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Summary 

4,2-Chloronitrobenzenediazonium ions in aqueous buffer solutions between pH 
2.9 and 7.9 do not hydrolyze by dediazoniation as previous authors have assumed, 
but by denitration. The isomeric 2,4-compound reacts by denitration (ca. 70%) and 
dechlorination (ca. 30%). The reactions are general base catalyzed. The products 
and kinetics are consistent with an S,Ar-mechanism in which the general base-cata- 
lyzed addition of a hydroxyl group at the reacting C-atom is rate-limiting. The rate 
maxima at or near the pH-values corresponding to (pK, + pK2)/2 of the diazonium 

cis-diazotate equilibria can be rationalized on the assumption that the diazonium 
ion is the only equilibrium form of the diazo compound which enters the substitu- 
tion proper, and the superposition of rate term ;,k,[B] of all nucleophiles involved 
(HzO, OH- and buffer bases). 

1. Introduction. - In nucleophilic aromatic substitution the diazonio group is an 
interesting substituent for two reasons: a)  It is one of the best (if not the best) nucleo- 
fugial leaving group in substitution by nucleophiles in an S,I-likez) substitution; b) 
It is by far the most activating substituent for nucleophilic aromatic substitutions 
(S,Ar-type) in the 0- or p-position. This property is due to the strong-Mand -1effect 
of the diazonio group as exemplified by the Hammett substituent constants of -N: : 

Depending on the type and number of substituents in the 2-, 4- and 6-position of 
benzenediazonium ions and the nature and concentration of a nucleophilic reagent, 
either dediazoniation (reaction A), or nucleophilic substitution of one of the groups 
in the 2-, 4- or 6-position (reaction B) will dominate. It is difficult to predict the ratio 
of the two reactions in a specific case. This is exemplified by two investigations of 
StCrba et al. : Depending on pH and added buffers, 3-nitro-4-chlorobenzenediazo- 

~ ~ ~ [ = 1 . 7 ;  0,=2.0; 0;=3.0 [3]. 

1) Part XIII, see [I]. 
*) It has been shown recently [2] that heterolytic dediazoniations of arenediazonium ions are not classi- 

cal SN1-reactions as the formation of the aryl cation is preceeded by a molecule-ion pair. 
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nium ions (1) in aqueous solution yields predominantly 3-nitro-4-chlorophenol(2) 
(reaction A) or 4-diazo-2-nitro-2,5-cyclohexadien- 1 -one (3) (reaction B) [4]; under 
similar conditions with 2,4-dinitrobenzenediazonium ions the nitro group in the 
2-position is substituted at pH 2.84 whereas at pH values between 4.05 and 6.02 
dediazoniation takes place in addition to denitration [ 5 ] .  
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We are interested in reactions of such systems primarily from the point of view 
of the mechanism of dediazoniations of aromatic diazonium ions under weakly 
acidic to slightly alkaline conditions. It is known that below ca. pH=2, dediazo- 
niations follow the heterolytic S,1 -like mechanism and that, with increasing pH, the 
rate increases to a maximum at medium to slightly alkaline pH-values. Under such 
conditions product ratios and kinetics are very sensitive to various additives and 
oxygen [6] [7]. C1DNP.-measurements [8] and kinetics indicate strongly that 
dediazoniation follows a homolytic pathway. 

In the elucidation of these mechanisms the search for rate maxima as a function 
of the hydroxyl-ion concentration would appear to be a potentially fruitful ap- 
proach. A particularly clear case of such a maximum was reported by Stgrba et al. [9] 
for the reaction of 4-chloro-2-nitrobenzenediazonium ions (4) measured in aqueous 
buffer solutions between pH 2.0 and 8.0 (rate maximum at ca. pH 6.5). Without giv- 
ing details of product analyses the authors mention that 4-chloro-2-nitrophenol is 
formed. 

We decided therefore to investigate this reaction in more detail as well as that of 
the isomeric 2-chloro-4-nitro-benzenediazonium salt (5). 

