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The Kinetics and Mechanism of Reaction of Nitrous Acid with 4-Substituted 
Phenols in Aqueous Acid Solution 

Ben D. Beake, Jill Constantine and Roy 6. Moodie" 
Department of Chemistry, University of Exeter, EX44QD, UK 

The effect of dissolved oxygen on the kinetics of the reaction of 4-substituted phenols with nitrous 
acid provides evidence for a proposed mechanism in which nitric oxide and the phenoxy radical are 
generated and the latter reacts with nitrogen dioxide. 

In the reaction of nitrous acid with 4-phenoxyphenol in aqueous 
acid solutions, dissolved oxygen plays a crucial role. The major 
product ( > 90%) is 2-nitro-4-phenoxyphenol. Some benzo- 
quinone is also formed. Nitrosophenols are neither products 
nor detectable intermediates. There is no catalysis by chloride 
ion under conditions where such catalysis might have been 
expected if nitrosation were rate determining. 

If excess nitrous acid (as sodium nitrite) is added last to an air- 
saturated solution ([O,] = 2.44 x mol drn-,) of the 
phenol (2 x mol drn-,) in aqueous HCI the kinetics 
approximate to a first-order form. Fitted first-order rate 
constants (kobs,  'oxygen-present' data) are in Table 1 and show 
an approximately first-order dependence upon the concen- 
tration of nitrous acid, whilst being almost independent of 
acidity and added nitrate ion. Addition of the phenol last, after 
the nitrous acid has had time to remove dissolved oxygen by 
reaction (see below), and taking precautions to prevent further 
ingress of oxygen, leads to a reaction which is much slower but 
again of approximately first-order form and shows a different 
pattern of dependence of the observed first-order rate constant 
on the concentrations of nitrous acid, hydrogen ion and nitrate 
ion (Table 1,  kobs, 'oxygen-free' data). Closely similar rate 
constants to these were observed when oxygen was removed 
completely by freeze-thaw cycles under vacuum. 

The results can be interpreted in terms of the complete 
reaction sequence given in Scheme 1.t 

2 N 0 ,  + H,O HNO, + NO,- + H+ ( 1 )  
I 

2HN0, &NO + NO, + H,O (2) 
k.2 

2 N 0  + 0, A 2N0,  (3) 

PhOC,H,OH + HNO,&PhOC,H,O' + N O  + H,O (4) 
k-4 

PhOC,H,O' + NO, --% PhOC,H,OH(NO,) ( 5 )  

Scheme 1 

Steps (1)-(3) constitute the inorganic reaction of nitrous acid 
with oxygen to give nitrate. (Under our conditions the 
concentrations of N 2 0 3  and N,O, are small enough to be 
ignored and the predominant protonic forms of N"' and NV are 
molecular nitrous acid and nitrate ion respectively.2) 

?The form of the kinetic equation for steps (1)-(5) is assumed to 
correspond to the stoichiometry shown. 

Values for k , ,  k ,  and k-, are 8.4 x lo7 dm3 mol-' s-', 13.4 
dm3 mol-' s-' and 1.6 x 10' dm3 mol-' s-' re~pectively,~ all for 
22 "C. We assumed values of 1 x 10' dm3 mol-' s-', 15 dm3 
mol-' s-l, and 2 x 10' dm3 mol-' s-l for 25 "C. The value of k ,  
is 4.4 x lo6 dm6 molF2 s - ' . ~  Values for k-,  deduced from the 
literature differ by a factor of ca. 4.5*6 We therefore treated this 
as an adjustable parameter (see below). The value chosen, 
5 x l C 3  dm6 mol-2 s-l, was close to one reported (5.6 x lo-, 
mol-, dm6 s-l at 20 "C). Numerical integration' showed that 
consumption of oxygen [steps (1)-(3)] occurs on a similar time 
scale to steps (4) and (5). The calculated variation with time of 
the concentration of nitrous acid in the absence of organic 
reactant was compared with that observed spectrophotometric- 
ally; there was satisfactory agreement. The importance of steps 
(1)-(3) does not always seem to have been appreciated in studies 
of the kinetics of reactions of nitrous acid in solution. 

