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ABSTRACT: A simple model for the energy surface of a reacting system permits the calculation of the free energies
of activation. A chemical reaction is analyzed in terms of the simple processes (bond making/breaking or atom
transfer; geometry changes) which must take place to achieve the overall transformation. When only one (or two, or
three, …) of these processes has progressed to the full extent required for reaction, one has a ‘corner intermediate.’
The reaction diagram is viewed as a square (2D) or cube (3D) or hypercube (4D), etc., and energies at intermediate
points on the energy surface or hypersurface are calculated by interpolation. Suitable equations have been obtained
for this purpose. Along any section parallel to an axis the energy is given by an upward opening parabola centered at
the lower energy end. This paper deals with the application of these ideas to proton transfer reactions involving carbon
acids. For mono- or dicarbonyl compounds, with pKas ranging from 7 to 25.6, and rate constants for water or
hydroxide ranging from 10ÿ9.3 to 104.6, rate constants can be predicted with an r.m.s. error in logk of 0.99 for 51
reactions. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

In his classical study of proton transfer reactions, Eigen1

showed that whereas proton transfers between electro-
negative atoms such as oxygen or nitrogen were very fast,
essentially at the rate of diffusion in the thermodynami-
cally favored direction except for a narrow range ofDpKa

values nearDpKa = 0, proton transfers to or from carbon
were generally slow, with Brønsted slopes intermediate
between 0 and 1 over very wide ranges ofDpKa. Since
then, Kresge and co-workers2,3 have shown that for a few
kinds of carbon acids, where a localized ion is formed,
proton transfer can also be fast, essentially at the rate of
diffusion in the thermodynamically favored direction. It
has been widely accepted that the reason for the
characteristically slow reactions of carbon acids is that
almost invariably for such an acid to be acidic enough to
react with a base such as hydroxide or something weaker,
it is necessary for it to be next to a conjugating electron-
withdrawing group, such as carbonyl or nitro, so that the
product anion need not have the negative charge on
carbon, but rather can delocalize it on to an electro-
negative atom. The loss of proton is imperfectly
synchronized with the electronic reorganization, and thus

the full potential acidity of the CH bond is not expressed
at the transition state and the reaction is slow.4–6

Although this description in terms of imperfect synchro-
nization is widely accepted, it has not led to a straight-
forward and general way to predict the rates of these
reactions. In this paper, an approach which permits such
predictions will be presented.

A preliminary account of this work has been
published.7 Although the approach has changed signifi-
cantly, the essential idea remains, namely that for a
chemical transformation where only one thing happens,
there would be no kinetic barrier (intrinsic barrier in
terms of Marcus theory) but rather a simple increase or
decrease in energy as the process occurs. Evidence
supporting this idea will be examined. For most actual
chemical reactions several things have to happen
simultaneously, and the resulting multi-dimensional
reaction surface has a kinetic barrier separating starting
materials and products. This idea was first developed as
an extension of multi-dimensional Marcus theory8 and
used the mathematics developed for that theory.

With further examination of the concepts, it became
clear that for processes where ‘only one thing happened’
there should in general be a quadratic force law, and that
this simpler mathematical description should apply to all
reactions described in this way. This paper presents an
application of these ideas to proton transfer reactions. An
application to cyanohydrin formation by addition of
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cyanideion to carbonylcompoundshasbeensubmitted
for publication, and a number of other reactions,
including covalent hydration of carbonyl compounds,
hydrogensulfiteadductformation,hydrationof iminium
ions and aldol condensationsare currently being
examinedin termsof theseideas.

RESULTS

Themethodproposedin thispaperrequiresthefollowing
postulates.

1. Reactantsarein equilibrium with startingmaterialor
productat eachpoint alongeachreactioncoordinate.
This is one of the startingassumptionsof transition
statetheory.

