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Absbmct: Tk quantitati~ forma&m of nilropknols from phenol by reaction with nifro.gen dioxide in 
sol&on invdvu sages, rkfist king tk absmaction qfa hy&ogea atom from Ik hydrod group by 
NOi Md tk second tk 1CarabB 4 tk pkmg radical fomd dth NO,. Tlv firsr SulgC it ra@- 
linddng 01 high [NO;]. In llrc CPFC ~4-~~h_~lpki~l a SMlar WUC~~SWI kd.f to borh 4-n~thyl4- 
nh&ohcxa-2S&en-1at and 4metlryla-nitrocyclo~-2,4-dicn-l-onc intermcdia&s and (II high 
[NOi] tk apparcn~ rate gfreaction CM &come tk conversion c#tk l&r intermediate info 4+nethyl- 
2-nitroplunol. 

Our previous kinetic studies of the reaction of nitrogen dioxide in solution with phenols have concentrated 

on substituted phenols where the products are mainly nitrocyclohexa-2.5-dien-l-ones.‘J Kinetic” and other 

results’ were rationalised by mechanisms involving initial hydrogen abstraction from the hydroxyl group, 

reaction of the phcnoxy radical formed with NO; and, on occasion, the intermediacy of cyclohcxa-2.4-dien-l- 

one intermediates2 These studies have now been extended to the formation of ring-substituted nitro- 

compounds from phenol and 4-methylphenol and demonstrate that the same general mechanism applies. 

Reactions between these substrates and nitrogen dioxide in cyclohexane and carbon tetrachloride were 

followed using the stopped-flow technique, monitoring the appearance of niuo-products by theii UV 

absorptions. 

The reaction of phenol (104 mol dni’) with a stoichiometric equivalent of ([N,OJ + O.S[NOi] ] in 

cyclohcxane at 25°C gave a 97% yield of nitrophcnols (54% o, 43% p). At a higher concentration of phenol 

(0.61 mol dm-‘) in carbon tetrachloride solution increasing quantities of p-bcnroquinone are formed (30% with 

[N,OJ + 0.5[NO;] = 0.4 ma1 dni’ ) by what seems to be a separate oxidation process. 

Kinetic studies of the nitration in cyclohexane at 25’C were carried out under conditions of a large excess 

of nitrogen dioxide ([phenol], 0.5-2.5 x 10’ mol dm”; [NO;], 0.9-7 x 1Cr’ mol dni’). The reaction was first 

order in phenol over more than 3 half-lives, giving k,. and the extinction curve change indicated the formation 

of the niuophenols in the above proportions. Figure 1, a plot of log,& vs log,,[NO;], shows that the order 

in NO; changes from 2 in the region below [NO;] = 2 x lOA mol drn-’ to 1 above [Nor.] = 3 x 1u3 mol dme3, 

the corresponding third and second order rate coefficients being k, = 7.6 x ld dm’ mor2 se’ and b = 2.5 x 

103 dm3 mol.’ s” respectively. A corresponding study of 2.4.6-[‘H&phenol gave k, = 3.8 x lo” dm6 mo1-2 s-’ 

l Px’~Senl address: Department of Chemistry. Bnmel Univasity. U&ridge, Middlesex, l_JBg 3PH, UK. 

6373 



6374 

0.0 

4.5 I 
-1.0 

0.0 0.4 0.8 
log,,[NW + 4 

Figure1 The rcactim of phenol with niaogtn dioxide in cyclohexam a1 25T; the slopes of the lines drawn are 2. for Ihat a1 the 
lowu vduss of [NO& and 1. for that at the higher values. 

and k2 = 2.1 x ld dm3 mol” se’, suggesting a primary kinetic isotope effect for the third order process only. 

The proportions of niuophenols formed are similar to those reported for the nitrous acid catalysed niuation’ 

of phenol in aqueous sulphuric acid (57% o, 43% p) and for nitration’ of phenol by 2.3.5,6-tetrabmmo-4- 

methyl-4-nitrocyclohexa-2Jdien-l-one (56% o, 44% p), reactions where the product-determining stage is 

believed to involve reaction of NG with the phenoxy radical. The intermediacy of this radical is also 

suppotted by the earlier work on the substituted phenols.‘33 Considering the mechanism of Scheme 1. where 

PhoIl + =32- 
ka 

=r= 
Pho. + HN02 

a 

Pho. 

