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1. INTRODUCTION

The interconversion of aldehydes and ketones with their enols 1s one of the most widely investigated
reactions 1n orgamc chemustry This reaction serves as the prototype for a vanety of 1somerizations
that mvolve proton transfer between carbon and an electronegative atom, such as aci-nitro and
1mine-enamine tautomerizations. In addition to the mmportance of these processes in synthetic
chemustry, the reactions of enols and enolates provide an opportumty to examine basic mechanistic
prnciples Sincg the rate-miting step in the formation of these species 1s proton transfer from
carbon to oxygen, this reaction 1s an excellent vehicle for the investigation of structure-reactivity
relationships, stenic effects, electronic effects, 1sotope effects, and stereoelectronic effects i simple
systems Excellent reviews have appeared that discuss enolization chemistry with regard to some or
all of these aspects.’

The concept of stereoelectronic control, as ongnally proposed by Corey and Sneen 1n 1956,
states that loss of a proton from an aldehyde or ketone to produce an enolate 10n (eqn 1) or from
a protonated carbonyl compound to give an enol (eqn 2) will occur perpendicular to the plane
defined by the sp® orbitals of the carbonyl carbon (1) The stereoelectronic requirement 1s due to
the need for continuous overlap between the carbon—hydrogen bond that 1s being broken and the
n-orbital of the carbonyl group. This condition can only be satsfied 1f the C—H bond 1s per-
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pendicular to the CO group Other conformations of the transition state do not allow overlap to occur
as efficiently and should be of higher energy The most simple demonstration of this requirement 1s
the drastic conditions necessary for exchange of bridgehead protons of bicyclic ketones such as 2
(2 M K* OrBu™, 200°C, two days for 25% exchange of H,) 3

0
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The concept of stereoelectronic control has been extended to encompass halogenations and
alkylations of ketones through enolic transition states * Simlarly, decarboxylations of p-keto acids,
retroaldol condensations, hydrolysis of enamines and related reactions should be subject to the same
constraints on the geometry of their transition states The majority of the investigations of the effects
of stereoelectronic control, however, have dealt with the relative kinetic acidities of two hydrogens
bound to the same carbon, where the C—H bond of one of the hydrogens 1s more nearly aligned
than the other with the n-orbital of the carbonyl

Hy
1 2

This report will review the application of stereoelectronic principles to the formation and
reactions of enols and enolates, both i simple organic systems and in enzymatic processes Other
aspects of ketonization/enolization reactions will also be considered, as 1t 1s difficult to design systems
that 1solate the stereoelectromic factor from other effects on the stability of transition states In
order to assess the relative contributions of these different factors to the rates of enohzation and
ketonization, 1t 1s necessary first to discuss the mechanism of the reaction and the evidence concerning
the nature of the transition state.

2. MECHANISM OF ENOLIZATION

21 General

Three different pathways are operable in the enolization of carbonyl compounds in aqueous
solution, depending on pH (eqns 3-5) (1), mitial protonation of the CO group 1n acid, followed
by loss of an a-proton, (2) direct abstraction of a proton from the a-carbon by hydroxide 10n to
give an enolate 10n, followed by protonation of the enolate to generate the enol, and (3) abstraction
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of an a-proton by a water molecule, forming an enolate 10n that 1s subsequently protonated to give
the enol. The first of these mechanisms 1s acid-catalyzed and shows an increase in rate with increasing
acid concentration 1n relatively dilute acid solutions In more concentrated solutions (H, < ca —4)
the rate diminishes due to a decrease mn the availability of water molecules to act as a base for the
proton abstraction in the second step and/or to complete the protonation of the CO The rate due
to the second mechanism increases with increasing pH because of the requirement for hydroxide
1on 1n the transition state of the reaction The last mechanism involving abstraction of a proton by
a water molecule requures the rate of the reaction to be independent of pH, since the rate-limiting
step 1nvolves only neutral species

+

' M OH
RC-CH + H = RA-C-CH — R-C=C (3
~ ~ slow ~
0 0~ OH
- . | ~ HD ~
R-C-CH + HOD~ — R-C=C  —> R-C=C (4)
~ slow N fast ~
0 0~ OH
I~ | ~ HaO %
R-C-CH + HQD —> R-C=C  —» R-C=C (5)
~ slow ~ fast ~

Acid-catalyzed enohization has been known for many years and has been extensively examined
for a varnety of carbonyl compounds Substantial evidence, including inverse solvent 1sotope effects,
primary hydrogen 1sotope effects,>¢ acidity behavior,” and the observation of general acid catalysis®
points to a mechamsm 1n which the first step 1s a rapid equiibrium protonation of the CO group,
followed by a rate-limiting proton transfer to a molecule of solvent Results with the acid-catalyzed
hydrolysis of enol ethers as a model system for the ketomization of enols have been mterpreted to
support the two-step mechamsm for acid-catalyzed enolization 3

More recently, primanly through the work of Kresge,® Capon'® and their collaborators, 1t has
been possible to examune this reaction 1n the thermodynamically favorable direction, ketomzation
of the enol These research groups have been able to generate enols 1n greater than equilibrium
concentrations by several techniques, including flash photolysis and rapid hydrolysis of enol precur-
sors Other mvestigators have used the enzymatic hydrolysis of enol phosphates,'! as well as flash
photolysis'? to produce unstable enols 1n aqueous solution In addition, the chemustry of ‘hindered’
enols has been examined by Rappoport et al '* Although most work on the ketomzations of enols
1n acid 1s consistent with the two-step mechanism, Capon et al '%* have interpreted their kinetic
results with vinyl alcohol (the enol of acetaldehyde) and other enols in terms of a concerted reaction
with transfer of the alcoholic proton occurring simultaneously with protonation of the double bond
(eqn 6) However, this interpretation has recently been challenged *4
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The question of concertedness in enolization has been discussed in some detail by Toullec 1n a
recent review !¢ Several investigators have found a third-order term in the general acid-catalyzed
component of enolization ' This term has been interpreted as being due to concerted catalysis by
two molecules of the general acid '* However, strong arguments against extending the concerted
mechanism to enolization catalyzed by hydronium 1on, with water acting as the general base, have
been presented '4!% In order for proton transfer between the OH group of the transition state and
water to be thermodynamucally favorable, 1t 1s necessary for the acidity of the OH group to be
greater than that for hydronium 10on Since fully formed hydroxycarbonium ions are only shghtly
more acidic than the hydronium 10n, 1t 1s unlikely that this condition will be satisfied 1n the transition
state for ketonization '

