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Abstract- -With 3-hromo-2-oxopropanoate (u bromopyruvate) and its ethyl ester, the ionisation of the 

pcmdiol of the hydrated form BrCH? C(OH), COOR 1 initiates rhecliminatlon of bromide anion yielding 

3-hydroxy-2-oxopropanoate 2 (P-hydroxypyruvatc). The mechanism of the reactlon was investigated 

essentially by polarography in aqueous solution. 
In neutral (and acid) media. the polarographic behaviour of 2 rcsem bled that of other r-ketoacids: 

reductmn at the mercury clecctrode yielded glycerate. 
In alkahncmedla. there wascvldenceofthccarbanion cnolatc O-CH=C’IOH)-COO-.3’ Theoverall 

rateconstant wasdetermlncdaccording foa kinetlcla* ofthetype:t, = k./ZI.:OH -1: found k = 1,56mln-’ in 

NaOH 0.5 N at 25”. 
In the pH range 10.5 to 11.5.3’existed in minor amounts and initiated a slow afdol condensation with the 

taulomer 3-oxo-2-hqdroxypropanoatc 4 (tarlronate semialdehyde) accordmg to a kinetic law of the type 

\ = k./Z/‘.]OH 1 found k = 21 I.mol ’ min ‘at2S.atpHll.O. 

The aldol product was isolated as a sodium Salk and its structure established by IJC NMR. 

The formation of stable hydrates is we11 known for 
ketones containing several electronegative groups. In 
previous papers we Investigated two polyketoncs: 
leuconic acid’ and ninhydrin3 

The pK values of their corresponding gcmdlol- 
gemol-elate equilibria: 

\ \ 
C(OH ): ti C(0’ ,OH J + H L 

/ / 

weredetermined by means ofpH and found equal to 7.5 
and 8.0respectively. In thesecases, ionisation oftheOH 
group was followed by the opening of the polyoxo ring. 
The effect of this ring-opening reaction could be 
minimised by working for short periods and at low 
temperature. 

This paper deals with the case of 3-bromo-2- 
oxopropandic acid (&bromopyruvic acid) and its 
ethyl ester for which there is polarographic evidence 
for the formation of the hydrate 
BrCH, -C‘[OH),-C02R m aqueous solvent.\. 

The Ionisation of the pcmdiol group initiates two 
kinds of reactions: the elimination of bromide (leaving 
group) which prcdommates and which yields 3- 
lydroxy-2-oxopropano’c acid (p-hydroxypyruvic 
acid), in the pH range 7 .lO, and the formation of a 
:arbanion cnolate In more basic solutions: pH > 12. 
n the pH range 10.5- 11.5, the carbanion enolate 
nitiated a slow aldol condensation. 

The reactivity of hydroxypyruvate may prove of 
biological interest: an Important role was attributed to 
hydroxypyruvatc in the enzymatic glycogenesis in 
animal tissues. An attempt has been made in this paper 
IO carry out the investigation of the asymmetric aldol 
condensation. 

EXPERI>iEKl’AL 

Measurements of concentrations of the studied 
compounds wcrc essentially carried out by UV spectrometry 

and polaropraphy: 3-bromo-2-oxopropanoate. BrCH2-- 
CO-COO-. gives a cathodic wave corresponding to 

the hydrogenolysrs of the C- Br bond * Bromide ions give an 
anodic wave corrcspondlng to the formation of HgBr at the 

dropplng mercury electrode (d.m.e.). 3-hydroxy-2- 
oxopropanoate. HOCHz CO-COO-. gives a cathodic wave 

yielding gfyccrate. 
Eylrrp~~unr. The polarograms were recorded using a three 

clec:ctrodc Tacusscl polarograph type PRG 5. Thecharactens- 
tic< of rhe capillary were ab follows: m = 64mg: t = 3.0s. 
mercury head h = 6Ocm: mz3 t’ o = 4.15. 