2. For any processwhereonly one elementaryreaction
coordinatechanges,the energy will be a quadratic
functionof thecorrespondingreactioncoordinate.The
elementaryreaction coordinatesfor proton transfer
from carbonare the actual proton transferbetween
carbon and an electronegativeatom and geometry
changefrom sp3 to sp2 with nochangein bonding.The
energywill be given by an upwardopeningparabola
centeredon the lower energy end of the reaction
coordinate.In thecasewhenbothendshavethesame
energythenthe energywill be the sameat all points
alongthecoordinate.In orderto obtaina logically and
mathematicallyconsistentequation for the energy
surface,wewill haveto deviateslightly from this ideal
picture,but this is the goal to be approximated.Bond
breaking processesare usually shown with a bond
length coordinate,in which caseone has a Morse
curve,but if bondordercoordinatesareused,thenthis
transformsinto a parabola.This follows from Paul-
ing’s bondlength–log(bondorder)relationship9.

3. At eachsectionthroughthe reactionhypersurfacefor
which only one reaction coordinate changes,the
energywill be a quadraticfunction of the reaction
coordinateandwill dependonly ontheinitial andfinal

energiesalongit. This follows from postulates(1) and
(2). Almost all chemicalreactionswill involve two or
more elementaryreaction coordinates,and thus a
reactionwill be describedby a reactionhypersurface
with two or morereactioncoordinatedimensionsand
oneenergydimension.I proposethat this surfacecan
be constructedby postulates(2) and (3), with some
deviations in order to obtain a single consistent
equationfor theentiresurface.

4. Energies of hydrogen bonds, including hydrogen
bondsfrom O or N to CH can be estimatedby the
Stahl–Jencksequation.10 This allows for loss of
solvationby water when a baseforms an encounter
complex with a carbon acid and for changesin
hydrogen bonding upon distortion of the organic
compound.

5. Reactioncoordinatesare definedto run from 0 to 1.
This meansthat for bondmaking/breakingprocesses
bondordercoordinatesareused,andfor geometrical
distortions the reaction coordinate is the relative
changein bondangle,x = D�/D�max.

Themodelwhich is usedto predictthereactionratesis
shownin Scheme1.

To illustrate the way in which the model works, the
example of enolate formation from acetaldehydeand
hydroxide will be consideredin detail. The overall
reaction, correspondingto the observedrate constant,
correspondsto theprocess

In thisprocessseveralthingshappen:(1) thehydroxide
mustdiffuseinto contactwith theCH which is to transfer
its proton;(2) in theprocessthehydroxidelosessolvation
by onewaterandgainsaveryweakhydrogenbondto the
CH; (3) the proton transfers within this encounter
complex;and(4) thegeometrychangesfrom sp3 to sp2.

The first two make up the ‘work term’ in Marcus

Scheme 1
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theory.The equilibrium constantfor encountercomplex
formation,in theabsenceof attractiveor repulsiveinter-
actionsis estimatedaccordingto Hine.11 Theequilibrium
constantif thereis onepositionfor a basenextto anacid
is 0.0085 Mÿ1. This is corrected by the symmetry
numbersappropriateto theprocess.12 Hydrogenbonding
interactionsmust be explicitly accountedfor, because
thesewill changewith geometrychanges;the geometry
changescorrespondto significantchangesin pKa.

Forpurposesof hydrogenbondingtheappropriatepKa

is for the ‘vertical process’ with no accompanying
geometrychange,including no changein bond lengths;
for the actual proton transferreactionthe bond length
changeaccompaniestheprotontransferandneednot be
treatedas a separatedimension.This approachto pKa

values appropriate to hydrogen bonding attempts to
capturetheelectrostaticeffectsat theprotoninvolved in
hydrogenbondingwithout the electronicreorganization
whichwouldaccompanyprotontransfer.It is straightfor-
ward to calculatethe strain energiescorrespondingto
changingthegeometryto thevaluescorrespondingto the
protontransferredspecies.

