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ABSTRACT: The advantage of adding more structure-diagnostic information to the simple detection of flash
photolytically generated transient species by changes in UV–visible light absorbance is illustrated by a case study
involving the mandelic acid keto–enol system. An early report based on preliminary evidence proposed that flash
photolysis of phenyldiazoacetic acid produces the enol of mandelic acid by hydration of phenylhydroxyketene, itself
generated by a photo-Wolff reaction of the diazo acid. Further examination, however, shows that this is only a minor
route, and that the major pathway is a new enol-forming reaction involving what appears to be hydration of a
carboxycarbene formed by dediazotization of the diazo compound. Hydration of phenylhydroxyketene is nevertheless
the reaction by which mandelic acid enol is generated when esters of benzoylformic acid are the flash photolysis
substrates. These mechanisms, and also identification of the enol as a tranisent species, are supported by detailed
arguments involving acid–base catalysis, solvent isotope effects, and the use of oxygen-18 as a tracer. The work
produces a keto–enol equilibrium constant for the mandelic acid system, pKE = 16.19, and also acidity constants of
the enol ionizing as an oxygen acid, pKE

a = 6.39, and the keto isomer ionizing as a carbon acid, pKK
a = 22.57. The

bearing of these results on the enzyme-catalyzed racemization of mandelic acid is discussed. 1998 John Wiley &
Sons, Ltd.
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INTRODUCTION

In the 10 years since theJournal of Physical Organic
Chemistrywas founded, flash photolysis has developed
from being a technique used principally by photoche-
mists to gain information about excited states to being a
tool commonly employed by physical organic chemists to
investigate the chemistry of short-lived reaction inter-
mediates. It has proved to be especially effective in
providing a wealth of new information about carboca-
tions and enols.1 Of the fast reaction techniques
available, flash photolysis is probably the best suited
for this new purpose. Relaxation methods such as
temperature jump involve perturbing an equilibrium that
is not too far to one side or the other, and they are
consequently not suited for studies of very unstable
species that exist only far from equilibrium, and stopped-
flow methods are limited to the millisecond time range.

Flash photolysis, of course, is also not without its
limitations. It requires a photochemical reaction to

generate the substance to be investigated. It also suffers
from the fact that the two properties most commonly used
to monitor the concentrations of transient species in flash
photolysis work, UV–visible light absorbance and
solution conductivity, are not especially structure diag-
nostic, and they consequently serve only poorly to
identify the short-lived substances observed. The latter
limitation can be overcome in part by using infrared
absorbance to interrogate the reacting solution,2 but this
method of detection is not suited for studies in aqueous
solution because water itself absorbs infrared light
strongly.

In our investigations of short-lived reaction intermedi-
ates by flash photolysis, we have compensated for this
structure-diagnostic limitation of UV–visible light detec-
tion by performing chemistry on the transient species
observed; for example, by determining how their life-
times are affected by acid or base catalysts, or by isotopic
substitution, and then using the mechanistic information
so gained in much the same way as physical organic
chemists commonly do to investigate slow reactions. We
illustrate this in the present review by describing a
recently completed study of the enol of mandelic acid.3

Under the conditions of this investigation (25°C, aqueous
solution), the position of equilibrium between the very
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labileenolandits muchmorestableketoisomerwas16–
19 ordersof magnitudeto oneside;examinationof this
systemby relaxationmethodswasthereforeimpossible.
Most of the ratesof reactionwe encountered,moreover,
were beyondthe upper limit of the stopped-flowtime
range.This casestudy also showshow, by gathering
moremechanisticinformation,we wereableto rectify a
preliminary misidentification of one of the enol pre-
cursors.4

MANDELIC ACID ENOL

We generatedthe enol, 1, of mandelicacid, 2, in two
different ways:by flashphotolysisof estersof benzoyl-
formic acid,3, andby flashphotolysisof phenyldiazoa-
cetic acid,4. With

bothkindsof substrate,weobservedarapidriseandthen
a somewhatslower decayof absorbancein the region,
�� 300nm, wherewe expectedthe styrene-typechro-
mophoreof mandelicacidenolmight absorb.That,plus
the fact that previous work5 had shown that flash
photolysisof benzoylformatessuchas3 leadsto Norrish
type-II photoelimination producing phenylhydroxyke-
tene,5, [equation(1)] which, in our aqueousmedium,
would behydratedrapidly by

nucleophilic addition of water to its carbonyl group,6

suggestedthat the absorbancechangeswe were obser-
ving were causedby the formation and subsequent
ketonizationof mandelicacidenol [equation(2)].

