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MO Structure of carbonyl

Why does cyanide, in common with many other nucleophiles, attack the carbonyl group? And why
does it attack the carbon atom of the carbonyl group? To answer these questions we need to look in detail
at the structure of carbonyl compounds in general and the orbitals of the C=O group in particular.

The carbonyl double bond, like that found in alkenes (whose bonding we discussed in Chapter 4),
consists of two parts: one σ bond and one π bond. The σ bond between the two sp2 hybridized
atoms—carbon and oxygen—is formed from two sp2 orbitals. The other sp2 orbitals on carbon form
the two σ bonds to the substituents while those on oxygen are filled by the two lone pairs. The sp2

hybridization means that the carbonyl group has to be planar, and the angle between the substituents
is close to 120°. The diagram illustrates all this for the simplest carbonyl compound, formaldehyde
(or methanal, CH2O). The π bond then results from overlap of the remaining p orbitals—again, you
can see this for formaldehyde in the diagram.

Notice that we have drawn the π bond skewed towards oxygen. This is because oxygen is more
electronegative than carbon, polarizing the orbital as shown. Conversely, the unfilled π* antibond-
ing orbital is skewed in the opposite direction, with a larger coefficient at the carbon atom. Put all of
this together and we get the complete picture of the orbitals of a carbonyl group.

Because there are two types of bonding between C and O, the C=O double bond is rather shorter
than a typical C–O single bond, and also over twice as strong—so why is it so reactive? Polarization is
the key. The polarized C=O bond gives the carbon atom some degree of positive charge, and this
charge attracts negatively charged nucleophiles (like cyanide) and encourages reaction. The polariza-
tion of the antibonding π* orbital towards carbon is also important, because, when the carbonyl
group reacts with a nucleophile, electrons move from the HOMO of the nucleophile (an sp orbital in
this case) into the LUMO of the electrophile—in other words the π* orbital of the C=O bond. The
greater coefficient of the π* orbital at carbon means a better HOMO–LUMO interaction, so this is
where the nucleophile attacks.

As our nucleophile—which we are representing here as ‘Nu–’—approaches the carbon atom, the
electron pair in its HOMO starts to interact with the LUMO (antibonding π*) to form a new σ bond.
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Frontier orbitals in a carbonyl compound



Filling antibonding orbitals breaks bonds and, as the electrons enter the antibonding π* of the car-
bonyl group, the π bond is broken, leaving only the C–O σ bond intact. But electrons can’t just vanish,
and those that were in the π bond move off on to the electronegative oxygen, which ends up with the
negative charge that started on the nucleophile. You can see all this happening in the diagram below.

Notice how the trigonal, planar sp2 hybridized carbon atom of the carbonyl group changes to a
tetrahedral, sp3 hybridized state in the product. For each class of nucleophile you meet in this chap-
ter, we will show you the HOMO–LUMO interaction involved in the addition reaction.

Cyanohydrins from the attack of cyanide on aldehydes and
ketones
Now that we’ve looked at the theory of how a nucleophile attacks a carbonyl group, let’s go back to
the real reaction with which we started this chapter: cyanohydrin formation from a carbonyl com-
pound and sodium cyanide. Cyanide contains sp hybridized C and N atoms, and its HOMO is an sp
orbital on carbon. The reaction is a typical nucleophilic addition reaction to a carbonyl group: the
electron pair from the HOMO of the CN– (an sp orbital on carbon) moves into the C=O π* orbital;
the electrons from the C=O π orbital move on to the oxygen atom. The reaction is usually carried out
in the presence of acid, which protonates the resulting alkoxide to give the hydroxyl group of the
composite functional group known as a cyanohydrin. The reaction works with both ketones and
aldehydes, and the mechanism below shows the reaction of a general aldehyde.
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Nucleophilic Addition Reaction to carbonyl
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The Bu ̈rgi–Dunitz angle trajectory

The angle of nucleophilic attack

to the carbonyl carbon atom. As the carbonyl carbon atom changes from sp2 to sp3, its bond angles
change from about 120° to about 109°—in other words, the substituents it carries move closer
together. This reduction in bond angle is not a problem for aldehydes, because one of the sub-
stituents is just a (very small) hydrogen atom, but for ketones, especially ones that carry larger alkyl
groups, this effect can disfavour the addition reaction. Effects that result from the size of substituents
and the repulsion between them are called steric effects, and we call the repulsive force experienced
by large substituents steric hindrance.

