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and 20 g. (0.102 mole of 4-l-octyl)-piperidine in 200 ml. of 
ether was warmed to reflux for two hours. The amine hy- 
drochloride was removed by filtration and the ether evap- 

orated from the filtrate. 
from the filtrate and recrystallized. 
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White crystals were recovered 
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The enzyme-inhibitor dissociation constants of a-chymotrypsin and several series of competitive inhibitors, i.e., benzoic 
acid, phenylacetic acid, P-phenylpropionic acid, y-phenylbutyric acid; the corresponding amides; j3-indoleacetic acid, 
p-(0-indole)-propionic acid, y-(0-indole)-butyric acid; P-(j3-indole)-propionamide; and acetanilide, have been determined 
in aqueous media at 25' and p H  7.9 in the presence of a 0.02 M tris-(hydroxymethy1)-aminomethane-hydrochloric acid 
buffer. A comparison of the results obtained in this study with those reported previously has shown that the affinity of a- 
chymotrypsin for certain negatively charged competitive inhibitors may be determined in part by the nature of the buffer 
present in the reaction system. The relation between the structure of certain of the above competitive inhibitors has also 
been considered and attention has been called to the possibility that each of the above inhibitors may combine with the active 
site of the enzyme in more than one way. 

a-Amino acids or simple functional derivatives 
of these compounds that are specific substrates or 
competitive inhibitors of a-chymotrypsin may be 
described by the general formula R ~ C H R Z R ~ ,  
where Rl, Rz and Rs are the three prominent 
structural features of these molecules, i.e., the a- 
amino or acylamino group, the a-amino acid side 
chain and the carboxyl group or a functional 
derivative t h e r e ~ f . ~ . ~  It has been suggested4 that 
the above specific substrates and competitive 
inhibitors may combine with the enzyme sia an 
interaction involving the three groups R1, R2 and 
Rs, and a set of centers, pl, p2 and p3 which are 
assumed to be a characteristic feature of the cat- 
alytically active site of the enzyme and which 
present a complementary aspect to molecules 
containing a particular set of R groups disposed in 
either one of the two possible configurations result- 
ing from the asymmetry of the a-carbon atom 
present in these molecules. The extent to which 
any given compound of the general formula Rl- 
CHR2Rs will be bonded to the active site of the 
enzyme will primarily depend upon the degree of 
complementariness originally obtaining between the 
molecule and the asymmetric catalytic surface, 
and secondarily, by the ability of both the com- 
bining molecule and the active site to alter their 
respective aspects to improve the closeness of fit 
during the course of the combining process. 

The results of studies conducted in these labora- 
tories on the behavior of specific substrates and 
competitive inhibitors of a-chymotrypsin have, so 
far, been consistent with the above  vie^.^-^ It 
may therefore be inferred that variations in the 
nature of disposition of the R groups will be re- 
flected by changes in. the corresponding enzyme- 
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(6) H. J. Shine and C. Niemann, THIS JOURNAL, 74, 97 (1952). 
(7) H. T. Huang and C. Niemann, ibid. ,  74, 101 (1962). 
(8) H. T. Huang, R. J.  Foster and C. Niemann, ibid. .  74, 105 
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inhibitor or enzyme-substrate dissociation con- 
stants even in the case of bifunctional compounds 
where one of the R groups is replaced by a steri- 
cally unimportant hydrogen atom. Thus with bi- 
functional competitive inhibitors of the general 
formula R1(CH.JnR2, RI(CHZ).& and R z ( C H ~ ) ~ R ~  it 
should be possible not only to determine the opti- 
mum value of n for the best fit to the complementary 
surface at  the active site of the enzyme but also to 
make a rational estimate of the relative importance 
of various R groups in the over-all binding process. 

