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Introduc t i on 

I n  rece:.: years t he  questlon of t le e f  f r e t  o- he subst i tu t ion of iso- 

t op i c  carbon on - e ra te  of chemical reactions :-a. received considerable a t t e n -  

t i on ,  A co s l  e rab le  port ion of t h s  a t ten t ion  has been a i rected toward ' e te r -  

mining the  Isotope e f f e c t  I n  t h e  decarboxylatio:: of malonic cids. '?ankwich 

A and Calvin stua ed the  decarboxylation of ma1on;c ;?id-1-elk and bromomalcnic 

acid-1-(214, and f und rupture r a t i o s  f o r  c ~ ~ - c ~ ~  , nd: t o  cl4-cU bonds of 

1,12 g O,Q3 and 1, 1 2 0,08, respectively, The va 'ue  - $ ~ r  bromLmalonic acid  was 

t h e  r e s u l t  of onl  one experiment and the  bromom 'on-c  a i d  u ed was admit t rdly  

of doubtfkd pur i ty  so there  i s  doubt a s  t o  the va l -d l ' , ,  of the  resul t .  

The work descr i -ed  i n  t h l s  paper was sp-nsr red by t h e  U,S, Atomic 
Energy Commi sion, 

(21 This paper s abst '*a&ed from the  t h e s i s  -ubmitted by Arthur Fry t o  
the  Graduate Division of the  Univer i t y  of California i n  p a r t i a l  ful- 
f i l lment  of t h e  requirements f o r  t he  PhoDe degree, June 1951, 

(39 Present adl- res  .: Department of Chemistry, University of Arkansas, 
FayettevilPe, A r  cansa s . 

( 4 )  P, E, YanLwic and K ,  Calvin, J ,  Chc-m. Phys ,, J& 109 (1949). 



This work, and t h e  e a r l i e r  work of Beeck, OCvos, Sevenson and Wagner 5 

on t h e  CI3  isotope e f f e c t  i n  t h e  e lec t ron  impact and thermal cracking of pro- 

637 pane, l ed  Bigeleisen t o  repor t  t he  r e s u l t s  of theore t ica l  ca lcu la t ions  of 

these  isoto?e e f fec t s .  I n  a l l  cases, t h e  t heo re t i c a l  calculat ions gave much 

smaller values f o r  t h e  isotope e f f ec t s  than  those calculated from t h e  obsemed 

data. Bigeleisen expressed h i s  r e s u l t s  a s  r a t i o s  of r a t e  constants f o r  t he  

various processes involved. The decarboxylation of a malonic acid may be re- 

* 
presented by t h e  following equations, where C represents c13 o r  c14: 

C*OOH 
RCH: k3 GO2 + RCH~C*OOH 

COOH . > 

For -@he labeled malonic acid molecule t h e  rupture r a t i o  &2-~12/~14=-~12 i s  given 

by t h e  r a t i o  kdk3 .  Using these  equations, ~ i ~ e l e i s e n ~  calculated values f o r  

k2/2k2 and kl/2k3 f p r  p l o n i c  and bromomalonic acids. From these  values t h e  

(5) 0. Beeck, Jam. Otvos, D.P. Stevenson and C.D, PVagner, J. Chem, Phys., 
16 255, 993 (1948). -9 

( 6 )  J, Bigeleisen, J.  hem. Pbys., 3, 345 (1949). 

(7) J, Bigeleisen, J . Chem . Phys ., & 425 (1949) 



r a t i o  k3/k2 can be calcuLted a s  1.038 f o r  both acids  a t  ~ O O O K ,  a s  compared 

t o  the  values of 1,12 a d 1&l observed by Yanku~ich and &lvin4 f o r  malonic 

ar,d bromomalonie acids ,  respectively, 8 

I n  order t o  check t h i s  l a rge  discrepancy between t h e  observed and cal-  

culated values f o r  t h e  isotope effect ,  Bigeleisen and ~ r i e d m a n ~  studied t h e  

isotope e f f ec t  i n  t he  decarboxylation of malonic acid  of norm1 i so top ic  

composition, The observed value corresponding t o  k /k above was found t o  3 2 

be 1,020, while t h e  calculated value was 1,0198, The agreement i n  t h e  C 13 

case thus  f s excellent ,  nd would seem t o  add support t o  t he  theore t ica l  calcu- 

l a t i o n s  i n  t l e  fi case. However, t h a t  t h e  theoretical calculations a r e  not 

e n t i r e l y  adequate i s  shown by t h e  discrepancy between t h e  observed and calcu- 

l a ted  value corresponding t o  kl/2k2 above, The calculated value i s  1.021, 

I h i l e  t h e  observed value is 1,037, 

( 8 )  
7 There i s  a mathematical e r ro r  i n  t h e  equation i n  t he  paper by B g e l e i s e n  , 

The unlabeled carbon dioxide evolved from the  labeled malonic ac id  mole- 
cule has been neglected. The corrected general equation, us ing Bigeleisengs 
symbols, is x 

which, tt small time becomes 

-y 
and a t  i n f i n i t e  t ime becomes 

However, t h i s  e r r o r  i s  not important a t  t h e  t r a c e r  level ,  and undoubtedly would 
not a f f e c t  t h e  calcula ted values, 

( 9 )  J, Bigeleisen and L. Friedman, J, Chem. Phys., 998 (1949). 