Controlled potentral electrolysis was carrlcd out with a 
mercury pool electrode in a slandard three electrode 
arrangement. The anodic and cathodic compartments were 
concentric and separated by sintcrcd glass of porosity grade 4. 
The voltage source consIsted of a Tacussel potentiostat type 
PRT20/?. A Tacussel IG 5 N integratmg electromc 
milliammeter and voltameter wcrc included into the 
clcctrolytic circuit. The eleclrolytlc cell was thermostated and 
sealed. 
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494 D. FLEURY ef ul. 

pH values were determined by means of a Tacussel 
TS 70 N 1 pH meter. 

RESLLTS AUD DISCUSSION 

UV spectra were recorded using a Beckman Acta 111 
spectrophotometer. 

I. Patlr~a~ _/or the elimination of’ bromide in slightly 

‘%NMR spectra were recorded on a Varian XL 100 
akaline solutions c$’ 1 

spectrometer operating at 25.2 M Hz. The Na salt was In aqueous acid solution, ethyl fi-bromopyruvate I 

dissolved in water or aqueous alkaline soln; a small amount is reduced* according to a ZF.mol- ’ process: 

BrCH,-C(OH),-CO,Et * Hz0 + Br--CH,-CO-CO,Et 

BrCH2-CO-CO,Et + 2e f H’ -+ Br- t CH,-CO-CO,Et. 

of D,O was added to provide a lock signal. Proton 
broadband decoupled, proton ofi resonance decoupled and 
undecoupled spectra were used for assignment of resonances. 
Dioxane was used as an internal standard. Chemical shifts 
were referenced to TMS 

Chrmicals. 3-bromo-Z-oxopropanoi’c acid and its ethyl 
ester were Schuchart products and were used as starting 
materials. 

The ethanolic soln of ethyl 2,3-dihydroxypropenoate 3 
(ethyldlhydroxyacrylate HOCH=C(OH)-CO,Et) was 
synthetised according to the lit.’ 

In acid media the polarographic wave and the absorption 
bands of the enol form decreased with increasing time till the 
soln gave mostly the polarographic behaviour of the keto 
form (E, z mV.e.c.s. = - 560-62 pH). This evolution 
corresponded to the displacement of the following 
equilibrium: 

HOCH = C(OH)-COzEt e CH,OH-CO-CO,Et 

towards the right hand side. At 20. after 3 days, the height of 
the wave indicated that only 5 3,, of the enol form was present 
in the bulk. Then the soln was used as a soln of 
ethylhydroxypyruvate. 

Ethylhydroxypyruvate could also be prepared by dilution 
of ethyl j&bromopyruvate in slightly alkaline buffered soln as 
described in this paper (yield 2 9Oy,). 

Prrpararion of thr sodium salt vj the bicondensed product 6. 
3-Bromo-2-oxopropanoic acid (20 mmoles) were dissolved in 
30 ml 2 M NaOH deaerated over 30 min by bubbling N2. The 
soln showed a pH value of approximately 13.0 and was held 
I hr at 25’. (A more prolonged contact would cause a slow 
spontaneous decarboxylation accompanied by a drop in pH). 
and then acidified with glacial AcOH (Zml). The pH of the 
acidified soln was roughly 4.0. 

After addition of water (10mi) the soln was made up to 
200ml with MeOH and was allowed to remain at 5 
overnight. The white ppt was filtered off, washed with MeOH 
and dried in wcuo over Pro, for 48 hr. The product weighed 
2.101 mg (yield = 73 Ye,,). 

Procedures. As supporting electrolytes. solns of OSM 
HSO, and sulfate were used at pH lower than 2. Mac llvaine 
buffers in the pH range 2 8. carbonate buffersO. M in the pH 
range 9-I I, 

Theo.01 M stock solns of (x ketoester or a-ketoacid studied 
were diluted at 20’ in aqueous supporting electrolyte in the 
ratlo l/10 unless othcrwisc specified. Solns were deaerated 
with Nz and polarographic curves recorded within 1Omm. 

In the pH range 7.5-8.5, the cathodic current 
decreased with increasing time. However attempts to 
follow this decrease failed for two reasons: 

(a) The height of the wave never reached more than 
10 % of the expected value for a two electron diffusion 
controlled process and did not provide suitable means 
of concentration measurement. 