The angle of nucleophilic attack on aldehydes and ketones
Having introduced you to the sequence of events that makes up a nucleophilic attack at C=O (inter-
action of HOMO with LUMO, formation of new σ bond, breakage of π bond), we should now tell
you a little more about the direction from which the nucleophile approaches the carbonyl group. Not
only do nucleophiles always attack carbonyl groups at carbon, but they also always approach from a
particular angle. You may at first be surprised by this angle, since nucleophiles attack not from a
direction perpendicular to the plane of the carbonyl group but at about 107° to the C=O bond. This
approach route is known as the Bürgi–Dunitz trajectory after the authors of the elegant crystallo-
graphic methods that revealed it. You can think of the angle of attack as the result of a compromise
between maximum orbital overlap of the HOMO with π* and minimum repulsion of the HOMO by
the electron density in the carbonyl π bond.

Any other portions of the molecule that get in the way of (or, in other words, that cause steric hin-
drance to) the Bürgi–Dunitz trajectory will greatly reduce the rate of addition and this is another rea-
son why aldehydes are more reactive than ketones. The importance of the Bürgi–Dunitz trajectory
will become more evident later—particularly in Chapter 34.

Nucleophilic attack by ‘hydride’on aldehydes and ketones
Nucleophilic attack by the hydride ion, H–, is not a known reaction. This species, which is present in
the salt sodium hydride, NaH, is so small and has such a high charge density that it only ever reacts
as a base. The reason is that its filled 1s orbital is of an ideal size to interact with the hydrogen
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Bisulfite addition compounds
The last nucleophile of this chapter, sodium bisulfite, NaHSO3, adds to aldehydes and some ketones
to give what is usually known as a bisulfite addition compound. The reaction occurs by nucleophilic
attack of a lone pair on the carbonyl group, just like the attack of cyanide. This leaves a positively
charged sulfur atom but a simple proton transfer leads to the product.

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, like several you have
met in this chapter, is reversible. The bisulfite compounds are made by mixing the aldehyde or
ketone with saturated aqueous sodium bisulfite in an ice bath, shaking, and crystallizing. After
purification the bisulfite addition compound can be hydrolysed back to the aldehyde in dilute aque-
ous acid or base.

The reversibility of the reaction makes bisulfite compounds useful intermediates in the synthesis
of other adducts from aldehydes and ketones. For example, one practical method for making
cyanohydrins involves bisulfite compounds. The famous practical book ‘Vogel’ suggests reacting
acetone first with sodium bisulfite and then with sodium cyanide to give a good yield (70%) of the
cyanohydrin.

What is happening here? The bisulfite compound forms first, but only as an intermediate on the
route to the cyanohydrin. When the cyanide is added, reversing the formation of the bisulfite com-
pound provides the single proton necessary to to give back the hydroxyl group at the end of the reac-
tion. No dangerous HCN is released (always a hazard when cyanide ions and acid are present
together).
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periodic table, that is) sulfur can
have more that just eight
electrons—it’s all right to have
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The bisulfite compound of formaldehyde (CH2O) has special significance. Earlier in this chapter
we mentioned the difficulty of working with formaldehyde because it is either an aqueous solution
or a dry polymer. One readily available monomeric form is the bisulfite compound. It can be made
in water (in which it is soluble) but addition of ethanol (in which it isn’t) causes it to crystallize
out.

The compound is commercially available
and, together with the related zinc salt, is
widely used in the textile industry as a reduc-
ing agent.

The second reason that bisulfite compounds are useful is that they are soluble in water. Some
small (that is, low molecular weight) aldehydes and ketones are water-soluble—acetone is an exam-
ple. But most larger (more than four or so carbon atoms) aldehydes and ketones are not. This does
not usually matter to most chemists as we often want to carry out reactions in organic solvents rather
than water. But it can matter to medicinal chemists, who make compounds that need to be com-
patible with biological systems. And in one case, the solubility of bisulfite adduct in water is literally
vital.

Dapsone is an antileprosy drug. It is a very effective one too, especially when used in combination
with two other drugs in a ‘cocktail’ that can be simply drunk as an aqueous solution by patients in
tropical countries without any special facilities, even in the open air. But there is a problem! Dapsone
is insoluble in water.