A short time l a t e r  PitzerlO a lso  calculated the theoret ical ly  expected 

CU isotope effect i n  the decarboxylation of malonic acid. He used essent ial ly  

the same mathematical approach a s  did Bigeleisen, but used a different  model f o r  

the  reaction, thus requiring a d i f fe rent  choice of vibrat ional  frequencies i n  

making the calculation. P i t  zer calculates that  the  c ~ ~ - c ~ ~ / c ~ ~ - c ~ ~  rupture r a t i o  

(k3/k2) may be a s  high a s  1.14, a s  compared t o  Panlorich and Cabin ' s  observed 

value of 1.12 and Bigeleisen's caloulated value of 1,038, This model thus leads 

t o  very satisfactory agreement with the  observed cUL results,  but it would a lso  

presumcb1.y lead t o  a value of approximately 1,07 f o r  the ~ 1 3  wee,  Here the 

agreement with Bigeleisen and Friedmsnfs9 observed r e s u l t  of 1.020 i s  quite poor 

while Bigeleisen' s calculation of le0198 i s  i n  excellent agreement. Pit50rr 8 calm 
\ 

culatione would lead t o  no great difference between the  malonic and bromomalonic 

acid oases, and hence the  observed rupture r a t io  of 1,U for bromomalonic acid 

i s  not i n  accord with any of the  calculations, 

Some support has recently been given t o  Bigeleisenl a theoret ical  calcu- 

l a t ions  by the investigations of Lindsay, Bourns and ~ h o d e ~  and of Roe and Aell- 

12 mann , " 

I n  a much more thorough investigation of the  c13 i s o t o p  ef fec t  i n  the  

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

and ~ h o d e ~  report values of 1.021 and 1.026 fo r  k3/k2 f o r  two d i f fe rent  samples 

of malonic acid. They investigated the  dis t r ibut ion of s3 among t h e  three car- 

bon atoms of the molecule and found t ha t  there was no appreciable difference. They 

(11) J. G, Lidsay  A. N. Bourns and H. G, Thode, Can. J. Chm,, 
a 192 (1951j . 

(12) A. Roe and 1. Hellmann, 3. Chem. Phys*, 19, 660 (1951). 



a l s o  obtained a value of 1,046 f o r  t h e  value corresponding t o  kl/2k2. Bigelei-  

sen and Friedmanvs calculated value f o r  t h i s  r a t i o  i s  1.021 while t h e i r  ob- 

served value i s  1,037, 

Roe and ~ e l l m a n d ~  checked t h e  isotope e f f ec t  i n  t he  decarboxylation of 

malonic ac id-1-4~  using a somewhat d i f f e r en t  technique than t h a t  used by Yank- 

4 wich and Calvin . They obtained a value of 1.06 + 0,02 f o r  k3/k2 i n  comparison - 
4 t o  Yankwich and Calvin's value of 1.12 2 0.03 and ~ i ~ e l e i s e n ' s ~  calculated 

The inconsistencies among the  various observed and calculated values f o r  

t h e  isotope e f f ec t s  i n  t h e  decarboxylation of malonic ac ids  leave a great deal  

t o  be desired.  It would seem t h a t  addi t ional  careful  experimental work should 

be done, and t h a t  t h e  var ious  models and v ibra t iona l  frequency selectsions f o r  

t h e  theore t ica l  c a l m l a t i o n s  should be reconsidered. The bromomalonic acid case i s  of 

spec ia l  i n t e r e s t  s ince  it i s  t he  case with the l a rge s t  reported isotope e f fec t ,  

anad a l s o  it i s  l e a s t  s a t i s f a c t o r i l y  explained by theory, However, the  d i f f i -  

c u l t i e s  i n  preparation anc pur i f i ca t ion  of t h i s  acid a r e  such t h a t  the  r e l i a -  

b f l f t y  of any measurements made with t h i s  acid might be open t o  question, 

A d i f f e r en t  approach t o  the  problem i s  t o  inquire i n t o  possible reasons 

f o r  t h e  abnormally high value of t he  isotope e f fec t  i n  t h e  bromomalonic acid case. 

One obvious di f ference betr een malonic acid and bromomalonic rc id  i s  the presence 

of t h e  l a rge  negative bromine i n  t h e  l a t t e r  case, Another i s  t h e  f a c t  t h a t  

bromomalonic acid decarboxylates a t  a lower temperature than malonic acid, and 

from zero point energy consfaerations it might be expected t h a t  Q r g e r  isotope 

e f f e c t s  would be obtained a t  lower temperatures, 



Another very desirabl:;. c m r a c t e r i s t i c  f o r  a .mitable malonic acid mould 

be ease of pu r i f i c a t i on  of the  malonic acid  i t s e l f  and of the  substi tuted 

malonic ac id  i t s e l f  an: of the  substi tuted a m t i c  acid  derived from it, 

Blicke and ~ e l d k a m ~ ' ~  hove prepared a s e r i e s  of a-naphthylalkyl a c e t i c  

ac ids  by hydrolysi s and decarbcxYle -Lion of t he  corresponding a-na phthylalkyl 

malonic e s t e r s ,  They s t a t e  t ha t  a:diti.cn of a c id  t o  an aqueons solut ion of t h e  

potastium s a l t  of +,he malonh aef5 :;t rocm temperature r e su l t s  i n  t h e  precipi-  

t a t i on  of t h e  malrnic acki  a s  sn  oil whim spontaneously loses  carbon c?ioxi.de, 

forming t h e  eorrespondfng ace t i c  acf6, . 

