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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 obtainec
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, witk e ranging from 7 to 25.6, and rate constants for water or
hydroxide ranging from 10° to 10*®, rate constants can be predicted with an r.m.s. error irklo§j0.99 for 51
reactions.] 1998 John Wiley & Sons, Ltd.

KEYWORDS: proton transfer reactions; rate prediction; equilibrium constants; distortion energies

INTRODUCTION the full potential acidity of the CH bond is not expressed
at the transition state and the reaction is sfof.
In his classical study of proton transfer reactions, Elgen Although this description in terms of imperfect synchro-
showed that whereas proton transfers between electronization is widely accepted, it has not led to a straight-
negative atoms such as oxygen or nitrogen were very fastforward and general way to predict the rates of these
essentially at the rate of diffusion in the thermodynami- reactions. In this paper, an approach which permits such
cally favored direction except for a narrow range\pk 5 predictions will be presented.
values neaApK, =0, proton transfers to or from carbon A preliminary account of this work has been
were generally slow, with Brgnsted slopes intermediate published’ Although the approach has changed signifi-
between 0 and 1 over very wide rangesAgiK,. Since cantly, the essential idea remains, namely that for a
then, Kresge and co-workérshave shown that forafew  chemical transformation where only one thing happens,
kinds of carbon acids, where a localized ion is formed, there would be no kinetic barrier (intrinsic barrier in
proton transfer can also be fast, essentially at the rate ofterms of Marcus theory) but rather a simple increase or
diffusion in the thermodynamically favored direction. It decrease in energy as the process occurs. Evidence
has been widely accepted that the reason for thesupporting this idea will be examined. For most actual
characteristically slow reactions of carbon acids is that chemical reactions several things have to happen
almost invariably for such an acid to be acidic enough to simultaneously, and the resulting multi-dimensional
react with a base such as hydroxide or something weakerreaction surface has a kinetic barrier separating starting
it is necessary for it to be next to a conjugating electron- materials and products. This idea was first developed as
withdrawing group, such as carbonyl or nitro, so that the an extension of multi-dimensional Marcus thebgnd
product anion need not have the negative charge onused the mathematics developed for that theory.
carbon, but rather can delocalize it on to an electro- With further examination of the concepts, it became
negative atom. The loss of proton is imperfectly clear that for processes where ‘only one thing happened’
synchronized with the electronic reorganization, and thus there should in general be a quadratic force law, and that
this simpler mathematical description should apply to all
*Correspondence to:J. P. Guthrie, Department of Chemistry, reactions described in this way. This paper presents an
University of Western Ontario, London, Ontario N6A 5B7, Canada. application of these ideas to proton transfer reactions. An
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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
examinedn termsof theseideas.

RESULTS

Themethodproposedn this paperequireshefollowing
postulates.

1. Reactantsarein equilibrium with startingmaterialor
productat eachpoint along eachreactioncoordinate.
This is one of the starting assumptionf transition
statetheory.

2. For any processwhereonly one elementaryreaction
coordinatechangesthe energywill be a quadratic
functionof the correspondingeactioncoordinate The
elementaryreaction coordinatesfor proton transfer
from carbonare the actual proton transfer between
carbon and an electronegativeatom and geometry
changerom sp° to sp” with nochangen bonding.The
energywill be given by an upwardopeningparabola
centeredon the lower energy end of the reaction
coordinateln the casewhenboth endshavethe same
energythenthe energywill be the sameat all points
alongthe coordinateln orderto obtainalogically and
mathematically consistentequation for the energy
surfacewe will haveto deviateslightly from thisideal
picture,but this is the goal to be approximatedBond
breaking processesare usually shown with a bond
length coordinate,in which caseone has a Morse
curve,butif bondordercoordinatesreused thenthis
transformsinto a parabola.This follows from Paul-
ing’s bondlength—log(bondorder)relationshig.

3. At eachsectionthroughthe reactionhypersurfaceor
which only one reaction coordinate changes,the
energywill be a quadraticfunction of the reaction
coordinateandwill depencbnly ontheinitial andfinal
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energiesalongit. This follows from postulateg1) and
(2). Almost all chemicalreactionswill involve two or
more elementaryreaction coordinates,and thus a
reactionwill be describedby a reactionhypersurface
with two or morereactioncoordinatedimensionsand
oneenergydimension. proposethatthis surfacecan
be constructedby postulates(2) and (3), with some
deviations in order to obtain a single consistent
equationfor the entire surface.

