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1. INTRODUCLlON 

The mterconversion of aldehydes and ketones wrth thetr enols is one of the most widely mvesttgated 
reactions m orgamc chermstry Thts reaction serves as the prototype for a vanety of tsomenzanons 
that involve proton transfer between carbon and an electronegative atom, such as act-mtro and 
irmne-enamme tautomenxauons. In addttion to the importance of these processes m synthetic 
chemistry, the reactions of enols and enolates provide an opportumty to examme basic mechamstic 
prmciples Since the rate-btmg step m the formatton of these spectes is proton transfer from 
carbon to oxygen, this reaction 1s an excellent vehicle for the mvesttgatton of structure-reacttvity 
relationships, stenc effects, electromc effects, isotope effects, and stereoelectromc effects m simple 
systems Excellent reviews have appeared that discuss enohzatton chermstry with regard to some or 
all of these aspects. ’ 

The concept of stereoelectromc control, as ongmally proposed by Corey and Sneen m 1956,2 
states that loss of a proton from an aldehyde or ketone to produce an enolate ion (eqn 1) or from 
a protonated carbonyl compound to give an enol (eqn 2) wtll occur perpendicular to the plane 
defined by the sp2 orbitals of the carbonyl carbon (1) The stereoelectromc requtrement 1s due to 
the need for contmuous overlap between the carbon-hydrogen bond that is bemg broken and the 
x-orbital of the carbonyl group. Thts condition can only be satisfied if the C-H bond IS per- 
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pendtcular to the CO group Other conformations of the transition state do not allow overlap to occur 
as effictently and should be of higher energy The most simple demonstration of thrs reqmrement is 
the drastic condttrons necessary for exchange of bridgehead protons of bicychc ketones such as 2 
(2 M K+ OtBu-, 2OO”C, two days for 25% exchange of H,) 3 
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The concept of stereoelectromc control has been extended to encompass halogenauons and 
alkylattons of ketones through enohc transition states 4 Smularly, decarboxylauons of j?-keto acids, 
retroaldol condensations, hydrolyses of enammes and related reactions should be SubJect to the same 
constraints on the geometry of their transition states The majority of the mvesttgattons of the effects 
of stereoelectromc control, however, have dealt with the relattve kmetlc acidities of two hydrogens 
bound to the same carbon, where the C-H bond of one of the hydrogens is more nearly aligned 
than the other with the x-orbital of the carbonyl 

1 2 

This report wtll review the apphcatron of stereoelectromc prmaples to the formatron and 
reactions of enols and enolates, both m simple orgamc systems and in enzymatic processes Other 
aspects of ketomzatton/enolizaton reactrons wdl also be considered, as rt is d&cult to design systems 
that isolate the stereoelectromc factor from other effects on the stabihty of transition states In 
order to assess the relative contrtbutlons of these different factors to the rates of enohzation and 
ketomzatton, rt is necessary tist to discuss the mechamsm of the reaction and the evidence concerning 
the nature of the transitron state. 

2. MJXHANJSM OF ENOLUATION 

2 1 General 
Three different pathways are operable m the enohzatron of carbonyl compounds m aqueous 

solution, dependmg on pH (eqns 3-5) (I), rmtral protonation of the CO group m acid, followed 
by loss of an a-proton, (2) direct abstraction of a proton from the a-carbon by hydroxtde ion to 
give an enolate ion, 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, formmg an enolate ton that IS subsequently protonated to gtve 
the enol. The fhst of these mechamsms 1s actd-catalyzed and shows an mcrease m rate with mcreasmg 
actd concentratton m relatively Qlute acid solutions In more concentrated solutions (H, < ca - 4) 
the rate dmtmshes due to a decrease m the avatlahlity of water molecules to act as a base for the 
proton abstraction m the second step and/or to complete the protonatton of the CO The rate due 
to the second mechanism mcreases wtth mcreasmg pH because of the requirement for hydroxrde 
ion m the transition state of the reachon The last mechanism mvolvmg abstraction of a proton by 
a water molecule requtres the rate of the reactton to be independent of pH, since the rate-hrmtmg 
step involves only neutral spectes 
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Actd-catalyzed enohzation has been known for many years and has been extensively exammed 
for a vanety of carbonyl compounds Substanttal evidence, mcludmg inverse solvent isotope effects, ’ 
primary hydrogen isotope effects,‘s6 actdtty behavlor,7 and the observation of general acid catalysis’ 
points to a mechamsm m which the first step 1s a rapid equthbnum protonatton of the CO group, 
followed by a rate-hrmtmg proton transfer to a molecule of solvent Results wtth the actd-catalyzed 
hydrolysis of enol ethers as a model system for the ketomzatton of enols have been interpreted to 
support the two-step mechamsm for acid-catalyzed enohzatton ’ 

More recently, pnmanly through the work of Kresge,’ Capon” and then collaborators, tt has 
been possible to examme this reaction m the thermodynamtcally favorable direction, ketomzahon 
of the enol These research groups have been able to generate enols m greater than equthbnum 
concentrations by several techniques, mcludmg flash photolysts and rapid hydrolysis of enol precur- 
sors Other mvesttgators have used the enzymattc hydrolysis of enol phosphates,” as well as flash 
photolyslsr2 to produce unstable enols m aqueous solutton In addmon, the chermstry of ‘hmdered 
enols has been exammed by Rappoport et al I3 Although most work on the ketomzattons of enols 
m acid is consistent with the two-step mechamsm, Capon et al “W have interpreted their kmettc 
results wtth vinyl alcohol (the enol of acetaldehyde) and other enols m terms of a concerted reaction 
wtth transfer of the alcoholic proton occurrmg stmultaneously with protonatlon of the double bond 
(eqn 6) However, thts mterpretatton has recently been challenged 9dJ 
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The question of concertedness m enolizatton has been dscussed m some detail by Toullec m a 
recent review Id Several mvestigators have found a third-order term m the general acid-catalyzed 
component of enohzation I4 This term has been interpreted as bemg due to concerted catalysts by 
two molecules of the general acid 14e However, strong arguments agamst extending the concerted 
mechamsm to enohzation catalyzed by hydromum ion, with water acting as the general base, have 
been presented 1d,14c In order for proton transfer between the OH group of the transitton state and 
water to be thermodynamically favorable, it is necessary for the acidity of the OH group to be 
greater than that for hydromum ton Smce fully formed hydroxycarbomum ions are only shghtly 
more actdic than the hydromum ion, it is unlikely that this condition wtll be satisfied m the transthon 
state for ketomzation ‘+ 

