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• Formation of Thioacetal



• Carbonyl compounds react with alcohols. The product of this

reaction is known as a hemiacetal, because it is halfway to an

acetal. This reaction is analogous to hydrate formation from

aldehydes and ketones. The mechanism follows in the footsteps of

hydrate formation: ROH is used instead of HOH (water).

Reaction of Carbonyl Compounds with Alcohols
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Formation of Cyclic Hemiacetal

• Hemiacetal formation is

reversible, and they are

stabilized by the same

special structural features as

those of hydrates. However,

hemiacetals can also gain

stability by being cyclic.

• Cyclic hemiacetal is formed when the carbonyl group and the

attacking hydroxyl group are part of the same molecule. The

reaction is an intramolecular (within the same molecule) addition,

as opposed to the intermolecular (between two molecules) ones.

This is an example of ring-chain tautomerism.
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Formation of Cyclic Hemiacetal
• Although the cyclic hemiacetal is more stable, it is still in

equilibrium with some of the open-chain hydroxyaldehyde form. Its

stability, and how easily it forms, depend on the size of the ring.

• Five- and six-membered rings involve less strain (their bonds are

free to adopt 109° or 120° angles) in comparison to the three-

membered rings, and therefore five or six-membered hemiacetals

are very common.

• Glucose, for example, is a hydroxyaldehyde that exists mainly as a

six-membered cyclic hemiacetal (>99% of glucose is cyclic in

solution).
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Formation of Hemiacetal in Presence of Catalyst

• Acid or base catalysts increase the rate of equilibration of

hemiacetals with their aldehyde and alcohol parents. Acyclic

hemiacetals form relatively slowly from aldehydes, but their rate of

formation is greatly increased either by acid or by base.

• Acid catalysts (dilute HCl, say) work by increasing the

electrophilicity of the carbonyl group. In acid, the first step is the

protonation on the carbonyl oxygen atom as shown in Figure 3.

The positive charge in the oxonium salt makes the carbonyl carbon

much more electrophilic, so the nucleophilic addition reaction is

faster. The proton added at the beginning is lost at the end, hence it

is a catalyst. However, in presence of acid, it is also possible for the

hemiacetal to react further with the alcohol to form an acetal, a

stable product.



Formation of Hemiacetal in Presence of Catalyst

• In basic solution, the first step is the deprotonation of the alcohol

(Figure 4) by hydroxide, which makes the addition reaction faster

by making the alcohol more nucleophilic. Again, base (hydroxide)

is regenerated in last step, making the overall reaction catalytic in

base. The reaction in base always stops with the hemiacetal - acetals

never form in base. Therefore, hemiacetal is stable in base.



Formation of Hemiacetal in Presence of Catalyst

• In both cases, the energy of the starting materials is raised. In the

acid-catalysed reaction, the aldehyde is destabilized by protonation

and in the base catalysed reaction, the alcohol is destabilized by

deprotonation.

• Summary for nucleophilic additions to carbonyl groups:

1. Acid catalysts work by making the carbonyl group more

electrophilic

2. Base catalysts work by making the nucleophile more nucleophilic



Hemiacetal from Acetaldehyde

• When acetaldehyde is dissolved in methanol, a reaction takes place

and a new compound is formed. However, the product can not be

isolated as it decomposes back to acetaldehyde and methanol.

• The product is in fact a hemiacetal. Like hydrates, most hemiacetals

are unstable with respect to their parent aldehydes and alcohols.

Therefore, most hemiacetal formation is thermodynamically

unfavourable. The equilibrium constant for reaction of acetaldehyde

with simple alcohols is about 0.5.
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Hemiacetal from Acetaldehydes

• By making [MeOH] very large (using it as the solvent, for

example), most of the aldehyde can be turned into the hemiacetal.

However, when it is tried to purify the hemiacetal by removing the

methanol, more hemiacetal keeps decomposing to maintain the

equilibrium constant. That is why hemiacetals can never be

isolated in a pure form.

• This equilibrium constant K is defined as:
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Stable Hemiacetals

• Like their hydrates, the hemiacetals of most ketones (known as

hemiketals) are even less stable than those of aldehydes. On the

other hand, some hemiacetals of aldehydes bearing electron

withdrawing groups, and those of cyclopropanones, are stable, just

like the hydrates of the same molecules.

• Carbonyl carbon is elctrophilic, and its electrophilicity is increased

further by the presence of electron withdrawing group in

aldehydes/ketones. This makes tribromoacetaldehyde much more

reactive than acetaldehyde itself. The increasing reactivity of the

reactant directs the equilibrium towards right.