Base-catalyzed enohization has been examined in both the enolization and ketonization directions
and there 1s little controversy about the reaction mechamism Large primary 1sotope effects!*!* and
the occurrence of general base catalysis®¢ %16 are consistent with a simple proton abstraction from
the a-carbon to generate the enolate 10n, which may subsequently be protonated to give the enol 1f
the pH of the solution 1s lower than the pK, of the enol. Generally pK,s of simple enols are in the
range of 10 to 12 1

Investigation of pH-independent enolization 1s hampered by the sluggishness of the reaction,
but recent work on the ketontzation of enols has allowed this process to be examined 1 this
direction *!° 4 prior:, three mechanmisms are reasonable for the reaction 1n neutral solution (1)
direct protonation of the enol by water to give a hydroxycarbonium 1on, etther with concerted
proton transfer of the enolic proton to another water molecule or simply through H-bonding by
water at that site (eqn 7), (2) 1omzation to the enolate 1on, followed by protonation of the enolate
by hydronium 1on (eqn 8), or (3) a concerted proton transfer from the enolic oxygen to the a-
carbon of the product ketone, possibly through one or more intervening water molecules (eqn 9)

+
OH OH
- I~ -~
R-C=CC + HO0 —> R-C-CH ——> R-C-CH )]
~ ~ ~
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Direct protonation of the enol by water can be most easily ruled out since the pH-independent
reaction generally has a half-life of seconds to minutes,*'%* whereas the corresponding hydrolysis
of enol ethers under these conditions 1s too slow to be observed Since addition of a proton to enol
ethers 1s generally only 20-70 times slower than proton addition to the corresponding enols,’*!%
protonation by water should be observable with enol ethers if that reaction 1s occurring with enols
Although a concerted mechanism for the uncatalyzed reaction has been proposed by Capon et al 10
on the basis of a rate ratio for hydroxypropadiene/vinyl alcohol of 74 for the base-catalyzed reaction
and 06 for the uncatalyzed reaction, Chiang et al ** have argued, on the basis of free energy
relationships that a stepwise mechanism (eqn 8) 1s most consistent with the available data
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2 2 Nature of the transition state

The position of the transition state along the reaction coordinate 1s an important consideration
1n the evaluation of the magmtude of the stereoelectronic effect in enolization/ketomzation reactions
The stereoelectronic theory postulates that delocalization of the electron pair of the C—H bond
with the zn-orbital of the CO 1s an important factor in the transition state Thus, a very early
transition state (in the enohzation direction), in which there 1s little bond cleavage and little
possibility for delocalization of the electrons, would be inconsistent with a large stereoelectronic
effect Similarly, as will be discussed later, a very late transition state 1s also inconsistent with a large
stereoelectronic effect for the discrimination of two different a-hydrogens

Brensted values for the base-catalyzed enohization of a variety of ketones have been determined
Values of > 0 5 (e g 0 88 for carboxylate catalysis'® and 0 73 for substituted pynidine catalysis'”)
for the enohzation of acetone have been interpreted 1n terms of a product-like transition state '4
Since carboxylic acids and pyrnidinium 10ns are substantially more acidic than simple ketones (pk,
of acetone 1s 19 2%) this result 1s 1n agreement with what would be expected from considerations
based on the Hammond postulate Similarly, Brensted o values of 0 37 for the protonation of
1sobutyrophenone enolate by a series of carboxylic acids® and 0 23 for the protonation of acet-
aldehyde enolate by carboxylic acids'% are consistent with an enolate-like transition state. Measure-
ments of the variation of the 1sotope effect as a function of the pK, difference between the base and
the ketone'’ are also m accord with a transition state that involves a proton that 1s more than half-
transferred 1n the transition state Thus, both primary kinetic 1sotope effects and Brensted relations
argue for an enolate 1on-like transition state in this reaction

Simuilar arguments concerning the position of the transition state along the reaction coordinate
for the acid-catalyzed process lead to the conclusion that the transition state 1s located earlier on
the reaction coordmate for the acid-catalyzed reaction than for the base-catalyzed one Assuming
conservation of bond order at hydrogen, the Bronsted « value of 0 55 for carboxylic acid-catalyzed
enolization of acetone'® can be converted to a § value of 0 45 for proton abstraction from the
protonated ketone, suggesting a transition state 1n which the proton 1s approximately half-trans-
ferred A Brensted « of 0 58 for protonation of the enol of 1sobutyrophenone®® 1s also consistent
with this model Furthermore, the large values of primary isotope effects observed in acid-catalyzed
enolization of ketones indicate a transition state 1n which proton transfer 1s nearly half completed

It should be noted that the above arguments are concerned with the position of the proton 1n
the transition state An early transition state 1s one in which there 1s very little proton transfer from
the (protonated) ketone to the base, a late transition state has almost complete proton transfer to
the base However, the extent of reaction (reaction coordinate) cannot always be described by only
one varlable When there 1s more than one structural change during a reaction these changes may
not occur 1n parallel Thus, a transition state that 18 characterized by substantial proton transfer
might only have a minimal change 1n the overall geometry of the molecule While Bronsted values
and primary 1sotope effects might be good probes for the extent of proton transfer, the conclusions
drawn from these studies may not be applicable to other reaction progress variable(s), such as
heavy-atom reorganization

Bernascom'® has discussed at some length the possibility of ‘transition state imbalance’
connection with carbanion-forming reactions He has suggested that ‘“whenever resonance 1s
mvolved as a reactant or product stabihzing factor 1n a reaction, this factor will develop late [in the
product] or be lost early [in the reactant] * Apphcation of this principle to the enolization of
ketones leads to the expectation that resonance stabihzation of the transition state 1s not as large as
1s indicated from measures of proton transfer as a probe for electron delocalization 1n the transition
state A better probe for the extent of resonance stabilization at the transition state would be a
Brensted coefficient based upon structural changes 1n the ketone

Chiang et al ¥ have carried out such an analysis for proton transfer to hydroxide 1on from
acetaldehyde, acetone and acetophenone, using experimentally determuned pK,s (eqn 10) They
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found a hinear Brensted plot with an a value of 0 38, compared to Brensted fs for vanation of the
base of 0.53 (1sobutyraldehyde with aryl oxide amons'®), 0.88 (acetone with carboxylate 10ns'%),
and 0 66 (acetone with tertiary amines2?). This result was interpreted 1n terms of a model 1n which
proton transfer 1s more advanced than in charge delocalization into the CO group at the transition
state Since the effect of the R group on the stability of the enolate 10n 1s probably primarily due to
stabilization of the double bond, the low sensitivity of the reaction to changes i R reflects httle
double bond formation and, thus, relatively hittle delocalization of the charge into the CO

