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act as a catalyst is totally independent of the binding 
constant, (2) therefore, catalytic specificity must be a 
function of the juxtaposition of the catalytic active 
group(s) and reactive functional group(s), and (3) 
the solvation change due to  binding may be large but 
it is a constant for bound compounds of similar struc- 
tures. 

Due to the correlation between solvent effects and 
cycloheptaamylose acceleration, the great variety of 
possible substrate structures, and the lack of extraneous 
catalytic effects, decarboxylation rates should prove 
extremely valuable in examining the polarity and 
rigidity of protein binding sites. Additional phenomena 
such as the pH effect upon binding site polarity, specific 
apolar interactions, and other interactions, including 
protein conformational changes upon substrate bind- 
ing which vary binding site polarity, also can be in- 
vestigated. 

to the variety of substrate structures examined, hydro- 
gen bonding between cycloheptaamylose and the sub- 
strate is eliminated as a major contribution to complex 
stability. 

Implications for Enzyme Specificity and Catalysis. It 
is generally assumed that the solvation changes result- 
ing from enzyme-substrate binding have some effect 
upon substrate reactivity. As an example of the pos- 
sible magnitude of this effect, enzymatic solvent effects 
have been proposed to  be a major source of catalytic 
action in thiamine pyrophosphate dependent enzymatic 
reactions.39 Thus, the enzyme solvent effect may be 
responsible for a rate acceleration of 105-106 in pyr- 
uvate decarboxylase-catalyzed decarboxylation. 39 

A homogeneous catalyst and substrate system has 
been presented where the catalytic action is determined 
solely by the ability of the catalyst to  bind the substrate, 
but catalytic action is independent of the binding con- 
stant. One would expect that the conclusions derived 
from this system should apply to  other homogeneous 
catalysts which have well-defined binding sites and 
where binding is due to hydrophobic interactions. 
This implies that, for these systems, (1) the ability to  

(39) J. Crosby, R. Stone, and G. E. Lienhard, J .  Amer. Chem. Soc., 92, 
2891 (1970). 

Acknowledgment. We acknowledge the assistance of 
Dr. A. Thomson, whose interest in the microsolvent 
properties of cycloamyloses while a member of this 
laboratory led to the current investigation. The cur- 
rent investigation was supported by grants from the 
National Science Foundation. 

Cycloamyloses as Enzyme Models. 
The Decarboxylation of Benzoylacetic Acids 

Thomas S. Straub’ and Myron L. Bender* 

Contribution from the Department of Chemistry, Northwestern University, 
Evanston, Illinois 60201. Received May 17, 1972 

Abstract: Rate constants for the aqueous decarboxylations of eight benzoylacetic acids are determined as a 
function of pH and, from these data, pK, values are calculated. Data at the acidic and basic extremes of the pH-rate 
profile are used to construct Hammett plots, with p values of f0.031 and +1.42, respectively, for benzoylacetic acid 
and benzoylacetate decarboxylation. Benzoylacetate decarboxylations are accelerated in the presence of cyclo- 
hexa- and cycloheptaamylose. These results are interpreted in terms of the cycloamylose microsolvent effect. 
Decarboxylations of benzoylacetic acids are accelerated by cycloheptaamylose but inhibited by cyclohexaamylose, 
effects too great to be attributed to microsolvent effects. pH-rate profiles for the cycloheptaamylose-catalyzed and 
activation parameters for the spontaneous and cycloheptaamylose-catalyzed 4’-methyl-, 3 ’-chloro-, and benzoyl- 
acetic acid decarboxylations are determined. Data for spontaneous decarboxylations are compared with the 
literature data determined for partially aqueous and nonpolar solvents and are discussed in terms of transition 
state polarity. Cycloamylose effects on the decarboxylations of benzoylacetic acids are consistent with confor- 
mational restraints on the included acid, e.g., conformational catalysis. 

he major characteristic of an enzymatic reaction T is the enormous rate enhancement observed rela- 
tive to  its nonenzymatic counterpart. This rate en- 
hancement has been credited to many f a c t o r ~ . ~ - l ~  
An often discussed contribution which has been gen- 
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erally inaccessible to  experimental study is the enzyme- 
imposed conformational restrictions on the bound sub- 
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strate. A previous report from this laboratory de- 
scribed the inhibition of intramolecular-catalyzed hy- 
drolysis of mono-p-carboxyphenyl esters of 3-substi- 
tuted glutaric acids on binding to cycloamyloses in 
nonreactive conformations. l 4  We now wish to report 
the cycloamylose catalysis of benzoylacetic acid de- 
carboxylation where catalysis is attributed to a con- 
formation restriction in the bound acid. 

Experimental Section 
Reagents. Cyclohexaamylose and cycloheptaamylose were 

obtained from Corn Products Co. and purified as described pre- 
v i o u ~ l y . ~ ~  Aqueous reaction solutions employed double-distilled 
water and reagent grade buffers. 2-Propanol (J. T. Baker spectro- 
phometric grade) was dried over calcium hydride, distilled, and 
stored over molecular sieves. Acetonitrile was Mallinckrodt 
Nanograde. pH measurements were made on a Radiometer 26 
pH meter. Stock solutions of @-keto acids were prepared by dis- 
solving a weighed amount of acid in water and neutralizing with 
reagent grade sodium bicarbonate. 

Benzoylacetic Acid. Benzoylacetic acid was prepared bq hy- 
drolysis of ethyl benzoylacetate (Eastman) in 5 potassium 
hydroxide, ether extraction, and acidification of the aqueous 
solution. The resultant precipitate was collected in a sintered 
glass funnel, dried and recrystallized from benzene, mp 101-102” 
dec (lit. 99.5-100” dec,16 103-104’ decl’). 

Ethyl 2-phenylacetoacetate was pre- 
pared by the sodium hydride initiated condensation of ethyl 
acetate and ethyl phenylacetate in dimethylformamide according 
to Gittos, er d . 1 8  The product was hydrolyzed by standing it 
overnight in concentrated sulfuric acid, 5 ml of acid per g of ester, 
and pouring it over ice. The resultant precipitate was collected, 
dried over KOH pellets. and recrlstallized from benzene-pentane. 
2-Phenylacetoacetic acid was recovered as colorless crystals. mp 
98-99 (lit. l9 98 ‘). 

