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SUMMARY 

2-Methylpropionic1 n-butyric, 2-methyl bu ty r i c  and n-heptanoic 
2 acids labe l led  w i th  13C o r  H a t  various posi t ions were synthesized. 

Carbon-13 was introduced t o  the carboxyl group by Grignard syn- 

thesis. Malonate ester synthesis was u t i l i z e d  t o  introduce 

labe l led  methyl group(s) a t  2-posit ion o f  the branched acids. 

Procedures f o r  small scale synthesis by these comnonly used 

methods are described i n  de ta i l .  

the introduct ion o f  a deuterium a t  the 2-posit ion o f  these car- 

boxyl i c  acids by decarboxylation o f  the corresponding carboxyl- 

deuterated malonic ac id  i s  descrfbed. 

I n  addit ion, a novel method f o r  
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INTRODUCTION 

For our studies on the metabolism o f  branched chain amino acids, we required 
2 2-methylbutyrates and 2-methylpropionates labe l led  w i th  H and 13C a t  various 

posi t ions (1). Although a va r ie t y  o f  methods are su i tah le  f o r  synthesizing short- 

chain carboxyl ic acids (21, we chose malonate ester synthesis ( 3 )  as a means o f  

introducing stable isotope labels t o  hydrocarbon chains and Grignard synthesis (2) 

t o  introduce 13C i n t o  c a r b o y l i c  carbons. The comnercial a v a i l a b i l i t y  a t  r e l a t i v e l y  
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low cost o f  labe l led  a lky lha l ides  and %02 makes these approaches p a r t i c u l a r l y  

a t t rac t i ve .  

Malonate ester and Grignard syntheses are comnonly used methods f o r  the syn- 

thesis o f  carboxyl ic acids, bu t  d e t a i l s  i n  the l i t e r a t u r e  are incomplete regard- 

ing  t h e i r  p rac t ica l  app l i ca t ion  t o  the preparation o f  13C and H l abe l l ed  com- 

pounds. 

2 

We describe here i n  d e t a i l  the  small scale syntheses o f  2-methylpropionic- 
1- 13 C, 2-methyl-13C-propionic-3-13C, 2-methyl- 2 H3-propionic-3,3,3- 2 H3, and 2- 

methyl- 2 H3-butyric and 2 - m e t h y l b ~ t y r i c - l - ~ ~ C  acids. 

2 methylpropionic-3,3,3- H3 acids. Also included are 2-1nethyl-~~C-butyr ic,  2- 

I n  addit ion, a novel method f o r  the in t roduc t ion  o f  deuterium a t  the 2- 

pos i t ion  decarboxylation o f  malonic acids i s  described i n  t h i s  report,  w i th  

data from the syntheses o f  2-methylbutyric-2- H, butyr ic-2- H, and heptanoic-2- 

2H acids. I n  comparison w i th  other methods, t h i s  technique has the  advantages o f  

shorter react ion time, simpler procedure, smaller amounts o f  deuterium precursors 

such as H20 required and i s  spec i f i c  f o r  mono-deuteration. 

2 2 

2 

RESULTS AND DISCUSSION 

The synthet ic schemes are sumnarized i n  the  fo l low ing  reac t ion  sequences: 

I. Synthesis o f  2-methyl -l 3C-propionic-3-1 3C and 2-methyl - 2 H3-propionic-3 J.3- 

2H3 acids v ia  d ia l ky la t i on  o f  malonic esters 

R .-  
l .KOH,A I 

b R-CH-COOH 
1. Na OEt, Et OH 
2. 2 R I  2. H+ 

CH,(COO Et1,- R,C ( COOEt 1, 

3. A 

R : C2H, or I3CH3 
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2 2 
11. Synthesis o f  2-methylpropionic-3,3,3- Hg, 2-methyl- H3-butyric, and 2- 

methyl-13C-butyric acids v ia  monoal ky la t i on  o f  malonic esters. 

R' R '  
1. NaOEt, EtOH . R-C 1 (COOEt ' *  A. R-&+CooH 
2. dI 2. Hi 

RCH(COOEt), 

3. A 

111. Grignard synthesis o f  2-methylpropionic, 2-methyl bu ty r ic  and bu ty r i c  acids 

labe l led  a t  the carboxyl group. 