Stable Hemiacetals
• Cyclopropanone, also, forms a stable hemiacetal. The driving force

in this case is provided by the measure of relief in bond strain on

going from carbonyl compound (C-C-C bond angle = 60°,

compared with normal sp2 value of 120°) to hemiacetal (C-C-C

bond angle = 60°, compared with normal sp3 value of 109°).

• Hemiacetals that can be formed by intramolecular cyclization of an

alcohol on to an aldehyde are also often stable, especially if a five-

or six-membered ring is formed. Many sugars (for example,

glucose) are cyclic hemiacetals, and exist in solution as a mixture

of open-chain and cyclic forms with the latter predominating.



Reasons for Stability of  Cyclic Hemiacetals

• The reason for the stability of cyclic hemiacetals concerns entropy.

Formation of an acyclic hemiacetal involves a decrease in entropy

(∆S° negative) because two molecules are consumed for every one

produced. Since ∆G° = ∆H° – T∆S°, a reaction with a negative ∆S°

tends to have a more positive ∆G°; in other words, it is less

favourable. This is not the case for formation of a cyclic hemiacetal

(Figure 2). Here, one molecule of reactant forms one molecule of

product, and hence it is more favourable.

• The stability of a cyclic hemiacetal can be measured by the

equilibrium constant K for the ring-opening reaction: a large K

means lots of ring-opened product, and therefore an unstable

hemiacetal, and a small K means lots of ring-closed product: a

stable hemiacetal.
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Reasons for Stability of  Cyclic Hemiacetals
• An equilibrium constant is simply the rate of the forward reaction

divided by the rate of the reverse reaction. A cyclic hemiacetal-

forming reaction is fast, because (i) the reaction is intramolecular

and (ii) the nucleophilic OH group is always held close to the

carbonyl group, which is favourably placed and is ready to attack.

• Most of the acyclic hemiacetals are unstable. They are essentially

tetrahedral intermediates containing a leaving group and, just as

acid or base catalyses the formation of hemiacetals, acid or base

also catalyses their decomposition back to starting aldehyde or

ketone and alcohol (mechanism is shown in Figure 9).



Reversal of Hemiacetal to Aldehyde

• Hemiacetal formation and decomposition are catalysed by acid or 

base.



Formation of Acetal/Ketal

• Acetals and ketals are formed from aldehydes and ketones,

respectively plus alcohols in the presence of acid. A solution of

acetaldehyde in methanol contains a new compound: a hemiacetal.

The rate of formation of hemiacetals is increased by adding an acid

(or a base) catalyst to an alcohol plus aldehyde mixture.

• When an acid (as catalyst) is added to acetaldehyde - methanol

mixture, the rate of the reaction increases, and a different product is

formed. This product is an acetal.
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Formation of Acetal
• In the presence of acid, hemiacetals undergo an elimination reaction

by losing the oxygen atom (in the form of water) that once belonged

to the parent aldehyde’s carbonyl group. The following stages are

involved in the formation of acetal from hemiacetal:

1. Protonation of the hydroxyl group of the hemiacetal

2. Loss of water by elimination. This elimination leads to an unstable

and highly reactive oxonium ion

3. Addition of methanol to the previously formed oxonium ion and

breaking of the π bond lead to the formation of a tetrahedral

intermediate

4. Loss of a proton to give the acetal

Note: The reaction does not normally take place with ketones under

these conditions (i.e., with simple alcohols).



Formation of Acetal

• Just as protonated carbonyl groups are much more electrophilic than

unprotonated ones, these oxonium ions are powerful electrophiles.

They can react rapidly with a second molecule of alcohol to form

stable compounds known as acetals. An oxonium ion was also an

intermediate in the formation of hemiacetals in acid solution.



Comparison between Hemiacetal and Acetal Formation

• Hemiacetal formation is catalysed by acid or base, but acetal

formation is possible only with an acid catalyst because an OH

group must be made into a good leaving group.

• Similarities in the mechanisms of hemiacetal and acetal

formation: The reaction starts with a protonation on carbonyl

oxygen during hemiacetal formation and protonation of that same

oxygen during acetal formation as shown in Figure 11. Each half

goes through an oxonium ion and each oxonium ion adds the

alcohol. The last step in the formation of both the hemiacetal and

the acetal is the loss of a proton from the recently added alcohol.



