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What are carboxylic acids?
Carboxylic acids contain a -COOH group
Carboxylic acids are compounds which contain a -COOH group. For the purposes of this page we shall just look at compounds where the -COOH group is attached either to a hydrogen atom or to an alkyl group.

The name counts the total number of carbon atoms in the longest chain - including the one in the -COOH group. If you have side groups attached to the chain, notice that you always count from the carbon atom in the -COOH group as being number 1.

THE NAMES
Carboxylic acids contain the -COOH group, which is better written out in full as:


Carboxylic acids are shown by the ending oic acid. When you count the carbon chain, you have to remember to include the carbon in the -COOH group. That carbon is always thought of as number 1 in the chain.

Salts of carboxylic acids
Carboxylic acids are acidic because of the hydrogen in the -COOH group. When the acids form salts, this is lost and replaced by a metal. Sodium ethanoate, for example, has the structure:
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Depending on whether or not you wanted to stress the ionic nature of the compound, this would be simplified to CH3COO- Na+ or just CH3COONa.

Physical properties of carboxylic acids
The physical properties (for example, boiling point and solubility) of the carboxylic acids are governed by their ability to form hydrogen bonds.

Boiling points
The boiling points of alcohols are higher than those of alkanes of similar size because the alcohols can form hydrogen bonds with each other as well as van der Waals dispersion forces and dipole-dipole interactions.

The boiling points of carboxylic acids of similar size are higher still.

The higher boiling points of the carboxylic acids are still caused by hydrogen bonding, but operating in a different way.

Solubility in water
In the presence of water, the carboxylic acids don't dimerise. Instead, hydrogen bonds are formed between water molecules and individual molecules of acid.

The carboxylic acids with up to four carbon atoms will mix with water in any proportion. When you mix the two together, the energy released when the new hydrogen bonds form is much the same as is needed to break the hydrogen bonds in the pure liquids.

The solubility of the bigger acids decreases very rapidly with size. This is because the longer hydrocarbon "tails" of the molecules get between water molecules and break hydrogen bonds. In this case, these broken hydrogen bonds are only replaced by much weaker van der Waals dispersion forces.

MAKING CARBOXYLIC ACIDS
Making carboxylic acids by oxidising primary alcohols or aldehydes
Chemistry of the reactions
Primary alcohols and aldehydes are normally oxidised to carboxylic acids using potassium dichromate(VI) solution in the presence of dilute sulphuric acid. During the reaction, the potassium dichromate(VI) solution turns from orange to green.

The potassium dichromate(VI) can just as well be replaced with sodium dichromate(VI). Because what matters is the dichromate(VI) ion, all the equations and colour changes would be identical.

Primary alcohols are oxidised to carboxylic acids in two stages - first to an aldehyde and then to the acid. We often use simplified versions of these equations using "[O]" to represent oxygen from the oxidising agent.

The formation of the aldehyde is shown by the simplified equation:
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"R" is a hydrogen atom or a hydrocarbon group such as an alkyl group.

The aldehyde is then oxidised further to give the carboxylic acid:

[image: image4.png]




 INCLUDEPICTURE "http://www.chemguide.co.uk/organicprops/acids/oxaldeq1.gif" \* MERGEFORMATINET [image: image5.png]g

A-C

+10

—_—

i
“oH




If you start with an aldehyde, you are obviously just doing this second stage.

Starting from the primary alcohol, you could combine these into one single equation to give:
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For example, if you were converting ethanol into ethanoic acid, the simplified equation would be:
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It is possible that you might want to write proper equations for these reactions rather than these simplified ones. You can work these out from electron-half-equations. How you do this is described in detail elsewhere on the site.

The complete equation for the conversion of a primary alcohol to a carboxylic acid is:
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. . . or if you were starting from an aldehyde is:
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Doing the reactions
It would actually be quite uncommon to make an acid starting from an aldehyde, but very common to start from a primary alcohol. The conversion of ethanol into ethanoic acid would be a typical example.

The alcohol is heated under reflux with an excess of a mixture of potassium dichromate(VI) solution and dilute sulphuric acid.

Heating under reflux (heating in a flask with a condenser placed vertically in it) prevents any aldehyde formed escaping before it has time to be oxidised to the carboxylic acid.

Using an excess of oxidising agent is to be sure that there is enough oxidising agent present for the oxidation to go all the way to the carboxylic acid.

When oxidation is complete, the mixture can be distilled. You end up with an aqueous solution of the acid.

