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l'hermolysis of p-bromo- or p -methoxybenzenediazonium ions in acidic methanol affords products of protodedi- 
azoniation (ArH) and methoxydediazoniation (ArOCH:J, mainly the former under N?, mainly the latter under 0 2 .  

In our experiments, both rates and products are determined from events within a single sealed ampule. Overall rate 
constants are dissected into components k ,  and k ,  in proportion to the yields of ArH and ArOCH:I, respectively. 
Changing the atmosphere from N2 to Or depresses k ,  by two orders of magnitude but has no significant effect on 
k ,. The results are intelligible in terms of competing, independent radical and ionic mechanisms, the former severe- 
ly inhibited by 02, the latter unaffected. There is no need to invoke an earlier hypothesis that the radical and ionic 
mechanisms involve a common intermediate. 

In 1970, Broxton, Bunnett, and Paik3 entitled a commu- 
nication: Do Radical and Ionic Pathways of Decomposition 
of Arenediazonium Ions in Acidic Methanol proceed via a 
Common Intermediate? We have carefully restudied the 
matter, and our data provide an answer to that question. The 
answer is that in two representative cases rate and product 
data are entirely consistent with a model of competing, in- 
dependent ionic and radical mechanisms. We find no need to 
invoke the unusual hypothesis earlier suggested. 

The phenomenon of interest was first described by DeTar 
and K ~ s u g e : ~  certain substituted benzenediazonium ions, such 
as those with p-bromo and p-methoxy substituents, decom- 
pose in acidic methanol under  nitrogen to give mainly pro- 
todediazoniation products (bromobenzene and anisole, re- 
spectively), but in the same solutions under oxygen to afford 
principally products of methoxydediazoniation (p-bro- 
moanisole and p-dimethoxybenzene, respectively); see eq 1. 

R*N*+BF.- 

1 

2 3 

a, R = Br; b, R = CH,O 
Broxton, Bunnett, and Paik:' confirmed the essential obser- 
vations of DeTar and Kosuge, and adduced evidence of several 
sorts that radical intermediates and a radical chain mecha- 
nism are involved in formation of protodediazoniation prod- 
ucts 2a and 2b. However, they found no evidence for radical 
intermediates in the reactions leading to methoxydediazon- 
iation products 3a and 3b. 

The reason that Broxton, Bunnett, and Paik" suggested that 
the radical and ionic pathways might share a common first 
step was a striking confrontation of product with kinetic data. 
Although changing the atmosphere from N2 to 0 2  caused a 
drastic change in product composition, the measured dimi- 
nution in rate was relatively modest, so that it was difficult 
to account for the change in product composition in terms 
merely of suppression by 0 2  of a fast radical mechanism 
leading to 2a or 2b so as to allow a slow ionic process to pre- 
vail. 

Subsequent observations by Ohmoris motivated our reex- 
amination of the thermolysis of l a  and lb. We noted that the 
rate and product determinations of Broxton, Bunnett, and 
Paik:' were made in separate experiments under similar but 
not exactly identical conditions. For example, in Paik's ex- 
periment@ each ampule in kinetic runs contained 5 ml of re- 
action solution while each ampule for product determination 

contained 10 ml of similarly prepared solution. Conceivably 
the difference in sample volume or some other minor variation 
caused the kinetic and product data to be not quite strictly 
comparable. 

An obvious way to avoid such doubts is to perform both rate 
and product determinations on portions of the very same so- 
lution which has undergone reaction in a single sealed ampule. 
That is what we have now done, but we hasten to point out 
that this straightforward approach is not simple in its exe- 
cution. For an estimate of rate to be meaningful, reaction must 
have occurred only partially by the time of measurement, but 
the unreacted diazonium ion complicates determination of 
the yields of, say, bromobenzene and p-bromoanisole by GLC. 
Our response to this challenge was to combine the partially 
reacted solution with excess phenol in alkaline aqueous me- 
dium, allowing azo coupling to occur, and then to extract with 
ether to remove the bromobenzene and p-bromoanisole for 
GLC analysis. 

Experimental Section 
Materials. p-Bromo- and p-methoxybenzenediazonium fluo- 

roborates were prepared by diazotization of the redistilled primary 
amines in 24% fluoroboric acid solution below 5 "C by addition of an 
equimolar amount of sodium nitrite. The crystalline diazonium salt 
was collected and purified by dissolving it in a minimum amount of 
acetone and reprecipitating by addition of diethyl ether. Before each 
set of experiments. each diazonium salt was repurified by three cycles 
of solution in acetone and precipitation by ether. 