2. Results. - 2. I.  Reaction products. In the hydrolysis of the tetrafluoroborate of 
4-chloro-2-nitrobenzenediazonium ions (4) in concentrations [ArN: BFJ d 5 x lo4 
M in various buffer systems (pH 4 to 8, Z=0.5, 30°, /2,,,=305 nm) always the same 
product with &,,=390 nm is formed in practically constant yield. Above pH 6.5 the 
formation of cis4-chloro-2-nitrobenzenediazotate in a rapid side equilibrium can 
be observed (/2,,,=276 nm) [ 1 Oa]. The occurrence of the cis-diazotate is expected on 
the basis of the acid-base equilibrium constant (pK, + pK2)/2 = 7.21 kO.01 (see ex- 
per. part). The product was identified by MS. and by comparison with the product 
of an independent synthesis as 5-chloro-2-diazo-3,5-cyclohexadien- 1-one (6). The 
yield at pH 6.6 is practically quantitative, but is lower at higher pH-values owing to 
base catalyzed decompositions of 6 and 4. We were not able to detect the main pro- 
duct 4-chloro-2-nitrophenol(7) mentioned by Ste‘rba et al. [9]. In the hydrolysis of 4 
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therefore, reaction B (denitration) and not reaction A (dediazoniation) takes place. 
The diazonium ion 4 is therefore not a suitable candidate for the investigation of the 
pH-dependence of hydroxy-dediazoniations3), as we had originally hoped: it is, 
however, suitable for a study of the mechanism of hydroxy-denitrations3), a reac- 
tion, for which only few comprehensive and unambiguous mechanistic data are 
available [ 121. We decided therefor to elucidate the mechanism of hydroxy-denitra- 
tions of nitrobenzenediazonium ion derivatives in detail. 

N2+ 

@ +H,O 
6 
4 

& +NO; + 2H' 

6 
6 

+N2 +H' 

CI 

7 

Besides the hydrolysis of 4, we also investigated the isomeric compound 2-chlo- 
ro-4-nitrobenzenediazonium ion (5) under the same conditions. The main product 
in the hydrolysis O f  5 also results from a nucleophilic substitution of the nitro group. 
The yield of 3-chloro-4-diazo-2,5-cyclohexadien- 1 -one (8) is, however, only ca. 
70%; 30% 2-diazo-5-nitro-3,5-cyclohexadien- I-one (9), i. e. the product of a hy- 
droxy-dechlorination is also formed. 

6' No2 

5 

+ H P  

b. 0 

8 

Q No1 

+NO; + 2H+ 

+Cl- + 2H' 

9 

2.2. Kinetics. Ste'rba et al. [9] report a plot of their rate constants for the hydroly- 
sis of 4 as a function of pH at 30°, but give no numerical figures for these constants 
nor any information on the buffers used. We measured therefore these rates, first in 
citric acid/phosphate buffers between pH 2.90 and 7.90, then in H2POJHPOf, ace- 
tate and propionate buffers, always at ionic strength I=0.5. In the first-mentioned 
buffer we determined also the kinetic orders for the diazonium ion with respect to 

3, We use in this paper the systematic nomenclature for reactions in organic chemistry, proposed 
recently by the IUPAC Commission for Physical Organic Chemistry [I 11. 
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concentration (n,) and time (nJ. Under all conditions, the rate constants were deter- 
mined from the decrease in the concentration of the diazonium ion which was 
measured spectroscopically at 495 nm by coupling unreacted diazonium ion with 2- 
hydroxynaphthalene-3,6-disulfonic acid. Some measurements were checked by also 
measuring the increase in the concentration of the product 6 (A,,,=390 nm). 

In Figure I the logarithms of the observed first-order rate constants (kobs) are 
plotted against pH. Full circles (0) correspond to the runs carried out in citric 
acid/phosphate buffers; the straight lines are based only on these measurements. 
The other symbols refer to rate constants determined in solutions of the other buf- 
fers mentioned and in an pH-stat (see below). With two exceptions all points are 
mean values of 2 to 4 kinetics runs. 