S ~ c h  acids would 12% nearly i .5solly sui ted t o  a study of the  isotope 

e f fac t  iin t h e  decarboxylatfon cf %>a mcicnic . ~ c i d .  A l a rge  group i s  present 

such ::s brcmom~.lonic ac id ;  the  ~ c i d .  a p g r ~ e n t l y  decarboxylate a t  room tempera- 

ture;  t h s  sxbs t i  h i e d  a ee t i c  acid  s ;;YOC~U;"~~~ a r e  s t a b l e  and readi ly  pur i f i ed  . 
On i n v e s t i g a t i  on of .<lie alk.irlina hyc?rolysis of a -napstPtQ-Pmalonic e s t e r  

it soon becam ~p? - r en t  t h a t  t h e  carboa 2m:;ide evolutf  on upon addi t ion of acid 

xas not  due t o  d e c z ~ b c x y l ~ t l o n  of t h o  nalonic acid, but ra ther  t o  carbonate caused 

b y t a s x  cEeangs 02 t h e  e s t e ~ ,  Eb 

The froe a-napl.th3 lmalonir L ci;, h c v e ~ e r ,  d id  ~ecarboxyla te  i n  so lu t ion  

a t  r o l z t i ~ ~ e l y  lot. t e q e z a t u r e s ,  2 0  i t  1 ~ 3 s  cluclded Lo carry  out isotope e f f e c t  

experiments using it. Later -?he isotclps ef2ect  i n  tile decarboxylatfon of phsnyl- 

malonic acid was a.!sc ztudf ed, 

3 F, To Blicke and R, I?. F e P d f m ~ ,  J, Am, Chem. Soc,, 66, 1087 (1.94.4.]e 

( 1  TILE basic carbonate elr=:~;rge resc t ion  was studied i n  some de ta i l ,  
2nd t 5 e  reszl$ts a r e  t o  3 e  pibbfahed elsewhere, 



Procedure and Results  

The subst i tu ted malonic e s t e r s  were prepare6 by ccndensstion of d i e t h y l  
. e 

oxalate with the  subs t i tu ted  ace t i c  es ter ,  and d e & r ~ ~ o s y l a t i o n  of t h e  r e su l t i ng  

g l y o q l a t e ,  The most s a t i r f ac to ry  hydrolysfs procedure was found t o  be trans- 

es te r i f i ca t ion  of t h e  malonic e s t e r  mith a c e t i c  - c l d  catalyzed by hydrochloric 

a eid , 15  

Al . ha-naplithylmalon~c acid and phenylmalonlc acids  were decarboxylated i n  

t h e  l iquid  &ate  near t h e  melting points, and I n  diomne-1 _N hydrochloric acid  
I 

solut ion a t  72,8O6 and a t  87,5°~, The carbon dioxide evolved was col lected as 

barium carb-n t e e  The a-naphthyl and phenylacetic acids  were purif ied,  and samples 

of them an' of the s t a r t i n g  malonic acids were oxidlzed by a wet combustion method, 

and the  L e s l l  ting carbon dioxide collected a s barium czrbonate, 

The cU a c t i v i t y  measurements were made using an ionization chamber and 

a vibrat i i  g rbed e lec t rone te r  connected t o  a Brown reco-der.  The ionizat ion cham- 

be1 s were f i l l e d  t o  a standard pressure with carbon df o Ade generated i n  a vacuum 

sy-tem from the  barium carbonate samples ~ i t h  concentrdted sulf 'uric acid.  The 

Sam l e s  frorr e-c run were measured i n  the  same i o n i ~ a t i o n  chamber and on the  

Sam - l n s t m e n t  i n  a s  rapid succession as  poss ible  gn o-der  t o  minimj e any var ia-  

t ions  i n  the  pro dure an2 instrument s, A t  l e a s t  t o i t  dependent a c t i v i t y  measure- 

ments e re  made on each sample, 

The spec i f ic  a c t i n t i e s  of the  var ious  samples a r e  shown i n  Table I. 

The v7l:tes given a r e  aaeral e s  of two o r  more ac '  i v l ?  y determmitions, and t he  

i n  : ca t  e r ro rs  a r e  averake deviations of  these  k:asurements. . ' 
*ir 

(15) This procadure was kindly suggested by Professor James @.son, 



Table I 

lonic  h c i i - 1 - c ~ ,  Phenylmrlonic k c i d - l d - 4  and 

Their Decarbox;.lntion ~ i o d u c t s  

Spec i f i c  Act iv i t i es  o 

Run. No, 
C 

Temp. RelatSve Spacific Act ivi ty  
D r i f t  Rat i, ~ o l t ~ ~ / m i n .  x lo2 

-N~.phthyla ce t i c  Acid c-@hthylrna lonic  Acid 

T 
CD2 + 12 x 
a -Naphthyl- 
a c e t i c  Acid 

Observed Observed 

Phenylmahonic Acid 

t---T 
C02 + 8 x 
Phenyl- 
a c e t i c  Acic 

Phenylacetic Acid 

Observed 

Liquid 
1 
2 

Solution 
3 
4 

rbon atom. 

