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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. Copyrightl 2000 John Wiley & Sons, Ltd.
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INTRODUCTION are other important factors to be considered. When the
basicity of the amine is sufficiently increased, the
Investigations on the kinetics and mechanism of imine dehydration of the carbinolamine intermediate is the
formation from positively charged aldehydes have rate-determining step, and the change to the rate-
demonstrated that the acid-catalyzed dehydration of thedetermining step of carbinolamine formation occurs at
carbinolamines is the rate-determining step in the entire lower pH values.
range of pH~ 0-7173 The justification for this behavior Oxime formation from pyruvate anion has been
was basically attributed to two factors: (i) very activated studied previously and values of the equilibrium
substrates to addition and (ii) the difficulty of the acid- constants for addition and rate constants for addition
catalyzed dehydration of the carbinolamines due to anand dehydration of its carbinolamine have been re-
unfavorable electrostatic situation. Depending on the pH, ported® ' However, the study of this type of reaction over
pyruvic acid exists as an acid, an anion or a mixture of a range of pH values was initiated with semicarbazone
both species, and there are different affinities to water formation from pyruvic acid The results of this
between the acid and its anion. The relation of the investigation revealed that the second-order rate con-
equilibrium constants for hydration, defined as hydrate/ stants show a complex dependence on the concentration
ketone, iKacidKanion= 212 This figure in some respects  of hydronium ions, a fact that was interpreted as the result
reflects the influence of the carboxyl group of pyruvic of two factors:protolytic equilibrium of the substrate and
acid in comparison with the carboxylate group of changes in the rate-determining step from different
pyruvate on the electrophilicity of the carbonyl carbon. additions of the nucleophile to the carbonyl carbon at
Therefore, attack of the nucleophile on the acid must be low pH values to dehydration of the carbinolamine at
easy in comparison with the same addition to anionic higher pH values. In order to establish the influence that a
pyruvate, but the acid-catalyzed dehydration of the stronger nucleophile exerts, in this work we studied
carbinolamine derived from the anion must be facilitated oxime formation from pyruvic acid and its anion.
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

EXPERIMENTAL

Materials. Sodium pyruvate and hydroxylamine hydro-
chloride were obtained commercially. Solutions of these
reagents were prepared just prior to use to minimize the
*Correspondence toA. Malpica, Escuela de Quimica, Facultad de possibility of decomposition. Buffer solutions from HCI-
Ciencias, Universidad Central de Venezuela, Caracas, VenezuelaKCL acetic acid and potassium phosphate—hydrogen

ooz, hosphat loyed ding to the pH investi
Contract/grant sponsorConsejo de Desarrollo Cientifico y Humanis- ~PNoSphate were employed according 1o the pH invest-
tico de la Universidad Central de Venezuela. gated. Glass-distilled water was used throughout.
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OXIME FORMATION FROM PYRUVIC ACID

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

pH [Aminels, (M)? Kobs (Min—4)°
0.25 8.39x 1078 0.79
0.49 2.20x 1078 0.13
0.80 8.73x 1077 2.40
1.06 8.15x 1078 0.21
1.54 2.54x% 1077 0.35
1.95 2.30x 107 2.17
2.30 2.03x 10°© 1.09
2.74 3.93x 10°© 1.26
3.06 6.89x 10°° 1.19
3.56 2.44x% 10°° 1.57
3.93 6.69x 107° 1.85
4.60 2.43x 1074 1.60
5.04 8.01x 107* 1.66
5.44 4.42x 1074 0.41
5.50 2.05x 1073 1.32
6.12 3.54x 1073 0.64
6.61 1.08x 1072 0.56
7.10 1.50x 10t 0.34

& Concentratiorof hydroxylaminefree base.
All rate constantshavebeencorrectedto zerobuffer concentration.

Kinetic measurements. Kinetic measurementswere
carriedout spectrophotometricallwith a ZeissPMQ Il

spectrophotonter equippedwith a jacketedcell holder
throughwhich water from a constant-temperatureath
wascirculated.Thetemperaturevasmaintainedat 30°C
throughout. The ionic strengthwas maintainedat 0.5
throughoutby the useof potassiunchloride. The extent
of the reaction was monitored by the increase in

absorbancat 230nm which accompaniesxime forma-

log kobs/{amine)fb
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tion. First-orderrate constantskyps basedon the total
(hydrate+ unhydrate)ketone,were obtainedfrom plots
of the differencebetweerthe absorbancat infinite time
and at various times againsttime. Second-orderate
constantstherelationbetweerk,,sandtheconcentration
of aminefreebasewereobtainedrom plotsof first-order
rate constantsagainsthydroxylamineconcentratiorand
correctionsfor generalacid catalysisby buffers were
madeby extrapolationto zero of plots of k,nd[amine},
againstbuffer concentration.

