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S T R U C T U R E  OF f l - T H I O L P Y R U V I C  ACID* 

W. D. K U M L E R  AND E R N E S T  KUN**  

School o[ Pharmacy and Department o/Pharmacology and Experimental Therapeutics o/the 
School o/Medicine, University o/Cali[ornia, San Francisco, Call]. (U.S.A .) 

In a recent publication KuN 1 stated that further molecular properties of fl-mercapto- 
pyruvate will be discussed elsewhere, and this communication deals with evidence for 
the position of the keto--enol equilibrium in this compound. This is of considerable 
interest because of the manifold role of the compound in intermediary metabolism 1. 
Although the ultraviolet spectrum 1 gave evidence of the presence of some enol, it 
did not indicate the amount. A comparsion of calculated and observed dissociation 
constants and a study of the infrared spectrum is here presented to clear up this point. 
Although the dissociation constants of the compound have been run previously 2 
we felt it necessary to repeat them because the new modifications employed in the 
preparation of the compound ~ give rise to a purer product, the previous curve had 
only a few points and an irregular shape, and better instruments are now available 
for measuring pH. 

Furthermore, the unexpected observations of SCHNEIDER AND R E I N E F E L D  ~ that  
acidification of a thiolpyruvate solution to pH 3.0 results in a crystalline precipitate 
could not be confirmed with our preparation which fact also indicates desirability of a 
reinvestigation of the chemistry of fl-mercaptopyruvic acid. 

EXPERIMENTAL 

The a m m o n i u m  t h i o l p y r u v a t e  was  m a d e  as descr ibed p rev ious ly  1. The sod ium t h i o l p y r u v a t e  was  
p r e p a r e d  f rom the  a m m o n i u m  sa l t  by  pas s ing  an  aqueous  so lu t ion  of t he  a m m o n i u m  t h i o l p y r u v a t e  
t h r o u g h  a co lumn  con t a in ing  a b o u t  a tenfo ld  excess  of Dowex-5o (Na + form). The  effluent  was  
col lected d i r ec t l y  in  15 vo lum e s  of 95 % e thanol .  Sod ium t h i o l p y r u v a t e  c rys ta l l i zed  i m m e d i a t e l y  
and  was  f i l tered off a f te r  12 h s t a n d i n g  a t  4°C. The convers ion  of the  a m m o n i u m  sa l t  to  the  sod ium 
sa l t  is q u a n t i t a t i v e .  The sa l t s  were  dr ied over  P205 in a v a c u u m  in an  Abde rha l den  p is to l  a t  78° 
un t i l  t h e y  reached  c o n s t a n t  weight .  

Calculated ]or C3HTO3NS Found Calculated/or CsH303Na Found 

C = 26.27 26.17 C ~ 25.35 25.11 
H = 5-I5 5.23 H = 2.13 2.35 
N ~ lO.21 lO.12 S = 22.56 22.86 
S = 23.38 23.20 

The t i t r a t i o n  curve  in  Fig. i was  d r a w n  d i rec t ly  by  a B e c k m a n  I n d u s t r i a l  p H  Meter  Model \ ¥  
f i t ted  w i t h  a Brown  E l e c t r o n i k  recorder  and  a Synchron  m o t o r  for i n t roduc i ng  t he  ac id  or base by  
means  of a h y p o d e r m i c  syr inge.  The  i n s t r u m e n t  was  s t a nda rd i zed  w i t h  buffers of k n o w n  pH.  The  
t i t r a t i o n  was  car r ied  out  w i t h  a p p r o x i m a t e l y  20 mg  of the  sod ium t h i o l p y r u v a t e  d issolved in 
25 ml  of wa te r .  The  acid and  base used in the  t i t r a t i o n s  were  a p p r o x i m a t e l y  I N. The  mid -po in t s  

Suppor t ed  b y  g ran t s  f rom the  U.S. Pub l i c  H e a l t h  Service (Hea r t  H-2897 and  Cancer, C-32 ~ i ). 
** Es t ab l i shed  i n v e s t i g a t o r  of the  A m e r i c a n  H e a r t  Associa t ion ,  Inc. 
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on t he  curve  t h a t  was  p rev ious ly  pub l i shed  ~ for th i s  c o m p o u n d  a t  p H  2.5 and  9.7, are  to  be com-  
pared  wi th  our  va lues  of 3.I and  9.0. For  t he  reasons  s t a t ed  p rev ious ly  we are incl ined to believe 
ou r  va lues  a re  more  reliable. A n o t h e r  t i t r a t i on  which  is no t  shown  was  r u n  in a p p r o x i m a t e l y  
5o % b y  v o l u m e  a l coho l -wa te r  solut ion,  so t h a t  t h e  second dissocia t ion c o n s t a n t  t h u s  de t e rmined  
would  be  compa rab l e  to t he  c o n s t a n t s  for m e r c a p t a n s  in t h e  l i tera ture .  The  mid -po in t  of th is  
cu rve  is a t  a p H  of 9.5 wh ich  is 0.5 h ighe r  t h a n  t he  mid -po in t  in wa t e r  as m i g h t  be expected .  