R' R '  
I I. M g , E t 2 0 , A  

R- CH - Br R-&H-'3COOH 
2. ' 3 ~ 0 ,  

3. Hi 

R:  CH, Or CHSCHZ 

R': CH3 or H 

2 I V .  Synthesis o f  a lkyl-2- H carboxyl ic acids. 

R' R' 
I I .  A I 

b R-C(C002H), - R-C2H-COOH 
2Hi, 2H20 

R' 
I 

R-C (COOKI2 
2. H20 

R and R'vary depending on 
the desired product 

The malonate es ter  synthesis o f  2-methyl butyrates and 2-methylpropionates 

Ethanol and fol lowed para1 l e l  procedures except f o r  the  decarboxylation step. 

sodium ethoxide (prepared i n  s i t u )  were e f fec t i ve  as solvent and base, respective- 

ly, although other choices are avai lable (e.g., benzene-Na; toluene-K) (3). 

our experiments, we d i d  d ia l ky la t i on  o f  unsubsti tuted malonate o r  monoalkylation 

o f  mono-substituted malonate. Since we d i d  not have t o  be concerned w i th  exces- 

s ive a l ky la t i on  we chose the most react ive hal ide, the iodide. I n  the synthesis 

o f  s t ra igh t  chain acids y& mono-alkylation o f  mlonate,  i t  i s  possible t o  prevent 

I n  
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o r  l i m i t  d i a l ky la t i on  by taking su i tab le  precautions (e.g., la rge  solvent excess, 

less  reac t ive  hal ides) ( 3 ) .  

excess o f  the a l k y l  iod ide  and sodium ethoxide. 

ments w i t h  natural  abundance compounds we observed t h a t  the  reac t ion  was much 

more complete w i t h  the excess amounts o f  the reagents. 

To maximize our y i e l d s  and p u r i t y  we used a s l i g h t  

I n  several prel iminary experi- 

We d i d  no t i ce  t h a t  saponi f icat ion was considerably easier t o  ef fect  for  

d ie thy l  2-ethyl-2-methylmalonate than f o r  d ie thy l  2,2-dimethylmalonate. This i s  

ref lected i n  the amount o f  t ime required f o r  saponi f icat ion.  The hydrolysis of 

the former required only 12 hours o f  heating under r e f l u x  i n  12.5 N KOH i n  H20, 

whereas tha t  o f  the l a t t e r  took 24 hours under the same condit ions. It i s  wel l  

known tha t  the ease o f  saponi f icat ion o f  malonate esters i s  dependent upon the 

structure,  y e t  the observed d i f fe rence was much more profound than expected f o r  

such s im i la r  compounds. 

The decarboxylation o f  2-ethyl-2-methylmalonic ac id  proceeded e f f i c i en t l y  by 

re f l ux ing  i n  aqueous s u l f u r i c  acid. 

decarboxylate 2,2-dimethylmalonic ac id  i n  aqueous so lu t i on  even w i t h  a la rge  

amount of su l fu r i c  ac id  and long r e f l u x  times ( f i v e  days). We pyrolyzed the 

c rys ta ls  of the 2,2-dimethylmalonic ac id  a t  195°C t o  accomplish decarboxylation. 

This i s  i n  accord w i th  the observations o f  Nor r is  (4) who reported a decomposi- 

t i o n  temperature f o r  dimethylmalonic ac id  considerably higher than f o r  s t ruc tu r -  

a l l y  s im i l a r  d i a l  kylated malonic acids. 

I n  contrast, we were unable t o  completely 

I n  the Grignard syntheses a closed system was necessary t o  make e f f e c t i v e  

C02. To accomplish t h i s  we f roze  the Grignard reagent i n  the re- 13 use of the 

ac t ion  f lask w i th  l i q u i d  ni t rogen and evacuated the  system p r i o r  t o  the introduc- 

t i o n  of 13C02 as discussed i n  EXPERIMENTAL. 