I 
I 1 I I I I) 

3 4 5 6 7 t  8 

Fig. 1. Reiationship between the logarithms of observed rated constants (kobs) of the hydrolysis of 
4-chloro-2-nitrobenzenediazonium tetrafluoroborate (4) and pH of buffer solutions (I=0.50) at 304 

0 Citric acid/phosphate buffer (-); * H2POz/HPOk buffer (---); 0 AcOH/AcO- buffer (-.-.); 
x CH3CH2COOH/CH3CH2C00- buffer (. . . . .); A Unbuffered solutions in pH-stat (-). The curves 
with the designations in parentheses above connect runs of the same buffer series (numerical figures for 

buffers see exper. part). 

These measurements indicate a rate maximum at pH=6.90f0.05. It corre- 
sponds roughly to the acid-base equilibrium constant of the diazonium/cis-diazo- 
tate system, (pK, +pK2)/2=7.21 k 0.01. The difference is outside experimental er- 
ror. The slopes of the straight lines are 0.41 -I- 0.01 (pH 2.90-6.75) and -1.32 +- 0.04 

The rate constants obtained with the other buffers indicate strongly a general 
base catalysis. We will return to this question in section 3. 

The slowest rates were those found in an unbuffered solution in a pH-stat and 
were determined by measuring the amount of NaOH as a function of time (A in Fig. 
I). Such plots correspond to a first-order reaction at pH 2 5.8 ; those at pH 5.0 and 
5.5 are, however, sigmoidal indicating an autocatalytic reaction. For the interpreta- 

(PH 7.00-7.90). 



HELVETICA CHIMICA ACTA - Vol. 64, Fasc. 6 (1981) - Nr. 166 1781 

tion of these plots and the calculation of the corresponding /cobs values in Figure I, 
see experimental part. 

In the calculation of the kinetic orders n, and n, with respect to diazonium ions 
the methods of van't Hoffand Letort respectively [13] were used. Below pH 6.5 n, 
and n, are 1 within the experimental limits; they are, however, greater than above 
pH 6.5. The following values are characteristic: 

6.0 1.09 1.02 
7.0 1.71 1.37 
7.9 1.20 1.67 

Their interpretation is difficult. A reaction with orders higher than 1 should give nt=nc> 1 ; as rela- 
tively small concentrations of (unidentified) products besides 6 are formed at pHa6.5  they might be the 
cause of autocatalysis (n,> n,) and/or autoinhibition (n,> nJ We did not investigate this problem fur- 
ther. 

The hydrolysis of 2-chloro-4-nitrobenzenediazonium tetrafluoroborate (5), the 
isomer of 4, shows very similar kinetics; the rate is three to five times slower than 
that of 4. In Figure 2 the logarithms of the observed rate constants are plotted against 
the pH-value of citric acidlphosphate buffers. 

Fig. 2. Relalionship between the logarithms of observed rate constants (kobs) of the h,ydrolysis of 2-chloro- 
4-nitrobenzenediazonium tetrafluoroborate (5) and p H  of citric acid/phosphate buffers (I=0.50) at 30" 

There is a rate maximum at pH = 6.30 f 0.05. It corresponds within experimental 
error to the equilibrium constant (pK, + pK2)/2=6.32 k 0.05. The slopes of the 
straight lines in this Figure have the values 0.38 k 0.02 and -1.19 f 0.20. 

The influence of buffer concentration was determined only in one experiment at 
pH=6.20. A fivefold increase in buffer concentration gave a 12% increase in rate. 
The effect of other buffers was not examined. 

On the other hand, the influence of a radical scavenger, iodoacetic acid, was 
tested at pH 6.20 and 7.00. At the lower pH-value, 0.0002 to 0.010 M ICH,COOH had 
no influence, but at pH 7.00,O.OOlO M ICH,COOH decreased the rate constant by 
30%. 
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The hydrolysis of 2-chloro-4-nitrobenzenediazonium ions was not further inves- 
tigated as the measured rate constants are the sums of the constants of two competi- 
tive reactions, namely hydroxy-denitration and hydroxy-dechlorination, forming 
compounds 8 and 9 respectively. 