Commercial p-toluenesulfonic acid was recrystallized from 37% 
hydrochloric acid and the resulting hydrate was dehydrated by 
keeping it at  reduced pressure over KOH and P2O;; the anhydrous 
acid was stored at  reduced pressure over PlOi. 

Methanol was purified by the magnesium method.; Bromobenzene, 
p-bromoanisole, anisole, p-dimethoxybenzene, and m-dichloroben- 
zene were purified by redistillation before use. a-Naphthylamine 
p-toluenesulfonate was prepared as described elsewhere.x 

GLC Determinations. An Aerograph Model 200 instrument 
equipped with flame ionization detector and disk integrator was used. 
An aluminum column, 3.2 mm i.d. by 183 cm long, packed with 4% 
Carbowax 20M on Chromosorb G was used. The column temperature 
was 70 OC for analysis of bromobenzene, anisole, and m-dichloro- 
benzene, 120 "C for p-dimethoxybenzene, and 130 "C for p-bro- 
moanisole. Molar response factors, relative to rn -dichlorobenzene (the 
internal standard), were determined for all products by repeated 
analysis of standard mixtures. 

General  Experimental Procedure. A solution of the diazonium 
salt ( l a  or lb) and p-toluenesulfonic or sulfuric acid in dry methanol 
was prepared by mixing measured amounts of the ingredients at  0 "C. 
Aliquots (5 ml) were transferred to "5-ml" ampules (total volume to 
seal-off point about 7.6 ml) by pipet, the ampules were cooled to <-50 
"C by partial immersion in a slurry of solid carbon dioxide in 2-pro- 
panol, and each ampule was gently bubbled for 15-20 min either with 
oxygen gas or with deoxygenated nitrogen or argon, the gas being 
passed through methanol a t  the same temperature before entering 
the solution in the ampule. Immediately after the bubbling treatment, 
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Table I. Thermolysis of p-Bromobenzenediazonium Fluoroborate in Acidic Methanol at 56 "C: Some Representative 
Experiment@ 

Reaction, 
Expt  Atrno- Time, Reaction lo5 k, ,b  Product lo5 k,, lo5 k,, photo- lo5 kori  
no. sphere min by GLC, % 53-1 ratioC S-1 S-1 metric, % 5-1 

89 h2 15 60.6 103 28.8 100 3.47 62.0 108 
90 h2 15 67.1 124 35.6 120 3.38 68 9 130 
91 h L  20 66.5 91.2 29.4 88.2 3.00 65.8 89 
92 A2 20 84.3 154 45.2 151 3.34 82.3 144 
93 A2 25 81.9 114 24.2 110 4.53 88.6 145 
94 h2 25 80.1 108 31.1 104 3.35 80.3 108 
95 A2 400 95.8 36.8 
96 A ,  0 0.2 

105 0 2  200 37.5 3.92 1/5.13 0.64 3.28 46.2 5.17 
106 0 2  200 41.4 4.46 115.54 0.68 3.78 44.5 4.90 
107 0 2  230 45.9 4.46 1/7.31 0.54 3.92 49.0 4.88 
108 0 2  230 44.9 4.31 1/7.51 0.51 3.80 49.7 4.98 
109 01 260 51.4 4.63 1110.1 0.42 4.21 55.0 5.12 
110 0, 260 55.3 5.16 118.62 0.54 4.62 55.0 5.12 
111 0 2  3000 83.0 1/17.7 
112 0 2  0 0 

In these experiments, [ H J S O ~ ]  = 0.108 M. Pseudo-first-order rate constant from GLC product data. Molar ratio of C6HSBr 
to p -bromoanisole. Pseudo-first-order rate constant from photometric data. 