a t h  teniprstura,  a c tua l  - decompositioii terpcrature  v.n!:mm,~ 85-95OC 



The f i n a l  two columns i n  Table I show t h e  a c t i v i t y  balance between t h e  

subs t i tu ted  malonic acid  and i t s  decarboxylation products. The a c t i v i t y  balance 

i s  wel l  within t he  e r ro r  of the  a c t i v i t y  measurements f o r  a l l  of the  runs on 

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

with t h e  phenylmalonic acid. The average deviation of t he  a c t i v i t y  balance from 

100% is 0.46Z fo r  a l l  runs, 

Discussion 

The decarboxylation of phenylmalonic acid i n  so lu t ion  has been sh~wn t o  

be first order with respect  t o  malonic acid.16 For malonic ac id  i t s e l f  t he  de- 

carboxylation has been shown t o  be f i r s t  order, both i n  the  pure l iqu id  and i n  

solution.17. The k ine t i c s  of decarboxylation of several  o ther  substitutbd 

rnalonic acids  i n  so lu t ion  has a l s o  been studied, 16318 and i n  each case found t o  be 

f irst  order  i n  respect  t o  the malonic acid. It therefore  seems reasonable t o  

assume tha t  we are  dealing with f i r s t  order reactions here, and i f  so the  spe- 

c i f i c  a c t i v i t i e s  of the  products and reactants  may be re la ted  t o  the  spec i f ic  

r a t e  constants of equations (I), (Ii) and (111) by t h e  following equations, 

where RCH(COOH)~ = M = Mo a t  t = O1 

(16) A&, Bernoull i  and W. Viege, Helv. Chim. Acta, 2, 522 (1919). 

(17) (a)  C.No Hinshelwood, J. Chem. Soc., u, 156 (1920) ; 
(b) J, Laskin, Tran, S iber ian  Acad. Agr. Forestry, 4, No* 1, 

7 (1926); 
(e) GoAo Hall, Jr,, J, Am. Chem. Soc., 71, 2691 (19.491, 

(18) h,L, Bernoulli and KO JakubowScz, Helv, Chim. ~ c t a ,  1018 (19211, 



When t h 2  reaction i s  complete, t = , and equations (N) and (v) become, 

a f t e r  rxrrangement,  

By cmbining e p a t i o n s  ( I V )  aild ( V) a t  any time whether the  r \ =  c t ion  i s  com- 

p l e t e  3r not, .ns obtain eqmtion (VIII) . 



U C R L = $ ~ ~ ~  

(VIII) 

The values C * O ~  . 9 A* and Ido )C 

a r e  the  molar 
CO, + C*O, A* + A Y,* 4 Yo 

spec i f i c  a c t i v i t i e s  of t h e  carbon dioxide, the subst i tu ted ace t i c  acid and 

t h e  subst i tu ted malonic acid, respectively. These a r e  the  values given i n  

Table I. 

For ease of tabula t ion and convenience of rcfcrence, t he  percentage 

isotope e f fec t  may be defined a s  100 (k2/k3 - 1). The percentage isotope 

e f f ec t  values may then be calculated from the  data i n  Table I using cquztions 

(vI), (VIIjp and (~111) with the  r e s u l t s  shown i n  Table 11. The agreement among 

the  calcula t ions  by th ree  d i f fe ren t  equetions furnishes  a measure of the  i n t e r n a l  

colisistency o f  t h e  Zc.ta. 

The c14 isotope e f fec t s  i n  t h e  decarboxylation of l i qu id  a- 

naphthylmalonic ecid-l-~'4 and phenylmalonic acid-l-c14 a t  163.0°C ore  thus 

seen t o  be 7,62 O&. and 8.g i1.5 percent. The corresponding values i n  so lu t ion  

0 betwean 72 ,S  and ,,~95 C a r e  9.7,+O.S and 13.221.5 percent. The precision of t h e  

measurements is not  g rea t  enough t o  show a s ign i f ican t  temperature coef f ic ien t  

of  t h e  isotope e f fec t  i n  t h s  solution experiments. However, ths re  i s  a s ign i -  

f i c a n t  difference i n  t h e  isotope e f f ec t  between t h e  l i qu id  acid a t  1 6 3 , ~ ~ ~  

and t he  acid i n  so lu t ion  a t  72.8 t o  95O~, and t h i s  may viell be ch ie f ly  due t o  

a tenperature e f fec t .  



and Fhenylmalonic Acid-LC l ~ $  

Run, No. 0 
Temp, @ Percent I s o t o ~ e  Effect ,  100 :2b3"1) 

Average and 
Diaefd, 
Equation VX 

Monoa e f d 
and B f a ~ f d ~  
Equation Wlb 

GO2 and 
XJonoaci d, 
Equation VIII 

Liquid 
b 
2 

Solut ion 
3 

6 
7 

Average 

Average aP: 
so lno  runs 

Average 

S o l u t i  on 
3 
4 

Average 

* Bath temperature, a c t u a l  decompbition tenperatwe unlunown, r85-95'~ 



These values compare 'r,o the 7aLues obtained f o r  mlonLu acid "self 

- 14 correct f o r  maianic ac id  i t s e l f ,  none of the data so far obtained with t 