The solution is to make a bisulfite compound from it. You may ask how this is possible since dap-
sone has no aldehyde or ketone—just two amino groups and a sulfone. The trick is to use the
formaldehyde bisulfite compound and exchange the OH group for one of the amino groups in dap-
sone.

Now the compound will dissolve in water and release dapsone inside the patient. The details of
this sort of chemistry will come in Chapter 14 when you will meet imines as intermediates. But at this
stage we just want you to appreciate that even the relatively simple chemistry in this chapter is useful
in synthesis, in commerce, and in medicine.

Bisulfite addition compounds 149

Other compounds from cyanohydrins
Cyanohydrins can be converted by simple reactions
into hydroxyacids or amino alcohols. Here is one
example of each, but you will have to wait until
Chapter 12 for the details and the mechanisms of
the reactions. Note that one cyanohydrin was made
by the simplest method—just NaCN and acid—while
the other came from the bisulfite route we have just
discussed.
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Formation of hydrates of carbonyl Compounds

Addition of water to aldehydes and ketones
Nucleophiles don’t have to be highly polarized or negatively charged to react with aldehydes and
ketones: neutral ones will as well. How do we know? This 13C NMR spectrum was obtained by dis-
solving formaldehyde, H2C=O, in water. You will remember from Chapter 3 that the carbon atoms
of carbonyl groups give 13C signals typically in the region of 150–200 p.p.m. So where is formalde-
hyde’s carbonyl peak? Instead we have a signal at 83 p.p.m.—where we would expect tetrahedral car-
bon atoms singly bonded to oxygen to appear.

What has happened is that water has added to the carbonyl group to give a compound known as a
hydrate or 1,1-diol.

This reaction, like the cyanohydrin formation we discussed at the beginning of the chapter, is an
equilibrium, and is quite general for aldehydes and ketones. But, as with the cyanohydrins, the posi-
tion of the equilibrium depends on the structure of the carbonyl compound. Generally, the same
steric factors (pp. 138–139) mean that 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.

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 (Chapter 52). And it is quite happy to move from
sp2 to sp3 hybridization because there is very little increased steric hindrance between the two hydro-
gen atoms as the bond angle changes from 120° to 109° (p. 139). This is why our aqueous solution of
formaldehyde contains essentially no CH2O—it is completely hydrated. A mechanism for the hydra-
tion reaction is shown below. Notice how a proton has to be transferred from one oxygen atom to
the other, mediated by water molecules.
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2. H2OR H

O

Ph H

OH

R

R H

O
PhBrMg

Ph H

O

R

H OH

1. PhMgBr, Et2O !
Grignard reagents are made by
reacting alkyl or aryl halides with
magnesium ‘turnings’.

Ph Mg BrPh Br
Mg, ether

050100150200

13C NMR spectrum of formaldehyde in water

HH

O

HH

OHHO
H2O+

hydrate or 1,1-diolformaldehyde

expect 13C signal 
between 150 and 
200 p.p.m.

 13C signal at 
83 p.p.m.

RR

O

RR

OHHO

H2O

+

 significant concentrations of 
hydrate are generally formed 

only from aldehydes

HH

O

HH

O O

H
H

HH

HO O

H
HO

HH

HO OH
H2O

OH2

C O

O

H

H

HOMO = oxygen sp3 
orbital containing 
lone pair

LUMO = π*

orbitals involved in the 
addition of water

Addition of water to aldehydes and ketones
Nucleophiles don’t have to be highly polarized or negatively charged to react with aldehydes and
ketones: neutral ones will as well. How do we know? This 13C NMR spectrum was obtained by dis-
solving formaldehyde, H2C=O, in water. You will remember from Chapter 3 that the carbon atoms
of carbonyl groups give 13C signals typically in the region of 150–200 p.p.m. So where is formalde-
hyde’s carbonyl peak? Instead we have a signal at 83 p.p.m.—where we would expect tetrahedral car-
bon atoms singly bonded to oxygen to appear.

What has happened is that water has added to the carbonyl group to give a compound known as a
hydrate or 1,1-diol.

This reaction, like the cyanohydrin formation we discussed at the beginning of the chapter, is an
equilibrium, and is quite general for aldehydes and ketones. But, as with the cyanohydrins, the posi-
tion of the equilibrium depends on the structure of the carbonyl compound. Generally, the same
steric factors (pp. 138–139) mean that 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.