4. Energies of hydrogen bonds, including hydrogen
bondsfrom O or N to CH can be estimatedby the
Stahl-Jencksequation® This allows for loss of
solvation by 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 bond making/breakingorocesses
bondordercoordinatesare used,andfor geometrical
distortions the reaction coordinate is the relative
changein bondangle,x = AG/AfOax.

Themodelwhichis usedto predictthereactionratesis
shownin Schemel.

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,
correspondso the process

H 0 H 0®
HO® + H—% /< == H0 + >=< 1
H H H H

In this processeverathingshappen(1) thehydroxide
mustdiffuseinto contactwith the CH whichis to transfer
its proton;(2) in the procesghe hydroxidelosessolvation
by onewaterandgainsavery weakhydrogernbondto the
CH; (3) the proton transfers within this encounter
complex;and(4) the geometrychangesrom sp® to sp’.

The first two make up the ‘work term’ in Marcus
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theory. The equilibrium constantfor encountercomplex
formation,in the absencef attractiveor repulsiveinter-
actionsis estimatecaccordingo Hine ** Theequilibrium
constanif thereis onepositionfor a basenextto anacid
is 0.0085 M~ . This is corrected by the symmetry
numbersappropriateo the process-> Hydrogenbonding
interactionsmust be explicitly accountedfor, because
thesewill changewith geometrychangesthe geometry
changesorrespondo significantchangesn pK..

For purpose®f hydrogerbondingthe appropriatepK,
is for the ‘vertical process’ with no accompanying
geometrychange,ncluding no changein bondlengths;
for the actual proton transferreactionthe bond length
changeaccompanieshe protontransferandneednot be
treatedas a separatedimension.This approachto pK,
values appropriateto hydrogen bonding attempts to
capturethe electrostatieffectsat the protoninvolvedin
hydrogenbondingwithout the electronicreorganization
whichwould accompanyrotontransfer It is straightfor-
ward to calculatethe strain energiescorrespondingo
changinghegeometryto thevaluescorrespondingo the
protontransferredspecies.

pKa governing H-bond
HS* g* ©
geometry
changes
HS S ©
observed pKa

Hydrogen bond energiesare calculated using the
equationof StahlandJencks;? basedon the appropriate
pK, values.For the carbonacidsthis requiresexamina-
tion. For the initial stateof the carbonacid, with sp®
hybridization,the pK, wasestimated usinga Taft p* o*
relationship. p* = —3.09 was evaluatedfrom the pK,
values for CH, (50"%), CHsCH; (52.0"), CH(CHs);
(59.7% andCF;H, takenas 27 usingo* valuestaken
from Perrin et al.'®> This pK, refers to the process
wherebythe carbonacid, with sp®> geometryfor the C
which loses the proton, forms a tetrahedralanion in
which the electron-withdrawig group is only acid
strengtheningo the extentmeasuredy o*. We usethis
procedurebecauseof uncertaintiesabouthow well we
can model the distortion energyof the conjugatebase.
The pK, leading directly to the corner intermediateis
moreimportantthantheotherpK, valuesusedto estimate
hydrogenbond energiesalthoughthe calculationis not
very sensitiveevento this value.

In encountecomplexeswith hydroxide,the hydroxide
will have replacedone solvating water moleculeby a
hydrogenbondto CH. A CH speciesdistortedtowards
thegeometryof theanionwill haveenhancedcidity and
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maybeexpectedo form agoodhydrogerbond,although
a CH specieswith the startinggeometrywill normally
makeonly a very weakhydrogenbond.

Theenergieof speciewith distortedgeometriesvere
calculated by ab initio guantum mechanics (using
Gaussiar4'), relativeto the energyof the correspond
ing minimizedstructure for startingmaterialor product.