Base-catalyzed enohzation has been exammed m both the enohzation and ketomzatton directtons 
and there is httle controversy about the reaction mechanism Large primary isotope effects’Oc~‘S and 
the occurrence of general base catalysag”e* ’ “9 ’ 6 are consistent with a simple proton abstraction from 
the cl-carbon to generate the enolate ton, which may subsequently be protonated to give the enol if 
the pH of the solution is lower than the pK, of the enol. Generally p&s of simple enols are m the 
range of 10 to 12 le,’ 

Investigation of pH-mdependent enohzation is hampered by the sluggishness of the reaction, 
but recent work on the ketomzation of enols has allowed this process to be exammed m this 
direction g*lo A przorz, three mechanisms are reasonable for the reaction m neutral solution (1) 
direct protonauon of the enol by water to give a hydroxycarbomum ton, etther wtth concerted 
proton transfer of the enohc proton to another water molecule or simply through H-bonding by 
water at that site (eqn 7)) (2) iomzatton to the enolate ion, followed by protonanon of the enolate 
by hydromum ton (eqn 8)) or (3) a concerted proton transfer from the enohc oxygen to the tl- 
carbon of the product ketone, possibly through one or more mtervening water molecules (eqn 9) 
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Direct protonatton of the enol by water can be most easily ruled out since the pH-independent 
reaction generally has a half-life of seconds to mmutes, g*lose whereas the correspondmg hydrolysis 
of enol ethers under these conditions is too slow to be observed Smce addition of a proton to enol 
ethers is generally only 20-70 times slower than proton addition to the correspondmg enols,g~‘oe 
protonation by water should be observable with enol ethers if that reaction 1s occurrmg with enols 
Although a concerted mechamsm for the uncatalyzed reaction has been proposed by Capon et al ‘Oe 
on the basis of a rate ratio for hydroxypropadiene/vmyl alcohol of 74 for the base-catalyzed reaction 
and 0 6 for the uncatalyzed reaction, Clnang et al ‘a have argued, on the basis of free energy 
relationships that a stepwise mechamsm (eqn 8) is most consistent wtth the available data 
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2 2 Nature of the transrtzon state 
The position of the transition state along the reaction coordinate is an important consideration 

m the evaluation of the magnitude of the stereoelectronic effect m enohzation/ketomzation reactions 
The stereoelectromc theory postulates that delocahzation of the electron pair of the C-H bond 
with the a-orbital of the CO IS an important factor m the transition state Thus, a very early 
transition state (m the enohzation direction), m which there is little bond cleavage and little 
possibihty for delocahzation of the electrons, would be mconsistent with a large stereoelectromc 
effect Srnnlarly, as will be discussed later, a very late transition state is also mconslstent with a large 
stereoelectromc effect for the discrimmation of two different a-hydrogens 

Brsnsted values for the base-catalyzed enohzation of a variety of ketones have been determined 
Values of j? > 0 5 (e g 0 88 for carboxylate catalysis’Q and 0 73 for substituted pyndme catalysis’7) 
for the enohzation of acetone have been mterpreted m terms of a product-like transition state Id 
Since carboxyhc acids and pyndmmm ions are substantially more acidic than simple ketones (pK, 
of acetone is 19 2”) this result is m agreement with what would be expected from considerations 
based on the Hammond postulate Smularly, Bronsted a values of 0 37 for the protonation of 
lsobutyrophenone enolate by a series of carboxyhc acidsge and 0 23 for the protonation of acet- 
aldehyde enolate by carboxyhc acids lo’ are consistent with an enolate-like transition state. Measure- 
ments of the vanation of the isotope effect as a function of the pK, difference between the base and 
the ketone15 are also m accord with a transition state that mvolves a proton that is more than half- 
transferred m the transition state Thus, both primary kinetic isotope effects and Bronsted relations 
argue for an enolate ion-like transition state m this reaction 

Smular arguments concernmg the position of the transition state along the reaction coordinate 
for the acid-catalyzed process lead to the conclusion that the transition state is located earlier on 
the reaction coordinate for the acrd-catalyzed reaction than for the base-catalyzed one Assummg 
conservation of bond order at hydrogen, the Bronsted a value of 0 55 for carboxyhc acid-catalyzed 
enolization of acetone’& can be converted to a fi value of 0 45 for proton abstraction from the 
protonated ketone, suggesting a transition state m which the proton is approximately half-trans- 
ferred A Brnnsted a of 0 58 for protonation of the enol of isobutyrophenoneg” is also consistent 
with this model Furthermore, the large values of primary isotope effects observed m acid-catalyzed 
enohzation of ketones indicate a transition state m which proton transfer is nearly half completed 

It should be noted that the above arguments are concerned with the position of the proton m 
the transition state An early transition state is one m which there is very httle 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 variable When there is more than one structural change durmg a reaction these changes may 
not occur m parallel Thus, a transition state that IS characterized by substantial proton transfer 
rmght only have a mmimal change m the overall geometry of the molecule While Brsnsted values 
and primary isotope effects rmght be good probes for the extent of proton transfer, the conclusions 
drawn from these studies may not be apphcable to other reaction progress variable(s), such as 
heavy-atom reorganization 

Bemascom ’ *’ has discussed at some length the posabihty of ‘transition state imbalance’ m 
connection with carbamon-formmg reactions He has suggested that “whenever resonance is 
involved as a reactant or product stabmzmg factor m a reaction, this factor will develop late [m the 
product] or be lost early [m the reactant] ” Apphcation of this prmciple to the enohzauon of 
ketones leads to the expectation that resonance stabihzatton of the transition state is not as large as 
is indicated from measures of proton transfer as a probe for electron delocahzation m the transition 
state A better probe for the extent of resonance stabihzation at the transition state would be a 
Bronsted coefficient based upon structural changes m the ketone 