0 0 ¥
i - e o
R-C-CH;-H + OH ——» R-C~CHg—~-H~---0H
|
0

|
R-C=CHz + HO

A similar analysis was carried out by a comparison of the rates and equilibrium constants for
the 1omzation of acetaldehyde and 1sobutyraldehyde ¥ Although 1sobutyraldehyde 1s a stronger acid
than acetaldehyde by greater than 10-fold, the rate constant for proton transfer to hydroxide 10n 1s
almost 10-fold greater for acetaldehyde Chiang et al ¥ concluded that these results are also a
manifestation of transition state imbalance Methyl group stabilization of the double bond m the
final state 1s important, whereas in the transition state the negative charge 1s localized on the carbon
and 1s destablized by the electron-donating methyl groups Although steric effects of the methyl
groups of 1sobutyraldehyde in the transition state were ignored 1n this analysis, the model agrees
with the conclusions from the analysis of the results with acetone, acetophenone and acetaldehyde,
where steric effects should be mimnimal

Cox et al " have measured the rates of acid-catalyzed enolization of substituted acetophenones
and the corresponding basicities of the ketones On the basis of the substituent dependence of these
constants, they concluded that “between 50% and 70% of the positive charge present in the
protonated ketone 1s still present in the transition state for enolization ” This conclusion, based
upon variation 1n the structure of the reactant, 1s similar to the one reached by Pruszynsk: et al >
m their study of the general acid-catalyzed ketomzation of 1sobutyrophenone enol. The observed
Bronsted o value of 0 58 for this reaction, based upon vanation of the acid, also suggests a transition
state with shghtly greater than 50% of the positive charge on the ketone. The agreement between
the progress along the reaction coordinate measured by these two probes 1s consistent with a
transition state having Iittle or no charge imbalance for the acid-catalyzed reaction

3. STEREOELECTRONIC CONTROL IN SIMPLE KETONES

3 1. Axial vs equatorial reaction in cyclohexanones

The concept of stereoelectronic control in the enolization of ketone was onginally proposed 1n
1956 by Corey and Sneen? to account for the preferred loss of the axial hydrogen in the acid-
catalyzed enolization of 3f-acetoxycholestan-7-one to the corresponding AS-en-7-ol (eqn 11). In
chloroform with HBr as a catalyst, the axial hydrogen 1s lost 1.2 times more rapidly than the
equatorial hydrogen. For the reverse reaction, ketonization of the enol by HBr, protonation occurs
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preferentially at the axial position by a factor of 1 5-fold. Corey and Sneen assumed that gam or
loss of an axial hydrogen should be subject to steric retardation relative to reaction at the equa-
torial position They concluded that there must be a strong measure of stereoelectronic control
favoring axial reaction to overcome the steric preference for equatorial reaction They estimated
that, with a correction for steric effects, this stereoelectronic factor 1s about 12-fold (HBr as cata-
lyst) to 50-fold (HOAC as catalyst) This stereoelectronic preference was postulated to be due to
the requirement for continuous overlap between the C—H bond that 1s being broken and the
n-orbital of the CO group This constraint may be met easily for the axial C—H bond (shown for
a simple cyclohexanone in 3), but 1s impossible to satisfy for the equatorial hydrogen n the
normal chair form (4). Alternatively, the equatorial hydrogen 1s correctly ahgned for enolization
n the higher energy boat or twist-boat conformations (5) The difference 1n rates for the axial and
equatorial hydrogens then represents the difference 1n the energies of the transition states 3 and §

UKJD% -, Oﬁﬁ\
#41)
Ac He 0 Ac OH

Although this theory 1s attractive and has been widely accepted, the assumption that there are
sigmficant steric effects that must be overcome for axial proton gain or loss has been challenged by
Bordwell and Scamehorn ?'* They showed that axial substituents (phenyl or methyl) at the 4-
position of cyclohexanones do not cause a large reduction 1n the rate of enolization at C-2 The lack
of a significant rate retardation by these axial substituents casts doubt on the importance of
stereoelectronic control in simple cyclohexanones Recent work by Spencer’s group?!® with sub-
stituted trans-decalones confirms that the effect of an axial methyl on the rate of abstraction of syn-
axial protons a to a CO group 1s small (ca 5-fold) On the other hand, extensive work by Zimmerman
et al ¥ on somewhat different systems has shown that the kinetic protonation of enols 1s subject to
significant steric effects Zimmerman has concluded that ““  steric indrance to approach of the
proton donor 1s a major factor in controlling from which face a proton 1s dehvered to the a-
carbon Y Although steric effects on the protonation of enols and deprotonation of ketones are
clearly important, 1t appears that steric effects were somewhat overestimated by Corey and Sneen,
leading to an inflated value for the stereoelectromic effect 1n simple cyclohexanones
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Subsequent kinetic investigations of enolizations of cyclohexanones confirm the conclusion that
stereoelectronic effects in these systems are small There 1s a preference for axial reaction i both
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acidic and basic solutions, but the observed discriminations are generally relatively small Metzger
and Casadevall?® found that the axial hydrogens of trans-2-decalone exchange 2-3-fold faster than
the equatorial protons at both positions o to the carbonyl in acetic acid/sulfuric acid solutton
Similarly, Trimitsis and Van Dam?? showed that the axial protons in 4-z-butylcyclohexanone
exchange more rapidly than the equatonal protons 1n alkaline DMSO/water (K /keq = 5 5)

The small discriminations observed 1n these reactions have been explained by House* in terms
of a very late transition state that resembles the enol(ate) (eqn 12) Since the principle of microscopic
reversibility requires that the discrimination between axial and equatorial protonation of the enol
be the same as that between loss of the axial and equatonal protons of the ketone, the problem can
be analyzed by consideration of the two possible modes of attack of an electrophile on an enol (6).
Attack at both sides of the enol to produce a geometry that allows orbital overlap 1s possible, with
path (a) leading to axial orientation of the incoming proton (7) and a chair form of the ring, and
path (b) giving equatonal attack, leading to a twist boat form (8) If the transition state 1s enol-hike
(6), then energy differences between the two pathways should be small, with the only sigmficant
difference due to steric interactions between the axial C-4 hydrogen and H,, as 1s observed
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An alternative explanation for the lack of a large discrimination 1n basic solution is suggested
by the transition state model for enolization presented by Chiang et al * If charge delocahization 1s
not of major importance in the transition state, then the lack of a strong stereoelectronic preference
for enolization of simple cyclohexanones might be explained without recourse to a late transition
state In a transition state with httle charge delocalization, resonance would be unimportant and
the transition state would not be required to have the partial C—H bond parallel to the n-orbitals
of the CO Probably the most reasonable explanation, however, 1s that, whether the proton 1s almost
completely transferred (as in base-catalyzed enolization) or about half-transferred (in acid-catalyzed
enohization), the geometry of the transition state resembles the enol Thus, both a ‘chair-like’ and a
‘twist-boat-like’ transition state have similar energies Since the twist-boat conformation for
cyclohexanone 1s only about 3 kcal mol~! less stable than the chair form 1n cyclohexanone,?* small
deviations 1n the geometry of the transition state from the enol(ate) might not be significant.