Concentration-time data for all species in Scheme 1 were 
then calculated by numerical integration for two sets of 
conditions, 'oxygen present' and 'oxygen free'. [For the latter 
set, initial concentrations of all nitrogen species were first 
calculated by numerical integration of steps (1)-(3) only for the 
length of time allotted, 10 min at high and 35 min at low nitrous 
acid concentration, for oxygen scavenging prior to the addition 
of the phenol.] Absorbances were then calculated as a function 
of time following addition of the phenol and the first-order rate 
constants (kcalc, Table 1) fitted for comparison with observed 
values. There were two adjustable parameters, k-, as described 
above and ( / ~ ~ k J k - ~ ) ,  which had a best fitting value of 520 dm3 
mol-' s-'. Values of k ,  and k-4, which both relate to radical 
combination steps, were chosen to be large and of similar 
magnitude, thus ensuring that k,[NO,] < k4[NO], i.e. that 
step (5) was rate determining. Strong support for this comes 
from our observation that flushing the solution with nitric aeid OK;d 
prior to addition of the nitrous acid causes a dramatic decrease 
in the rate of reaction. 

The reactions conform to no simple kinetic order and the use 
of fitted first-order rate constants (always fitting over ca. 3 'half 
lives') is merely a convenience for comparing observed with 
calculated behaviour. (Runs are close to first order because the 
quantity [HNO,][NO,]/[NO] does not change greatly during 
the reaction.) Improved mathematical analysis would allow 
refinement of the fitted values but would only be worthwhile 
if accurate data for the other rate constants at 25 "C were 
available. Bearing this in mind the agreement between cal- 
culated and observed rate constants is satisfactory. 

Several other mechanisms were first considered; none 
adequately explains the effects of the concentrations of oxygen, 
nitrous acid, hydrogen ion and nitrate ion. All these are now 
recognised as influencing, interdependently, the concentrations 
of N O  and NO, through steps (1)-(3), and thence the rate of the 
reaction sequence (4) and (5). Studies of 4-methoxyphenol and 
of hydroquinone, not reported here, show a similar pattern of 
behaviour. 
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Table 1 
(see text) at 25 “C in aqueous solution at  an ionic strength of 1.0 mol dm-3 (NaCI) 

Fitted first-order rate constants in the reaction of nitrous acid with 4-phenoxyphenol under ‘oxygen-present’ and ‘oxygen-free’ conditions 

‘Oxygen present’ ‘Oxygen free’ 

[HN0,]/10-3 [H’]/ “ 0 3  -i/io-3 kobc/ k c a l c l  kobs/  k c a l c l  
rnol dm-3 mol dm-3 mol dm-3 10-3 S-l 10-3 s-1 10-3 s-1 10-3 s-1 

8.0 
8.0 
8.0 
8.0 
4.0 
4.0 
4.0 
4.0 

1 .o 
1 .o 
0.1 
0.1 
1 .o 
1 .o 
0.1 
0.1 

6.5 
0 
6.5 
0 
6.5 
0 
6.5 
0 

22.2 
21.1 
18.1 
18.5 
13.0 
11.3 
9.4 
8.8 

21.2 
19.8 
20.6 
19.8 
10.4 
10.7 
10.4 
9.7 

2.79 
1.62 
1.55 
1.65 
2.99 
1.33 
1.16 
0.92 

2.40 
1.38 
1.36 
1.54 
2.84 
1.34 
1.27 
1.20 

kinetically insignificant intermediate in step (4). The mechanism 
corresponds to that established for the nitrous acid catalysed 
nitration of unsubstituted phenol under somewhat different 
conditions-* The value of (k4k5/k-4) for r ~ ~ c t i o n  in 18.8% 

~ y ~ p ~ ~ ~ ~ ~ ~ ~ ’  , “ ~ ~ . J ~ ~ ~ ~ ~ ~ a ~ ~ ~ 9 2 : . 6 ~ ~ e s t e r e n k o  and 
p. I. ~ ~ ~ ’ ~ ~ ~ ~ ~ h ~ ~ i ,  zh. prjk[. Khim., 1975, 

5 S. E. Schwartz and W. H. White. Ado. Environ. Sci. Technol.. 1983.12.1. 
954. 

, , ,  

H,S04 deduced from that study is 2.5 dm3 mol-’ s-’, which 
stands in satisfactory relation to the present value in view of the 
likely (radical stabilising) effect of the substituent. 

6 K. Vetter, Z .  Anorg. Chern., 1949,260,242. 
7 Programme ‘GEAR’, F. J. Weiger, Central Research Development, 

E. I. duPont de Nemours & Co., Experimental Station 398, 
Wilmington Delaware, 19898. 

8 U. Al-Obaidi and R. B. Moodie, J. Chem. Soc., Perkin Trans. 2,  1985, 
467. 
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