(b) The half-wave potential (E, ,mV.e .c. s. 
- 100) was close to the reduction potential of 

Eygen. In order to get rid of the latter it would be 
necessary to deaerate the solution for more than 
10 min. 

We found it was easier to follow the course of the 
reaction (see the under-mechanism) by measuring the 
increase of the anodic current due to the reaction: 

Br- + HgSHgBr + e 

obtained by dilution of aliquots of the studied solution 
in an appropriate buffer (at pH 4.5 the oxidation wave 
was well defined). 

Then the plot of Ig [(Cl,,- ), - (C,,- ) j vs time 
showed that the elimination of bromide proceeded 
according to a first order reaction with respect to 
bromide concentration. Values of the rate constant k 
at various pH are listed on Table 1. 

Data given in Table 1 refer to solutions for which 
hydrolysis of the ester group was negligible. It 
appeared that k did not depend on the buffer 
concentration. 

The obtained solution finally had the same 
characterstics as a solution in the same medium of 
CH,OH-CO-CO,Et synthetised as described in the 
Experimental. 

These data indicated that the main reaction was the 
elimination of bromide according to the equation: 

v = dlBr-ljdt = k.lCH,Br-C(OH)2-C0,EtJ.JOH-J 

the independence of k upon the buffer concentration 
showed the occurrence of a basic catalysis related tc 
the deprotonation of the gem-diol group. 

In order to verify this assumption 20ml of i 
5.10-’ M solution of ethyl /?-bromopyruvate were 
titrated against a solution of lo-’ M NaOH. At 25” the 
pH value rapidly decreased with increasing time afte 

Table I. Values of the rate constant k in neutral and mildly basic media at 20” v = djBr_lidt 
= k .IBrCH,-C(OH)2K0,Etj 

PH 7.30 7.45 7.65t 7.80 8.10 8.20 
k min- ’ 0.017 0.024 0.052 0.068 0.11 0.12 

tBuffer diluted in ratio 1:5 
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ach addition of dilute. NaOH. This phenomenon is likely to be higher than the one corresponding to the 
ould be minimised by working for short periods and at ester and therefore it could not be measured by means 
0”. Then the plot (extra~~at~d to zero time) of values of pH. This obse~ation results from the weakness of 
tf pH vs t he amount of NaOH showed a pK valueequal the electronegative effect of the carboxylate group 
0 9.6. compared with theestergroup (aToo = 0.80gives pK 

For equilibria of the type; 
= 11.8). 

R-C(OH), -R’,” R-C(O-,OH)- R’ + H* 
Remarks 

he correlation pK = 14.19 - 1.315 (CR* + o$.) has 
{I) Another scheme might be possible: 

Ken proposed6 where at and a$. are Taft’s 
:oefIicients. g7:uzllr = 1.03 and c$clt.~ = 2.00 gave pK 

6&H, --C(OH)2 
1 I 

= 10.2, value which is in rough agreement with the 
!xperimentaI result: pK = 9.6. 

%X-co 

Ah the preceding results may be justified by the In this eventuality bromide would be eliminated in the 

blfowing reaction scheme: whole range of pH greater than pK of the carboxylic 

OH OH 

I I 
Br-CIi, --C-C&Et FI: Br-CH2 -C-C&Et f Hz0 (1) 

ZH,O 
CH,(O’)--CO-CO,Et _---) CHzOH-C(OH),-CO,Et 

li(L1 

2@ 2 
(3) 

CHz -CO-CO2 Et 

2- 

(2) 

Applying to f the steady state approximation we group. This hypothesis is not in agreement with the 
found : observed results. 

d(Br-1 k,.k20(l/.IOH-l vz---_= ----- 
dt k. , + kz 

As reaction (2) is the rate determining step, we may 
assume that kz is neg~i~bIe compared with k_ , and 
then, as kr/k _ t = K&e = 3.10-‘~~~O-‘4 = 3,104: 
at pH 8 and 25’, 

