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Abstract: The pH dependence of the decomposition of pyridine-4-diazotate is complex. At pH >6, there is second-
order dependence on hydroxide ion concentration due to equilibria between pyridine-4-diazonium ion, -4-diazo-
hydroxide, and -4-diazotate. The rate is independent of pH between 4 and 6, and the rate constants for forma
tion of pyridine-4-diazonium ion, its decomposition to 4-pyridone, and its back reaction with hydroxide have been 
measured. There is a rate minimum at pH 1.5 due to formation of protonated pyridine-4-diazohydroxide, with an 
acid-catalyzed decomposition in more acid solution. The pK values for the acid dissociations of protonated pyr-
idine-4-diazohydroxide to diazohydroxide and then to diazotate are 4.15 and 6.9, respectively. The products of the 
acid-catalyzed decomposition depend upon the medium. The normal product is 4-pyridone, but there is con
siderable denitrosation in more concentrated acid to give 4-aminopyridine, and in addition an intermediate can be 
trapped by chloride ion giving 4-chloropyridine or by ascorbic acid giving 4-aminopyridine, but without affecting 
the over-all rate. Kinetic solvent deuterium isotope effects are consistent with the proposed mechanisms. The 4-
diazonium ion can be trapped by phenoxide ions, and the rate constants have been estimated, and with the anion 
of 2-methyl-l-naphthol they approach diffusion control. The decomposition of pyridine-2-diazotate has a pH 
dependence which can be explained in terms of equilibrium protonation followed by decomposition to 2-pyridone. 

Nitrosation by nitrous acid or its derivatives is an 
important step in the formation of carcinogenic 

secondary N-nitrosamines8 and in chemical mutagenesis 
caused by deamination of a purine or pyrimidine res
idue in DNA.4 The object of the present work was 
to examine one step of the deamination sequence using 
simple heterocyclic compounds. We chose the amino-
pyridines because they should have properties in be
tween those of the anilines and the aminopurines or 
pyrimidines. Deamination is a stepwise process. 

NOX + 
RNH2 — > • RNHNO — > • RN2 — > products 

tl 
RN2O-

With most aromatic primary amines the diazonium 
ion is stable, but it is, at the most, a very short-lived 
reaction intermediate in the deamination of primary 
aliphatic amines.6 

There is little information on the reactions of nitrous 
acid with primary amino derivatives of heterocyclic 
amines. Purines and pyrimidines have been deami-
nated,4 but there is little evidence for long-lived diazo
nium ions in these reactions. However, Kalatzis has 
demonstrated the existence of 4-pyridinediazo com
pounds and showed that the analogous 2-pyridine 
derivatives were very reactive at low pH.7 However, 
the nature of these diazo compounds was not well estab
lished except for the diazotates. It seemed, therefore, 
that the decomposition of the pyridine-2- and -4-diazo-
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tates (I) and (II) would throw light on the reactions 

N2O" 

I II 

involved in the chemical modification of nucleic acid 
bases by nitrous acid and on the diazo compounds 
involved in those reactions. 

Results 
Decomposition of Pyridine-2-diazotate (I). Decompo

sition of the diazotate (I) to the pyridone (III)8 had the 

C l - C l +N* 
i in 

rate-pH profile shown in Figure 1, where K4, is the ob
served first-order rate constant of reaction, which fol
lows simple first-order kinetics, and we could not trap 
an intermediate diazonium ion (cf. ref 7). 

This pH profile is very similar to those found for the 
decomposition of benzene diazotates to diazonium 
ions,9'10 and Lewis and Hanson reported that the de
composition of pyridine-2-diazotate had this pH pro
file.sb Our values of pK = 6.2 for the acid dissocia
tion of pyridine-2-diazohydroxide and 6 X 1O-2 sec - 1 

for the rate constant of its decomposition at 25.0° agree 
well with theirs, and for pH >6.5 a plot of log k+ against 
pH has a slope of — 1.05, so that the reaction sequence 

(8) Because the 2- and 4-pyridones are in tautomeric equilibria with 
the hydroxy pyridines, we write the product in whichever structure is 
convenient. 

(9) (a) E. G. Lewis and H. Suhr, J. Amer. Chem. Soc, 80,1367 (1958); 
(b) E. G. Lewis and M. P. Hanson, ibid., 89, 6268 (1967). 

(10) For a general discussion, see ref 11. 
(11) H. Zollinger, "Azo and Diazo Chemistry," Interscience, New 

York, N. Y., 1961. 
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PH 

Figure 1. Variation of the rate constants for decomposition of 
pyridine-2-diazotate (solid circles) and pyridine-4-diazotate (open 
circles) as a function of pH. 

can be wri t ten as 

N N2O
 W N: .OH 

IV 

Q -CL 
N' 
H 
III 

(Here, and elsewhere, we use the term "diazohydroxide" 
to indicate the conjugate acid of the diazotate, although 
for convenience we draw the structures as IV and VII.) 

Decomposition of Pyridine-4-diazotate (II). The di
azotate II is stable in alkali but decomposes rapidly 
at lower pH giving 4-pyridone (V) except in strong acid 
where the product depends on the anion of the acid. 
The pH profile for the rate constant of the over-all 
reaction to pyridone is shown in Figure 1, and the over
all rate constants are given in Table I. (They are de-
Table I. Rate Constants for Decomposition of Pyridine-4-diazotate» 

PH 

8.40» 
7.76" 
7.28» 
7.08s 

6.46' 
5.62» 
5.62» 
5.61» 
5.29» 
5.05« 
4.02/ 
3.88« 

104A:̂ , sec-1 

0.28 
0.50 

33.6 
71.2 

230 
394 
382 
432 
366 
410 
381 
371 

PH 

3.25" 
3.07" 
2.97" 
2.83" 
2.57" 
2.43" 
2.20" 
2.02" 
1.55" 
1.0" 
0.0" 

10%, sec-1 

267 
135 
91.0 
64.0 
50.9 
32.5 
24.9 
21.4 
16.0 
15.3 

114 

° At 25.0° in aqueous buffers, 0.05 M phosphate. * 0.03 M 
phosphate. e 0.1 M phosphate. d 0.01 M phosphate. e 0.1 M 
acetate. / 0.4 AT borax. » 0.01 M acetate. " Dilute HCl. 

termined in some cases from the latter part of a plot 
of absorbance against time.) Because the rates and 
products depend upon the nature of the acid, reactions 
at low pH are discussed later. 

