 0.463 

120 3.95 30 0.781 

121 3.91 • 40 2.08 

Concentrations: sec-butylamine 0.250 M, nitrous acid 0.128 M, 
fluoride buffer 0.600 M; ionic strength 0.800. 

Table 37. Variation of Rate Constant with Temperature for Reaction 
of t-Butylamine with Nitrous Acid. a 

k3S 
„ ' TT ' Temperature ' 2 , -2 Run , pH , l

op t liter moles 
U sec.-1 x 1 0 6  

122 4.01 20 0.0870 

123 3.90 25 0.130 

124 3.97 30 0.212 

125 4.04 40 0.676 

a Concentrations: t-butylamine 0.250 M, nitrous acid 0.128 M, 
fluoride buffer 0.600 M; ionic strength 0.800. 

1  



Table 38. Variation of Rate Constant with Temperature for Reaction 
of Neopentylamine with Nitrous Acid. a 

Run • pH • Temperature i k3s 
, , C , liter moles t 

sec.~l x 1q3 

126 4.07 20 1.99 

127 4.05 25 2.89 

128 4.10 30 3.91 

129 4.02 40 9.11 

ct Concentrations: neopentylamine 0.250 M, nitrous acid 0.128 M, 
fluoride buffer 0.600 M; ionic strength 0.800. 

/ 



Table 39. Activation Energies and Rate Constants at 20° for Reactions of Amines with 
Nitrous Acid. 

Run 

t 

' Amine 
' k ' 

? 3S 2 ' liter^ moles 
sec."1 x 10^ 

pK 
^ a 

, /3ni _o , 
liter^ moles 

' sec."* x 10-<* ' 

E a 
kcal./ mole 

110 n-Butyla 0.680 10.60 8.20 17.6 

118 sec-Butyla 0.341 10.35 2.30 17.0 

122 t-Butyla 0.087 10.38 0.632 19.2 

114 Isobutyla 0.751 10.30 4.53 15.0 

126 Neopentyla 1.99 9.96 5.47 14.0 

97 Ammonia*3 ^ 0.370 9.25 0.198 12.2 

— Aniline0 — 4.58 112 8.41 

a Concentrations: amine 0.250 M, nitrous acid 0.128 M, fluoride buffer 0.600 M; ionic strength 0.800, 
pH 4. ~~ ~~ 

k Concentrations: ammonia 0.250 M. nitrous acid 0.064 M, fluoride buffer 0.600 M; ionic strength 
0.800, pH 4. 

C Concentrations: aniline 0.001 M, nitrous acid 0.001 M. fluoride buffer 0.100 M; ionic strength 0.100, 
pH 2, extrapolated to 20°. 



amine dependence. A difference of ± 0.1 in pH would give less than a 

20% change in the calculated molecular rate constant. 

Comparison of the Molecular Rate Constants for the Reactions of 
Amines with Nitrous Acid 

The molecular rate constants and activation energies of the 

butyl and neopentyl amines, ammonia, and aniline are compared 

(Table 39). ' 

Molecular rate constants 

aniline » n butyl > neopentyl > isobutyl > sec butyl > 

t-butyl > ammonia 

Activation energies 

aniline < ammonia < neopentyl < isobutyl < sec-butyl < 

n-butyl < t-butyl 

The variation in concentration of free amine and nitrous acid present 

is corrected for by using the molecular rate constants. Therefore, 

these rate constants compare the ability of the various amines to react 

in the rate determining step. 

Although aniline is less basic than the aliphatic amines, the 

relationship of their nucleophilicities is not the same. In comparing 

ammonia and aniline and considering not only basicity but polarizability 

as well, Edwards and Pearson (1962) state that with trivalent nitrogen 
/ 

both factors contribute, but that polarizability is dominant, and that 
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Z t^Butylamine » 0.250 M 

Z HONO » 0.128 M 

2 HF» 0.600 M 

p » 0.800 

sec-Butylamine « 0.250 M 

S HONO - 0.128 M 

Z HF - 0.600 M 

fj. « 0.800 

3.20 3.24 

h n-Butylamine * 0.250 M 

2 HONO » 0.128 M 

2 HF * 0.600 M 

H ™ 0.800 

3.32 3.36 

Fig. 18. Activation energies for reactions of n-butyl, sec-
butyl, and t-butylamines with nitrous acid at pH 4. 