Finally when an aqueous solution of I is diluted in a 
slightly basic solution, the ionisation of the gem-die) 
group initiates the production of 2. The yield is roughly 
90 “/& 

v = 3.10?kz.~l~.IO-b = 3.10-‘.kz.jl) 

measured: v = 0.10.11); hence k2 = 3.3min-‘. 
Kinetic data obtained with the carboxyiate species 

BrCH2-C(OH),- CO; 2 under similar conditions are 
listed in Table 2, 

The behaviour of /!I-bromopyruvate resembled its 
ester but the pK value of the equilibrium 

\ \ 
C(OH )z G C(O-,OH) + H’ 

/ / 

(2) ~c~~rr~n~~ of’s minor e~rnpet~ti~~ ~~~~t~~~. After 
elimination of bromide, the solution showed an 
absorption band at 282 nm which cannot be attributed 
to 2 but to a product of a minor reaction, 

The plot of log(A, - A,) at 282 nm vs time was 
roughfy a straight line whose slope gave a rateconstant 
k’. However the kinetics were not exactly first order 
with respect to t since: 

(a) The plot of log t, 2 versus IogC at pH 7.9 is a 
straight line whose slope is equal to 0.3. 

(b) The final apparent molar exlinction at 282nm 
increased with increasing concentration from 
E= 3OOl.mol- cm-’ (c.= 10m3M) to C= 1.001. 
mol-‘cm-’ (c = fO-* M). 

Table 2. Values of the rate cOnslant k in neutral and mildly basic media at 20°C. v = dlBr jjdt 
= k . lBrCH~-C(~~}~-C~~] 

PH 8.20 8.25 8.75 8.80 9.Oot 9.10 
kmin“ 0.008 0.0135 0.025 0.037 0.048 0.08 

tBuffer diluted in ratio t:5 



496 D. h.ELRY YI a/. 

Data summarised in Table 3 agree with a kinetic law 
of the type: 

dA 2XZnm v=_-- 

dt 

= k’. lBrCH2-C(OH)z-C02Etl’ ‘. (OH -(“.’ 

and suggest the occurrence of a ketol condensation. 

II. Occurrwcr qj an acrd buse/dehydrotion rroc-rim irl 

ulkalinr solutim o/ Il!,dro.ur.p!.rur~atr 2 

Potarographic hehiour qj the /H~ydros~pprarr 

(und ifs mu). At the mercury electrode in acid and 

Simultaneously the alkaline solution exhibited an 
absorption band at 270 nm : E = 10.000 I. mol - ’ cm- ‘. 

At equilibrium a plot of the anodic current intensity 
on the one hand and of A 270 nm on the other hand, vs 
pH took the form of a dissociation curve the point of 
inflexion being situated at pH I I.6 in dilute KaOH 
(ionic strength I = l), pH 12.0 in phosphate buffered 
solution. 

With /I-bromopyruvate as starting material, the 
logarithmic analysis of the dissocration curve indicated 
that two ions OH _ were implied in the net reaction 
generating dihydroxyacrylate 3’: 

Br-CH2-C(OH),- COO + 20H- + HC=C-COO- + Br- + 2Hz0 
I I 
O-OH 

3’ 
I 

neutral media, the reduction of hydroxypyruvic acid 
resembles the enzyme catalysed reduction and yields 
glycerate by a. 2F. mol - ’ process; i.e. the cleavage of 
the C-OH bond. in HOCH,-CO COOR does not 
occur as in the case of HOCH,- CO C,H,’ or in the 
case of HOCH,-CO-CH3.n 

The plot of the polarographic intensity as a function 
of pH resembles those of other x-kctoacids.” 

However the polarographic cathodic current 
decreased with increasing time in slightly alkaline 
media in the pH range 10-12. This evolution was 
stopped by acidification of the solution. Thus 
observation may be explained by the occurrence of an 
aldol condensation whose rate increased with 
increasing pH. On the other hand. in alkaline media at 
pH greater than 12, an anodic wave appeared while the 
cathodic wave disappeared. 

pH < 13.7 

From these experiments, it can be deduced that the 
first OH - ion was involved in the C- Br bond cleavage, 
and the second one in the carbanion enolate 
formation. 

