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ABSTRACT: The following lines of evidence establish that oxime formation from pyruvic acid occurs with rate-
determining carbinolamine dehydration under acidic and neutral conditions. First, saturation effects observed at pH 7
are strongly suggestive of carbinolamine accumulation, requiring that dehydration of the intermediate be the rate-
determining step. Second, the reaction occurs exclusively with general acid catalysis in the entire range investigated.
The pH–rate plot shows a break at pH near 2, which can be interpreted in terms of protolytic equilibrium of the
substrate. Copyright 2000 John Wiley & Sons, Ltd.

KEYWORDS: Pyruvic acid; oxime; kinetics; mechanism

INTRODUCTION

Investigations on the kinetics and mechanism of imine
formation from positively charged aldehydes have
demonstrated that the acid-catalyzed dehydration of the
carbinolamines is the rate-determining step in the entire
range of pH� 0–7.1–3 The justification for this behavior
was basically attributed to two factors: (i) very activated
substrates to addition and (ii) the difficulty of the acid-
catalyzed dehydration of the carbinolamines due to an
unfavorable electrostatic situation. Depending on the pH,
pyruvic acid exists as an acid, an anion or a mixture of
both species, and there are different affinities to water
between the acid and its anion. The relation of the
equilibrium constants for hydration, defined as hydrate/
ketone, isKacid/Kanion= 21.4 This figure in some respects
reflects the influence of the carboxyl group of pyruvic
acid in comparison with the carboxylate group of
pyruvate on the electrophilicity of the carbonyl carbon.
Therefore, attack of the nucleophile on the acid must be
easy in comparison with the same addition to anionic
pyruvate, but the acid-catalyzed dehydration of the
carbinolamine derived from the anion must be facilitated
by the negative charge on this species. Based only on the
foregoing consideration, in the pH range in which
pyruvic acid exists as an anion, the rate-limiting step
should be the addition of the nucleophile to form the
intermediate, but the lack of enough protons in the
medium and the nucleophilicity of the attacking amine

are other important factors to be considered. When the
basicity of the amine is sufficiently increased, the
dehydration of the carbinolamine intermediate is the
rate-determining step, and the change to the rate-
determining step of carbinolamine formation occurs at
lower pH values.5

Oxime formation from pyruvate anion has been
studied previously and values of the equilibrium
constants for addition and rate constants for addition
and dehydration of its carbinolamine have been re-
ported.6,7However, the study of this type of reaction over
a range of pH values was initiated with semicarbazone
formation from pyruvic acid.8 The results of this
investigation revealed that the second-order rate con-
stants show a complex dependence on the concentration
of hydronium ions, a fact that was interpreted as the result
of two factors:protolytic equilibrium of the substrate and
changes in the rate-determining step from different
additions of the nucleophile to the carbonyl carbon at
low pH values to dehydration of the carbinolamine at
higher pH values. In order to establish the influence that a
stronger nucleophile exerts, in this work we studied
oxime formation from pyruvic acid and its anion.

EXPERIMENTAL

Materials. Sodium pyruvate and hydroxylamine hydro-
chloride were obtained commercially. Solutions of these
reagents were prepared just prior to use to minimize the
possibility of decomposition. Buffer solutions from HCl–
KCl, acetic acid and potassium phosphate–hydrogen
phosphate were employed according to the pH investi-
gated. Glass-distilled water was used throughout.
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Kinetic measurements. Kinetic measurementswere
carriedout spectrophotometrically with a ZeissPMQ II
spectrophotometer equippedwith a jacketedcell holder
throughwhich water from a constant-temperaturebath
wascirculated.Thetemperaturewasmaintainedat 30°C
throughout.The ionic strengthwas maintainedat 0.5
throughoutby the useof potassiumchloride.The extent
of the reaction was monitored by the increase in
absorbanceat 230nm which accompaniesoxime forma-

tion. First-orderrate constants,kobs, basedon the total
(hydrate� unhydrate)ketone,wereobtainedfrom plots
of thedifferencebetweentheabsorbanceat infinite time
and at various times against time. Second-orderrate
constants,therelationbetweenkobsandtheconcentration
of aminefreebase,wereobtainedfrom plotsof first-order
rate constantsagainsthydroxylamineconcentrationand
correctionsfor generalacid catalysisby buffers were
madeby extrapolationto zeroof plots of kobs/[amine]fb
againstbuffer concentration.