2.0 100 

N. 
2 Neopentylamine « 0.250_M 

1.8 £ HONO » 0.128 M 

- HF - 0.600 M 

[x • 0.800 
1.6 

1.4 

1.2 

1.6 — L Isobutylamine « 0.250 M 

2 HONO « 0.128 M 

1.4 
2 HF • 0.600 M 

1.4 
H « 0.800 

1.2 — 

1.0 - i-

0.8 1 1 I 1 1 
3.20 3.24 3.28 3.32 3.36 3.40 

Fig. 19. Activation energies for reactions of isobutyl and 
neopentylamines with nitrous acid dt pH 4. 
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aniline is therefore more nucleophilic than ammonia. The aliphatic 

amines should not differ greatly in nucleophilicity from ammonia. Since 

the initial nucleophilic attack of the amine on the nitrosating species is 

most likely the rate determining step, aniline should then reasonably 

react faster than the aliphatic amines (Table 39). 

The changes in entropy of activation are complex, since many ' 

factors come into play. Changes in solvation of the reactants, both at 

the reacting face of the amine group and at the back of the molecule 

away from the reaction site (the hydrocarbon chain), as well as rotation 

within the molecules Lor attack of the nitrosating species, all contribute. 

Some of these increase while others decrease the entropy, and small 

differences are difficult to account for (Gould 1959). None of the com

pounds studied shows a large negative entropy of activation (Table 40) , 

indicating that the formation of ions as in an S^2. type reaction does not 

occur to any large extent in the transition state (process 1), or if it 

does, this effect is outweighed by other factors. The transition state 

probably involves either (2) the formation of the activated complex (III) 

between the amine and the dinitrogen trioxide, which subsequently 

separates into ions, or (3) the simultaneous abstraction of a proton 

from the amine nitrogen with the formation of the N-N bond. Both the 

cyclic intermediate (IV) and its dissociation products would be neutral 

molecules. 
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H H , H I | o- I+ 
(1) R-N: + N-0-N«0 ~ R-N-6-+-N---0-N*0 -* R-N-N + _0-N«0 

A O HO H 

H H H 
I 1+ 1 + 

(2) R-N: + N-0-N*0 - R-N-N-0-N=0 - R-N-N. + 0-N*0 
I II II I ^ 
HO H 0-(m) H U 

H R H'X R 
I \ ii \ 

(3) R-N: + N-0-N;*0 — N" i - N-N + H-O 

1 H R """N- -"O H^ ^O \ 

a a 
IV 

Ammonia has a small molecular rate constant but a low energy 

of activation, the difference resulting from the negative entropy. 

Although there can be no steric interference in the attach on the amine, 

there may be a decrease in randomness of the transition state over the 

reactants due to increased solvation. The ammonia nitrogen, in acquir

ing a positive charge (process 1 or 2) would become more strongly 

solvated in the transition state, there being no hydrocarbon radical at 

the rear of the molecule to interfere with the process. 

The largest molecular rate constant and lowest energy of activa

tion are obtained with aniline because of its nucleophilicity. A negative 
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Table 40. Enthalpy, Free Energy, and Entropy of Activation. 

J A H 1̂ I" A F  ̂ b ' A C" 
, kcal./mole , kcal./mole , cal./mole 

Amine 

n-Butyl 17.0 10.59 + 21.8 

sec-Butyl 16.4 11.30 + 17.4 

t-Butyl 18.6 12.09 + 22.1 

Isobutyl 14.4 10.92 + 11.9 

Neopentyl 13.4 10.80 + 8.86 

Ammonia 11.6 12.75 - 3.79 

Aniline 7.81 9.05 - 4.24 

a jJ-

A H *E - RT, where E is Arrhenius' energy of activation in a ' a 
kcal.,/mole and T * 293° K. 

k A F^ * - RTln ,,! (  j : -  ). where T a 293° K, k is the molecular 
T v k ' r 

rate constant at 293'' K, h is Planck's constant, and k is Boltzmann's 
constant. 

c . „ sp A H - A Fr , m „no. Tr AS* , where T = 293° K. 