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 (Chapter 52). And it is quite happy to move from
sp2 to sp3 hybridization because there is very little increased steric hindrance between the two hydro-
gen atoms as the bond angle changes from 120° to 109° (p. 139). This is why our aqueous solution of
formaldehyde contains essentially no CH2O—it is completely hydrated. A mechanism for the hydra-
tion reaction is shown below. Notice how a proton has to be transferred from one oxygen atom to
the other, mediated by water molecules.

Addition of water to aldehydes and ketones 143

2. H2OR H

O

Ph H

OH

R

R H

O
PhBrMg

Ph H

O

R

H OH

1. PhMgBr, Et2O !
Grignard reagents are made by
reacting alkyl or aryl halides with
magnesium ‘turnings’.

Ph Mg BrPh Br
Mg, ether

050100150200

13C NMR spectrum of formaldehyde in water

HH

O

HH

OHHO
H2O+

hydrate or 1,1-diolformaldehyde

expect 13C signal 
between 150 and 
200 p.p.m.

 13C signal at 
83 p.p.m.

RR

O

RR

OHHO

H2O

+

 significant concentrations of 
hydrate are generally formed 

only from aldehydes

HH

O

HH

O O

H
H

HH

HO O

H
HO

HH

HO OH
H2O

OH2

C O

O

H

H

HOMO = oxygen sp3 
orbital containing 
lone pair

LUMO = π*

orbitals involved in the 
addition of water

Addition of water to aldehydes and ketones
Nucleophiles don’t have to be highly polarized or negatively charged to react with aldehydes and
ketones: neutral ones will as well. How do we know? This 13C NMR spectrum was obtained by dis-
solving formaldehyde, H2C=O, in water. You will remember from Chapter 3 that the carbon atoms
of carbonyl groups give 13C signals typically in the region of 150–200 p.p.m. So where is formalde-
hyde’s carbonyl peak? Instead we have a signal at 83 p.p.m.—where we would expect tetrahedral car-
bon atoms singly bonded to oxygen to appear.

What has happened is that water has added to the carbonyl group to give a compound known as a
hydrate or 1,1-diol.

This reaction, like the cyanohydrin formation we discussed at the beginning of the chapter, is an
equilibrium, and is quite general for aldehydes and ketones. But, as with the cyanohydrins, the posi-
tion of the equilibrium depends on the structure of the carbonyl compound. Generally, the same
steric factors (pp. 138–139) mean that 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.

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 (Chapter 52). And it is quite happy to move from
sp2 to sp3 hybridization because there is very little increased steric hindrance between the two hydro-
gen atoms as the bond angle changes from 120° to 109° (p. 139). This is why our aqueous solution of
formaldehyde contains essentially no CH2O—it is completely hydrated. A mechanism for the hydra-
tion reaction is shown below. Notice how a proton has to be transferred from one oxygen atom to
the other, mediated by water molecules.
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Formaldehyde reacts with water so readily because its substituents are very small: a steric effect.
Electronic effects can also favour reaction with nucleophiles—electronegative atoms such as halo-
gens 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 polarization of the carbonyl group, which already has a positively polarized carbonyl
carbon, and make it even more prone to attack by water. Trichloroacetaldehyde (chloral, Cl3CHO)
is hydrated completely in water, and the product ‘chloral hydrate’ can be isolated as crystals and is an
anaesthetic. You can see this quite clearly in the two IR spectra. The first one is a spectrum of chloral
hydrate from a bottle—notice there is no strong absorption between 1700 and 1800 cm–1 (where we
would expect C=O to appear) and instead we have the tell-tale broad O–H peak at 3400 cm–1.
Heating drives off the water, and the second IR spectrum is of the resulting dry chloral: the C=O
peak has reappeared at 1770 cm–1, and the O–H peak has gone.

The chart shows the extent of hydration (in water) of a small selection of carbonyl compounds:
hexafluoroacetone is probably the most hydrated carbonyl compound possible!