There are striking differences between the pH pro
files for the decomposition of the 2- and 4-diazotates 
(Figure 1 and ref 9b), and a diazonium ion (VI) can 
be trapped in reactions of pyridine-4-diazotate (H) 
but not in reactions of the 2-diazotate. Therefore, 
whereas the rate-limiting step for decomposition of 
pyridine-2-diazotate is conversion of the 2-diazohy-
droxide (IV) into a very reactive 2-diazonium ion or 
direct decomposition to products, the decomposition 
of the 4-diazotate could be a stepwise reaction with 
build-up of a diazonium ion (VI). At pH 4-6 the over
all reaction does not follow first-order kinetics during 
the first half-life, and this kinetic form is discussed in 
detail later in the paper (Appendix), the pH profile 
for decomposition of the 4-diazotate (Figure 1) uses 
data at pH 4-6 obtained from the latter part of the 
reaction which followed a first-order kinetic form be
cause at pH 4.5-6 the initial part of the reaction was 
not first order. It soon became clear that the reac
tion was indeed stepwise with build-up of at least one 
intermediate, but by following the decomposition at 
different wavelengths, and examining the detailed ki
netic form of the overall reaction, we attempted to deter
mine the nature of the intermediates and the rate con
stants for their interconversion. We postulate a series 
of reactions (Scheme I) for pH 1-8 and consider reac
tion at pH <1 separately. 

Scheme I 

N2O' N2OH 

vm 
Scheme I is qualitatively consistent with the pH pro

file (Figure 1). (i) At high pH the 4-diazotate (II) is 
the predominant species and fe^ for formation of pyr
idone increases with decreasing pH and formation 
of the 4-diazohydroxide (VII) and its conversion into 
the 4-diazonium ion (VI). On this hypothesis a plot 
of log k+ against pH should have a slope of —2. The 
actual slope of this plot is —1.95 at high pH (Figure 1). 
At pH 4-6 the 4-diazohydroxide (VII) is the predomi
nant species and its decomposition and that of the dia
zonium ion (VI) to products are pH independent, (ii) 
At pH <4 the 4-diazohydroxide (VII) becomes pro-
tonated to give the less reactive conjugate acid (VIII). 
(iii) At pH <1 new reactions appear which probably 
involve proton transfer to the diazohydroxide group. 

We then determined the various kinetic and equi
librium constants in Scheme I. 

Determination of K2. The acid dissociation constant, 
K2, was determined using a stopped-flow spectrophotom
eter because of the high reactivity of the 4-diazo
hydroxide (VII) (Experimental Section). In 0.1 M 
phosphate buffer we calculated pK2 = 6.9 at 25.0°. 
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Determination ofk3 and the Spectrum of the Diazonium 
Ion (VI). When repetitive scans were carried out as 
rapidly as possible at 25.0° on the reaction mixture at 
pH 4-6 using a Cary 15 spectrophotometer, we found 
that the diazohydroxide (VII), Xmax 313 nm (Experi
mental Section), disappeared within 20 sec and that a 
new species was formed which slowly (ti/2 « 16 sec) 
decomposed to 4-pyridone (V). We assumed that 
this new species was the diazonium ion (VI) and deter
mined its uv spectrum using a stopped-flow spectro
photometer. The extinction coefficients were cal
culated indirectly (Experimental Section). 

There is an isosbestic point at 273 nm between 4-
pyridone and what we assume to be the 4-diazonium 
ion (VI) (Experimental Section), and if the reaction 
is followed at this wavelength we follow the disappear
ance of the 4-diazohydroxide (VII). This approach 
was used at pH <5.8 where the 4-diazohydroxide is 
the bulk component, and the reaction then followed a 
first-order kinetic form for up to 3.1 half-lives. The 
rate constant fcobsd so determined (Table II) is inde-

Table II. Rate Constants of 
Decomposition of Pyridine-4-diazohydroxide" 

PH lOfcobsd, sec-

4.66 
5.05 
5.45 
5.77 

1.47 
1.66 
1.62 
1.66 

a At 25.0° in 0.1 M acetate buffer for pH 4.66-5.45. 
phosphate buffer was used at pH 5.77. 

0.1 M 

pendent of pH from pH 5 to 5.8. These fcobsd values 
are much larger than the values of k^ for formation 
of pyridone determined at 254 nm from the final first-
order part of the rate plot (Appendix) where all the 
4-diazohydroxide has decomposed. We therefore iden
tify fcobsd with kz in Scheme I. 

These observations suggest that under these condi
tions the reverse reaction of diazonium ion with hy
droxide ion is much slower than the forward reaction, 
otherwise kohSd should be pH dependent. Additional 
experiments were made to test this point and the pos
sibility that the 4-diazonium ion (VI) might be attacked 
by both hydroxide ion and water, as in Scheme II. 

Scheme II 

We concluded that fc_8
H«° (and fc_3

OH[OH-]) is much 
smaller than k3 because the reaction is first order, when 
followed at the isosbiestic point at 273 nm; whereas, 
if fc_3

H!° was not small relative to ks, the reaction should 

0.4 

0.2 

20 30 40 50 
t(sec) 

Figure 2. Variation of absorbance at 254 nm with time for the 
decomposition of pyridine-4-diazotate at pH 5.45. The points were 
determined experimentally and the line was computed (Appendix). 

deviate from a first-order kinetic form. (It should be 
noted that the equilibrium represented by K' in Scheme 
II should be in favor of the 4-diazohydroxide (VII) 
at pH 5.) The question of deviation from first-order 
kinetics was tested by writing a program for the analog 
computer for the reaction12 

N2OH 

Values of ks = 1.65 X 10-1 and fc4 = 4.1 X 10-2 sec-1 

were used. (The determination of Zc4 is discussed in 
the following section.) For the computed rate plot 
to be linear for up to 2 half-lives k%jk-% > 20. It is 
therefore safe to assume that at pH <6 the forward 
reaction is much faster than the reverse in Scheme II. 
However, this reverse reaction is important at higher 
pH. 