3. Discussion. - The most important result of hydroxy-denitrations of the two 
isomeric chloro-nitrobenzenediazonium ions 4 and 5 is the catalysis by various 
bases. By varying the concentrations of buffer bases and buffer acids in the usual 
way [lob], one can demonstrate that the rates are first-order with respect to the con- 
centration of the bases OH-, HPOZ-, CH,CH,COO- and AcO- and the catalytic rate 
constants k, in the general rate equation 1 can be determined. The logarithms of the 
constants kB show a good linear relation with the pK,-values of the conjugate acids 
of the bases mentioned above (Fig. 3); they obey therefore the Brdnsted relationship 
for general base catalysis. The slope in Figure 3 corresponds to 8-0.61 +- 0.05 in the 
Bronsted equation. 

d [ArN2f] 
dt = k,t,,[ArN:l= B kB[B] [ArN;] 

J 
I I I I I 
6 8 lo 12 14 

Fig. 3.  Bronsted relationship for  the general base catalysis of the hydrolysis of 4-chloro-2-nitrobenzene- 
diazonium ions (4) by O K ,  HPG-, CH3CH2COO- and AcO-. 

b 

The general base catalysis is compatible with either a rate-limiting proton trans- 
fer or with a nucleophilic catalysis, but hardly with the specific catalysis proposed 
by Izzo [ 141 for the methoxy-denitration of 1,3,5trinitrobenzene in methanol/water 
mixtures in the presence of hydrogen carbonate. With Izzo's mechanism one would 
expect an increased effect for hydrogen phosphate, as HPOg is the only one of our 
four catalysts which is, like HCO;, bifunctional. 

In the nucleophilic substitution of halogen atoms in 4-halogeno-3-nitrobenzene- 
and 2,6-dichloro-4-nitrobenzenediazonium ions Stgrba et al. [4] [5]  proposed a nu- 
cleophilic catalysis by hydrogen phosphate, acetate, propionate, citrate etc. forming 
first the phenyl esters 11 which are hydrolyzed in a second, base-catalyzed step to 
4-diazo-2-nitro-2,5-cyclohexadien-l -one (12). It is, however, unlikely that the 
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hydroxy-denitration of 4 in this work follows a two step mechanism analoguous to 
10+ 11 + 12: Gold et al. [ 151 determined hydrolysis rates of substituted phenol ace- 
tates under similar conditions to ours. Extrapolating his results to 5-chloro-2-diazo- 
phenol acetate -the intermediate which would be formed in our case if a mechan- 
ism analoguous to 10+ 11- 12 is followed - one can calculate a rate constant for 
the second step which is about the same as our observed rate constant kobs [ 1 Oc]. As 
acetate is, however, also involved in the first step, such a mechanism should give 
overall second-order kinetics with respect to acetate. This was not found. Further- 
more, the isosbestic point in the UV.-spectra observed during the reaction demon- 
strate that a potential intermediate can be present only in steady-state (i. e. very low) 
concentrations. These experimental results bring us to the conclusion that a nucleo- 
philic catalysis of the type 10- 11 + 12 can be excluded for our reactions. 

i3 0 

10 11 12 
B = HPOZ-, CHjCH2COO; AcO-, citrate etc 

General base catalysis, i .  e. a rate-limiting proton transfer, is, however, consist- 
ent with all our results as well as with literature data for related reactions. We pro- 
pose that 4 forms the steady-state intermediate 5-chloro-2-diazo- 1 -nitro-3,5-cyclo- 
hexadien-I-ol(l3) either via the transition state 14 or by water addition to 4 forming 
15 followed by rate-limiting proton transfer as suggested for similar reactions by 
Bernasconi et al. [ 161. In consecutive steps the intermediate 13 loses a proton and a 
nitrite ion in that order or the reverse; a third possibility could involve concerted 
loss of HN02. As these steps are fast, we can not differentiate between these possi- 
bilities. 