In determiningthe energiesof the product,we found
that it was necessaryto use the enols rather than the
enolatesgventhoughwe wereanalyzingbase-catalyzed
enolateformation. The problemis thatin the gasphase
the enolatesare very flexible, with soft potentialsfor
geometricallistortion.Theenolateion in thegasphasds
lessstablethan the speciesin solution by the solvation
energy, which is of the order of —100kcal for an
anion’’~1°By contrastthefreeenergyof solvationof the
enol is of the order of —2kcalmol.”* From the data
tabulatedin Ref. 20, one may calculatefree energiesof
transferfor five enols:the averagevalueis —2.1kcal. In
solutionat a pH equalto the pK, of the enol, typically
about 102! the enol and enolateare at the samefree
energylevel. Hencethe gas-phasenolatediffers from
the speciesin solution by an amount of energy
comparableto that for electronic excitation, and it is
perhapaot surprisingthatthe behaviorof the gas-phase
enolateis surprisingbasedon prejudicesfrom solution.
We areinterestedin reactionsin solution, and thusthe
enol appeardo be the bettermodel.Certainlythe useof
distortionenergiescalculatedfrom the enolatedeadsto
hopelesslyincorrect free energiesof activation for the
protontransferreactions.

Electrostaticinteractionsmay be significantin some
casese.g.if wateris the baseandtheimmediateproduct
is anion pair of H;O" andthe anion. Becauseelectro-
static interactionsare relatively weak in water, this is
donewith anapproximatemethod? which takesaccount
of the natureof the chargesandthe geometry.

The nexttwo thingswhich musthappenn reaction(1)
correspondto the chemical transformationwithin the
encounter complex, and can be shown on a two-
dimensionalreaction coordinatediagram (two reaction
dimensions,with an orthogonal energy dimension as
well), whichis analogougo an Albery—More O’Ferrall—
Jenck&*2*diagram:

HO® H(|)
H Gy G H
e H C H
: SRLN.
HH/J-N) HH o )
y
HO® HO_
N H
H 0
u'H 0 * G HH

In this diagram,the horizontaldimensioncorresponds
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to bonding changesand the vertical dimension to
geometrychangeslf only thegeometrychangesn going
from one corner to another, then the corresponding
energy changecan be calculatedby molecular orbital
methodsashasalreadybeendescribed.

The energyof eachcornerintermediateis calculated
from the strainenergyrelativeto the optimizedform, the
pKa changefor any protontransferwhich hashappened,
hydrogenbonding, if any, electrostaticinteractions,if
any,andstatisticaleffectsof encounterif any(if theonly
other speciesis water, it is assumedo be there, and
accountedor by the equilibrium constant).

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

The surfaceis defined beginning with the limiting
curvescorrespondingox =0andx=1ory=0andy = 1.
Thesecurvesaregiven by

Gy_o = G1¥°
Gy_1 = Gs + (G2 — Gs)(1 - x)°
Gy_0 = Goy?

Gy1 = Gz + (Gy — Gg)(1—y)?

Althoughit is qualitatively easyto seehow to construct
theenergysurfacecorrespondingo the modelusedhere,
the mathematicaldetails are tricky. If the qualitative
descriptionwere exact, then the transition stateenergy
would be given by the position where the isoenergetic
projectionsof the curvesfor x =0 andx =1 ory=0 and
y = 1 cross Thisis almostbutnot completelycorrect®® A
singleequationfor the energysurfacecanbe obtainedas
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 the correctvaluesat the four corners;and
(3) thatwhenthereis no differencein energybetweerthe
two points (0, y) and (1, y) or (x, 0) and (x, 1) thenthe
section at y (or x) should have essentially constant
energy.The equationwhich satisfiesheseconstraintss

G =Gl + [Gs+ (Gp — Gg)(1—X)% — Gpdy"

+Goy? + [Gg + (G1 — Ga)(1 - y)* — Gy?X"  (2)
— G]_Xn — Gzy” + (Gl + G, — Gg)x”y”

with n=2.9. The curvesfor Gy-, and Gy -, can be
meldedin away which givesthe correctvalueaty =0 or
y=1 by using G=Gp®+[Gs+ (G, — G3)(1 — X% —
Glxz]y”, and similarly the curvesfor G,-o and G, =1
canbe meldedin away which givesthe correctvalueat
x=0or x=1 by usingG = Gy* + [G3 + (G; — G3)(1 —
y?) — Giy’]x". Combining the two would give an
equationwhich satisfiesconstraint (1), but to satisfy
constraint(2) also it was necessaryto add the terms
—GiX" — Gy + (G1 + G, — Gz)XyY". Finally, in order

0 1998JohnWiley & Sons,Ltd.