In agreement with usual assumptions. the carbanion 
enolate 3’ was not reduced but oxidiscd at the 
dropping mercury electrode (d.m.e.). The oxrdation 
constrtuted an irreversible 2 F. mol ’ process owing 
to the follow-up hydration of the oxidised product, the 
mesoxalic semialdehyde 5 generated at the d.m.e. 

In dilute NaOH (ionic strength I = l), the half-wave 
potential (E, 2) of oxidation of 3’ was shifted to more 
negative potentials with increasing pH. The El z pH 
plot indicated, rn the pH range smaller than 13.7. a 
slope of 35 mV:‘pH, but no change with increasing pH 
at pH greater than 13.7; so it can beconcluded that the 
oxidation was operating: 

HC=C-COO- -H - -2c OH 
I I I 

O- OH 
\ 

HC-C-COO -+ HC-CO-COO-. 

pH > 13.7 
/ 

II II 
0 0 

HC=C-COO- -2e 5 
I I 
o- o- 

I 
OH 

The value of the half-wave potential of the anodic The results are in agreement with a pK value of 13.7 for 
wave (E, 2 = - 550 m V in NaOH 0.5 N ) indicates a the acid-base equilibrium : 
highly oxidisable compound (with the same 
background, the half-wave potential of ascorbate 

HC=C-COO f HC=C-COO- -t H 

would be roughly 200mV more positive). 
I I I I 
O- OH o- o- 

Table 3. Values of the rate constant k’ m mildly basic media at 20 C. v = dEZnz,,,;dt 
= k’.;BrCH,-C(OH),-COzEtl 

PH 77 7.7-l 7.91 7.9 7.9; X.0 
k’min-’ 0.09 0.12 0.07 8 0.13 0.16 0.18 

PH &It 8.4 
k’min ’ 0.1 I 0.26 

t’CHIBr C(OH)2 CO,Et/ = 10 ‘M. 
tCH,Br C(OH)I- CO,Et( = 5.10 -’ M 

:‘,ICH,Br C(OH),- CO,EtI = 10 ’ M. 
in hydrocthanolic (20”,,) solution. 
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he mesoxaIate semialdehyde 5 was prepared by 
ontrolled potential electrolysis at the mercury pool 
lectrode and isolated as disemicarbazone. 

II. Kinetic investigations of the jbrmation oJ’ the 
a&anion-enolate 3 

Tables 4 and 5 summarise the kinetic data obtained 
1 dilute aqueous NaOH (I = 0.5) and in B&ton 
Robinson buffered solutions. 

In dilute NaOH, the reaction was first order with 
espect to 1 and identical values were found for the rate 
monstant k by measuring with increasing time: 

(a) The decrease of the cathodic current i,; 
(b) The increase of the anodic current i,; 
(c) The increase of the UV extinction Azlollm. 

di, di, dA27o 
‘=dt=ht dt 

=-=k.JlJ 

‘lot of log k vs pH showed kinetic of the type: 

v = k.lll.(OH-I”~“ 

n good agreement with the mechanisms (I) = 

H OH 

In phosphate buffered solutions, in the pH range 
11.0-12.5, theexperimental data arein agreement with 
the above kinetic law but the calculated values of k are 
greater than these obtained in dilute NaOH: in 0.01 N 
(I = 0.5) NaOH, log k = - 1.05; in phosphate pH 12.0 
buffered solution, log k = -0.60. It seems reasonable 
lo consider this resuIt as caused by the replacement of 
OH - by A- in the acid-base dehydration reaction (I). 
This hypothesis is supported by the dependence of the 
values of k on the nature and concentration of the 
buffer species. 

IV. Occurrence oj an oxo-enol equilibrium in acidic 
media 

When a solution of carbanion enolate 3’ in 0.1 M 
NaOH is rapidly acidified, at 5”, with buffered solution 
at pH smaller than 2.0, a UV band appears at 250nm 
[e. = 7,600 1. mol- ’ cm- ’ extrapolated value to 
t = 0). The absorbance decreases with increasing time 
until it reaches at the equilibrium E, = 1.4001. 
mol-‘cm-’ (value which corresponds to 22% of 
the endiol form). 