Equilibrium constanimeasurement®r carbinolamine
formation were made spectrophotometricallyat 30°C
andp =0.5(KCI), at240nm, pH 9.11,in 0.125M borate
bufferandaverage®f 20 determinationsveretaken.The
equilibrium constantwas obtained from the negative
interceptof a plot of 1/AAZvs L/[amine},. A value of
58.0+ 0.2 I mol~* was obtalned (literature values 57
I mol~* at 25°C, pH 6.8 andp = 0.3 and54.3at 30°C,
pH7.5andp = 1.37). The apparenpK, valueof pyruvic
acid was computercalculatedfrom a non-linearleast-
squaresprocedureas the bestfit to the experimental
kinetic data, pKy=2.22 (literature value 2.5 at 25°C
andp = 0°).

RESULTS AND DISCUSSION

First-orderrate constantyko,9 for pyruvic acid oxime
formation were determinedas a function of amine
concentrationover the pH range0.25-7.00at 30°C in
agueousolutionandionic strength0.5(Tablel). In Fig.

4
pH

Figure 1. Logarithms of second-order rate constants for pyruvic acid oxime formation plotted as a function of pH. O,
Experimental points. The solid line was calculated based on the rate law in Egn. (1) and the constants in Table 2
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Scheme 1

1, logarithmsof the second-orderateconstantgobtained
by extrapolatiorto zeroof plots of k,,J[amine}, against
buffer concentration) are plotted againstpH. The pH-
rateprofile showstwo breaksatpH valuesnear2 andnear
1.In thepH rangesrom 7 to ~2 andfrom ~1to 0.25the
constantsarelinearly dependentn the concentratiorof

the hydroniumion. This behavioris interpretedn terms
of the mechanismoutlined in Schemel, in which we

proposethat carbinolaminedehydrationis consideredo

bethesolerate-limiting step.Carbinolaminedehydration
occursvia [To]khe[H*]and[Ty] koe [H]. Theratelaw for

the mechanisnof the reactionis

Kobs/ [amingy, = ([H]/[Kapp+ [H*]]) [KappKapKoe
+ Kapkpe[H™]] (1)

At highpH values(pH higherthantheapparenpK, of the
substrate)Eqgn. (1) simplifiesto

Kobs/ [@amingy, = Kapkpe[H ] (2)

Thereforetheantilogarithmof theintercepiof theline on

theordinate(slope-1) obtainedin the neutralzoneof pH

in Fig. 1 givesthevalueof K,k The valueof K,ywas
obtainedexperimentallyat pH 9.11,a conditionin which

the low proton concentration allows carbinolamine
accumulationand thereforethe equilibrium betweenS,

andcarbinolaminas well establishedandwith its values
andthe value of K, ki kpewasestimated.

The limiting value of k,pd[amine}, atlow pH is Kap
koe [H"] and the antilogarithmof the intercepton the
ordinateof the line obtainedin the acidic zonein Fig. 1
givesthe value of Kap kpg. The procedureto evaluate
Kjpcannot be use in this case becausethe high
concentrationof proton doesnot permit carbinolamine
accumulation and for that reason Ksp cannot be
measuredjt was estimatedassumingthat the carbonyl

Copyrightd 2000JohnWiley & Sons,Ltd.

carbon in pyruvic acid has the same effect on the
equilibrium constanfor additionof hydroxylamineasit

doeson thatfor water;sincethe hydrateof pyruvic acid
and the carbinolamineare closely related structurally,
this assumption appears reasonable, and therefore
Kap = KypKn/K{;. The relative extent of hydration of

pyruvic acid andits anionis equalto 21 andwith this
figureandthe value of K, ,Kap Wasobtained.