In this study we have chosen for examination a 
group of bifunctional competitive inhibitors Rz- 
(CH2),& where R2 = benzyl or P-indolylmethyl 
and R3 = carboxylate or carbamido. When this 
work was initiated, one member of this group of 
compounds, Le.  , P-phenylpropionic acid, had al- 
ready been studiecta although the data were in- 
adequate to establish the nature of the inhibition. 
The present experiments were all performed at  
25' and PH 7.9 in aqueous solutions 0.02 M with 
respect to the amine component of a tris-(hydroxy- 
methyl) -aminomethane-hydrochloric acid buffer. 
In all cases the PH of the medium remained within 
the desired range, Le. ,  7.9 i 0.2 even when the 
inhibitors containing a carboxylate group were 
introduced in the form of their sodium salts. 
Except where noted nicotinyl-L-tryptophanamide 
was used as the specific substrate with an enzyme 
concentration corresponding to 0.208 mg. of protein 
nitrogen per ml. Since in every instance the hy- 
drolytic reaction was limited to within 30% hy- 
drolysis all of the systems investigated can be 
formulated in terms of equations (1) and (2) 
where Ks = (k2 + kj)/kl and KI  = k5/k4.1° The 

ki k3 

ko 
k4 

ks 

E r + S r z E S + E r + P i t + P u  (1) 

Et + It E1 (2) 

(9 )  S. Kaufman and H. Neurath, J .  Biol. Chcm., 181, 623 (1949). 
(10) For definition of symbols cf. H. T. Huang and C. Niemann. 

Tars JOURNAL, 73, 1541 (1951). 
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Fig. 1.-Plot of equation (3) for the determination of the 

KI values of the first group of inhibitors: uo in units of 
Af per min., fS]o in units of M nicotinyl-L-tryptophan- 
amide, [E] equivalent to 0.205 mg. protein-nitrogen per ml.: 
upper curve, [I] = 15 X 10-3 M B-(B-indole)-propionate; 
lower curve, [I] = 30 X 10-8 M 8-indoleacetate. 

inhibitor concentration used for each individual 
inhibitor was selected so as to provide a degree of 
inhibition convenient for the evaluation of K I  from 
a plot of l /vo  versus ~ / [ S ] O  based upon equation 
(3) * 7 b 1 1  

The data obtained in the present investigation 
are summarized in Figs. 1-5 and in Table I. The 
plots given in Figs. 1-3 leave no doubt that all of 
the inhibitors studied are competitive inhibitors 

TABLE I 
ENZYME-INHIBITOR DISSOCIATION CONSTANTS 

H and N N and G" 
Inhibitor Klb -AF'C K i d  - A F e C  

8-Indoleacetate 25 2180 
8-( b-Indole)-propionatr 13 2570 2 . 5  3570 
y-(6-Indole)-butyrate 17 2410 3 6 3350 
Benzoate 200 950 42 1880 
Phenylacetate 120 1250 42 18x0 

y-Phenylbutyrate 72 1560 14 2,530 
P-(@-Indole)-propionamide 1.7 3780 
Benzamide 6 6 2970 
Phenylacetamide 10.2 2720 
8-Phenylpropionamide 6 . 7  2960 
7-Phen ylbutyramidc 7.2 2920 
Acetanilide 10 4 2700 

8-Phen ylpropionnt r 28 2120 5 T1 3080 

Cf. ref. 12. In  units of 10+ 44 at  23" and PH 7.9 in 
systems 0.02 .If in respect to the amine component of a tris- 
(hydroxymethy1)-aminoniethane-hydrochloric acid buffer. 

In units of 10-8 
Mat  25' and pfI 7.8 in systems 0.1 .If in n phosphate buffer. 

(11) 11 1 i u e w d i i ~  i m l  I )  Iriirk I i i r q  I U U K N A I ,  56, fi.3 (10%) 

In cal. per mole to the nearest 10 cal. 
- _.__I_____ 

0.1 0.2 
\/[SI,. 