(0 

H 3’ 

Table 4. Values of the rate constant k in dilute NaOH solutions (I = 0.5) 

dA 27vnm di. di 
v=p=-- = -$=k.]J.JOH-/ 

dt dt 

NaOH M: 0.5 0.2 0.1 0.05 0.042 0.02 0.008 
(1 = 0.5) 13.7 13.3 13.0 12.7 12.62 12.3 11.90 

w 

“/; HOeH -CC&COOe 100 too 100 100 80 75 50 

dA m,,m/dt. k”‘” ’ 1.60 0.60 0.35 0.089 

diJdt, km’” ’ 1 so 0.82 0.52 0.30 0.275 0.15 0.089 

- di,/dt. km’“- ’ 1.56 0.50 0.32 0.087 

Table 5. Values of the rate constant k in Britton Robinson Buffers 

dA 270IlWl di, 
v=--=dt=k.12(.JOH-l 

dt 

Britton/Robinson butfer pH 12.2 11.95 11.75 Il.6 11.1 

r Y, 
“/, HOCH-CO-COOe 56 40 30 20 10 

dA z,u,,Jdl. km’“-’ 0.30 0.17 0.13 

di, Jdt, km”’ ’ 0.40 0.14 0.22s 0.11 0.056 
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So it can be concluded that the acidification of the (3) In agreement with the above results, the 
alkaline solution of enolate-carbanion 3’ yields first treatment of the acidified solution of 3’ with an excess 
the enediol form which is later converted into an 0x0 of semicarbazide yielded quantitatively the semi- 
form according to the reaction scheme: carbazone of the glycolaldehyde whose the 

OCH=C(OH)-COO’ + 2H + = HOCH=C(OH)-COOH 3 

HOCH=C(OH)-COOH HOCH,-CO-COOH 2 

01 

O=CH-CHOH-COOH 4 

When the acidification is limited to the pH range 
5 < pH < 8, the absorption decreases practically to 
zero. Then. if the latter solution is acidified to a pH 
value smaller than 2, the extinction increases until it 
reaches at the equilibrium the E, value : 
1400l.m01-‘cm I. 

The rate of the enediol eoxo equilibrium was 
followed at pH 1.85 and 25~ : the plot of (AzSO - A,,,) 
as a function of time is linear for the ascending and 
decreasing curves with the same slope and k = kr,red,,,l 

+ k,,,,, = 0.065 min- ‘. 
In the pH range 2.5 to 4.5, the plot of the percent of 

enediol as a function of pH has a shape of a 
dissociation curve whose point of inflexion (pH = 3.2) 
corresponds to the pK value of the acid-base 
equilibrium: 

HC(OH) = C(OH)-C02H 

3 

=HC(OH) = C(OH)-COO- + H+ 

From several results. it is possible to deduce that 
tartronic semialdehyde 4 is the 0x0 form in 
equilibrium with the enediol form 3: 

(1) Contrary to an acid solution of hydroxypyruvic 
acid 1, the acidified solution of 3’ was able to reduce 
iodine. In a first step corresponding to the formation of 
roughly 2076 of 5, the reaction was fast. Then the 
reduction of iodine occurred slowly depending on the 
oxo-enediol equilibrium: 

1 
polarographic and UV spectrophotometric behaviour 
ire d&rent from those-of the semicarbazone of 2.” 

Finally the observed facts are in agreement with the 
sequence : 

COOH COOH Foe-- I 
COOH 

1 I 
C-OH”-;CHOH$C-OH+-CO 
II I II I 
CH-O- CH=O HC-OH CHzOH 

3’ 4 3 2 

According to this scheme, a previous laboratory 
investigation’ ’ produced evidence that the 3$4 
mixture constitutes an intermediary step in the 
spontaneous decarboxylation of dihydroxyfumaric 
acid into glycoaldehyde. 