Ethyl 2-benzoylpropionate was pre- 
pared by the condensation of diethyl carbonate with propiophenone 
(Matheson, Coleman and Bell) in the presence of sodium ethoxide.20 
The ester was hydrolyzed with a 10% potassium hydroxide solution 
(1 g of ester per 10 ml of base) by being stirred for 14 hr. The 
basic solution was extracted with ether and acidified with hydro- 
chloric acid to the Congo red endpoint, and the product was ex- 
tracted into ether. After drying the ether layer, ether evaporation 
and recrystallization from carbon tetrachloride gave pure 2- 
benzoylpropionic acid, mp 78-79‘ ( l i t .21 77-78‘). 

4’-Nitrobenzoylacetic Acid. Ethyl 4’-nitrobenzoylacetate was 
prepared by the method of Bulow and Hailer.22 The resultant 
pale yellow plates had mp 71-73‘ (lit.22 75“). 

After 
recrystallization from benzene, the acid had mp 132-133” dec (lit. 
1 3 2 ’ d e ~ , ‘ ~  135”decZ2). 

4’-Methylbenzoylacetic Acid. 4’-Methylbenzoylacetic acid was 
prepared from 4’-methylacetophenone (Aldrich) and magnesium 
methyl carbonate in dimethylformamide according to Stiles. 24 

Magnesium methyl carbonate preparation and product isolation 
were performed according to Finkbeiner and Wagner.25 After re- 
crystallization from carbon tetrachloride, the acid had mp 84-86> 
dec (lit.16 85-87“ dec). 

2-Phenylacetoacetic Acid. 

2-Benzoylpropionic Acid. 

The ester was hydrolyzed according t o  Hay and T a t c 2 ”  

(14) D. L. VanderJagt, F. L. Killian, and M. L. Bender, J. Amer. 
Chem. Soc.,92,1016(1970). 

(15) R. L. VanEtten, J. F. Sebastian, G. A. Clowes, and M. L. Ben- 
der, ibid., 89, 3242 (1967); R. L. VanEtten, G. A. Cloues, J. F. Sebas- 
tian, and M. L. Bender, ibid., 89, 3253 (1967). 

(16) C. G. Swain, R .  F. W. Bader, R. M. Esteve, Jr., and R .  N. Griffin, 
ibid., 83, 1951 (1961). 

(17) W. H. Perkin,J. Chem. Soc., 45, 177 (1884). 
(18) M. W. Gittos, J. W. James, and L. F. Wiggins, British Patent 

(19) D. Libermann, Bull. SOC. Chim. Fr., 1217(1950). 
(20) V. H. Wallingford, A. H. Homeyer, and D. M. Jones, J .  Amer. 

Chem. SOC., 63, 2252 (1941) 
(21) E. M. Hodnett and R. L. Rowton, “Radioisotopes in the Physi- 

cal Sciences and Industry,” Vol. 111, International Atomic Energy 
Agency, Vienna, 1962, p 225. 

1,088,846 (1967); Chem. Absrr., 68, P105193X (1968). 

(22) C. Bulow and E. Hailer, Chem. Ber., 35,915 (1962). 
(23) R. W. Hayand1c.R. Tate, Aust. J .  Chem., 23,1407(1970). 
(24) M. Stiles, J .  Amer.Chem.Soc., 81,2598 (1959). 
(25) H. L. Finkbeiner and G. W. Wagner, J .  Org. Chem., 28, 215 

(1963). 

3’-Methylbenzoylacetic Acid. 3 ‘-Methylbenzoylacetic acid was 
prepared from 3’methylacetophenone (Aldrich) and magnesium 
methyl carbonate following the procedure for the 4’-methyl com- 
pound. 

Aiiul. Calcd for C10HI0O3: C, 67.41; H. 5.66. Fcund: C,  
67.52; H ,  5.58. 

2’-Methylbenzoylacetic Acid. Except for using 2’-methyl- 
acetophenone (Aldrich), the procedure for the preparation of 
2’-methylbenzoylacetic acid was identical with that used to prepare 
the 4‘-methyl compound. The product had mp 77-79” dec. 

4‘-Chlorobenzoylacetic Acid. The preparative procedure, with 
4’-chloroacetophenone (Aldrich) as the starting material, was 
identical with that for 4’-methylbenzoylacetic acid. The colorless 
product had mp 121-122” dec. 

A m / .  Calcd for CnH7C103: C. 54.43: H. 3.55: C1. 17.85. 
Found: C. 54.35: H, 3.53; CI. 17.88. 

3’-Chlorobenzoylacetic Acid. Using 3’-chloroacetophenone 
(Aldrich) as the starting material, the preparative procedure was 
that used for 4‘-methylbenzoylacetic acid. The white crystalline 
product had mp 114” dec. 

Found: C. 54.27: H. 3.36: CI; 17.76. 
The decarboxylations of all acids and their 

anions were followed spectrophotometrically by monitoring the 
decrease in absorption as the reaction proceeded. Plots of log 
( A l  - A,) against time were linear: rate constants were obtained 
from the slope. -ko,,.J2.303. A Gilford 220 recording spectro- 
photometer with Beckman DU optics was used for kinetic deter- 
minations and a Cars Model 14 recording spectrophotometer was 
used to  record spectra. In all cases the product spectrum was iden- 
tical to that for the appropriate acetophenone. The monitoring 
wavelength for kinetics was at or near the maximum of the benzcll- 
acetic acid-corresponding acetophenone difference spectrum i n  
0.1 N hydrochloric acid. The wavelengths employxi with Le i n  
parentheses are as follows: benzojlacetic acid, 258 nm (3250): 
2-phenylacetoacetic acid, 230 nm (1020): 2-benro~lpropionic acid. 
260 nm (4150); 4’-methylbenzoylacetic acid. 271 nm (2970): 3’- 
methylbenzoqlacetic acid. 262 nm (2370): 2’-metIi~lbenroylacetic 
acid, 260 nm (1982): 4’-chlorobenro~lacetic acid. 271 nm (2060): 
3’-chlorobenzo~lacetic acid. 258 nm (2770): -I’-iiitrobenro!,lacetic 
acid, 325 nm (521).2j 

Temperature control and general procedure were a\ pre\  ioud) 
described.*‘ All reactions containing cycloamylosw were per- 
formed with cjcloamylose concentrations at least tenfold greater 
than substrate concentrations to maintain pzeudo-fir!,t-order coii- 
ditions. 