Conversion of the 4-Diazonium Ion (VI) into 4-
Pyridone (V). When the reaction was followed at 254 
nm (Xmax for 4-pyridone) and pH 4-6, we found that 
the absorbance decreased for ca. 5 sec and then in
creased, following a first-order kinetic form (Figure 2). 
We assume that the initial decrease of absorbance is 
due to build-up of 4-diazonium ion (VI, Xmax 305 
nm) and that the rate constant calculated after ca. 20 
sec is k4 for the decomposition of 4-diazonium ion to 
4-pyridone (Scheme I).13 The value of Zc4 determined 
in this way was 4.10 X 10-2 sec-1 at pH 4-6 and 25.0°. 
This is the value of k^ at this pH determined by follow
ing the over-all reaction conventionally in a Cary 15 
spectrophotometer and ignoring the initial curved part 
of the first-order rate plot. In an Appendix we show 
that our values of k% and /c4 and the absorbances of the 
reacting species lead to a plot of absorbance vs. time 
of the form which we observed, and the solid line in 
Figure 2 was computed. 

Evidence for the Reversion of 4-Diazonium Ion (VI) to 
4-Diazohydroxide (VII) at High pH. In the preceding 
section we showed that the 4-diazonium ion went for
ward to products, rather than reverting to 4-diazo
hydroxide, at pH 4-6. However, at higher pH the 

(12) B. B. Wolfe, Ph.D. Thesis, University of California, Santa Bar
bara, Calif. 

(13) The half-life for decomposition of diazohydroxide is ca. 4 sec, 
so after 20 sec ca. 95 % of it had disappeared. 
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4-diazonium ion is captured by hydroxide ion faster 
than it goes to product and is then in equilibrium with 
4-diazohydroxide and 4-diazotate ion (II), Scheme III 

Scheme IH 

N2O" N2OH 

The differential equations for these consecutive re
actions have been solved15 and give 

[ArN2OH] = [ArN2OH]Oe-*""1 (2a) 

[ArN2+] = (fc3[ArN2OH]o/&Xe-*'</0 - er*") (2b) 

[ArOH] = 

[ArN2OH]0{afc4(l - e-*'"«) + fc3(e-*<"<" - 1)} ,„ v 
7 (2c) 

and 

k_3 = 
kskJH+] 

fc4([H] + K2) 

The values of fc_3 (Table III) show that the stationary 

Table HI. Reaction of Pyridine-4-diazotate at pH > 6.4 

pH» 

6.46 
7.08 
7.28 
7.76 
8.40 

&_3, sec-1 

0.168 
0.325 
0.533 
1.55 
7.13 

*_,/[OH-], 
1. mol-1 sec-1 

5.84 X 106 

2.71 X 10« 
2.79 X 105 

2.70 X 106 

2.84 X 10« 

° Phosphate buffers: 0.1 M at pH 6.46; 0.03 M at pH 7.08; 
and 0.05 Melsewhere. The reaction was followed at 25.0°. 

state treatment is satisfactory for pH >7 because fc_3 

varies linearly with hydroxide ion concentration14 and 
the second-order rate constant, fe_8

0H = 2.76 X 106 

1. mol - 1 sec -1. These data confirm that the reaction 
of the diazonium ion with water is unimportant, and 
we cannot reliably estimate its rate constant, although 
it is probably less than 1O-2 sec -1. 

Determination of Kx and Decrease of Reaction Rate at 
pH <3.5. Our initial hypothesis was that protonation 
of the pyridine nitrogen atom of the 4-diazohydroxide 
(VII) gave the less reactive VIII, and it was necessary 
therefore to determine the dissociation constant Kx 

(Scheme I) and to find evidence for the protonated 
species VIII. Because of the high reactivity of these 
species we determined their absorbances at various 
wavelengths and pH values using a stopped-flow spec
trophotometer, following the method used for the de
termination of Ki. The absorbances were measured 
from 270 to 320 nm and pH 1.4 to 4.37 in 0.1 M formic 
or acetic acid buffer. From these absorbances and 
those of the 4-diazohydroxide (VII) in 0.1 M acetate 
buffer pH 5.48 and its conjugate acid VIII in 0.05 M 
hydrochloric acid we calculated pKi = 4.15, and we 
confirmed this value kinetically. At pH 2-5 the re
version of 4-diazonium ion to 4-diazohydroxide is slow, 
and the postulated reactions are 

(D 

(14) The stationary state approximation requires that k-2 it> fc<. 
This condition is not fulfilled at pH 6.46 because fc4 = 0.041 sec^1. 

N,OH 
I 

rS 
^ j VNf 

H 

VIII 

AT1 

N2OH 
I 

rS 1^s J> 
^ N 

VII 

K 

N2 
I 

r\ ^ , ^ ^ N 

VI 

K 

OI 
I 

r* 1^*, •N 

V 

where 

Ar=I 

a = 1 + [HPT1; b = fc4 - Jtya; and [ArN2OH]0 is 
the initial concentration of pyridine-4-diazohydroxide 
(VII). The absorbance of the reaction mixture is 
given by 

Abs = e[HArN2OH] + e '[ArN2OH] + 

e"[ArN2] + 6'"[ArOH] (3) 

All the extinction coefficients are known (Experi
mental Section), and a computer program was written 
to calculate the concentrations of the various reacting 
species using eq 2 and 3 and therefore the absorbance 
at any given time, with various values of Ki. 

