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Lecture note for CC-2-3 (Organic Chemistry-2) 

Tautomerism in Organic Chemistry-3 

Mechanism of Keto-Enol Tautomerisation:  

Although the equilibration between ketone and its enol, is spontaneous, it takes a very long time for that 

to actually happen. In other words, the transformation cannot proceed at a reasonable rate without the 

presence of a catalyst. This slow equilibration indicates presence of a high kinetic barrier in absence of 

a catalyst and rules out any possibility of a direct shift of a proton from carbon to oxygen and vice-

versa. Both acids and bases are found to catalyse the conversion of the keto form to the enol form, i.e. 

the enolisation process. Recall that any catalyst that speeds up the forward reaction, does the same to 

the backward reaction as well. So the formation of the keto form from the enol will also need base or 

acid catalysis. Let us consider these mechanisms now one by one, using as examples hydroxide as the 

base catalyst and H3O+ as the acid catalyst respectively. 

Mechanism of base-catalysed enolisation of a carbonyl compound: This is a two-step process. The base 

hydroxide first abstracts one of the -hydrogens of the carbonyl compound to generate the flat, 

resonance-stabilised enolate ion. The carbonyl compound is thus acting as an acid in the first step and 

generates its conjugate base, the enolate ion. this is the slow, rate-limiting step. In the second, non-rate-

limiting step, the enolate ion undergoes protonation by the water molecule. This protonation can occur 

either on the α-carbon (returning to the keto form) or on the oxygen atom, giving the enol form. Let us 

illustrate the example with hydroxide as the base: 

 

The reaction is catalytic in base because we get the hydroxide back after we protonate the enolate with 

water to get the enol. 

 Before going into the next mechanism, make sure you understand the following important 

things. When protonating the enolate we have used water here. Note that water is the conjugate acid of 

hydroxide, as well as the solvent in this case. Also note, and most carefully, that the water is the 

strongest possible acid that is available to you for protonation purpose in a medium that contains 

hydroxide ions. Any acid stronger than water has no chance of surviving there. It will be quantitatively 

and immediately deprotonated to its conjugate base by the hydroxide ion which will itself generate 

water. So don’t ever use H3O+ for protonation purpose in an alkaline/basic medium, that is just not 

possible. Instead, use water. The general lesson is that when you are drawing out a mechanism of a 

reaction happening in a basic medium and you need to protonate something, use the conjugate acid of 

that base as the proton source. For example, if you are using amide ion as the base in a reaction, your 

best bet as the proton source is ammonia. You cannot possibly use water there because amide ion will 

immediately pull of the proton off the water molecule (pKa 15.7) to generate ammonia (pKa 35) and 

hydroxide. 
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Mechanism of acid-catalysed enolisation of a carbonyl compound: Again a two-step process. This time 

the carbonyl compound acts as a base and captures a proton from H3O+ to generate its conjugate acid, 

the oxonium ion. This loses the -proton to a water molecule in the slow, rate-limiting step to afford 

the enol. The hydronium ion is regenerated, so the reaction is acid catalysed. 

 

Again, note that we using water, the conjugate base of H3O+, to pull off the -proton. It would be stupid 

to use hydroxide for that purpose here because that does not exist in this acidic medium. In fact, any 

base stronger than water cannot survive in this medium as hydronium will immediately protonate it to 

its conjugate acid and itself will form, again, water. 

 For both the base- and acid catalysed versions, the breaking of the Ca-H bond is the slow, rate-

limiting step. So with a properly deuterated sample, like (CD3COCD3, the acetone-D6), there is 

observed a significant primary kinetic isotope effect (PKIE, kH/kD ~ 5). 

 Because the keto-enol interconversion is very slow in absence of a catalyst, it stands to reason 

that if we can keep an enol in the strict absence of any acid or base, it will stay in the enol form for an 

extended period of time. Even if the keto form is thermodynamically more stable than the enol form, 

without the help of the catalysts, the activation energy barrier for the enol to surmount is so large that 

it stays happily in the less stable enol form. This is not thermodynamic stability, but more aptly put as 

inertness, a kinetic impediment on going over to a thermodynamically more stable state. Recall the 

example of 2,2-dimesitylethenal, a Fuson’s enol, encountered in the last lecture where the bulky mesityl 

groups were protecting the enol double bond from getting protonated and thus keeping the enol form 

safe. 

Consequences of enolisation: 

A] Olefinic double bonds tend to move into conjugation with carbonyl group: 

It is rather difficult to keep the C=C bond in its place in a -unsaturated carbonyl compound because 

the double bond tends to move towards the ,-positions and into conjugation with the carbonyl group. 