Note thatthe valuesof Kap andK),providemeasure-
ments of equilibrium constantsfor the addition of
hydroxylamine to pyruvic acid—hydrateand pyruvate
anion—hydratemixtures,respectively.In orderto obtain
the equilibrium constants for the addition of the
nucleophileto the unhydratedsubstratesit is necessary
to correctKap andKjfor the extentof hydration:

KADcor - KAD(l + KH) and K/’ADCOF
= Kip(1+K/) (3)

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

Constant Value
KAD kDE 92 m0|72 minil) 1.78x 107
Khokbe(I?mol~? min1) 2 x 10
Ko (I'mol™? 58
Kap (I mol™%) 1.22x 10°
khe(l mol™t min’1} 3.45x 10°
koe (I mol~* min~1) 1.46x 10*
K//-\Dcor,(I mol’l) 63

AD cor. (MOl 3.5x 10°
Kapp (M) 6.03x 1073
FPPY L 1ya
K'ap (Min™7) 33
K (I mol~* min~1)° 3.78x 10°

@ Rateconstantfor additionof waterto pyruvic acid at 25°C.*2
P Rate constantfor addition of hydroxylamineto pyruvateanion at
30°C andionic strength1.3”
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Table 3. First-order rate constants for pyruvic acid oxime
formation in aqueous solution at 30°C, pH 6.97 and ionic
strength 0.5°

aminesof the speciesof the substrateis basedin the
following considerations:

1. In the pH rangefrom 7 to ~2, all the experimental

[Amine]s, Kops (Min~*) points fit on a line, which is commonly considered
4.37% 10°2 0.27 diagnosticof no transition from one type of rate-
1.00x 10°2 0.45 determiningstepto another:® anda plot of the first-

1.55x 1077 0.69 order rate constantsobtainedat pH 6.97 againstthe

%ggi %8,2 8'53 amineconcentrationFig. 2, Table 3) showsthat the

355 102 0.85 constantsincrease linearly with increasing amine
4.24% 1072 0.92 concentration At sufficiently high concentrationsof

5.55x 10‘2 1.07 the nucleophile, they show a tendencyto become
8.90x 10~ 1.06

& All reactionswere carriedout in 0.25m phosplate buffer and the
constantshavenot beencorrectedto zerobuffer concentration.

The valuesof K{,and Ky are 0.087 | mol™* and 1.86
| mol™*, respectively® 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
providedin Table 2. The solid line in the Fig. 1 was
calculatedbasedon the rate law in Eqgn. (1) and the
constantgn Table 2. The agreemenbf the theory with
experimentablatais satisfactory.

The assumptionthat the velocity of the reactionis
always determinedby the dehydrationof the carbinol-

0,8 1

0,6 1

kobs

0,4

02+ /

independenbf this variable. This behaviorhasbeen
observed previously' 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 pK,
value of pyruvic acid, the substratdargely existsas
pyruvic acid. There are at least three kinetically
indistinguishal# possibilitiesregardingthe limiting-
stepof thereaction:(a) the acid-catalyzedtonversion
of the hydratedketoneto the unhydratedspecies(b)
the acid-catalyzedttackof 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
hydroxylamineconcentrationtendingto reacha limit
at pH 0.5; with hydroxylaminetotal concentrationn
therangebetweerD.03and1.25M theydid notshowa
deviationfrom linearity. The rate law for conversion
of the hydratedketoneto the unhydratedpyruvic acid

0 0,02 0,04

0,06 0,08 01 0,12
[amine]fb

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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hasbeenestablishedo be'?
k=K + kH[H+] (4)

wherek® andk" representhe uncatalyzedand acid-
catalyzedoss of waterrespectively k° is reportedto
havea value of 33 min~t andk" 3781 mol~* min—2,
andthereforeat pH 0.5 the limiting valueof k should
be 153 min~t; insteadof this, the experimentalalue
of kofs at pH 0.5 and [amine]qyy=1.25 was 1.38
min~ .

With respectto a rate-determiningstep of acid-
catalyzedattackof the nucleophileon pyruvic acid, the
following considerationappearto excludethis possibi-
lity. Althoughthisbehaviothasbeensuggestetb explain
semicarbazondormation from pyruvic acid in the pH
range0—22 perhapsthis reactionis not a good model
owing to the useof alessefficientnucleophile Therates
of carbonyl additions depend on the factors which
facilitate this processhy increasingthe chargedensity
and nucleophilicity of the attackingreagent,and there-
forethereis atendencyfor catalysigo occuratthe points
at which it is most needed;since hydroxylamineis a
betternucleophilethan semicarbazidethe necessityfor
assistances minor. Thisargumenis enforcedby thefact
that acid catalysisof the attack of hydroxylamineon
pyrl%vateanionhasnotbeendetectedn thepH range6.5—
7.5.