Hydrogen bond energies are calculated using the
equationof StahlandJencks,10 basedon theappropriate
pKa values.For the carbonacidsthis requiresexamina-
tion. For the initial stateof the carbonacid, with sp3

hybridization,thepKa wasestimated7 usinga Taft r*�*
relationship.r* =ÿ3.09 was evaluatedfrom the pKa

values for CH4 (5013), CH3CH3 (52.013), CH(CH3)3

(59.713) andCF3H, takenas27,14 using�* valuestaken
from Perrin et al.15 This pKa refers to the process
wherebythe carbonacid, with sp3 geometryfor the C
which loses the proton, forms a tetrahedralanion in
which the electron-withdrawing group is only acid
strengtheningto theextentmeasuredby �*. We usethis
procedurebecauseof uncertaintiesabouthow well we
can model the distortion energyof the conjugatebase.
The pKa leading directly to the corner intermediateis
moreimportantthantheotherpKa valuesusedto estimate
hydrogenbondenergies,althoughthe calculationis not
very sensitiveevento this value.

In encountercomplexeswith hydroxide,thehydroxide
will have replacedone solvating water moleculeby a
hydrogenbond to CH. A CH speciesdistortedtowards
thegeometryof theanionwill haveenhancedacidityand

maybeexpectedto form agoodhydrogenbond,although
a CH specieswith the startinggeometrywill normally
makeonly a very weakhydrogenbond.

Theenergiesof specieswith distortedgeometrieswere
calculated by ab initio quantum mechanics (using
Gaussian9416), relativeto theenergyof thecorrespond-
ing minimizedstructure,for startingmaterialor product.

In determiningthe energiesof the product,we found
that it was necessaryto use the enols rather than the
enolates,eventhoughwe wereanalyzingbase-catalyzed
enolateformation.The problemis that in the gasphase
the enolatesare very flexible, with soft potentialsfor
geometricaldistortion.Theenolateion in thegasphaseis
lessstablethan the speciesin solution by the solvation
energy, which is of the order of ÿ100kcal for an
anion.17–19By contrast,thefreeenergyof solvationof the
enol is of the order of ÿ2 kcalmol.ÿ1 From the data
tabulatedin Ref. 20, onemay calculatefree energiesof
transferfor five enols:theaveragevalueisÿ2.1kcal. In
solution at a pH equalto the pKa of the enol, typically
about 10,21 the enol and enolateare at the samefree
energylevel. Hencethe gas-phaseenolatediffers from
the species in solution by an amount of energy
comparableto that for electronic excitation, and it is
perhapsnot surprisingthat thebehaviorof thegas-phase
enolateis surprisingbasedon prejudicesfrom solution.
We are interestedin reactionsin solution,and thus the
enolappearsto be thebettermodel.Certainlytheuseof
distortionenergiescalculatedfrom the enolatesleadsto
hopelesslyincorrect free energiesof activation for the
protontransferreactions.

Electrostaticinteractionsmay be significant in some
cases,e.g.if wateris thebaseandtheimmediateproduct
is an ion pair of H3O

� and the anion.Becauseelectro-
static interactionsare relatively weak in water, this is
donewith anapproximatemethod22 which takesaccount
of thenatureof thechargesandthegeometry.

Thenexttwo thingswhichmusthappenin reaction(1)
correspondto the chemical transformationwithin the
encounter complex, and can be shown on a two-
dimensionalreactioncoordinatediagram(two reaction
dimensions,with an orthogonal energy dimension as
well), which is analogousto anAlbery–MoreO’Ferrall–
Jencks23–25diagram:

In this diagram,thehorizontaldimensioncorresponds
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to bonding changes and the vertical dimension to
geometrychanges.If only thegeometrychangesin going
from one corner to another, then the corresponding
energychangecan be calculatedby molecular orbital
methods,ashasalreadybeendescribed.