Making carboxylic acids by hydrolysing nitriles
What are nitriles?
Nitriles are compounds which contain -CN attached to a hydrocarbon group. Some common examples include:
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The name is based on the total number of carbons in the longest chain - including the one in the -CN group. Where you have things substituted into the chain (as in the third example), the -CN carbon counts as number 1.

Where do nitriles come from?
Nitriles are produced in two important reactions - both of which result in an increase in the length of the carbon chain because of the extra carbon in the -CN group.

They are formed in the reaction between halogenoalkanes (haloalkanes or alkyl halides) and cyanide ions. For example:
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. . . or during the reaction between aldehydes or ketones and hydrogen cyanide. For example, the reaction between ethanal and hydrogen cyanide to make 2-hydroxypropanenitrile is:
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Converting the nitrile into a carboxylic acid
There are two ways of doing this, both of which involve reacting the carbon-nitrogen triple bond with water. This is described as hydrolysis.

The two methods produce slightly different products - you just have to be careful to get this right.
Acid hydrolysis
The nitrile is heated under reflux with a dilute acid such as dilute hydrochloric acid. A carboxylic acid is formed. For example, starting from ethanenitrile you would get ethanoic acid. The ethanoic acid could be distilled off the mixture.
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Alkaline hydrolysis
The nitrile is heated under reflux with an alkali such as sodium hydroxide solution.

This time you wouldn't, of course, get a carboxylic acid produced - any acid formed would react with the sodium hydroxide present to give a salt. You also wouldn't get ammonium ions because they would react with sodium hydroxide to produce ammonia.

Starting from ethanenitrile, you would therefore get a solution containing ethanoate ions (for example, sodium ethanoate if you used sodium hydroxide solution) and ammonia.
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You have to remember to convert the ions into the free carboxylic acid, because that's what we are trying to make. To liberate the weak acid, ethanoic acid, you just have to supply hydrogen ions from a strong acid such as hydrochloric acid. You add enough hydrochloric acid to the mixture to make it acidic.
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Now you can distill off the carboxylic acid.

CARBOXYLIC ACIDS AS ACIDS
The acidity of the carboxylic acids
Why are carboxylic acids acidic?
Using the definition of an acid as a "substance which donates protons (hydrogen ions) to other things", the carboxylic acids are acidic because of the hydrogen in the -COOH group.

In solution in water, a hydrogen ion is transferred from the -COOH group to a water molecule. For example, with ethanoic acid, you get an ethanoate ion formed together with a hydroxonium ion, H3O+.

This reaction is reversible and, in the case of ethanoic acid, no more than about 1% of the acid has reacted to form ions at any one time. (This is a rough-and-ready figure and varies with the concentration of the solution.)

These are therefore weak acids.
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This equation is often simplified to:
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However, if you are going to use this second equation, you must include state symbols. They imply that the hydrogen ion is actually attached to a water molecule.

The pH of carboxylic acid solutions
The pH depends on both the concentration of the acid and how easily it loses hydrogen ions from the -COOH group.

Ethanoic acid is typical of the acids where the -COOH group is attached to a simple alkyl group. Typical lab solutions have pH's in the 2 - 3 range, depending on their concentrations.

Methanoic acid is rather stronger than the other simple acids, and solutions have pH's about 0.5 pH units less than ethanoic acid of the same concentration.
THE ACIDITY OF ORGANIC ACIDS
Why are organic acids acidic?
Organic acids as weak acids
For the purposes of this topic, we are going to take the definition of an acid as "a substance which donates hydrogen ions (protons) to other things". We are going to get a measure of this by looking at how easily the acids release hydrogen ions to water molecules when they are in solution in water.

An acid in solution sets up this equilibrium:
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A hydroxonium ion is formed together with the anion (negative ion) from the acid.

This equilibrium is sometimes simplified by leaving out the water to emphasize the ionization of the acid.
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If you write it like this, you must include the state symbols - "(aq)". Writing H+(aq) implies that the hydrogen ion is attached to a water molecule as H3O+. Hydrogen ions are always attached to something during chemical reactions.

The organic acids are weak in the sense that this ionization is very incomplete. At any one time, most of the acid will be present in the solution as un-ionized molecules. For example, in the case of dilute ethanoic acid, the solution contains about 99% of ethanoic acid molecules - at any instant, only about 1% have actually ionized The position of equilibrium therefore lies well to the left.

Comparing the strengths of weak acids
The strengths of weak acids are measured on the pKa scale. The smaller the number on this scale, the stronger the acid is.

Remember - the smaller the number the stronger the acid. Comparing the other two to ethanoic acid, you will see that phenol is very much weaker with a pKa of 10.00, and ethanol is so weak with a pKa of about 16 that it hardly counts as acidic at all!