The  infrared spec t r a  were ob ta ined  on t he  solids in p o t a s s i u m  bromide  pellets  m a d e  in v a c u u m  
u n d e r  25,ooo lb. pressure .  A Pe rk in  E l m e r  Model 2i i n s t r u m e n t  wi th  s o d i u m  chloride opt ics  
was  used.  

RESULTS AND DISCUSSION 

/ ~ - T h i o l p y r u v i c  a c i d  m i g h t  b e  e x p e c t e d  t o  e x i s t  a s  a n  e q u i l i b r i u m  m i x t u r e  o f  t h e  k e t o  

( t h i o l k e t o )  a n d  t h e  e n o l  ( e n e t h i o l o l )  f o r m s .  
H 

O O O O 

IJ Jl J jj 
H S - - C H z - - C - - C - - O H  ~-  H S - - C H  = C - - C - - O H  

ke to  (thiolketo) eno] (enethiolol) 

Evidence with regard to whether the compound is mainly in the keto or the enol 
form can be obtained from a comparison of the observed dissociation constants with 
those calculated for the keto structure. The first pKa of fl-thiolpyruvic acid can be 
estimated from the constant 3 of pyruvic log Ka = --2.49 by taking into account 
the effect of the sulfhydry] group. Sulfur has an inductive constant of +3 .4  on 
BRANCH AND CALVIN'S scale 4. Assuming that the equation they have developed for 
acetic acid derivatives holds also for pyruvic, the calculated value would be 

+ 3.4 
0'3 × 2.8 

log Ka l  = - - 2 . 4 9  + = - - 2 . 1 4  
(I + 0.03) X 3-4 

2.8 

The titration curve for fl-mercaptopyruvic acid, Fig. I, shows the mid-point of the 
ti tration for the carboxyl group to be at pH of 3.1, indicating the actual compound 
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Fig. i .  T i t r a t ion  curve  for f l - th io lpyruvic  acid in water .  
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is considerably weaker than would be expected for the keto form. The enol would be 
OH 

expected to be slightly weaker because of the > C = d-structure in place of the 
O 

H ~r 
- - C - - C - - ,  but a more important factor, that is acid weakening for the carboxyl 
group in the enol is a contribution from the resonating form with a separation of 
charge 

H H 
O O O O 

+ H I [ H r ii 
H S  = C - - C  = C - - O H  + - - -  > H S - - C  = C - - C - - O H  

which puts a negative charge on the carboxyl oxygen. This would cause the positive 
proton to be held more tenaciously and consequently decrease the first dissociation 
constant. Since an analogous resonating form cannot be written for the keto structure, 
this difference between the observed and calculated pK 1 is evidence for the compound 
being in the enol form. 

The second dissociation constant could arise from either the ionization of the 
SH or the OH group. If it arises from the SH group the contribution of the form with 
a separation of charge (B) 

H H 
0 0 0 

H [ rJ + H J r 
H S - - C  = C - - C - - O  < > H S  = C - - C  = C - - O  

A B 

to the enol structure will have a noticeable effect on the value of the second dissocia- 
tion constant. One would normally expect the SH group to be responsible for the 
second dissociation constant, since hydrogen sulfide, K= = 9.1.1o -8 is a stronger 
acid than is water Ka ~ 1.8"1o -16 and mercaptans are stronger acids than are 
alcohols, fi-Thiolpyruvic acid if mainly in the enol form is analogous to ascorbic acid 

H 
S O H  O O H  O H  O 

I ] i~ [ I il 
- - C  ~ C - - C - - O - - ,  - - C  = C - - C - - O - -  

3 2 I 

and the latter has a dissociation constant around lO -4 5,6. It  has been shown ~ that the 
acid hydrogen in ascorbic acid is attached to the oxygen on the No. 3 carbon and not 
to the oxygen on the No. 2 carbon. Therefore, it is clear that the second dissociation 
constant of fi-thiolpyruvic acid must come from the SH which is in the same relative 
position as the strongly acidic OH group in ascorbic acid. 

The second dissociation constant for the keto structure can be estimated from 
O O 

, II 
the calculated inductive effect of the - - C - - C - - O -  group on the dissociation of methyl 
mercaptan. Ethyl  mercaptan has a log K a of - -12.o  s and n-butyl mercaptan --12.4. 

O 

Methyl mercaptan would then be a bit stronger, say --11.8. The - - C - -  group will 
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0 

increase this by approximately +5.0/2.8 = +1.78 and the - -~- - (~  group by  
- -1 .9 (2 .8 )3=- -0 .242  so the calculated dissociation constant for the SH group in 

O O 
II n 

HS--CH2--C--C-- ( )  is - - I I .8 -o .24  + 1.78 ~ - - I O . 3 .  The measured dissociation 
constant taken from the mid-point in the titration curve is --9.5.  This was run in 
approximately 50% alcohol-water solution so it would be comparable to the cal- 
culated value which was based on the constant for the mercaptan which was also 
run in alcohol-water solution. 