Plots of In (Abs„ — Abs,) against time were linear, 
and the observed and calculated values of the slopes 
of these plots are given in Table IV for experiments 

Table IV. Determination of pKi of Pyridine-4-diazotate 

pH PK1' 
d In (Absa 

Calcd 
Abs,)/dr 

Obsd" 

2.43 

3.07 

00 
10 
20 
00 
10 

4.20 

4.33 
3.46 
2.76 

17.1 
14.0 
11.3 

3.25 

13.5 

" Arbitrary values of pA"i. b The reaction was followed at 234 
nm. 

at pH 2.43 and 3.07. The best fit between the observed 
and calculated slopes is given by P̂ T1 ~ 4.15. 

Rate and Equilibrium Constants for Experiments at 
pH >2. The rate and equilibrium constants for re
actions of pyridine-4-diazotate (II) at 25.0° are in 
Table V. The values of pATi and pK2 are reasonable in 
terms of known acid dissociation constants for similar 
compounds. 

Solvent Isotope Effects. Scheme I predicts the follow
ing kinetic deuterium solvent isotope effects, (i) At pH 
(pD) >6 the reaction should be faster in D2O. (ii) 
At pH (pD) 4-6 the solvent isotope effect should be 
small, (iii) At pH (pD) 1-4 the reaction should be 
slower in D2O. 

The results fit the predictions (Table VI), and the 
values of fcH»o/kDjo are reasonable in terms of deuterium 

(15) E. A. Coddington, "An Introduction to Ordinary Differential 
Equations," Prentice Hall, New York, N. Y., 1961, p 40. 
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Table V. Rate and Equilibrium Constants 
for Reactions of Pyridine-4-diazotate 

Constants 

PXs 
PK1 
k, 
kt 

Jt_3O H 

fr_,B»° 

Value 

6.9» 
4.15 
0.165 sec-1° 
0.041 sec-1 

2.76 X 10« 1. mol"1 sec"1 

Small 

J C 

£ « 

° For pyridine-2-diazotate pK = 6.2, and the rate constant for 
decomposition of the diazohydroxide is 0.06 sec - ' at 25.0°, cf. 
ref9b. 

Table VI. Kinetic Solvent Deuterium Isotope 
Effects for Decomposition of Pyridine-4-diazotate 

pH(pD)» 102Jt D2O 102/CH,O ^ H J O / ^ D I O 

7.34 
5.20 
2.99 

1.45 
3.68 
2.68 

0.275 
3.66 
0.933 

0.19 
1.0 
3.45 

» T. H. Fife and T. C. Bruice, J. Phys. Chem., 65, 1079 (1961). 

solvent isotope effects on acid dissociation,16'17 which 
appear to be the important factors; although there 
probably are small effects due to kinetic solvent isotope 
effects and to secondary structural isotope effects be
cause some of the reacting species (Scheme I) have 
exchangeable hydrogen atoms. 

Trapping of the 4-Diazonium Ion. Kalatzis found 
that the treatment of 4-aminopyridine with nitrous acid 
gave an unstable species which coupled with phenols.7 

We have confirmed his observations and also observed 
coupling reactions starting with pyridine-4-diazotate 
(II) and determined the rates of reaction of the 4-diazo-
nium ion (VI) with phenoxide and naphtholate ions. 
We did not observe these reactions with pyridine-2-
diazotate (I), in agreement with our assumption that 
diazonium ion does not build up during decomposition 
ofl. 

Rates of Diazo Coupling. At pH 8-10 the 4-diazo-
nium ion (VI) is in equilibrium with 4-diazotate ion (II) 
and gives 4-pyridone in a rate-limiting step. In the 
presence of reactive phenols and naphthols over-all 
reaction to azo dye is zero order with respect to phenol 
or naphthol so that the rate-limiting step is formation 
of the 4-diazonium ion, and the coupling reaction (Zc0) 
with A r ' O - is faster than both the back reaction with 

fci A r ' O 

ArN2O" ̂ r ^ ArN2OH ̂ =i ArN2
+ —>- ArN2Ar'OH 

U VII VI 

Y 
ArOH 
V 

hydroxide ion (fc_3
0H) and the forward reaction to 

4-pyridone (Zc4). 
However, the anion of /vhydroxybenzoate ion (IX) 

couples relatively slowly with the diazonium ion, though 
the coupling and reaction with O H - are still much 
faster than formation of 4-pyridone (V). Decarboxyla
tion accompanies coupling (Experimental Section). 

(16) C. K. Rule and V. K. La Mer, J. Amer. Chem. Soc., 60, 1974 
(1938); C. A. Bunton and V. J. Shiner, ibid., 83, 42, 3207 (1961). 

(17) K. Wiberg, Chem. Rec, 55, 1713 (1955); V. Gold, Advan. Phys. 
Org. Chem., 7 259(1969). 

-0 /T 
[OHV[PhO] 

Figure 3. Determination of the rate constant of coupling of 
pyridine-4-diazonium ion and the anion of p-hydroxybenzoate ion. 

+ CO2 

Under these conditions, at pH >8, the rate constant 
(Zĉ ) for the formation of X fits eq 4 and 5; at pH 8 

Zc0Zc3[Ar'Q-] 

* (fc_3°H[OH-] + ^e[Ar 'O-JXAi + [H+]) 

[H+]«* 2 and 

[H+] 
k# 

q _ 3 ° H [ O H - ] K, 
kJcJLAi'O-] + Zc3 

(4) 

(5) 

Plotting [H+]/fc* against [OH-]/[OAr-] for reaction 
with ^-hydroxybenzoate ion gives a linear plot with 
slope X2Zc_3

OH//c0Zc3 and therefore the value of Zc0. This 
plot is shown in Figure 3 for reaction followed at 438 
nm, and results for the individual runs are in Table VII. 

