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ABSTRACT 

, The isotope effects in the decarboxylation of a=naphthylm~lonic' acid=i= 

cl4 and phenylmalonic: acid=l=Cl4 have been measured>J both in solution and. on the 
. ..· 

liquid acids near their melting pointso The carboxyl group containing cl2 :is lost 

as carbon .dioxide about 10% more frequently than is the c14=containing carboxyl 

groupo Theoretical calculations give values in reasonable agreement with experi= 

mente 

For publication in Journal of Physical Chemistry 

'' 
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THE c14 ISOTOPE Ei''F'ECT IN THE DECARBOXYLATION OF 

a-NAPHTHYL t!.ND PHENYLMAtONIC ACIDS
112 

· .. 

3 .. 
Arthur Fry and Melv:i.n Galvin 

Radiation Laboratory and::Departrne~t~}t Ch~rnistry, 
University of Calif'ornia_,. Berkeley·~ 

Introduction 
• .. 

In recent years the question of the ef.fect ef the substitution of iso-

topic carbon on the rate of chemical reactions has received considerable atten-

·., tion0 A cm,sberable portion of this attention has been directed toward deter= 

.·mining the isotope effect· in the decarboxylation of malonic acids. Yankwich 
'"-. •. . . . 

and Calvin4 studied the decarboxylation of malonic ad.d-l-c14 and brornomalonic 

acid=l=C14, and found rupture ratios for cl2_cl2 bonds to o14·-ol2 bonds of 

le12 t Oo03 and lo4-1 :t Oo083 respectivelyo The value for brornomalonic acid was 

the result of only one experiment and the bromornce:Lonic acid used was admittc:dly 

of doubtful purity so there is doubt as to the val'ldity of the resulto 

(1) The work described in this paper was sponsored by the U .,S., Atomic 
Energy Commi;s sion. 

(2) This paper v:ss abstracted from the thesis ::mbmitted by Arthur Fry to 
the Graduate Division of the University of California in partial fUl
fillment of the requirements for the PhoD. degree~ June 195lo 

(3) Pre~ent addrest:g Department of Ghemistry3 University of Arkansas, 
Fayetteville, Ar'<:ansa so 

(4) Po Eo Yankwicb and M. Calvin, J o Chern. Physo, ,l.L 109 (1949). 
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This work~ and the earlier work of Beeck, Otvos, stevenson and Wagner5 

on the c13 isotope effect in the electron impact and thermal cracking of pro
' 6, 7 

pane, led Bigeleisen to report the results of theoretical calculations of 

these isotope effects& In all cases, the theoretical calculations gave much 

smaller values for the isotope effects than those calculated from the observed ·~ 

datao Bigeleisen expressed his results as ratios of rate constants for the 

various pr~cesses involved. The decarboxylation of a malonic acid may be re

presented b.Y the following equations, where c* represents cl3 or c14: 

~-·· 

RCH(C00)2 

/c*ooH 
RCH 

'cooH 

/c*ooH 
RCH 

'COOH 

kl .,. 

k2 
> 

C02 + RC£:2COOH (I) 

c*o2 + RCH2COOH (II) 

(III) 

For the labeled malonic acid molecule the rupture ratio c12-c12/c14-c12 is given 

by the ratio kz/k3.. Using these equations, Bigeleisen7 calculated values for 

k2/2k2 and k1/2k3 fpr ~lonic and bromomalonic acidse From these values the 

(5) 0. Beeck, J .,W. Otvos, D.P. Stevenson and C.D& Wagner, J. Chern. Phys .. , 
,!9, 255, 993 (1948). . 

(6) J .. Bigeleisen, J .. Chern. Phys., JJ., 345 (1949) .. 

(7) J,. Bigeleisen, J. Chern. Phys., ~ 425 (1949). 

.~~. 
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ratio k3/k2 can be calculated as 14D038 for both acids at 400°Ke, as compared 

to the values of 1 .. 12 and 1 .. 41 observed by Yankwich and 03.lvin4 for malonic 

and bromomalonic acids, respectivelYo8 

In order to check this large discrepancy between the observed and cal

culated values for the isotope effect, Bigeleisen and Friedman9 studied the 

c13 isotope effect in the decarboxylation of malonic acid of normal isotopic 

composition~ The observed value corresponding to k3/k2 above was found to 

be 1 .. 020$ while the calculated value was l .. Ol98o The agreement in the c13 

case thus is excellent, md would seem to add support to the theoretical calcu~ 

lations in the c14 case. However, that the theoretical calculations are not 

entirely adequate is shown by the discrepancy between the observed and calcu

lated value corresponding to k1/2k2 aboveo The calculated value is 1 .. 021, 

while the observed ~alue is lo037 .. 