°

£

B

©

(3]

=

>

2

@

c

[

3

(]

0

L ' 1.0

w®
05 \ 6\9\0
20. e\{\cp
00 02 04 06 08 10 00
90

proton transfer

Figure 1. Energy surface for the reaction of hydroxide with
acetaldehyde.

to satisfy constraint(3), the value of n was adjustedto

give satisfactorybehavior.lt was relatively straightfor-
ward to extendthis approachto higherdimensionsThe
principal complicationis thatit is not possibleto make
simple assumptiongboutthe relative energyof various
corners.This is in contrastto the two-dimensionakase
wherethe cornerintermediatesare sureto be higherin

energythatthestartingmaterialandproduct.Thereforea
general equation contains numerousconditional state-
mentsin orderto coverall possibilities.

The surfaceobtainedfor the caseof hydroxide and
acetaldehydés shownin Fig. 1. Thefigureis drawnfor
reaction within the encountercomplex, starting with
hydroxidein contactwith a CH of acetaldehydandthus
partially desolvatedThe entropiccostof encountemwas
calculatedaccordingto Hine** The costof replacinga
hydrogenbond from hydroxideto water by a hydrogen
bondfrom hydroxideto the acetaldehydenethyl CH was
estimatedusingthe Stahl-Jenckequatiort® andthe pK,
for tetrahedralanion formation estimatedas described
above.

The transition state is constrainedto lie within the
reactionsquareor cubeor hypercubeThetransitionstate
is by definition the highestenergypoint on the lowest
energypath leading from initial to final state.To find
transitionstatesa setof computemprogramsverewritten
which systematicallysearchthe reactionspace moving
outin shellsfrom theinitial state. Thealgorithmhasbeen
described®

Thismodelworkswell for monofunctionatompounds
as shown by the results in Tables 1 and 2, and
summarizedin Figure 2. The r.m.s. error in log k is
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Table 1. Rate constants for proton transfer reactions involving monofunctional compounds and hydroxide as base®

Compound pKa I—Og kobs LOg kcalc LOg kcalc_ |Og kobs
CHsCHO 16.7 0.07 0.83 0.76
(CHg),CHCHO 15.49 —0.89 —-0.81 0.04
PhCHCHO 13.10 1.30° 0.79 -0.51
Ph,CHCHO 10.40 2.40 1.27 0.14
CHsCOCH; 19.27F -0.68 -0.24 0.42
(CHz),CHCOCH; 20.3% —2.44 -3.81 -1.38
(CH3),CHCO; 19.3 —0.9¢ -2.78 —-1.80
(CH3),CHCOCH(CH), 21.48 —2.9¢ —2.61 0.37

0

g
HC” \O 18.3¢° —0.6¢° 0.01 0.61

0

g
H,C” 16.60° -0.37 0.42 0.79

NO,

i

C
H,C” \O\ 18.9¢° ~1.3% ~0.15 1.20

OCH;
0

(H;c)zHc/C\Q 18.2¢ -2.62 -1.78 0.84
CHy, ,_CHy
O/— i 15.9F 0.50' 0.12 0.38
0

H3C\C _CH,
— 18.27 -0.65' -0.23 0.42
0
@zo 12.2¢° 2.38 0.81 -1.53
CICH,COCH; 15.76 0.55 1.57 1.02
ClL,CHCOCH; 11.00 3.26 3.55 0.31
BrCH,COCH; 13.2F 2.2 1.98 -0.23
CHsOCH,COCH; 18.49 —1.47F —-0.05 1.37
CH;OCH,COCH; 18.29 —0.7F —0.01 0.76
0