This is triggered in the presence of even traces of an acid or a base. In basic medium, this transformation 

proceeds via an enolate intermediate: 
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So, essentially, there is established as equilibrium between the - and ,-unsaturated carbonyl 

compounds in which, the conjugated enone dominates due to its greater thermodynamic stability. The 

same transformation can be done with an acid catalyst, as outlined below. This time, the intermediate 

is an enol: 

 

B] Racemization when the -carbon is chiral: 

Any stereogenic centre next to a carbonyl group is precarious because enolization will destroy its 

stereochemical integrity, i.e. if we start with one enantiomer, the compound will racemise if there is any 

scope of enolisation. Take for example the case of phenyl sec-butyl ketone. It has a stereogenic, chiral 

centre designated by the * in the following figure: 

 

It is rather difficult to make this compound in an enantiopure (i.e. one enantiomer only) state. 

Irrespective of which enantiomer we take, keeping this compound in presence of even a trace amount 

of acid or a base will result in loss of the initially observed optical activity and eventually the reaction 

mixture will be optically inactive. 

 

So what is happening? Clearly, the starting ketone is undergoing racemisation. This racemisation 

process takes place via an enol/enolate ion intermediate, depending upon the nature of the medium. The 

ketone itself is chiral but that intermediate is flat and thus cannot be achiral. When that enol/enolate ion 

reverts back to the ketone, it generates the two enantiomers in equal amounts, i.e. an optically inactive, 

racemic mixture. 
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Let us see how in basic medium this compound loses its optical activity: 

 

Protonation of the enolate from the top face leads to the R-isomer while protonation from the bottom 

face leads to the S-isomer. As the enolate is achiral in nature, there is no preference from which face 

the proton would approach, it occurs from both faces with equal probability and leads to a 1:1 mixture 

of the R- and S-isomer of the ketone. This racemic mixture is, obviously, optically inactive. Now think 

of this racemisation mechanism in acid medium. A good starting point is protonating the ketone. Then 

form the flat, achiral enol by abstracting of the -proton in the slow, rate-limiting step, and finally 

reprotonate it from both sides with equal ease to get the racemic mixture. Draw it out. 

 Before moving away, a word of caution. This racemisation and subsequent loss of optical 

activity will only be observed if the chirality is present in the carbon -to the carbonyl. If we have an 

enolisable carbonyl compound where the stereogenic centre is at somewhere other the -position, no 

amount enolisation will compromise the compound’s stereochemical identity. For example, the 

following compound does not undergo racemisation when treated with acid or base: 

 

Does it mean that the compound does not enolise in this case? Sure it does! But it is not the -, rather 

the -carbon that is chiral in this case. Enolisation does not disrupt any bonds attached to that centre 

and consequently has no effect on its stereochemistry.  

 Looking carefully at the mechanism of enolisation in acid or base, we can see that the enol / 

enolate ion is a nucleophile that can capture a proton at the -carbon to reform the carbonyl compound. 

If we were to use any other electrophile in place of the proton, it would also be captured by the 

enol/enolate and thus an electrophilic substituent will be introduced into the -carbon of the carbonyl 

compound. Instead of reforming the starting carbonyl compound, the enol / enolate would lead to an -

substituted carbonyl. Indeed, this is how most often isotopic exchange of D with H at the -position of 

a ketone or an aldehyde is achieved: 

 

Note how all four -protons of cyclohexanone is replaced one by one under the given reaction 

condition. Undoubtedly, the reaction proceeds involving several deuteration steps like the following: 
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Try the deuterium-exchange mechanism with an acid catalyst yourself. 

Point to note that the rate-determining step of enolisation involves the formation of enol / 

enolate by the C-H bond cleavage. Anything that happens after that, does not show up in the rate 

equation and cannot affect the rate, as the RDS is already over. So, if we take a ketone and form its 

enolate by pulling off the -proton, it does not matter whether we introduce at that -position a proton 

or a deuteron or an electrophilic bromine atom. As the same enolate intermediate is involved in each 

case and all three reactions share the same RDS, the rate should be same for all three. And of course, if 

we start our reactions with any one of the enantiomers of phenyl sec-butyl ketone, or some such 

carbonyl compound where the -carbon is stereogenic, we will get racemic mixtures in every case as 

the enolate is achiral and can take up the electrophile from either of its two enantiotopic faces with 

equal facility: 

 

These predictions are indeed found to be true. The rates of bromination (with Br2, H2O, HO¯), 

racemisation with (with H2O, HO¯) and H/D-exchange (with D2O, DO¯) are all found to be the same, 

and in each case, the products were racemic, irrespective of the starting enantiomer. 

 

Suggested Reading: 

1. Study Guide to Organic Chemistry, Saha et al., Volume-2, Techno World, ISBN: 9788192669588, 

2. Advanced Organic Chemistry, March, Fourth Edition, Wiley, ISBN: 9788126510467. 

Dep
art

men
t o

f C
he

mist
ry,

 St. P
au

l's 
C. M

. C
oll

eg
e