Gould (1959). 



104 

entropy also results, as with ammonia, perhaps from an increase in 

solvation. The benzene ring would tend to become polarized (V) in 

process 1 or 2, and along with the amino group would attract water 

molecules to a greater extent than in the initial reactant stage. 

A positive entropy of activation is obtained for the aliphatic 

amines. With these compounds there should be a decrease in the solva

tion of the activated complex over reactants because the presence of 

the hydrocarbon chain prevents strong solvation at the rear of the mole

cule at all times, and water of solvation must be lost from the fronts 

of the molecules as they approach to react. The largest activation 

energy is observed with t-butylamine oecause of the crowding of the 

methyl groups which hinder the attack on the amine. 

H 



SUMMARY 

The experimental evidence indicates that fluoride ion does not 

affect the diazotization except to act as a buffer, so that the same nitro-

sating species occurs as in its absence. For ammonia, the aliphatic, 

and aromatic amines, an order of two in nitrous acid is obtained in all 

cases. Because of the basicity of ammonia and the aliphatic amines, 

the diazotization shows first order dependence on the amine concentra

tion at pH 3 and 4. Since aniline is less basic, first order dependence 

on its concentration occurs only at pH 1 and 2, becoming zero order at 

pH 3 and 4 where the concentration of the free base is greater. 

It appears that the overall mechanism for the diazotization of 

aliphatic and aromatic amines is the same. The nitrosating species is 

probably dinitrogen trioxide formed from two molecules of nitrous acid. 

If the concentration of the free base is small, as in the case of ammonia, 

the aliphatic amines, and aniline at pH 1 and 2, then the attack of the 

amine on is the slow step. However, if the concentration of the 

free base is sufficiently high, as in the case of aniline at pH 3 and 4, 

the formation of dinitrogen trioxide becomes rate determining. 

105 
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When phosphate buffer was employed in the diazotization of 

ammonia, the results here indicate the formation of a new nitrosating 

species, nitrosyl phosphate, from one molecule of nitrous acid. This 

would explain why Dusenbury and Powell (1951a, b, c) obtained a first 

order nitrous acid dependence when they used this buffer. The nitro

sating species is not the same as that which would occur in the absence 

of the phosphate anion. 

With aniline, diazotization was studied at low temperatures and 

employing small concentrations of the reactants. Under these condi

tions nitrous acid decomposition was shown not to occur. However, at 

the temperatures and reagent concentrations used for the diazotization 

of ammonia, nitrous acid decomposition has to be taken into account. 

At pH 1 and 2 it is the dominant reaction, at pH 3 it is a contributing 

reaction, and at pH 4 it does not occur at all. For the lower pH values, 

the reaction occurring does not involve the amine at all, and at pH 3 

only part of the reaction involves the amine. This would explain why 

zero order dependence on ammonia was observed at pH 1 and 2, less 

than first order at pH 3, and first order at pH 4. Dusenbury and Powell 

(1951a, b, c) are probably also getting nitrous acid decomposition at 

the higher acidities and not diazotization. They claim that their exper

imental points, log rate of reaction vs. pH, for ammonia, methyl-

amine, and glycine fit the corresponding theoretical curves for the 

/ 



107 

reaction of the free base with NO+. Since this curve (Fig. 11) is the 

same as that for the decomposition of nitrous acid at higher acidities, 

at pH 0 to 3 their data can just as well represent nitrous acid decompo

sition. 