7 
1 5  consfst-ent hilith the t heo re t i c a l  value calculated by Rigelefsen The 

elusest  w 1 w 2  6 pTzen tg  f a  s t i l l  55 percent higher than t he  upper limit of 

7 
.?,(r; ~ r z e n t  c~ i1c~LaLea  by Eigeleisen Even the value of 4 percent taken at 

7 3 
%he extreme low end 3f' the  t lY?or  interval  indicated by Roe and Hellman'" i:: 

~LrghtLy h i g k r  than the  ca lcula ted u p p r  limit, The cUk i sotope effect 

:rsliwe on substituted malolzic acid reported here are  all much l a rge r  than 

",h$e, with the  +lowest value being exactly twice ths  ca lcula ted valueb 

The cU experhsntai  data seen t o  be i n  considerably b e t t e r  agreemsnt 

sY.ith the calculated values, al though even here the experinentsl values are 

7 7 
8x1 hfgher t h m  the ~ a l e u l a t e c  upper l ioli t ,  i n  one case'-- bj 24 percent, A l l  

i tsslf,  and  i f  we ass-rn~ Roe and ~ellman's'~ data  on m l c n i c  acid is correct,  

ac ids  woulfi be considerably l a r g e r  than  the calculated va7-ucs of 1,98 percent 

In v i e w  of t h ~  larger cU, ~alwles reported f o r  these substitilted acids  i n  
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Pitzer" calculations'' have recen%ly been c r i t i c i z e d  by Bothner-By and 

20 
~ i ~ e l e i s e n ' ~ .  P i t z e r  makes use of equation IX which was derived by Bigeleisen 

(19) A,  A .  Bothnery-By and J. Bigeleisen, J, Chem, Phys., u, 755 (1951)- 

(20) J, Bitele isen,  J. Chem. Phys,, u, 675 (1949) 

The function ~ ( u )  is  defined by Bigeleisen and blayer2I rho have tabulated values of 

- - - -- 

(21) J , BigePeisen and ld, G o  Mayer, J , Chemo Phys,, u, 261 (1947). 

~ ( u )  a s  a function of  u ,  The reaction coordinate reduced mass p, i s  assumed t o  be t he  

reduced mass o f  the  atoms forming the  bond being broken, The symbol # r e f e r s  t o  the 
3n-6 

act ivated complex. Bothner-By and ~ i ~ e l e i ~ e n ' ~  point  out t h a t  t h e  term ~(u,)fiu~ 
i 

r e f e r s  t o  the normal molecule, and since lq and k3 both r e f e r  t o  the same molecule i n  

t h i s  ease, a l l  t he  terms hui a r e  i den t i ca l l y  zero. They s t a t e  t h a t  i n  P i t z e r ' s  model 

these vibrat ions  of t h e  normal molecule contr ibute  the  major e f f ec t  t o  t he  calculated 

difference i n  r a t e s ,  

While it i s  no t  en t i r e ly  c l ea r  h m  P i t z e r T s  caleulatfons should be interpreted,  

we s h a l l  show below t h a t  P i t z e r g s  answer can be obtained using P f t z e r D s  numerical data 
3n- 6 

and a somewhat modi f i e d  model using equation (Ix), granting t h a t  5 G(U~) P U ~  i s  
i 

iden t ica l ly  zero, 

We may r+write equtqtfons I1 and I11 t o  show an act ivated complex in which 

the  carboxyl group which w i l l  eventually become carbon dioxide i s  no longer bonded 

t o  t he  molecule, 



"no 6 
The term ~ ( u ~ ) r \ q  is  iden t ica l ly  sero, since f o r  both Path A and Path B 

i 
the  ground s t a t e  i s  t he  same molecule. I n  calcula t ing t he  r a t i o  k3/k2 Eui i s  defined 

by the equation Puf = uf Path P up Path dl, In  the  act ivated complexes t h e r e  a r e  
6 

two s e t s  of corresponding v ibra t iona l  frequencies, one re fe r r ing  t o  RCHC*OOH and 
$ Qt % 

RGHCOOH and t he  other  re fe r r ing  t o  COOH and C*OOH, FOP t h e  f i r s t  s e t ,  a l l  Pui 

* 
w i l l  be negative s ince  the  vibrat ional  frequencies of RCHG OOH a r e  l e s s  than those 

of RCHCOOH, while i n  the second set ,  a l l  Pup rill b e  posftfve,  If we examine f " i t s e r u s  

calculations we see t ha t  he has calculated G ( U ~ ) A U ~  f o r  very nearly these same two s&s 

of Intermediates. H i s  calculatiions f o r  the  "normal acid  moleculegs s e n e  a s  an adequate 
8 

eelculation f o r  t h e  negative of the contribution of t he  RCHCDOH term t o  ow ac t iva t ed  

esmplex, His ca lcu la t ions  f o r  the  naotivated complexn give %he contribution of  t h e  
@ 
COOH term t o  our act fvated complex, The a lgebraic  sum of these two terms is then  
393-7 +' +" 
2 ~ ( e n ~ ) ~ u f ~  and i s  negative, But the  whole term f s substracted fmm one i n  e q m =  
f 

t f on  PX, s o  the overa l l  e f f ec t  i s  t o  multiply t h e  square root  of  the  reduced mass 