Table 11. Thermolysis of p-Bromobenzenediazonium Fluoroborate in Acidic Methanol at 56 "C: Resume of Kinetic Data 

Expt  no. 

lo5 s.d. Mean 

Atmosphere M s-l s-l ratio' 
[TsOH]," lo5 E,,h in k , ,  product 

s.d. in lo5 s.d. IO5 s.d. 105 ?.d. 
product inEr,  lO"i, i n z i ,  10szK,,d ink,,  

s- l  s-l ratio s-l s-l s-] S-1 

25-28 
33-36 
42-49 
60-64 
81-86 
89-94 

116-127 
1 34-1 37 

29-30 
37-39 
51-58 
67-72 
97-102 

105-110 

N2 0.0098 120 8 28 
N., 0.0098 111 14 27 
N., 0.101 33 3 7.6 
N2 0.100 28 3 6.6 
N2 0.0010 81 7 23 
N! 0.108" 116 22 32 

Degassed 0.100 48 9 9.8 
Ar 0.100 24 1.7 4.4 

0 2  0.0098 5.80 0.32 118.9 
0 2  0.0098 5.99 0.68 117.2 
0 2  0.101 4.14 0.48 1/10.1 
0. 0.100 5.32 0.51 1/4.4 
0 2  0.0010 4.01 0.39 112.9 
0 2  0.108' 4.49 0.41 1/7.4 

Average of 49 expt under Nr, Ar, or degassed 

Average of 31 expt under 0 2  

3 
5 
0.7 
1.5 
3 
7 
2.4 
0.4 

0.9f 
1.0f 
1.6f 
0.7f 
0.21 
1.91 

116 
107 
29 
25 
77 

112 
43 
19.5 

0.58 
0.74 
0.38 
0.98 
1.03 
0.55 

8 4.13 0.28 
15 4.08 0.46 
3 3.79 0.21 
3 3.82 0.50 
7 3.45 0.42 

22 3.51 0.52 
9 4.50 0.71 
1.5 4.45 0.34 

4.00 0.61 
0.02 5.21 0.34 
0.10 5.26 0.63 
0.03 3.76 0.48 
0.07 4.34 0.52 
0.13 2.98 0.28 
0.10 3.94 0.45 

3.99 0.82 

116 
123 
40 
29 
89 

121 
38 
34 

6.52 
6.46 
4.77 
5.15 
9.65 
5.03 

10 
9 
6 
3 

12 
22 
12 
6 

0.02 
0.24 
0.09 
0.11 
0.20 
0.12 

p-Toluenesulfonic acid, except as otherwise indicated. /I Average total rate constant, from GLC data. Molar ratio of CsHaBr 
Average total rate constant, from photometric data. I' Sulfuric acid. f Standard deviation in the mean ratio of t o  p-bromoanisole. 

p-bromoanisole to CsHsBr. 

each ampule was sealed with a torch and retained in the cold bath 
until a set of ampules could be placed all at  once in the thermostat at  
56 or 80 "C. Single ampules were removed from the thermostat at  
recorded times, thrust directly into an ice-water slurry to terminate 
thermolysis, and then stored in a solid COz-2-propanol slurry until 
analysis of the contents was undertaken. 

Events in each ampule constitute a separately numbered experi- 
ment for tabulation purposes. Inasmuch as several ampules were 
supplied with aliquots from the same batch of reaction solution on 
a given day, some being bubbled with nitrogen, some with oxygen, our 
experiments occur in sets of common origin. These sets comprise 
experiments 17-24, 25-32, 33-41, 42-58, 60-74, 81-88 plus 97-104, 
89-96 plus 105-112, 116-128, 130-139, Ml-M21, M22-M42, M43- 
M53, and M5PM65. Between sets of experiments some days or weeks 
passed. Moreover, they were based on separate repurifications of di- 
azonium salt and sometimes involved different tanks of sweep gases 
or different batches of methanol solvent. 

In all experiments the diazonium salt concentration was 0.01 M. 
Hydrogen ions were provided by p-toluenesulfonic acid, for experi- 
ments with la a t  concentrations indicated in Table 11, but 0.100 M 
for all experiments with lb, except that  sulfuric acid (0.108 M) was 
used for the experiments listed in Table I. 