Ethanoic acid
Ethanoic acid has the structure: [image: image31.png]CH3—C’
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The acidic hydrogen is the one attached to the oxygen. When ethanoic acid ionises it forms the ethanoate ion, CH3COO-.

You might reasonably suppose that the structure of the ethanoate ion was as below, but measurements of bond lengths show that the two carbon-oxygen bonds are identical and somewhere in length between a single and a double bond.
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To understand why this is, you have to look in some detail at the bonding in the ethanoate ion.

Like any other double bond, a carbon-oxygen double bond is made up of two different parts. One electron pair is found on the line between the two nuclei - this is known as a sigma bond. The other electron pair is found above and below the plane of the molecule in a pi bond.

Pi bonds are made by sideways overlap between p orbitals on the carbon and the oxygen.

In an ethanoate ion, one of the lone pairs on the negative oxygen ends up almost parallel to these p orbitals, and overlaps with them.

Because the oxygen’s are more electronegative than the carbon, the delocalised system is heavily distorted so that the electrons spend much more time in the region of the oxygen atoms.

So where is the negative charge in all this? It has been spread around over the whole of the -COO- group, but with the greatest chance of finding it in the region of the two oxygen atoms.

Ethanoate ions can be drawn simply as:
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The dotted line represents the delocalisation. The negative charge is written centrally on that end of the molecule to show that it isn't localised on one of the oxygen atoms.

The more you can spread charge around, the more stable an ion becomes. In this case, if you delocalise the negative charge over several atoms, it is going to be much less attractive to hydrogen ions - and so you are less likely to re-form the ethanoic acid.

Phenol
Phenols have an -OH group attached directly to a benzene ring. Phenol itself is the simplest of these with nothing else attached to the ring apart from the -OH group.
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When the hydrogen-oxygen bond in phenol breaks, you get a phenoxide ion, C6H5O-.

Why then is phenol a much weaker acid than ethanoic acid?
In the ethanoate ion, the delocalised system was distorted towards the two oxygen atoms, therefore essentially sharing the negative charge between them.

Since each oxygen atom only has about half the charge it would have if there wasn't any delocalisation, neither oxygen is going to be as attractive towards hydrogen ions as it would otherwise be.

That means that the ethanoate ion won't take up a hydrogen ion as easily as it might otherwise. If it stays ionised, the formation of the hydrogen ions means that it is acidic.

In the phenoxide ion, the single oxygen atom is still the most electronegative thing present, and the delocalised system will be heavily distorted towards it. That still leaves the oxygen atom with most of its negative charge.

What delocalisation there is makes the phenoxide ion more stable than it would otherwise be, and so phenol is acidic to an extent.

However, the delocalisation hasn't shared the charge around very effectively. There is still lots of negative charge around the oxygen to which hydrogen ions will be attracted - and so the phenol will readily re-form. Phenol is therefore only very weakly acidic.

Variations in acid strengths between different carboxylic acids
You might think that all carboxylic acids would have the same strength because each depends on the delocalisation of the negative charge around the -COO- group to make the anion more stable, and so more reluctant to re-combine with a hydrogen ion.

In fact, the carboxylic acids have widely different acidities. One obvious difference is between methanoic acid, HCOOH, and the other simple carboxylic acids:
Remember that the higher the value for pKa, the weaker the acid is.

Why is ethanoic acid weaker than methanoic acid? It again depends on the stability of the anions formed - on how much it is possible to delocalise the negative charge. The less the charge is delocalised, the less stable the ion, and the weaker the acid.

The methanoate ion (from methanoic acid) is:
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The only difference between this and the ethanoate ion is the presence of the CH3 group in the ethanoate.

But that's important! Alkyl groups have a tendency to "push" electrons away from themselves. That means that there will be a small amount of extra negative charge built up on the -COO- group. Any build-up of charge will make the ion less stable, and more attractive to hydrogen ions.

Ethanoic acid is therefore weaker than methanoic acid, because it will re-form more easily from its ions.
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The other alkyl groups have "electron-pushing" effects very similar to the methyl group, and so the strengths of propanoic acid and butanoic acid are very similar to ethanoic acid.

The acids can be strengthened by pulling charge away from the -COO- end. You can do this by attaching electronegative atoms like chlorine to the chain.
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As the next table shows, the more chlorines you can attach the better:
Trichloroethanoic acid is quite a strong acid.

Attaching different halogens also makes a difference. Fluorine is the most electronegative and so you would expect it to be most successful at pulling charge away from the -COO- end and so strengthening the acid.

