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ABSTRACT: a-Carbonylcarbenes (2a–c) generated by UV photolysis of 2-diazophenylacetic acid (1a), its methyl
ester (1b) and 4-diazo-3-isochromanone (1c) in aqueous solution undergo conjugate addition of water across the
entire carbonylcarbene moiety to give enols (3a–c) of the correspondinga-hydroxycarbonyl compounds. These
carbenes are long-lived, with microsecond lifetimes in aqueous solution. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The insertion ofa-carbonylcarbenes into O—H bonds is a
well known1,2 synthetically important reaction.3 This
process is thought to proceed via two alternative routes:
(a) formation of an ylide through electrophilic attack of
the carbene on an unshared electron pair of hydroxylic
oxygen, followed by a 1,2-proton shift to give the final
product, or (b) initial protonation of the carbene to give a
carbocation, which is then rapidly trapped by solvent
[Eqn (1)].2,4,5

However, as Eqn (2) illustrates, the proposed oxygen
ylide could also undergo proton translocation from
hydroxylic oxygen to carbonyl oxygen to give an enol,
which would then ketonize, forming the observeda-
alkoxycarbonyl compound.

We have, in fact, observed such an enol-forming
reaction in the hydration ofa-carbonylcarbenes (2a–c)
generated by laser flash photolysis from 2-diazophenyl-

acetic acid (1a), its methyl ester (1b) and 4-diazo-3-
isochromanone (1c) [Eqn (3)].

EXPERIMENTAL

Materials. 2-Diazophenylacetic acid (1a) was prepared
by saponification of methyl 2-diazophenylacetate (1b),
itself obtained by lead tetraacetate oxidation of the
hydrazone of methyl benzoylformate.6 The diazo acid
undergoes rapid acid-catalyzed hydrolysis,7 and therefore
was not isolated; aqueous stock solutions of the acid salt
were used instead. These were obtained by allowing a
solution of methyl diazophenylacetate, dissolved in an
equimolar amount of 0.1M aqueous sodium hydroxide, to
stand at room temperature for 2 days and then washing
this solution with methylene chloride to remove any
unreacted ester. 4-Diazo-3-isochromanone (1c) was
prepared by a diazo transfer reaction fromp-acetamido-
benzenesulfonyl azide to 3-isochromanone.8

Kinetics. Flash photolysis was performed using a
conventional flash lamp system and an excimer-laser
system that have already been described.9 The conven-
tional system produced a 50ms excitation pulse and the
laser system, operating at 248 nm, produced a 20 ns
excitation pulse. In both systems the temperature of the
reacting solutions was controlled at 25.0� 0.05°C. Rate
measurements were carried out by monitoring absor-
bance changes at 330 nm. Determinations were made in
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aqueoussolutionsover the rangeof acidity [H�] = 1.0 –
10ÿ12 M, using perchloric acid and sodium hydroxide
solutionsin additionto formic acid,aceticacid,biphos-
phateion, hydrogent-butylphosphonateion andtris(hy-
droxymethyl)methylammonium ion buffers. The ionic
strength of the reaction solutions was maintained at
0.10M.

RESULTS

Photolysis of diazocarbonyl compounds in aqu-
eous solution

Photodecomposition of a-diazocarbonylcompoundsis
known to produce a-carbonylcarbenes,10 which can
rearrangeinto ketenesor, in the presenceof water,
undergoinsertion into O—H bonds.Photolysisof all
three a-diazocarbonyl compounds 1a–c in aqueous
solutionsgives a-hydroxycarbonylcompounds4a–c as
themajorproducts.In thecaseof methyl2-diazophenyl-
acetate (1b) and 4-diazo-3-isochromanone (1c), the
formation of methyl mandelate(4b) and 4-hydroxy-3-
isochromanone(4c), respectively,indicates that dedi-
azotization of the starting material leads to an a-
carbonylcarbene,followed by hydration of the latter.
Photolysis of 2-diazophenylaceticacid (1a), yielding
mandelic acid (4a), however, can proceed via two
differentroutes:formationandhydrationof carboxyphe-
nylcarbene (2a) or Wollf rearrangementof 2a to
hydroxyphenylketene,followed by nucleophilicaddition
of water[Eqn (4)].

These two mechanismscan be distinguished by
oxygen-18tracerexperimentsconductedin isotopically
labeled water. The carbonylcarbeneroute will give
mandelicacid with the isotopic label in its a-hydroxy
group, whereashydration of hydroxyphenylketene will
give mandelicacidwith the isotopiclabel in its carboxy
group [Eqn (4)]. The positions of the label can be
determinedeasily by massspectrometry,becauseman-
delic acid fragments readily upon electron impact
producing the hydroxybenzyl cation as the principal
speciesin its massspectrum.11 Our resultsshowedthat
96% of the mandelicacid formed from 2-diazophenyl-
acetic acid was labeled in its a-hydroxy group, thus
supportingthea-carbonylcarbeneroute.

Flash photolysis: enol generation

Flash photolysis of diazocompounds1a–c produced
intermediatesthat could be observedasa rapid rise and
thena slowerdecayof absorbanceat 330nm (Fig. 1). In
all three casesthe observedintermediatesshowedthe
behaviorexpectedof enols.Therateprofilesfor reaction
throughsolvent-derivedspeciesin thepCH

� rangefrom 0
to 12, shownin Fig. 2 are typical of enol ketonization
reactions; the reactions also showed general acid
catalysisand had solvent isotopeeffects in the normal
direction (kH/kD> 1). Thesefeaturesplus the structures
of final productsallowed us to identify the observed
intermediatesasenol forms (3a–c) of the corresponding
-hydroxycarbonylcompounds12.