For analysis of the contents of ampules, somewhat different pro- 
cedures were employed for la reactions than for 1 b reactions. This 
was learned by experience; the cause is apparently a great difference 
in electrophilic reactivity between la and lb.9 

Ampules for la reactions were brought to 0 "C by immersion in an 
ice-water slurry, opened, and a measured volume (0.1 or 0.2 ml) was 
removed by pipet and discharged into 2 ml of a solution of a-naph- 
thylamine p-toluenesulfonate (0.017 M) in methanol in a 25-ml vol- 
umetric flask at  0 "C. After swirling, the resulting solution of azo dye 
was allowed to stand for 20 min, then acidified by addition of 0.5 ml 
of 12 M HC1 and diluted to the mark with methanol. The absorbance 
a t  540 nm was measured by means of a Gilford spectrophotometer. 
This method for determination of unreacted diazonium salt was 
calibrated by analysis of a series of solutions of la of varying con- 
centration, and it was shown that absorbance is linearly related to 
diazonium ion concentration. 

Immediately following withdrawal of the aliquot for colorimetric 
determination of unreacted diazonium salt, another aliquot (1.0 ml) 
was withdrawn by pipet and discharged into 1 ml of an aqueous so- 
lution of phenol, adjusted to pH 10 by external spotting of pH indi- 
cator paper, contained in a 10-ml test tube and held a t  0 "C. After 2 
or 3 h a t  that temperature, 1 ml of 0.5 M NaOH in water and 0.1 ml 
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Table 111. Thermolysis of p-Methoxybenzenediazonium Fluoroborate in Acidic Methanol at 80 “C. Resume  of Kinetic 
Dataa 

Expt  
no. 

1052.d. 
k m o -  105zg ,  ink,, 
sphere s-l S-I 

Mean 
product 
ratiob 

s.d. in 
product 

ratio 
105 E,, 

S-1 

lo5 s.d. 
in Er, 

S-1 

MI-M8 
M23-M28 
M43-M51 

M12-M20 
M33-M40 
M54-M63 

NL? 34 10 
N2 112 37 
N2 26 2.5 

Average of 23 expt under N2 
0 2  4.34 0.30 
0 2  3.67 0.37 
0 2  3.20 0.36 

Average of 27 expt under 0 2  

8.4 

7.6 

1/3.5 
1/3.9 

53 

1/16 

1.1 
8 
1.2 

0.5‘ 
1 . o c  
2.0c 

30 
110 
23 

0.99 
0.80 
0.19 

8 
36 

2.5 

0.15 
0.26 
0.03 

105 Ki, 
S-1 

3.77 
2.05 
3.10 
3.06 
3.35 
2.87 
3.01 
3.08 

lo5 s.d 
in i;i, 

S - 1  

1 0 5  E,, 
S - ’  

1.41 
0.52 
0.29 
1.09 
0.20 
0.18 
0.34 
0.32 

33 
140 
27 

4.22 
4.48 
3.71 

lo5 s.d. 
in Zc, 

S-1 

10 
70 

2.4 

0.24 
0.19 
0.16 

p-Toluenesulfonic acid, 0.100 M, present in all experiments; rate constant symbols as in Table 11. Molar ratio of anisole to  p -  
dimethoxybenzene. c Standard deviation in the mean ratio of p-dimethoxybenzene to  anisole. 

of a standard solution of rn-dichlorobenzene in methanol were added. 
The resulting solution was extracted six times with 6-ml portions of 
diethyl ether and the combined ether extracts were dried over anhy- 
drous CaC12 overnight. The extract was passed through a,small col- 
umn (7 mm diameter, 60 mm long) packed with basic alumina to re- 
move traces of azo dye, concentrated by distillation of the ether to a 
volume of about 1 ml, and analyzed by GLC as described above. 

The procedure was similar for ampules for lb reactions. The chief 
differences were that the original 0.1- or 0.2-ml portion of an ampule’s 
contents was discharged into 2 ml of a methanol solution 0.06 M in 
@-naphthylamine and 0.05 M in p-toluenesulfonic acid, that ab- 
sorbance was measured at  570 nm, and that the subsequent coupling 
with phenol was conducted at  pH 9.0 during 2 or 3 h at  room tem- 
perature. 