Chiang et al 9’ have carried out such an analysis for proton transfer to hydroxide ion from 
acetaldehyde, acetone and acetophenone, usmg experimentally determined p&s (eqn 10) They 
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found a linear Bransted plot wth an a value of 0 38, compared to Bran&d j?s for vanation of the 
base of 0.53 (lsobutyraldehyde wth aryl oxide amons’p, 0.88 (acetone wtth carboxylate lons’60), 
and 0 66 (acetone with tertiary ammes*‘). TIN result was interpreted m terms of a model m which 
proton transfer 1s more advanced than m charge delocahzatlon mto the CO group at the transItion 
state Smce the effect of the R group on the stahhty of the enolate ion 1s probably prrmanly due to 
stabllzation of the double bond, the low senativlty of the reaction to changes m R reflects httle 
double bond formation and, thus, relatively httle delocahzation of the charge mto the CO 
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A snmlar analysis was carned out by a comparison of the rates and eqmhbnum constants for 
the lomzatlon of acetaldehyde and lsobutyraldehyde “Although lsobutyraldehyde 1s a stronger acid 
than acetaldehyde by greater than IO-fold, the rate constant for proton transfer to hydroxide ion IS 
almost IO-fold greater for acetaldehyde Chlang et al ‘f concluded that these results are also a 
mamfestatron of transition state Imbalance Methyl group stablhzation of the double bond m the 
final state 1s important, whereas m the transition state the negative charge IS locahzed on the carbon 
and 1s destabhzed by the electron-donatmg methyl groups Although stenc effects of the methyl 
groups of lsobutyraldehyde m the transition state were ignored m this analysis, the model agrees 
wth the conclusions from the analysis of the results urlth acetone, acetophenone and acetaldehyde, 
where stenc effects should be mmnnal 

Cox et al 7o have measured the rates of actd-catalyzed enohzatlon of substituted acetophenones 
and the correspondmg baslcltles of the ketones On the basis of the substltuent dependence of these 
constants, they concluded that “between 50% and 70% of the posltlve charge present m the 
protonated ketone 1s still present m the transltlon state for enohzation ” This conclusion, based 
upon varratlon m the structure of the reactant, 1s smular to the one reached by Pruszynskt et al ” 
m their study of the general acid-catalyzed ketomzation of lsobutyrophenone enol. The observed 
Brnmsted a value of 0 58 for this reaction, based upon vanation of the aad, also suggests a transItion 
state with slightly greater than 50% of the poslt.tlve charge on the ketone. The agreement between 
the progress along the reactlon coordinate measured by these two probes 1s consistent with a 
transltlon state havmg httle or no charge Imbalance for the acid-catalyzed reaction 

3. STEREOELECTRONIC CONTROL IN SIMPLE KJJTONES 

3 1. Axlal vs equatormi reactton in cyclohexunones 
The concept of stereoelectromc control m the enohzation of ketone was ongmally proposed in 

1956 by Corey and Sneen* to account for the preferred loss of the axml hydrogen m the aad- 
catalyzed enohzatlon of 3/l-acetoxycholestan-7-one to the correspondmg A6-en-7-01 (eqn 11). In 
chloroform wth HBr as a catalyst, the axial hydrogen 1s lost 1.2 times more rapldly than the 
equatonal hydrogen. For the reverse reactlon, ketomzatlon of the enol by HBr, protonation occurs 
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preferentially at the axml positron by a factor of 1 5-fold. Corey and Sneen assumed that gain or 
loss of an aural hydrogen should be subject to sterrc retardation relattve to reactron at the equa- 
tonal posrtron They concluded that there must be a strong measure of stereoelectromc control 
favormg axtal reaction to overcome the stenc preference for equatonal reactton They e&mated 
that, wtth a correctron for stertc effects, this stereoelectromc factor IS about 1Zfold (HBr as cata- 
lyst) to 50-fold (HOAc as catalyst) Tlus stereoelectromc preference was postulated to be due to 
the reqmrement for contmuous overlap between the C-H bond that IS bemg broken and the 
rr-orbital of the CO group Thts constramt may be met easily for the axtal C-H bond (shown for 
a simple cyclohexanone in 3), but IS tmposslble to satrsfy for the equatonal hydrogen m the 
normal charr form (4). Altemattvely, the equatonal hydrogen IS correctly ahgned for enohzauon 
m the higher energy boat or twtst-boat conformattons (5) The difference m rates for the axtal and 
equatonal hydrogens then represents the difference m the energtes of the transitron states 3 and 5 

Although this theory IS attractive and has been widely accepted, the assumption that there are 
srgnticant stenc effects that must be overcome for axtal proton gam or loss has been challenged by 
Bordwell and Scamehom *la They showed that aural substttuents (phenyl or methyl) at the 4- 
poatton of cyclohexanones do not cause a large reduction m the rate of enohzation at C-2 The lack 
of a slgmficant rate retardation by these axtal subshtuents casts doubt on the importance of 
stereoelectromc control m sample cyclohexanones Recent work by Spencer’s group21b with sub- 
stituted truns-decalones confirms that the effect of an axtal methyl on the rate of abstraction of syn- 
axtal protons c1 to a CO group IS small (ca 5-fold) On the other hand, extensive work by Znnmerman 
et al If on somewhat dtfferent systems has shown that the kmettc protonatton of enols IS subject to 
significant stenc effects Ztmmerman has concluded that “ stenc hmdrance to approach of the 
proton donor IS a major factor m controlhng from which face a proton IS dehvered to the c+ 
carbon ” ‘f Although stenc effects on the protonatton of enols and deprotonanon of ketones are 
clearly Important, tt appears that steric effects were somewhat overestimated by Corey and Sneen, 
leadmg to an inflated value for the stereoelectromc effect m simple cyclohexanones 

Subsequent kmettc mvesttgatrons of enolizatrons of cyclohexanones con6rm the concluston that 
stereoelectromc effects m these systems are small There IS a preference for axtal reaction m both 
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acidic and basic solutions, but the observed dlscnmmatlons are generally relatively small Metzger 
and Casadevallz2 found that the axial hydrogens of trans-Zdecalone exchange 2-3-fold faster than 
the equatonal protons at both posltlons a to the carbonyl m acetic acld/sulfmc acid solution 
Smularly, Tnrmtsls and Van Dances showed that the axial protons m 4+butylcyclohexanone 
exchange more rapldly than the equatonal protons m alkaline DMSO/water (k,/k, = 5 5) 

The small dlscrnnmations observed m these reactions have been explained by House4 m terms 
of a very late transition state that resembles the enol(ate) (eqn 12) Smce the prmclple of nucroscoplc 
reverslkhty reqmres that the &scrmunatlon between axial and equatonal protonatlon 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 posable, ~th 
path (a) leadmg to axial onentation of the mcommg proton (7) and a char form of the nng, and 
path (b) gvmg equatonal attack, leading to a twist boat form (8) If the transition state 1s enolhke 
(6), then energy differences between the two pathways should be small, with the only agmficant 
difference due to stenc mteractlons between the axial C-4 hydrogen and H,, as 1s observed 
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An alternative explanation for the lack of a large &scnmmation m basic solution 1s suggested 
by the transition state model for enohzatlon presented by Chlang et al 9f If charge delocahzation 1s 
not of major importance m the transition state, then the lack of a strong stereoelectromc preference 
for enohzatlon of simple cyclohexanones rmght be explamed urlthout recourse to a late transition 
state In a transltlon state with little charge delocahzatlon, resonance would be unimportant and 
the transition state would not be reqmred to have the partial C-H bond parallel to the n-orbltals 
of the CO Probably the most reasonable explanation, however, 1s that, whether the proton IS almost 
completely transferred (as m base-catalyzed enohzatlon) or about half-transferred (m acid-catalyzed 
enohzation), the geometry of the transition state resembles the enol Thus, both a ‘char-hke’ and a 
‘twist-boat-hke’ transition state have similar energies Since the tvvlst-boat conformation for 
cyclohexanone 1s only about 3 kcal mol- ’ less stable than the chair form m cyclohexanone, 24 small 
devlatlons m the geometry of the transition state from the enol(ate) nnght not be significant. 