(8) There. is a mathematical error in the equation in the pai?er by Bigeleisen7• 
The unlabeled carbon dioxide evolved from the labeled malonic acid mole
cule has been neglected. The .corrected general equation, using Bigeleisen's 
symbols3 isg 

(k2 + k3) Mo(l=e=klt) + k3Mo*(l=e=(k2 + kJ)t) 

k2Mo*(l~e'"'(k2 + kJ)t) 

which, at small time becomes 

C02 Mok1 k3 · 
I§ +· 

C*o2 --Mo*k2 k2 
and at infinite time becomes 

... 
(k2 + kJ) C02 Mo + k3 

= k2 -
c*o2 Mo* k2 

However, this error is not important at.the tracer level, and undoubtedly would 
not affect the calculated valueso 

(9) Jo Bigeleisen and L .. Friedman, J o Chern. Phys., ]1, 998 (1949). 



-6- UCRLJ.564 

A short time later Pitzer10 also calculated the theoretically expected 

'• cl4 isotope effect in the decarboxylation of malonic acid. He used essenti~lly 

the same mathematical approach as did Bigeleisen, but used a di£fere~t model for 

the reaction, thus requiring a different choice of vibrational frequencies in 

making the calculation. Pitzer calculates that the c12-c12;c14-al2 rupture ratio 

(k3/k2) may be as high as lol4, as compared to Yankwich and Calvin's observed 

value of llill2 and Bigeleisen's calculated value of 1.0,38. This model thus leads 

to very satisfactory agreement with the observed c14 results, but it would also 

presumably lead to a value of approximately 1.07 for the cl3· case~ 'Here the 

~greement with Bige1eisen and Friedman's9 observed result of 1.020 is quite poor 

while Bigeleisen1s calculation of 1.019S is in excellent agreement. Pitzer's cal-, . 

culations would lead to no great difference between the malonic and bromomalonio 

acid oases, and hence the .observed rupture ratio of 1.41 for bromomalonic acid 

is not in accord with any of the calculations. 

Some support has recently been given to Bigeleisen's theo~e~ioal oalou
ll . . 

lations 'b,y the investigations of Lindsay, Bourns and Tho.de ·and of Roe and Hell-

mann12. 
. 13 

In a much more thorough investigation of .the 0 isotope effeet in the 

decarboxylation of malonic acid of normal isotopic composition., Lindsay, Bourns 

and Th~de11 report values of 1.021 and 1.026 for k3/k2 for two diffe~ent samples 

of m~lonic acid. They investigated the distribution of ol3 among the three car

bon ··atoms of the molecule and found that there was no appreciable difference. They 

(10) 

(11) 

{12) 

K. S. Pitzer, J. Chern. Phys., .JL 1341 (1949). 

J. G. Lindsay~ A. N. Bourns and H. G. Thode, Can. J. Chem., 
.~ 192 (1951}. 

A. Roe and M. Hellmann, J. Chem. Phys., ,!21 660 (1951). 
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also obtained a value of lo046 for the value corresponding to k1/2k2~ Bigelei

sen and Friedmanvs calculated value for this ratio is le021 while their ob-

served value is 1 .. 037" 

Roe and Hellmann12 _checked the isotope effect in the decarboxylation of 

malonic acid~l~Cl4 using a somewhat different technique than that us.ed by Yank

wich and Calvin4 ., They obtained a value of lQ06 ! 0.,02 for k3/k2 in comparison 

to Yankwich and Calvin9s4 value of 1 .. 12! Oo03 and Bigeleisen's7 calculated 

value of l.,OJ8., 

The inconsistencies among the various observed and calculated values for 

the isotope effects in the decarboxylation of malonic acids leave a great deal 

to be desiredo It would seem that additional careful experimental work should 

be _done3 and that the various models and vibrational frequency selectsions for 

the theoretical calculations should be reconsideredg The bromomalonic acid case is of 

special interest since it is the case with the largest reported isotope effect, 

and also it is least satisfactorily explained by theory. However, the diffi-

culties in preparation and purification of this acid are such that the relia-

bility of any measurements made with this acid might be open to questiono 

A different approach to the problem is to inquire into possible reasons 

for the abnormally high value of the isotope effect in the bromomalonic acid case. 

One obvious difference between malonic acid and bromomalonic qcid is the presence 

of the large negative bromine in the latter case. Another is the fact that 

bromomalonic acid decarboxylates at a lower temperature than malonic acid, and 
·., 

from zero point energy considerations it might be expected that l.a!rger isotope 

effects would be obtained at lower temperatures. 
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Another very desirable characteristic for a suitable malonic acid would 

be ease of purification of the malonic acid itself and of the substituted 

malonic acid itself and of the substituted acetic acid derived from it. 