Calculation and Presentation of Results. This experimental 
procedure gave two measures of the extent of reaction: the amount 
of diazonium salt unreacted, and the amount of products 2a and 3a 
or 2b and 3b formed. From the amount of la or lb  unreacted and the 
relevant time of heating, a rate constant (symbolized k,) for the total 
rate of thermolysis of the diazonium salt was reckoned, it being as- 
sumed that first-order kinetics prevailed and that the ampule attained 
thermostat temperature immediately upon immersion. Earlier 
showed that first-order kinetics are obeyed accurately by these re- 
actions under oxygen and approximately by those under nitrogen. 
From the sum of the amounts of 2a and 3a or of 2b and 3b formed, a 
rate constant (symbolized k,) for the total rate of thermolysis was 
calculated on the basis of the foregoing assumptions and the further 
assumption that 2a and 3a or 2b and 3b were the sole products 
formed. k, values were then separated into parts relevant to the for- 
mation of 2a or 2b (symbolized k , )  and of 3a or 3b (symbolized k i )  in 
proportion to product yields. In Table I results are fully tabulated for 
a set of experiments with la that happen to involve sulfuric acid as 
t,he source of protons but which are otherwise representative. For 
oth,er sets of data, only mean values for sets are presented in print, 
in Tables I1 and 111, but results are fully tabulated in Table IV and 
V, which appear in the supplementary material. 

Several sets of experiments included ampules that were not heated 
or which were heated for a very long time in order to effect complete 
thermolysis of the diazonium salt. Those that were not heated were 
shown by photometric analysis to contain within experimental error 
all the diazonium salt originally present. Those heated until “infinity” 
contained no diazonium salt according to the photometric analysis 
but the combined yields of 2a and 3a or of 2b and 3b totaled less than 
100%. Specifically, infinity total yields of 2a plus 3a totaled 95-96% 
for reactions under N2 or Ar, and 83,80, and 60% under 0 2 ,  while in- 
finity total yields of 2b plus 3b totaled 8592% under N2 and 83-8io/o 
under 02. These totals are similar to those oljserved by Paik.6 

Inasmuch as infinity total yields of 2a plus 3a or 2b plus 3b are less 
than loo%, we infer that the summed yields of these products as 
measured for interrupted reactions (most bf our experiments) un- 
derestimate the extent of reaction that had occurred. Indeed, most 
(but not all) of our k ,  values are lower than the k ,  values for the same 
experiments. However, our method for dividing k ,  values into k ,  and 
k ,  components, which ignores miscellaneous by-products, consider- 
ably compensates for that underestimate. The extent of compensation 
is better the more nearly the summed yields of 2a and 3a or 2b and 
3b approach the actual percent of thermolysis of the diazonium salt. 
It is also better the lower the percent of thermolysis at  the time of 
interrupting the reaction. Sample calculations show that at  30% 

thermolysis k ,  or kj is underestimated by 2.0% if the summed yields 
of the two products represent 90% of the actual thermolysis, or by 3.9/0 
if they represent 80% of it. At 60% thermolysis, k ,  or hi is underesti- 
mated by 5.8 or 10.8%, respectively, if the summed yields of the two 
products represent 90 or 80% of the actual thermolysis. The shortfall 
in the summed yields of 2a plus 3a or 2b plus 3b was worse in our ex- 
periments under 0 2  than under N2, but the percent thermolysis at  
the time of interruption was in general lower for the experiments 
under 0 2 .  With attention to the sample calculations mentioned, we 
judge that our estimates of hi and k ,  are low a t  most by about 10%. 
This is less than the random error in our measurements, but must be 
recognized as a systematic factor affecting experiments under all at- 
mospheres. 

For experiments 97-102, under 0 2 ,  the k, .  values derived from our  
data are more than double the k ,  values. Another extraordinary 
measurement in the same set is the very low percent of thermo.lysis 
a t  infinity (expt 103) as determined by GLC, namely, 60.2°/u. One 
might think the cause to be an erroneously low measurement of the 
amount of la used, but that  is unlikely to be the case because for ex- 
periments under N2 in the same set, based on the same master batch 
of reaction solution, there is reasonably good agreement between k ,  
and k ,  for expt 81-86, and the summed yields of 2a and 3a in expt 67 
are 95.6%. 

For each set of kinetic-product experiments, mean values of product 
ratios (2a/3a or 2b/3b) and the several rate constants were reckoned, 
together with standard deviations, by means of a Texas Instruments 
SR-51A calculator preprogrammed for these calculations. The stan- 
dard deviation (abbreviated s.d.1 is calculated with n - 1 weight- 
ing: 

These mean values and standard deviations are listed in Tables I1 and 
111. Product ratios for reactions under 02 are listed as the reciprocals 
of the 3a/2a or 3b/2b ratios, and the standard deviations refer to 
mean values of the latter ratios. In Tables I1 and 111 also listed are 
mean values and standard deviations of k ,  for all kinetic-product 
experiments under 0 2  and for all those under N?, Ar, or degassed. 