The preceding argumentsappearto support acid-
catalyzeddehydrationas the rate-limiting stepover the
entire rangeof pH investigated.The breaksobservedn
Fig. 1 occurnearthe pK, of pyruvic acid, which reflects
differentreactivitiesof the carbinolamineglerivedfrom
pyruvic acid and its anion toward the acid-catalyzed
dehydration.

Note that there are Kkinetically indistinguishak
transitionstatedfor the dehydratiorof the carbinolamine
derivedfrom pyruvateanion,which appeargeasonable:
onebasedon a specificacid catalysisof dehydratiorand
the other on an uncatalyzeddehydrationof the neutral
carbinolamine(presumablywith intramoleculargeneral
acidcatalysis)with transitionstateghatdiffer only in the
site of protonationof the pyruvatemoiety. A plot of the
logarithm of the catalytic constantsof hydroniumion,
aceticacid anddihydrogenphosphat@onoanionwhich
are3.45x 10° 58 and0.791 mol~* min~%, respectively’
againstpK, valuesis linear (r = 0.99) with a Bronsted
coefficient «=0.72, a value that correspondsto a
considerableamount of changein the charge of the
proton-donatingor proton-acceptingatomin the transi-

Copyrightd 2000JohnWiley & Sons,Ltd.

tion state.Althoughthe dataarefairly limited, thereis a
definite trendthat suggestdhat the former alternativeis
the correctone.

Perhapghe mostnotableresulthereis the difference
betweenkjcand koe(khe/koe ~ 240).In semicarbazone
formation from a seriesof substitutedbenzaldehyde¥’
the dehydrationprocessshowsa negativevalue of p,
indicating that this stepis aidedby electrondonationto
the reactioncenter; however,the highestratio between
thedehydratiorrateconstant®f theserieqp-methoxyp-
nitro) in near 54, and in addition the nature of the
nucleophileemployedappearsotto havegreatinfluence
in this process,as indicated by the finding that the
dehydrationrate constantsof carbinolaminesformed
from pyruvateanionandhydroxylamine semicarbazid®
andN-methylhydroxylaminé® are3.45x 10°, 2.4 x 10°
and4.1x 10° I mol~ min~?%, respectively Al thesefacts
strongly suggesthat the presenceof a negativecharge
nearthe reactioncenterof the carbinolamineformedby
pyruvateanion exertsa great positive influenceon the
velocity of dehydration.

Acknowledgements

This work was supportedin part by the Consejode
DesarrolloCientifico y Humanisticode la Universidad
Centralde Venezuela.

REFERENCES

1. Sojo P, Viloria F, Malave L, PossamaiR, Calzadilla M,
Baumrucler J, Malpica A, Moscovici R, do Amaral L. J. Am.
Chem.So0c.1976;98: 4519-4525.

. Malpica A, Calzadilla M, BaumruckerJ, JimenezJ, Lopez L,
EscobarG, MontesC. J. Org. Chem.1994;59: 3988—-3401.

. Calzadlla M, MalpicaA, Diaz PM. Int. J. Chem Kinet. 1996;28:
687-691.

. CooperAJL, RedfieldAG. J. Biol. Chem.1975;250 527-532.

. SayerJM, Pinsky B, Schonbrunm, WashtienW. J. Am. Chem.
S0c.1974;96: 7998-8608.

. JencksWP. J. Am.Chem.So0c.1959;81: 475-481.

. MalatestaV, CociveraM. J. Org. Chem.1978;43; 1737-1742.

. Pino T, CordesEH. J. Org. Chem.1971;36: 1668—-1670.

. JencksNP, Regensteid. In Handbookof Biochemistry SobeHA
(ed).ChemicalRubberCo.: Cleveland,OH, 1961;J19.

.JencksWP. Catalysisin Chemistryand Enzymology McGraw
Hill: New York, 1969;Chapt.10.

11. JencksWP. Prog. Phys.Org. Chem.1964;2: 63-128.

12. BuschmanrHJ, KnocheW. Ber. Bunsen-GesPhys.Chem.1977;

81 72-76.
13. ReimannJE,Jencks/NP.J. Am.Chem.Soc.1966;88: 3973—-3982.
14. Anderon BM, JencksWP. J. Am. Chem.Soc.1960;82: 1773—
1777.

© 00 ~NO» (2085 w N

-
o

J. Phys.Org. Chem.2000;13: 162—-166