The concept of stereoelectronic control has been extended to encompass halogenations and
alkylations of ketones through enolic transition states, although steric effects appear to be significant
m these reactions * The bromination of 19-methyl-2-keto-steroids (10) at C-3 produces the stereo-
electronically favored axial bromide (eqn 13),%%" whereas reaction of a 19-methyl-3-keto-steroid
gives the equatorial 1somer (eqn 14) 2%~ Presumably, the steric interactions between the entering
bromine and the 19-methyl group for attack on the enol of 12 at C-2 are severe enough to cause
approach of the nucleophile to be equatorial Alkylations of enolates are also subject to sternc
hindrance as well as to stereoelectronic considerations Treatment of the enolate 1ons of 1-methyl-
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2-decalones (14) with ethyl 1odide gives very different stereochemucal results depending on the nature
of the substituent at C-10 (eqn 15) >¥ For R = CH;, stenic hindrance to axial attack 1s severe giving
equatonial approach of the electrophile, whereas for R = H, axial attack 1s favored

l t [r 0 (b
H (13)
cuacozH Br
10 11
Br-Cl
! [ CH;CUzNi: , | {
CHaCOH (14)
CCl,
12 13

0@% ci
_—
119 NH;
R A
Et Me
ﬁ:ﬁ + W (15)
Me Et

R=H > 95% < 5%

Me < 5% > 85%

A reaction analogous to the enolization of ketones, and which should be subject to stereoelectronic
control, 1s the decarboxylation of p-ketoacids 2¢ The effect of stereoelectronic control on these
reactions has been 1nvestigated for the decarboxylations of the two epimers of 5-z-butyl-1-methyl-
2-oxocyclohexanecarboxylic acid 1n both acidic and basic solutions (eqns 16 and 17) * If stereo-
electronic control 1s a sigmficant factor 1n the decarboxylation, the epimer with the axial carboxyl
group (17) should be more reactive than the epimer with the equatornal carboxyl group (19) In
fact, the 1somer with the equatorial carboxyl (19) 1s more reactive by a factor of 3-fold 1n acid and
a factor of 15- to 20-fold in base, in apparent conflict with stereoelectronic principles

0 H* op 0
7Z lZCH: —_—> + C0 (6)
OH ; Z "

17 coa 18
0 H* or 0
COH OH_-> + CO (17)
CHy CHy
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These results can be accommodated within the framework of the need for continuous overlap
by an examination of the nature of the transition states for decarboxylation. The transition state
for the decarboxylation of the umomzed acids has a 6-membered ring 1n which the newly forming
O—H bond 1s nearly in the same plane as the onginal C—C=0 system (20) 2%< Continuous
overlap of the incipient p orbital at C-2 with the p orbital of the carbonyl carbon 1s maintained by
a perpendicular orientation of the C—C bond that 1s being broken with the plane of that nng This
model predicts transition state structures 21 and 22 for the decarboxylation of 17 and 19, respectively
In both cases, the incipient cyclohexane ring will be 1n a half-chair conformation with the -Bu group
equatorial and the 2-methyl group 1n the plane defined by the C—C double bond Since steric
interactions appear to be similar 1n the two transition states, their energies should be comparable
In that case, the relative rates of reaction will depend only on the relative energies of the reactants
Since methyl groups show shightly greater preference for the equatorial position 1n cyclohexanes
than carboxyl groups do,?’ the shightly greater reactivity of the 1somer with the equatonal carboxyl
can be reasonably explained by 1ts instability relative to its epimer

0
4 ﬁ
/! R
OgH-07 | :
\\ ° : \\‘\\R t-Bu |‘\,CH3
C nom < H':D
H/ \R 0
20 21 a2

The relative reactivity of the anions can also be rationalized on the basis of differing energies of
the two 1someric reactants, although in this case the cause of the instability of the anion of 19 1s
probably due to electrostatic rather than steric factors The transition state for the decarboxylation
of the amons of f-keto acids 1s generally accepted?® as being a simple C—C bond cleavage to give
the anion, analogous to base-catalyzed enolization However, the response to stereoelectronic control
1s quate different for the two reactions The transition state for decarboxylation is thought to resemble
the enolate 10n, as depicted 1n structures 23 and 24, for loss of an axial and equatonal carboxyl,
respectively Again, 1t 1s not unreasonable to expect that steric interactions in the two transition
states are similar, so that the overall energies of the two 1someric transition states are comparable
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The energies of the anions of the reactants, however, should be quite different The amion of 17
15 more stable than that of 19, due to dipole—dipole repulsion 1n the anion of 19, shown 1n 25 In
support of this rationale, 17 1s substantially more acidic than 19 (pK;s of 521 and 579 1n 70%
methanol),?® even though cis-4--butylcyclohexane carboxylic acid s less acidic than the trans
1somer by almost 0.5 pK units Thus, 1n the case of 285, the decarboxylation 1s enhanced by rehef of
electrostatic repulsion 1n the transition state
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CHs CCz~
25 26

Although the vast majonty of reactions involving discrimination between axial and equatorial
positions 1n cyclohexanone enol formation show quite small effects, stereoelectronic control 1n the
base-catalyzed hydrogen exchange of twistan-4-one (27) 1s quite large *® In this compound the
methylene group a to the carbonyl 1s oriented such that one of the C—H bonds 1s aligned 1n the
correct orientation for overlap with the n-orbital of the carbonyl (28), whereas the other 1s about
60° out of alignment (29) Fraser and Champagne?® found that the relative rates of exchange of
these protons in sodium methoxide/methanol-O-d 1s 290 1 They assigned the rapidly exchanging
proton to the one labeled H; 1n 30 on the basis of NMR coupling constants

c 0
w27 T
c 0 28
¢ W My
30 \ c 0
27 c
29

Three possible causes for the more rapid exchange of H; than H; were considered stereo-
electronic, steric, and internal return A steric effect was ruled out on the basis of a lack of change
1 selectrvity when the bulkier phenoxide 1s used as the base instead of methoxide, and internal
return was ehminated by a determination of 1sotope effects in the reverse direction The authors
concluded that “the only reasonable explanation for the observed 290 1 rate ratio in the exchange
of 27 1s the effect of stereoelectronic control ™