Results 
Each of our experiments involved determination of rate and 

product  composition from events in a single ampule with a 
specified atmosphere heated for a measured period of t ime. 
Detailed data for a representative set of experiments  a re  
displayed in Table I, and averaged data for sets of experiments 
a re  set forth in Tables I1 and 111. Each  “set” of experiments  
utilized aliquots from a single master ba tch  of reaction solu- 
tion. 

In all cases rates under N?, Ar, or in degassed ampules were 
higher than under 0 2 .  For experiments  within a set, overall 
rates under N2 are at least sixfold greater than under 0 2 ,  and 
at mos t  53-fold greater (in terms of k, values). Within a set, 
under ei ther  atmosphere the standard deviation in the m e a n  
h ,  value is abou t  IO%, but  between sets there are great  varia- 
tions of overall rates under N2 while variations of overall rates 
unde r  0 2  a re  moderate ,  at the level of f20%. 
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For reactions of la ,  the effect of changing hydrogen ion 
concentration was explored, but pH (within the range 1-3) had 
little bearing on rates or product compositions. Thus, for runs 
under Nz hydrogen ion concentration was about 0.001 M in 
expt 81-86,O.Ol M in expt 2&28 and 33-36, and 0.1 M in expt 
42-49,60-64, and 89-94, and average k ,  values bear no con- 
sistent relationship to acid concentration. I t  appears to matter 
little whether hydrogen ions are provided by sulfuric acid 
(expt 89-94 and 105--110) or p-toluenesulfonic acid (the 
rest). 

Turning attention now to product ratios, we see immedi- 
ately the gross difference first noted by DeTar and K ~ s u g e , ~  
namely, the preponderance of protodediazoniation leading 
to 2a or 2b under N2, Ar, or degassed conditions but of 
methoxydediazoniation leading to 3a or 3b under 0 2 .  Looking 
more closely, we see marked differences in product ratio be- 
tween sets of experiments under the same atmosphere but 
lesser differences between experiments in the same set. Sig- 
nificant differences in the product ratio between sets are ob- 
served for reactions under 0 2  as well as under Nz. 

As to the k ,  and ki obtained by dissection of k ,  values, the 
k ,  differ enormously-by two orders of magnitude-between 
atmospheres, and substantially between sets of experiments 
under a given atmosphere, but the ki show only moderate 
variation between sets of experiments or even between Nz and 
0 2  atmospheres. T h e  average ki value under N2, Ar, or i n  
degassed conditions is virtually identical with the average 
ki under 0 2 .  As shown in Tables I1 and 111, this important 
finding emerges from our studies either on l a  or lb ,  specta- 
cularly in either case. 

Discussion 
Broxton, Bunnett, and Paik:IJo present evidence that rad- 

ical intermediates are involved in the reaction of la  under NZ 
that leads predominantly to protodediazoniation product 2a. 
The reaction of l a  under 0 2  leading mainly to 3a does not 
respond to tests for the intermediacy of radicals. The present 
results show that the rate of formation of methoxydediazon- 
iation product 3a is unaffected by the atmosphere. The rate 
of transformation of lb  to 3b is also independent of the at- 
mosphere. 

Methoxydediazoniation thus behaves as expected of an 
ionic mechanism. With attention to evidence concerning the 
mechanism of hydroxydediazoniation in water,ll-':l we pro- 
pose that reaction occurs via aryl cation intermediates (eq 2). 
The huge depression in the rate of protodediazoniation as the 
atmosphere is changed from N2 to 0 2  is then attributed to 
scavenging by 0 2  of radical intermediates in a radical chain 
mechanism. 

C H  O H  
ArN? + - N2 + Ar+ + ArOCH:I + H+ (2) 

There is no need to invoke the hypothesis, tentatively ad- 
vanced by Broxton, Bunnett, and Paik,:' that the radical 
pathway to 2a or 2b and the ionic pathway to 3a or 3b involve 
a common intermediate. 