Blicke and Feldkamp13 have prepared s series of a-naphthylalkyl acetic 

acids by hydrolysis and decarbcxyhtion of the corresponding a-naphthylalkyl 

malonic esterso They state that addition of acid to an aqueous solution of the 

potassium salt of the malonic acid at 1"ocm temperature results in the precipi-

tation of the malonic acid as an oil which spontaneously loses carbon dioxide, 

forming the corresponding acetic acid" • 

Such acids would be nearly ideally suited to a study of the isotope 

effect in the decarboxylation of the malonic acid., A large group is present 

such as bromomalonic acid; the acids appsrently decarboxylate at room tempera-

ture; the substituted acetic ac:l.ds produced are s~able and readily purified& 

On investigation of the all:Mline hydrolysis of a~napbtbylmalonic ester 

it soon became apparent that the carbon dioxide evol:ution upon.addition of acid 

was not due to decarboxylation of the malonic acid, but rather to carbonate caused 

by basic cleavage of the ester.,14 

The free a=naphthylmalonic acid, however~ did decarboxylate in solution 

at relatively low temperatures, so it was decided to carry out isotope effect 

experiments using it., Later the isotope effect in the decarboxylation of phenyl-

malonic acid was a1so studiede 

(13) Fe Fe Blicke .and Ro F. Feldkamp., J. Am. Chern. Soc.,, .2E, 1087 (1944)., 

(14) Ttd~ basic carbonate cleavage reaction was studied in some detail, 
and the resu;Lts are to be published elsewhereo 
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Procedure and Results 

The substituted malonic esters 'liere prepared .bY condensation of diethyl 

oxalate with the oubstituted acetic ester, and de6arboiylation of the resulting 

glyoxylateo The most sa~trfactory hydrolysis procedure was found to be trans-

est_erification of the malonic ester with acetic s.cid catalyzed by hydrochloric 

·a 15 acl. ~ 

I 

Al;,-ha-naphthylmalonic acid and phenylmalonic acids were decarbm,ylated in 

the liquid state near the melting points, and in dioxane-1 .N hyd.rochloric acid 
• 

solution. at 72o8°C and at 87~5°Co The carbon dioxide evolved was collected as 

barium carbonD.te. The a-naphthyl and phenylacetic .acids were purified, and samples 

' 
of them and of the starting malonic acids were oxidized by a wet combustion method, 

and the resulting carbon dioxide collected as bariUm carbonate. 

The c14 activity measurements were made using an ionization chamber and 

a vibrath.g reed electrometer connected to a Brown recorder. The ionization cham-

bers were filled to a standard pressure with carbon dioxide generated in a vacuum 

system from the barium carbonate samples with concentrated sulfuric acid. The 

samples frorr esch run were measured in the same ionization chamber and on the 

same instrument in as rapid succession as possible %n OI'der to minimh.:e any varia

tions in the pror.>adure and instruments. At least tv:o independent activity measure-

ments were .made on each sample~ 

The specific activities of the various samples are shown in Table I~ 

The values given are averages of two or more activity determimtions, and the 
··i~~· .. 

ind.:i.cat,;x} errors are average deviations of these measurementse 
:/,~. 

(15) This procedur€1 was kindly suggested by Professor James Casono 



Run. No., 

Liquid 
1 
2 

Solution 
3 
4 
5 
6 
7 

Liquid 
1 
2 

Solution 
3 
4 

* 
** 
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Table I 

Specific Activities of a-Naphthylmulonic Acid-l-c14, Phenylmalonic Acid-l•C14 and 
.! . 

Their Decarboxylatioh Products 

0 Relative Specific Activityo2 Temp .. C 
Drift Rate, Volt~~/min., x 1 

Carbon ~-Naphthylacetic Acid a~~hthylmalonic Acid C02+12x_ 
Dio:A-ide Obser\Ted X 12* Observed X 13w a-Naphthyl-

..::» acetic Acid 

3247 163o0, 1567±3 lL10.,0;tl.,4 1680±17 250.0;t0.3 3250±4 
16J.,O 1601±15 1<'~4 .. 0:!;0 .. 4 1728±5 255.4±0c5 3320±6 3329 

100.,5* * 15A3±3 141.~ 7%0 .. 1 1700:tl 25l.,O:H.8 326.3i;23 3243 
72.,8 1561±13 143eO±loO 1716:t12 25l.,O:t2.4 3263t31 3277 
72.8 1150t1 l05o0±0 e4 1260;1;5 184.,2±2c0 2395;!;26 2410 
87.5 11,~9:tl 104.,6±0.0 1255:1:0 184 .. ;3;tl .. 9 2396.i-25 2404 
87.5 1543±2.4 141 .. 2:tl .. 2 1694±14 250.,0:!;2~ 3250:!;31 3237 

Phenvla cetic Acid Pheny1~~onic Acid C02 + 8 X 

Observed x 8* Observed JJ X 9* Phenyl-
acetic Acic 

163.0 1527±9 205 .. 3:t0 .. 1 1642:!:1 ,368.6;t2e0 317~18 3169 
163.0 1492;!:1 205 .. 3!0 .. 0 1642!0 351.142 .o 3163.;tl8 3134 

72 .. 8 14.65±14 209 .. 1.±1.,1 1673±9 350 e2,t2 o4 3152,!22 3138 
72.8 1468±10 206.,1.;1;2 .. 1 1649±17 350.,2;t2 .. 7 3152,!24 3117 

... 
"' Factor to convert t.o specific activi'ty of the single labeled carbon atom. 