The energyof eachcornerintermediateis calculated
from thestrainenergyrelativeto theoptimizedform, the
pKa changefor anyprotontransferwhich hashappened,
hydrogenbonding, if any, electrostaticinteractions,if
any,andstatisticaleffectsof encounter,if any(if theonly
other speciesis water, it is assumedto be there, and
accountedfor by theequilibrium constant).

Once the energiesof the corner intermediatesare
available,theenergyof thereactionsurfaceat eachpoint
is available,andthe transitionstatecanbe found.

The surface is defined beginning with the limiting
curvescorrespondingto x = 0 andx = 1 or y = 0 andy = 1.
Thesecurvesaregivenby

Gy�0 � G1x
2

Gy�1 � G3� �G2ÿG3��1ÿ x�2

Gx�0 � G2y
2

Gx�1 � G3� �G1ÿG3��1ÿ y�2

Although it is qualitativelyeasyto seehow to construct
theenergysurfacecorrespondingto themodelusedhere,
the mathematicaldetails are tricky. If the qualitative
descriptionwere exact, then the transitionstateenergy
would be given by the position where the isoenergetic
projectionsof thecurvesfor x = 0 andx = 1 or y = 0 and
y = 1 cross.This is almostbutnotcompletelycorrect.26 A
singleequationfor theenergysurfacecanbeobtainedas
follows. The constraints imposed are: (1) that the
combined equation must give the simple equations
shownabovefor the four edgesof the diagram;(2) that
it shouldgive thecorrectvaluesat the four corners;and
(3) thatwhenthereis nodifferencein energybetweenthe
two points (0, y) and(1, y) or (x, 0) and(x, 1) then the
section at y (or x) should have essentially constant
energy.Theequationwhich satisfiestheseconstraintsis

G� G1x
2� �G3� �G2ÿG3��1ÿ x�2ÿG1x

2�yn

�G2y
2� �G3� �G1ÿG3��1ÿ y�2ÿG2y

2�xn �2�
ÿG1x

nÿG2y
n� �G1�G2ÿG3�xnyn

with n = 2.9. The curves for Gy = 0 and Gy = 1 can be
meldedin a waywhich givesthecorrectvalueat y = 0 or
y = 1 by using G = G1x

2� [G3� (G2ÿG3)(1ÿ x2)ÿ
G1x

2]yn, and similarly the curvesfor Gx = 0 and Gx = 1

canbemeldedin a way which givesthecorrectvalueat
x = 0 or x = 1 by usingG = G2y

2� [G3� (G1ÿG3)(1ÿ
y2)ÿG1y

2]xn. Combining the two would give an
equation which satisfiesconstraint (1), but to satisfy
constraint (2) also it was necessaryto add the terms
ÿG1x

nÿG2y
n� (G1�G2ÿG3)X

nyn. Finally, in order

to satisfy constraint(3), the value of n was adjustedto
give satisfactorybehavior.It was relatively straightfor-
ward to extendthis approachto higherdimensions.The
principal complicationis that it is not possibleto make
simpleassumptionsaboutthe relativeenergyof various
corners.This is in contrastto the two-dimensionalcase
wherethe cornerintermediatesare sureto be higher in
energythatthestartingmaterialandproduct.Therefore,a
generalequationcontainsnumerousconditional state-
mentsin orderto coverall possibilities.

The surfaceobtainedfor the caseof hydroxide and
acetaldehydeis shownin Fig. 1. The figure is drawnfor
reaction within the encountercomplex, starting with
hydroxidein contactwith a CH of acetaldehydeandthus
partially desolvated.The entropiccostof encounterwas
calculatedaccordingto Hine.11 The cost of replacinga
hydrogenbond from hydroxideto waterby a hydrogen
bondfrom hydroxideto theacetaldehydemethylCH was
estimatedusingtheStahl–Jencksequation10 andthepKa

for tetrahedralanion formation estimatedas described
above.