CH; 18.4F -0.6¢" 0.14 0.83
CH;COOGHs 25.6 -2.92 —2.42 0.50
CHsCOSGHs 21.00 -1.7¢ —1.00 0.70

aAll in aqueousolutionat25°C; rateconstantsrein M~* s, Calculatedratesarebasedn distortionenergiesalculatecat the 3-21G level; some
compoundsveretreatedat the 3—21+G level but this madelittle differenceto georretries.
® Ref. 21.
¢ Ref. 40.
d Calculatedfrom the rate constantfor detritiation** assuminghatthe kinetic isotopeeffect is the sameasfor acetoné'?
fe Sir}cethe rate constantper hydrogenis very similar to that for acetonethe pKy is assumedo be very similar to thatfor aceton&®
Ref. 43.
9 Ref. 44.
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Table 2. Rate constants for proton transfer reactions involving monofunctional compounds and water as

base®
Compound pK> Log Kobs Log Kealc Log Keatc — 109 Kobs
CHACHO 16.7 —76% —6.00 1.62
(CHs),CHCHO 15.49 _7.26 —754 —0.28
PhCHCHO 12,53 _6.3F _512 1.21
Ph,CHCHO 10.42 _41F ~3.70 0.42
CHCOCH, 19.27 _9.3f _857 0.77

0

I

C

HsC \O 18.30 _8.7% —7.60 1.13

O
|

(H3C)2HC/C\© 18.26 —9.7¢ —9.37 0.41
©:>=o 12.20 _45¢ —4.39 0.11

CICH,COCH; 15.76 -7.06' —6.36 0.70
Cl,CHCO-CH 11.00 -6.36' —3.42 2.94
BrCH,COCH; 13.27 —5.55 —4.98 0.57
CH5;OCH,COCH; 18.49 —9.86° -8.24 1.62
CH;OCH,COCH, 18.29 -9.2% —7.59 1.64
CH;COCOOCH 13.35 -5.79 —4.47 1.32

aAll in aqueousolutionat25°C; rateconstantsirein M~* s%. Calculatedratesarebasecdn distortionenergiesalculated

atthe 3-21G level; somecompoundsveretreatedat the 3—21+G level but this madelittle differenceto geometries.
pK, valuesasin Table 1.

¢ Ref. 21.

9 Ref. 45, correctedfor hydrationasdescribedn Ref. 46.

¢ Extrapolatedrom measurementsf de-deuteratiomt highertemperaturegivenin Ref. 47, usinga valuefor theisotope

effect calculatedusingthe correlationin Ref. 48.

" Ref. 49, correctedfor hydrationasdescribedn Ref. 50.

1.08for 37 compoundsOne point wherethe calculated for 1,1-dichloroacetone which is surprisingly low

andobservedraluesdiffer severelydominateghisr.m.s. consideringhe acceleratiorseenfor the secondchlorine
error, and if the one outlier is removedthe r.m.s. error on the hydroxiderate constant.The relative rates,taken
falls to 0.97.Theoutlying pointis thewaterrateconstant ~ from Tables1 and2, are catalyst,acetonemonochloro-

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

as base?
Compound pKa LOg I(obs I—Og kcalc LOg kcalc_ |Og kobs
CH;COCH,COCH, 8.87 4.60 4.58 -0.02
CH3COCH,COOGHs 10.68 3.8% 3.44 -0.38
CH3COCH(CH;)COOGHs 12.25' 2.0 2.32 0.31

0

11.97 2.35 2.05 —0.30
COOCH;

@Al in aqueousolutionat 25°C; rateconstantsrein M~ s~ . Calculated-atesarebasedn distortionenergiesalculated

bat the 3—-21Glevel; somecompoundsveretreatedat the 3—21+G level but this madelittle differenceto geometries.
Ref.51.

¢ Ref.52.

9 Ref. 53.

¢ Ref. 54.
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Figure 2. Observed and calculated rate constants for
reactions of monocarbonyl compounds: ([J) hydroxide rates
(M~ s (O) water rates (s7).

acetone,1,1-dichloroacetoneHO— , 1.0, 16.2, 7943;
H,0, 1.0,117,1553.

For bifunctional compoundssuchasacetylacetoneit
is necessaryo addanextraprocesgor the reactionwith
hydroxideor water.The problemin this systemis thatthe
formation of the encountercomplexwith hydroxidein
contactwith theacidic CH of acetylacetonalreadycosts
10kcalmol~* andthe observedree energyof activation
is only 11kcalmol™*. Theresimply is no room for the
activation process.What can happeninsteadis 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 encountercomplexis describedby a three
dimensionakeactioncube.