In similar work, Fraser and Champagne?® examined the stereoselective exchange of the diastereo-
topic protons of 31 The lack of rotation about the aryl—aryl bond causes the C—H bonds of the
two protons (Hy and Hg) to be onented differently with respect to the n-orbital of the CO group
Fraser and Champagne found that H; exchanges 73 times faster than Hg 1n methoxide-methanol-
0O-d and 30-fold faster with phenoxide 1n methanol-O-d This observation was rationalized on the
basis of a more highly strained transition state being required for the exchange of Hg than Hy The
conformation required to maintain overlap of the partial C—H bond for Hg with the carbonyl n-
orbital involves considerable angle strain
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A significant degree of stereoelectronic control has also been observed in proton transfers from
mminium 1ons. Ferran et al 3% examined the discrimination between axial and equatornal protons 1n
the pnimary amine-catalyzed elimination of 32 to 33 (eqn 18). This reaction proceeds by rate-
determining abstraction of a proton at C-1 from the iminium 10n, followed by elimination of OR
(eqn 19) With both trifluoroethylamine (R’ = CF;CH,) and cyanomethylamine (R° = NCCH,)
as catalysts, the axial proton 1s abstracted 16-18-fold more rapidly than the equatorial proton m
the conversion of alcohol 34a to 35a (R = H) In contrast, a much larger effect 1s exhibited 1n the
analogous reactions with acetate as the leaving group. Amine-catalyzed deprotonation of 34b shows
a preference of 110-fold for abstraction of H, over H, Since the rate-limiting step in the formation
of the «,f-unsaturated ketone 1s the formation of the enamine, the stereoelectronic effect observed
here represents the discrimination on the proton-abstracting step A similar large stereoelectronic
factor (130-fold) was observed for the hydroxide-catalyzed eltmination of 32b, which also proceeds
through rate-determining proton abstraction One explanation of the relatively large discriminations
observed 1 the case of acetate as the leaving group involves steric hindrance to proton abstraction
of the equatonal hydrogen by the leaving group In this regard, the high axial/equatonal selectivity
for proton abstraction 1s not seen 1n the absence of the beta acetoxy group *%

H
a
RNHz
— (18)
8] H o
e OR

32 aR=H 33
b R = AcC
B'NHy
JOSL-NVOSL NOS
0 OR R'NH 0R A'NH  OR
32 aR=H 34 35
b R = Ac
-0R lfast (19)

0O & O
0 R*NH 35
33 +

An analogous stereoelectronic effect has been observed 1n the deprotonation of 4-androstene-
3,17-chone (37) at C-6 (eqn 20) *' The 6f-proton (axial) 1s lost 53-fold faster than the 6a-proton
(equatonal) with s-butoxide as the base Stereoelectronic control of this reaction 1s due to better
overlap of the axial C—H bond with the n-orbital of the C—=C double bond

LoBu0y /Qij/ (20)
0/ “ 0/ >
H, Hg

37 38
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In summary, the observed discrimination between loss of axial and equatornal substituents in
cyclohexanones 1s quite variable There 1s hittle doubt that the preferred onentation of the partial
bond to the entering or leaving group at the transition state 1s parallel to the m-orbital of the
carbonyl Although the bond to an a-axial substituent 1s correctly orented for reaction, this
onentation can also be realized for equatorial substituents (1n the normal chair form) by a ring flip
to produce a twist-boat conformation Since the twist-boat cyclohexanone 1s only ca 3 kcal mol =’
less stable than the chair form, a rate difference of ca 100-fold 1s the maximum to be expected In
most cases, smaller values are observed, probably due to an attenuation of the effect from an
enol(ate)-hike transition state If the transition state 1s enol-like, loss of either the axial or equatonal
substituent gives a similar transition state and only a modest stereoelectronic effect 1s seen

3 2 Protonation of dienols

Stereoelectronic considerations may be important 1n the selectivity observed in protonation of
dienols and dienolate 10ons These species are intermediates, respectively, 1n the acid-catalyzed and
base-catalyzed 1somernizations of f§,y-unsaturated ketones to the corresponding o,f-unsaturated
isomers (egns 21 and 22) In the acid-catalyzed 1somenzation of 3-cyclohexenone (39a), the inter-
mediate dienol (41a) protonates more rapidly at C, than C, (k,/k, = 50).** In contrast, the rate-
determining step 1n the 1somenzation of 3-methyl-3-cyclohexenone (39b) 1s deprotonation at C,,
that 1s k,/k, « 1 Noyce and Evett*? generahized from these and other results that in cases where the
B-carbon 1s tertiary, protonation of dienols occurs predominantly at C,, whereas for dienols that
have a secondary f-carbon, protonation 1s preferentially at C,

0 on* OH
H+ - H+ a
R R Ko lH) R™ Y
39 40 41
a=H 24)
b = CHy l kY[H+]
on’
-H*
——
R R
43 42
0 0~ 0
-H+ a kY
— —_— (22]
R ka R7 Y R
39 44 43
afR=H

b R = Chy
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Narvely 1t might be expected, however, that protonation 1n all cases should lead to the more
stable product, since the transition state must have some product-like character to it. A possible
explanation for the preferential protonation at C, in secondary compounds 1s a lack of the correct
stereoelectronic orientation for protonation at C, due to the existence of some twisting between the
two double bonds of the dienol (45) Whalen et al ** have suggested that in the case of cyclo-
hexadienol the dihedral angle ¢ 1s about 18° (45b) As a result, the positive charge produced at the
p-carbon by protonation at C, will not be stabilized as effectively by the oxygen as1tis for protonation
at C, In agreement with this hypothesis, the observed ratio of k,/k, 1s less than umty for the
1somenzation of 3-cyclopentenone, 1n which all the C atoms of the intermediate dienol (47) should
lie 1n the same plane (45a, ¢ = 0) ** Here, the C—H bond that 1s being formed at C, 1s parallel to
all of the p-orbitals of the n-system and the positive charge should be effectively stabilized by the
OH group The ratio of protonation at the two carbons then should depend on the dihedral angle
between the two double bonds. For a dihedral angle of 0° (cyclopentadienol), protonation is favored
at C,, as the angle increases, protonation becomes progressively less favorable at C,, and the ratio
of k,/k, should increase