Several methods are ava i lab le  f o r  introducing deuterium i n t o  the 2-posi t ion 

of carboxyl ic acids. The method described by Atkinson, Csakvary, Herbert and 

Stuart  (5)  requires prolonged ( fo r  24 hours) and repeated ( 5  times) heating a t  

15OOC of a 2.5 M so lu t ion  of the potassium o r  sodium s a l t  i n  H20 i n  the presence 

of a small amount of sodium o r  potassium deuteroxide. A la rge  excess o f  deuterium 

oxide i s  necessary. Caspar, Greff and Wolf f  (6) proposed r e f l u x i n g  the ac id  as 

2 
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2 the methyl ester w i th  CH30Na i n  a CH30 H/HMPT (hexamethyl phosphoric t r iamide) 

solut ion. The react ion times f o r  t h i s  method are shorter bu t  the percent incor-  

porat ion o f  deuterium i s  lower than t h a t  obtained by the former method. These 

two methods are not spec i f i c  for  monodeuteration of acet ic and mono-substituted 

acet ic acid. 

It has been suggested t h a t  deuterium quenching of the 2-metalated ( l i t h i a t e d )  

a l i pha t i c  acids i s  a valuable method f o r  introducing one o r  two deuter ium i n  the 

2-posit ion (7). However, the effect iveness o f  incorporat ion appears t o  be va r i -  

able f o r  d i f f e r e n t  acids. 

We describe here an a l te rna t i ve  method f o r  the synthesis o f  2-deuterated 

carboxyl ic acids based upon the decarboxylation o f  carboxyldeuterated malonic 

acids as i l l u s t r a t e d  i n  Scheme I V .  The react ion mechanism can probably be ex- 

pressed by the fol lowing equation i n  analogy t o  tha t  f o r  the decarboxylation of 

carboxyldeuterated 3-keto acids (8) (Fig. 1). 

Fig. 1. Mechanism o f  decarboxylation o f  carboxyldeuterated malonate t o  
produce 2-deuterated carboxyl i c  acids. 

The advantage o f  t h i s  method can be summarized as 1) short  react ion time f o r  

deuterium incorporation, 2) economical use o f  deuterated precursors, 3)  easy re- 

covery o f  products and 4) good percent deuterium enrichment. 

o f  t h i s  react ion i s  l i m i t e d  by the a v a i l a b i l i t y  o f  malonic ac id  precursors and 

the percent incorporation o f  deuterium by t h i s  method i s  somewhat lower than those 

obtained by the method o f  Atkinson, e t  a l .  (5). 

However, the u t i l i t y  



374 B.H. Bareta, C.P. Lo110 and K. Tunaka 

EXPERIMENTAL 

Materials?--The mater ia ls labe l led  w i th  stable isotopes were procured from 
2 the fol lowing companies. Methyl-2H3 iodide (99+ atom % H), water-2H2 (99.5 

atom % H), and 98% s u l f u r i c  acid- H2 (99.5 atom % H) i n  H20 were from A ldr ich  

Chemical Corp., Milwaukee, W I .  Methyl-l3C iodide (90+ atom % 13C) and carbon- 

13C dioxide (90 atom % C) were f r o m  Merck, Sharpe and Dohme, Montreal, Canada. 

2 2 2 2 

13 

Analysis o f  products---Chemical p u r i t y  o f  a l l  o f  the compounds was analyzed 

by gas chromatography both as f ree  ac id  and as methyl es te r  using 25% neopentyl- 

glycol adipate - 2% phosphoric ac id  and 10% OV-11 columns, respectively. The 

structures and isotope enrichment o f  a l l  products were v e r i f i e d  by both gas 

chromatograph-mass spectrometry (GC/MS) as we1 1 as by proton nuclear magnetic 

resonance (NMR) . 
GC/MS was performed on a Varian MAT 111 gas chromatograph-mass spectrometer 

using a 10% OV-11 column as the i n l e t  column. The acids were analyzed as methyl 

esters. The molecular i o n  o r  (M-15)' i o n  was analyzed f o r  i so top ic  enrichment i n  

the 2-methylpropionates and 2-methyl butyrates, respect ively.  Appropriate f rag- 

ment ions were used f o r  analysis o f  i so top ic  enrichment t n  the other compounds 

synthesized. The column temperature was 50°C; the i n jec to r  temperature 250°C; 

separator temperature 300°C; i n l e t  l i n e  temperature 280°C and the i o n  source 

temperature 250°C. The ion i z ing  voltage was 80 eV. 

