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A polarographic  method was used to study the cis  (HAt) , t r ans  (HAt) , and lactol  (L) fo rms  of 
fo rmy lac ry l i c  acid (FAA) and its ethyl pseudoes te r  (E) and the i r  in te rconvers ions .  It is shown 
that the slow step in the p roce s s  E ~ L ~ - ~ H A c ~ A  c -  is hydrolys is  of E. The pH of the solution 
has a substant ia l  ef fect  on the s tate  of the equi l ibr ium in all of the s teps because of the shift  
in the equi l ibr ium H A c ~ A c - .  The equi l ibr ium constants  of all  of the s teps  and the ra te  con-  
stant of the hydrolys is  of E as a function of the pH of the solution were found. The mos t  s table 
of the three  fo rms  of FAA is HA t.  The cis form exis t s  only in solutions.  The polarographic  
reduction of HA c and HA t at the ethylene bond proceeds  at more  posit ive potentials  than the 
reduction of mate ie  and fumar ie  acids .  In cont ras t  to HAc, HA t does not form a polarographic  
dissocia t ion curve;  this is explained by the c loseness  of the potentials  for  the reduction of HA t 
and At- .  

O_/f~-~OC2H5 
--~O/\H 

E 

A number  of s tudies of the synthesis  of fo rmylac ry l i c  acid (FAA) and its pseudoes te r  (E) f rom furan 
compounds have been made in recent  y e a r s  [1, 2]. 

Fo rmylac ry l i c  acid in the lactol  form and its open cis  and t r ans  i s o m e r s  can be fo rmed by hydrolys is  
of the ethyl pseudoes te r  o f / ~ - f o r m y l a c r y l i e  acid (Scheme 1), but only the laetol  and the t r ans  fo rm of FAA 
could he isolated f rom solution [1, 3]. 
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k,-~ H coo. c~io coo~i 
I II III 

L HA c ~A  t 

c,;5~ II ~/~/CHO 

CO0/'~- CHO COO- 

(1) 

In analogy with the polarographic  behavior  of  m aleic,  fumar ic ,  and c i s -  and t r a n s - a c e t y l a c r y l i c  acids 
[4, 5], one might  expect  that  both HA t and HA c should be po la rograph ica l ly  act ive,  and a polarographic  
method was the re fo re  used  to study p r o c e s s e s  (I). 

The polarographic  c h a r a c t e r i s t i c s  of the individually isolated t r ans  fo rm of FAA as a function of the 
pH of the solution a re  presented  in Figs.  1 and 2. In this case ,  as below, only the f i r s t  wave, c o r r e s p o n d -  
Lag to the reduction of the ethylene bond, is cons idered .  The more  posi t ive El/2 value of the t r ans  fo rm of 
FAAas comparedwi th  fumar ic  acid is explained by the m o r e  pronounced negative inductive effect  of the c a r -  
bonyl group. In cont ras t  to fumar ic  acid, the so -ca l l ed  polarographic  dissocia t ion curve  was not detected 
in the case  of the t r ans  fo rm of FAA (Fig. 1); this  is apparent ly  due to the c loseness  of  the potentials  for  
the reduction of HA t and its anion At- .  The t r ans  fo rm of the acid proved to be quite s table ove r  the ent i re  
pH range,  and a dec rease  in the l imit ing cu r ren t  and a change in it with the pH of the solution could be ob-  
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Fig. 1. Dependence of the l imit ing cu r ren t  on the pH of the t r ans  fo rm 
of f i - f o rm y l ac ry l i c  acid (CHA t =4.0~ 10 -4 M): 1) f resh ly  p r e p a r e d  solu-  
tion; 2) the same solution a f t e r  15 days.  

Fig. 2. Dependence of the half-wave potentials  on the pH: 1) cis fo rm 
of FAA; 2) t r ans  fo rm of FAA; 3) male ic  acid; 4) fumar ic  acid.  

2 4 pH 

Fig. 3 .  Dependence of the 
equil ibrium l imit ing cur ren t  of 
the cis fo rm of FAA on the pH 
(the s ta r t ing  solution was the 
ethyl p seudoes t e r  of FAA; c~  = 
4.0 �9 104 M). 

se rved  only a f te r  10-15 days (Fig. 1). This  may  be explained by the 
slow convers ion  of the t r ans  fo rm to the cts fo rm and cycl izat ion of 
the la t t e r .  