NP

S0 S = O

o 0

an= 2 46 47 48

bn= 3

An analogous explanation was used to rationalize the results observed by Whalen et al **
for the general base-catalyzed 1somenzation of 3-cyclohexanone and 3-cyclopentenone For the
cyclohexadienolate 10n, the ratio k,/k, 1s large with phosphate as the acid, whereas for the cyclo-
pentadienolate 10n the ratio 1s only 3. It 1s of interest that the k,/k, ratio 1s higher for the dienolate
anion than for the dienol itself in both series Since O~ 1s a better electron-donating group than
OH, this result suggests that the substituent sensitivity 1s greater for protonation at C, than at C,,
consistent with better stereoelectronic orientation for protonation at C,

A comparison of the k,/k, ratios for three derivatives 3-methyl-3-cyclohexenone, the tnfluoro-
ethylamine enamine (49), the enol (43b) and the enol ether (50) shows a similar pattern In the case
of both 43b and 50, protonation 1s predominantly at C,,’**** yet 49 protonates shghtly faster at C,
than C, ** Because of the somewhat nonplanar diene system,*’ the additional electron donating
ability of nitrogen 1n 49, compared to the oxygens of 43b and 50, 1s transmitted more effectively to
C, than C, Thus, the k,/k, ratio 1s larger for 49 than 43b or 50

oH OCHy
a3b 50

b1

NHCHCF3

28
Kofky, 14 v snanl’ 01
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3 3 Intramolecular reactions

Hine et al *® have examned the catalysis of proton exchange of aldehydes and ketones by a
variety of pnmary and secondary amines This reaction occurs through the intermediacy of a
protonated Schuff base that 1s deprotonated in one pathway by a second molecule of amine (eqn
23) These workers have found that, with suitable bifunctional amines, intramolecular catalysis of
the deprotonation of acetone 1s a major pathway >¢ The most effective catalysts are those that
form an 8-membered cychc transition state (51) This preference was explained on the basis of
stereoelectronic factors In order for effective catalysis to occur, 1t 1s necessary for the C—H bond
to be oriented parallel to the n-orbital of the Schiff base. For this geometry to be possible, at least
eight atoms must be in the ring at the transition state Larger ring sizes likely cause a greater loss
of entropy, and thus are not optunal for bifunctional catalysis. Smaller ones are too strained

N————(Crel,

51

Although Hine found preferential formation of an 8-membered transition state for proton
abstraction, previous workers had found intramolecular catalysis of enohzation with 6- and 7-
membered cyclic transition states >’ Surprisingly, Bell and Timimi1*” found that intramolecular
catalysis through a 6-membered ring 1s 4-fold more effective than through a 7-membered ring in the
enohization of diethylamino-2-alkanones (52 vs 53) An examination of molecular models suggests
that stereoelectronic considerations should favor the larger ring (53) Perhaps, there 1s a bndging
water molecule that 1s imnvolved 1n the proton transfer with 52, relieving the strain associated with
the stereoelectronic requirements for proton transfer In a similar vein, the transition state (54) for
intramolecular enolization of o-carboxyacetophenone®” cannot easily accommodate loss of the a-
hydrogen 1n the same plane as the n-orbital of the carbonyl without intervention of a water molecule
or rotation about the phenyl—COCH ; bond, causing loss of conjugation

96— 06—
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Stereoelectronic considerations have also been imnvoked to rationalize several observations con-
cerning mntramolecular alkylation, acylation, and condensation reactions Fujita and Nagao®® have
shown that several diterpene alcohols (e g 55, 56) epimerize at C-15 by retro-aldol cleavage, followed
by reformation of the C—C bond (eqn 24) The structurally ssmilar compounds 57 and 58, however,
do not undergo epimerization The authors explained this difference by noting that free rotation of
the bond between C-7 and C-8 1n 55 and 56 allows overlap of the bond between C-8 and C-15 with
the carbonyl z-orbital during cleavage of that bond and, consequently, delocalization of the incipient
negative charge during the bond breaking process 1s favorable In 57 and 58, on the other hand,
two conformations are possible, a boat and a chair. Although the boat 1s relatively strain-free 1t
does not give overlap of the bond between C-8 and C-15 with the n-orbital of the ester group The
chair conformation, which does give reasonable overlap, 1s unfavorable because of ring strain and
steric congestion generated in the other nngs. In addition, the C—O single bond 1n the chair 1s
twisted such that the ester resonance 1s partially lost Thus, cleavage of the C-8—C-15 bond 1s
stereoelectronically disfavored A smmilar explanation can be applied to the observation® that
cleavage of 59 1s complete after three days at room temperature with 0 05 N K,CO, 1n 80% MeOH
(eqn 25), whereas the same treatment of 61 gives no reaction

55 R{ = OH
Rg = H
5 Ri=H
Rz = OH

58 R

OAc



Stereoelectronic control in the reactions of ketones 4929
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CH0~p (25)
CHs

CHa
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sox MeOH

Baldwin®® has used stereoelectronic considerations to explain the fact that 6-membered ning
ketones can be formed by intramolecular endocyclic alkylation of enolates, but 5-membered ring
ketones can not be synthesized 1n this manner. Intramolecular alkylation from either the potassium
or lithium enolate generated from the bromoketone 62 gives only ketone 64 (>95%), with no
detectable formation of the enol ether 65 (eqn 27) In contrast, the bromoketone 66, under the same
conditions, yields exclusively the enol ether 69 (>97%), rather than the ketone 68
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(27)

N -0
0 (28)

69

The difference 1n behavior can be rationalized by a consideration of the geometries of the
transition states for C- and O-alkylation Stereoelectronic theory predicts that carbon alkylation
will occur through attack on the enolate carbon perpendicular to the C—C-O plane for maximum
overlap with the n-system (70). In contrast, oxygen alkylation can take place by electrophihic attack
at an oxygen lone pair in the plane of the n-system (71) The lack of carbon alkylation to form the
5-membered cyclic ketone 68 1s due to the difficulty of the electrophile in approaching the carbon
perpendicular to the plane of the C-C-O system In order for the electrophile to attack from this
direction, there must be substantial ring strain in the 5-membered rning. However, attack at the
oxygen to form the enol ether by approach of the electrophile 1n the plane of the ring causes no
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70

undue ring strain Recent theoretical calculations of the transition state structures for reaction of
acetaldehyde enolate with methyl fluoride confirm the difference 1n the geometnes of transition
states for carbon and oxygen alkylation of enolates.*® Although the same stereoelectronic require-
ments hold for formation of 6-membered rings, the extra carbon enlarges the ring sufficiently such
that the approach of the electrophile can be perpendicular to the C-C-O plane, and carbon alkylation
predominates In the case of exocychc alkylations, reaction at carbon to form 5-membered nings 1s
observed due to a reduced ring strain in the transition state relative to the corresponding endocyclic
reaction (eqn 29 vs eqn 28)

