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• Nucleophiles do not have to be highly polarized or negatively

charged to react with aldehydes and ketones, neutral nucleophiles

can react as well. One such reaction involves addition of water to

the carbonyl group to give a compound known as a hydrate, or

1,1-diols or geminal-diols, and the reaction is known as hydration

of carbonyl compounds.

Formation of Hydrates from                    

Aldehydes and Ketones

• Bond energy calculations in the hydration reaction indicate that the

hydration product is less stable than the carbonyl compounds by

about 5 kcal mol-1 and the reaction is, therefore, thermodynamically

unfavourable for most aldehydes and ketones.
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Formation of Hydrates

• The equilibrium constant at

20° for few selected carbonyl

compounds are presented in

Table 1. The equilibrium

constants from formaldehyde,

acetaldehyde and acetone

reflect the progressive effect

of increasing electron-

donation by alkyl groups.

• The ready reversibility of hydration is reflected in the fact that

H2C=O can be distilled, as such, out of its aqueous solution. A

dynamic equilibrium is set up with Me2C=O, though the ambient

concentration of the hydrate is so low, may be demonstrated by

working in H2O
18.
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Formation of Hydrates from Acetone

• Acetone, in dilute aqueous solution is almost 100 per cent

unhydrated. When acetone is dissolved in water enriched with O18,

recovered acetone contains O18. This is because, although acetone is

100% unhydrated in dilute aqueous solution, it can react reversibly

with water, the equilibrium lying virtually completely on the

unhydrated side. Hence, in water enriched with O18, there are the

following equilibria:

• Recovered acetone will therefore contain O18. Incorporation of O18

into the ketone occurs hardly at all under these conditions, but in the

presence of a trace of acid or base it occurs very rapidly and the

reaction proceeds via the corresponding hydrate.



Mechanism for Hydration
• The addition of water to acetaldehyde is also very slow at pH 7 but

it proceeds much more rapidly at pH 4 or 11.

• In the acid catalysed reaction the rate-determining step is the attack

of a neutral water molecule (nucleophilic species) on a protonated

carbonyl species as represented in Figure 1. In the base catalysed

condition, the rate-determining step is the attack of hydroxide ion

(nucleophilic species) on the free carbonyl group. Therefore, in both

cases the slow step involves the formation of tetrahedral

intemediate.

• Since the reactions are reversible, any factor that stabilises the

hydrates will shift the equilibrium to the right. In practice,

aldehydes are more hydrated than ketones. One contributing factor

is the steric effect. Another factor is the +I effect of the alkyl

groups.
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General Mechanism for Acid- and Base-

Catalysed Hydration
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Formation of Hydrates
• Both mechanisms involve the addition of a nucleophile in the rate-

determining step (H2O or OH-) leading to the formation of a

tetrahedral intermediate, and the greater the +I effect, the less easy

is the addition of the nucleophile and the easier is its removal.

• Ketones, with two alkyl groups, will therefore exert a greater +I

effect than will aldehydes (with one alkyl group), and consequently

the equilibrium will be more to the left with ketones than with

aldehydes.

Table 2

Aldehydes/Ketones Unreacted

Amounts (%)

MeCHO 58

EtCHO 63

Me3CCHO 100

Me2CO 100

MeCOCH2Cl 66

• The amounts of unreacted

aldehydes/ketones in dilute aqueous

solution of a few common carbonyl

compounds were shown in Table 2.

This implies that large alkyl group

retards the reaction.



Formation of Hydrates
• Hydration is found to be susceptible to both general acid and

general base catalysis, i.e., the rate-determining step of the reaction

involves either protonation of the carbonyl compound (general acid)

or conversion of H2O into the more nucleophilic OH- (general base).



Formation of Hydrates

• This reaction, like the cyanohydrin formation, is an equilibrium,

and is quite general for aldehydes and ketones. But, as with the

cyanohydrins, the position of the equilibrium depends on the

structure of the carbonyl compound.

• Generally, the simple aldehydes are

hydrated to some extent while simple

ketones are not. However special factors

can shift the equilibrium towards the

hydrated form even for ketones,

particularly if the carbonyl compound is

reactive or unstable.

• The direction of approach of water to the

aldehydes/ketones follows Burgi-Dunitz

trajectory (Figure 3) like the attack of

cyanide ion to the same substrate.



Formation of Hydrates from Formaldehyde
• Formaldehyde is an extremely reactive aldehyde as it has no

substituents to hinder attack - it is so reactive that it is rather prone

to polymerization. It is quite happy to move from sp2 to sp3

hybridization because there is very little increased steric hindrance

between the two hydrogen atoms as the bond angle changes from

120° to 109°. For this reason aqueous solution of formaldehyde

contains essentially no CH2O - it is completely hydrated.

• A mechanism for the hydration reaction of formaldehyde is shown

in Figure 4. A proton has to be transferred from one oxygen atom to

the other, mediated by water molecules.



Formation of Hydrates
• Formaldehyde reacts with water so readily because its substituents

are very small. Therefore in contrast to Me2CO, H2CO hydrates

quite readily at pH 7, reflecting the fact that its more positive

carbonyl carbon atom undergoes attack by water, without first

requiring protonation of its carbonyl oxygen atom.

• Electronic effects can also favour reaction with nucleophiles-

electronegative atoms such as halogens attached to the carbon

atoms next to the carbonyl group can increase the extent of

hydration according to the number of halogen substituents and their

electron-withdrawing power. They increase the polarisation of the

carbonyl group, which already has a positively polarised carbonyl

carbon, and make it even more prone to attack by water.
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Formation of Hydrates
• Trichloroacetaldehyde (chloral, Cl3CHO) is hydrated completely in

water, and the product ‘chloral hydrate’ can be isolated as crystals

and is an anaesthetic. The unusual stability of chloral hydrate has

been attributed to the -I effect of chlorine and to the formation of

intramolecular hydrogen bonds between its OH groups and the

highly electronegative chlorine substituents.