S}
HO HO
AN
H H N
(o} ‘0”7
4 © h 00
‘ — H ,'I
A&7 CH, \Q{LCH
H /\3\ 3
H,C™ ~0 H,C” N0

An analogousmodel is usedfor the water reaction,
because two-dimensionaprocesdeadsto an unfavor-
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Figure 3. Observed and calculated rate constants for
reactions of dicarbonyl compounds: ([J) hydroxide rates
(M~ s (O) water rates (s7).

able complex of H;O" with the central carbonof the
enolate:

[ i
\ \H
\H\ \ H
0 9
H N b
qy O 08
‘JQ H_ . !
C _ C=-
H)\ CH, /l\ CH,
H, ™ 0 HiC” ™0

Calculationof the free energyof activationfor these
systemslsoleadsto goodagreemenivith experimentas
shownby the resultsin Tables3 and 4, summarizedn
Fig. 3. Ther.m.s.errorin log k is 0.65for 14 reactions.
The calculationswere carried out using an extensionof
themodeldescribedor thetwo-dimensioal casefor the
three-dimensionainodel,n was2.5. If n=2.5wasused
for the two-dimensional case, the agreementwith
experimentwas poorer,thoughthe worst deviationwas
less than Alog k=2.1 (ignoring the water reaction of
dichloroacetonewhich gave poor agreementvenwith
n = 2.9). Theneedfor differentexponentsn thetwo- and
three-dimensionatasespresumablyreflects imperfec-
tions in our model, and work continuesto seeka fully
consistenapproach.
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Table 4. Rate constants for proton transfer reactions involving polyfunctional compounds and water as

base?
Compound PKa Log Kobs Log Kealc Log Keaic — LOg Kobs
CHsCOCH,COCH; 8.87 -1.78 —0.45 1.33
CH;COCH(CH;)COCH; 10.68 —4.08 —3.79 0.24
CH;COCHBrcOCH 7. —1.47 —0.70 1.04
CH;COCH,COOGHs 10.68 —2.94 -3.14 —-0.20
CH;COCH(CH;)COOGHSs 12.28' —4.94 —5.57 —0.63
CH;COCHBrCOOGHs 8.0 —1.81 —2.03 -0.22
PhCOCHCOCH; 8.53 —1.96¢ —2.85 —0.88
0
10.0 —2.64 —3.59 —-0.95
COOCH;
0
11.92" —4.61" —4.82 —0.21
COOCH;
CH;OCOCHCOOCH; 13.30" —4.61 -5.31 —0.70

a Al in aqueoussolutionat 25°C; rateconstantsarein s~ *. Calculatedratesarebasedon distortionenergiesalculatedat
the 3-21Glevel; somecompoundsveretreatedat the 3—21+G level but this madelittle differenceto geometries.

b Ref.51.
© Ref.52.
9 Ref. 55.
¢ Ref. 56.
f Ref.57.
9 Ref. 52.
P Ref. 53.

' Calculatedfrom kineticsdatain Ref. 58 following the proceduredescribedn Ref. 40.

I Ref. 59.

k Ref. 60.

' Ref. 61.

™ Ref. 54,

" Refs59, 62.

DISCUSSION

The centralideaof the new approacho predictingrates
of reactionspresentedn this paperis that if only one
thing happensn a chemicaltransformatiorthenthereis

no kinetic barrier. Kinetic barriersresultfrom the need
for several things to happen simultaneously for a
transformatiorto occur.A familiar exampleof areaction
where there is almost no barrier is proton transfer
betweerelectronegativatoms.Theintrinsic barrierfrom

Marcus theory’’~2° provides a convenientmeasureof

whethera reactionis inherentlyfast (little or no barrier
exceptfor thatfrom thermodynamicspr inherentlyslow
(asubstantiabarrierevenwhenthe thermodynamicsire
not unfavorable).The intrinsic barrieris the free energy
of activationwhenthe standardree energychangeupon
reactionis zero. There is a general prejudice among
organic chemiststhat the intrinsic barrier for proton
transferalong a hydrogenbond shouldbe small 13032
Studies of proton transfer from acids of strength
comparableto hydroniumion showthat thesereactions
are superfast**°° i.e. the actual proton transferstepis
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fasterthandiffusionalencounterThisis consistentwith a
smallintrinsic barrier.