r 

15 

The phenomenon of general base catalysis might also be due to specific base 
catalysis (by OH-) followed by general acid catalysis. In the second step the release 
of nitrite ion must be induced by a proton donor. As nitrite is a good nucleofugal 
leaving group [12] [17] and as, to our knowledge, no cases of a catalyzed dissociation 
of a C(sp3),N02-bond are known, we do not consider such a mechanism very likely. 
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In the results section we mentioned that at pH < 5.5 in unbuffered solution the 
hydroxy-de-nitration appears to be autocatalyzed. This observation is explainable 
by the nitro-dediazoniation of diazonium ions by nitrite ions: Opgenorth & 
Riichardt [ 181 showed that this is a relatively fast radical chain reaction. In all our 
hydroxy-denitrations, nitrite ions are formed. The two experiments in unbuffered 
solutions at pH 5.0 and 5.5 had by far the slowest initial rate; only in these cases is 
nitro-dediazoniation an effective competitive reaction. It is autocatalyzed by the 
nitrite ion formed in the main reaction 4 -+ 6 (for details see exper. part). 

Finally, the pH-dependence of the hydroxy-denitrations of compounds 4 and 5 
(Fig. 1 and 2) will be considered. As the diazonio group (but not the cis- or trans- 
diazotate groups) is a powerful activating substituent for nucleophilic aromatic 
substitution of the S,Ar-type, we assume that the reactivity of the diazotates can be 
neglected. The observed rates as a function of pH should therefore be proportional 
to the equilibrium concentration of the diazonium ion. On the acidic side of the pH- 
value which corresponds to (pK, + pK2)/2, this concentration approaches 100Y0 of 
the total (= sum of diazonium ion + cis-+ trans-diazotate ion) concentration. On 
the alkaline side the equilibrium concentration of the diazonium ion decreases by a 
factor of a hundred per pH-unit [ 191. 

For an S,Ar-substitution of an arenediazonium salt with a nucleophilic reagent 
the reactive form of which is present in a constant, i. e. pH-independent concentra- 
tion, one expects the rate profile A in the following Schemed). The slopes on both 
sides of pH = (pK, + pK2)/2 are 0.0 and -2.0 respectively. The other extreme case is a 
hydrolysis in which only hydroxyl ions are the reactive species. It is described by the 
rate equation 2 and therefore by the rate profile B with a rate maximum at 
pH = (pK, + pK2)/2 and slopes of 1 .O and -1 .O respectively. This has been observed 
for the hydrolysis of 4-halogeno-3-nitrobenzenediazonium ions by OH- ions [4]. Our 
results indeed show a slope of ca. 1.0 between pH 5.0 and 6.3 for the unbuffered so- 
lutions of the hydrolysis of 4 (Fig. l)! These are, however, the on& experiments 
which correspond to the Scheme. This is understandable as we demonstrated that 
our reactions are general base catalyzed. We can increase or decrease the rates at a 
constant pH-value by changing buffer concentrations. 

rate = k[ArNi] [OH1 (2) 

Scheme 

PH 
I I I I I I I , I +  

PKl+PKX 
2 

4, This would be the case for a hydrolysis if only water molecules were reactive. 
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What is the reason for the linear, but numerically fractional slopes with citrate/ 
phosphate buffers over ranges of up to 4 pH-units? These buffers are prepared by a 
"continuous" change in concentrations of citric acid, phosphate, mono- and dihy- 
drogen phosphate ions [20]. This results in apparent fractional orders with respect to 
hydroxyl ions. In reality it is, however, the sum of first-order terms in the Bronsted 
equation 1. The slopes on both sides of the maxima in Figures 1 and 2 are therefore 
more negative than those expected for a reaction with the hydroxyl ion as sole 
nucleophile. 

Our final point in discussion of the pH-dependences relates to the observation 
that the rate maximum for the hydrolysis of 5 (Fig. 2) occurs at pH = pK, + pK2)/2, 
but that the maximum for the rates of 4 is at a slightly lower pH-value than expected 
(Fig. 1). 