The effect is there, but isn't as great as you might expect.

Finally, notice that the effect falls off quite quickly as the attached halogen gets further away from the -COO- end. Here is what happens if you move a chlorine atom along the chain in butanoic acid.
The chlorine is effective at withdrawing charge when it is next-door to the -COO- group, and much less so as it gets even one carbon further away.
Reactions of the carboxylic acids
With metals
Carboxylic acids react with the more reactive metals to produce a salt and hydrogen. The reactions are just the same as with acids like hydrochloric acid, except they tend to be rather slower.

For example, dilute ethanoic acid reacts with magnesium. The magnesium reacts to produce a colourless solution of magnesium ethanoate, and hydrogen is given off. If you use magnesium ribbon, the reaction is less vigorous than the same reaction with hydrochloric acid, but with magnesium powder, both are so fast that you probably wouldn't notice much difference.
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With metal hydroxides
These are simple neutralisation reactions and are just the same as any other reaction in which hydrogen ions from an acid react with hydroxide ions. They are most quickly and easily represented by the equation:
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If you mix dilute ethanoic acid with sodium hydroxide solution, for example, you simply get a colourless solution containing sodium ethanoate. The only sign that a change has happened is that the temperature of the mixture will have increased.

This change could well be represented by the ionic equation above, but if you want it, the full equation for this particular reaction is:
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With carbonates and hydrogencarbonates
In both of these cases, a salt is formed together with carbon dioxide and water. Both are most easily represented by ionic equations.

For carbonates:
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. . . and for hydrogencarbonates:
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If you pour some dilute ethanoic acid onto some white sodium carbonate or sodium hydrogencarbonate crystals, there is an immediate fizzing as carbon dioxide is produced. You end up with a colourless solution of sodium ethanoate.

With sodium carbonate, the full equation is:
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. . . and for sodium hydrogencarbonate:
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There is very little obvious difference in the vigour of these reactions compared with the same reactions with dilute hydrochloric acid.

However, you would notice the difference if you used a slower reaction - for example with calcium carbonate in the form of a marble chip. With ethanoic acid, you would eventually produce a colourless solution of calcium ethanoate.
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In this case, the marble chip would react noticeably more slowly with ethanoic acid than with hydrochloric acid.

With ammonia
Ethanoic acid reacts with ammonia in exactly the same way as any other acid does. It transfers a hydrogen ion to the lone pair on the nitrogen of the ammonia and forms an ammonium ion.
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If you mix together a solution of ethanoic acid and a solution of ammonia, you will get a colourless solution of ammonium ethanoate.
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With amines
Amines are compounds in which one or more of the hydrogen atoms in an ammonia molecule have been replaced by a hydrocarbon group such as an alkyl group. For simplicity, we'll just look at compounds where only one of the hydrogen atoms has been replaced. These are called primary amines.

Simple primary amines include:
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The small amines are very similar indeed to ammonia in many ways. For example, they smell very much like ammonia and are just as soluble in water. Because all you have done to an ammonia molecule is swap a hydrogen for an alkyl group, the lone pair is still there on the nitrogen atom.

That means that they will react with acids (including carboxylic acids) in just the same way as ammonia does.

For example, ethanoic acid reacts with methylamine to produce a colourless solution of the salt methylammonium ethanoate.
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However complicated the amine, because all of them have got a lone pair on the nitrogen atom, you would get the same sort of reaction.
ESTERIFICATION OF CARBOXYLIC ACIDS
What are esters?
Esters have a hydrocarbon group of some sort replacing the hydrogen in the -COOH group of a carboxylic acid. We shall just be looking at cases where it is replaced by an alkyl group, but it could equally well be an aryl group (one based on a benzene ring).

A common ester - ethyl ethanoate
The most commonly discussed ester is ethyl ethanoate. In this case, the hydrogen in the -COOH group has been replaced by an ethyl group. The formula for ethyl ethanoate is:
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Notice that the ester is named the opposite way around from the way the formula is written. The "ethanoate" bit comes from ethanoic acid. The "ethyl" bit comes from the ethyl group on the end.

REDUCTION OF CARBOXYLIC ACIDS
Reduction of carboxylic acids to primary alcohols using lithium tetrahydridoaluminate(III) (lithium aluminium hydride), LiAlH4.

The "(III)" is the oxidation state of the aluminium. Since aluminium only ever shows the +3 oxidation state in its compounds, the "(III)" is actually unnecessary. I shall leave it out for the rest of this page to make the name a bit shorter.