The ketonizationof enolsis known to occurby rate-
determiningprotonationof the b-carbonatom of either
theenolor theenolateion, accordingto Eqn(5).

Therateprofiles(Fig.2) providegoodevidencefor this
mechanism.Theycontainacid-catalyzedportionsat low
pCH

�, as expectedfor carbonprotonationof the non-
ionizedenolby thehydroniumion. This is thenfollowed
by a short ‘uncatalyzed’regionat [H�] = 10ÿ1–10ÿ3 M,
which representseither protonationof enol by a water
molecule or ionization of the enol to the much more
reactiveenolateion followed by carbonprotonationof
enolateby hydroniumion; in the latter case,the fraction
of enolateanion is inverselyproportionalto [H�], thus

Figure 1. Changes in absorbance at 330 nm observed in
laser ¯ash photolysis of 2-diazophenylacetic acid in aqueous
solution
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giving the overall process the appearanceof an
‘uncatalyzed’ reaction.This portion of the rate profile
is followed by a region of apparenthydroxide ion
catalysisin whichenolateis carbonprotonatedby awater
molecule; the fraction of ionized substrate is still
inverselyproportionalto [H�], andsois therate.Finally,
when the position of the enol–enolatepre-equilibrium
shifts over to enolateion, this apparenthydroxide ion
catalysisbecomessaturatedand another‘uncatalyzed’
portion of the rateprofile, correspondingto simplerate-
determining carbon protonation of enolate by water,
results.Comparisonof ratesof reactionin H2O andD2O
gaveisotopeeffectsin thenormaldirection(kH/kD > 1),
as expected for rate-determininghydron transfer to
carbon.

Interpretationof the rateprofilesin Fig. 2 in termsof
the reactionEqn(5) allowstheassignmentof thebreaks
in theprofilesat [H�] � 10ÿ6 M to acid ionizationof the
enols.

The enol of mandelic acid was also generated
independently by photolysis of benzoylformic acid
esters,andit showsthe samebehaviorasthat generated
from 2-diazophenylaceticacid.12a

Carbene hydration reaction route

a-Carbonylcarbenes2a–c generatedfrom diazo com-
pounds1a–cin aqueoussolutionaddwaterto form O—H
insertionproducts4a–c[Eqn (3)]. Formationof theenol

Figure 2. Rate pro®les for the ketonization of the enols of (*) mandelic acid (3a), (!) methyl mandelate (3b) and (^) 4-
hydroxy-3-isochromanone (3c)

Figure 3. Rate pro®les for the hydration of a-carbonylcarbenes (*) (2a), (!) (2b) and (^) (2c)
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intermediates 3a–c in this reaction rules out the
carbocation-generating and ylide mechanismsof Eqn
(1), becausesuchprocesseswould not producean enol.
Our resultsare consistent,on the other hand,with the
enol-generatingylide mechanismof Eqn (2), especially
since the very rapid oxygen-to-oxygenproton transfer
thatconvertstheylide to anenolshouldrendertheylide
invisible on the timescaleof our experiments.We also
cannot exclude a concertedaddition of water to a-
carbonylcarbeneswhich avoidsanylide intermediate.At
any rate, our observationof enol intermediatesin the
formationof O—H insertionproductsfrom a-carbonyl-
carbenes2a–cshowsthathydrationof thesespeciesis not
a direct reactionof the carbeniccarbonatom only, but
that it alsoinvolvesthecarbonylgroupof thecarboxylic
acid function, and is more in the natureof a conjugate
addition of water acrossthe entire a-carbonylcarbene
moiety [Eqn (3)].

The carbenehydration reactionswere observedas a
fastriseof absorbanceat330nm(Fig.1).Thesereactions
arecatalyzedby bothacidsandbases,andbothcatalyses
are generalin type. The rate profiles, shown in Fig. 3
sharecommonfeatures:they containlong ‘uncatalyzed’
regions at [H�] = 10ÿ5–10ÿ9 M where the carbene
presumablyreactswith water, followed by regionsof
hydroxideion catalysiswherehydroxideion takesover
the role of attackingnucleophile.At pCH

�< 5, investi-
gationof the carbenehydrationreactionsbecomesmore
difficult: the signal of carbene2c becomesvery weak,
and2-diazophenylaceticacid (1a) undergoesrapid acid-
catalyzeddecomposition.7 Weneverthelessstill managed
to observeacid-catalyzedhydration of carbenes2a–c
(Fig. 3). It is likely that this acid-catalyzedreaction
proceedsvia pre-equilibriumprotonationon thecarbonyl
oxygen atom followed by rapid attack of water on
resultingvinyl cation[Eqn (6)]. Detailedinvestigationof
themechanismof thesereactionsis underway.

It is noteworthy that the lifetimes of the present
carbonylcarbeneintermediates,reaching2ms in neutral
solutions,are considerablylonger than those of other
carbonylcarbeneswithout phenyl substituentsthat have
been inferred from recent studies in non-aqueous
solvents.4,13 On the otherhand,a previousinvestigation

of thephenyl-substitutedcarbonylcarbene2b in someof
the samenon-aqueoussolvents14 reportedlifetimes for
this substanceapproachingthosefoundhere.

CONCLUSION

Flash photolysisof each of the a-diazocarbonylcom-
pounds1a–c in aqueoussolutionsshowsthe formation
and decayof an intermediate.On the basisof standard
mechanisticcriteria this intermediatehasbeenidentified
as the enol of the correspondinga-hydroxycarbonyl
compound.Our investigationof the precursorsof these
enols indicates that the enols are formed by direct
conjugateadditionof water to a-carbonylcarbenes,thus
representinga newenol-formingreaction.
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