Nuclear magnetic resonance was performed on the f ree  acids i n  so lu t ion  using 

e i ther  a Bruker HX-270 or a Varian T-60 NMR spectrometer. Typical concentration 

of the samples was 30 mg per m l  H20. Comparison w i th  corresponding natural 

abundance compounds and analysis of coupling due t o  the 13C and H i n  each case 

helped t o  prove the s t ruc tu re  and t o  measure the isotope enrichment. 

richment determined by GC/MS and by NMR agreed t o  w i th in  5%. 

2 

2 

Isotope en- 

Sodium 2-methyl-13C-butyrate (l)---Clean sodium (0.0213 ml) was placed i n  a 

25 m l ,  argon flushed, round-bottom f l ask  equipped w i th  a magnetic s t i r r i n g  bar, 

r e f l u x  condenser connected t o  a mineral o i l  bubbler and an add i t ion  funnel. Slow 

argon gas flow was maintained throughout the reaction. Ethanol (4 ml)  previously 
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d i s t i l l e d  over sodium was placed i n  the add i t ion  funnel. 

added t o  the sodium w i th  s t i r r i n g  a t  room temperature. A f te r  re f lux ,  which 

occurred during the addit ion, had subsided, a heating mantle was used t o  ra i se  

the react ion temperature u n t i l  the sodium melted (98OC). The remainder o f  the 

ethanol was added dropwise and re f lux  was continued. A f te r  one hour, a l l  the 

metal was consumed and a yel low so lu t ion  resul ted w i th  some white p rec ip i ta te .  

1.5 m l  o f  ethanol was 

The sodium ethoxide so lu t ion  was cooled u n t i l  r e f l u x  subsided and d ie thy l  2- 

ethylmalonate (0.0172 mol) was added dropwise t o  the sodium ethoxide w i th  constant 

s t i r r i n g .  The mixture was then s t i r r e d  vigorously w i th  m i l d  heating u n t i l  a l l  

the p rec ip i t a te  dissolved. These condit ions were continued f o r  one hour t o  maxi- 

mize formation of the malonate ester enolate. Methyl-13C iodide (0.0210 mol) was 

added very slowly t o  the react ion whi le heating was interrputed. 

so lu t ion  resulted. Reflux was run f o r  three hours a f t e r  complete addit ion. 

A mi lky white 

Heating and argon f low were stopped and the so lu t ion  cooled t o  room tempera- 

tu re  w i th  s t i r r i n g .  The react ion mixture was washed w i th  10 m l  o f  water t o  ex- 

t r a c t  ethanol. The upper layer  was pipetted o f f  and placed i n t o  a round-bottom 

f l ask  with a r e f l u x  condenser. A co ld  so lu t ion  o f  potassium hydroxide (0.125 mol) 

i n  10 m l  o f  water was added and the mixture was vigorously ref luxed f o r  twelve 

hours w i th  s t i r r i n g .  

Su l fu r ic  ac id  (0.0828 mol) was added dropwise t o  the ice-cooled react ion 

f l ask  w i th  s t i r r i n g .  The a c i d i f i e d  so lu t ion  was ref luxed f o r  three hours t o  e f -  

f e c t  decarboxylation o f  the d isubs t i tu ted  malonic acid. The cooled so lu t ion  was 

extracted s i x  times w i th  equal volumes o f  d ie thy l  kther. The organic extracts 

were dr ied  over anhydrous sodium sul fate,  f i l t e r e d ,  solvent evaporated under re- 

duced pressure and the 2-methyl-13C-butyric ac id  (b.p. 177OC) d i s t i l l e d  i n  a mini- 

d i s t i l l a t i o n  apparatus between 120" and 150°C. The d i s t i l l a t e  was t i t r a t e d  t o  

pH 9.0 w i th  1.0 N sodium hydroxide and the resu l t i ng  s a l t  so lu t ion  lyoph i l i zed  t o  

y i e l d  the product. The chemical pur i t y ,  isotope enrichment and y i e l d  were 99, 90 

and 63%, respectively. 