Fig. 2 -Plot of equation (3) for the determination of the 
KI values of the second group of inhibitors: 00 in units of 
10-3 M per min., [SI0 i n  units of 10-3 M nicotinyl-L-trypto- 
phanamide, [E] equivalent to  0.208 mg. protein-nitrogen 
per 1111.: upper curve, [I] = 20 X 10-8 M y-(&indole)- 
butyrate; loxver curve, [ I ]  = 2.1 X 10-3 M P-(b-indole)- 
propionamide. 

and since k'~ is a true equilibrium constant the 
standard free energy changes for the formation of 
the various enzyme inhibitor complexes have been 
calculated. These latter values are given in Table 
I along with the corresponding enzyme-inhibitor 
dissociation constants. 

Because of the very large difference between the 
value of K I  which we obtained for P-phenylpro- 
pionic acid, Le . ,  28 X 121, and the value reported 
by Kaufman and N e ~ a t h , ~  ;.e., 4.5 X M ,  
it was thought desirable to check our value with 
another specific substrate. Two experiments with 
[SI0 = 20 X M acetyl-L-tyrosinamide and 
[I] = 30 X lovs M gave a value for KI of P-phenyl- 
propionic acid, under the conditions previously 
specified, of approximately 30 X lo-* M.  That 
the difference between our value and that of Kauf- 
man and Neurathg must reflect a fundamental 
difference between the systems we had studied and 
those investigated by Kaufman and Neurath9 
became evident when, during the final stages of the 
present investigation, a paper by Neurath and 
GladnerI2 appeared, in which KI  values were 
reported for six of the inhibitors listed in Table I, 
including 3 revised value for P-phenylpropionic 
acid, Le.,  5.5 X loT3 M. The values of Neurath 
and Gladner were determined from l/ou versus 
1/ [SI0 plots using data obtained from aqueous sys- 
tems a t  25' and PH 7.8 in which acetyl-L-tyrosin- 
amide was the specific substrate and 0.1 M phos- 
phate the buffer. I t  is apparent that for every one 
of the four inhibitors, P-phenylpropionic acid, y 

(12) I I  Kiiiri111 gri,l 1 \ GI.ulner I nzirl Cl i em,  188, 407 
(lU51) 
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Fig. 3.-Plot of equation (3) for the determination of the 
K I  values of the third group of inhibitors: YO in units of 
IO-* M per min., [SI0 in units of IOda M nicotinyl-L-trypto- 
phanamide, [E] equivalent to 0.208 mg. protein-nitrogen per 
ml.: upper curve, @, [I] = 60 X lo-' M y-phenylbutyrate; 
0,  [I] = 70 X 10-3 Mphenylacetate; 0, [I] = 80 X lo-* M 
benzoate; lower curve, [I] = 20 X 10-8 Mp-phenylpropion- 
ate. 

phenylbutyric acid, P-(@-indole)-propionic acid and 
y-(p-indole)-butyric acid, where it has been possible 
for us to evaluate KI  at  near optimum inhibitor 
c~ncentration,~ our values, Le.,  28, 72, 13 and 17 
X 10-3 M are very nearly five times those given by 
Neurath and Gladner,12 i.e., 5.5, 14, 2.5 and 3.6 
X 10-3 M.la The difference between our values 
for competitive inhibitors of the type R z ( C H ~ ) ~ R ~ ,  
where Rz = benzyl or 8-indolymethyl and Ra = 
carboxylate and those of Neurath and Gladner12 
corresponds to a decrease in - AFO, in passing from 
our reaction system to that of Neurath and Glad- 
ner,12 of approximately 1000 cal. per mole, which is 
a large fraction of the - A F o  values encountered 
for the formation of the enzyme-inhibitor complexes 
of all competitive inhibitors that have so far been 
studied in detai1.4~g-10~12~14-18 

The relatively good agreement between the R s  
value of acetyl-L-tyrosinamide determined in 
systems 0.02 M in the amine component of a tris- 
(hydroxymethy1)-aminomethane-hydrochloric acid 
buffer and that obtained in systems 0.1 M in a phos- 
phate buffeP gives no indication that this value is 

(13) It is felt that our values for benzoic acid and phenylacetic acid 
are not sufficiently accurate for quantitative comparisons, since the 
measured increases in the slopes of the 1/u1 versus l/[S]c plots are very 
small in these cases, cf. Fig. 3. 