Comparison between Hemiacetal and Acetal Formation

• Every step in the formation of an acetal is reversible, and the

equilibrium constant is K = 0.0125. For ketones, the value is even

lower: in fact, it is often very difficult to get the ketals to form

unless they are cyclic.



Reversibility in Acetal Formation
• The position of equilibrium is influenced by the relative proportions

of alcohol and water present. To prepare acetals, therefore, an

excess of alcohol must be used or water must be removed from the

reaction mixture as it forms, by azeotropic distillation to shift the

equilibrium to the right.

• However, there are several techniques that can be used to prevent

the water produced in the reaction from hydrolysing the product.

With the more reactive aldehyde, it was sufficient just to have an

excess of one of the reagents (acetaldehyde) to drive the reaction to

completion. Use of excess acid catalyst (passing Dry HCl gas

continuously) can work too by converting H2O into the

non-nucleophilic H3O
+.



Overcoming entropy: Use of Orthoesters

• One of the factors that makes acyclic hemiacetals/hemiketals

unstable is the unfavourable decrease in entropy when two

molecules of starting material (aldehyde or ketone plus alcohol)

become one of product. The same is true for acetal/ketal formation,

when three molecules of starting material (aldehyde or ketone plus

2 × alcohol) become two of product (acetal/ketal plus H2O).

• This problem can be solved if the two alcohol molecules can be

tied together to a diol and a cyclic acetal/ketal is made.

Alternatively, an orthoester can be used as a source of alcohol.

Orthoesters can be viewed as the ‘acetals of esters’. They are

hydrolysed by water in presence of acid to ‘ester + 2 × alcohol’.



Cyclic Acetal/Ketal formation

• Cyclic acetal/ketal is formed by reaction of a single molecule of a
diol (a compound containing two hydroxyl groups) with the
aldehyde/ketone. When the diol is ethylene glycol, the
five-membered cyclic acetal/ketal is formed (mechanism is shown
in Figure 12) which is known as a dioxolane.

• The fact that this reaction can be made possible with 1,2-diol, but

not with the simple alcohol (e.g., MeOH, EtOH, etc.) is due to the

∆So value for the former (cyclic product) being more favourable

than that for the latter (acyclic product), which involves a decrease

in the number of molecules on going from starting material to

product.



Formation of Dioxolane Compound
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Cyclic Acetal/Ketal formation

• For the formation of a cyclic acetal, two molecules go in

(aldehyde/ketone plus diol) and two molecules come out

(acetal/ketal plus water), so the usually unfavourable ∆S° factor

involved in acyclic acetal/ketal formation is no longer present here.

Cyclic acetals are, more resistant to hydrolysis than acyclic ones and

easier to make - they form quite readily even from ketones.

• Again, as for hemiacetals, equilibrium tends to lie to the acetal side

because the intramolecular ring-closing reaction is fast. Water is still

generated, and needs to be got rid of: water was distilled out of the

reaction mixture. This is possible with the diols because they have a

boiling point above that of water (the boiling point of ethylene

glycol is 197 °C).

This Lecture is prepared by Dr. K. K. Mandal, SPCMC, Kolkata



Acetal/Ketal formation using Orthoesters

• Both aldehydes and ketones that are otherwise difficult to convert

into acetals/ketals may be transferred by use of orthoesters with

NH4Cl as catalyst. Therefore, aldehydes or ketones can undergo

acetal exchange with orthoesters.

• The mechanism (Figure 13) starts off with the hydrolysis of

orthoester and the alcohol released adds to the aldehyde/ketone

leading to the formation of acetal/ketal. The water produced is taken

out of the equilibrium by hydrolysis of the orthoester.



Acetal/Ketal formation using Orthoesters
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Hydrolysis of Acetal

• Acetals hydrolyse in the presence of acid. Therefore, just as acetal

formation requires acid catalysis, acetals can be hydrolysed by

using an acid catalyst. With aqueous acid, the hydrolysis of acyclic

acetals is very easy.

• Therefore, acetals are unstable in acidic medium, and are converted

into aldehyde by acid. Though cyclic acetals are more stable

towards hydrolysis than acyclic ones. They are, however, stable to

base. The stability of acetals to alkaline media may be attributed to

the fact that the alkoxyl group is a very poor leaving group,

whereas the protonated group formed in acid medium is a very good

leaving group.



Importance of Acetals/Ketals

• One important use of acetal/ketal formation is that they are often

used as protecting groups of aldehydes/ketones. The acetal/ketal

formation may be used to protect the aldehyde/keto group against

alkaline oxidising agents.