Table VII. Azo Coupling of Pyridine-4-diazonium 
Ion and p-Hydroxybenzoate Ion" 

10»[Ar'OH], M pH 
KM*, 
sec-16 

6.80 
9.10 

18.0 
45.5 

9.33 
9.08 
9.13 
9.31 

6.30 
20.2 
28.2 
29.6 

"P-Ka = 9.39: L. P. Hammett, Chem. Rev., 16, 67 (1935). 
6 At 25.0°. 

Knowing K = 1.3 X 1051. mol - 1 sec -1 for reaction 
of the ion IX we carried out competition experiments 
between it and more reactive phenoxide ions and ana
lyzed the azo dyes spectrophotometrically. This com
petition was extended to a series of phenoxide and 
naphtholate ions (Experimental Section). The second-
order rate constants are calculated from eq 6. 

k? 
/c0 

JiTa[Ar'OH] K* + [H+] [Azo]R 

K% + [H+] ' KJ[AT ' O H R ] ' [Azo] 
(6) 

In eq 6 the superscript R denotes the reference phen
oxide ion, Ar 'O - . The second-order rate constants, 
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kc, for reaction of phenoxide ions with the diazonium 
ion (VI) in Table VIII approach the diffusion-controlled 
limit.1819 

Table VIII. Second-Order Rate Constants 
for Azo Coupling of Pyridine-4-diazonium Ion« 

Coupling agent 

/;-Hydroxybenzoate 
o-Chlorophenol 
Phenol 
2-Naphthol 
o-Methylphenol 
o- Methoxyphenol 
2,6-Dimethylphenol 
1-Naphthol 
2-Methyl-l-naphthol 

kc, 1. mol - 1 sec - 1 

1 .3X10« 
1.0 X 105 

1.8 X 10« 
1 . 1 X 1 0 ' 
1.2 X 10' 
1.2 X 108 

2.4 X 10« 
1.9 X 10« 
7.2 X 10s 

• At 25.0°. 

Reaction in Acidic Solutions. The rates of decompo
sition of both pyridine-4- and -2-diazotate increase at 
low pH (Figure 1); however, the rate enhancement for 
the 2-diazotate (I) is small, and therefore we examined 
the reaction of the 4-diazotate (II) in detail. 

Products. The products of decomposition of II 
(determined spectrophotometrically) depended upon 
the nature and concentration of the mineral acid 
(Table IX). With 1.15 M perchloric acid 4-pyridone 

Table IX. Products of Reaction of Pyridine-4-diazotate in Acid 

Acid Product" 

0.1 MHClO4 
1 M HClO4 
1 MHCl 
IMHClO4 + 3 MNaCl 
2 M HCl 
4 M HCl 
4MHClO4 
5.5 M HClO4 
6 M HCl 

ArOH (major) + ArNH2" 
ArOH (major) + ArNH2

6 

ArOH (major) + ArNH2
6 

ArOH + ArCl 
ArOH (major) + ArNH2" 
ArCl 
ArOH + ArNH2" 
ArNH2" 
ArCl 

•• Ar === v ~ \ 

" This product was spontaneously renitrosated and slowly gave 
pyridone. 

(Xmax 234 nm in acid) was the major product, but in 
5.5 M perchloric acid the product had Xmax 262 nm 
in acid and 241 nm in base and was 4-aminopyridine 
(XI). This product slowly decomposed in the reaction 
mixture, giving 4-pyridone. The obvious explanation 
of these observations is that the 4-diazohydroxide (VIII) 
is denitrosated in 5.5 M perchloric acid, probably 
through an intermediate nitrosamine (XII) or its con
jugate acid, Scheme IV. Nitrous acid then nitrosates 

Scheme IV 
N2OH 

N' 
H 
VIII 

HN-NO 

XII 

(18) The rate constant for the diffusion-controlled reaction of p-
nitrobenzenediazonium ion and azide ion is slightly lower than 1010 1. 
mol~> sec.-1.19 

(19) C. D. Ritchie, Accounts Chem. Res., 5 348 (1972). 

and deaminates the kinetically controlled 4-amino-
pyridinium ion (XI) so that 4-pyridone is the thermo-
dynamically controlled product. The results show that 
denitrosation and decomposition to 4-pyridone have 
different acid dependencies. 

Denitrosation occurs readily with secondary 7V-nitro-
soamines, and there is no evidence that primary N-
nitrosoamines have a more than transitory existence, 
although they or their conjugate acids could well lose 
NO+ , rather than rearrange to diazo compounds. Ka-
latzis has reported, although without giving the evi
dence, that nitrosation of 4-aminopyridine "is revers
ible" in highly acidic solutions.7 

These observations suggest that the reactions in 
Scheme IV are reversible and that it might be possible 
to trap the intermediates in acid. Ascorbic acid reacts 
rapidly with nitrous acid and its derivatives20 and in
hibits the formation of secondary alkyl nitrosoamines.3 

When excess ascorbic acid was added to pyridine-4-
diazotate (II) in 0.115 M perchloric acid, over 50% of 
the product was 4-aminopyridine (detected spectro
photometrically) although 4-pyridone was formed in 
the absence of ascorbic acid. However, ascorbic acid 
did not increase the over-all reaction rate so that its 
intervention must be after the rate-limiting step. 

Chloride ion, in relatively high concentration, also 
changes the product composition (Table VIII), giving 
4-chloropyridine (XIII) (Xmax 228 and 257 nm), presum
ably by nucleophilic attack upon the 4-diazonium ion 
or other diazo species. 

+ Cl + N, 

Rates of Acid-Catalyzed Reactions. The rate of 
decomposition of pyridine-4-diazotate increases sharply 
as the acid concentration increases (Table X). Although 

Table X. Rate Constants for Decomposition of 
Pyridine-4-diazotate in Aqueous Acid" 

[H+], 
M 

0.1 
1.0 
1.15" 
1.15c 

2.0 

1 0 3 ^ , 
sec - 1 

1.53 
11.4 
19.5 
16.0 
28.6 

[H+], 
M 

3.0 
4.0 
4.0" 
6.0 

103Zc,/,, 
s e c - 1 

55.5 
83.4 

150 
275 

« At 25.0° and HCl unless specified. " HClO4. 
D2O. 