(14) D. W. Thomas, R. V. MacAllister and C. Nicmann, THIS 
JOURNAL, 73, 1548 (1951). 

(15) H. T. Huang and C. Niemann, ibid. .  73, 1555 (1951). 
(16) H. T. Huang and C. Niemann, i b i d . ,  73, 3228 (1951). 
(17) H. T. Huang, R. V. MacAllister, D. W. Thomas and C. Nie- 

(18) H. T. Huang and C. Niemann, ibid. ,  79, 4039 (1951). 
manu, ibid.. 73, 3231 (1951). 

0. I 0.2 
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Fig. 4.-Plot of equation (3) for the determination of the 
Ki values of the fourth group of inhibitors: vo in units of 
lo-* M per min., [SI0 in units of 10-3 M nicotingl-L-trypto- 
phanamide, [E] equivalent to  0.208 mg. protein-nitrogen 
per ml.: upper curve, [I] = 10 X M acetanilide; 
lower curve, 0, [I] = 10 X lo-* M benzatnide; 0 ,  [I] = 
10 X 10-8 M phenylacetamide. 

7 -  

Vvo. 
7 

Fig. 5.-Plot of equation (3) for the determination of the 
Kr values of a fifth group of inhibitors: ZJO in units of 10-3 M 
per min., [SI0 in units of IO-' M nicotinyl-L-tryptophan- 
amide, [E] equivalent to 0.208 mg. protein-nitrogen per ml. : 
upper curve, [I] = 7 X M p-phenylpropionamide; 
lower curve, [I] = 7 X lod3 M y-phenylbutyramide. 

markedly sensitive to the above changes in ionic 
strength or ion species. A further indication of the 
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lack of sensitivity of the ICs values of certain specific 
substrates to changes in ionic strength or ion 
species is to be found in the excellent agreement 
between the K S  value of glycyl-L-tyrosinamide 
determined a t  pH 7.8 in a tris-(hydroxymethy1)- 
aminomethane-hydrochloric acid buffer of un- 
specified concentration, i.e., 120 X lo-' 
and the value obtained a t  pH 7.8 in a 0.1 111 phos- 
phate buffer, ;.e.,  122 X M.zO However, it is 
conceivable that a change in ionic strength could 
have a far more pronounced effect upon the K I  
values of carboxylic acids. An increase in ionic 
strength could cause a decrease in the activity 
coefficient of the inhibitor anion and hence lead to 
an increase in the KI value. On the other hand if, 
as it seems likely, a negative charge is situated in the 
vicinity of the catalytically active site,3 the ap- 
proach of a negatively charged inhibitor ion would 
be enhanced by this increase in ionic strength, 
thus causing a decrease in the K I  value. While 
the balance of these two opposing effects may be in 
favor of combination, it is difficult to see from these 
considerations how an increase in ionic strength, 
within the limits involved, can be solely responsible 
for the difference noted in the two buffer systems. 
Therefore, it appears that the difference in the 
two sets of K I  values, for the four bifunctional 
anionic competitive inhibitors being compared, 
may be due to a specific ion effect that is operative 
iii one or both of the buffer systems and which 
profoundly influences the nature of the reaction 
occurring between the enzyme and certain nega- 
tively charged competitive inhibitors of the hy-- 
drolytic reaction. 