We were  able to invest igate  the po la rcgraph ie  c h a r a c t e r i s t i c s  
of the cis form of FAA in solution, without isolat ion of HAc, by hydro-  
lys is  of the e s t e r  o r  t au tomer ic  convers ion  of the lactol .  This  sor t  
of invest igat ion was faci l i ta ted by the fact that the e s t e r  and lactol,  
like o ther  s i m i l a r  subs tances  [6], a re  po l a r . g r aph i ca l l y  inactive.  
The p o l a r . g r a p h i c  c h a r a c t e r i s t i c s  of HA c (+Ac-) a f t e r  reaching  
equi l ibr ium in the s teps involving hydrolys is  of the e s t e r  and t au t -  
o m e r i c  convers ion  of the lactol  to HA c (the convers ion  of HA c to 
HA t can be d i s rega rded  in modera te ly  acidic solutions and at room 
t empera tu r e )  a re  p resen ted  in Figs .  2 and 3. 

The El/2 value of the cis fo rm of FAA is m o r e  posi t ive than 
the El/2 value of male tc  acid (Fig. 2); as in the case  of the E1/2value 
of t r ans  FAA as compared  with the Eft2 value of fumar ie  acid, this  
can be explained by the s t r onge r  negative inductive effect  of the c a r -  
bonyl group. Like the E1/2 values  of ma le i c  and fumar ic  acids ,  the 
El/2 values  of t r a n s -  and c i s -FAA in the acidic pH range are  close 
(Fig. 2). T h e ~ i m  values  for  HA c are  p resen ted  tn Fig. 3. I n a s -  
much as the ra te  of  convers ion  of the e s t e r  to HA c depended on the 
pH of the solution (see below), the ilem value was reached  at d i f fe r -  
ent t imes  that  were  longer,  the higher  the pH of the solution (Table 1). 

The dependence of i l~ m on pH pas s e s  through a m a x i m u m  (Fig. 3). F rom the effect  on the l imit ing cu r r en t  
of the height of the r e s e r v o i r  containing the m e r c u r y  it was es tab l i shed  that  the cu r ren t  at pH-< 4 (r is ing 
branch of the curve) is by nature a diffusion cur ren t ,  while at pH > 5 the cu r ren t  is by nature a kinetic c u r -  
rent .  The inc rease  in iliem as the pH inc rea se s  can be explained by a shift in the equi l ibr ium to favor  the 
format ion  of the po l a r . g r aph i ca l l y  act ive product  (HAc+Ac-)  due to d issocia t ion of HAc, inasmuch as the 
sum (HA c +Ac-)  is p o l a r . g r a p h e d  in this pH region (pH <4), and the cu r ren t  by nature  is a diffusion cu r ren t .  
The descending branch of the i'l~m pH curve,  in analogy with ma le i c  and fumar ic  acids [4], is due to kinetic 
inhibition in the s tep involving protonat ion of Ac- .  This  anion is reduced d i rec t ly  at more  negative poten-  
t ia ls ,  and in the case  of  HAc, in con t ras t  to HAt, we obse rve  the usual  p o l a r . g r a p h i c  d issocia t ion  cu rves .  

A compar i son  of the i-liem value of the cis form of FAA with the l imit ing cu r ren t  of HA t o r  ma l e i c  acid 
showed that complete  convers ion  of the e s t e r  to the cis fo rm of FAA (89%) is not achieved even at the m a x -  
imum l imit ing cu r ren t  (pH 4-5).  This convers ion  comes  to only 33%at pH 0-1. After  the t a u t o m e r i c  t ra ,{s-  
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TABLE 1. Equi l ib r ium and Kinetic  P a r a m e t e r s  of  the Conve r s ion  
of  the Ethyl  P s e u d o e s t e r  of  q - F o r m y l a c r y l i c  Acid  to I ts  Open cis  
F o r m  ( C E ~  -4 M, CL~  �9 10 -4 M; 25~ 

Time required to 
pH [reach equilibrium i r eq (llim)L, 9A (il:q)E , gA k~+,min-* 

if or the ester 

0,00 
1,00 
2,09 
2,56 
3,29 
3,78 

~0,4 
~0,5 
~3 
~4 
~4,5 
~5 

1,2 
1,66 
2,16 
2,83 
2,95 

1,13 [ 87 
1,18 [ 36 
1,85 9.4 
2,30 8,8 
2,97 8,8 
3.22 8,8 

Ii4 

L . _ _  , - - - -  

100 200 300 ' [ ' ,  r a i n  

Fig.  4. Change in the l imi t ing  c u r r e n t  of  the 
cis  f o r m  of  FAA with t ime dur ing  the h y d r o l -  
y s i s  of  the e thyl  p s e u d o e s t e r  o f  FAA in so lu -  
t ions  with the following pH va lues :  1) 0.00; 
2) 1.00; 3) 2.09; 4) 2.56; 5) 3.29; 6) 3.78. 

f o rma t ion  r e a c h e s  equ i l ib r ium,  the individually s y n -  
thes i zed  lac to l  showed the s a m e  p o l a r o g r a p h i c  c h a r a c t e r -  
i s t i c s  as  in the case  of  solut ions  of  the e s t e r .  The di f -  
f e r ence  here  cons i s t ed  only in the fact  that  the equ i l -  
ib r ium in the case  of  the lactol  was  r e a c h e d  cons id e r a b ly  
m o r e  rap id ly  than in the case  o f  the s t a r t i ng  e s t e r .  