DClO4 in 

the products are different for reactions in hydrochloric 
and perchloric acids (Table IX), there is no great dif
ference in the rates, especially in view of the greater 
protonating power of perchloric acid,21 and therefore 
the products must be formed after the rate-limiting 
step. 

(20) C. A. Bunton, H. Dahn and L. Loewe, Nature (London), 183, 
163 (1959); H. Dahn, L. Loewe, and C. A. Bunton, HeIv. CMm. Acta, 
43,303,317,320(1960). 

(21) R. H. Boyd in "Solute-Solvent Interactions," J. F. Coetzee 
and C. D. Ritchie, Ed., Marcel Dekker, New York, N. Y., 1969, Chap
ter 3. 
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There is a small deuterium solvent iostope effect for 
reaction in 1.15 M perchloric acid with femo^ao = 
1.22 suggesting slow proton transfer but that the transi
tion state for this transfer is unsymmetrical. Prob
ably proton transfer to the -OH group of the pro-
tonated 4-diazohydroxide (VIII) is involved,22 because 
at low pH the pyridine ring of the substrate is fully 
protonated (pK2 = 4.15). We found no evidence for 
build-up of any intermediates, and the reactions were 
cleanly first order, except when denitrosation gave A-
aminopyridine which was itself deaminated (Table IX). 
A reasonable reaction sequence is shown in Scheme V. 

Scheme V 

N2OH 

*J\ [^ ascorbic ^ N ' 

H acid H 

In Scheme V we assume that an intermediate (int) is 
formed slowly in an acid-catalyzed reaction and de
composes rapidly and that increasing acidity favors 
its conversion into nitrosoamine. In view of the 
deuterium isotope effect we expect formation of int to 
be general acid catalyzed, though it is difficult to test 
this point at such acidity. The decomposition to A-
pyridone or 4-chloropyridine is shown involving a 
diazonium ion intermediate, but direct decomposition 
would fit the evidence just as well, because we could 
not trap a diazonium ion in acid. If we assume that 
the substrate is the conjugate acid of the a«//-diazo-
hydroxide, int could be the protonated s>>«-diazohy-
droxide (sy/z-diazohydroxides are much less stable than 
anti).9'10'25 However, the diazohydroxides and N-
nitrosoamines, or their conjugate acids, could inter-
convert by reversible prototropic rearrangements, so 
that we could be dealing with a tautomeric system. In 
addition, int should be on the reaction path for the 
diazotization of 4-aminopyridine in strongly acidic 
media,' and we note that rate-determining proton 
transfers appear to be important in the diazotization 
of weakly basic amines.6 

The rate of decomposition of pyridine-2-diazotate 
increases slightly at low pH (Figure 1), possibly be-

(22) For discussions of isotope effects in proton transfers, see ref 17, 
23, and 24. 

(23) C. A. Bunton and V. J. Shiner, / . Amer. Chem. Soc, 83, 3214 
(1961). 

(24) C. G. Swain, D. A. Kuhn, and R. L. Schowen, J. Amer. Chem. 
Soc, 87, 1553 (1965); cf. L. L. Ingraham, Biochim. Biophys. Acta, 119, 
8 (1972). 

(25) (a) J. S. Littler, Trans. Faraday Soc, 59, 2296 (1963); (b) O. 
Machackova and V. Sterba, Collect. Czech. Chem. Commun., 37, 3313, 
3467(1972). 

15000 

10000 
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300 350 

Figure 4. Spectra of reactants, products, and intermediates in the 
decomposition of pyridine-4-diazotate: (•) 4-pyridone; (•) A-
hydroxypyridinium ion; (O) pyridine-4-diazotate; (A) pyridine-4-
diazohydroxide; (D) pyridinium-4-diazohydroxide; (0) pyridine-4-
diazonium ion. 

cause of incursion of an acid-catalyzed dehydration to 
the diazonium ion. 

Possible Anti-Syn Interconversion. We discussed the 
decomposition of the pyridine diazotates at pH >1 
without considering the possibility of a kinetically 
significant anti -*• syn interconversion. Lewis and 
Hanson found a minimum in Hammett plots for de
composition of benzene diazohydroxides to diazonium 
ions9 and suggested that, with strongly electron-at
tracting substituents, the rate-limiting step was con
version of the anti- into s_y«-diazohydroxide but that 
for other substituents it could be direct conversion into 
diazonium ion, and the pH dependence of the decom
position of diazotates to diazonium ion has been ex
plained in terms of anti-syn interconversions9'25b or 
direct decomposition.9 

We heated a portion of pyridine-4-diazotate in 0.1 M 
sodium hydroxide for 1 day and cooled it rapidly but 
found essentially identical rate constants for both 
samples at pH from 1 to 7. These observations are 
consistent with the assumption that our sample was 
predominantly anti under all conditions,9 and it could 
give diazonium ion directly, or the slow step could be 
conversion of anti- into ,syn-diazohydroxide. It is 
difficult to believe that the intermediate which we draw 
as the diazonium ion (VI) in Scheme I could be syn-
diazohydroxide, because sjn-diazotates (and therefore 
sj«-diazohydroxides) are very much less stable than 
anti,910,26 but it is possible that anti-syn intercon-
versions are important in highly acidic solutions where 
the pyridine group is protonated, for example the 
unstable int (Scheme V) could be a syn isomer. 

Spectra of the Reaction Intermediates. In studying 
the reaction of nitrous acid with 4-aminopyridine 
Kalatzis observed rapid formation of an intermediate 
with Xmax at 285 nm, which he assumed was the di
azonium ion.' We conclude, however, that this in
termediate is pyridine-4-diazohydroxide (Experimental 
Section). The uv spectra of the reactants, products, and 
reaction intermediates are shown in Figure 4, and Xma* 
and emax are in Table XI. The spectra of the 4-diazo
hydroxide and its conjugate acid are consistent with 
these compounds containing the diazo group. 