Bath tempern.ture, actual decomposition temperature unknovm,tv 85;,95°C 
:Jill. 

" 

I 
I 
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The final two columns in Table I show the activity balance between the 

substituted malonic acid and its decarboxylation products. The activity balance 

is well within the error of the activity measurements for all of the runs on 
~ 

a-naphthylmalonic acid, and is only 1.1% off in the most widely deviating case 

with the phenylmalonic acid. The average deviation of the activity balance from 

100% is 0 .. 46& for all runso 

Discussion 

The decarboxylation of phenylmalonic acid in solution has been shown to 

be first order with respect to malonic acidol6 For malonic acid itself the de-

carboxylation has been shown to be first order, both. in the pure liquid and in 

solution .. 17 • The kinetics of decarboxylation of several other substituted 

malonic acids in solution has also been studied, l6,18 and in each case found to be 

first order in respect to the malonic acid. It therefore seems reasonable to 

assume that we are dealing with -first order reactions here, and if so the spe-

cific activities of the products and reactants may be related to the specific 

rate constants of equations (I), (II) and (III) by the following equations, 

where RCH(COOH) 2 = M ~ M0 at t = 01 

;*ooH .. * * 
RCH' = M = M

0 
at t = O, 

-,COOHi "' 

(16) A .. L .. Bernoulli and W. Wege, Helv .. Chim. Acta, ~, 522 (1919)o 

(17) (a) 
(b) 

(c) 

C.N. Hinshe1wood_, J., Chern. Soc., 117, 156 (1920); 
J. Laskin, Tran. Siberian Acad. Agr. Forestry,~' Noo 1, 
7 (1926); 
G.A. Hall, Jr., J. Am. Chern. Soc., ]1, 2691 (1949) .. 

(18) A.L. Bernoulli and H. Jakubowicz, He1v. Chim .. Acta, ~ 1018 (1921) .. 



and 

* A = ....,.,..--
A* + A 

RCH2COOH = A 

RC~C*OOH = A* e 
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When the r·eaction is complete, t = , and equations (IV) and (V) become, 

after rearrangement, 

* C 02 + C02 

= 0*02 
------~------------~------

and 

Mo + M* 
0 

k2 M* = 0. 

k3 ·A*+ A Mo + Mo* 

A* M * 0 

(IV) 

(V) 

(VI) 

(VII) 

By combining equations (IV) and ( V) at any time whether the reaction is com

plete or not, we obtain equation (VIII) e 



= 

The values 
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A*·; .·· A :•: +' 

A* and 
:s ----

A* + A 

M * 0 

UCR:H-564 

(VIII) 

are the molar 

specific octivities of the carbon dioxide, the substituted acetic acid and 

the substituted malonic acid, respectively. These are the values given in 

Table Io 

For ease of tabulation and convenience of reference, the percentage 

isotope effect may be defined as 100 (k2/k3 - 1). The percentage isotope 

effect values may then be calculated from the data in Table I using equetions 

(VI)', (Vllh and (VIII) with the results shown in Table II. The agreement among 

the calculations by three different equations furnishes a measure of the internal 

consistency of tho data. 

The c14 isotope effects in the decarboxylation of liquid a

naphthylmalonic acid-l-c14 and phenylmalonic acid-l-c14 at 163o0°C are thus 

seen to be 7o6± 0 .. 4 and 8.8 ±1 .. 5 percent. The corresponding values i'n solution 
0 . 

between 72.,8 and ,_)95 C are 9. 7±0.,8 and 13 .. 2~lo5 percent. The precision of the 

measurements is not great enough to show a significant temperature coefficient 

of the isotope effect in the solution experiments. However, there is a signi

ficant difference in the isotope effect between the liquid acid at 16J.,0°C 

and the acid in solution at 72.8 to 95°C, .and this m~y well be chiefly due to 

a temperature effect .. 
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Table II 

c14 Isotope Effect in tile Decarboxyhtion of a ... Naphthylmalonic Acid-l-Cl4 

and Phenylmalonic Acid=l=Cl4 

Run .. No., 0 
~emp. C Percent Isotope Effect, lOO(k2/kj-l) 

co2 and Monoacid C02 and Average 
Diacid, and Diacid, Monoacid, 
Equation VI Equation VII Equation VIII 