Maximum Rate Constants for Cycloamglose-Catalyzed Reactions 
and Activation Parameters. The maximum rate constants for 
cycloamylose-catalyzed reactions, k,, complex dissociation con- 
stants, K,, activation parameters, and thermodynaniic parameters 
were calculated as described in the preceding paper.?‘ 

Results 
Spontaneous Decarboxylation. The decarboxylations 

of monobasic P-keto acids are known to occur by 
simultaneous decomposition of the free acid and the 
anion23 (Scheme I). This scheme leads to the rate 
expression in eq 1. Using the dissociation constant, 

The compound had mp 81-82’ dec. 

Ami/. Calcd for C,H7C10a: C, 54.43; H. 3.55; CI. 17.85. 

Reaction Kinetics. 

K A  = [H+][A-]/[HA], and the conservation equation, 
[HAIT [HA] + [A-1, the rate expression is more 
conveniently expressed as 

- d[ H A ] T / ~  t = 

Equation 2 predicts a sigmoidal dependence of 
kobsd  on pH. This dependence is shown in Figure 1 
for 4’-methylbenzoylacetic acid decarboxylation at 
50.3”. The pH dependencies of decarboxylation rate 

buffer. 

(1972). 

(26) These data refer to the difference spectra in pH 6.85 phosphate 

(27) T. S. Straub and M. L. Bender, J .  Amer. Chem. SOC., 94, 8875 
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Table I. Decarboxylation Rate Constants of Acids and Anions, Ionization Constants in Aqueous Solution 
and for the Cycloheptaamylose Complex 

103kl: 103k2,b 
Acid T,  "C sec-l sec-l pK2 lO3kCld k d k l  pKcad 1 0 3 ~ ~ :  M 

2.41 7 . 2  3.72 8 . 3  i 0 . 4  
5.90 6 . 2  3.79 9 . 8  i 0 . 6  

14 i 1 . 0  

CsH jCOCHzCOzH 40.8 0,333 0.0203 3.38 i 0 . 0 1  
50 .3  0.950 0.0740 3.40 =t 0.05 
61.0 3.04 0.281 3.43 i 0 .02  17.8 5 . 9  3.70 

~ - C H ~ C ~ H I C O C H Z C O Z H  50.3 0,779 0.113 3.53 i 0.12 

~ - C H ~ C , H ~ C O C H Z C O Z H  40.8 0.320 0.0111 3.45 i 0 . 0 2  2.17 6 . 8  3.84 3 .3  + 0 . 2  
3-CHaC6HaCOCHzCOzH 50.3 1.002 0.0555 3.44 + 0 .05  

50.3 0.967 0.0359 3.43 i 0.05 6.04 6 . 2  3.70 4 . 6  i 0 . 3  
5 .5  3.82 6 . 3  i 0 . 4  61.0 2.72 0.151 3.57 =t 0 .01  15.0 

~ - C ~ C G H ~ C O C H ~ C O ~ H  40.8 0,336 0.0653 3.24 i 0.03 2.09 6 .2  3.64 5 . 2  i 0 . 3  
50 .3  0.939 0.225 3.30 i 0.03 5.20 5 . 5  3.68 6 . 0  + 0 . 1  
61.0 2.78 0.841 3.34 =k 0 .02  13.5 4 .9  3.71 8 . 5  i 1 . 9  

4-ClC6HaCOCHzCOzH 50.3 0.910 0.112 3.38 f 0.06 
~ - N O ~ C , H I C O C H ~ C O Z H  50.3 1.066 0.879 3.24 f 0.22 
CsHjCOCH(CH3)COzH 50.3 0.587 0.0894 3.58 =k 0.15- 
CH3COCH(C6Hj)C02H 40.5 3.04 2.43 

a Spontaneous decarboxylation rate constant in 0.1 N hydrochloric acid. b Spontaneous decarboxylation rate constant in pH 6.85 phos- 
CY- 

Cycloheptaamylose accelerations at a mini- 
phate buffer, ionic strength = 0.10. 
cloheptaamylose-un-ionized acid decarboxylation rate constant evaluated as described in text. 
mum of 4 pH values were used for the evaluation. e At pH 3.0. 

c Evaluated cia eq 3 using rate constants measured at  a minimum of eight different pH values. 

10 0 - 

6 0  

*!401 P O  \ 
0 0  

2 0  40 6 0  8 0  100 

PH 

Figure 1. The pH-rate profile for aqueous 4'-methylbenzoylacetic 
acid decarboxylation at 50.3". The solid line was drawn using 
constants from Table I and the expression for kobsd derived from 
eq 2. 

Scheme I 
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constants for eight benzoylacetic acids and 2-phenyl- 
acetoacetic acid were examined. Assuming the rate 
constants at pH 1.0 are the rate constants for decar- 
boxylation of the un-ionized acids, k l ,  and the rate con- 
stants at pH 7.0 are rate constants for decarboxylation 
of the anions, k,, dissociation constants for these acids 
can be calculated from eq 3. 

i' 

I 
-020 0 0 0  +020 +040 +060 1080 

0- 

Figure 2. Hammett plot for aqueous benzoylacetic acid (0)  and 
anion (0) decarboxylation at 50.3'. The solid lines have slopes of 
$0.031 and +1.42 for acid and anion decarboxylation, respec- 
tively. 

pKa = PH - log [(kl - kobsd)/(kobsd - h)] ( 3 )  
kl and kz values and pK, values determined by eq 3 
are collected in Table I. The standard deviations of the 
pK, values reflect the dependency of the determination 
on the magnitude of the difference between decarboxyl- 
ation rate constants for the un-ionized and ionized acids. 
The internal consistency of the data is shown in Figure 
1, where the solid line was calculated from the values 
in Table I and eq 2. 2-Phenylacetoacetic acid de- 
carboxylation was not treated in this fashion due to the 
small k l /k2  ratio, 1.25. 