V. Kinetic inoesrigations vj the AIdol condensation 

Whereas, in the pH range 11.0 to 12.5, the 
experimental data are in agreement with kinetics of the 
type: 

in the pH range 10.5-l 1.5, measurements of 
v = -di,/dt did not agree with first order but with 

0x0 tautomer 

11 
HOCH=C(OH)-COOH + I, 4 O=CH-CO-COOH + 2HI 

3 5 

Finally 5 was obtained quantitatively. 
(2) The acidified solution of 3’ showed spontaneous 

decarboxylation yielding quantitatively the glycolal- 
dehyde CH ,OH -CHO. The kinetics were first order 
with respect to the starting material: k = 1.1 
x IO ’ min ’ at pH 2.0 and 40”. In the same 

experimental conditions, the spontaneous 
decarboxylation of 1 would give k = 1.5 x 
10m4 mn- ‘. 

second order (with respect to 121 kinetics: 

v = l-~12(~,IOH-l’ 

In this pH range, the carbanion enolate 3’ was 
present in low concentration as indicated by the graph 
of the plot of i,,, or A270,,m vs pH. According to the 
results obtained in acidic media, the kinetic data may 
be justified by the occurrence of the acid-base 
dehydration reaction (1) followed by an aldol 
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condensation causing the decrease in the cathodic 
current: 

499 

CHzOH -C(OH), -COO - + OH - > HC=C-COO- + 2H,O (1) 
’ I I 

2 O-OH 

3’ 

HC=C-COO- + H’ %HC-CHOH--COO- (21 
I I 
O-OH 

%-=CH -COOH-COO -4 

O=CH -:-COO 

k 2 II 
0 4 

HO-CH -CHOH -COO - 

L 
r+o( HO)2CH -C-COO - (3) I 

1 

OH 

3’ 

Assuming that step (2) is fast and applying the 
stationary state approximation to the intermediate 3’, 
we obtained : 

The experimental values determined for k in dilute 
NaOH (I=1 ) and in phosphate buffered solutions (pH 
11.5) by recording dl,idt or dAz70,,,/dt are greater 
than those measured by plotting diJdt = d)6/dt. So we 
may assume that the step (3) is the limiting one and 
neglect the term kA. 41 against k _ , . jHzO12. 

On the other hand: 

hence: 

k,.k2.k~.K,.(2(‘.10H-[ v = “d? = keJ1.13’1.141 = ___._* ._._ _ _.____ 
(k_,.(H20(2)z.k_2 

with K, = lH’I.)OH-I 

finally: v = k. 121’. IOH I. 
This expression agrees with the experimental data: 

(Table 6) the reaction is second order with respect to 121 
and first order with respect to [OH -1 and the 
assumption of the occurrence of an aldol condensation 
between 3’ and 4 in slightly basic medta is confirmed. 

Concerning the structure of the aldol 6, it was 
corroborated by the results of periodic oxidation and 
13C NMR. 

According to a previous workI the periodtc 
oxidation of 2 consumed I mole of periodic acid and 
yielded I mole each of oxalic acid and formaldehyde. 
After aldol condensation at pH 12 under N,. the 
periodic oxidation yielded only 0.4mole of oxalic acid 
and less than 0.1 mole of formaldehyde. At the same 
time carbon dioxide was produced in an amount 
corresponding to 0.4mole. 

OH 

6 

The disappearance of formaldehyde indicates the 
absence of a primary alcohol group. These results were 
interpreted by the formation of r ketotrihy- 
droxyadipate,’ 2 but the results of ‘%INMR favour 
another interpretation. 

The investigation of 6 as its sodium salt was carried 
out by ‘“CNMR in water or dilute NaOH. Table 7 
summarises the results obtained in aqueous solution 
and in 0.2 M NaOH. at 3’. in order to avoid 
decomposition. (According to the ionisation of the 
CH(OH), group in 6, or to the carbanion-enolate 
formation, one equivalent OH was consumed per 
mole of 6. So, to reach a final (1 M)/OH - 
concentration equal to 0.2 M. the sodium salt 6 was 
dissolved in 1.2 M NaOH ). 

The data obtained in neutral solution arc in good 
agreement with the formula: 

OH 

I 
OCO-CHOH-CHOH-C-COO- 6 

(5) (4) (3) l(2) (I) 

(6) CH(OH)1 

The alternative formula: 

OH OH 
I I 

oco-c-c-coo- 
I I 

HOCH2 CH(OH), 

can be excluded owing to the lack of a specific signal 
due to the primary alcohol group. 