Although mandelic acid is the principal product
formedby flashphotolysisof benzoylformateestersand
phenyldiazoacetic acid in aqueoussolution, other sub-
stances are also produced in minor amounts. The
possibility did exist, therefore,that we were observing,
not theformationandketonizationof mandelicacidenol,
but oneof theseminor reactionsinstead,or perhapseven
theformationanddecayof someotherintermediatein the
mandelic-acid-generatingpathway.More evidencewas
neededto settlethis issue.

The ketonizationof enolsis known to occurby rate-

determiningprotonationof the b-carbonatom of either
the enol or the enolateion, accordingto the reaction
schemeof equation(3).7

This mechanismproducesa characteristicrateprofile for
reactionthroughsolvent-derivedspecies;it alsorequires
the reaction to show generalacid catalysisand have
hydronium ion isotopeeffects in the normal direction
(kH/kD > 1).

The rateprofile for decayof the transientspeciesthat
weobserved,shownin Fig. 1 providesgoodevidencefor
thereactionschemein equation(3). This profilecontains
an acid-catalyzedportion at low [H�], as expectedfor
carbonprotonationof non-ionizedenolby thehydronium
ion. Thatis thenfollowedby ashort‘uncatalyzed’region
at [H�] = 10ÿ2–10ÿ3 M, which representseitherprotona-
tion of enolby awatermolecule,or ionizationof theenol
to themuchmorereactiveenolateion followedby carbon
protonationof enolateby hydronium ion; in the latter
case, a hydronium ion is produced in a rapid pre-
equilibrium and is thenusedup in the rate-determining
step,whichgivestheoverallprocesstheappearanceof an
‘uncatalyzed’reaction.This portionof the rateprofile is
followed by a regionof apparenthydroxideion catalysis
in which ionization of enol to enolateis followed by
carbonprotonationof enolateby a water molecule; a
hydroniumion is producedin the pre-equilibriumbut is
thennot usedup, makingthe rateof the overall process
inversely proportional to [H�] and giving it the
apprearanceof a hydroxide ion-catalyzed process.
Finally, when the position of the enol–enolatepre-
equilibriumshiftsover to enolateion, this hydroxideion
catalysisbecomessaturatedand another‘uncatalyzed’
portion of the rateprofile, correspondingto simplerate-
determining carbon protonation of enolate by water,
results.

In buffer solutionsof low [H�], wherehydroxideion
catalysis is saturated,decay of our transient showed
generalacid catalysis,as expectedfor rate-determining
carbonprotonationof the enolateion. In more acidic
buffers, however, in the region where hydroxide ion
catalysisis operative,the reactionshowedgeneralbase
catalysis.This,too,is asexpectedfor thereactionscheme
in equation (3), because,although enolate ion is the
reactive form of the substratein thesesolutions,non-
ionized enol is the dominantform; conversionof enol
into enolatethen introducesan inverseratedependence
on [H�], which convertsthegeneralacidcatalysisof the
rate-determiningcarbon protonation step into an ob-
servedgeneralbasecatalysis.
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General acid catalyzed reactions are expected to
conform to the Brønstedrelationship,and the catalytic
coefficientsfor decayof our transientdo give a good
correlation. This correlation, moreover, has a low
Brønstedexponent,a = 0.24, which implies an early,
reactant-liketransitionstatefor theprocessit represents;8

this again is consistent with the expected strongly
exoergic nature of the mandelic acid enolate ion
ketonizationreaction.9

Solventisotopeeffectsprovideadditionalsupportfor
the interpretation of our transient decay as an enol
ketonizationreaction.Comparisonof ratesof reactionin
H2O and D2O in the region of acid catalysisat high
acidity gavekH/kD = 3.2,anda similar comparisonin the
regionof saturationof hydroxideion catalysisgavekH/
kD = 6.9. Both of theseisotopeeffectsarein the normal
direction (kH/kD > 1), as expectedfor rate-determining
hydron transfer to carbon. The relative magnitudeof
theseisotopeeffects,moreover,is alsoasexpected,for
the schemein equation(3) would assignthe first and
smalleroneto hydrontransferfrom the hydroniumion,
wherea primary isotopeeffect in thenormaldirectionis
offset by an inverse(kH/kD < 1) secondarycomponent,
andit wouldassignthesecondandlargereffectto hydron

transferfrom a watermolecule,wherea normalprimary
isotopeeffect is reinforcedby a secondarycomponentin
thenormaldirection.10

