LibreTextsw

5.8: RACEMIC MIXTURES AND THE RESOLUTION OF ENANTIOMERS

After completing this section, you should be able to

1. describe a common process for separating a mixture of enantiomers.
2. explain why racemic mixtures do not rotate plane-polarized light.

Make certain that you can define, and use in context, the key terms below.

e racemic mixture (or racemate)
e resolve

X STUDY NOTES

A racemic mixture is a 50:50 mixture of two enantiomers. Because they are mirror images, each enantiomer rotates plane-polarized
light in an equal but opposite direction and is optically inactive. If the enantiomers are separated, the mixture is said to have been
resolved. A common experiment in the laboratory component of introductory organic chemistry involves the resolution of a racemic
mixture.

The dramatic biochemical consequences of chirality are illustrated by the use, in the 1950s, of the drug Thalidomide, a sedative given
to pregnant women to relieve morning sickness. It was later realized that while the (+)-form of the molecule, was a safe and effective
sedative, the (—)-form was an active teratogen. The drug caused numerous birth abnormalities when taken in the early stages of
pregnancy because it contained a mixture of the two forms.

As noted earlier, chiral compounds synthesized from achiral starting materials and reagents are generally racemic (i.e. a 50:50 mixture of
enantiomers). Separation of racemates into their component enantiomers is a process called resolution. Since enantiomers have identical
physical properties, such as solubility and melting point, resolution is extremely difficult. Diastereomers, on the other hand, have different
physical properties, and this fact is used to achieve resolution of racemates. Reaction of a racemate with an enantiomerically pure chiral
reagent gives a mixture of diastereomers, which can be separated. For example, if a racemic mixture of a chiral alcohol is reacted with a
enantiomerically pure carboxylic acid, the result is a mixture of diastereomers: in this case, because the pure (R) entantiomer of the acid was
used, the product is a mixture of (R-R) and (R-S) diastereomeric esters, which can, in theory, be separated by their different physical
properties. Subsequent hydrolysis of each separated ester will yield the 'resolved' (enantiomerically pure) alcohols. The used in this
technique are known as '"Moscher's esters', after Harry Stone Moscher, a chemist who pioneered the method at Stanford University.

As noted earlier, chiral compounds synthesized from achiral starting materials and reagents are generally racemic (i.e. a 50:50 mixture of
enantiomers). Separation of racemates into their component enantiomers is a process called resolution. Since enantiomers have identical
physical properties, such as solubility and melting point, resolution is extremely difficult. Diastereomers, on the other hand, have different
physical properties, and this fact is used to achieve resolution of racemates. Reaction of a racemate with an enantiomerically pure chiral
reagent gives a mixture of diastereomers, which can be separated. Reversing the first reaction then leads to the separated enantiomers plus

the recovered reagent.
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Figure 5.8.1:
Many kinds of chemical and physical reactions, including salt formation, may be used to achieve the diastereomeric intermediates needed
for separation. Figure 5.8.1 illustrates this general principle by showing how a nut having a right-handed thread (R) could serve as a
"reagent" to discriminate and separate a mixture of right- and left-handed bolts of identical size and weight. Only the two right-handed
partners can interact to give a fully-threaded intermediate, so separation is fairly simple. The resolving moiety, i.e. the nut, is then removed,
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leaving the bolts separated into their right and left-handed forms. Chemical reactions of enantiomers are normally not so dramatically
different, but a practical distinction is nevertheless possible.

Because the physical properties of enantiomers are identical, they seldom can be separated by simple physical methods, such as fractional
crystallization or distillation. It is only under the influence of another chiral substance that enantiomers behave differently, and almost all
methods of resolution of enantiomers are based upon this fact. We include here a discussion of the primary methods of resolution.

CHIRAL AMINES AS RESOLVING AGENTS AND RESOLUTION OF RACEMIC ACIDS

The most commonly used procedure for separating enantiomers is to convert them to a mixture of diastereomers that will have different
physical properties: melting point, boiling point, solubility, and so on (Section 5-5). For example, if you have a racemic or (R)/(S) mixture
of enantiomers of a carboxylic acid and convert this to a salt with a chiral amine base having the (R) configuration, the salt will be a mixture
of two diastereomers, ((R)-acid * (R)-base) and ((S)-acid * (R)-base). These diastereomeric salts are not identical and they are not mirror
images. Therefore they will differ to some degree in their physical properties, and a separation by physical methods, such as crystallization,
may be possible. If the diastereomeric salts can be completely separated, the carboxylic acid regenerated from each salt will be either
exclusively the (R) or the (S) enantiomer.

(R)-acid « (R)-base ————————» pure (R)-carboxylic acid

(R)-carboxyl?c ac_id (R)-amine base (R)—ac.id * (R)-base resolution regeneration
(S)-carboxylic acid (S)-acid * (R)-base
racemic mixture diastereomers

(S)-acid * (R)-base —— > pure (S)-carboxylic acid

Resolution of chiral acids through the formation of diastereomeric salts requires adequate supplies of suitable chiral bases. Brucine,
strychnine, and quinine frequently are used for this purpose because they are readily available, naturally occurring chiral bases. Simpler
amines of synthetic origin, such as 2-amino-1-butanol, amphetamine, and 1-phenylethanamine, also can be used, but first they must be

NH,
/Y\OH * *
NH, NH;

2-amino-1-butanol 1-phenyl-2-propanamine 1-phenylethanamine
(amphetamine)

resolved themselves.

quinine
(antimicrobial)
(antimalarial)

R = H,strychnine
R = OCHg, brucine

? WORKED EXAMPLE 5.8.1

Show how (S)-1-phenylethylamine can be used to resolve a racemic mixture of lactic acid. Please draw all the structures involved.