In our opinion this discrepancy is due to the fact that (pK, + pK,)/2 relates only 
to the equilibrium 3 and that this equilibrium constant neglects the relatively slow 
cis-trans equilibrium K3 (4). In all known cases trans-diazotates are thermodyna- 
mically more stable than the respective cisdiazotates. The numerical value 
(pK, + pK,+ pK3)/3 for the overall equilibrium 4 is therefore lower than 
(pK, +pK,)/2. Examples can be found in a review by &rba [21] and in a paper 
we published recently [7] on the equilibria of the pchlorobenzenediazonium ion: 
( p K ,  +pK2)/2= 10.84 (25", Z=O,l); (pK, +pKZ+pK,)/3=9.75 (20°, Z=O,l); 

ArNt  + 2 OH- cis-ArNzO-+ H,O (3) 

K K K  
ArNI + 2 OH- '1 trans-ArN20- + H,O (4) 

We conclude therefore that in the hydrolysis of 4 the cis/trans equilibrium 
influences the overall kinetics whereas in the case of 5 the cis/trans transformation 
appears to be so slow that there is little or no influence on the rate of hydrolysis. 

Experimental Part 

1. General. - Melting points (m.p.) are uncorrected. IR. spectra (Beckman Acculab-4): Wave-num- 
bers are given in cm-I. UVNIS-spectra (Beckman Acculab I1 and 111): A,,, are given in nm, molecular 
extinction coefficients E (in brackets) in 1 mol-I cm-I. 'H-NMR.-spectra (Bruker HX-90E and Bruker 
WH-90): Internal standard tetramethylsilane (6=0 ppm); d =doublet, d x  d=  doublet of doublets. MS.- 
sprectra (Hitachi-Perkin Elmer RMV-6M): Signals are given in m/z. pH-values were measured with a 
Metrohm digital pH-meter E512 using Metrohm standard buffers for calibration. The pH-stat used was a 
Metrohm Kombi-Titrator 6B4-3D; a solution of 0.004 M NaOH in 0.5 M KC1 was added. 

2. Syntheses. - 2.1. 4,2-Chloronitrobenzenediazonium tetrafluoroborate (4). The corresponding ani- 
line derivative (8.6 g, 0.05 mol) was suspended in 50% aqueous HBF4-solution (70 ml) and diazotized at 
0" to 5" with sodium nitrite (3.4 g, 0.05 mol). After 15 min the precipitate was separated and washed 
with ethanol and ether. After reprecipitation from acetonitrile with ether a white salt was obtained 
which was stored over P205 in a refrigerator, m.p. 130" (dec.). 

2.2. 2,4-Chloronitrobenezenediazonium tetrafluoroborate (5). This was obtained in the same manner 
as a light yellow salt, m.p. 156" (dec.). 

2.3. 5-Chloro-2-diazo-3,5-cyclohexadien-l-one (6). 4-Chloro-2-hydroxyaniline (350 mg, 2.4 mmol) 
was diazotized in 2.7 ml 3 M HCI with sodium nitrite and carefully neutralized at 0" with K,CO,. The 
yellow precipitate was separated and purified by column chromatography (aluminium oxide/CHC13). All 
work-up operations had to be carried out in the dark 1221. - UVNIS. (H20): 390 (5500). - IR. (KBr): 
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2120, 1620, 1560, 1500, 1300, 1170, 1100, 1045,920,855. - 'H-NMR. (CDC13): 7.14 (d,  1H); 6.75 (d,  1H); 
6.25 ( d x  d, 1H). - MS. (direct injection, temp. < 100°C): 1561154, 128/126, 100198, 63. 

2.4. 3-Chloro-4-diazo-2,5-cyclohexadien-l-one (8). This was obtained using similar procedure from 
2-chloro-4-hydroxyaniline [23]. - UVNIS. (HzO): 348 (34700). - IR. (KBr): 2120, 1600, 1450, 1380, 1270, 
1235, 1120, 1020, 870, 855. - IH-NMR. (CDCI,): 7.39 (d,  IH); 6.55 (d,  IH); 6.36 ( d x  d, 1H). 