Interpretationof therateprofilein Fig.1 in termsof the
reactionschemein equation(3) allowsof thebreakin the
profileat [H�] � 10ÿ6 M to beassignedto acidionization
of the enol, and our comparisonof ratesof reactionin
H2O and D2O provides an isotope effect on the
equilibrium constant for this ionization, KH/KD = 4.5.
This, again, is consistentwith expectation,for isotope
effect theoryrequiresoxygenacidsto belesscompletely
ionizedin D2O thanin H2O,10 andthemagnitudeof the
effect observedhere is reasonablefor an acid of the
strengthof this enol (pKa = 6.39).11

A varietyof standardmechanisticcriteriathuspaintan
overall consistentpictureandprovidestrongsupportfor
identificationof thetransientspecieswehaveobservedas
theenolof mandelicacid.

ENOL PRECURSORS

Identification of our transientas the enol of mandelic
acid,coupledwith the factsthatphenylhydroxyketeneis

Figure 1. Rate pro®le for decay of the transient species identi®ed as the enol of mandelic acid, generated by ¯ash photolysis of
(o) benzoylformic acid esters and (D) phenyldiazoacetic acid

Figure 2. Rate pro®les for formation of mandelic acid enol from (o) benzoylformic acid esters and (D) phenyldiazoacetic acid
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formedby flashphotolysisof benzoylformicacidesters5

andketenesareknown to hydraterapidly to carboxylic
acid enols,6 makes a strong case for designating
hydration of this keteneas the enol-forming reaction
when benzoylformic acid estersare used as the flash
photolysis substrates[equations (1) and (2)]. This
assignmentis supportedby the rate profile for enol
formationdefinedby thecirclesshownin Fig. 2. Ketene
hydration rate profiles characteristically have long
uncatalyzedportions,with weakhydroxideion catalysis
andalsoweakor non-existenthydroniumion catalysis,12

just like therateprofile shownin Fig. 2. Solventisotope
effects on the uncatalyzed reaction, moreover, are
generallyweak,12b,d,13asis theisotopeeffectfoundhere,
kH/kD = 1.49, consistentwith the fact that this reaction
involves nucleophilic attack of water on the ketene
carbonyl carbon atom,6 with some weakeningbut no
breakingof isotopicallysubstitutedbonds.

Our early, rather limited studieswith the other flash
photolysis substrate,phenyldiazoaceticacid, 4, were
confined to neutral and basic solutions where, as the
trianglesin Fig. 2 demonstrate,ratesof this reactionare
indistinguishable from thoseobtainedusingbenzoylfor-
mateestersasthesubstrate(Fig. 2 circles).Sincewe had
established that phenylhydroxyketene was the enol
precursor in the benzoylformate ester reaction, we
assumedthat this ketenewas also the precursorin the
phenyldiazoacetic acid reaction.We postulatedthat the
ketenewasformedin thiscaseby aWolff rearrangement
of the carboxycarbene,6, generatedby photo-induced
lossof nitrogenfrom thediazocompound,[equation(4)],
andwe reportedthat in a preliminarypublicationof part
of this work.4

We discoveredlater, however,that, as Fig. 2 shows,
ratesof formation of mandelicacid enol from the two
kindsof flashphotolysissubstratearedecidedlydifferent
in acidic solutions.The behaviorof the two systemsis
alsodifferent in buffer solutions:asFig. 3 demonstrates,
whereasformation of the enol using phenyldiazoacetic
acid asthe substrateis catalyzedstronglyby aceticacid
buffers,thatusinga benzoylformateesteris not. Similar
differenceswereseenin all of the bufferswe examined
up to [H�] = 10ÿ9 M. However,both reactionsproduce
the sameenol, asevidencedby the fact that the circles
andtrianglesin Fig.1,whichrepresentdataobtainedwith
benzoylformateestersand phenyldiazoacetic acid, re-
spectively, make up a single rate profie. It is clear,
nevertheless,that the two different kinds of substrate
generatetheenolby differentreactions,throughdifferent
enolprecursors,in bothacidic andbasicsolutions.