Examination of the decarboxylation rates reported in 
Table I reveals weak substituent effects for decarboxyl- 
ation of the free acid and strong substituent effects 
for anionic decarboxylation. The substituent effects 
are shown more dramatically by the Hammett plotsz8 
of Figure 2. A least-squares treatment of rates for 
acid decarboxylation gave the upper line of Figure 2 
with a slope or p of +0.031 =k 0.031 and a correlation 
coefficient of only 0.450, indicating that, within ex- 
perimental error, the decarboxylation rates are inde- 
pendent of substituent. A similar treatment of anionic 

(28) H. H. Jaffe, Chem. Rea.,  53, 191 (1953). 
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Table 11. Cycloheptaamylose Accelerations of @-Keto Acid Decarboxylationa 

Acid pHb 103k,,, sec-l 103k,, sec-ldme 1 0 3 ~ , ,  ~ d , e  kclkun R' 
CsHjCOCHzCOzH 3.01 0.668 5.08 + 0.19 9.77 i 0 .64  7 . 6  0.994 

3.61 0.416 3.34 i 0.19 11.1 i 1 . 1  8 . 0  0.987 
4.03 0.255 2.47 i 0.20 18 .2  i 2 .0  9 . 7  0.988 
4.64 0.125 0.686 i 0.060 12.5 i 1 . 9  5 . 5  0.967 

2-CH3C6HdCOCHzCOzH 2.97 0.598 2.45 i 0.06 15.3 i 0 . 7  4 . 1  0.997 
~ - C H , C ~ H ~ C O C H Z C O Z H  2.98 0.762 5.68 =t 0.12 7 .64  i 0 .32  7 . 5  0.997 
~ - C H ~ C B H ~ C O C H Z C O ~ H  2.98 0.730 4.93 i 0.14 4.65 i 0.29 6 . 8  0.994 

3.22 0.616 4.71 i 0 .14  5.41 i 0 . 3 3  7 . 6  0.994 
3.60 0.416 3.46 i 0 .07  5.50 i 0 .22  8 . 3  0.998 
3.99 0,203 1.93 i 0 . 0 2  4.73 i 0 . 1 3  9 . 5  0,999 

3-CIC~HaCOCHzCOzH 2.97 0,704 4.27 C 0 .05  6.02 C 0 . 1 4  6 .1  0.999 
3.22 0.602 3.96 i 0.14 7.22 i 0.52 6 . 6  0.992 
3.60 0.473 2.82 C 0.02 7.82 i 0 .12  6 . 0  0.999 
3.99 0.352 1.71 i 0 . 0 3  8.60 + 0.35 4 . 9  0.998 

4-CIC6HaCOCHnCOzH 2.98 0,655 3.42 C 0 . 1 0  6.82 i 0.43 5 . 2  0.994 
4-NOzCsHaCOCHzCOzH 2.97 0.965 2.17 i 0 .25  8 . 4  i 2 . 6  2 . 2  0.848 
CCHjCOCH(CHs)C02H 3.01 0.436 1 .00  i 0.02 3.83 i 0 .34  2 . 3  0.992 
CH,COCH( C8Hj)COzHg 4.02 2.35 12.1 i 1 . 3  14.8 =t 2 . 6  5 . 1  0.956 

a T = 50.3"; ionic strength = 0.10 M ;  initial P-keto acid concentration = 
mean error is 2 z .  
1.5 X 10-2 M were used. e Errors are computer calculated standard deviation. 

M .  At 25". Average of two-five determinations, 
M to Determined from a least-squares treatment of eq 4. Five-six cycloheptaamylose concentrations from ' Correlation coefficient for the fit to eq 4. 0 T = 40.5". 

0 

0 S C  

L 0 0  200  400 6 0 0  800 1000 
VOLUME PER CENT NON-AOUEOVS SOLVENT 

Figure 3. The effect of 2-propanol (0) and acetonitrile (0) on 
benzoylacetic acid decarboxylation at 50.3 '. All solutions were 
0.1 M hydrochloric acid. 

decarboxylation yielded p = + 1.42 f 0.07 for a line 
with a correlation coefficient of 0.995, indicating that 
decarboxylation rates are strongly accelerated by elec- 
tron-withdrawing substituents. 

The effects of acetonitrile and 2-propanol addition on 
benzoylacetic acid decarboxylation rates were deter- 
mined and are presented in Figure 3. All solutions 
contained 0.1 N hydrochloric acid to suppress ioniza- 
tion. These results are in good agreement with pre- 
vious observations that solvent effects for p-keto acid 
decarboxylations are generally small and are at a maxi- 
mum at 40-60x by volume organic solvent.23t29 

@-Keto Acid Decarboxylation with Added Cyclo- 
amylose. The decarboxylations of all benzoylacetic 
acids and anions were accelerated by addition of cyclo- 
heptaamylose. Rate enhancements were not a linear 
function of cycloheptaamylose concentration but were 
consistent with the Michaelis-Menten scheme often ob- 
served in enzymatic systems and with previous studies 
of cycloamylose accelerated reactions. 14,15,27 There- 
fore, the effect of cycloheptaamylose, C, at a particular 
pH, was analyzed according to Scheme I1 (HA is the 
total acid, un-ionized and ionized, present) using a 
treatment derived from that of Colter, et Rate 

(29) G. A. Hall and E. S.  Hanrahan, J .  Phys. Chem., 69,2402 (1965). 

Scheme I1 
HA + C C-HA 

Jk". K s  J k c  

P + coz + c * C . P  + CO? 

constants for the decarboxylation of the cycloamylose 
complex, k,, and the dissociation constants of the com- 
plex, K,, were evaluated by a computer fit of the rate 
data to Eadie plots3I based on eq 4. The results at  

50.3" are collected in Table 11. 
In pH 4.0 acetate buffer solutions, the treatment of 

the cycloheptaamylose acceleration of 2-phenylaceto- 
acetic acid was analogous to that for benzoylacetic 
acid decarboxylation. However, when a study was 
attempted in pH 3.0 formate buffer solutions, precipita- 
tion resulted. To determine the reason for precipita- 
tion, uv spectra of the acid were determined in 0.1 N 
hydrochloric acid and in acetonitrile. In acid a 
shoulder at 252 nm (t 100) was observed while in 
acetonitrile a band with A,,,,, at 265 nm ( E  16,500) was 
observed. By analogy with similar systems,32 the 265- 
nm band is attributable to  the enol tautomer of 2- 
phenylacetoacetic acid. The 252-nm shoulder in 
aqueous solution is typical of the n --t T* transition of 
ketones33 and is retained with somewhat diminished 
intensity upon decarboxylation. Therefore, precipita- 
tion can be attributed to the preferential binding of the 
enol tautomer with cycloheptaamylose. An enol shift 
has previously been used to  explain the cycloamylose 
catalysis of a-hydroxy ketone oxidation. 3 4  Complete 
ionization at pH 4.0 is indicated by the invariance of 
decarboxylation rates between pH 4 and 10, and ultra- 
violet spectra indicate that the keto form of the anion 
is preferred. The absence of any effects attributable 
to tautomerism for benzoylacetic acid decarboxylation 

(30) A. K. Colter, S. S. Wang, G. H Megerle, and P. S.  Ossip, J .  