• The powerfully electron-

withdrawing chlorine atoms

destabilise the original carbonyl

compound, but not the hydrate

whose formation is thus promoted.

For the hydrate to revert to the

original carbonyl compound it has

to lose OH- or H2O, which is

rendered more difficult by the

electron-withdrawing group.



Formation of Hydrates
• Carbonyl groups can also be effective in stabilising hydrates

through the formation of intramolecular hydrogen bonding as well

as through electron-withdrawal, e.g., with diphenylpropanetrione

which crystallises from water as hydrate (Figure 6).

• The central carbonyl carbon atom is highly reactive because of

(i) its inherent electrophilic character, and (ii) the presence of two

other electron-withdrawing carbonyl groups at the α-carbon atoms.

For this reason nucleophilic attack occurs very readily on this

carbon.
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Formation of Hydrates

• Cyclopropanones-three-membered ring ketones are also hydrated to

a significant extent, but for a different reason. The acyclic ketones

suffer increased steric hindrance when the bond angle changes from

120° to 109° on moving from sp2 to sp3 hybridization.

Cyclopropanones (and other small-ring ketones) conversely prefer

the small bond angle because their substituents are already confined

within a ring.

• A three-membered ring is very strained, with bond angles forced to

be 60°. For the sp2 hybridized ketone this means bending the bonds

60° away from their ‘natural’ 120°. But for the sp3 hybridized

hydrate the bonds have to be distorted by only 49° (= 109° - 60°).

So addition to the C=O group allows some of the strain inherent in

the small ring to be released-hydration is favoured, and indeed

cyclopropanone and cyclobutanone are very reactive electrophiles.



Formation of Hydrates

• The same structural features that favour or disfavour hydrate

formation are important in determining the reactivity of carbonyl

compounds with other nucleophiles, whether the reactions are

reversible or not.

• Steric hindrance and more alkyl substituents make carbonyl

compounds less reactive towards any nucleophile; electron-

withdrawing groups and small rings make them more reactive.
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Formation of Bisulphite Compound
• Most aldehydes, methyl ketones, and unhindered cyclic ketones add

on sodium hydrogen sulphite (concentrated aqueous solution) to

form bisulphite addition compounds. No catalyst is required in this

reaction because sulphite is an efficient nucleophilic agent.

• These bisulphite compounds are hydroxysulphonic acid salts, since

sulphur atom is directly attached to the carbon atoms. Bisulphite

compounds are usually crystalline solids, insoluble in excess

concentrated sodium hydrogen sulphite solution. Since they

regenerate the carbonyl compound when treated with dilute acid or

sodium carbonate solution, their formation affords a convenient

means of separating carbonyl compounds from non-carbonyl

compounds.



Formation of Bisulphite Compound

Table 3

Ketones Unreacted Amounts (%)

Me2CO 24.6

MeCOEt 71.8

MeCOiPr 100

• The position of equilibrium

lies largely to the right for

most aldehydes and to the left

for most ketones. The amounts

of unreacted ketones in

aqueous sodium hydrogen

sulphite is shown in Table 3.

• The reaction occurs by

nucleophilic attack of a lone

pair of S-atom on the carbonyl

group. This leaves a positively

charged sulphur atom but a

simple proton transfer leads to

the product (Figure 7).



Formation of Bisulphite Compound

• The product is the salt of sulphonic acid that reflects the greater

nucleophilicity of sulphur rather than oxygen in the attacking anion.

The effective nucleophile is SO3
2- rather than HSO3

- (shown in

Figure 7), as though the latter will be present in higher relative

concentration the former is a much more effective nucleophile.

• The attacking anion is already present in solution as such no base

catalysis is required, and SO3
2- is a sufficiently powerful

nucleophile not to require activation by protonation of the carbonyl

group. So no acid catalysis is required either.

• The nucleophile is a large one, however, and the equilibrium

constant (K) values for product formation are normally considerably

smaller than those for cyanohydrin formation with the same

carbonyl compound.



Formation of Bisulphite Compound

• Sodium bisulphite (NaHSO3), is an

oxyanion of a sulphur (IV) compound

with a lone pair of electrons-the HOMO-

on the sulphur atom, but the charge is

formally on the more electronegative

oxygen atom (Figure 8).

• The products are useful for two reasons. They are usually

crystalline and so can be used to purify liquid aldehydes by

recrystallization. This is of value only because this reaction is

reversible. The bisulphite compounds are made by mixing the

aldehyde or ketone with saturated aqueous sodium bisulphite in an

ice bath, shaking, and crystallizing.
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Formation of Bisulphite Compound

• After purification the bisulphite addition compound can be

hydrolysed back to the aldehyde in dilute aqueous acid or base.

• The reversibility of the reaction makes bisulphite compounds

useful intermediates in the synthesis of other adducts from

aldehydes and ketones. For example, one practical method for

making cyanohydrins involves bisulphite compounds.

• Acetone on reacting first with

sodium bisulphite and then with

sodium cyanide gives a good

yield (70%) of the cyanohydrin.



Formation of Bisulphite Compound

• The bisulphite compound forms first, but only as an intermediate on

the route to the cyanohydrin. When the cyanide is added, reversing

the formation of the bisulphite compound provides the single proton

necessary to give back the hydroxyl group at the end of the reaction

(scheme is shown in Figure 9). No dangerous HCN is released

(always a hazard when cyanide ions and acid are present together).