Photolysisof diazo compoundsis known to produce
carbenes,14 andinsertionof carbenesinto O—H bondsis
a well known reaction.15 It seemslikely, therefore,that
this is the processthat occursupon flash photolysisof
phenyldiazoaceticacidin aqueoussolution.Ourobserva-
tion of an enol intermediate,however,showsthat the
insertionis not a direct reactionof the carbeniccarbon
atomonly, but that it alsoinvolvesthecarbonylgroupof
thecarboxylicacidfunction,andis morein thenatureof
a conjugateaddition of water acrossthe entire carbo-
nylcarbenemoiety [equation (5)]. We have observed
similar enol-forming photo-dediazotizations of the
methyl ester

of phenyldiazoacetic acid16 and of its cyclic analog,4-
diazo-3-isochromanone.17 We arecurrentlyinvestigating
the mechanismof thesereactions.It is noteworthythat
the lifetimes of our postulatedcarbonylcarbeneinter-

Figure 3. Buffer dilution plots for the formation of mandelic acid enol from (o) n-butyl benzoylformate and (D) phenyldiazoacetic
acid (acetic acid buffers, buffer ratio = 1, ionic strength = 0.10 M)
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mediatesare considerablylonger than those of other
carbonylcarbeneswithout phenyl substituentsthat have
beenobservedrecentlyin non-aqueoussolvents.18

Further insight into the nature of the enol-forming
processwhenphenyldiazoaceticacid is usedastheflash
photolysis substratecomes from an oxygen-18 tracer
study that we conductedin isotopically labelledwater.
The carbonylcarbeneroutewill give mandelicacid with
the isotopiclabel in its a-hydroxyl group[equation(6)],
whereashydration of phenylhydroxyketenewill give
mandelic acid with the isotopic label in its carboxyl
group[equation(7)]. Thesetwo oxygenpositions

can be distinguished easily by mass spectrometry,
becausemandelicacid fragmentsreadily upon electron
impact,producingthephenylhydroxymethylcationasthe
principal speciesin its mass spectrum.19 Our results
showedthat 94% of the mandelic acid formed from
phenyldiazoacetic acid in acidicsolutionwaslabelledin
its a-hydroxyl group and 4% was unlabelled at that
position,thussupportingthecarbonylcarbenerouteasthe
dominantenol-generatingreactionin that medium,but
suggesting that hydration of phenylhydroxyketene
formed by the photo-Wolff reaction in equation (4)
might in fact be making a minor contribution. The
occurrenceof sucha minor routeis supportedby thefact
that the amountof a-hydroxyl group labelledmandelic
aciddroppedto 80%whentheexperimentwasperformed
in basicsolution. In basicsolution the carboxylic acid
groupof thecarbeneintermediatewill beionized,andOÿ

rather than OH can be expectedto be the migrating
moiety in theWolff rearrangement.Sincethis rearrange-
ment is to an electron deficient center, the migrating
aptitudeof Oÿ shouldbegreaterthanthatof OH, andin
basicsolution the Wolff rearrangementwill be able to
competemore effectively with carbonylcarbenehydra-
tion. The latter reaction,however,appearsstill to be the
dominantenol-generatingprocesswhenphenyldiazoace-
tic acid is the flash photolysissubstrate,even in basic
solution.

Our detailedinvestigationof enol precursorshasthus
revealeda complexity, and hasdiscovereda new enol-
producingreaction,thatwasnot at all apparentfrom our
initial cursoryexaminationof thesesystems.4 Thisserves
to illustratetheadvantageof usingstandardmechanistic
criteria to supplementsimpleUV–visible light detection
of flash-photolyticallygeneratedtransientspecies.

KETO±ENOL AND RELATED EQUILIBRIA

Keto–enol equilibrium constants,KE, of simple car-
boxylic acids are too small to be measuredby direct
methods such as halogen titration, but they can be
determinedas ratios of enolization,kE, to ketonization,
kK, rate constants:KE = kE/kK. Combinationof ratesof
ketonization of mandelic acid enol, measuredflash
photolytically, with muchslowerratesof enolizationof
theacid,measuredasa-hydrogenexchange,thenleadsto
the result KE = 6.48� 10ÿ17, pKE = 16.19.3 As the
thermodynamic cycle of equation (8) shows, this
equilibrium constantmay be combinedwith the acidity
constantof the enol, Ka

E = 4.12� 10ÿ7 M, pKa
E = 6.39,

obtainedfrom theketonizationrateprofile, to determine
theacidityconstantof mandelicacidionizingasacarbon
acid,Ka

K = 2.67� 10ÿ23 M, pKa
K = 22.57.