• Acetals/ketals exhibit the three major requirements of an effective

protecting group: (i) it is easy to put on, (ii) it stays firmly when

required, and (iii) it is easy to take off finally.

• The Grignard compound, A, corresponding to 5-bromopentan-2-one

(Figure 14) cannot exist; it would react with itself. Instead, this

Grignard reagent can be prepared from the same bromoketone using

an acetal-forming step.
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Use of Acetal/Ketal as a Protecting Group

• Acetals are stable to base, and to basic nucleophiles such as

Grignard reagents. Therefore, once the Grignard reagent has reacted

with an electrophile, the ketone can be recovered by hydrolysing the

acetal in dilute acid. The acetal is functioning here as a protecting

group because it protects the ketone from attack by the Grignard

reagent.



Use of Acetal/Ketal as a Protecting Group
• Such protection thus allows base-catalysed elimination of HBr from

the acetal (B), followed by ready hydrolysis of the resultant

unsaturated acetal (C) to the unsaturated carbonyl compound

(Acraldehyde). This reaction can not be carried out directly

on 3-bromoacraldehyde, because of its polymerisation in base.

Selective reduction of ester carbonyl group of β-ketoester can also

be carried with using suitable protecting group (Figure 16).



Formation of Thioacetals

• Carbonyl compounds react with thiols, RSH, to form

hemi-thioacetals and thioacetals, rather more readily than with

alcohol (ROH). This reflects the greater nucleophilicity of sulphur

compared with similarly situated oxygen. In general, thioacetals can

be made in a similar way to ‘normal’ (oxygen-based) acetals - by

treatment of an aldehyde or a ketone with a thiol and an acid

catalyst - though a Lewis acid such as BF3 is usually needed rather

than a protic acid.

• The most easily made, most stable

toward hydrolysis, and most

reactive towards alkylation are

cyclic thioacetals derived from

1,3-propanedithiol, known as

1,3-dithianes.
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Formation of Thioacetals

• Thioacetals offer, with acetals, differential protection for the C=O

group in acid solution as they are relatively stable to dilute acid.

They are, however, decomposed readily by HgCl2/H2O/CdCO3.

Dithiannes are more stable than acetals and a mercury reagent is

needed to assist their hydrolysis.

• The protons adjacent to two sulphide sulphur atoms in dithianes are

rather more acidic (pKa ~ 31), and can be abstracted by a strong

base (e.g., n-Buli) to form a stabilised anion (D). Aldehydes are

electrophiles at the C=O carbon atom, but dithioacetals, through

deprotonation to an anion, are nucleophilic at this same atom.

• Therefore, on going from ketone to

thioacetal the polarity at the

functionalized carbon atom inverts.

This is a case of umpolung.



Reactions of Thioacetals

• Therefore, it is possible, using a thioacetal, to reverse the polarity of

the carbonyl carbon atom in an aldehyde, thereby converting this

initially electrophilic centre into a nucleophilic one in the anion.

Consequently, alkylation/deuteration of thioacetals can be achieved

using strong base. This cannot be effected directly on RCHO itself.



Reactions of Thioacetals

• Hydrogenation of C–S bonds (desulphurisation) in

thioacetals/thioketals is often achieved with Raney nickel.

Thioacetalisation/thioketalisation followed by Raney nickel

reduction is a useful way of replacing a C=O group with CH2.



Mechanism for Dethioacetalisation

• The aldehyde group can be regenerated by treatment of the

dithianes with aqueous solution of mercuric chloride in the presence

of cadmium carbonate. Mercury(II) and sulphides form strong

coordination complexes, and the mercury catalyses the reaction by

acting as a sulphur-selective Lewis acid.



Comparison between Acetals and Thioacetals

• There are two reasons why the normal acid-catalysed hydrolysis of

acetals usually fails with thioacetals. Sulphur is less basic than

oxygen, so the protonated species is lower in concentration at a

given pH, and the sulphur 3p lone pairs are less able to form a

stable π bond to carbon than are the oxygen 2p lone pairs. Thus,

Sulphur compounds are less basic than oxygen compounds and C=S

compounds are less stable than C=O compounds.



Dethioacetalisation in Acidic Medium

• Dethioacetalisation of aldehydes/ketones can be done in presence of

Hg(II). Another method involves oxidation of one sulphur to the

sulfoxide, a process that would be impossible with the oxygen

atoms of an ordinary acetal. Protonation can now occur on the more

basic oxygen atom of the sulphoxide and the concentration of the

vital intermediate is increased.
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