It  is apparent that the observed dissociation constant for the SH ionization is 
0.8 of a log K s unit stronger than the calculated value. However, if the compound 
is in the enol form and has appreciable contribution from the form with a separation 
of charge which puts a plus charge on the sulfur, that is just what would be expected, 
for the plus charge on the sulfur would repel the positive proton and make the second 
dissociation constant larger. 

The infrared spectra shown in Fig. 2 for sodium pyruvate, ammonium fl-mercapto- 
pyruvate and sodium fl-mercaptopyruvate also gives evidence with regard to the 
amount of enol in fl-thiolpyruvic acid. The spectrum of sodium pyruvate has a strong 
band at 5.85 /~ which is attributed to the C ---- O group and a band at 6.15/z which 
is due to the carboxyl ion. One of the shoulders on the carboxyl ion band probably 
arises from the C ---- C group. At 2.95 ~ is a low band which is assigned to the enolic 
hydroxyl group. The height of the keto band as compared with the enol band suggests 
the compound is mainly in the keto form. 

The curve for ammonium fl-thiolpyruvate has a strong band at 6.23 which is 
attributed to the carboxylate ion but  only a very low shoulder is present at 5.8, 

~ A T  S O D I U M  E\ 

MICRONS 

Fig. 2. Inf rared  spectra.  Sodium th io lpyruvate  0. 5 mg in 300 mg  of po tass ium bromide. Sodium 
py ruva t e  i .o mg in 300 mg  of po tass ium bromide. A m m o n i u m  th io lpyruvate  i .o mg in 3o0 mg  

of po tass ium bromide. 
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i n d i c a t i n g  v e r y  l i t t l e  of t h e  k e t o  f o r m  is p r e s e n t .  T h e r e  is a s t r o n g  b a n d  a t  2.93 w h i c h  

is a t t r i b u t e d  to  a n  eno l ic  O H  a n d  o n e  a t  3.18 w h i c h  m a y  a r i se  f r o m  a h y d r o g e n  

b o n d e d  h y d r o x y l  or  f r o m  t h e  a m m o n i u m  ion.  T h e  b a n d s  a t  3 .40 a n d  3.53 also m u s t  

c o m e  f r o m  t h e  a m m o n i u m  ion  a n d  t h e  C - H .  T h e  b a n d  a t  lO.42 is a t t r i b u t e d  to  t h e  

S H  g r o u p .  

T h e  c u r v e  for  s o d i u m  ~ - t h i o l p y r u v a t e  h a s  a b a n d  a t  6 .14 d u e  to  t h e  c a r b o x y l a t e  

ion ,  a low s h o u l d e r  a r o u n d  5.85 p o s s i b l y  due  to  t h e  C ~ 0 a n d  a s h a r p  b a n d  a t  2.94 

d u e  to  t h e  eno l ic  h y d r o x y l  g r o u p .  T h e  low e x t i n c t i o n  of t h e  b a n d  g i v i n g  r i se  to  t h e  

s h o u l d e r  a t  5.85 p lu s  t h e  r e l a t i v e l y  h i g h  b a n d  a t  2 .94 sugges t s  t h i s  c o m p o u n d  is 

m o s t l y  in  t h e  enol  fo rm.  
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SUMMARY 

The discrepancy between the observed dissociation constants  (pK 1 ~ 3.1 in H20 and pK 2 = 9.5 
in 5 ° % ethanol) as compared to the  calculated values (p/t" 1 = 2.14 in H20  and pK~ = lO. 3 in 
5 ° % ethanol) for the  keto form of fl-thiopyruvic acid can be explained by the contr ibution of the 
enol form of this  acid, which in solution tends to diminish the dissociation of the carboxyl group 
and simultaneously increase the acidity of the thiol group. This evidence indicates t ha t  fl-thiol- 
pyruvic acid when in solution in the  range of pH 2 to io is more in the enol form than  is pyruvic 
acid. Comparison of the infrared spectra of ammonium fl-thiolpyruvate, sodium fl-thiolpyruvate 
and sodium pyruvate  shows t ha t  in the  solid crystalline state fl-thiolpyruvate ion exists almost 
completely in the  enol form. Sodium pyruvate  has a strong band at  5.85 # a t t r ibuted to the 
C = O group, while the  crystalline fl-thiolpyruvates have only low shoulders at  5.85 #, indicating 
t ha t  only a small amount  of the keto form is present. Both of the thiol salts have high bands at  
2.93 and 2.94 # arising from OH groups. They also have bands at  IO. 4 p which are a t t r ibuted 
to the SH group. 
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