The transition state is constrainedto lie within the
reactionsquareor cubeor hypercube.Thetransitionstate
is by definition the highestenergypoint on the lowest
energypath leading from initial to final state.To find
transitionstates,asetof computerprogramswerewritten
which systematicallysearchthe reactionspace,moving
out in shellsfrom theinitial state.Thealgorithmhasbeen
described.8

Thismodelworkswell for monofunctionalcompounds
as shown by the results in Tables 1 and 2, and
summarizedin Figure 2. The r.m.s. error in log k is

Figure 1. Energy surface for the reaction of hydroxide with
acetaldehyde.
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Table 1. Rate constants for proton transfer reactions involving monofunctional compounds and hydroxide as basea

Compound pKa Log kobs Log kcalc Log kcalcÿ log kobs

CH3CHO 16.7b 0.07b 0.83 0.76
(CH3)2CHCHO 15.49b ÿ0.85b ÿ0.81 0.04
PhCH2CHO 13.10b 1.30b 0.79 ÿ0.51
Ph2CHCHO 10.40b 2.40b 1.27 0.14
CH3COCH3 19.27b ÿ0.66b ÿ0.24 0.42
(CH3)2CHCOCH3 20.33c ÿ2.43d ÿ3.81 ÿ1.38
(CH3)2CHCOCH3 19.3e ÿ0.98d ÿ2.78 ÿ1.80
(CH3)2CHCOCH(CH3)2 21.48c ÿ2.98c ÿ2.61 0.37

18.30b ÿ0.60b 0.01 0.61

16.60b ÿ0.37b 0.42 0.79

18.90b ÿ1.35b ÿ0.15 1.20

18.26b ÿ2.62b ÿ1.78 0.84

15.91c 0.50d 0.12 0.38

18.27c ÿ0.65d ÿ0.23 0.42

12.20b 2.35b 0.81 ÿ1.53

ClCH2COCH3 15.76c 0.55c 1.57 1.02
Cl2CHCOCH3 11.00c 3.24c 3.55 0.31
BrCH2COCH3 13.27c 2.21c 1.98 ÿ0.23
CH3OCH2COCH3 18.49c ÿ1.42c ÿ0.05 1.37
CH3OCH2COCH3 18.29c ÿ0.77c ÿ0.01 0.76

18.41c ÿ0.69d 0.14 0.83

CH3COOC2H5 25.6f ÿ2.92f ÿ2.42 0.50
CH3COSC2H5 21.0g ÿ1.70g ÿ1.00 0.70

a All in aqueoussolutionat25°C; rateconstantsarein Mÿ1 sÿ1. Calculatedratesarebasedondistortionenergiescalculatedat the3–21G level; some
compoundsweretreatedat the3–21�G level but this madelittle differenceto geometries.
b Ref. 21.
c Ref. 40.
d Calculatedfrom the rateconstantfor detritiation,41 assumingthat the kinetic isotopeeffect is thesameasfor acetone.42

e Sincethe rateconstantperhydrogenis very similar to that for acetone,the pKa is assumedto bevery similar to that for acetone.40

f Ref. 43.
g Ref. 44.
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1.08 for 37 compounds.Onepoint wherethe calculated
andobservedvaluesdiffer severelydominatesthis r.m.s.
error, and if the one outlier is removedthe r.m.s.error
falls to 0.97.Theoutlyingpoint is thewaterrateconstant

for 1,1-dichloroacetone, which is surprisingly low
consideringtheaccelerationseenfor thesecondchlorine
on the hydroxiderateconstant.The relativerates,taken
from Tables1 and2, arecatalyst,acetone,monochloro-

Table 2. Rate constants for proton transfer reactions involving monofunctional compounds and water as
basea