How then did the data of Broxton, Bunnett, and Paik' cause 
them seriously to formulate that hypothesis? Their kinetic 
data (at 65 "C) are not directly comparable with ours, but the 
present total photometric rate constants (k , )  under 0 2  are in 
good agreement with those extrapolated or interpolated from 
data of Paik6 at  other temperatures; in units of s-l X lop5, our 
average k ,  for l a  at 56 "C is 6.15 while 6.27 is extrapolated 
from Paik, and our average k ,  for lb  at 80 "C is 4.14 while 4.13 
is interpolated from his measurements. The product ratios of 
Broxton, Bunnett, and Paik" fall within or very close to the 
range of our measurements. The chief difference between their 
data and ours lies in the rate measurements under NP; whereas 
they reported ratios of h ,  (NP) to h ,  ( 0 2 )  of about 2, we find 

such ratios ranging from 5.6 to 24.0 for la and from 7.3 to 31.2 
for lb. We surmise that some feature of the experimental 
technique employed by Broxton, Bunnett, and Paik3 allowed 
a significant amount of 0 2  to he present in the ampules used 
in kinetic studies under N2, causing substantial depression 
of the reaction rate. 

As to the mechanism of the radical reaction that predomi- 
nates under Nz, we find the propagation sequence postulated 
by DeTar and co-workers4J4 to be attractive and compatible 
with the evidence available; it  comprises steps 3,4,  and 5. 

Arm + CH:IOH - ArH + .CH20H (3) 

CH20H + ArNz+ - ArN=N- + CHzOH+ 

ArN=N. + Ar. + NP 

(4) 

(5) 

Actually, steps 4 and 5 were earlier4J4 amalgamated as one, 
but subsequent work15 indicates that the phenylazo radical 
can have discrete existence as such. 

The nature of the initiation and termination steps is less 
clear. The very considerable variation of the observed k ,  value 
between sets of our experiments based on different repurifi- 
cations of diazonium salts and sometimes on different batches 
of solvent or different tanks of Nz suggests that unidentified, 
adventitious impurities play significant roles either in initi- 
ation or in termination steps. Our experiments do, however, 
allow rejection of one conceivable initiation hypothesis, 
namely, that a neutral, covalent arylazo methyl ether (Ar- 
N=NOCH3) initiates protodediazoniation by homolysis to 
arylazo (ArN=N-) and methoxyl radicals. The fact that ar- 
ylazo methyl ethers are detectable in methanol solutions only 
if they are alkalineL6 indicates that the azo ether conjugate 
acids are prone to dissociate to diazonium ions and methanol 
molecules (eq 6). Because of this equilibrium and the acid- 

ArN=N--O+-CH, __ ArN,+ + CH,OH (6) 
I 

A 
base equilibrium between arylazo methyl ethers and their 
conjugate acids, the concentrations of arylazo methyl ethers 
in acidic methanol solutions should be inversely proportional 
to the hydrogen ion concentration. Accordingly the rate of 
initiation via arylazo methyl ether homolysis should vary 
100-fold between 0.1 and 0.001 M p-toluenesulfonic acid, but 
we find no correlation of h ,  with hydrogen ion concentration 
within this range. 

Initiation by homolysis of the conjugate acids of arylazo 
methyl ethers is not excluded by our data, nor is initiation by 
electron transfer from methanol to diazonium ion, forming 
directly arylazo radicals. Intuitively, we favor the latter pos- 
sibility. 

Protodediazoniation under Oxygen. Arguing that an 
atmosphere of 0 2  should suppress radical mechanisms, DeTar 
and Kosuge4 suggested that the formation of protodediazo- 
niation products under 0 2  may occur by a heterolytic mech- 
anism, namely, by hydride ion abstraction from methanol by 
aryl cations (eq 7). 

( 7 )  

In our experiments we find substantial variation of k ,  and the 
product ratio from one set of experiments to another, even 
under 0 2  (see Tables I1 and 111). I t  is unlikely that the rate of 
an ionic process, or the ratio of rates of two ionic processes, 
would vary so much between experiments set up to be iden- 
tical or nearly identical. Moreover, Broxton, Bunnett, and 
Paik3Jo have shown that the proportion of protodediazonia- 
tion under 0 2  is further reduced, sometimes to the point of 
undetectability, by addition of 2-methyl-2-nitrosopropane 
as a supplementary radical scavenger. We judge, therefore, 
that protodediazoniation under 0 2  occurs by a radical 

Ar+ + CH:3OH + ArH + CH20H+ 
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mechanism very similar to that under NP, and that inhibition 
by 02 is not totally efficient. 