2.5. 2-Dinzo-5-nitro-3,5-cyclohexadien-l-one (9). This was prepared from 2-hydroxy-4-nitroaniline 
[24]. - UV/VIS. (H20):  432 (4340). - IR. (KBr): 3100, 2180, 1630, 1570, 1515, 1440, 1355, 1320, 1230, 

1 H). 
2.6. Hydrolysis of4. After leaving for several hours in the dark 250 ml of a 0.001 M solution of the 

diazonium salt 4 in a pH 6.6 buffer the products were extracted with ether or CHCl,. The solvent was 
evaporated and the residue investigated spectroscopically. - UVNIS.  (H20): 390. - IR. (CHCl,): 2120, 
1620, 1560, 1500, 1300, 1170, 1100, 1045, 920, 855. - 'H-NMR. (CDCl,): 7.14 (d ,  1H); 6.75 (d ,  1H); 6.25 
( d x  d, 1H). - MS. (direct injection, temp.< 100°C): 156/154, 128/126, 100/98, 63. 

2.7. Hydrolysis of 5. This was carried out in the same manner using a 0.0004 M solution in a pH 5.6 
buffer and CHCl, as solvent for the extraction. - UVNIS. (H20): 347, shoulder at 425. - IR. (KBr): 
2120, 1580, 1520, 1450, 1380, 1360, 1310, 1270, 1235, 1120, 1080, 1020,870,855,820,800,730.- 'H-NMR. 
(CDCI,): two arom. 3-proton-systems, rel. intensities A :B= ca. 2.5 : 1. A: 7.44 (d); 6.59 (d); 6.41 (dx  d); B: 
1.57 (d); 7.44 (d), 7.03 (d x d). 

3. Kinetics. All experiments were carried out at 30" at 0.5 ionic strength established with KCl. 
A solution of 27.1 mg (0.0001 mol) of the diazonium salt in 5 ml water at 0" was prepared and 1 ml 

of this solution was added to 49 ml of a thermostated buffer solution in a glass reactor with a teflon 
stirrer in air with exclusion of light. Aliquots (1 ml) were coupled with a solution of 2-hydroxy-naphtha- 
lene-3,6-disulfonic acid (0.01 M in 0.1 M Na2B407). After dilution to 10 ml the absorption at 495 nm was 
determined and used to calculate kobs 

At pH-values above 6.75 first 2.5 ml of 0.1 N HCI were added to the aliquot samples; coupling was 
carried out after 10 min as above. 

3.1. Hydrolysis of 4. In citric acidlphosphate-buffers [20] (each constant calculated from one kinetic 
run): 

1160, 1090, 1040, 950, 890, 820, 740. - 'H-NMR. (CDCI,): 7.57 (dx  d, 1H); 7.45 ( d x  d, 1H); 7.03 ( d x  d, 

PH kohs "t PH kohs n1 
[ 10-4s-'] [ I 0"s- '1 

2.90 

4.00 

5.10 

5.12 

5.40 

5.50 

5.80 

6.00 

6.14 

6.20 
6.25 

1.17 
1.17 
2.26 
2.22 
8.88 
8.67 
8.91 
9.03 
8.18 
8.29 

11.08 
11.68 
13.14 
14.14 
16.20 
16.39 
19.49 
19.13 
23.05 
21.02 
24.83 
25.72 

0.89 
1.06 
1.29 
0.97 
1.38 
1.03 
1.09 
0.92 
1.13 
1.21 
1.02 
1.09 
1.03 
1.09 
1.05 
1.09 
1.10 
1.38 

6.40 

6.50 

6.60 

6.75 

7.00 

7.20 

7.40 
7.45 
7.65 

7.90 

29.34 
29.29 
27.58 
26.35 
34.85 
32.41 
39.01 
35.87 
36.04 
39.43 
33.97 
32.73 
36.06 
26.63 
15.55 
18.37 
8.05 
7.62 
4.07 
3.84 
2.07 
2.13 

1.22 
1.14 
1.22 
1.25 
1.29 
1.24 
1.36 
1.58 
1.33 
0.98 
0.96 
1.20 
1.34 
1.64 
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Experiments at pH 2.9 were monitored up to 50% reaction from pH 4.0 to 5.8 up to at least 74%, 
from pH 6.0 to 7.0 with two exceptions up to at least SO%, at pH 7.2 and higher between 47-68%. Values 
for nt were only calculated for over 75% reaction. The regression coefficients r2 were usually better than 
0.99. All rate constants kobs in the following tables are average values of two independent runs. 