0—\/(\'\8?—_"0 . - 0__<C| (29)

72 73 74

3 4 Free vs restricted rotation

The lack of a large stereoelectronic effect in the enolization of simple cyclohexanones 1s most
likely due to the possibility of enohization through a boat-like transition state that allows orbital
overlap requirements to be met. Since the boat form of cyclohexanone 1s only about 3 kcal mol™*
less stable than the chair form,?* the maximum rate discrimunation to be expected i this system 1s
about a factor of 100-fold Because of the obvious imphcations for the mechamisms of enzymatic
reactions, 1t 1s of interest to determune if substantially larger rate accelerations can be obtained by
‘locking’ a hydrogen 1n the correct orientation for enolization. How much faster would this hydrogen
be lost than a hydrogen on a carbon that 1s free to rotate so that the C—H bond can take up all
possible orientations?

This question has been approached in our laboratory*! using cis- and trans-hexahydrofluorenone
(75 and 76, respectively) Molecular models show that the cyclopentanone nng in 76 (and to a lesser
extent m 75) 1s ngid and that the C—H, bond 1s aligned parallel to the n-orbital of the carbonyl If
stereoelectronic considerations are important, then 76 should enolize substantially faster than similar
compounds 1n which the C—H, bond 1s not restricted to one orientation Both 75 and 76 enolize
over 10%-fold more rapidly than cyclohexyl phenyl ketone (77) both 1n acid and 1n base It should
be noted, however, that a substantial fraction of the rate difference between these compounds 1s due
to unfavorable steric interactions 1n the enol(ate) of cyclohexyl phenyl ketone (78) The formation
of the enol(ate) requires the juxtaposition of two cyclohexyl hydrogens and an ortho hydrogen of
the phenyl ring Since the reactant can rotate about the bond between the carbonyl and the cyclohexyl
group, this interaction 1s not present Thus, enolization 1n 77 1s retarded by an unfavorable steric
mteraction that can only be relieved by rotation about the bond between the enol carbon and the
phenyl ring, reducing conjugation It was estimated®' that the rate acceleration of 75 and 76 vs 77
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1s due about equally (10- to 100-fold) to these steric interactions and stereoelectronic control
The magmtude of the stereoelectronic control 1n this system 1s consistent with several theoretical
discussions concerning the effect of freezing out of one bond rotation 4?

H "' H)(H
H
&

0 H, 0 H, 0 H (H)O
75 76 77 78

Although this stereoelectronic effect 1s relatively modest, 1t does point the way towards an
understanding of how enzymes mght function to increase the rate of particular reaction In a case
such as the enolization of cyclohexyl phenyl ketone, the transition state, of necessity, has severe
steric mnteractions due to the stereoelectronic requirement of bond overlap Thus, the conformation
of the transition state 1s not that of the ground state If an enzyme were to bind the ketone in the
stereoelectronically correct conformation in the ground state, then the rate acceleration would be
due to both stereoelectronic control and the binding of a igher energy (reactive) conformation If
steric interactions in the transition state of a reaction are particularly severe, then quite large rate
accelerations could be realized

4. STEREOELECTRONIC CONTROL IN ENZYMATIC REACTIONS

41 Spectficity

It was recognized many years ago by Dunathan*? that conformational and stereoelectronic
considerations are important 1n determimng the specificity of pyridoxal phosphate enzymes This
group of enzymes catalyzes a variety of reactions of amino acids, including racemizations, decar-
boxylations and retro aldol cleavages These reactions occur through the intermediate formation of
a Schuff base (81, eqn 30) that can decompose by labihzation of one of the three substituents on the
a-carbon of the amuno acid ** Cleavage of the bond to the a-hydrogen can result in racemization or
transamination (82), whereas bond breaking of the carboxylate group gives decarboxylation (83), and
loss of the R group of a serine-derived Schuff base yields retro aldol products (84) In accordance
with stereoelectromic principles, the lowest energy transition state for the cleavage of one of these
bonds will have that bond perpendicular to the plane of the imine system Dunathan*? proposed
that the spectficity of pyridoxal phosphate enzymes 1s due to conformational control of the Schiff
base intermediate by the enzyme. Each pyridoxal phosphate enzyme presumably binds 1ts substrate
such that the bond to be cleaved 1s correctly oriented for maximum overlap with the 7-system

R
!
CHO _ CH=N-CHCOH
HO\ ™\ CH:OPOs N HO A\, CHeOPOy
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The specificities of a variety of enzymatic reactions were analyzed 1n terms of this model Bactenal
amino acid decarboxylases show incorporation of only one atom of deuterium when the reaction 1s
run 1n deuterium oxide*’ due to the requirement that protonation of the intermediate anion occur
at the same position as the original carboxylate moiety Furthermore, the monodeuterated product
of decarboxylation of glutamate, monodeutero-y-aminobutyrate, does not exchange the other hydro-
gen for deuterrum 1n the presence of the enzyme These results are consistent with the enzyme
binding both reactant and product in a single conformation with only one bond perpendicular to
the plane of the imine system

Serine hydroxymethyl transferase*® catalyzes the reversible aldol condensation of glycine and
several different aldehydes In the cleavage direction with serine, the reaction occurs by loss of
formaldehyde (84) Although this enzyme 1s specific for L-amino acids, D-amino acids are bound
and p-alanine undergoes a transamination with the pyridoxal group, irreversibly inactivating the
enzyme (eqn 31) The transamination can be rationalized by assuming that the binding of the
substrate 1s controlled by interactions involving the carboxyl group of the amino acid Using this
model, 1t can be seen that the proton of p-alanine 1s conformationally equivalent to the hydroxy-
methyl group of L-serine (85 vs 84) Thus, the enzyme cleaves the bond with the same onentation
1in both cases Simularly, only one of the hydrogens of glycine should be (and 1s) labilized by this
enzyme 43,46
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Model systems with pyridoxal derivatives are also consistent with stereoelectronic control as a
major factor in the specificity of these enzymes Fischer and Abbott*” have shown that the two
hydrogens of the glycine moiety of bis(pyridoxyhdene glycinato)cobalt(III) (88) are exchanged at
signitficantly different rates (10- to 1000-fold, depending on temperature) in dilute basic solution
(eqn 32). In the 10n, these two hydrogens are held such that only one 1s correctly oriented for
continuous overlap with the n-orbitals of the azomethine group during cleavage

i i
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Tsa1 et al.*® also examined the role of stereoelectronic control n nonenzymatic reactions
mvolving pyridoxal phosphate They correlated the rates of racemization and H, exchange of a
series of amino acid Schiff base derivatives of pyridoxal phosphate with the proportion of the
conformer for each derivative having the C,—H bond parallel to the Schiff base n-system. Relative
amounts of the conformers for each system were estimated using CPK models and conformational
calculations. Steric interactions 1n the conformers favorable to reaction were invoked to explain the
low reactivity of amino acids with bulky substituents.