Despite the fivefold discrepancy in the two sets 
of Kr values for the carboxylic acids listed in Table 
I ,  it is clear that our results are in excellent agree- 
ment with those of Neurath and Gladneri2 with 
respect t o  the importance of the degree of separation 
of the R2 and R3 groups in determining the affinity 
of the enzyme for inhibitors of the general formula 
R2(CH2)*R3. I t  is interesting to note that the RI 
value of (3-(0-indole)-propionaniide, 1.7 X 111, 
is actually less than both the Ks value of acetyl-L- 
tryptophanamide, 5.2 X low3 AI, and the 1<1 
value of acetyl-D-tryptophandniide, 2.7 X 1 0-3 
.11.10 Similarly, the K I  value of P-phenylpropion- 
amide, 6.7 X AI, is less than both the K S  
value of acetyl-L-phenylalaninamide, 34 X 
M ,  and the K I  value of acetyl-D-phenylalanin- 
dniide, 14 X These results are in accord 
with the idea, expressed p r e v i o ~ s l y , ~ * ~  that the 
strain present in an intermediate coiiiplex derived 
froiii a trifunctional interaction, ;.e., K1-p1, IiL pz 
and R3-pL, is greater than that in oiie involving 
bifunctiondl interaction, e.g., RL -p2 and TIJ-~~.  
I'he\- also indicate that the xetamido ant1 c x h -  

.iniirio functions are inherently groups of low 
afTinity for the enzyinatic site, i n  contrast to the 
@-indolylmethyl and benzyl groups, which are 
apparently primarily responsible for the favorable 
binding free energy in the interaction between the 
enzyme and the above inhibitor. 

The value of K I  for /3-(/3-indole)-propionate, 13 
(1'J) D C Dohertp aud 1 Vdsluw I HIS J O U R N 4 L ,  74, 931 (1952) 
(20) S. Kaufman II Ucurdth and U W Schwert, J Btol Chem 

177, i'43 (194c4) 

X lov3 M ,  lies between the K I  value of acetyl+- 
tryptophanate, 17.5 X lou3 LW,~O and that of acetyl- 
D-tryptophanate, 4.8 X M,4 while the Kr 
value of @-(0-indole)-propionamide, 1.7 X 10V 
J1, is less than both the Ks value of acetyl-L- 
tryptophanamide, 5.3 X low3 M , 1 °  and the K I  
value of acetyl-D-tryptophanamide, 2.7 X 
alI.lo These results suggest that when RI = carb- 
oxylate this group has very little affinity for the 
corresponding p3 center in systems containing a 0.02 
M tris- (hydroxymethyl) -aminomethane-hydrochlo- 
ric acid buffer. Thus, when Rs = carboxylate, in 
spite of the expectation that some strain will be 
created by the interaction of the three R groups of 
acetyl-D-tryptophanate with the corresponding 
p ccnters of the catalytically active site, the attrac- 
tive forces, principally due to the interaction of 
T i l  and pi and Rz and pz, result in a more favorable 
- AF' than in the case of @-(@-indole)-propionate, 
where only one interaction, i.e., between R2 and 
p 2 ,  can effectively contribute to the binding energy. 
However, when R3 is a carbamido group the inter- 
action of R3 and p 3  clearly results in an attraction 
and this added increment contributes more eff ec- 
tively to the binding energy of the bifunctional 
P-(0-indole)-propionamide, i.e., 3780 cal., than to 
that of the trifunctional acetyl-D-tryptophanamide, 
i.e., 3500 caLI1O and actually results in a greater 
- AF" for the former compound. 