Equilibrium constantmeasurementsfor carbinolamine
formation were made spectrophotometricallyat 30°C
andm = 0.5 (KCl), at 240nm,pH 9.11,in 0.125M borate
bufferandaveragesof 20determinationsweretaken.The
equilibrium constantwas obtained from the negative
interceptof a plot of 1=�A�eqvs 1/[amine]fb. A value of
58.0� 0.2 l molÿ1 was obtained (literature values 57
l molÿ1 at 25°C, pH 6.8 andm = 0.36 and54.3 at 30°C,
pH 7.5 andm = 1.37). TheapparentpKa valueof pyruvic
acid was computercalculatedfrom a non-linear least-
squaresprocedureas the best fit to the experimental
kinetic data, pKa = 2.22 (literature value 2.5 at 25°C
andm = 09).

RESULTS AND DISCUSSION

First-orderrate constants(kobs) for pyruvic acid oxime
formation were determined as a function of amine
concentrationover the pH range0.25–7.00at 30°C in
aqueoussolutionandionic strength0.5(Table1). In Fig.

Table 1. First-order rate constants for pyruvic acid oxime
formation in aqueous solution at 30°C and ionic strength 0.5

pH [Amine]fb (M)a kobs (minÿ1)b

0.25 8.39� 10ÿ8 0.79
0.49 2.20� 10ÿ8 0.13
0.80 8.73� 10ÿ7 2.40
1.06 8.15� 10ÿ8 0.21
1.54 2.54� 10ÿ7 0.35
1.95 2.30� 10ÿ6 2.17
2.30 2.03� 10ÿ6 1.09
2.74 3.93� 10ÿ6 1.26
3.06 6.89� 10ÿ6 1.19
3.56 2.44� 10ÿ5 1.57
3.93 6.69� 10ÿ5 1.85
4.60 2.43� 10ÿ4 1.60
5.04 8.01� 10ÿ4 1.66
5.44 4.42� 10ÿ4 0.41
5.50 2.05� 10ÿ3 1.32
6.12 3.54� 10ÿ3 0.64
6.61 1.08� 10ÿ2 0.56
7.10 1.50� 10ÿ1 0.34

a Concentrationof hydroxylaminefreebase.
b All rateconstantshavebeencorrectedto zerobuffer concentration.

Figure 1. Logarithms of second-order rate constants for pyruvic acid oxime formation plotted as a function of pH. &,
Experimental points. The solid line was calculated based on the rate law in Eqn. (1) and the constants in Table 2
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1, logarithmsof thesecond-orderrateconstants(obtained
by extrapolationto zeroof plotsof kobs/[amine]fb against
buffer concentration),are plotted againstpH. The pH–
rateprofileshowstwo breaksatpH valuesnear2 andnear
1. In thepH rangesfrom 7 to�2 andfrom�1 to 0.25the
constantsarelinearly dependenton the concentrationof
thehydroniumion. This behavioris interpretedin terms
of the mechanismoutlined in Scheme1, in which we
proposethat carbinolaminedehydrationis consideredto
bethesolerate-limitingstep.Carbinolaminedehydration
occursvia �T0�k0DE�H��and[T1] kDE [H�]. Theratelaw for
themechanismof the reactionis

kobs=�amine�fb � ��H��=�Kapp� �H�����KappK
0
ADk0DE

� KADkDE�H��� �1�

At highpH values(pH higherthantheapparentpKaof the
substrate),Eqn.(1) simplifiesto

kobs=�amine�fb � K 0ADk0DE�H�� �2�

Therefore,theantilogarithmof theinterceptof theline on
theordinate(slope-1) obtainedin theneutralzoneof pH
in Fig. 1 givesthevalueof K 0ADk0DEThevalueof K 0ADwas
obtainedexperimentallyat pH 9.11,aconditionin which
the low proton concentration allows carbinolamine
accumulationand thereforethe equilibrium betweenS0

andcarbinolamineis well established,andwith its values
andthevalueof K 0ADk0DE,k0DEwasestimated.