The concept of stereoelectronic control has been extended to encompass halogenatlons and 
alkylatlons of ketones through enohc transition states, although stenc effects appear to be sigmficant 
m these reactions 4 The brommatlon of 19-methyl-2-keto-steroids (10) at C-3 produces the stereo- 
electronically favored axial bronude (eqn 13),2’” whereas reaction of a 19-methyl-3-keto-steroid 
gves the equatonal isomer (eqn 14) 256e Presumably, the stenc mteractlons between the entermg 
bromme and the 19-methyl group for attack on the enol of 12 at C-2 are severe enough to cause 
approach of the nucleophlle to be equatonal Alkylatlons of enolates are also subJect to stenc 
hmdrance as well as to stereoelectromc considerations Treatment of the enolate Ions of l-methyl- 
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2-decalones (14) wrth ethyl iodide gves very different stereochemrcal results dependmg on the nature 
of the subsntuent at C- 10 (eqn 15) w For R = CH 3, stenc hmdrance to axial attack is severe grvmg 
equatonal approach of the electrophrle, whereas for R = H, axial attack 1s favored 

o& c&i&& 
cc14 

12 

H&27- 

R 

+ 

Wkd - _ 

Me 
llq NHJ 

14 
R 

t 

R=H 

Me 

15 

> 95% 

< 5% 

Eirr 

13 

R 
Me J+ 

16 

< 5% 

> 95% 

(131 

(141 

(151 

A reaction analogous to the enohzauon of ketones, and which should be subject to stereoelectronic 
control, is the decarboxylation of /I-ketoacrds 26 The effect of stereoelectronic control on these 
reactions has been mvestrgated for the decarboxylatrons of the two eprmers of 5-t-butyl-l-methyl- 
2-oxocyclohexanecarboxyhc acid m both acidic and basic solutions (eqns 16 and 17) 2ti If stereo- 
electromc control is a significant factor m the decarboxylation, the eprmer with the axial carboxyl 
group (17) should be more reactive than the epimer with the equatorial carboxyl group (19) In 
fact, the isomer with the equatorzal carboxyl (19) is more reactive by a factor of 3-fold m acrd and 
a factor of 15- to 20-fold m base, m apparent conflict with stereoelectromc prmcrples 

I171 
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These results can be accommodated wrthm the framework of the need for contmuous overlap 
by an exammation of the nature of the transmon states for decarboxylatron. The transrtron state 
for the decarboxylauon of the umomzed acrds has a 6-membered nng m which the newly formmg 
O-H bond 1s nearly m the same plane as the ongmal C--C=0 system (20) 266*c Contmuous 
overlap of the mclplent p orbrtal at C-2 with the p orbrtal of the carbonyl carbon 1s mamtamed by 
a perpendicular onentatron of the C-C bond that 1s being broken with the plane of that rmg This 
model predtcts transitton state structures 21 and 22 for the decarboxylatton of 17 and 19, respecttvely 
In both cases, the mcrprent cyclohexane nng wrll be m a half-chair conformation wrth the t-Bu group 
equatonal and the 2-methyl group m the plane defined by the C=C double bond Smce stenc 
mteractlons appear to be smular m the two transrtron states, then energtes should be comparable 
In that case, the relative rates of reactron wrll depend only on the relative energres of the reactants 
Since methyl groups show slightly greater preference for the equatonal position m cyclohexanes 
than carboxyl groups do, 27 the slightly greater reactrvrty of the isomer with the equatonal carboxyl 
can be reasonably explained by its mstabrhty relative to its eprmer 

The relatrve reactrvrty of the amons can also be ratronahed on the basrs of drffermg energies of 
the two rsomenc reactants, although m this case the cause of the mstabrhty of the amon of 19 1s 
probably due to electrostatic rather than stenc factors The transrtron state for the decarboxylatron 
of the amons of /I-keto acids 1s generally acceptedzU as being a simple C-C bond cleavage to grve 
the amon, analogous to base-catalyzed enohzatron However, the response to stereoelectromc control 
1s qmte different for the two reactions The transrtron state for decarboxylauon 1s thought to resemble 
the enolate ion, as depicted m structures 23 and 24, for loss of an axral and equatonal carboxyl, 
respectrvely Again, rt 1s not unreasonable to expect that stenc mteracuons in the two transrtron 
states are smular, so that the overall energres of the two isomenc transrtion states are comparable 

H 
, H 

0 
I- 

23 24 

The energres of the anions of the reactants, however, should be qmte ddferent The amon of 17 
1s more stable than that of 19, due to drpol&pole repulsion m the amon of 19, shown m 25 In 
support of thrs rahonale, 17 1s substantrally more acrdrc than 19 (p&s of 5 21 and 5 79 m 70% 
methano1),2h even though crs-4-t-butylcyclohexane carboxylic acid 1s less acrdrc than the fruns 
isomer by almost 0.5 pK umts Thus, m the case of 25, the decarboxylation 1s enhanced by relief of 
electrostatrc repulsion m the transrtron state 
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Although the vast malonty of reactions mvolvmg discnmmation between axtal and equatorial 
positions m cyclohexanone enol formatron show quite small effects, stereoelectromc control m the 
base-catalyzed hydrogen exchange of twistan-4-one (27) 1s quite large 28 In thrs compound the 
methylene group a to the carbonyl is onented such that one of the C-H bonds 1s aligned m the 
correct onentatron for overlap with the x-orbital of the carbonyl (28), whereas the other is about 
60” out of alignment (29) Fraser and Champagne28 found that the relative rates of exchange of 
these protons m sodmm methoxlde/methanol-O-d is 290 1 They assigned the rapidly exchanging 
proton to the one labeled Hr m 30 on the basis of NMR coupling constants 
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Three possible causes for the more rapid exchange of Hr than H, were considered stereo- 
electronic, stenc, and internal return A stenc effect was ruled out on the basis of a lack of change 
m selectivity when the bulher phenoxrde is used as the base instead of methoxrde, and internal 
return was ehmmated by a determmatlon of isotope effects m the reverse directton The authors 
concluded that “the only reasonable explanation for the observed 290 1 rate ratio m the exchange 
of 27 1s the effect of stereoelectromc control ” 