Compound pKa
b Log kobs Log kcalc Log kcalcÿ log kobs

CH3CHO 16.7 ÿ7.62c ÿ6.00 1.62
(CH3)2CHCHO 15.49 ÿ7.26c ÿ7.54 ÿ0.28
PhCH2CHO 12.53 ÿ6.33c ÿ5.12 1.21
Ph2CHCHO 10.42 ÿ4.12c ÿ3.70 0.42
CH3COCH3 19.27 ÿ9.34c ÿ8.57 0.77

18.30 ÿ8.73c ÿ7.60 1.13

18.26 ÿ9.78c ÿ9.37 0.41

12.20 ÿ4.50c ÿ4.39 0.11

ClCH2COCH3 15.76 ÿ7.06d ÿ6.36 0.70
Cl2CHCO-CH3 11.00 ÿ6.36d ÿ3.42 2.94
BrCH2COCH3 13.27 ÿ5.55d ÿ4.98 0.57
CH3OCH2COCH3 18.49 ÿ9.86e ÿ8.24 1.62
CH3OCH2COCH3 18.29 ÿ9.23e ÿ7.59 1.64
CH3COCOOCH3 13.35 ÿ5.79f ÿ4.47 1.32

a All in aqueoussolutionat25°C; rateconstantsarein Mÿ1 sÿ1. Calculatedratesarebasedondistortionenergiescalculated
at the3–21G level; somecompoundsweretreatedat the3–21�G level but this madelittle differenceto geometries.
b pKa valuesasin Table1.
c Ref. 21.
d Ref. 45, correctedfor hydrationasdescribedin Ref. 46.
e Extrapolatedfrom measurementsof de-deuterationat highertemperaturesgivenin Ref.47,usinga valuefor theisotope
effect calculatedusingthe correlationin Ref. 48.
f Ref. 49, correctedfor hydrationasdescribedin Ref. 50.

Table 3. Rate constants for proton transfer reactions involving polyfunctional compounds and hydroxide
as basea

Compound pKa Log kobs Log kcalc Log kcalcÿ log kobs

CH3COCH2COCH3 8.87b 4.60b 4.58 ÿ0.02
CH3COCH2COOC2H5 10.68c 3.82d 3.44 ÿ0.38
CH3COCH(CH3)COOC2H5 12.25d 2.01d 2.32 0.31

11.92e 2.35e 2.05 ÿ0.30

a All in aqueoussolutionat25°C; rateconstantsarein Mÿ1 sÿ1. Calculatedratesarebasedondistortionenergiescalculated
at the3–21Glevel; somecompoundsweretreatedat the3–21�G level but this madelittle differenceto geometries.
b Ref. 51.
c Ref. 52.
d Ref. 53.
e Ref. 54.
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acetone,1,1-dichloroacetone:HO— , 1.0, 16.2, 7943;
H2O, 1.0,117,1553.

For bifunctionalcompounds,suchasacetylacetone,it
is necessaryto addanextraprocessfor thereactionwith
hydroxideor water.Theproblemin thissystemis thatthe
formation of the encountercomplexwith hydroxide in
contactwith theacidicCH of acetylacetonealreadycosts
10kcalmolÿ1 andtheobservedfreeenergyof activation
is only 11kcalmolÿ1. Theresimply is no room for the
activation process.What can happen instead is that
reactioncanbeginwhenthe hydroxideis still separated
from acetylacetoneby one water molecule.The extra
reactiondimensionis a protontransferto the hydroxide
from the intervening water. Now the overall reaction
within the encountercomplex is describedby a three
dimensionalreactioncube.