m t i o  by s number g r ea t e r  than one. The value of k3/lr2 calculeted i n  this manner is  

l,B4, This i s  in q u i t e  reasonable agreement with a11 the  data avai lable  on t h e  de- 

earboxylation of CU subst i tu ted malonie ac ids ,  I% i s  quf te  possible t h a t  fo r  indf-  

vidual  cornpomds, b e t t e r  agreement with theory could be obtained by us ing experimentally 

determined vfbratfesna8. frequencies. At any ra te ,  i n  the  ease of a molecule l i k e  mr;lonia 
3-6 Z d 

acid, s e t t i n g  (ui)Aui equal t o  se ro  does not g ive  an umer l i m i t  t o  t h e  i so to r~e  
f 

e f f ec t  a s  has been elafmed, 
a 
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Another factor  which must be considered i n  determining t h e  ove ra l l  isotope 

e f f ec t  i n  a react ion is  the  pos s ib i l i t y  of  an isotope e f f ec t  i n  an equilibrium pr io r  

t o  t h e  r a t e  determining s t e p  and multiplying an isotope e f f ec t  i n  t h e  l a t t e r .  Such 

a s i t ua t i on  aon ld  %e expected t o  be t he  r u l e  ra ther  than the  exception, since most 

react ions  do involve p r e q u i l i b r i a  of  one so r t  o r  another. 

We may take a s  a simple model of such an equilibrium i n  t h e  case of malonic 

acid  t h e  equilibpfum between t h e  two d i f f e r e n t  hydrogen bonded i n t e r n a l  rings, thus: 

,, COOH 
RCH (A) 
\ P O O H  

RCH H 

Then, K = (B)/(A) and K2 - (c),/(B) a& the genera l  equations X .and M may be da- 1 k2 + k3K2 
rived i n  the samc manner a s  equations N and V where fi = 

1 + Kq + lhl * 
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By ecrmbhing equations X and XI a t  a y -  time we obtain equation X I I ,  

Thus it fs seen t h a t  the isotope effect on the  r a t e  of the reac t ion  is naltfpLieZ 

by the equilfbrim eonstsnt ,  and it i s  ac tua l ly  t h i s  product that if measured sx- 

perimentally, 

If the reaction fnvcEves a pre-equilibrium of t h i s  sort, t h e  re"c9o of B t e  

eonstants mcst be n e a l c u l a t e d  using the  dfffcrent f l n u m ~ P  mo2ecules" (B) and (61, 

but to a fimt approxima%fon the same ealcula t fon vie hare  made above applies sines 

all t h e  terns vhf eh are diff'erent b a t ~ e e n  (B) an6 (6) in the ground s t a t e  are a l so  

different, b ~ t  4 ~ .  t h e  opposi te  sense between (B) acd (c) in the act ivated s t a t e ,  

However, reeognftfsn t h a t  such pre-eq~ilibria exist should a i d  in eskablishfng 

more erne% models for the reaction and hence t o  make possibie more exact ealcu- 

Ea ti o m ,  





UsSng these: frequ e x i s s ,  th5 equ i l ib~ ium constant i s aalcula ted t o  be C .991 
24 

at 3 5 0 ' ~ .  Ylhen combfnsd witk t h e  r a t i o  k?/kg calcula ted  above, t h i s  gives sn  over- 
a 

(24 )  Dr, Po E, Yan?xfch k indly  point-d out a n  e r r o r  i n  s ign  in t h e  ca lcu la t ion  
0% t h i s  constant  in an e a r l i e r  d r a f t  of t h i s  paper, 

Aside frm these t h e o ~ e t f c a l  calculat ions,  t h e  e f f e c t  of t h e  subst f tuent  on 

the i so tope effest fn the  dsaarboxylatfon of ,mbs%ituted malsnfs acfds  5s  of consider-  

able f n t s r e s t ,  There i s  a f a i r l y  l a rge  difference between t h e  two acfds  studf ed fn 

t t f s  workg and between them and malonie ac id  i t s e l f ,  r egard less  of which value i s  chosen 

f e r  t h e  isotope e f f e c t  in the  l a t t e r  case, It seems possible t h a t  resonance s t 3 b f U z a -  

t i o n  o f  t h e  f nefpient f  n t e m e d f a t e  40n i n  the  t r a n s i t i o n  s t a t e  may have an  e f f e c t  on t h e  

f  sotope e f fee t ,  fn xhich case we should be ab le  t o  increase  o r  decrease t h e  e f f x t .  by 

appropr ia te  subs t i tu t ion  c~f the  aromatic r ing .  