(31) G .  S. Eadie, J .  Biol. Chem., 146,85 (1942). 
(32) B. E. C. Banks, J .  Chem. Soc., 5043 (1961); 63 (1962). 
(33) H.  H. Jaffe and M. Orchin, "Theory and Applications of Ultra- 

(34) F. Cramer, Chem. Ber. ,  86,1576(1953). 

Amer. Chem. Soc., 86,3106 (1964). 

violet Spectroscopy," Wiley, New York, N. Y., 1962, p 178. 
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has been shown in both aqueous and nonpolar sol- 
vents.16 

A complete treatment of the effect of cyclohepta- 
amylose on decarboxylation necessitates the separation 
of the effects for un-ionized and ionized acid decar- 
boxylation according to  Scheme 111. The constants 
Scheme III 

C + HA C - H A  

C + H+ + A - -  C.A-  + H+ 
Kaz 

kl,  k,, and K A  were obtained from the study of the 
spontaneous reaction (Table I). The constants kCl,  
kc2, and  kc^ can be obtained from the pH dependence 
of the cycloheptaamylose-acid decarboxylation rate, 
k,  of Table 11, and the dissociation constants K,, and 
K,, can be evaluated from the pH dependence of the 
K ,  values in Table 11. 

Attempts were made to  determine directly k,, and 
K,, values. However, rate enhancements in the ex- 
perimentally accessible cycloheptaamylose concentration 
range (upper limit, 1.5 X lo-, M at 25°35) were too 
small for accurate assessment by Eadie plots. The 
observed rate enhancements in lo-, M cyclohepta- 
amylose at pH 7 are listed in Table 111. 

Table 111. Relative Effects of Cyclohexaamylose and 
Cycloheptaamylose on Benzoylacetic Acid Decarboxylationm 

7 k o b s d k u n  
XCGH4- 0.020 M cyclohexa- 0.010 M cyclohepta- 

X =  pH 3.0 pH 6.85 pH 3.OC pH 6.85 
COCHCO?H amylose amylose 

4-CH3 0 .64  1.11 4.93 1.31 
3-CH3 0.84b 4.66 
H 0 .94  4.34 1 .20  
4-C1 0 .62  1.26 3.51 1.60 
3-C1 4.16 1.36 
4-NO2 1.68 1 .65  

a T = 50.3”; ionic strength = 0.10; initial acid concentration = 
M. 0.030 M cyclohexaamylose. Values calculated from 

data in Table I1 and eq 4. 

A direct determination of the cycloheptaamylose- 
un-ionized acid decarboxylation rate constant was not 
possible due to  the hydrolytic instability of cyclo- 
heptaamylose in acid solutions. 36 Therefore, kCl and 
K,A were obtained by fitting the observed pH depen- 
dence of log k, to  the normalized theoretical curve, 
eq 5, which is simply a rearrrangement of the normal 
inverted sigmoid relation (eq 3) assuming un-ionized 
acid decarboxylation is the only reaction effectively 
catalyzed. This technique is based on the method de- 
vised by Brubacher, et and is statistically more 
accurate than the normal reciprocal plots, 38 since each 

(35) J. A. Thoma and L. Stewart, “Starch: Chemistry and Tech- 
nology,” Vol. 1, R. L. Whistler and E. F. Paschall, Ed., Academic Press, 
New York, N. Y . ,  1965, p 209. 

(36) D. French, M. L. Levine, and J. H. Pazur, J .  Amer. Chem. Soc., 
71,356(1949). 

(37) L. J. Brubacher, F. J. Kezdy, and M. L. Bender, unpublished 
results. 

(38) M. Dixon and E. C. Webb, “Enzymes,” Academic Press, New 
York, N. Y . ,  1958, p 137. 

PH 

Figure 4. The pH-log rate profile for cycloheptaamylose-catalyzed 
3 ’-chlorobenzoylacetic acid decarboxylation. The solid lines were 
obtained by fit of eq 5 to the experimental points. Horizontal 
arrows represent the y intercept, log k , ~ ,  and vertical arrows are 
pK,,values. 

datum point has equal weight. The fit of the experi- 
mental points with the theoretical curve is shown in 

Figure 4 for 3’-chlorobenzoylacetic acid decarboxyla- 
tion. The resultant kCl and pKc, values are listed in 
Table I. 

The assumption that decarboxylation of un-ionized 
acid is the only reaction rate-determining k, is partially 
justified by the fit of the data to the theoretical curve. 
However, a different approach is also available. The 
data at 50.3” for the reaction treated in this fashion 
having the smallest kl/kz  ratio, 3 ’-chlorobenzoylacetic 
acid decarboxylation, will be used. The determined 
pK,, (3.68) implies that the bound acid is two-thirds 
ionized at the highest pH of the pH-rate profile, 3.99. 
In the presence of lo-, M cycloheptaamylose, kobsd - 
kl at pH 6.85, T = 50.3”, was determined to  be 8.1 X 

At two-thirds ionization the rate contribu- 
tion due to  anion decarboxylation is 5.4 X 
sec-’. This factor is only 5 %  of the observed rate, 
1.08 X le3 sec-’, for a M cycloheptaamylose 
solution at pH 3.99 and is equal to the expected experi- 
mental error. At lower pH values or for reactions 
having larger kl/kz ratios, even this contribution would 
be greatly reduced. 