An analogousmodel is usedfor the water reaction,
becausea two-dimensionalprocessleadsto an unfavor-

able complex of H3O
� with the central carbonof the

enolate:

Calculationof the free energyof activationfor these
systemsalsoleadsto goodagreementwith experiment,as
shownby the resultsin Tables3 and 4, summarizedin
Fig. 3. The r.m.s.error in log k is 0.65 for 14 reactions.
The calculationswerecarriedout usingan extensionof
themodeldescribedfor thetwo-dimensional case;for the
three-dimensionalmodel,n was2.5. If n = 2.5 wasused
for the two-dimensional case, the agreement with
experimentwaspoorer,thoughthe worst deviationwas
less than Dlog k = 2.1 (ignoring the water reaction of
dichloroacetone,which gavepoor agreementevenwith
n = 2.9).Theneedfor differentexponentsin thetwo- and
three-dimensionalcasespresumablyreflects imperfec-
tions in our model, and work continuesto seeka fully
consistentapproach.

Figure 2. Observed and calculated rate constants for
reactions of monocarbonyl compounds: (&) hydroxide rates
(Mÿ1 sÿ1); (*) water rates (sÿ1).

Figure 3. Observed and calculated rate constants for
reactions of dicarbonyl compounds: (&) hydroxide rates
(Mÿ1 sÿ1); (*) water rates (sÿ1).
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DISCUSSION

The centralideaof the newapproachto predictingrates
of reactionspresentedin this paperis that if only one
thing happensin a chemicaltransformationthenthereis
no kinetic barrier.Kinetic barriersresult from the need
for several things to happen simultaneously for a
transformationto occur.A familiar exampleof a reaction
where there is almost no barrier is proton transfer
betweenelectronegativeatoms.Theintrinsicbarrierfrom
Marcus theory27–29 provides a convenientmeasureof
whethera reactionis inherentlyfast (little or no barrier
exceptfor that from thermodynamics)or inherentlyslow
(a substantialbarrierevenwhenthethermodynamicsare
not unfavorable).The intrinsic barrier is the free energy
of activationwhenthestandardfreeenergychangeupon
reaction is zero. There is a generalprejudice among
organic chemists that the intrinsic barrier for proton
transferalonga hydrogenbondshouldbe small.11,30–33

Studies of proton transfer from acids of strength
comparableto hydroniumion showthat thesereactions
are superfast,34,35 i.e. the actual proton transferstep is

fasterthandiffusionalencounter.This is consistentwith a
small intrinsic barrier.

Nevertheless,thereappearsto beasubstantialintrinsic
barrierfor thisprotontransferprocess,andanalysisof the
availabledatain termsof Marcustheory27–29 leadsto a
valueof 5 kcalmolÿ1. Fischeretal.36 showedthatproton
transfersbetweenoxygen and nitrogen could be fitted
usingreasonableassumptionsaboutdiffusion ratesanda
rateconstantfor theisoenergeticprotontransferof 1010.3

sÿ1, which correspondsto an intrinsic barrier of
3.4kcalmolÿ1. Gilbert andJencks37 showedthat proton
transfersfrom O to O can be fitted using reasonable
assumptionsaboutdiffusion ratesanda rateconstantfor
the isoenergeticproton transferstepof 1010 sÿ1, which
correspondsto an intrinsic barrier of 3.8kcalmolÿ1.
Bednar and Jencks38 showed that proton transfers
involving HCN, like other ‘normal’ acids,can be fitted
usingreasonableassumptionsaboutdiffusion ratesanda
rateconstantfor the isoenergeticprotontransferstepof
109 sÿ1, which correspondsto an intrinsic barrier of
5 kcalmolÿ1.30

This contradiction has been resolved: bimolecular

Table 4. Rate constants for proton transfer reactions involving polyfunctional compounds and water as
basea

Compound pKa Log kobs Log kcalc Log kcalcÿ Log kobs

CH3COCH2COCH3 8.87b ÿ1.78b ÿ0.45 1.33
CH3COCH(CH3)COCH3 10.68c ÿ4.03d ÿ3.79 0.24
CH3COCHBrCOCH3 7.0e ÿ1.47f ÿ0.70 1.04
CH3COCH2COOC2H5 10.68g ÿ2.94f ÿ3.14 ÿ0.20
CH3COCH(CH3)COOC2H5 12.25h ÿ4.94f ÿ5.57 ÿ0.63
CH3COCHBrCOOC2H5 8.0i ÿ1.81f ÿ2.03 ÿ0.22
PhCOCH2COCH3 8.53j ÿ1.96k ÿ2.85 ÿ0.88