Experimental 

Preparation of d i e t h y l  a-naphthylmalonate-l-~uo - Diethyl  a-naphtly1- 

93 
malona te -1 -C~ was prepared according t o  the  procedure of Blicke and Fni&amp 

Ethyl  a-naphthylacetate was prepared by t r e a t i n g  41,03 g o  of a-naphthylacetie 

ac id  with 100 cc, of absolute a lcohol  and 5 cc, concentrated sulfur-ic acid f o r  

16 hrs, The so lu t ion  was poured onto i ce ,  ext rac ted  i n t o  e t h e r ,  washed wLth 

sodium carbonate solut ion,  washed with water and dr ied ,  The ether was evapor- 

a t ed  and the  residue heated ig --to remove any t r a c e s  of  water, From the 

s o d i m  carbonats so lu t ion  2,03 g o  of a-naphthy1acet.i~ a c i d  w a s  recovered, A 

s o l u t i o n  of sodium ethoxide was prepared by dissolving 4,42 g o  of f r e s h l y  cut 

sodium in 100 cc, of magnesium d r i e d  absolute alcohol, and t o  t h i s  was added 



l.4 
30.60 g. of f r e sh ly  d i s t i l l e d  diethyl oxalate-1-2-C2 , followed by t h e  e thy l  

a-naphthylacetate prepared above, The solut ion was heated t o  r e f l ux  f o r  a few 

minutes with s t i r r i n g ,  and upon cooling t he  e n t i r e  contents of the  f l a s k  so l id i -  

f ied .  The mixture was f i l t e r e d  with t h e  a i d  of e t h e r ,  and t h e  p r ec ip i t a t e  sus- 

pended i n  water. The suspension was ac id i f i ed  and e ther  extracted,  The e ther  

solut ion was dried, the  e ther  evaporated, 

a t  1 5  mm, f o r  one hour i n  the presence of 

carbon monoxide came off i n  the  f i r s t  few 

0 
and t he  glyoxalate heated a t  175-185 C 

20 go  of ground glass. Most of the  

minutes. The res idual  o i l  was dis- 

solved i n  alcohol, f i l t e r e d  and allowed t o  cool i n  t he  re f r igera to r  overnight,. 

0 
The d ie thy l  a -naphthylmalonate weighed 39049 g., 67.4% yield, mo Po 59-59 0 5 CO 

0 
Recrysta l l iza t ion from zlcohol gave a product of mop. 62-62,5 C, reported,  

0 13 
KC, p. 62 C Alcohol i s  a much more s a t i s f ac to ry  solvent f o r  r ec rys t a l l i z a t i on  

than t he  petroleum e ther  used by Blicke and Peldkamp. 
14 14 

Preparation of d ie thy l  omlate-1,2-C2 , - Diethyl oxalate-1,2-C2 - 
was prepared by dissolving 3.15 g. of anhydrous oxal ic  a c i d - 1 , 2 - ~ ~ ~ ,  prepared 

14 
by t he  react ion of C O2 with potassium on sand a t  360 '~  and 47.65 g. of com- 

mercial anhydrous oxal ic  acid  i n  100 cc. of absolute alcohol sa tu ra ted  with 

hydrogen chloride gas, The solution was allowed t o  stand overnight and t he  alcohol 

and water were removed by vacuum d i s t i l l a t i o n .  Another 100 cco of absolute 

alcohol sa tu ra ted  with hydrogen chloride, along with 96.7 go of commercial 

d ie thyl  oxala te  was added t o  t he  residue. After  standing overnight t h e  so lu t ion '  

was vacuum d i s t i l l e d  and t h e  f rac t ion  bo i l ing  a t  89-94'~ a t  24 mm. was collected,  

w t .  = l.47.4 g., 82,1% yie ld  based on t o t a l  oxala te  used. 

Transes t e r i f  i c s t  ion of d ie thyl  a -naphthyhlonate-l-C14 - d so lu t ion  of 

5.26 g. of d ie thy l  a - ~ ~ a ~ h t h ~ l m a l o n a t e - l - ~ ~ ~  i n  2.5 cc. of g l ac i a l  a c e t i c  ac id  

and 2 cc. of concentrated hydrochloric ac id  was l e f t  standing a t  room tempera- 



t u re  f o r  1-V2 months. A t  t he  end of t h i s  time the ace t ic  acid, ethyl acetate, 

water and hydpochloric acid were blo~m off a t  room temperature by a s t rean of 

a i r ,  The yellotr c rys ta l l ine  residue was s t i r r e d  up with benzene and f i l t e red ,  

giving 2e92 gcrr 69&% yieldg of white p[t.isms p n a  phthylmalonic acid-l-cu, 
4F 

m.p. 156-162° do  The benzene f i l t r a t e  contains the unhydroIyzed mono- and di- 

es ters  alonq with on7 a-nnphthylacetrc acid, The a-naphthylnnlonic-l-~u, acid 

~rzs further  purified solution i n  baseg extraction of the solution with ether ,  

decolorfzation of the basic solution w i t h  charcoal,, acidif icat ion and extraction 

in to  ether,  Flost of the ether  was evaporated, the solution was f i l te red ,  and a 

large excess of benzene was addedo Upon stan- the  paaphthylmalonic a c i d 4 4  14. 

crystall ized as  f i n e  white prisms, mop. 162-5' d. Ivanov and pshenichniia reported 

the  melting point a s  "toward 15I0de1' The equivalent weight was deterrmned on an 

inactive sample wepared in a similar manner, A sample of 34,3 mgo required 2,97 cc, 

of 0,1000 sodium hydroxide, giving an equivalent weight of 115,5, calculatedg 

115,$, Additional r s c r y s t a l ~ z a t i o n s  of the labeled acid fa i led  t o  change the 

n e l t i n g  point (whicn depended somewhat on the  r a t e  of heating) but were carr ied 

out i n  order t o  insme conplete radioactive purity, 

Phenylmalonio acid-14% m.po 162-5', was prepared i n  a similar manner 

Uc f r o m  phenylacetic acid and diethyl malate-1,2-C3 

Decarboxylatfon experiments. - The decarbaxylation experiments were carr ied 

out i n  the  apparatus shorn in Ff,me 1, 

placed in the clecarboxyla.ion chamber, B, the condenser r.ms affixed using high 

vacuum silicone stopcock grease t o  grease the joints, and the system was s:lushed 

with dry carbon dioxide-free nitrogen fo r  one hour, The out let  gas was l ed  fron 

the t op  of the condenser through a sp i ra l  trap cooled by a dry ice-isopropgl 