The limiting valueof kobs/[amine]fb at low pH is KAD

kDE [H�] and the antilogarithmof the intercepton the
ordinateof the line obtainedin the acidic zonein Fig. 1
gives the value of KAD kDE. The procedureto evaluate
K 0ADcannot be use in this case because the high
concentrationof proton doesnot permit carbinolamine
accumulation and for that reason KAD cannot be
measured;it was estimatedassumingthat the carbonyl

carbon in pyruvic acid has the same effect on the
equilibrium constantfor additionof hydroxylamineasit
doeson that for water;sincethehydrateof pyruvic acid
and the carbinolamineare closely related structurally,
this assumption appears reasonable, and therefore
KAD � K 0ADKH=K 0H.The relative extent of hydration of
pyruvic acid andits anionis equalto 21,4 andwith this
figureandthevalueof K 0AD,KAD wasobtained.

Notethat thevaluesof KAD andK 0ADprovidemeasure-
ments of equilibrium constants for the addition of
hydroxylamine to pyruvic acid–hydrateand pyruvate
anion–hydratemixtures,respectively.In order to obtain
the equilibrium constants for the addition of the
nucleophileto the unhydratedsubstrates,it is necessary
to correctKAD andK 0ADfor theextentof hydration:

KADcor � KAD�1� KH� andK 0ADcor
� K 0AD�1� K 0H� �3�

Scheme 1

Table 2. Summary of rate and equilibrium constants for
pyruvic acid oxime formation

Constant Value

KAD kDE (l2 molÿ2 minÿ1) 1.78� 107

K 0ADk0DE�l2molÿ2 minÿ1� 2� 108

K 0AD�l molÿ1� 58
KAD (l molÿ1) 1.22� 103

k0DE�l molÿ1 minÿ1� 3.45� 106

kDE (l molÿ1 minÿ1) 1.46� 104

K 0ADcor:�l molÿ1� 63
KAD cor. (l molÿ1) 3.5� 103

Kapp (M) 6.03� 10ÿ3

k0
AD (minÿ1)a 33

k' (l molÿ1 minÿ1)b 3.78� 106

a Rateconstantfor additionof waterto pyruvic acid at 25°C.12

b Rateconstantfor addition of hydroxylamineto pyruvateanion at
30°C andionic strength1.3.7
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The values of K 0Hand KH are 0.087 l molÿ1 and 1.86
l molÿ1, respectively.4 The correctedequilibrium con-
stants provide direct measurementsof equilibrium
constantsfor the addition of hydroxylamine to the
unhydratedketones,and therefore they representthe
real affinity of pyruvic acid and its anion to the
nucleophile.

A summary of rate and equilibrium constantsis
provided in Table 2. The solid line in the Fig. 1 was
calculatedbasedon the rate law in Eqn. (1) and the
constantsin Table2. The agreementof the theorywith
experimentaldatais satisfactory.

The assumptionthat the velocity of the reaction is
alwaysdeterminedby the dehydrationof the carbinol-

aminesof the speciesof the substrateis basedin the
following considerations:

1. In the pH rangefrom 7 to �2, all the experimental
points fit on a line, which is commonly considered
diagnostic of no transition from one type of rate-
determiningstepto another,10 anda plot of the first-
order rate constantsobtainedat pH 6.97 againstthe
amineconcentration(Fig. 2, Table 3) showsthat the
constants increase linearly with increasing amine
concentration.At sufficiently high concentrationsof
the nucleophile, they show a tendencyto become
independentof this variable.This behaviorhasbeen
observed previously11 and strongly suggeststhat
dehydrationof the carbinolamineformed from the
additionof hydroxylamineis the rate-limiting step.

2. In the pH rangefrom �1 to 0.25, owing to the pKa

value of pyruvic acid, the substratelargely existsas
pyruvic acid. There are at least three kinetically
indistinguishable possibilitiesregardingthe limiting-
stepof the reaction:(a) theacid-catalyzedconversion
of the hydratedketoneto the unhydratedspecies,(b)
theacid-catalyzedattackof hydroxylamineto pyruvic
acid and (c) the acid-catalyzed dehydration of
carbinolaminederived from pyruvic acid. The first
possibility is excludedby the fact that experimental
first-order rate constantsare linearly dependenton
hydroxylamineconcentration,tendingto reacha limit
at pH 0.5; with hydroxylaminetotal concentrationin
therangebetween0.03and1.25M theydid notshowa
deviationfrom linearity. The rate law for conversion
of thehydratedketoneto theunhydratedpyruvic acid

Table 3. First-order rate constants for pyruvic acid oxime
formation in aqueous solution at 30°C, pH 6.97 and ionic
strength 0.5a

[Amine]fb kobs (minÿ1)

4.37� 10ÿ3 0.27
1.00� 10ÿ2 0.45
1.55� 10ÿ2 0.69
2.34� 10ÿ2 0.78
3.32� 10ÿ2 0.87
3.55� 10ÿ2 0.85
4.24� 10ÿ2 0.92
5.55� 10ÿ2 1.07
8.90� 10ÿ2 1.06

a All reactionswere carriedout in 0.25M phosphate buffer and the
constantshavenot beencorrectedto zerobuffer concentration.