By the use of molecular rate constants for the diazotization of 

aniline at pH values of 1, 1.5, 2, 3, and 4, acid dependence was shown 

not to occur. The molecular rate constant is slightly greater at pH 4 

than at pH 3, probably because of the sensitivity of the molecular rate 

constant to measurement of the hydrogen ion concentration at these 

I acidities. At pH 1, 1.5, and 2 the molecular rate constants are identi

cal and it can be concluded that there is no first order acid dependence. 

Okano and Ogata (1953) assumed the diazotization is third order over 

the entire pfi range 0.6 to 3.3. Since their rate constants pass through 

a maximum at pH 2.0, they used only the data from pH 2.0 to 3.3 for 

the purpose of showing acid dependence. However, in the latter part 

of this range, the reaction is actually second order according to the 

results of this investigation. Okano and Ogata also failed to use mole

cular rate constants, which are necessary to show acid dependence 

when the reaction is studied at different pH values. 

Unfortunately, the same experimental method could not be used 

for studying ammonia and the aliphatic amines as for the aromatic 

amines. Ammonia and the aliphatic amines do not form diazonium 
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cations which can give colored coupling products, and in the diazotiza-

tion of aniline at a temperature at which nitrogen is evolved the reaction 

is too rapid to be followed by gas evolution. Even though different 

methods had to be employed, the same mechanism is indicated for 

ammonia and the aliphatic amines as for the aromatic amines. 

In order to learn more about the transition state, the activation 

energies were measured and entropies of activation calculated for 

ammonia, a series'of aliphatic amines, and aniline. The initial step, 

involving the attkck of the amine on the nitrosating species, is most 

likely rate determining. Aniline reacts faster than ammonia or the 

aliphatic amines since it is more nucleophilic. No large negative 

entropy of activation was observed for any of the compounds studied, 

indicating that the formation of ions, as in an S^2 type reaction, prob

ably does not occur to any large extent in the transition state. Two 

different activated complexes can be postulated to explain this. The 

formation of the activated complex could consist of the addition of the 

amine to the dinitrogen trioxide (III), without the simultaneous separ

ation into ions. In this state the amine nitrogen would have a positive 

charge. Another possibility is that the activated complex is a neutral 

species formed between the amine and dinitrogen trioxide (IV) which 

is simultaneously abstracting a proton from the amine nitrogen. 
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A slight negative entropy of activation is observed for ammonia 

and aniline, while that for the aliphatic amines is positive. This can 

best be explained by the transition state in which the amine nitrogen 

has a positive charge (III). For ammonia and aniline there is a decrease 

in randomness of the transition state over the reactants due to increased 

solvation. Since there is no hydrocarbon radical at the rear of the 

molecule, the ammonia nitrogen which has acquired a positive charge 

could become more strongly solvated in the transition state. In the 

case of aniline the benzene ring would tend to become polarized in the 

transition state and along with the. amino group would attract water 

molecules to a greater extent than in the reactants. A positive entropy 

of activation is obtained for the aliphatic amines since there is a 

decrease in solvation of the activated complex. The presence of the 

hydrocarbon chain prevents strong solvation at the rear and water of 

solvation is lost from the fronts of the molecules as they approach. 

The activated complex then loses nitrous acid to give the 

nitrosamine which can rearrange by several different paths to the 

diazohydroxide. This in turn goes to the diazonium cation which for 

the aromatic amines can couple, and for the aliphatic amines gives 

the carbonium ion and nitrogen. 



I  

The overall mechanism in the absence of any catalysis is 

H + NOr 

RNHR 

2HONO 
(1) 

- HONO 

RNH2 + N+ 

N2°3 + H2° 

H 
J A 

R-N: + Q«N N*0 

A 

H 
I + 

R-N-N-0-NP=0 

li 
activated complex 

(HI) 

r + HONO ^R-N-N=GQ -H ^R-N»N-Q 
H 

+H + 

•y 

R-N=N-OH 
A 

1X3 shift 

^ R-N=N-OH 

R-N5N: + OH 

Rwalky^/ \R«aryl 

R+ + N, couple 
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