The reaction
The reducing agent
Lithium tetrahydridoaluminate has the structure:
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In the negative ion, one of the bonds is a co-ordinate covalent (dative covalent) bond using the lone pair on a hydride ion (H-) to form a bond with an empty orbital on the aluminium

The reduction of a carboxylic acid
The reaction happens in two stages - first to form an aldehyde and then a primary alcohol. Because lithium tetrahydridoaluminate reacts rapidly with aldehydes, it is impossible to stop at the halfway stage.

Because of the impossibility of stopping at the aldehyde, there isn't much point in giving an equation for the two separate stages. The overall reaction is:
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"R" is hydrogen or a hydrocarbon group. For example, ethanoic acid will reduce to the primary alcohol, ethanol.
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Sodium tetrahydridoborate (sodium borohydride) won't work!
If you are familiar with the reduction of aldehydes and ketones using lithium tetrahydridoaluminate, you are probably aware that sodium tetrahydridoborate is often used as a safer alternative.

It CAN'T be used with carboxylic acids. The sodium tetrahydridoborate isn't reactive enough to reduce carboxylic acids.

Reaction conditions
Lithium tetrahydridoaluminate reacts violently with water and so the reactions are carried out in solution in dry ethoxyethane (diethyl ether or just "ether"). The reaction happens at room temperature.
At the end of the reaction, the product is a complex aluminium salt. This is converted into the alcohol by treatment with dilute sulphuric acid.
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CONVERTING CARBOXYLIC ACIDS INTO ACYL CHLORIDES (ACID CHLORIDES)
Replacing -OH by -Cl
We are going to be looking at converting a carboxylic acid, RCOOH, into an acyl chloride, RCOCl. Acyl chlorides are also known as acid chlorides.
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Acyl chlorides are very reactive, and can be used to make a wide range of other things. That's why they are important.

Replacing the -OH group using phosphorus(V) chloride, PCl5
Phosphorus(V) chloride is a solid which reacts with carboxylic acids in the cold to give steamy acidic fumes of hydrogen chloride. It leaves a liquid mixture of the acyl chloride and a phosphorus compound, phosphorus trichloride oxide (phosphorus oxychloride) - POCl3.

The acyl chloride can be separated by fractional distillation.

For example:
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Replacing the -OH group using phosphorus(III) chloride, PCl3
Phosphorus(III) chloride is a liquid at room temperature. Its reaction with a carboxylic acid is less dramatic than that of phosphorus(V) chloride because there is no hydrogen chloride produced.

You end up with a mixture of the acyl chloride and phosphoric(III) acid (old names: phosphorous acid or orthophosphorous acid), H3PO3.

For example:

[image: image70.png]




 INCLUDEPICTURE "http://www.chemguide.co.uk/organicprops/acids/ethanpcl3.gif" \* MERGEFORMATINET [image: image71.png]sLrzllOA + FUI3 ———» SCH3C00U + A3F03




Again, the ethanoyl chloride can be separated by fractional distillation.

Replacing the -OH group using sulphur dichloride oxide (thionyl chloride)
Sulphur dichloride oxide (thionyl chloride) is a liquid at room temperature and has the formula SOCl2. 

Traditionally, the formula is written as shown, despite the fact that the modern name writes the chlorine before the oxygen (alphabetical order).

The sulphur dichloride oxide reacts with carboxylic acids to produce an acyl chloride, and sulphur dioxide and hydrogen chloride gases are given off.

For example:
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The separation is simplified to an extent because the by-products are both gases. You would obviously still have to fractionally distil the mixture to separate the acyl chloride from any excess acid or sulphur dichloride oxide.

THE DECARBOXYLATION OF CARBOXYLIC ACIDS AND THEIR SALTS
Decarboxylation using soda lime
What does "decarboxylation" mean?
A carboxylic acid has the formula RCOOH where R can be hydrogen or a hydrocarbon group such as an alkyl group. The hydrocarbon group could equally well be based on a benzene ring.

The sodium salt of a carboxylic acid will have the formula RCOONa.

In decarboxylation, the -COOH or -COONa group is removed and replaced with a hydrogen atom.
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The reaction
The solid sodium salt of a carboxylic acid is mixed with solid soda lime, and the mixture is heated.

For example, if you heat sodium ethanoate with soda lime, you get methane gas formed:
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This reaction can be done with certain carboxylic acids themselves, but the acid would have to be solid. For example, benzene can be made by heating soda lime with solid benzoic acid (benzenecarboxylic acid), C6H5COOH.
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You can think of this as first a reaction between the acid and the soda lime to make sodium benzoate, and then a decarboxylation as in the first example.
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