Figure 2. First-order rate constants for oxime formation from pyruvic acid plotted as a function of hydroxilamine free base
concentration. The rate constants were measured at 30°C, ionic strength 0.5 and pH 6.97 (Table 3)
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hasbeenestablishedto be12

k � k0� kH�H�� �4�

wherek0 and kH representthe uncatalyzedand acid-
catalyzedlossof water respectively,k0 is reportedto
havea valueof 33 minÿ1 andkH 378 l molÿ1 minÿ1,
andthereforeat pH 0.5 the limiting valueof k should
be 153 minÿ1; insteadof this, the experimentalvalue
of kobs at pH 0.5 and [amine]total = 1.25 was 1.38
minÿ1.

With respect to a rate-determiningstep of acid-
catalyzedattackof the nucleophileon pyruvic acid, the
following considerationappearto excludethis possibi-
lity. Althoughthisbehaviorhasbeensuggestedto explain
semicarbazoneformation from pyruvic acid in the pH
range0–2,8 perhapsthis reactionis not a good model
owing to theuseof a lessefficientnucleophile.Therates
of carbonyl additions depend on the factors which
facilitate this processby increasingthe chargedensity
and nucleophilicity of the attackingreagent,and there-
fore thereis a tendencyfor catalysisto occurat thepoints
at which it is most needed;since hydroxylamineis a
betternucleophilethansemicarbazide,the necessityfor
assistanceis minor.Thisargumentis enforcedby thefact
that acid catalysisof the attack of hydroxylamineon
pyruvateanionhasnotbeendetectedin thepH range6.5–
7.5.7

The preceding argumentsappear to support acid-
catalyzeddehydrationas the rate-limiting stepover the
entire rangeof pH investigated.The breaksobservedin
Fig. 1 occurnearthepKa of pyruvic acid,which reflects
different reactivitiesof the carbinolaminesderivedfrom
pyruvic acid and its anion toward the acid-catalyzed
dehydration.

Note that there are kinetically indistinguishable
transitionstatesfor thedehydrationof thecarbinolamine
derivedfrom pyruvateanion,which appearsreasonable:
onebasedon a specificacidcatalysisof dehydrationand
the other on an uncatalyzeddehydrationof the neutral
carbinolamine(presumablywith intramoleculargeneral
acidcatalysis)with transitionstatesthatdiffer only in the
site of protonationof the pyruvatemoiety.A plot of the
logarithm of the catalytic constantsof hydronium ion,
aceticacid anddihydrogenphosphatemonoanion,which
are3.45� 106 58 and0.79l molÿ1 minÿ1, respectively,7

againstpKa valuesis linear (r = 0.99) with a Brönsted
coefficient a = 0.72, a value that correspondsto a
considerableamount of changein the charge of the
proton-donatingor proton-acceptingatom in the transi-

tion state.Althoughthedataarefairly limited, thereis a
definitetrendthat suggeststhat the former alternativeis
thecorrectone.

Perhapsthe mostnotableresulthereis the difference
betweenk0DEand kDE�k0DE=kDE � 240�.In semicarbazone
formation from a seriesof substitutedbenzaldehydes,14

the dehydrationprocessshowsa negativevalue of r,
indicating that this stepis aidedby electrondonationto
the reactioncenter;however,the highestratio between
thedehydrationrateconstantsof theseries(p-methoxy/p-
nitro) in near 54, and in addition the nature of the
nucleophileemployedappearsnot to havegreatinfluence
in this process,as indicated by the finding that the
dehydration rate constantsof carbinolaminesformed
from pyruvateanionandhydroxylamine,semicarbazide8

andN-methylhydroxylamine13 are3.45� 106, 2.4� 106

and4.1� 106 l molÿ minÿ1, respectively.All thesefacts
strongly suggestthat the presenceof a negativecharge
nearthereactioncenterof thecarbinolaminesformedby
pyruvateanion exertsa greatpositive influenceon the
velocity of dehydration.
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