Registry No.-la, 673-40-5; lb,  459-64-3; Za, 108-86-1; 2b, 100- 
66-3; 3a, 104-92-7; 3b, 150-78-7; p-toluenesulfonic acid, 104-15-4; 
sulfuric acid, 7664-93-9; methanol, 67-56-1. 

Supplementary Material Available. Tables IV and V give detail 
for all experiments similar to that given for a few in Table I (11 pages). 
Ordering information is given on any current masthead page. 
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Thermolysis of benzenediazonium ions in acidic methanol gives either protodediazoniation or methoxydediazon- 
iation. Several types of evidence, including the identity of minor by-products, experiments to trap radical interme- 
diates, and the effects of added substances on product compositions, indicate competition between independent 
radical (giving protodediazoniation) and ionic (giving methoxydediazoniation) mechanisms. The radical mecha- 
nism is repressed by 0 2  and certain other radical scavengers. For the m-Br, p-Br, m-C1, p-C1, and p-OCH:r substi- 
tuted benzenediazonium salts the radical mechanism predominates under a N2 atmosphere and the ionic mecha- 
nism predominates under 0 2 .  For the H, p-CH:r, m-CH,,, and m-OCH:! compounds the ionic mechanism predomi- 
nates under both atmospheres while for the p-NOr compound the radical mechanism predominates under both. 

The main products from the thermolysis of diazonium 
salts in acidic methanol (at pH 1-3) are benzene derivatives 
(2) resulting from protodediazoniation and aryl methyl ethers 
(3) that represent methoxydediazoniation (eq 1). 

1 2 3 
a, R = H 
b, R = rn-Br 
c,  R.= p-Br 
d, R = m-C1 
e, R = p-C1 

f ,  R = m-CH, 
g, R = p-CH, 
h, R = m-OCH, 
i ,  R = p-OCH, 
j ,  R = p-NO, 

DeTar and Kosuge' made the striking observation that for 
two diazonium salts (IC and l i  bisulfates) the former type of 
product (2) predominates when the atmosphere above the 
reacting solution is nitrogen but that under oxygen principally 
the aryl methyl ether is formed. Arguing mainly from that 
evidence, they suggested that methoxydediazoniation occurs 
by an ionic mechanism, via aryl cation intermediates, and that 
protodediazoniation occurs for the most part by a radical 
mechanism. However, for the rather small component of 
protodediazoniation observed under 0 2 ,  where a radical 
mechanism was expected to be suppressed, they suggested an 
ionic mechanism involving abstraction of hydride ion from the 
a position of the alcohol by aryl cations.3 

We have reinvestigated these phenomena, partly to extend 
description of them, partly to apply various tests of mecha- 

nism, and for the most part the evidence we have obtained 
supports the mechanistic suggestions of DeTar and Kosuge. 
However, we find no support for their suggestion of a minor 
ionic protodediazoniation pathway. We have given a prelim- 
inary account4 of some of our work, but in one respect our 
present interpretation differs from that offered earlier. 

Certain other studies bear directly on our work. Melander" 
investigated the dediazoniation of 0 -  and m-nitroben- 
zenediazonium sulfates in acidic tritium-labeled methanol and 
ethanol, and found that the hydrogen atom that takes the 
place vacated by the diazonio group comes from the a position 
of the alcohol, not from the hydroxy group. Horner and Stijhr6 
found that thermolysis of unsubstituted benzenediazonium 
sulfate in methanol gave mainly anisole under either N' or 0 9  

and that benzene, formed in small amount (4%) under N2, did 
not appear under 0 2 .  The kinetics of protodediazoniation of 
benzene-1,4-bisdiazonium ion in aqueous 2-propanol were 
studied by Lewis and Chalmers.' The photolytic and radio- 
lytic decomposition of p -toluenediazonium ion in water so- 
lutions of methanol and other alcohols was studied by Packer 
and co-workers;8 the chief product is toluene, quantum yields 
as high as 8 have been measured for photolysis, and inhibition 
by 0 2  is strong, all consistent with a radical chain mecha- 
nism. 

Zollinger and associatesg studied the thermolysis of ben- 
zenediazonium ion in 2,2,2-trifluoroethanol solutions; they 
found evidence of an ionic mechanism via phenyl cat,ion ex- 
cept when a radical pathway was catalyzed by a substance 