We made a few observations on the pyridine-2-
diazotate (I) which had Xmax 285 nm and e 3.4 X 104 in 
dilute alkali (cf. ref 9b). When the solution was 
acidified (dilute acetic acid), a new absorption X 293 nm 
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Table XI. Spectra of Diazo Compounds 

Material Xm«x, IMl 

O~Ni0" 
i \ \ - N j O H ' 

Ht/ V-N2OH* 

O=0 HN 

HN >—0H' 

277 11,800 

313 13,200 

283 13,600 

305 2,720 

254 14,680 

234 8,630 

<• pH 5.77 in 0.1 M phosphate buffer. b 0.05 M HCl. ' 0.5 M 
HCl. 

(e 2.2 X 104) appeared, and the spectrum then slowly 
changed to that of 2-pyridone (III). We assume that 
the intermediate is the diazohydroxide (IV),26 but be
cause of the problem of identifying intermediates in 
the decomposition of pyridine-2-diazotate we did not 
pursue this question. 

Reactivities of Pyridine-2- and -4-Diazo Derivatives. 
There are marked differences between the 2 and 4 
derivatives in that the cationic intermediates generated 
in reactions of the 2-diazotate (I) are short lived and go 
forward to products rather than reverting to reactants. 
For example neither we nor Kalatzis7 observed build-up 
of pyridine-2-diazonium ion (V) during reaction, prob
ably because the strong inductive effect of the pyridine 
nitrogen atom speeds attack by solvent. In addition the 
rate minimum in the reaction of pyridine-4-diazotate 
(II) at pH 1.5 was unexpected (Figure 1). It was ex
plained in terms of protonation of pyridine-4-diazo-
hydroxide (VII) (p£ a = 4.15), but pyridine-2-diazo-
hydroxide (IV) should be much less basic and therefore 
unprotonated in our pH range.27 

The rate constant (Zc3) for conversion of 4-diazo-
hydride (VII) into 4-diazonium ion (VI) is 0.165 sec -1 

(Table V) and is only slightly larger than the rate con
stant of 0.06 sec -1 for over-all decomposition of pyri-
dine-2-diazohydroxide in the plateau region pH 3-5 
(Figure 1). These values are reasonable in terms of the 
known rate constants for decomposition of para-sub
stituted benzene diazohydroxides to diazonium ions.9 

However, our failure to observe a diazonium ion in 
reactions of pyridine-2-diazotate (I) shows that the 2-
diazonium ion (IV) loses nitrogen extremely readily. 
This assumption is supported by the variations of log Zĉ  
with pH at pH >6.5 (Figure 1). With pyridine-2-
diazotate (I) the slope is —1.05 because of the equi
librium between diazotate and diazohydroxide, but with 
pyridine-4-diazotate (II) it is —1.95, because two proton 
equilibria are involved between diazotate and diazo-

(26) Kalatzis observed a new absorption, Xmax 283 nm, when pyridine-
2-diazotate was acidified with 0.02 M HCl7 and assumed that it was 
that of pyridine-2-diazonium ion (V), but it could have been that of 
protonated diazohydroxide. 

(27) For 2- and 4-methoxypyridine pKa = 3.28 and 6.62, respec
tively,2S and pyridine-2- is a stronger acid than pyridine-4-diazohydrox-
ide. 

(28) A. Albert and J. N. Phillips, J. Chem. Soc, London, 1294 (1956). 

hydroxide and diazohydroxide and diazonium ion 
(Scheme I). 

Experimental Section 
Materials. The diazotates were prepared by adding isoamyl 

nitrite (12 mmol) in dried THF (35 ml) to a stirred slurry of NaNH2 

(13.1 mmol) and the aminopyridine (13.6 mmol) in dried THF 
(105 ml) under Nj.29 The light yellow precipitate was washed 
several times with TMF or dried Et2O and vacuum dried. The 
products which were obtained in 50-70% yield had nmr and ir 
spectra consistent with the expected structure. 

Pyridine-4-diazotate (II) was further purified by chromatog
raphy over triethylaminoethyl cellulose using aqueous 0.01 M 
Et3N/C02 as eluent. Portions were assayed spectrophotometri-
cally, but the trimethylamine diazotate decomposed when the solu
tion was concentrated in vacuo. The concentration of the eluted 
solutions was determined spectrophotometrically by decomposing 
the diazotate to 4-pyridone. 

Sodium pyridine-4-diazotate was also purified by dissolving it in 
freshly distilled D M F and an equal volume of dried THF. Dried 
Et2O was then added slowly to precipitate the diazotate fractionally. 
Both methods of purification gave Xmax 277 nm and e 11,800 (chro
matography) and 11,700 (precipitation): nmr (60 MHz) 5 7.06 
(m), 8.17 (m); ir (Nujol) 1601, 1310, 1255, 1210, 1005, 930, 830, 
720, 695 cm - 1 . The rate constants for the over-all decomposition 
were the same using crude or purified samples. By analogy we 
assume that the products were the cwft'-diazotates.9 

Kinetics. The over-all rates of decomposition were generally 
followed in a Gilford spectrophotometer with a thermostated cell 
block at 25.0°, at 254 nm (pH >3.5) or 234 nm (pH <3.5) for 
pyridine-4-diazotate and 255 nm for pyridine-2-diazotate. For 
reactions of the 2-diazotate the ionic strength was 0.1 (with NaCl). 

The fast reactions were followed using a Durrum-Gibson stop-
flow spectrophotometer. All rate measurements were at 25.0° and 
except where noted the plots of In (Abs„ — Abs() against time 
were linear for at least 3 half-lives, provided that freshly made up 
solutions were used. 

Spectral Measurements. The uv absorption spectra of the stable 
compounds (diazotates and pyridones) were measured in water using 
Cary 11 or 15 spectrophotometers. The absorption spectra of 
pyridine-4-diazohydroxide and its conjugate acid were measured 
using the stop flow-spectrophotometer, which was calibrated using 
potassium hydrogen phthalate,30 because there were discrepancies 
between it and the Cary spectrophotometers due to dark current and 
perhaps to stray light. 

