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The rates of decarboxylation of 5-nitro-2-pyridinecarboxylic, 2,5-pyridinedicarboxylic, 5-iodo-2-pyridine- 
carboxylic, and 5-methoxy-2-pyridinecarboxylic acids in 3-nitrotoluene have been measured. The AG*, AH*, 
and AS* were then calculated. An examination of the linear free-energy plot of relative rates us.  the up con- 
stants suggests that electron withdrawal from the 5 position results in lower AG* values. The observation that 
2-pyridinecarboxylic acid does not fall on the same straight line as these acids, suggests that I can either lead 
to  the cyclic transition state ( IV)  or t o  the zwitterion intermediate (11) which then decarboxylates. The path- 
way that a particularly substituted 2-pyridinecarboxylic acid follows depends upon the electron density on the 
ring nitrogen. An assumption of this inter- 
pretation is that some monomer exists in solution at  high temperature. 

A mechanism is given which is consistent with the available data. 

The decarboxylation of 2-pyridinecarboxylic acid in 
various s o l v e n t ~ , ~ - ~  of methyl-substituted 2-pyridine- 
carboxylic acids,6 and of 6-substituted 2-pyridinecar- 
boxylic acids' has been studied in two different lab- 
oratories. Earlier  investigator^^-^ found no correla- 
tion between the rates of decarboxylation and structure 
of the transition state. They did try to  deduce the 
structure of the intermediate leading to the transition 
state. Different methods should be used to study the 
distribution of reactants other than those used to de- 
duce the structure of the transition state. Thus, we 
have not postulated that either I or I1 is the principal 
reactant, but assumed that both are present and a rapid 
equilibrium exists between them (acheme I). We 
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have also assumed that some monomer is present in so- 
lution at the t,emperatures used in this study. The as- 
sumption that some monomer is present a t  these tem- 
peratures,s in this ~ o l v e n t , ~  and at  the concentrationsIO 
used in this study is a reasonable one based on evidence 
with other acids. 

Irrespective of which reactant leads to which transi- 
tion state, there are three reasonable transition st'ates 
111, IV, and V which could yield apparent first-order 
kinetics. The electrical effects in these three transi- 
tion states are different. If transition states 111 or V 
lead predominantly to decarboxylation, electron-with- 
drawing substituents would stabilize the transition 
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state and lead to larger rate constants. If transition 
state IV leads to products, there are opposing effects. 
At one position, electron withdrawal would increase the 
rate constants and, a t  the other position, decrease the 
rate constants. Two events are occurring in transition 
state IV: (a) X-H bond formation and (b) C-C bond 
cleavage. With these two events, there are three path- 
ways for the reaction to take place: (a) C-C bond 
cleavage is leading N-H bond formation, resulting in a 
developing negative charge on C-2 in the transition 
state, (b) C-C bond cleavage is lagging behind E--H 
bond formation resulting in a developing positive 
charge on the ring nitrogen in the transition state, or 
(c) C-C bond cleavage has progressed at an even rate 
with N-H bond formation, resulting in no overall 
charge being developed on the ring in the transition 
state. 

If the electron density on the ring nitrogen is changed 
(without changing anything else) by substituents, a 
rate change should be seen if Y-H bond formation is 
leading C-C bond cleavage in the transition state. 
The electron density on the ring nitrogen is influenced 
by inductive  effect^^^^^^'^ ( i e . ,  um or u ' ) .  If the elec- 
tron density on the 2 carbon is changed (without 
changing anything else) by substituents, the rate con- 
stants should change if C-C bond cleavage leads N-H 
bond formation in the transition state. It has been 
shown that substituents para to the 2 position do 
affect the electron density at the 2 position, This re- 
lationship correlates well with uPe13 Thus it should be 
possible to tell whether N-H bond formation or C-C 
bond cleavage is the major reaction in the transition 
state by observing if a linear relationship exists with 
u,, u ' ,  or up os. log k /ko .  If pathway a exists, this 
method will not eliminate any of the possible transition 
states without reasonable assumptions, and, if pathway 
c exists, then the method will not work. It has been 
shown that transition state IV (path-way b) is used by 
the 6-substituted 2-pyridinecarboxylic acids by the ob- 
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5-SUBSTITUTED 2-PYRIDIKECARBOXYLIC ACIDS 

servation that electron-withdrawing substituents a t  the 
6 position increase AG* values.' I n  this case there 
was a linear relationship between u' vs. In Icl/ko (see 
Figure 1). 