Theseresults are comparedwith the corresponding
constantsfor the phenylacetaldehyde systemin Table1.
It canbeseenthattheketo–enolequilibriumconstantfor
mandelicacidis manyordersof mangnitudesmallerthan
that for phenylacetaldehyde,a difference that may be
attributedto resonanceinteractionbetweenthe carbonyl
andhydroxylmoietiesof thecarboxylgroupof mandelic
acid, which stabilizesthe keto isomer in this caseand
raisestheenergydifferencebetweenit andtheenol.The
acidity constantof mandelicacidenol,on theotherhand,
is greater than that of phenylacetaldehydeenol. The

Table 1. Comparison of mandelic acid and phenylacetalde-
hyde keto±enol systemsa

Constant

pKE 16.19 2.88c

pKa
E 6.39 9.46,d 9.76e

pKa
K 22.57 12.43c

aAqueoussolution,25°C.
bRef. 20.
cGlobal constantreferring to cis andtrans isomers.
dtrans-Enol.
ecis-Enol.
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differencehere,3.1–3.4pK units, is not unlike the 2.3
averagepKa differencebetweentheacidityconstantsof a
group of alcohols and the correspondinggem-diols,21

which canbe assignedto an inductive,anion-stabilizing
effectof thesecondhydroxyl group;this effectmight be
transmittedmoreeffectivelythroughthesp2 carbonatom
of a carboxylic acid enol than through the sp3 carbon
atom of a saturatedgem-diol, thus accountingfor the
greaterpKa differencein thecaseof theenols.Theacidity
constantof mandelicacid ionizing asa carbonacid, just
like its keto–enolequilibriumconstant,is manyordersof
magnitudegreaterthan that of phenylacetaldehyde,and
this againmaybeattributedto resonancestabilizationof
thenon-ionizedketo isomer.

MANDELATE RACEMASE

Mandelate racemaseis a much-studiedenzyme that
catalyzes the racemization of mandelic acid very
effectively. An impressivebody of evidenceshowsthat
it doesthis by anenolizationpathway,22 which is a very
slow processin the absenceof the enzyme:in order to
obtainmeasurableratesof enolizationfor ourdetermina-
tion of KE, wehadto useconcentratedacidsolutions(0.5
– 4 M hydrochloric acid) and high temperatures(130–
150°C). The enzymethus hasa large kinetic barrier to
overcomein catalyzingthe racemizationreaction.Our
resultsshow that it also has a sizable thermodynamic
barrier.

This is illustratedby thefreeenergydiagramin Fig. 4.
This diagram shows the relative free energiesof the
substancesinvolved, referred to a standardstate of
[H�] = 10ÿ7 M thatcorrespondsto theneutralsolutionin
which the enzymaticreactiontakesplace.Interestingly,
at this acidity mandelicacid enol and enolateion have
closelysimilar free energiesanddiffer little in stability;
either one of these species could consequentlybe
involved in the enzymaticreactionwith equal facility.
Takingmandelateion andfreeenzymeastheinitial state
of the enzymaticreactionandusingkcat= 1070sÿ1 and
Km = 0.63mM23 give a rateconstantthat correspondsto
the free energyof activationDG‡ = 9.0kcalmolÿ1. The
transitionstateof the enyzmaticreactionthuslies some
17–18kcalmolÿ1 belowthefreeenergyof mandelicacid
enolor enolateion. Theenyzmemustthereforestabilize
its enolic intermediateby at least this amount if this
intermediatelies at the samefree energy level as the
transitionstate,or by a somewhatgreateramount,if, as
seemslikely, the intermediatelies below the transition
state.

Two different hypotheseshave been advancedto
account for this stabilization: one attributes it to the
formation of a strong ‘low-barrier’ hydrogen bond
betweentheenolicintermediateandanessentialglutamic
acid residueat the active site of the enzyme,24 and the
otherto electrostaticstabilizationof the intermediateby
thedivalentmetalion cofactoressentialfor theenzymatic
reaction.25 Currentopinion seemsto favor the electro-
staticexplanation.26
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