Cyclopropanones—three-membered ring ketones—are also hydrated to a significant extent, but
for a different reason. You saw earlier how acyclic ketones suffer increased steric hindrance when the
bond angle changes from 120° to 109° on moving from sp2 to sp3 hybridization. Cyclopropanones
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Formaldehyde reacts with water so readily because its substituents are very small: a steric effect.
Electronic effects can also favour reaction with nucleophiles—electronegative atoms such as halo-
gens 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 polarization of the carbonyl group, which already has a positively polarized carbonyl
carbon, and make it even more prone to attack by water. Trichloroacetaldehyde (chloral, Cl3CHO)
is hydrated completely in water, and the product ‘chloral hydrate’ can be isolated as crystals and is an
anaesthetic. You can see this quite clearly in the two IR spectra. The first one is a spectrum of chloral
hydrate from a bottle—notice there is no strong absorption between 1700 and 1800 cm–1 (where we
would expect C=O to appear) and instead we have the tell-tale broad O–H peak at 3400 cm–1.
Heating drives off the water, and the second IR spectrum is of the resulting dry chloral: the C=O
peak has reappeared at 1770 cm–1, and the O–H peak has gone.

The chart shows the extent of hydration (in water) of a small selection of carbonyl compounds:
hexafluoroacetone is probably the most hydrated carbonyl compound possible!

Cyclopropanones—three-membered ring ketones—are also hydrated to a significant extent, but
for a different reason. You saw earlier how acyclic ketones suffer increased steric hindrance when the
bond angle changes from 120° to 109° on moving from sp2 to sp3 hybridization. Cyclopropanones
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Addition of water to aldehydes and ketones
Nucleophiles don’t have to be highly polarized or negatively charged to react with aldehydes and
ketones: neutral ones will as well. How do we know? This 13C NMR spectrum was obtained by dis-
solving formaldehyde, H2C=O, in water. You will remember from Chapter 3 that the carbon atoms
of carbonyl groups give 13C signals typically in the region of 150–200 p.p.m. So where is formalde-
hyde’s carbonyl peak? Instead we have a signal at 83 p.p.m.—where we would expect tetrahedral car-
bon atoms singly bonded to oxygen to appear.

What has happened is that water has added to the carbonyl group to give a compound known as a
hydrate or 1,1-diol.

This reaction, like the cyanohydrin formation we discussed at the beginning of the chapter, is an
equilibrium, and is quite general for aldehydes and ketones. But, as with the cyanohydrins, the posi-
tion of the equilibrium depends on the structure of the carbonyl compound. Generally, the same
steric factors (pp. 138–139) mean that 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.

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 (Chapter 52). And it is quite happy to move from
sp2 to sp3 hybridization because there is very little increased steric hindrance between the two hydro-
gen atoms as the bond angle changes from 120° to 109° (p. 139). This is why our aqueous solution of
formaldehyde contains essentially no CH2O—it is completely hydrated. A mechanism for the hydra-
tion reaction is shown below. Notice how a proton has to be transferred from one oxygen atom to
the other, mediated by water molecules.
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(and other small-ring ketones) conversely prefer the small bond angle because their substituents are
already confined within a ring. Look at it this way: a three-membered ring is really 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 reac-
tive electrophiles.

Hemiacetals from reaction of alcohols with aldehydes and
ketones
Since water adds to (at least some) carbonyl compounds, it should come as no surprise that alcohols
do too. The product of the reaction is known as a hemiacetal, because it is halfway to an acetal, a
functional group, which you met in Chapter 2 (p. 35) and which will be discussed in detail in
Chapter 14. The mechanism follows in the footsteps of hydrate formation: just use ROH instead of
HOH.

A proton has to be transferred from one oxygen atom to the other: we have shown ethanol doing
this job, with one molecule being protonated and one deprotonated. There is no overall consump-
tion of ethanol in the protonation/deprotonation steps, and the order in which these steps happen is
not important. In fact, you could reasonably write them in one step as shown in the margin, without
involving the alcohol, and we do this in the next hemiacetal-forming reaction below. As with all these
carbonyl group reactions, what is really important is the addition step, not what happens to the pro-
tons.

Hemiacetal formation is reversible, and
hemiacetals are stabilized by the same special
structural features as those of hydrates.
However, hemiacetals can also gain stability
by being cyclic—when the carbonyl group
and the attacking hydroxyl group are part of
the same molecule. The reaction is now an
intramolecular (within the same molecule)
addition, as opposed to the intermolecular
(between two molecules) ones we have con-
sidered so far.
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Cyclopropanone easily undergoes hydration