The d i f fe rence  in the p o l a r o g r a p h i c  c h a r a c t e r -  
i s t i cs  o f  the p roduc t  of  the p r o c e s s  E ~  L -~ and the in-  
dividual ly  inves t iga ted  HA t (compare  F igs .  1 and 3) 
addi t ional ly  indlc~tte tha t  the hydro lys i s  of  the e s t e r  
t e r m i n a t e s  with the fo rma t ion  of  HA c (+At - )  unde r  the 
se lec ted  condi t ions  (pH 0-8) .  

In the reg ion  of  the l imi t ing  diffusion c u r r e n t  
(pH < 5) we have 

L ~ 2 1 5 1 7 6  t i m -  ~ ' (2) 

at equ i l ib r ium:  

iq: = (t"AcJe#Ae-lo ) 
and at a g iven t ime:  

(3) 

ilim = n ([HAc] + [Ac-D, (4) 

where  the "0" pe r t a in s  to the starting_ concen t r a t i on  (CE ~ fo r  the e s t e r  and CL ~ for  the lactol) and the l im i t -  
ing c u r r e n t  c o r r e s p o n d i n g  to it (lli m was found f rom the wave of  HAt); the s u p e r s c r i p t  "e"  e x p r e s s e s  the 
magni tude  of  the concen t r a t i on  and the c u r r e n t  u n d e r  equ i l ib r ium condi t ions ;  ~t is the I I ' kov ich  cons tant ,  
and the r ymbo l s  of  the subs t ances  a r e  indicated in Scheme (1). 

Using (2) and (3) and the e x p r e s s i o n s  at equ i l ib r ium in the case  of  the s t a r t i ng  lac to l  so lu t ions :  

K" [HAeleq (5) 

~q [L]eq ' 
[H+][Ac-~q (6) 

K _  
[HAe]eq 

CL~ = [L]eq+ [HAc]eq-F [Ac].eq, (7) 

we find: 

i'-lime!H "~l (8) 
K'~q= (~lio_~l~) " ([H+]+Ka) 

Ka 
H+T. eq._ - ::" o - [ ]{'um Kli~( 'eq- '~2}____ 

K" /~ o 7eq~ 
eq ~ lira-- "Iim/ 

(9) 

F r o m  the s a m e  equat ions  [(2) and (3)] and a l so  us ing  (5) and (6) and the e x p r e s s i o n s  at  equ i l ib r ium in the 
case  o f  the s t a r t i n g  e s t e r  so lut ions  
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we find 

where 

K, ,[L]"eq [A1]eq 
eq [E]e q ' 

C~ o = [E ]e~[ L ]e~-[HAcjh q+ [Ac-]eq ' 

[A1]eq 7 [L}e~ [HAc]~q+ [A"-] eq' 

7,~q) ~ (Hm �9 �9 ( I+f)  
----- = .: eq ' K q • 'Ii~} 

(10) 

(11) 

(12) 

(13) 

f [H+] (14) 
l !  + _t_ Keq([H ], Ks) 

In the acidic pH range (0-1) Eq. (8) is s impl i f ied  ([H +] >> Ka), because i l i m e q i s  p rac t i ca l ly  independent 
of the pH (Fig. 3): 

K" = i ~  (15) 
eq 7 o__~: eq " 

lira qim 

The K~q, value (0.55 =~ 0.05) was determined by means of (15) in the case of the starting lactol solu- 
tion 0PH 1, ilim~176 #A, {lim eq =1.20 pA). Using this value and the ilim eq values (pH 2.09-3.29) for the 
starting lactol solution, on the basis of (9) we found K a = (5.4 ~- 1.0)'10 -3 (Table I). 

The K'eq value was calculated from (13) and (14) for quite acidic solutions (pH 0-1) of the ester, in- 
asmuch as in this case the accuracy in ffnding K'eq increased owing to the high equilibrium concentration 
of the ester: Keq, = (1.8 ~- 0.1) - 10 -3. 

It follows from a comparison of (Ka)HA c with (Ka)MA (MA is maleic acid) that (Ka)HA c < (Ka)MA; 
this can be explained by reinforcement of the first-stage dissociation of maleic acid due to hydrogen bond- 
ing and the opposing effect of the hydrogen bond in the case of the cis form of FAA. In the cis form of FAA 
this effect apparently prevails over the negative inductive effect of the earbonyl group, which reinforces 
dissocia t ion.  