Scheme 1 

k.>>k,. if k,[NO;] >> k.,[HNOJ then the reaction should be first order in NOi and PhOH. as is observed 

ar the higher [NOz.]. If, however, k,[NO1.] <c k,[HNOJ a reaction second order in NOz. should result as is 

observed at the lower [NO;]. The observed kinetic isotope effects are consistent with Scheme 1 as only the 

reactions at lower [NO21 show a primary kinetic isotope effect indicating that hydrogen loss from the ring is 

at least partially rate-limiting under these conditions. 

However, reaction according to Scheme 1 is not immediately consistent with the observed frost order 

dependence on the concentration of phenol at low [NOi]. The rate quation here should be 
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and so the linearity of the first order plots under these conditions implies that the concentration of nitrous acid 

is not in-sing as the reaction pmcccds. An effcctivtly constant concentration of nitrous acid could be due 

to further equilibria which buffer this species at a low concentration. Alternative mechanistic schemes for the 

reaction which is second order in NO,’ are unable to explain the lowering of order as [NO;] is raised, and 

processes not involving the hydmxyl group are ruled out by the unteactivity of anisole under corresponding 

conditions {k, = 5 x lo4 s.’ for reaction of nitrogen dioxide ([N,O,] + 0.5pOzj = 0.13 mol dni’) with anisole 

(0.014 mol dni’) at 25°C in carbon tetrachlotide). 

Reaction of 4-methylphenol and nitrogen dioxide at 25°C in cyclohexane gives 32% 4-methyl-4- 

nitrocyclohexa-2,5-dien-l-one and 68% 4-methyl-2-nitrophenol. The former then undergoes a slower first 

order conversion into the latter at a rate (k, = 3.3 x lOA s” in chloroform and 4.8 x la’ s“ in cyclohexane 

at 25°C) similar tn the rate established elsewhen? for this homolytic nanangemnt_’ Study of the 

corresponding rearrangement of 2.6-[2H,J-4-mcthyl-4-nitrocyclohexa-2,5-dien-1-one (k, = 4.9 x 10-V in 

cyclohexane at 2YC) demonstrated the absence of a primary kinetic isotope effect. 

At [N@] less than -1.2 x lo4 mol dm“ the initial nitradon reaction, measured by the formation of 2- 

nitro-Cmethylphenol, is first order in Cmethylphenol and second order in [N0;] (k, = 5.0 x 10’ dm6 mol” 

s-l), similar hehaviour to that of phenol. However, above m02.] = -1.4 x lo-4 rnol dm-’ the rate. which is still 

fust order in substrate. becomes independent of nitrogen dioxide concentration (k, = 0.78 s-I), an observation 

consistent with a change to rate limiting reaction of an intermediate formed in bulk. Such intermediates 

formed in the reaction of substituted phenols have been identified as 6-nitrocyclohexa-2,4-dien-l-ones.” An 

ortho secondary dienone has previously been observed from reaction of 2,Sdimethylphenol with nitrogen 

dioxide,’ but such an intcrmcdiatc was not observai in previous studies of 4-mcthylphcnol.“~g Figure 2 is a 

plot of fust order rate coefficients (k,) for bmethylphenol and 2.6-[‘H,l-bmethylphenol vs [NO;J’. The 

kinetic isotope effect is 3.3 at [NO;] -z -1 x 10” mol dm-’ and 4.9 at [NOi] > -1 x lo* mol dm”. 
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Figure 2 The reactions of 4-methylphenol and 26[lHJ-4-mcthylphenol with nitrogen dioxide in cyclohexanc a1 WC!. 
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Scheme 2 

is faster than that for phenol, involves a prcu@librium lying to the left followed by the other steps involving 

at least partially rate limiting step d The process, zemtb o&z in nitmgen dioxide, which is obsemed at 

higha [NW] is step d when the 6-nitrocyclohexa-2.4dien-l-one I is formed in bulk. Although the full details 

am not clear, step c must be reversible as when 2.6m-4methylphenol reacts at the [NOi] > -1x104 mol 

dm-’ dre proportion of Z-nitto4-mcthylphenol formed apparently deereases to 26% and to 8% at [NOi] = 0.42 

x lo’ mol dm-‘. 

We conclude that the diffawtce between the bchaviour of phenol and 4methylphenol is that, for the 

former, less nactive substrate, cyclohexadien-I -one intermediates do not become bulk species at higher [NO;], 

but that the hydroxyl hydrogen abstraction stage can bccomc rate limiting. 
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