With the 0.02 M-tris-(hydroxymethy1)-amino- 
methane-hydrochloric acid buffer the difference in 
- AF' between the two pairs @-(p-indole)-propion- 
amide and p-(p-indole)-propionate and p-phenyl- 
propionamide and P-phenylpropionate is 1600 and 
840 cal., respectively. However, if the -AFo  val- 
ues of Neurath and Gladner,12 which were deter- 
mined in systems containing a 0.1 31 phosphate 
buffer, are used for the above carboxylate ions the 
difference, in - AFO, is 210 and - 120 cal., respec- 
tively. Thus i t  appears that the 0.1 M phosphate 
buffer is capable of increasing the affinity of the 
enzyme for these carboxylate ions to the point 
where the difference observed in the first buffer sys- 
tem, is, for all practical purposes, abolished. In 
this connection i t  is of interest to note that Neurath 
and Gladner12 found that in the 0.1 ill phosphate 
buffer the k-1 values of p-phenylpropionate and /3- 
phenoxyethanol were 5.5 and 5.S X lop3  31, re- 
spectively. 

In the series R2(CH2)nRa where Rz = benzyl and 
Rs = carbamido and n = 0, 1 and 2, i t  is seen that 
the most effective inhibitor is obtained when n = 1, 
and that the affinity is decreased when n is changed 
to 0 or 2 ,  The decrease in affinity is, however, 
itiuch less pronounced than that observed for thc 
same changes where R2 = benzyl and K3 = car- 
boxylate. Furthermore, benzamide, which can be 
regarded either as a member of the above series 
with 7% = - 1, ;.e., as a R2 group, or as a benzamido 
derivative, ;.e.,  as a R1 group, has about the same 
K I  value as that of p-phenylpropionamide. Apart 
from further emphasizing the relatively low affinity 
of the carbamido group for p3, these considerations 
suggest that our interpretation of the mode of com- 
bination of a-chymotrypsin with competitive inhibi- 
tors of this enzyme may be grossly oversimplified 
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particularly when applied to bi- and monofunc- 
tional inhibitors. If i t  is assumed that the benza- 
mido group in benzamide can interact with the cen- 
ter p2, i t  is also necessary to assume that i t  can in- 
teract with the center p1.417 While i t  is conceivable 
that benzamide may interact with one center more 
readily than with the other, both of these inter- 
mediate complexes would block combination of the 
catalytically active site of the enzyme with trifunc- 
tional specific substrates such as nicotinyl-L-trypto- 
phanamide and acetyl-L-tyrosinamide. Therefore 
the experimental value of KI for benzamide could 
be a function of two separate dissociation con- 
stants, one for each of the above two intermediate 
complexes. The situation may be even more com- 
plicated since the existence of a third complex based 
upon simultaneous interaction of two molecules of 
benzamide with the centers p1 and p2 cannot be en- 
tirely excluded. Thus the relatively low value of 
KI for benzamide may reflect an enhanced probabil- 
ity of combination arising from a multiplicity of 
modes of combination rather than a high affinity in 
any particular mode. At present it is not possible 
to evaluate quantitatively the relative contribu- 
tions of each of the three types of intermediate com- 
plexes that may be formed. 

While i t  may be fortuitous that the K I  value of 
acetanilide, 10.4 X lop3 M ,  is practically identical 
with that of phenylacetamide, 10.2 X M ,  it 
does appear that with these two isomeric competi- 
tive inhibitors a transposition of the -CH2- and 
-NH- groups present in their side chains is without 
demonstrable effect upon the over-all binding proc- 
ess. This indicates that with these two compounds 
the principal factor in the combination process is 
the size and shape of the molecule, and hence a van 
der Waals interaction. 

The data obtained during the course of this in- 
vestigation have pointed out the existence of two 
fundamental aspects of certain enzyme-inhibitor 
and enzyme-substrate interactions involving a- 

chymotrypsin, viz., (a) the fact that the affinity 
of the enzyme for certain anionic competitive inhibi- 
tors may be profoundly influenced by the nature 
of the buffer present in the reaction system, and 
(b) that several different modes of combination 
may be involved in the interaction of this enzyme 
with a given specific substrate or competitive inhibi- 
tor. Since both of these issues are important for 
a correct understanding of available kinetic data 
i t  is hoped that studies now in progress will expand 
our knowledge along these lines. 