In 0.2 M NaOH, the six signals corresponding to 
compound 6 are shghtly displaced owing to the 
medium change and ionisation of one of the gemdiol 
OH groups. On the other hand, three new signals were 
observed whose intensities. in comparison with those 
of the signals due to compound 6, increase with 
increasing time, temperature and increasing pH (in 
0.5 M NaOH). 

Also it was established that the presence of electron 
donating substituent (OH) on the r-C atom and of 
electron acceptor substituent (COO-) on the /I-C 
atom promates cleavageofthe C-C bond.’ 3 According 
to this concept and the above data, it seems reasonable 



Table 6. Values of the rate constant k in buffered solutions; c = 10 3 M 

v = - 2 = k. 1212 . JOH -1 

PH 11.4 11.0 10.6 
kl.mol I, min-’ 24 21 7 

Table 7. lJC KMR spectral data recorded at 3’ q (quaternary), t (tertiary) carbons identified by OH 

resonance decoupled and undccoupled spectra 

Assignments 5 
6 ppm 

neutral water 
6 ppm 

NaOH 0.2 M Assignments 3’ 

178.9 and 177.2 181.5 and 180.4 

176.4 C,(q) 
149.1 C,(t) 
127.5 C,(q) 

100.2 105.7 

cl(q) 
c,(t) 
c,(t) 

81.9 
81.2 
78 1 > 

Xl.7 

X0.1 and 79.7 

to consider that. in alkaline media (pH > 13), the 
reverse reaction of aldolisation occurs. generating 3’ 

?G~CH--CHOH--CO~- H;-cHoH-coo- 

O=CH-?-COO- 
I 

$O=CH-C-COO 
\ I 

OH OH 

O=CH -?-COO t+“()-CH=C-COO- 3’ 
I (3) J (2) (1) 
OH OH 

The reverse reaction was first order with respect to 6 
and identical values were found for the rate constant 

k _ 3 by measuring with increasing time. the increase of 
the anodic current (v = di,jdt) or. alternatively the 
increase of the molar absorptivity (v = dc 270 nmldt). 
In dilute NaOH (IO-‘M <c < IM, I = 1) the 
experimental values found for the rate constant k _ .1 
did not vary with pH (K_> = 0.25 min-’ at 25 1, 
according to a kinetic law of the type: 

may be explained by the presence in the bulk of the 
solution of a carbanion enolate 3’ 

HC-C-COO- 

dl3’l dl6l 

‘= dt 
- = k - 3 .I61 

dt 

From these data we can conclude that ionisation of 
the OH group precedes the ram limiting step: the 
cleavage of the C -C bond. 

the formation of which is initiated by an acid-base- 
dehydration equilibrium (half-evolution pH = 12). 
Owing to this pK’value, in the pH range 10.5 to 11.5,3’ 
existed in minor amounts but it initiated a slow aldol 
condensation with the tartronate semialdehyde4. The 
mechanism and the value of the overall constant k of 
the aldol condensation was determined in buffered 
solution according to a kinetic law of the type: 
v = z; )21* . JOH - 1. 

In slightly basic media, ionisation of the gemdiol The aldol product 6 was isolated as sodium salt and 
group of /?-bromopyruvate I initiates the bromine its structure established by “C NMR. 
elimination yielding /?-hydroxypyruvate 2. In basic The abihty to produce a carbanion in slightly basic 
media (pH > 13), the behaviour offI-hydroxypyruvate medium makes the hydroxypyruvate an interesting 



Mechanistic study of the aldol condensation 501 

product from a biological standpoint. Yet, among the 
reactions which are convenient in the elementary 
Siochemicaf processes, there is the addition of a mobil 
C-H bond to an 0x0 bond, such as in the coenzyme A 
zatalysed acetylation of the a-ketoacids. Moreover, in 
rat liver, the synthesis of ascorbic acid proceeds by a 
similar pathway: via an asymmetric aldol condensa- 
lion to Z-ketgulonate, 
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