Results and Discussion 

The 5-substituted 2-pyridinecarboxylic acids, 5- 
nitro-2-pyridinecarboxylic, 2,5-pyridinedicarboxylic, 5- 
iodo-2-pyridinecarboxylic, and 5-methoxy-2-pyridine- 
carboxylic acids were synthesized and their rates of 
decarboxylation in 3-nitrotoluene were determined. 
The rate constants are in Table I, and the activation 

TABLE I 
APPARENT FIRST-ORDER RATE COXSTANTS FOR THE 

DECBRBOXYLATION O F  5-SUBSTITUTED 2-PYRIDINECARBOXYLIC 
ACIDS I N  3-NITROTOLUENE 

Acid (registry no.) 

5-Nitro-2-pyridine- 
carboxylic acid 
(30651-24-2) 

2,5-Pyridinedicarboxylic 
acid (100-26-5) 

5-Iodo-2-pyridine- 
carboxylic acid 
(32046-43-8 ) 

2-Pyridinecarboxylic 
acidd (98-98-6) 

5-Methoxy-2-pyridine- 
carboxylic acid 
(29082-92-6) 

Rate  
Temp, constanta Coefficient 

OC x 10a sec-1 variationb 

156.6 1.34 0.94 
159.8 1.78 0.90 
166.2 3.39 0.50 
170.5 4.63 1.57 
174.5 6.65 0.57 
180.0 10.65c 
166,O 2.03 1 .01  
170.4 3.30 1.38 
175 ~ 2 3.86 2.44 
180.0 5 ,  9 lC 
180.5 6.50 1.84 
184.4 7.78 2.73 
170.0 0.97 0.63 
175,8 1 .83  0.46 

180.1 2.63 0.54 
185.7 4 .33  0.89 
190.0 6.39  1.29 
158.5 0.57 3.51 
163.6 1.22 4.31 
169.8 1.92 1 . 2 1  
175.5 2.96 1.73 
179,5 4.49 1 ,14  
180.0 0 . 3 6 ~  
189.6 0 .95  0.39 
194.9 1.58 0.24 
200 , 2  2.89 1 .05  
204.2 3.95 0.76 
210.0 6.78 1.43 

180.0 2 .  BOc 

a The initial concentration is M in acid. * The coeffi- 
cient of variation is calculated as follows: [(standard devi- 
ation) -+ (average value of In a la  - z)] x 100. c Calculated 
from rate constants a t  other temperatures. d See ref 7. 

parameters are in Table 11. The coefficient of varia- 
tion for the data has been calculated in each case. 
This value is used as a measure of the relative vari- 
ability of the data. To get an 
assurance that the carboxyl group at the 5 position in 
2,5-pyridinedicarboxylic acid was not removed under 
the conditions employed, the rate of decarboxylation 
of 3-pyridinecarboxylic, 2-chloro-5-pyridinecarboxylic, 
and 2-nitro-&pyridinecarboxylic acids at temperatures 
up to 200" were studied. No carbon dioxide was 
evolved. This has been noted previ0us1y.l~ 

In all cases it is <5y0. 
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Figure 1.-A plot of u us log k l / k o .  The 6 substituents (from 
ref 7 )  are plotted u'vs. log k l / k o  at 200' and the 5 substituents are 
plotted upus. log k l / k o  at  180". 

Table I1 shows that, as the electron-withdrawing 
ability of substituents increase, the activation energies 
( AG *) decrease. 2-Pyridinccarboxylic acid does not 
fit into this generalization, and it will be discussed 
later. A correlation of rates of decarboxylation us. 
um or u' was not found. Figure 1 shows that a linear 
relationship exists between the up values of the 5- 
nitro, 5-carboxyl, 5-iodo, and 5-methoxyl groups and 
their relative rate constants. The slope of this line is 
+1.4. A positive value of this magnitude indicates 
that a negative charge is being developed in the transi- 
tion state. This does not eliminate any of the pro- 
posed transition states, since a negative charge can be 
developed in any of them. Transition state III can be 
eliminated because it is difficult to envision a decar- 
boxylation mechanism under the present conditions 
that does not involve acid-base interaction as in tran- 
sition state IV  and V. Because diff'erent trends were 
observed in the Hammett up plots the transition state 
for the 5-substituted 2-pyridinecarboxylic acids must 
be different from the transition stste for the 6-sub- 
stituted 2-pyridinecarboxylic acids (see Figure 1). 
The first approach to present a unifying picture of de- 
carboxylation of 5- and 6-substituted acids is to assume 
that, if IV  is the transition state for both the 5- and 6- 
substituted 2-pyridinecarboxylic acids, then pathway a 
and not b exists in this case. This results in a devel- 
oping negative charge at  C-2 in the transition state. 
This idea is dismissed because it is difficult to explain 
uhy  IS-H bond formation should lead C-C bond 
cleavage in the 6-substituted 2-pyridinecarboxylic 
acids and not in the &substituted 2-pyridinecarboxylic 
acids. The electron density on the ring nitrogen is less 
affected by a 5 substituent than a 6 substituent. This 
type of argument eliminates transition state IV. 