In  phosphate buffer: 

4.90 0.468 0.013 3.27 5.99 0.299 0.080 22.13 
4.94 0.234 0.006 1.70 6.00 0.149 0.040 11.63 
5.04 0.047 0.00 1 0.45 6.01 0.030 0.008 2.80 
5.40 0.412 0.035 8.96 4.90 0.21 1 0.005 1.35 
5.47 0.206 0.018 4.40 5.40 0.211 0.016 2.17 
5.52 0.041 0.004 1.17 5.95 0.21 1 0.053 7.42 

In  acetate buffer: 

pH [CH3COOH] [CH$OONal kobs pH [C,H,COOH] [C2HSCOONa] kobs 

In  propionate buffer: 

[moll I] [moll I] [ 1 O - w  1 [mol/l] [mol/l] [10-4-‘] 

5.01 0.020 0.05 1.68 5.02 0.025 0.05 2.77 
5.50 0.020 0.15 4.88 5.53 0.025 0.15 8.93 
6.08 0.020 0.50 18.92 6.13 0.025 0.50 33.55 

In  the pH-stat ( i .  e. unbuffered solutions) applying first-order kinetics to the experimental data: 
~~ ~ ~ 

PH 5.0 5.5 5.8 6.0 6.3 
kobs [ 1 04S-’] 0.065 0.18 0.73 1.13 2.50 

The experimental data at pH 2 5.8 gave good first-order kinetics, in contrast to those at pH = 5.0 and 5.5. 
Plots of concentrations of the reagent 4 as a function of time are slightly sigmoidal, indicating an autocat- 
alyzed reaction. We evaluated these runs on the basis of the following two competitive reactions: 

4+OH- 4 6+N0;+2H+ (5) 

(6) 
k 4 +  NO, 4-chloro-1.2-dinitrobenzene + N, 

As [OHI-constant, the reaction system (5)+(6) corresponds to the kinetic model (7)+(8) which we 
evaluated following Cappelos & Bielski [25]. 

A 4 B +  ... (7) 

A + B  4 C + . .  
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The following rate constants were obtained: 

PH k l  (=  kuhs) k2 

5.0 6.54 x 10-6s-' 2.29 x 1 mol-'s-' 
5.5 1.85 x 1 0 - 5 ~ - '  3.91 x 1 mol-Is-] 

For the determination of n,-values and the rate constants of product formation, see Weber[10d]. 

of the diazonium salt. 
3.2. Hydrolysis qf5. Rate constant calculations are based on the measurement of the concentration 

In citric acid/phosphate buffers [20] of varying pH-vuhres. 

I .94 0. I4 
2.00 0.1 1 
2.85 0.36 
3.95 1.04 
3.96 1.24 
3.99 1.18 
4.92 1.85 

5.80 3.87 
6.20 6.03 
6.17 5.40 
6.42 5.08 
6.54 3.86 
7.00 0.86 
7.85 0.10 

In citric ncid/phosphate buffers of varying buffer concentraation (constant pH and constant ionic 
strength): 

[Citric acid] 
[mol/l] 

6.20 0.133 
0.066 
0.027 

0.029 
0.014 
0.006 

5.53 
5.33 
4.95 

Ej'ect of the radical scuwnger 011 the rate of decomposition. 

[CH,ICOOH] kobs PH [CH,ICOOH] kobs 
[mol/l] [ 10-4s-11 [mol/l] [1 O - W ]  

6.20 - 5.82 
6.20 0.0002 6.08 
6.20 0.0010 5.91 
6.20 0.0100 5.59 

7.00 - 1.66 
7.00 0.00 10 1.09 
7.00 0.0010 I .OO 

4. Determiriation qf(pK, +pK2)/2. To 50 ml of a diazonium salt solution (0.0004 M in 0.5 M KCI) 
thermostated at 30" 1.5 equivalents of sodium hydroxide (3 x 1 ml of 0.01 M NaOH) were added. After 
each addition the pH-value of the solution was recorded and the values for (pK, +pK2)/2 were calculated 
to be 7.21 (k0.02) for 4 and 6.32 (k0.03) for 5 using equation 9: 
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