42 Speed

Although stereoelectromc constraints on transition states for enzymatic enolization of ketones
and related reactions are clearly operable, the majonity of work n this area has only shown that
reaction specificity can be controlled by the requirement for continuous overlap In order to evaluate
whether absolute rates of reactions can be affected by stereoelectronic considerations, 1t 1s necessary
to show that enzymatic binding of a substrate in the correct conformation can result in substantial
rate acceleration

To simphfy matters, we will assume that there are only two conformations for a particular
substrate and that only one of these 1s reactive, although the argument 1s valid for any number of
conformations If the two conformations rapidly interconvert, then the rate of the reaction 1s
controlled by the free energy difference between the one of lowest energy and the transition state.
A rate acceleration will thus be observed for differential binding of the transition state relative to
the ground state

Let us assume first that the reactive conformation 1s of lower energy than the unreactive one If
this conformation 1s recognized preferentially by the enzyme, both the ground state and the transition
state will be bound Although the energy of the transition state 1s lowered by this binding, the
ground state energy 1s also lowered (Fig 1a) Since the rate of reaction depends on the difference
1n energy between the reactants and transition state, and both are stabilized, the net rate acceleration
will be minmmal If, on the other hand, the reactive conformation is of higher energy than the
unreactive one, then preferential binding of this conformation will substantially reduce the energy
of both this conformation and the transition state Since the overall energy of the reactant 1s not
greatly affected, while the transition state 1s stabihzed, the energy of activation 1s decreased and
catalysis occurs (Fig 1b)
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{a) (b)

Fig 1 Free energy profile for substrate with two conformations for an uncatalyzed reaction (U), and an

enzyme-catalyzed reaction (E) In (a), the energy of the unreactive conformation 1s higher than that of the

reactive one In (b) the reactive conformation 1s hugher 1n energy In both cases, the enzyme 1s assumed
to bind the transition state and the reactive conformation with the same interaction energy
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The rate acceleration due to the enzyme acetoacetate decarboxylase can be analyzed by this
model This enzyme catalyzes the decarboxylation of acetoacetate through the intermediate for-
mation of an enzyme Schiff base (eqn 33),%° and there 1s substantial evidence that stereoelectronic
considerations are important By analogy with decarboxylations of keto acids®® loss of CO, should
occur parallel to the n-orbital of the imine Kluger and Nakaoka®® have used sodium acetonyl-
phosphonate (90) as a probe for the binding of the substrate at the active site of the enzyme Since
the C—P bond 1s not cleaved by acetoacetate decarboxylase, the phosphonate moiety may be used
as a model for the carboxylate of the substrate Kluger and Nakaoka found that, although ace-
toacetate decarboxylase catalyzes the deuteration of acetone in deuterium oxide and the exchange
of the 3 position protons of 2-butanone, there 1s no enzyme-catalyzed labilization of the protons of
the monoanion of acetonylphosphonate In contrast, one of the two diasteroeotopic protons of both
methy! and ethyl acetonylphosphonate are exchanged in deuterium oxide 1n the presence of the
decarboxylase

ﬁ H+NE ﬁ
- i - -C
CHy —C—CHe —COz E"T'B CHy—C—CHg —C-0~ ——2>
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HNE
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| i
CHy—C=CHe 22>  CHy ~C—CHy + ENHe
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These authors interpreted their results in terms of binding of the phosphonate group in the normal
carboxylate binding pocket Since the carboxylate of the substrate, and thus the phosphonate of the
mhibitor, bind 1n the stereoelectronically correct position for decarboxylation, there cannot be
overlap of the sigma orbital of the C—H bonds of the phosphonate with the n-system. In the case
of the phosphonate esters, binding 1s not as restricted because of the lack of a charged group, and
the correct orientation for enolization can be achieved The lack of exchange 1n acetonyl phosphonate
suggests that the normal binding mode of the enzyme 1s one in which the carboxyl group of the
substrate 1s oriented parallel to the n-orbital of the enzymatic Schuff base, as expected for optimal
decarboxylation

It has been known for some time that simple primary amines also catalyze the decomposition
of B-keto acids through a Schiff base intermediate °' This reaction has been studied 1n simple systems
using cyanomethylamine as a model for acetoacetate decarboxylase 2 This amine has a pK, (5 34)°?
similar to that for the active site lysine 1n acetoacetate decarboxylase (pX, 6 0) ** Guthrie and
Jordan*# found that the rate constant for decarboxylation of the neutral cyanomethylimme of
acetoacetate 1s about 3 x 10° larger than the rate constant for the spontaneous decarboxylation
of neutral acetoacetic acid However, the rate constant for acetoacetate decarboxylase-catalyzed
decarboxylation (k) 1s about 100-fold larger than decomposition of the model system Guthrie
and Jordan suggested that the enzyme may bind the imne zwitterion m a reactive conformation,
with the bond to be cleaved parallel to the n-orbital of the imine If the predominant conformation
of the model Schuff base 1s one 1n which there 1s hydrogen bonding between the negatively charged
carboxylate and the protonated imine, then the reactive conformation may be substantially higher
in energy It 1s yust this situation that lends itself to acceleration by specific binding of the reactive
conformation If the hydrogen bond 1s equvalent to only 3 kcal mol~!, binding that involves loss
of this bond would give a rate acceleration of ca 10>-fold, explaining the discrepancy between the
enzyme and the model system

5. SUMMARY

Stereoelectronic considerations are clearly important n the interpretation of processes that
mvolve either the formation or reaction of enols and enolate 1ons Although 1t has been postulated
that these reactions do not require orbital overlap between the incipient p-orbital and the n-system
of the reactant,'” overwhelming evidence indicates that this overlap 1s n fact required It 1s risky,
however, to predict product ratios and relative rates of reaction from just this consideration
Alternative transition states that satisfy the stereoelectronic requrements may exist and the possi-
bilities must be evaluated on the basis of other (particularly steric) factors
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