Sodium P-meth~l-~H,-butyrate (2)---This - deuterated compound was prepared i n  

the same manner as compound 1. Trideuteromethyl iodide was u t i l i z e d  as the 
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a lky la t i ng  agent. 

uc t  were 98, 99 and 57%, respect ively.  

The chemical pu r i t y ,  isotope enrichment and y i e l d  o f  the  prod- 

Sodium 2-methyl-13C-propionate-3-13C (3J---The sodium ethoxide so lu t ion  was 

prepared from 0.0415 mol o f  sodium and 10 m l  o f  ethanol and the sodium enolate 

prepared from malonate d ie thy l  es te r  (0.0187 mol) both as described f o r  compound 

1. Dia lky la t i on  was achieved by adding 0.0420 mol o f  13CH31. Reflux was con- 

t inued f o r  s i x  hours. 

Af ter  washing w i th  10 m l  o f  water, the  ester layer  was p ipe t ted  o f f  and re- 

f luxed w i th  potassium hydroxide (0.1363 mol) i n  12 m l  water f o r  twenty-four hours 

t o  complete saponi f icat ion.  The cooled so lu t ion  was a c i d i f i e d  t o  pH 1 and ex- 

t rac ted  w i th  d ie thy l  ether. The organic ex t rac ts  were d r ied  over anhydrous sodium 

sul fate,  f i l t e r e d ,  and the ether removed on a ro ta ry  evaporator. 2,2-Dimethyl- 

13C-malonic ac id  was rec rys ta l l i zed  from ether by add i t ion  o f  hexane. The re- 

covered ac id  was d r ied  a t  60°C. 

The ac id  c rys ta l s  were placed i n  a 25 m l  round-bottom f l ask  w i t h  a magnetic 

s t i r r e r  and r e f l u x  condenser attached t o  a mineral o i l  bubbler. The f l ask  was 

heated by an o i l  bath. The temperature was ra ised slowly t o  195°C a t  which po in t  

decarboxylation started. A f te r  evo lu t ion  o f  carbon dioxide ceased, the  f l ask  was 

kept imnersed i n  the o i l  bath a t  180°C f o r  one hour. The resu l t i ng  P - ~ n e t h y l - ~ ~ C -  

propionic -3-13C ac id  was d i s t i l l e d  and t i t r a t e d  t o  pH 9.0 w i t h  1.0 N sodium 

hydroxide (aqueous). The s a l t  was l yoph i l i zed  t o  y i e l d  the product. The chemical 

pur i t y ,  and y i e l d  were 99 and 44%, respect ively.  The isotope enrichment was 90% 

a t  each methyl group. 

2 2 Sodium 2-methyl- H3-propionate-3,3,3- H3 @)---This deuterated ac id  was pre- 

pared i n  the same manner as compound 3. 
the a l ky la t i ng  agent. The chemical pu r i t y ,  isotope enrichment and y i e l d  were 99, 

99 and 34%, respect ively.  

Trideuteromethyl iodide was u t i l i z e d  as 

Sodium P-methylpropionate-3,3,3- 2 H, @)---This deuterated ac id  was prepared 

i n  a manner s im i la r  t o  the synthesis o f  compound 3, except tha t  the s t a r t i n g  

mater ia l  was d ie thy l  2-methylmalonate. The r a t i o  o f  the amounts o f  sodium, 
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2 malonate es ter  and methyl- H3 iod ide  was 1.11:1.00:1.11. 

isotope enrichment and y i e l d  were 97, 99 and 29%, respectively. 

The chemical pu r i t y ,  

2 Sodium 2-methylbutyrate-2- H (~)---2-Ethyl-2-methylmalonic ac id  was prepared 

from d ie thy l  2-ethylmalonate i n  the same manner as compound 1, a lky la t i ng  w i th  

CH31. 