a-Naphthylmalonic Ac~d~l-c14 

Liquid · 
1 163.,0 7Q4 7o0 7.,2 7o2;t0ol 
2 16.3o0 7.,4 8.,5 7.,9 7.,9;t0.,5 

Average 163o0 7.,6t,Oo4 

Solution 
3 l00o5* llo5 8.,8 10o2 10c.2~,9 

4 72~8 9o0 10.,9 9.,9 9e9;t0.,6 
5 72.,8 8o3 lloO 9.,6 9.,6:.!;0o9 

Average 72o8 9.,8;t0.,8 

6 87 e5· 8o5 10<)0 9.,2 9~2t0.,5 

7 87 o5 10o6 8 .. 9 9 .. 8 9 .. 8;ta.,6 
Average 87o5 9o5±0o6 

" 
Average all 
soln., runs .. 9o7~.,8 

Phenylmalonic~Acidcl~C~ 

Liquid 
1 163o0 7o8 7 o3. 7o5 7 .. 5±0o3 
2 163o0 12~0 s.,o' 10.,1 10.,0±2o0 

Average 163 .. 0 8.,8;tlo5 

Solution 
3 72.,8 15.,1 13 .. 2 14o2 14 .. 2;tl.,O 
4 72a8 14 .. "1 9 .. 8 12 .. 3 12e3;t2,.4 

Average 72o8 • .. 13.,2;tl .. 5 

* Bath temperature, actual decomposition temperature unknown, .._,85-95°0 



-15- UCRL-1564 Revised 

These values compare to the values obtained for malonic acid i.tself 

of 12 ± J percent ob~ained. by Yankwich and Calvin 
4 

and of 6 ± 2 percent 

obtained by Roe and Hellman12 
e Regardless of which value is more nearly 

correct for malonic aeid itself, none of the data so far obtained with c14 

is consistent with the theoretical value calculated qy Bigeleisen7o The 

closest value, 6 pe.rcent, is still 58 percent higher than the upper limit of 

3o8 percent calculated by Bigeleisen7o Even the value of·4 percent taken at 

the extreme lO\'If end of the error interval indicated by Roe and Hellman12 is 

slight.ly higher than the calculated upper limi to The c11• isotope effect 

values on substituted malonic acid reported here are all much larger than 

this, with the lowest value being exactly twice the calculated valueo 

The cD experimental data seem to be in considerably better agreement 

with the calculated values, although even here the experimental values are 

all higher than the calculated upper limit, in one case11 by 24 per~8nto All 

the experimental data using cl3 thus far reported has been on malonic acid 

itself, and if we assume Roe and Hellman 1sl2 data on malonic acid is correct, 

it would be expected that the c13 isotope effect values for substituted malonic 

acids would be considerably larger than the calculated value of lo98 percent 

in view of the larger c14 values reported for these substituted acids in 

this worko 
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Pitzerus calculations10 have recently been criticized by Bothl;ler-By and 

· -Bigeleisenl9. Pitzer makes use of equation IX which was derived by Bigeleisen20 • 

(19) A. A. Bothnery-By and J. Bigeleisen~ J. Chern. Phys., 12, 755 (1951). 

(20) J. Biteleisen» J. Chern. Phys., !1.11 675 (1949). 

The function G(u) is defined by Bigeleisen and Mayer21 who have tabulated values of 

(21) J. Bigeleisen and PJL G. Mayer, J. Chern. Phys., 12, 261 (1947). 

G(u) as a function of u. The reaction coordinate reduced mass !-L, is assumed to be .the 

reduced mass of the atoms forming the bond being broken. The symbol :/ 

activated compl-ex. Bothner-By and Bigeleisen19 point out that the term 

refers to the 
3n-6 
~ G(ui)Aui 

i 
refers t.o the normal mo],.ecule, and sincek2 and k3 both refer to the same molecule in 

this case, all the terms !lui are identically zero •.. They state that in Pitzer's model 

these vibrations of the normal molecule contribute the major effect to the calculated 

difference in rates. 

While it is not entirely clear how Pitzer 1 S· calcula tiona should be interpretedj 

we shall show below that Pitzer v s answer can be obtained using Pitzer 1 s numerical data 
3n-6 

and a somewha~t modified model using equation (IX), granting that ~ G(ui) ~ui is 
i 

identically zero. 

We may r-ewrite eq~tions II and III to show an activated complex in which 

the carboxyl group which will eventually become carbon dioxide is no longer bonded 

to the molecule. 



e i ,; 

~fuC11COOH + C*OOH J 
c*ooH . Path A 

RCH/ 
"cooH 

~cHc*ooH • cooHj( 
Path B 

3n=6 

UCRL-1564 
Rev& 

.. 