At pH 2.98 where the benzoylacetic acids are little 
ionized, decarboxylation was inhibited by addition of 
cyclohexaamylose. However, at pH 6.85 where ben- 
zoylacetic acids are totally ionized, decarboxylation 
was accelerated in the presence of cyclohexaamylose. 
The relative effects of cyclohexa- and cyclohepta- 
amylose are compared in Table 111 at pH 3.0 and 6.85. 

Activation Parameters. Data from Table I were 
employed to  calculate activation energies and entropies 
for 4’-methyl-, 3 ’-chloro-, and benzoylacetic acid 
decarboxylation. These results and activation param- 
eters for benzoylacetic acid decarboxylation in 50 

sec-’. 
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aqueous dioxanez3 are compiled in Table IV for the 
un-ionized acids and Table V for the anions. These 

Table IV. Activation Parameters for Benzoylacetic Acid 
Decarboxylation and Rate Constants in Various Solvents 

Phenyl 1o3k:~.3o, E, I A S  *, 
substituent sec-' kcal mol-' eub 

Aqueous Solution, pH 1.0 
4-NO2 1.066 
3-C1 0.939 21.81 i 0.01 -6.96 + 0 . 0 4  
H 0.950 22.8 =t 0 . 3  - 3 . 8  i 1 . 0  
4-CH3 0.967 22.1 f 0 . 8  - 6 . 2  i 2 . 4  

3-C1 5.20 19.3 i 0.1 -11.5 i 0 . 2  
H 5 .90  20.7 i 0 . 9  - 6 . 8  i 2 . 8  
4-CH3 6 .04  19.9 -i 1 . 0  - 9 . 2  i 3.1 

4-NOt 1 .65  21.3 -7.5d 
H 2.17 21.6 -6.0d 
4-CH30 2 .52  21.3 -6.5 '  

3-NO2 0.074' 

Cycloheptaamylose Complex 

50 Aqueous Dioxanec 

Benzene" 

4-C1 0.103 
H 0.256 
4-CH3 0.388 
4-CH30 0.576 

Error is standard deviation. Evaluated at 50.3" except where 
indicated., Error calculated from standard deviation of y intercept 
of Arrhenius plot. E, and AS* from ref 23 at [HCl] = 0.2 M ,  
k50.3' extrapolated from data at  0.2 M HCl in ref 23. Evaluated 
at  308.6"K, ref 23. e Data from ref 16, T = 50.2". f Solvent 
toluene. 

Table V. 
Decarboxylation 

Activation Parameters for Benzoylacetate Anion 

Aqueous Solution, pH 6.85 

3-C1 2.25 X 26.4 f 0 . 1  4 . 3  + 0 . 2  
H 7.40 x 10-5 27.1 i 0 . 2  4 . 4  i 0 . 6  
4-CH3 3.59 X 27.0 i 1 . 1  2 . 6  rt 3 .5  

50 Aqueous Dioxanec 
4-NO2 1 . 4 9  x 24.7 9.3d 
H 9.33 x 10-4 25.7 5 . O d  
4-CH,O 2.49 X 25.2 2.7d 

4-NOz 8.79 x 10-4 

a Error is standard deviation. Evaluated at  50.3" unless indi- 
Error based on standard deviation of y intercept of Arrhe- 

Data at  0.005 M NaOH from or extrapolated from 
cated, 
nius plot. 
values in ref 23. Evaluated at 308.6"K, ref 23. 

data indicate that the accelerations observed in either 
mixed solvents or cycloheptaamylose complex forma- 
tion are a result of favorable changes in the activa- 
tion energy. Activation entropies are slightly more 
negative for the cycl oheptaamyl ose accelerated reac- 
tion of the acids but the lack of dependence upon re- 
action qilieu is more striking. 

The cycloheptaamylose binding constants (Table 
11) are much less pH dependent than the corresponding 
rate constants. This enables the approximation that 
the binding constant measured at pH 2.98 is the bind- 
ing constant of the un-ionized substituted benzoyl- 
acetic acid. The temperature dependence of these 
constants was used to evaluate the standard enthalpies 
and entropies of binding (Table VI). These results 
are covpletely consistent with values normally as- 
sociated with cycloamylose binding constants. l 4  

Table VI. Thermodynamic Parameters for Cycloheptaamylose- 
Benzoylacetic Acid Dissociation Constants 

Phenyl 

H 9 7 7 + 0 6 4  5 7 - 1 3  8 6 + 3 8  

3-Cl 6 0 2 i 0 1 4  5 2 - 1 1  6 0 ~ 3 3  

substituent 103K,150.30, M a  AH",  kcal mol-' 4s". euh 

4-CH3 4 6 5 i 0 2 9  6 6 1 0 4  9 8 i  1 2  

Data from Table I Errors are standard deviations 

Discussion 
Benzoylacetic Acid Decarboxylation in Aqueous 

Solution. The normal mechanism for @-keto acid 
decarboxylation is well established and consists of a 
rate-determining loss of carbon dioxide and intramolec- 
ular proton transfer to  form the corresponding enol, 
followed by a rapid tautomeric equilibration (Scheme 
I).16121$39-44 However, the nature of the transition 
state preceding loss of carbon dioxide is highly con- 
troversial. 

Three transition states (structures 1-111) have been 
proposed for @-keto acid decarboxylation. Structure 
I, which has never been clearly defined as a transition 

I I1 111 

state or intermediate, was postulated and 
has been invoked recently to explain volumes of ac- 
tivation for 0-keto acid decarboxylation. 4fi  Structure 
11, the concerted Westheimer mechani~m,~'  has received 
wide support ,16~23~4R~49 while structure 111 has been 
proposed only for the decarboxylations of bicyclic 0-keto 
acids in which the acid moiety occupies a bridgehead 
position and where rate-determining enol formation 
would be in violation of Bredt's rule.jn These three 
structures obviously represent a reactivity continuum 
from proton transfer preceding C-C bond cleavage to 
C-C bond cleavage without proton transfer. In 
accord with general theories of reactivity such as the 
Hammond postulate,jl a continuous variation in tran- 
sition state structure, dependent upon reactant and 
reaction conditions, should be expected. Similarities 
between structures I and I1 have received comment 
from several au thors ,z3~4R~52~53 and this investigation 

(39) K. J. Pederson, J .  Amer.  Chem. Soc., 51, 2098 (1929). 
(40) IC. J. Pederson, ibid., 58, 240 (1936). 
(41) R. Steinberger and F. H. Westheimer, ibid., 73,429 (1951). 
(42) E. Gelles and R. W. Hay, J .  Chem. Soc., 3673 (1958). 
(43) (a) M. H. O'Leary and R. L. Baughn, J .  Amcr. Chem. SOC., 94, 

626 (1972); (b) J. Bigeleisen and M. Wolfsberg, Adua/7. Chem. Phj,s., 
1,15(1958). 