In snmlar work, Fraser and Champagne29 exammed the stereoselective exchange of the drastereo- 
topic protons of 31 The lack of rotation about the aryl-aryl bond causes the C-H bonds of the 
two protons (HR and Hs) 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 Hs m methoxrde-methanol- 
O-d and 30-fold faster with phenoxrde m methanol-O-d This observation was rationahzed on the 
basis of a more highly strained transition state being required for the exchange of Hs than Ha The 
conformation required to mamtam overlap of the partial C-H bond for Hs with the carbonyl II- 
orbital mvolves considerable angle strain 
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A sigmficant degree of stereoelectronic control has also been observed m proton transfers from 
mnnmm ions. Ferran et al 3(kr examined the discrmunation between axral and equatorial protons m 
the primary amme-catalyzed ehmmation of 32 to 33 (eqn 18). This reaction proceeds by rate- 
determmmg abstraction of a proton at C-l from the mumum ion, followed by ehmmation of OR 
(eqn 19) Wtth both tnfluoroethylamme (R' = CF,CH,) and cyanomethylamme (R' = NCCHJ 
as catalysts, the axial proton is abstracted 1618-fold more rapidly than the equatorial proton m 
the conversron of alcohol 34a to 35a (R = H) In contrast, a much larger effect IS exhibited m the 
analogous reactions with acetate as the leaving group. Amme-catalyzed deprotonatron of 34b shows 
a preference of 1 lo-fold for abstraction of H, over H, Since the rate-lirmting step in the formatron 
of the o$unsaturated ketone is the formatton of the enamme, the stereoelectromc effect observed 
here represents the dtscnmmation on the proton-abstracting step A smular large stereoelectronic 
factor (130-fold) was observed for the hydroxide-catalyzed ehmmation of 32b, which also proceeds 
through rate-detenmmng proton abstraction One explanatton of the relatrvely large dacnmmauons 
observed m the case of acetate as the leavmg group mvolves stenc hmdrance to proton abstraction 
of the equatorial hydrogen by the leavmg group In this regard, the high axial/equatorial selectivtty 
for proton abstraction is not seen m the absence of the beta acetoxy group 306 

a o* - o& (IS 1 

e OR 

32 a R = H 

b R - AC 

33 

32 a A - H 
b R = AC 

(19) 

An analogous stereoelectromc effect has been observed m the deprotonatron of 4-androstene- 
3,17-dione (37) at C-6 (eqn 20) 31 The 6P-proton (axial) 1s lost 53-fold faster than the 6c+proton 
(equatonal) with t-butoxide as the base Stereoelectromc control of this reaction is due to better 
overlap of the axial C-H bond with the z-orbital of the C=C double bond 

t -BuO- 

37 38 
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In summary, the observed dlscnmmatlon between loss of axtal and equatonal substltuents in 
cyclohexanones 1s quote vatlable There IS little doubt that the preferred onentatlon of the partial 
bond to the entenng or leavmg group at the transition state 1s parallel to the n-orbital of the 
carbonyl Although the bond to an a-axial substituent is correctly onented for reaction, this 
onentahon can also be realized for equatonal substituents (m the normal chair form) by a nng flip 
to produce a twist-boat conformation Since the test-boat cyclohexanone 1s only cu 3 kcal mol- ’ 
less stable than the chair form, a rate difference of ca lOO-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)-hke transition state If the transition state 1s enol-like, loss of either the axial or equatonal 
substltuent gves a slrmlar transition state and only a modest stereoelectromc effect 1s seen 

3 2 Protonatlon of drenols 
Stereoelectromc considerations may be important m the selectlvlty observed m protonatlon of 

dlenols and dlenolate ions These species are mtermedlates, respectively, m the acid-catalyzed and 
base-catalyzed lsomenzatlons of /?,y-unsaturated ketones to the correspondmg a&unsaturated 
isomers (eqns 21 and 22) In the acid-catalyzed lsomenzatlon of 3-cyclohexenone (39a), the mter- 
mediate dlenol (41a) protonates more rapidly at C, than C, (k,&, = 50).32a In contrast, the rate- 
detenmmng step m the lsomenzatlon of 3-methyl-3-cyclohexenone (39b) 1s deprotonatlon at C,, 
that 1s k,/k, << 1 Noyce and Evett3* generalized from these and other results that m cases where the 
p-carbon is tertiary, protonatlon of dlenols occurs predominantly at C,, whereas for dlenols that 
have a secondary b-carbon, protonatlon 1s preferentially at C, 

b - Cy 

0 

b I 
R 

43 

OH 

- H+ 

1 k,tH+ 1 

OH + 

-H+ 
4 

(22) 

39 

aR=H 

bR-Cy 

43 



4926 R M POLLACK 

Naively :t rmght be expected, however, that protonauon m all cases should lead to the more 
stable product, smce the transitton state must have some product-hke character to it. A possible 
explanation for the preferential protonatron at C, m secondary compounds is a lack of the correct 
stereoelectromc orientation for protonatton at C, due to the exrstence of some twrstmg between the 
two double bonds of the drenol (45) Whalen et al 33 have suggested that m the case of cyclo- 
hexadienol the &hedral angle Cp is about 18” (45h) As a result, the posttivecharge produced at the 
B-carbon by protonatton at C, will not be stabilized as effectively by the oxygen as it 1s for protonation 
at C, In agreement with this hypothesis, the observed ratio of k,/k,, IS less than unity for the 
isomenzatron of 3-cyclopentenone, m whrch all the C atoms of the mtermediate drenol(47) should 
he m the same plane (45a, 4 = 0) 33 Here, the C-H bond that is bemg formed at C, is parallel to 
all of the p-orbltals of the x-system and the positive charge should be effecttvely stabthzed 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 drhedral angle of 0” (cyclopentadienol), protonatron is favored 
at C, , as the angle mcreases, protonation becomes progressively less favorable at C,, and the ratio 
of k,/k,, should increase 