The term "'2:. G(ui)Au1 is identically zero, since for both Path A and Path B 
i 

the ground state is the same I!loleculeo In calculating the ratio kyk2 AU.i is defined 

by the equation ~Ui ~- Uf Path B----Ui_Path Ao In the activated complexes there are 
6 

two uets of corresponding vibrational frequencies, one referring to RCHC*OOH-and 
e ~ ~ 

"* RCHCOOH and the other referring to COOH and C OOHo 
.. , 

For the first set,_.a],l ~ui 

* will be negative since the vibrational frequencies of RCHC OOH are less than those 

of RCHCOOH~ while in the second set, all. tlui will be .positiveo If we examine Pitzern s 

calc1flations"we see that he has calculated G(u1);~ui for very nearly these same two sets 

of intermedia-teso His calculations for the "normal acid molecule11 serve as an adequate 
6 

calculation for the negative of the contribution of the RCHCOOH term to OUT activated 

complexo 
i .· 

His calculations for the "activated complex" give the contribution of the 

COOH term to our activated complexo 
3n=7 -1 :/ 
~ G(ui)&ui,- and is negativeo But 
i 

The algebraic sum of these two terms is then 

the whole term is substracted from one in equa= 

tion IX» so the overall effect is to multiply the square root of the reduced mass 

ratio by a number greater than oneo The value of k3/k2 calculated in this manner is 

lol4o This is in quite reasonable agreement with all the data available on the de= 

carboxylation of cl4 substituted malonic acidso It is quite possible that for indi= 

vidual compounds$ better agreement with theory could be obtained by using experimentally 

determined vibrational frequencieso At any rate» in the case of a molecule like malonic 
3n=6 .f I 

acidJJ setting "2::_ (ui)l\ui equal to zero does not give an upper limit to the isotope 
i 1 

effect as has.been claimedo 
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Another fa~tor,which must be considered in determining the-overall isotope 

•effect in a reaction is the possibility of an isotope effect in an equilibrium prior 

to the rate determining step and multiplying an isotope effect in the latter. Such 

a situation "Would ~be ·ex·pected to be the rule rather than the exception, since most 

reactions do involve pre~quilibria of one sort or another. 

We may take as a simple model of such an equilibrium in the case of malonic 

acid the equilibrium between the two different hy(irogen bonded internal rings, thus: 

.,oooH 
RCH (A) 

"c*OOH 

y 
g!io . 

/ ·~ 
' ' RCH 'H (B) 

)~/ 

8-o 
/' \ (C) 

RCH . H 
\ ,• 

~;o· 

R..D .. 

Then, K1 ~ (B)/(A) and K2 = {C)j(B) and the general equations X-and XI may be de
k2 + kjK2 

rived in the same manner as equations IV and V where ~ = ~ • 
1 + K2 + l1r.1 

I 

\ 
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(X) 

A* 

A* + A (XI) 

By combining equations X and XI at any time we obtain equation XII. 

A* 

... (XII) 

. ·Thus it is seen that the isotope effect on the rate of the reaction is multiplied 

by the equilibrium constant-1 and it is actually this product that is measured ex= 

perimentally. 

If the reaction involves a pre~equilibrium of this sort~ the ratio of rate 

constants must be recalculated using the different "normal molecules" (B) and (C)~ 

but to a first approximation the same calculation we have made above applies since 

all the terms which are different between (B) and (C) in the ground state are also 

differentj but in the opposite sense between (B) and (C) in the activated state. 

However, recognition that such pre=equilibria exist should aid in establishing 

more exact models for the reaction and hence to make possible more exact calcu~ 

lations. 
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We may make F.L. crude calculation of' th~ e>'quilibrium constant, K2.ll according to 
2ry ?1 

the method of Urey ~ or Bigeleisen and Mayer~ o This involves choosing appropriate 

vibrational frequencies for the molecules (I3) and (C)o For lack of more exact knowledge.ll 

the free carbr;:>r.yl anc. free hydroxyl freqnencies !H'8 chor.en as those of monomeric acetic 

ac:id9 while the hydrogen=bonded carbonyl and h;;rJroxyl are assigned the corresponding 

frequencies of acetic acin dimer o ,All other frequencies are assumed to be the same for 

the two mole.culeso Although there. seems to be some question in the literature as to 

which frequencies should be as:.:;igned to the above vibrations.s for this calculation we 

2"' take the assignments of Davies· aad Sutherland-.:> o The effect of c14 substitution was 

(23) Ma Mo Davies and GoBaBoMa Sutherland~ Ja Chemo Physo, £~ 755 (1938)o 

calculated using the assumption of simple ~armonic vibrationo The frequen~ie~ assign~d 

by Davies and Sutherland are shown in Table III~ along with the calculated values for 

c14 substitutiono 

Table III 

Frequencies for Normal and Hydrogen Bonded Acetic Acid Carboxyl 

Group Vibrations 

Bond Frequency~ cm=l 
Monomer Dimer 

012,0 1768 1701 
c14...o 1694 1630 
cl2=o 1393 1435 
·c14=o 1335 1375 
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Using these frequencies~ the equilibrium constant is calculated to .be 0.991 

at J50°Ko 24 o When combined with the ratio k3/k2 calculated above, this gives an over= 

(24) Dro Po Eo Yankwich kindly pointed out an error in sign in the calculation 
of this constant in an earlier draft of this papero 

Aside from these theoretical calculations, the effect of the substituent on 

the isotope effect in the decarboxylation of substituted malonic acids is of consider= 

able interest o There is a fairly large dif.ference between the two acids studied in 

this work, and between them and malonic acid itself, regardless of which value is chosen 

for the isotope effect in the latter case, It seems possible that resonance- stabiliza= 

tion of the incipient intermediate ion in the transition state may have an effect on the 

isotope effect, in which case we should be able to increase or decrease the effect by 

appropriate substitution of the aromatic ring, 

Experimental 

Preparation of diethyl a-naphthylmalonate-l-c14, - Diethyl a-naphthyl

malonate-l-c14 was prepared according to the procedUre of Blicke and Feldkamp13 .. 