10.0l ÿ2.64f ÿ3.59 ÿ0.95

11.92m ÿ4.61m ÿ4.82 ÿ0.21

CH3OCOCH2COOCH3 13.30n ÿ4.61f ÿ5.31 ÿ0.70

a All in aqueoussolutionat 25°C; rateconstantsarein sÿ1. Calculatedratesarebasedon distortionenergiescalculatedat
the3–21Glevel; somecompoundsweretreatedat the 3–21�G level but this madelittle differenceto geometries.
b Ref. 51.
c Ref. 52.
d Ref. 55.
e Ref. 56.
f Ref. 57.
g Ref. 52.
h Ref. 53.
i Calculatedfrom kineticsdatain Ref. 58 following theproceduredescribedin Ref. 40.
j Ref. 59.
k Ref. 60.
l Ref. 61.
m Ref. 54.
n Refs59, 62.
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reactionsin solution commonly involve bridging water
molecules,39 and explicit analysisof the Eigen data in
termsof amodelwheretheacidandbasenevercomeinto
direct contact,but reactby way of an interveningwater
molecule,allows the prediction of the ratesof proton
transfers with an intrinsic barrier less than
1 kcalmolÿ1,22 even though analysis in terms of a
model for direct proton transfer led to a barrier of
5 kcalmolÿ1.

Hence there appearsto be no problem with the
assumptionthat there is little or no kinetic barrier
associatedwith a reaction coordinatewhich is purely
transferof a protonalonga preformedhydrogenbond.

The geometricaldistortionsusedas reactioncoordi-
natesin this paperarevery similar to vibrations,which
arewell knownto be approximatelyharmonic.

Hencethereseemsto benoa priori reasonto objectto
the assumptionthat when only one thing happensto a
molecularsystemthentheenergyis a quadraticfunction
of the correspondingreactioncoordinate.It may seem
surprisingthatthissetof postulatesis sufficientto leadto
a methodfor predictingabsoluterate constants,but the
successfulapplication to proton transfersfrom carbon
reported in this paper supports the claim that it is
sufficient.It shouldbenotedthatthemethodsuccessfully
reproducesone of the surprising features of these
reactions:that for two closely relatedcarbonacids,the
thermodynamically more acidic may be the slower to
react,as seenfor acetaldehydevs isobutyraldehyde,or
acetophenonevs isobutyrophenone.

It is common knowledge that almost all chemical
reactionsareassociatedwith akineticbarrier,sothatthey
occur at measurablerates even when favored by
thermodynamics.The proposalin this paper,that there
is no intrinsicbarrierwhenonly onethinghappens,is not
inconsistentwith this observation,becausefor almostall
chemicalreactionsmorethanonething musthappenin
the courseof a chemicaltransformation.For example,a
reactioncannotjust involvebreakingabond,thereis also
a geometrical reorganization.For any real chemical
transformationinvolving severalsimpleprocessesoccur-
ring more or less simultaneously,there will be an
apparentintrinsic barrier. The proceduredescribedin
this paper allows this apparentintrinsic barrier to be
calculated.

Themodelis doubtlessnaive,but it doesseemto work,
andresearchin progresson otherreactionssuggeststhat
it is indeedvery general.
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APPENDIX

Calculation of rate constants for enolization from
detritiation kinetics41

Conversionis basedon the assumptionthat the isotope
effect,kH/kT, will bethesameasfor acetone;kH/kT = 19.2
for acetonewastakenfrom Ref. 42.Rateconstantsfrom
Ref.41arefor tracerlabelledcompound,andthusareper
hydrogenvalue.
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