0 

6 - 
46 47 48 
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An analogous explanation was used to ratronahze the results observed by Whalen et al 33 
for the general base-catalyzed lsomenzation of 3-cyclohexanone and 3-cyclopentenone For the 
cyclohexadienolate Ion, the ratio km/k, IS large wrth phosphate as the acrd, whereas for the cyclo- 
pentadienolate ion the ratio is only 3. It is of interest that the kg/k, ratio 1s higher for the dienolate 
amon than for the dienol itself m both series Smce O- is a better electron-donatmg group than 
OH, this result suggests that the substituent sensitivity 1s greater for protonatron at C, than at C,, 
consistent with better stereoelectromc orientation for protonation at C, 

A comparison of the k,/k, ratios for three derivatives 3-methyL3+yclohexenone, the trdluoro- 
ethylamme enamme (49), the enol(43b) and the enol ether (50) shows a smnlar pattern In the case 
of both 43b and 50, protonauon is predominantly at Cy,32a.34 yet 49 protonates shghtly faster at C, 
than C, 35 Because of the somewhat nonplanar diene system, 33 the additional electron donating 
abihty of nitrogen m 49, compared to the oxygens of 43b and 50, is transrmtted more effectively to 
C, than C, Thus, the km/k,, ratio is larger for 49 than 43b or 50 

49 43b 50 
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3 3 Intramolecular reactrons 
Hme et al 36 have exammed the catalysrs of proton exchange of aldehydes and ketones by a 

variety of pnmary and secondary ammes Tins reaction occurs through the mtermediacy of a 
protonated Schtff base that is deprotonated m one pathway by a second molecule of amme (eqn 
23) These workers have found that, with stumble btfuncuonal ammes, mtramolecular catalysts of 
the deprotonatlon of acetone is a major pathway 36 The most effective catalysts are those that 
form an g-membered cychc transttlon state (51) This preference was explained on the basis of 
stereoelectromc factors In order for effective catalysis to occur, it 1s necessary for the C-H bond 
to be oriented parallel to the a-orbital of the Schlff base. For this geometry to be possible, at least 
eight atoms must be m the rmg at the transition state Larger rmg sizes likely cause a greater loss 
of entropy, and thus are not optimal for bifuncttonal catalysts. Smaller ones are too strained 

51 

Although Hme found preferential formation of an g-membered transition state for proton 
abstraction, prevtous workers had found mtramolecular catalysts of enohxatton with 6- and 7- 
membered cychc transition states 37 Surpnsmgly, Bell and Tirmnu37a found that mtramolecular 
catalysis through a 6-membered rmg is Cfold more effective than through a 7-membered nng m the 
enohzauon of diethylammo-2-alkanones (52 vs 53) An exammatton of molecular models suggests 
that stereoelectromc considerations should favor the larger rmg (53) Perhaps, there IS a bndgmg 
water molecule that is involved m the proton transfer with 52, rehevmg the stram associated wtth 
the stereoelectromc requirements for proton transfer In a smular vem, the transmon state (54) for 
mtramolecular enohzatlon of o-carboxyacetophenone37b cannot easily accommodate loss of the a- 
hydrogen m the same plane as the x-orbital of the carbonyl without mterventton of a water molecule 
or rotation about the phenyl-COCH, bond, causing loss of conJugatton 

0 
II 
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Stereoelectromc considerations have also been invoked to rauonahze several observations con- 
cernmg mtramolecular alkylatron, acylatton, and condensation reactions FUJ&I and Nagao3* have 
shown that several diterpene alcohols (e g 55,56) eplmenze at C- 15 by retro-aldol cleavage, followed 
by reformatron of the C-C bond (eqn 24) The structurally srmrlar compounds 57 and 58, however, 
do not undergo epimenzation The authors explained this difference by noting that free rotation of 
the bond between C-7 and C-8 m 55 and 56 allows overlap of the bond between C-8 and C-15 with 
the carbonyl x-orbital during cleavage of that bond and, consequently, delocahzation of the incipient 
negative charge durmg 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 is relatively strain-free it 
does not grve overlap of the bond between C-8 and C-15 wtth the x-orbital of the ester group The 
chair conformation, which does give reasonable overlap, is unfavorable because of rmg strain and 
stenc congestion generated m the other rmgs. In addition, the C-O single bond m the chair is 
twisted such that the ester resonance is partially lost Thus, cleavage of the C-8-C-15 bond is 
stereoelectromcally disfavored A srrmlar explanation can be apphed to the observauon3’ that 
cleavage of 59 IS complete after three days at room temperature with 0 05 N K&O3 m 80% MeOH 
(eqn 25), whereas the same treatment of 61 gives no reaction 

55 Rl=OH 
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CH3 ti 
0 57 R=H 

50 R = OAc 



Stereoelectromc control m the reactlons of ketones 4929 

w 
60% MeOH 

CY 

(24) 

(26 1 

Baldwm3’ has used stereoelectromc constderations to explam the fact that 6-membered rmg 
ketones can be formed by mtramolecular endocyclic alkylation of enolates, but Smembered rmg 
ketones can not be synthesized m this manner. Intramolecular alkylatlon from either the potassnnn 
or hthmm enolate generated from the bromoketone 62 gives only ketone 64 (> 95%), wth no 
detectable formatton of the enol ether 6!5 (eqn 27) In contrast, the bromoketone 66, under the same 
condltlons, ytelds exclusively the enol ether 69 (> 97%), rather than the ketone 68 



4930 R M POLLACK 

33 cl 

64 

62 63 

33 0 

65 

33 0 

68 

(27) 

66 67 

69 

The Qfference m behavior can be ratlonahzed by a conslderatlon of the geometnes of the 
transition states for C- and 0-alkylation Stereoelectromc theory predicts that carbon alkylatlon 
~11 occur through attack on the enolate carbon perpendicular to the C-C-O plane for maxnnum 
overlap ~th the x-system (70). In contrast, oxygen alkylation can take place by electroptic attack 
at an oxygen lone pair m the plane of the x-system (71) The lack of carbon alkylahon to form the 
5-membered cychc ketone 68 1s due to the difficulty of the electrophlle m approachmg the carbon 
perpendicular to the plane of the C-C-O system In order for the electraphlle to attack from this 
&e&on, there must be substantial rmg strain m the 5-membered rmg. However, attack at the 
oxygen to form the enol ether by approach of the electrophlle m the plane of the rmg causes no 
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undue rmg stram Recent theorettcal calculations of the transition state structures for reaction of 
acetaldehyde enolate with methyl fluoride confirm the difference m the geometries of transition 
states for carbon and oxygen alkylanon of enolates.40 Although the same stereoelectromc reqmre- 
ments hold for formation of 6-membered rmgs, the extra carbon enlarges the rmg stiaently such 
that the approach ofthe electrophde 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 rmgs ts 
observed due to a reduced rmg stram m the transttion state relative to the correspondmg endocychc 
reaction (eqn 29 vs eqn 28) 