Ethyl a-·naphthylacetate was prepared by treating 41.,03 g, of a-naphthylacetic 

acid with 100 ceo of absolute alcohol and 5 cc, concentrated sulfuric acid for 

16 hrs, The solution was poured onto ice, extracted into ether, washed with 

sodium carbonate solution, washed with water and driedo The ether was evapor-

ated and the residue heated .iD JffiCUO to r~mc;>ve any traces of watero From the 

sodium carbonate solution 2,03 g. of a-naphthylacetic acid was recovered. A 

solution of sodium ethoxide was prepared by dissolving 4G82 g. of freshly cut 

sodium in 100 ccG of magnesium dried absolute alcohol, and to this was added 
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30.60 g. of freshly distilled dietbyl oxalate-1-2~c~, followed by the ethyl 

;a-naphthylacetate prepared abovee The solution was heated to reflux for a few 

minutes with stirring,.and upon cooling the entire contents of the flask solidi-

fied. The mixture was filtered .with the aid of ether , and the precipitate sus ... 

pended in water. The suspension was acidified and ether extracted. The ether 
0 

solution was dried, the ether .evaporated, and the. glyoxalate heated at 175-185 C 

at 15 nun. for one hour in the presence of 20 g. of ground glass. Most of the 

carbon monoxide came off in the first few minutes. The residual oil was dis-

solved in alcohol, filtered and allowed to cool in the refrigerator overnight. 

The diethyla.-naphthylmalonate weighed 39.49 g., 67.4% yield, m.p. 59-59.5°c: 

Recrystallization from alcohol gave a product of m.p. 62-62.5°C, reported, 
0 13 

m.p. 62 C. •' Alcohol is a much more satisfactory solvent for recrystallization 

than the petroleum ether used by Blicke and Feldkamp. 
14· 4 

Pre?aration of diethyl oxalate-1,2-c2 • - Diethyl oxalate-1,2-c~ 

was prepared by dissolving 3.15 g. ·of anhydrous oxalic acid-1,2-C~, prepared 
~ . 0 . 

by the reaction of C o2 w~th potassium on sand at 360 C and 47.85 g. of com-

mercial anhydrous oxalic acid in 100 cc. of absolute alcohol saturated with 

hydrogen chloride gas. The solut~on .was allowed to stand overnight and the alcohol 

and water were removed by vacuum distillation. Another 100 cc. of absolute 

alcohol saturated with hydrogen chloride,.along with 96.7 g. of commercial 

diethyl oxalate was added.to the residue. After standing.overnight the solution· 

was vacuum distilled and the fraction boiling at. 89-94 °C at 24 mm. was collected, 

wt. : 147.4 g., 82.1% yield based on total oxalate .usedo 

:Transesterifl.cation of diethyl a -naphthylmalonate-l-c14 .- A solution of 

5.26 g. of diethyl a -naphthylmalonate-l-c
14 

in 25 cc. of glacial acetic acid 

and 2 cc. of concentrated hydrochloric acid was left standing at room tempera-
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ture for 1-1/2 months., At the end of this time the acetic acid, ethyl acetate, 

water and hydrochloric acid were blo'\om off at room temperature by a stream of 

air., The yellovT crystalline residue was stirred up with benzene and filtered, 

giving 2,.92 ge, 69o4% yield, of white prisms !/ a-naphthylmalonic acid-l-cl4, 
~ . 

moPe 156-162° do The benzene filtrate contairis' the unhydrolyzed mono- and di-

esters along '-rith any a-naphthylacetic acid., The a-naphthylmalonic-1-014 acid 

1-re.s further purified by solution in base, extraction of the solution with ether, 

decolorization of the basic solution 1-dth charcoal, acidification and extraction 

into ether., Host of the ether was evaJ)orated, the- solution was filtered, and a 

large excess of benzene was ad~edo Upon standing the a-naphthylmalonic acid-l-al4 

crystallized as fine white prisms, moPe 162-5° d. Ivanov and Pshenichnii24 re:Ported 

the melting point as "tovrard 151°do" The equivalent weight ws determined on an 

inactive sample prep:~red in a similar manner., A sample of 34o3 mg., required 2.,97 cc., 

of 0.,1000 ll sodium hydroxide, giving an equivalent weight of 115.,5, calculated, 