Neverthelesghereappeardo be a substantialntrinsic
barrierfor this protontransferprocessandanalysisof the
availabledatain termsof Marcustheory’~*°leadsto a
valueof 5 kcalmol™?. Fischeretal.*® showedthatproton
transfersbetweenoxygen and nitrogen could be fitted
usingreasonablassumptionaboutdiffusion ratesanda
rateconstanfor theisoenergetigrotontransferof 103
s %, which correspondsto an intrinsic barrier of
3.4kcalmol™t. Gilbert andJencks’ showedthat proton
transfersfrom O to O can be fitted using reasonable
assumptiongaboutdiffusion ratesanda rate constantor
the isoenergetigroton transferstepof 10'° s™*, which
correspondsto an intrinsic barrier of 3.8kcalmol™™.
Bednar and Jenck3® showed that proton transfers
involving HCN, like other‘normal’ acids,can be fitted
usingreasonablassumptiongaboutdiffusion ratesanda
rate constantfor the isoenergetiqrotontransferstepof
10° s, which correspondso an intrinsic barrier of
5 kcalmol*.3°

This contradiction has been resolved: bimolecular
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reactionsin solution commonlyinvolve bridging water
molecules’® and explicit analysisof the Eigen datain
termsof amodelwheretheacidandbasenevercomeinto
direct contact,but reactby way of aninterveningwater
molecule, allows the prediction of the ratesof proton
transfers with an intrinsic barrier less than
1kcalmol 1% even though analysis in terms of a
model for direct proton transfer led to a barrier of
5kcalmol ™.

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 reaction coordi-
natesin this paperare very similar to vibrations,which
arewell knownto be approximatelyharmonic.

Hencethereseemgo beno a priori reasorto objectto
the assumptiorthat when only one thing happengo a
molecularsystemthenthe energyis a quadraticfunction
of the correspondingeactioncoordinate.lt may seem
surprisingthatthis setof postulatess sufficientto leadto
a methodfor predictingabsoluterate constantsput the
successfulapplicationto proton transfersfrom carbon
reported in this paper supportsthe claim that it is
sufficient.It shouldbe notedthatthe methodsuccessfully
reproducesone of the surprising features of these
reactions:that for two closely relatedcarbonacids, the
thermodynamicajl more acidic may be the slower to
react,as seenfor acetaldehyderss isobutyraldehydepr
acetophenongs isobutyrophenone.

It is common knowledge that almost all chemical
reactionsareassociatevith akinetic barrier,sothatthey
occur at measurablerates even when favored by
thermodynamicsThe proposalin this paper,that there
is nointrinsic barrierwhenonly onething happensis not
inconsistentvith this observationpbecausdor almostall
chemicalreactionsmore than one thing musthappenin
the courseof a chemicaltransformationFor example,a
reactioncannogustinvolve breakingabond,thereis also
a geometrical reorganization.For any real chemical
transformationinvolving severakimpleprocessesccur-
ring more or less simultaneously,there will be an
apparentintrinsic barrier. The proceduredescribedin
this paper allows this apparentintrinsic barrier to be
calculated.

Themodelis doubtlessaive,butit doesseento work,
andresearchin progreson otherreactionssuggestshat
it is indeedvery general.
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APPENDIX

Calculation of rate constants for enolization from
detritiation kinetics*'

Conversionis basedon the assumptiorthat the isotope
effect,ku/kT, will bethesameasfor acetoneky/kr =19.2
for acetonaevastakenfrom Ref. 42. Rateconstantgrom
Ref.41arefor tracerlabelledcompoundandthusareper
hydrogenvalue.

Compound Kkt ki perH ky (obs.)  Log ky
(CH3),CHCOCH;  0.195x 103 3.74x 103 3.74x10° -243
(CHg,CHCOH;  1.80x 1073 0.0346 0.104 —-0.98
PhCH,COCH; 0.0816 1.57 3.14 0.50
PhCH,COCH; 3.85x 1073 0.0739 0.222 -0.65
PhCH=CHCOM; 3.58x 1073 0.0688 0.206 —0.69
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