The s a l t  was dr ied  under reduced pressure (1.0 mn Hg). 

dissolved i n  15 m l  o f  deuterium oxide and a c i d i f i e d  w i th  2H2S04 t o  pH 1.0. The 

so lu t ion  was extracted w i th  d ie thy l  ether, d r ied  over anhydrous sodium sul fate,  

f i l t e r e d  and rec rys ta l l i zed  from ether by add i t ion  o f  hexane. The recovered crys- 

t a l s  were dr ied  under vacuum a t  room temperature f o r  24 hr. The ac id  was placed 

i n  a .50 m l  round-bottom f l ask  f i t t e d  w i th  r e f l u x  condenser connected t o  a mineral 

o i l  bubbler. The ac id  was pyrolyzed i n  the manner already described f o r  compound 

- 3. The d i s t i l l e d  ac id  was t i t r a t e d  with sodium hydroxide and lyoph i l i zed  t o  y i e l d  

the product. The chemical p u r i t y  and isotope enrichment were 98 and 80%, respec- 

t i v e l y .  Although i t  was not determined accurately, the y i e l d  was high as expected 

from the simple procedure. 

The d isubs t i tu ted  malonic ac id  was converted t o  the dipotassium sa l t .  

Ten grams o f  the s a l t  was 

2 

method o f  Atkinson, e t  a l .  (5). The chemical pu r i t y ,  isotope enrichment, and 

y i e l d  were 99, 73 and 54%, respectively. 

Sodium 2-methyl propionate-2- H ( l ) - - -This deuterated acid was prepared by the 

2 Sodium butyrate-2- H @)---This ac id  was prepared from ethylmalonic ac id  i n  

the same manner as compound 6. The chemical p u r i t y  and isotope enrichment were 

99 and 80%, respectively. The y i e l d  was no t  determined. 

2 Sodium heptanoate-2- H @)---This ac id  was prepared from n-pentylmalonic ac id  

The chemical p u r i t y  and isotope enrichment were 

The y i e l d  was not determined. 

i n  the same manner as compound 6. 
93 and 61%, respectively. 

Sodi um 2-methyl butyrate-1 -l 3C (a ) - - -Th i  s compound was prepared by G r i  gnard 

react ion o f  s-butylmagnesium bromide with 13C02 accordlng t o  the method o f  

Marshall, e t  a l .  (9). To adapt t h i s  f o r  our purposes, we froze the Grignard re- 

agent i n  a one-half l i t r e  double-necked f lask a t  l i q u i d  ni t rogen temperature. A 



378 B . H .  Bareta, C.P .  LoZb and K. Tanaka 

sealed one l i t r e  glass ampoule o f  13C02 was attached by a shor t  rubber tube t o  a 

stopcock tha t  was f i t t e d  on t o  one neck o f  the f lask .  

evacuated t o  1.0 mn Hg. The stopcock leading t o  the pump was closed and the  seal 

on the ampoule was broken. The 13C02 expanded i n t o  the reac t ion  f l ask .  The am- 

poule was warmed s l i g h t l y  by hand t o  fo rce  most o f  the  gas i n t o  the  reac t ion  

vessel. A f te r  ten minutes the stopcock leading t o  the  ampoule was closed. The 

react ion vessel was t rans fer red  t o  a Dry Ice/isopropyl alcohol bath where i t  re- 

mained f o r  twenty minutes. The reac t ion  mixture was then s t i r r e d  i n  an i c e  bath 

f o r  one hour. 

The e n t i r e  system was 

The f l ask  was opened t o  the atmosphere and d i l u t e d  w i t h  water a t  O"C, ac id i -  

f i e d  w i th  6.0 N HC1, and the organic l aye r  removed. The water layer  was extracted 

several times w i t h  d ie thy l  ether and a l l  the organic layers were combined and 

d r ied  over anhydrous sodium sul fate.  The ac id  was iso la ted  i n  the same manner as 

compound 1. The chemical pur i t y ,  isotope enrichment and y i e l d  were 99, 92 and 82%. 

respect i vel y . 

Sodium 2-methylpro~ionate-l-~~C (=)---This compound was prepared i n  the same 

manner as compound fi from the  reac t ion  o f  isopropylmagnesium bromide w i th  13C02. 

The chemical pu r i t y ,  isotope enrichment and y i e l d  were 99, 90 and 74%, respective- 

ly. 

Sodium butyrate-l-13C ( l2)---This compound was prepared i n  the same manner as 

compound fi, from the reac t ion  o f  propylmagnesium bromide w i t h  13C02. The chemical 

pur i t y ,  isotope enrichment and y l e l d  were 99, 92 and 81%, respect ively.  
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