115ole Additional recrystallizations of the labeled acid failed to change.the 

a elting point (which depended sommrhat on the rate of heating) but were carried 

out in order to insure complete radioactive purity., 

Phenylmalonic acid-l-C14;;y. m.,p. 162-5°, was prepared in a similar manner 

from phenylacetic acid and diethyl axalate-1,2-C~., 

Decarbox.vlation experiments., - The decarboxylation experiments were carried 

out in the app:~ratus sho1rm in Figure 1., 

In a typical experiment, 0.,4306 go of eJ-naphthylrnalonic acid-l-Cl4 1.ms 

placed in the decarboxylation chamber, B, the condenser ·Has·. afi'ixed using high 

vacuum silicone stopcock grease to grease the joints, and the system was flushed 

with dry carbon dioxide-free nitrogen for one hour o The outlet gas was led from 

the top of the condenser through a spiral trap cooled by a dry ice-isoprop,yi 

(24) Do Ivanov and Go :Pshenichniii Ann.,Univ.,Sofia, II, Faculte phys-math, Livre 2, 
Jl, 177-202 (in French, 203- 1) (l937)p CoAo ~' 33569~ 
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alcohol bath to remove any solvent or entrained solid, and then through a spiral bub

bler.. After thorough flushing, the spiral bubbler was filled with carbona 'he-free 

1 ! sodium hydroxide~ and the solvent in the lower flask, A, was heated to reflux, 

thus heating the decarboxylation chamber to the boiling point of the solvent.. For 

this experiment the solvent used was mesitylene, giving a decomposition tempera

ture of 163eOoCo After a few minutes at 163°, the soli~ a-naphthslenemalonic acid 

gradually began to melt and simultaneously decarboxylate .. The "melting" became pro-

gressively raster as more a-naphthaleneacetic acid "impurity' was formed. Within 

. about 5 minutesof the time the heating was first started all visible reaction had 

ceased, leaving aclear light yellow liquido The nitrogen sweep was continued for 

en eddi tional 1-1/2 hours to insure complete recovery of the carbon dioxide~ The 

contents of the sodium hydroxide bubbler were lmshed into an equal vol:ume of 1 H 

an~onium nitrate, and excess barium chloride was added. The barium carbo~ate formed, 
I 

when collected and dried, weighed 0 .. 3708 ge, 100o5% yield .. The a-naphthylacetic acid

l-cl4 was 1Jasaed from the decarboxylation chamber with the aid of alcohol, and 

was titrated with leOOO H sodium hydroxide, le87 ccc being required for neutrali

zationo Assuming complete reaction, this gives a yield of 100.0%. The basic 

solution from the titration was evaporated to dryness, dissolved in water and 

extracted with ethero The aqueous phase was acidified, decolorized with charcoal 

and the hot solution filtered,., Upon_cooling the a-naphthaleneacetic acid crystallized 

out, sometimes in needles and sometimes in plates o The crude acid lta.s recrystallized 

twice more from boiling water. The final product melted at 128-30°0. 

In the solution experiments the solid a-naphthylmalonic acid-l..:.cl4 was placed 

in the decarboxylation chamber and dissolved in 3 cce of dioxane which had been 

purified by distillation over hydroc~oric acid and then over sodium •. Nine cc e of 
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1 H hydrochloric acid was added, and the flushing procedure carried out as des

cribed above o In this case the gas inlet tube served to stir the solution in the 

decarboxylation chambero The solvents used for the constant temperature bath in the 

solution experiments were technical ethyl acetate, b .. p., 72 .. 8°0, technical dioxane, 

bopc 100.,5°0, and the dioxane-water azeotrope, hoPe 87 e5°C, containing 18% water .. 

In these experiments the reaction uas considerably sloHer, and the reactions were 

allowed to run overnighto Visible bubbles vtere no longer ap:r:nrent after about 2 hours, 

and the initially clear solution had become turbid., A short time later several drops 

of yellow oil had collected in the bottom of the decarboxylation chamber. Apparently 
\ 

the a-na phthylacetic acid vras less soluble than malonic acid.. Blank runs on the pro

cedure, omitting only the a-naphthalenemalonic acid, gave 0 .. 1-0 .. 5 mg .. of barimn 

carbonate"' 

Combustion of a-naphthylmalonic and g-naphthylacetic acids 9 - Samples of the 

a-naphthylmal~nic acid-1-014 and of the a-naphthylacetic acid-1-014 were oxidized to 

carbon dioxide by a modified Van Slyke~olch wet combustiono From 0 .. 1077 g .. of 

a-naphthylmalonic acid-l-ol4, lc.2173 go, lOloL:-% yield, of barimn carbonate was 

obtained'J and from 0,.1068 eo of a-naphthaleneacetic-acid-l-cl4, lel516 g.,, 101.,4%, 

yield was obtainedo All. the barium carbonate yields reported are high by about 

lc2% due to coprecipitated barium carbonate.,_ This correction ltas determined by 

comparing the pressure of ca~bon dioxide volved from the barium carbonate samples 

in a constant volume system 1Ji th the corresponding pressure from a sample of pure 

barium carbonate·., 
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