A more satisfying mechanism is presented in Scheme 
11. Assume that the two steps in transition state IV, 
bond making and bond breaking, are affected by sub- 
stituents. N-H bond formation is difficult in the 6- 
substituted 2-pyridinecarboxylic acids, because electron 
withdrawal by the inductive effect from the nitrogen 
mould be strong. These acids decarboxylate by transi- 
tion state IV  in the top mechanism (ie., N-H bond 
formation is the determining factor). N-H bond for- 
mation is easier in the &substituted 2-pyridinecar- 
boxylic acids, because of the meta position and greater 
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TABLE I1 
APPARENT FIRST-ORDER ACTIVATION PARAMETERS FOR THE DECARBOXYLATION 

O F  5-SUBSTITUTED 2-PYRIDINECARBOXYLIC ACIDS I N  %NITROTOLUENE 
AQ*~BQ, Eact, AH*,,,, AS*m, Coefficient 

Acid koal/mol kcal/mol kcal/mol cal/deg mol variation4 
5-Nitro-2-pyridinecarboxylic acid 33.06 34.19 33.25 +0.40 0.34 
2,5-Pyridinedicarboxylic acid 33.86 28.66 27.72 -12.97 1.03 
5-Iodo-2-pyridinecarboxylic acid 34.21 38.13 37.19 $6.28 0.39 
2-Pyridinecarboxylic acidb 33.71 36.54 35.60 $3.99 1.14 
5-Methoxy-2-pyridinecarboxylic acid 35.87 42.98 42.04 $13.04 0.41 

value of In k ) ]  x 100. 
a This is the value for the least-square fit in the calculation of E,,t. I t  is calculated as follows: [(standard deviation) + (average 

See ref 7. 

SCHEME I1 
SUGGESTED hfECHANISMS FOR DECARBOXYLATION O F  2-PYRIDINECARBOXYLIC ACID 

Q C /p 
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distance of the substituent from the ring nitrogen. 
These acids decarboxylate by transition state V in the 
bottom mechanism ( i e . >  C-C bond cleavage is the 
determining factor). 

One of the results of a Hammett up plot is that all of 
the compounds which fall on the plotted line decar- 
boxylate by the same mechanism if the A#* is rela- 
tively constant or increases'j with increasing AH *. 
We propose that &nitro-, 5-carboxy-, 5-iodo-, and 5- 
methoxy-2-pyridinecarboxylic acids all have transition 
state V for decarboxylation, and it is shown in the 
bottom mechanism of Scheme 11. 

2-Pyridinecarboxylic acid does not fall on the line in 
Figure 1 for the 5-substituted 2-pyridinecarboxylic 
acids. This points out the fact that two different 
mechanisms do operate in the decarboxylation of the 
5- and 6-substituted 2-pyridinecarboxylic acids. This 
acid does fall on the Hammett plot for the 6-substi- 
tuted 2-pyridinecarboxylic acids. Thus, 2-pyridinecar- 
boxylic acid has a transition state in which X-H bond 
formation leads C-C bond cleavage. This acid de- 
carboxylates by the top mechanism in Scheme 11. 
Why 2-pyridinecarboxylic acid should decarboxylate 
like the 6-substituted acids and not the 5-substituted 
acids is open to speculation. 
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Experimental Section 
The apparatus and procedure used to collect the kinetic data 

has been described previously.' All of the acids had satisfactory 
C, H, and N analyses which are reported only for new com- 
pounds. Melting points were determined with a Fisher-Johns 
block and are uncorrected. 

Preparation of 5-Nitro-2-pyridinecarboxylic Acid .-6-Chloro-5- 
nitro-2-methylpyridine was prepared as described.l8 This com- 
pound was then reduced to 5-nitro-2-methylpyridine17 and oxi- 
dized to the corresponding acid.17 It had mp 209' (lit.18 mp 
210'). 

Preparation of 2,5-Pyridinedicarboxylic Acid .-This compound 
was purchased from Aldrich Chemical Co., Inc. I t  had mp 
257' (lit.la mp 256-285'). 

Preparation of 5-Iodo-2-pyridinecarboxylic Acid .-The method 
of Plazek and Rodewald was used to prepare 5-iodo-2-methyl- 
pyridine.lg This compound was then oxidized to 5-iodo-2- 
pyridinecarboxylic acid.20 I t  had mp 202" (lit.18 mp 204"). 

Preparation of 5-Methoxy-2-pyridinecarboxylic Acid.-This 
compound was prepared by M. B. Shambhu. 5-Methoxy-2- 
methylpyridine was prepared*' then oxidized to the acid." 

Anal. Calcdfor C?HTOsN: C, 54.8; H,  4.6; N, 9.2. Found: 
C, 54.5; H,4.9; N,9.1. 
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