Experimental2 '9 22 

Competitive Inhibitors.-p-Indoleacetic acid, mdp. 167- 
168"; p-(8-indole)-propionic acid, m.p. 133-134 ; y ( p -  
indole)-butyric acid, m.p. 123-124'; benzoic acid, m.p. 
122-123 ; phenylacetic'acid, m.p. 76-77"; 0-phenylpro- 
pionic acid, m.p. 48-49 ; 7-phenylbutyric acid, m.p. 5C- 
51"; acetanilide, m.p. 113-114'; and benzamide, m.p. 
129-130°, were Eastman Kodak Co. products which were re- 
crystallized a t  least twice from appropriate solvents. Phen- 
ylacetamide, m.p. 157-158'; p-phenylpropionamide, m.p. 
105-106', and y-phenylbutyramide, m.p. 84-85", were 
prepared from the corresponding acids by ammonolysis of 
the respective acid chlorides. Ammonolysis of 3 g. of crude 
methyl P-(p-indole)-propionate, prepared by the reaction 
of methanolic hydrogen chloride with the corresponding 
acid, gave 1.5 g. of p-(0-indole)-propionamide, fine stunted 
needles, m.p. 204-205'. 

Anal. Calcd. for CllH120K2 (188): C, 70.3; H, 6.4; 
N, 14.9. Found: C, 70.3; H, 6.2; N, 14.9. 

Enzyme Experiments.-The methods used were identical 
with those described previously. The preparation of the 
principal specific substrate, L e . ,  nicotinyl-L-tryptophan- 
amide for which KS = 2.7 X M,l0 has also been de- 
scribed.2a The enzyme preparation was an Armour prod- 
uct, lot no. 90402, and it will be noted that the specific 
enzyme concentrations E's and 23'1 for all experiments were 
such as to satisfy zone A c ~ n d i t i o n s . ~ ~ ~ ~ * J ~  

(21) Microanalyses by Dr. A. Elek. 
(22) All melting points are corrected. 
(23) B. M. Iselin, H. T. Huang, R. V. MacAllister and C. Niemann, 

(24) 0. H. Straus and A. Goldstein, J .  Gen. Physiol.,  26, 559 (1943). 
(25) A. Goldstein, ibid., 27, 529 (1944). 

THIS JOURNAL, 71, 1729 (1950). 
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itself, four monomethyl derivatives and one dimethyl derivative were studied. 
first order in all cases. 
rate theory were then determined. 
and the effect of methyl substitution pn the reaction are proposed. 

In  an attempt to elucidate the decarboxylation mechanism of picolinic acid, the rates of decarboxylatioti of picolinic acid 
The observed reaction rates were found to be 

The E and A values of the Arrhenius equation and t h e  AH* and AS* values of the absolute reaction 
On the basis of the data obtained, mechanisms for the decarboxylation of picolinic acid 

In the process of investigating the mechanism 
of the Hammick reaction,' the necessity of having 
some knowledge concerning the mechanism of de- 
carboxylation of the acid involved in the reaction 
became immediately apparent. Picolinic acid, one 
of the four acids which have been shown to undergo 
the Hammick coupling upon decarboxylation, was 
chosen for study. It was thought advisable to 
determine the rate of the uncatalyzed decarboxyla- 

(1) P. Dyson and D. L. Hammick, J .  Chcm. SOL, 1725 (1937); 
809 (1939); 173 (1949); 659 (1949). 

tion of picolinic acid and smile of its methyl deriva- 
tives which might then help to elucidate this 
process. Uncatalyzed reactions were selected be- 
cause a report2 on the rate of breakdown of picolinic 
acid in various solvents did not agree with the rate 
as observed during the Hammick reaction. 

The question then arose as to what mechanism 
might be postulated to account for the ease with 
which picolinic acids and acids similar in structure 
decarboxylate. One can postulate three reactive 

(2) H. Schenkel and A. Klein, HeZw. Chim. Acta, 18, 1211 (1945). 