72 73 74 

3 4 Free vs restrrcted rotation 
The lack of a large stereoelectromc effect m the enohzation of simple cyclohexanones 1s most 

hkely due to the possibthty of enohzatton through a boat-hke transition state that allows orbital 
overlap requirements to be met. Since the boat form of cyclohexanone is only about 3 kcal mol- ’ 
less stable than the chair form, 24 the maxlfnum rate dlscnmmation to be expected in thts system 1s 
about a factor of loo-fold Because of the obvious imphcanons for the mechamsms of enzymatic 
reactions, rt is of interest to determme if substantially larger rate accelerations can be obtained by 
‘locking’ a hydrogen m the correct onentation for enohzanon. How much faster would this hydrogen 
be lost than a hydrogen on a carbon that is free to rotate so that the C-H bond can take up all 
possible orientations? 

This question has been approached m our laboratory4’ using czs- and trans-hexahydrofluorenone 
(75 and 76, respectively) Molecular models show that the cyclopentanone rmg m 76 (and to a lesser 
extent m 75) is rigid and that the C-H, bond is ahgned parallel to the n-orbital of the carbonyl If 
stereoelectromc considerations are Important, then 76 should enohze substantially faster than smnlar 
compounds m which the C-H, bond is not restncted to one orientation Both 75 and 76 enohze 
over 103-fold more raptdly than cyclohexyl phenyl ketone (77) both m acid and m base It should 
be noted, however, that a substanttal fraction of the rate difference between these compounds 1s due 
to unfavorable stenc mteracnons m 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 rmg Smce the reactant can rotate about the bond between the carbonyl and the cyclohexyl 
group, thts mteractton is not present Thus, enohzatton m 77 is retarded by an unfavorable stertc 
interaction that can only be reheved by rotation about the bond between the enol carbon and the 
phenyl rmg, reducmg conmgation It was estimated 4’ that the rate acceleration of 75 and 76 vs 77 
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1s due about equally (lo- to IOO-fold) to these stenc mteractlons and stereoelectromc control 
The magmtude of the stereoelectromc control m this system is consistent with several theoretical 
ducussions concermng the effect of freezmg out of one bond rotation 42 

75 76 77 76 

Although this stereoelectromc effect is relatively modest, it does pomt the way towards an 
understanding of how enzymes might function to increase the rate of particular reaction In a case 
such as the enohzatlon of cyclohexyl phenyl ketone, the transitron state, of necessity, has severe 
sterrc mteractrons due to the stereoelectromc requirement of bond overlap Thus, the conformatron 
of the transition state 1s not that of the ground state If an enzyme were to bmd the ketone in the 
stereoelectromcally correct conformatton m the ground state, then the rate acceleration would be 
due to both stereoelectromc control and the bmdmg of a higher energy (reactrve) conformatton If 
stertc mteractrons m the transttron state of a reaction are particularly severe, then qmte large rate 
accelerations could be realized 

4. STEREOELECTRONIC CONTROL IN ENZYMATIC REACTIONS 

4 1 Specificity 
It was recogmzed many years ago by Dunathan43 that conformational and stereoelectromc 

conaderattons are important m determtmng the specrfictty of pyndoxal phosphate enzymes Thts 
group of enzymes catalyzes a variety of reactions of ammo acrds, mcludmg racenuzatrons, decar- 
boxylattons and retro aldol cleavages These reacttons occur through the mtermedrate for-matron of 
a !&MI base (81, eqn 30) that can decompose by labihzatton of one of the three substttuents on the 
a-carbon of the ammo acid 44 Cleavage of the bond to the a-hydrogen can result m racermzatron or 
transammanon (82), whereas bond breakmg of the carboxylate group gives decarboxylauon (83), and 
loss of the R group of a serme-derived Sclnff base ytelds retro aldol products (84) In accordance 
with stereoelectromc prmaples, the lowest energy transition state for the cleavage of one of these 
bonds will have that bond perpendicular to the plane of the mne system Dunathan43 proposed 
that the speafictty of pyndoxal phosphate enzymes IS due to conformattonal control of the Scmff 
base intermediate by the enzyme. Each pyrtdoxal phosphate enzyme presumably bmds Its substrate 
such that the bond to be cleaved is correctly oriented for maximum overlap with the rr-system 

(30 I 

79 60 61 
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The specdicltles of a vanety of enzymatic reactions were analyzed m terms of this model Bactenal 
ammo acid decarboxylases show mcorporatlon of only one atom of deutenum when the reactlon 1s 
run m deutenum oxlde4’ due to the reqmrement that protonatlon of the intermediate amon occur 
at the same posltlon as the ongmal carboxylate moiety Furthermore, the monodeuterated product 
of decarboxylatlon of glutamate, monodeutero-y-ammobutyrate, does not exchange the other hydro- 
gen for deutenum m the presence of the enzyme These results are consistent with the enzyme 
bmdmg both reactant and product m a single conformation with only one bond perpendicular to 
the plane of the lmme system 

Serme hydroxymethyl transferase46 catalyzes the reversible aldol condensation of glycme and 
several different aldehydes In the cleavage direction urlth serme, the reaction occurs by loss of 
formaldehyde (84) Although this enzyme 1s specific for L-ammo acids, D-ammo acids are bound 
and D-alamne undergoes a transammatlon mth the pyndoxal group, u-reversibly mactlvatmg the 
enzyme (eqn 31) The transammatlon can be ratlonahzed by assuming that the bmdmg of the 
substrate 1s controlled by mteractlons mvolvmg the carboxyl group of the ammo acid Usmg this 
model, it can be seen that the proton of D-alanme 1s conformationally eqmvalent to the hydroxy- 
methyl group of L-serme (85 vs 84) Thus, the enzyme cleaves the bond with the same onentation 
m both cases Smularly, only one of the hydrogens of glycme should be (and 1s) lablhzed by this 
enzyme 43*46 
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Model systems wrth pyridoxal derivatives are also consistent with stereoelectromc control as a 
major factor m the specificity of these enzymes Frscher and Abbott4’ have shown that the two 
hydrogens of the glycme moiety of brs(pyridoxyhdene glycmato)cobalt(III) (88) are exchanged at 
srgnmcantly drfferent rates (lo- to lOOO-fold, depending on temperature) m dilute basic solution 
(eqn 32). In the ion, these two hydrogens are held such that only one is correctly oriented for 
contmuous overlap with the x-orbitals of the azomethme group durmg cleavage 

-H+ > 
(321 

89 99 

Tsar et aL4* also exammed the role of stereoelectromc control m nonenzymatic reactrons 
mvolvmg pyndoxal phosphate They correlated the rates of racenuzanon and H, exchange of a 
series of ammo acid Scmff base denvanves of pyndoxal phosphate wrth the proportion of the 
conformer for each derivative havmg the C, -H bond parallel to the Schrff base n-system. Relative 
amounts of the conformers for each system were e&mated usmg CPK models and conformatronal 
calculations. Stenc mteracnons m the conformers favorable to reaction were Invoked to explain the 
low reactivity of ammo acids wrth bulky substituents. 