(44) C. S. Tsai, Y .  T. Lin, and E. E. Sharkawi, J .  Org. Chem., 37,85 
(1972). 

(45) K .  J. Pedersen, J .  Phys. Chem., 38, 559 (1934). 
(46) I<. R. Brower, B. Gay, and T. L. IConkol, J .  A m e r .  Chent. SOC.. 

(47) F. H. Westheimer and W. A. Jones, ibid., 63,3283 (1941). 
(48) R.  W. Hay and M. A.  Bond, Aust.J Chem., 20,1823 (1967). 
(49) D. B. Bigley and J. C. Thurman, Tetrahedron Lett., 2377 (1967); 

J .  Chem. SOC. B, 436 (1968). 
(50) J. P. Ferris and N. C. Miller, J .  Amer. Chem. SOC., 85, 1325 

(1953); 88, 3522 (1966); see, however, G. L. Buchanan, N. B. Icean, 
and R. Taylor, J .  Chem. Soc., Chem. Commun., 201 (1972). 

88,1681 (1966). 

(51) G. S. Hammond,J. Amer. Chem. SOC., 77,334(1955). 
(52) B.R. Brown, Quart.  Rec., Chem. SOC., 5,131 (1952). 
(53) J. Hine, "Physical Organic Chemistry," 2nd ed, McGraw-Hill, 

New York, N. Y., 1952, p 304. 
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for C-C bond cleavage than for proton transfer be- 
tween oxygens and results in decreased proton trans- 
fer with increased temperature. A nonpolar transi- 
tion state in aqueous solution requires a partially 
transferred proton and should be characterized by 
a substantial positive isotope effect. The isotope 
effect, kH?O/kD?O, for aqueous EtO2CCOCH2CO2H 
decarboxylation (the decarboxylation rates are very 
similar to those for benzoylacetic acids) is 3.1 at 30°,44 
definitely indicating the partially transferred proton 
required by a relatively nonpolar transition state. 

This mechanistic description readily accounts for 
all available experimental data. C-C bond cleavage 
occurs in the rate-determining step, accounting for 
the observed carbon isotope effects. The more nega- 
tive volumes of activation in solvents of lower polar- 
ity4G are consistent with increased solvent electrostric- 
tion due to increased charge separation. Even the 
rate maxima observed in mixed aqueous solvents can 
be predicted from the relative effects of decreased 
ground state solvation, increased difficulty of charge 
separation, and the dependence of C-C bond stability 
upon charge separation. 

Benzoylacetic Acid Decarboxylation in the Presence of 
Cycloamylose. Cycloheptaamylose accelerates the de- 
carboxylations of all benzoylacetic acids examined 
over the entire pH range studied. Due to the pK, 
shift upon complex formation and the differing ac- 
celerations of acid and anion decarboxylations, the 
cycloheptaamylose acceleration, k,/k,,, should vary 
with pH. The data in Table I1 confirm this supposi- 
tion. Using the pH dependency of kc/’kun, the ratio 
of eq 2 for the spontaneous aqueous reaction and 
an analogous equation for the reaction of the cyclo- 
heptaamylose complex, the pH of maximum accel- 
eration can be calculated by setting the derivative 
d(kc/kun)/d[H*] equal to zero. Even neglecting ac- 
celeration of anionic decarboxylation, a somewhat 
complex quadratic, eq 6, is obtained. This equation 

of the aqueous decarboxylations of benzoylacetic 
acids, coupled with previous studies in aqueous di- 
~ x a n e ~ ~  and benzene, l 6  provides the evidence for this 
reactivity continuum. 

In benzene solutions, benzoylacetic acids are pre- 
dominantly in internally hydrogen-bonded conforma- 
tions,’6 a nonpolar situation. Charge separation, 
i . e . ,  intramolecular proton transfer, is expected to be 
energetically unfavorable and should be accompanied 
by a very large negative Hammett p value. How- 
ever, the species formed by proton transfer is a car- 
boxylate anion and decarboxylation is greatly accel- 
erated by transfer from aqueous to nonpolar solvents 
and is characterized by strong positive p values. 2 7 , 5 4  

Therefore the maximum point on the decarboxylation 
reaction coordinate would be expected to be the point 
where the energy required for charge separation equals 
the decreased energy required for C-C bond cleavage. 

Due to hydrogen bonding with the solvent, an in- 
ternally hydrogen-bonding conformation is probably 
unimportant for benzoylacetic acids in aqueous solu- 
tions.12b This view is supported by the Taft g* value, 
+0.76 (calculated for the benzoyl moiety by extrapola- 
tion of the pK, data in Table I and use of the literature 
values for aqueous carboxylic acid ionizationz5), a 
value considerably more positive than the correspond- 
ing Hammett para g value, $0.459. In aqueous 
solution it is evident that internal proton transfer can 
occur only by substantial desolvation and conforma- 
tional restriction of the benzoylacetic acids. Charge 
separation in the transition state would be stabilized 
by solvation. Therefore the maximum on the reaction 
coordinate should correspond to  the least-polar struc- 
ture. 

Decarboxylation rate constants for benzoylacetic 
acids are presented in Table IV. The observed sol- 
vent effects, k(HzO) < k(50x dioxane) >> k(benzene), 
are typical of p-keto acid decarboxylation. 2 3 ,  29 Ham- 
mett plots, constructed from these data, give p values 
of -1.0 in benzene (-1.5 if the m-nitro point is ex- 
cluded), -0.16 in 50% dioxane, and +0.03 in water. 
These p values are consistent with significant charge 
separation in the transition state for decarboxylation 
in benzene and an essentially nonpolar transition state 
in water. 