Solutions of pyridine-4-diazotate and the appropriate buffer were 
mixed rapidly in the stop-flow spectrophotometer and the trans-
mittance was measured at various wavelengths. 

The spectrum of pyridine-4-diazonium ion (VI) was measured in
directly. At pH 4-6 the reaction is 

B ^ ± C : D 

where B = ArN2OH, C = ArN2
+, and D = 4-pyridone. 

The differential equations have been solved and give31 

LaOH[OH-] + Zc4 - 7i 

Ta - 7 i 
! [ O H ~ ] + /<4 - 72 

- y 2 < 

7 i 72 

Cc = CB0ZC3 
g- -M _| (T-Y1* 

72 - 7 i 

Cn = C B 0 . 'kski ( -
1 

B"/C3/C4 
\ 7 i 7 2 7i(72 — 7 i ) 

7 i - 72 

e-y>* — 

1 
72(71 ~ 72) 

- 7 = ( - (k3°H[OH-] + Zc3 + fc«) ± {(/<_3OH)2[OH-]2 + 
2/c_3

OH[OH-](/<3 + fc4) + fcs2 + Zc4
2 - 2/c3/c4}

1/!)/2 

(29) A. E. Chichibabin and M. D. Ryazoncev, J. Russ. Phys. Chem., 
46,1571(1915). 

(30) "U. V. Atlas of Organic Compounds," Vol. Ill, Plenum Press, 
New York, N. Y., 1967. 

(31) N. M. Rodiguin and E. N. Rodiguina, "Consecutive Chemical 
Reactions," Van Nostrand, New York, N. Y., 1964, p 24. 

Journal of the American Chemical Society j 96:10 / May 15, 1974 

file:///7i72


Table XIL. Extinction Coefficients of Azo Dyes" 

3275 

Trapping agent P#a! 400 425 
-X, nm-

445 475 540 

0--O 

^0Mf 

(S-0 

,Me 

OMe 

9.39" 

8.48= 

9.95d 

9.51» 

10.28/ 

9.93/ 

10.58» 

12,122 

13,769 

13,962 

4,961 

10,879 

7,669 

7,098 

14,300 

17,077 

17,217 

7,172 

16,243 

13,125 

12,513 

14,639 

17,308 

17,515 

8,837 

19,137 

16,815 

16,318 

10,593 

19,772 

20,232 

667 

247 

581 

5,295 

2,379 

4,447 

6,330 

9.34« 2,068 4,868 7,633 20,337 

Me 9.68^ 6,600 20,534 

" Values of t. b The phenol or naphthol. c L. P. Hammett, Chem. Rev., 16, 67 (1935). d C. M. Judson and M. Kilpatrick, /. Amer. 
Chem. Soc, 71, 3110 (1949). ' "Handbook of Chemistry and Physics," Chemical Rubber Publising Co., Cleveland, Ohio, 1969. / D. R. 
Boyd, J. Chem. Soc, London, 1538 (1915). « G. W. Wheland, R. M. Brownell, and E. C. Mayo, /. Amer. Chem. Soc, 70, 2492 (1948). 
' Determined in the course of this work. 

Therefore, the concentrations of each species can be calculated at 
any given time. A solution of pyridine-4-diazotate (6.42 X 10~5 

M) was rapidly prepared (7 sec) in 0.1 M acetate buffer (pH 5.4) and 
the spectrum was scanned at 25.0° on a Cary 15 spectrophotom
eter so that the absorbance was known at various wavelengths and 
times (more than one determination had to be made). From these 
data we calculated the contribution of pyridine-4-diazonium ion to 
the total absorbance. 

Azo Coupling. Solutions of the azo coupling products were 
prepared from pyridine-4-diazotate and several phenols under 
conditions in which all the diazonium ion is trapped. The ex
tinction coefficients of the azo dyes were then calculated at pH 11.05 
(Table XII). In one reaction 

N5O-

5O- CO2" 

H O — \ ~ \ - N = N — / ~ \ 

XIII 

we isolated XIII and purified it by solution in EtOH, treatment with 
activated charcoal, and recrystallization. It had no ir absorbance 
at 1600-2000 cm-1: (60 mHz) S 8.40 (d, J = 3 Hz); 7.56 (d, J = 
4.5 Hz); 7.32 (d, J = 3 Hz), 6.54 (d, J = 4.5 Hz). 

Using these extinction coefficients and pXa for the phenols and 
naphthols (Table XII) we used competition between pairs of trap
ping agents to determine the relative reactivities of the aryloxide 
ions toward pyridine-4-diazonium ion. 

The pH for the coupling experiments was 8-8.5 and the concen
trations of the trapping agents were in the range 10-4—2 X 1O-2 M 
so that easily measurable amounts of each azo dye were formed. 
Pairs of trapping agents were chosen so that the concentrations of 
the azo dyes could easily be calculated from the final spectra. 

Appendix 

Analog Simulation of the Reaction at pH 4-6. If the 
formation of 4-pyridone is followed at X 254 nm the 
absorbance decreases for 5-10 sec, but after 20 sec the 
change of absorbance follows the normal first-order 
rate equation (Figure 2). 

We assume that the reaction can be represented as 

ArN2OH: : ArN2- ArOH 

We used the values of k% and fc4 given in Table V 
(/c_3

H'° is small, >10 - 2 sec-1), and using an analog 
computer, we fitted the experimental plot of absorb
ance against time,12 taking the following extinction 
coefficients at 254 nm, eArNiOH 3980, eAr+N! ~ 0 , eAroH 
14,680 (Figure 4). 

The points in Figure 2 were taken from a Polaroid 
photograph of the oscilloscope trace from the stopped-
fiow spectrophotometer, and the solid line was ob
tained by putting the output from the analog computer 
into an X-Y plotter. 
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