4 2 Speed 
Although stereoelectromc constraints on transition states for enzymatic enohzation of ketones 

and related reactions are clearly operable, the majonty of work m this area has only shown that 
reaction specrficity can be controlled by the requrrement for contmuous overlap In order to evaluate 
whether absolute rates of reactions can be affected by stereoelectromc considerations, it is necessary 
to show that enzymatic bmdmg of a substrate m the correct conformatron can result m substantial 
rate acceleration 

To slmphfy matters, we will assume that there are only two conformations for a particular 
substrate and that only one of these is reactive, although the argument is vahd for any number of 
conformatrons If the two conformations raprdly mterconvert, 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 bmdmg of the transition state relative to 
the ground state 

Let us assume fist that the reactive conformation is of lower energy than the unreactive one If 
this conformatron is recogmzed preferentially by the enzyme, both the ground state and the transition 
state will be bound Although the energy of the transrtion state is lowered by this bmdmg, the 
ground state energy is also lowered (Fig la) Smce the rate of reaction depends on the difference 
m energy between the reactants and transition state, and both are stabihzed, the net rate acceleration 
will be mmimal If, on the other hand, the reactive conformation is of hrgher energy than the 
unreactive one, then preferentral bmdmg of this conformation wrll substantially reduce the energy 
of both this conformation and the transition state Smce the overall energy of the reactant IS not 
greatly affected, while the transition state is stabilized, the energy of actrvation is decreased and 
catalysis occurs (Fig 1 b) 
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Fig 1 Free energy profile for substrate with two conformations for an uncatalyzed reaction (U), and an 
enzyme-catalyzed reamon (E) In (a), the energy of the unreactive conformatlon IS higher than that of the 
reactive one In (b) the reactive conformatlon IS lugher m energy In both cases, the enzyme IS assumed 

to bmd the transItion state and the reactwe conformatlon with the same mteramon energy 
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The rate acceleratron due to the enzyme acetoacetate decarboxylase can be analyzed by this 
model Thrs enzyme catalyzes the decarboxylatton of acetoacetate through the mtermedrate for- 
matton of an enzyme Schiff base (eqn 33),49 and there IS substantial evrdence that stereoelectromc 
considerattons are tmportant By analogy with decarboxylatrons of keto actds26 loss of CO2 should 
occur parallel to the rr-orbital of the tine Kluger and Nakaoka” have used sodmm acetonyl- 
phosphonate (90) as a probe for the bmdmg of the substrate at the active site of the enzyme Since 
the C-P bond IS 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 deuteratton of acetone m deuterium oxrde and the exchange 
of the 3 poation protons of 2-butanone, there 1s no enzyme-catalyzed labthzatron of the protons of 
the monoamon of acetonylphosphonate In contrast, one of the two dtasteroeotoptc protons of both 
methyl and ethyl acetonylphosphonate are exchanged m deutermm oxrde m the presence of the 
decarboxylase 
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These authors mterpreted thar results m terms of bmdmg of the phosphonate group m the normal 
carboxylate bmdmg pocket Since the carboxylate of the substrate, and thus the phosphonate of the 
mhlbltor, bmd m the stereoelectronically correct posltlon for decarboxylatlon, there cannot be 
overlap of the sigma orbital of the C-H bonds of the phosphonate wth the n-system. In the case 
of the phosphonate esters, bmdmg 1s not as restncted because of the lack of a charged group, and 
the correct onentatlon for enohzation can be achieved The lack of exchange m acetonyl phosphonate 
suggests that the normal binding mode of the enzyme 1s one m which the carboxyl group of the 
substrate 1s onented parallel to the n-orbital of the enzymatic Scluff base, as expected for optimal 
decarboxylatlon 

It has been known for some time that simple pnmary ammes also catalyze the decomposition 
of /3-keto acids through a Schlff base intermediate 51 Tlus reaction has been studied m simple systems 
using cyanomethylamme as a model for acetoacetate decarboxylase 52 This amme has a pll’, (5 34)” 
srrmlar to that for the active site lysme m acetoacetate decarboxylase (PK. 6 0) 53 Guthe and 
Jordan”* found that the rate constant for decarboxylation of the neutral cyanomethyhmme of 
acetoacetate 1s about 3 x 10’ larger than the rate constant for the spontaneous decarboxylation 
of neutral acetoacetlc acid However, the rate constant for acetoacetate decarboxylase-catalyzed 
decarboxylatlon (k,& 1s about lOO-fold larger than decomposition of the model system Guthne 
and Jordan suggested that the enzyme may bmd the lmne zwlttenon m a reactive conformation, 
with the bond to be cleaved parallel to the x-orbltal of the lmne If the predominant conformation 
of the model Schlff base 1s one m whch there 1s hydrogen bonding between the negatively charged 
carboxylate and the protonated nmne, then the reactive conformation may be substantially higher 
m energy It is Just this situation that lends itself to acceleration by specific bmdmg of the reactive 
conformation If the hydrogen bond 1s eqmvalent to only 3 kcal mol- ‘, bmdmg that mvolves loss 
of this bond would give a rate acceleration of ca 102-fold, explaining the discrepancy between the 
enzyme and the model system 

5. SUMMARY 

Stereoelectromc considerations are clearly important m the Interpretation of processes that 
involve either the formation or reaction of enols and enolate ions Although it has been postulated 
that these reactions do not reqmre orbital overlap between the mclplent p-orbltal and the x-system 
of the reactant,” overwhehnmg evidence mdcates that this overlap 1s m fact reqmred It 1s nsky, 
however, to predict product ratios and relative rates of reaction from Just this consideration 
Alternative transition states that satisfy the stereoelectromc reqmrements may exist and the possl- 
blhtles must be evaluated on the basis of other (particularly stenc) factors 
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