Since the equi l ibr ium was reached  rapidly in the case  of the s t a r t ing  lactol,  it can be a s sumed  that  
the slow step in the convers ion  of the e s t e r  to (HA c +Ac-)  (Scheme 1) is the r e v e r s i b l e  hydro lys i s  step (I): 

I h~§ 

E ~ - L + A 1  
k l .  

H~t m 
HA c ~ A c  + H +  (16) 

Steps II and III a re  in equi l ibr ium.  Despite the p re sence  of s teps  II and III, it can be shown that  Scheme 
(16) is descr ibed  by the s e c o n d - o r d e r  equation of a r e v e r s i b l e  reac t ion  [7] under  the condition of subs t i tu -  
t ion of the alcohol concentra t ion (tAll) into this  equation: 

c~[A1eql+[al } (Q0_ [ A~ l~q) (17) kl+= 2.3[A1 ]eq �9 lg 
t (2CE~ [A1 ]eq) CEO ([Ateq]-- [A1 ]) 

On the basis  of  (3)-(6), (10), and (12) and cons ider ing  that  CE~ CE c -  [A1]eq for  the invest igated 
sys t em,  we find f rom (17) at constant  pH [A1]eq = (3.5-3.8) �9 10 -4 M): 

(2cEo- [all~q}k~+ (18) Veq "7 {. 

lg (~lim ~in~ = const 2.3[A1 ]eq 

Thus,  the invest igated p r o c e s s  (16) is fo rma l ly  descr ibed  by the f i r s t - o r d e r  equation of a r e v e r s i b l e  
reac t ion .  It should be noted that  this conclusion r ema ins  in force  if one a lso  takes  into account the p r e s -  
ence of a ce r ta in  amount of ethyl  alcohol (as well  as L and HA +A-)  in the s ta r t ing  e s t e r  (Fig. 4). In this 
case ,  because [A1]eq >> [A1]in ([A1]in=[0.8-1.9]" 10 -5 M) in our  expe r imen t s ,  Eq. (18) r ema ins  unchanged 
[8]. The subsc r ip t  "in" per ta ins  to t ime  t =0.  

Equation (18) is conf i rmed  by the expe r imen ta l  data (Fig. 5) - by the l inear  dependence of log (i . . e q -  
L l l i  . 

ili m) on t at constant  pH. The hydro lys i s  ra te  constant  was found f rom the slope of these  l ines (Table 1). 

643 



~E 

1.4 -~ 

0 ' 4 ~ 6  

0 , 2 ~  "'~.x ~ x .~.~ 5 

\ -b. 

Fig. 5. Ver i f icat ion of Eq. (18) at the 
following pH values:  1) 0.00; 2) 1.00; 
3) 2.09; 4) 2.56; 5) 3.29; 6) 3.78. 

The constancy of the ra te  constant  at pH 2.1-3.8 indicates c o m -  
pensat ion for  the ef fec ts  of a change in the concentra t ions  of  
the basic  and acidic ca ta lys t s  (the components  of the buffer  
mixture)  as the pH of the solution changes .  At pH < 2, speci f ic  
acid ca ta lys i s  has a s t r onge r  effect .  

E X P E R I M E N T A L  

The e s t e r  was synthes ized by the method in [9], and s a m -  
ples  f rom the Insti tute of Organic  Synthesis of  the Academy 
of Sciences of the Latvian SSR were  also used.  The pur i ty  of  
the e s t e r  was moni tored  by means  of IR spec t roscopy .  The 
t r ans  fo rm of FAA and the lactol  were  obtained by the method 
in [1]. 

The study of the po la rographIe  c h a r a c t e r i s t i c s  of  HA c 
and HA t and the invest igat ion of the kinet ics  (by record ing  the 
p o l a r o g r a m s  at different  t imes)  and of the equi l ibr ium of the 
reac t ion  (Scheme 1) were  p e r f o r m e d  in 1 M HC1, 0.1 M HCI + 
1 M KC1, and in un ive r sa l  buffer  solutions (+ 1 M KCI) with pH 

2-10. An LP-60  e lec t ron ic  po la rograph  (Czeckoslovakia)  and a t he rmos t a t ed  (at 25• O.2~ ce l lwi th  a cap i l -  
l a r y  (m =3.03 m g / s e c  and t = 2 . 7 8  sec  when E = - 1 . 0  V re la t ive  to an ex te rna l  sa tu ra ted  ca lomel  compar i son  
e lect rode)  were  used.  The oxygen was r emoved  by bubbling pur i f ied ni t rogen through the solut ions.  The 
concentra t ions  of the compounds in the po la rographic  cel l  were  as follows: CE ~ and CHAt ~ =4.0 �9 10 -4 M, 
and CL ~ =3.76 �9 10 -4 M. The ([lim~ value was 3.60 ~A. 
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