Additional support is obtained by a considera- 
tion of the deuterium isotope effects for decarboxyla- 
tion. In benzene, isotope effects for 4’-methoxy-, 
4’-chloro-, and benzoylacetic acids are kH/kD = 1.2- 
1.7,IG values similar to the isotope effect, 1.45, expected 
for the equilibrium conversion HO ---L HO+ at 50°.56 
The value for the 4’-CH3 compound, 0.85, a compound 
of intermediate reactivity, seems completely anoma- 
lous. The isotope effect for 3 ’-nitrobenzoylacetic 
acid decarboxylation is 2.8 at 50” and increases with 
temperature. Increased substituent electron donating 
ability increases the basicity of the carbonyl oxygen 
easing charge formation and increases C-C bond sta- 
bility requiring increased charge separation in the tran- 
sition state. The isotope effect increase with tempera- 
ture is simply a result of the greater activation energy 

(54) D. S. Kemp and IC. Paul, J .  Amer. Chem. SOC., 92,2553 (1970). 
( 5 5 )  R. W. Taft, Jr., “Steric Effects in Organic Chemlstry,” M. S. 

(56) C. G. Swain, D. A. ICuhn, and R. L. Schowen, J .  Amer. Chem. 
Newman, Ed., Wiley, New York, N. Y., 1956, p 607. 

Soc., 87, 1553 (1965). 

is simply solved, but more important is the depen- 
dence upon the relative magnitudes of kl and k2. 
As kl/kz increases, eq 6 predicts an increase in the pH 
of maximum acceleration. Since the free energy 
of activation is larger for anionic decarboxylation 
than for acid decarboxylation, kl/k3 will decrease as 
temperature is increased and the pH of maximum ac- 
celeration will decrease. Also since kCl/kl > kc2/kL, 
the maximum acceleration should increase as kl/k, 
increases. This description is completely consistent 
with the data in Table I1 and explains both the pH 
dependence and much of the apparent acceleration 
specificity observed for cycloheptaamylose accelera- 
tions. 

The cycloheptaamylose acceleration of carboxylate 
anion decarboxylation has been attributed to a micro- 
solvent effect arising from substrate-cyclohepta- 
amylose binding by inclusion of the substrate in the 
cycloamylose cavity. 27 This microsolvent effect is 
sufficient to account for the observed accelerations 
of benzoylacetate decarboxylation, since the cyclo- 
heptaamylose accelerations are much smaller than 
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those obtained by transfer from aqueous solution to  
50% dioxane (Table V). However, the cyclohepta- 
amylose accelerations of un-ionized benzoylacetic 
acid decarboxylation cannot be explained solely on the 
basis of a microsolvent effect, since these accelera- 
tions are much larger than the accelerations obtained 
by transfer to  partially aqueous or nonpolar solvents 
(Table IV and Figure 3). A reasonable explanation 
of the increased acceleration of benzoylacetic acid 
decarboxylation results from an induced conforma- 
tional restriction in the substrate due to  inclusion in 
the cycloheptaamylose cavity. Certainly the observed 
accelerations are close to  the factor 5 that has been 
calculated as the expected acceleration for an intra- 
molecular reaction resulting from the loss of a single 
internal rotatioms 

Cycloheptaamylose acceleration by conformational 
restriction is supported by the effects of cyclohexa- 
amylose on decarboxylation. In phosphate buffers 
where decarboxylation of the anion is prevalent, the 
relative effects of cyclohexa- and cycloheptaamylose 
are similar, especially when allowance is made for 
a generally poorer binding constant for cyclohexa- 
amylose. l5 Therefore, decarboxylation rate constants 
of the cycloamylose-anion complexes are quite com- 
parable and consistent with similar microsolvent effects 
for cyclohexa- and cycloheptaamylose. 

At pH 3 where the un-ionized acid is the predom- 
inant species, cyclohexaamylose does not accelerate 
decarboxylation, whereas cycloheptaamylose does. As 
indicated by Table 111, cyclohexaamylose actually 
inhibits decarboxylation. Preliminary experiments to 
determine the magnitude of cyclohexaamylose inhibi- 
tion indicate complete inhibition of bound un-ionized 
acid decarboxylation but implicate some form of ag- 
gregation at high cyclohexaamylose concentrations. 
The nature of this aggregation is being investigated, but 
the important result for this discussion is that there was 
no evidence for any cyclohexaamylose acceleration. 
Since micro-solvent effects for the cyclohexa- and cyclo- 

heptaamylose cavities appear to  be similar, cyclohexa- 
amylose inhibition is only consistent with benzoylacetic 
acids binding in nonreactive conformations. Since the 
primary difference b$tween cyclohexa- and cyclo- 
heptaamylose is the 2-A difference in cavity diameter,3Y 
the nonreactive conformation could only result from 
the physical interaction of the cyclic internally hydro- 
gen-bonded conformation with the “wall” of the cavity. 
This is an extremely large and significant reaction spec- 
ificity and this mechanism may be very important 
for enzyme specificity. 

The specificity or, more correctly, the absence of 
specificity for the cycloheptaamylose accelerations 
kCl /k ,  in the decarboxylations of substituted benzoyl- 
acetic acids was surprising. The absence of a correla- 
tion between acceleration and binding constant was 
expected from previous studies of cycloamylose ac- 
celerations. l i ,  27 However, the greatly increased cyclo- 
amylose acceleration of phenol release from 3-sub- 
stituted phenyl esters relative to the 4-substituted 
compounds was consistent with an increased proximity 
of the substrate carbonyl with the hydroxyl groups 
ringing the cycloamylose cavity. li A similarly in- 
creased proximity resulting in increased conformational 
restriction was expected for decarboxylations of ben- 
zoylacetic acids, but only a very small effect was 
observed (Table I). A possible explanation is that 
maximal acceleration resulting from loss of internal 
rotations8 is achieved with 4’absti tuted benzoyl- 
acetic acids, and the increased interaction of the 3’- 
substituted compounds results simply in looser bind- 
ing. However, the 4.4 X lo3 acceleration of acid- 
catalyzed lactonization of hydrocoumaric acid re- 
sulting from P-gern-dimethyl substitution’ indicates 
that much greater effects than we achieved should 
be possible. Therefore, additional examples of cyclo- 
amylose-catalyzed intramolecular reactions are cur- 
rently under investigation. 
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