(24) D, Ivanov and G. Pshenichnii AM .UaivBofia, 11, Facglte phys-math, h n e  2, 
33, 17-202 ((m French, 203-h) (1--3'7)~ CeA. & 3356 . 



alcohol bath t o  remove any solvent or  entrained sol id? and then throush a s p i r a l  bub- 

bler.  After thorough flushing, the s p i r a l  bubbler was f i l l e d  with carbonahe-free 

1 g sodium hydrmdde, and the  solvent i n  the  lower f lask,  A, tras heated t o  reflux, 

thus heating the  decarboxy1ation chamber t o  the boiling point of the  solvent* For 

t h i s  experiment the solvent used was mesitylene7 giving a decomposition tempera- 

tu re  of 163.0oC. After a few minutes a t  16301 the sol id  a-naphthrlenemalonic acid 

n~adual ly  began t o  melt and sfnultaneously decarboxylate. The %eltine;" became pro- 0 

gressively f a s t e r  a s  more a-naphthaleneacetic acid nimpurity" was formed, Within 

about 5 minutesof the  time the heating was first star ted a l l  v i s ib l e  reaction had 

ceased, leaving adear l i g h t  yellow l iquid,  The nitrogen sweep was continued f o r  

2n zdditional 1-1/2 hours t o  insure complete recoveqy of the carbon dioxide* The 

contents of the  sodium hydroxide bubbler were washed i n t o  an equal volume of 1 

annonium n i t r a t e ?  and excess barium chloride was added, The barium carbonate formed, 

when collected and dried, weighed 0.3708 g,, 100,5$ yield,  The cl-naphthylacetic acid- 

1-& m s  weshed from the decerboxylation chamber with the  a id  of alcohol, and 

was t i t r a t e d  with 1,000 sodium hydrcocide, 1,W cc, being required f o r  neutrali-  

zation, Assuming complete reaction, t h i s  gives a yield of 100,0$, The basic 

solution f ron  the  t i t r a t i o n  was evaporated t o  dryness, dissolved i n  water and 

extracted with ether ,  %e aqueous @ase was acidified, decolorized with charcoal 

and the hot solution f f l t e red ,  Upon cooling the a-naphthaleneacetic acid crystall ize '  

out, sometimes i n  needles and sometimes in  plates,  The crude acid was recrystal l ized 

twice more from boilin? water, The f i n a l  product melted a t  128-30°C, 

the solut ion experiments t h e  so l id  a-naphthylmalonic acid-1-& was placed 

i n  the iiecarboxyla%ion chamber and dissolved i n  3 cc, of diagane which had been 

purified by d i s t i l l a t i o n  over hydrocQo~ic acid and then over sodium, Mine cce of 



1 H hydrochloric acid was added, and the flushing procedure carried out a s  des- 

cribed above. In t h i s  case the gas i n l e t  tube served t o  stir the solution in the 

decarbowlation chambero The solvents used f o r  the constant temperature bath i n  the  
0 

solution experiments were technical ethyl acetate, bop, 72,8 C:, t e c h n i c ~ l  dioxane, 

bop. 100,5~C, and the dimcane-water azeotrop,  b.p. 87.5°~, containing l8$ water. 

In these experiments the reaction was considerabar slower, and the reactions were 

allowed t o  run overnight, Visible bubbles were no longer apparent a f t e r  about 2 hours, 

and the i n i t i a l l y  clear  solution had become turbid, A short  time l a t e r  several  drops 

of yellow o i l  had collected i n  the  bottom of the  decarboxylation chamber, Apparently 

the pnaphthylacetic acid was l e s s  soluble than malonic acid, Blank runs on t h e  pro- 

cedure, omitting only the a-naphthalenemalonic acid, gave 0,l-0,5 mg, of barium 

carbonate pi 

Combustion of a - n a r h t h ~ h l o n i c  and a - n a ~ t h ~ b c e t i c  acids, - Samples of the 

cp-naplthyhlonic acid-1-cvl and of the a-na phthylacetic acid-l-clli were oxidized t o  

carbon dioxide by a modified Van Slykezolch wet combustion, from 0,1077 g, of 

a-na phthylnelonic a c i d - I - C ~ ~  1,2173 3 ., 101 &$ yield,  of barium carbonate was 

obtained, and from 0 .lo68 go of a-naphthaleneacetic-acid-l-~u, 1.1516 g Q, lOl.&, 

yield was obtained, All t he  barium carbonate yields reported are high by about 

1,2$ due t o  coprecfpitated barium carbonate, This correction tns determined by 

conm~ing  the pressuss of carbon d i o ~ z d e  volved from the bar~um carbonate samples 

i n  a constant volume s y t e m  172th the correspondin: pressure from a sample of pure 

bariun carbonate? 
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