Answer
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RESOLUTION OF RACEMIC BASES
Chiral acids, such as (+)-tartaric acid, (-)-malic acid, (-)-mandelic acid, and (+)-camphor- 10-sulfonic acid, are used for the resolution of a
racemic base.

CO,H CO,H
|2 12 CO,H Hoc e
CHOH CHOH | SO-H
| | CHOH 8
CHOH CH, | 0o
| | CeHs
CO,H CO,H
tartaric acid malic acid mandelic acid camphor-10-
(2,3-dihydroxy- (2-hydroxybutane- (2-hydroxy-2- sulfonic acid
butanedioic acid) dioic acid) phenylethanoic acid)

The principle is the same as for the resolution of a racemic acid with a chiral base, and the choice of acid will depend both on the ease of
separation of the diastereomeric salts and, of course, on the availability of the acid for the scale of the resolution involved. Resolution
methods of this kind can be tedious, because numerous recrystallizations in different solvents may be necessary to progressively enrich the
crystals in the less-soluble diastereomer. To determine when the resolution is complete, the mixture of diastereomers is recrystallized until
there is no further change in the measured optical rotation of the crystals. At this stage it is hoped that the crystalline salt is a pure
diastereomer from which one pure enantiomer can be recovered. The optical rotation of this enantiomer will be a maximum value if it is
"optically" pure because any amount of the other enantiomer could only reduce the magnitude of the measured rotation «.

RESOLUTION OF RACEMIC ALCOHOLS

To resolve a racemic alcohol, a chiral acid can be used to convert the alcohol to a mixture of diastereomeric esters. This is not as generally
useful as might be thought because esters tend to be liquids unless they are very high-molecularweight compounds. If the diastereomeric
esters are not crystalline, they must be separated by some other method than fractional crystallization (for instance, by chromatography
methods, Section 9-2). Two chiral acids that are useful resolving agents for alcohols are:

Hscgm/cmcria)2

HO,CH,C”

menthoxyethanoic acid 3-B-acetoxy-AS-etienic acid

The most common method of resolving an alcohol is to convert it to a half-ester of a dicarboxylic acid, such as butanedioic (succinic) or
1,2-benzenedicarboxylic (phthalic) acid, with the corresponding anhydride. The resulting half-ester has a free carboxyl function and may
then be resolvable with a chiral base, usually brucine:
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OTHER METHODS OF RESOLUTION

One of the major goals in the field of organic chemistry is the development of reagents with the property of "chiral recognition" such that
they can affect a clean separation of enantiomers in one operation without destroying either of the enantiomers. We have not achieved that
ideal yet, but it may not be far in the future. Chromatographic methods, whereby the stationary phase is a chiral reagent that adsorbs one
enantiomer more strongly than the other, have been used to resolve racemic compounds, but such resolutions seldom have led to both pure
enantiomers on a preparative scale. Other methods, called kinetic resolutions, are excellent when applicable. The procedure takes advantage
of differences in reaction rates of enantiomers with chiral reagents. One enantiomer may react more rapidly, thereby leaving an excess of the
other enantiomer behind. For example, racemic tartaric acid can be resolved with the aid of certain penicillin molds that consume the
dextrorotatory enantiomer faster than the levorotatory enantiomer. As a result, almost pure (-)-tartaric acid can be recovered from the
mixture:

(£)-tartaric acid + mold — (-)-tartaric acid + more mold

The crystallization procedure employed by Pasteur for his classical resolution of (+)-tartaric acid (Section 5.4) has been successful only in a
very few cases. This procedure depends on the formation of individual crystals of each enantiomer. Thus if the crystallization of sodium
ammonium tartrate is carried out below 27", the usual racemate salt does not form; a mixture of crystals of the (+) and (-) salts forms
instead. The two different kinds of crystals, which are related as an object to its mirror image, can be separated manually with the aid of a
microscope and subsequently may be converted to the tartaric acid enantiomers by strong acid. A variation on this method of resolution is
the seeding of a saturated solution of a racemic mixture with crystals of one pure enantiomer in the hope of causing crystallization of just
that one enantiomer, thereby leaving the other in solution. Unfortunately, very few practical resolutions have been achieved in this way.

PREDICATING THE CHIRALITY OF THE PRODUCT OF A REACTION

It important to understand the changes in chirality which occur during the formation of product during a reaction. A chiral reaction product,
has the possibility of forming multiple stereoisomers which all need to be considered. Changes in chirality, if possible, will be discussed
with each individual reaction as this textbook moves forward. Some possible situations which can occur are:

e A new chiral carbon is formed during a reaction. This commonly occurs when an sp® hybridized carbon in the reactant is converted
to sp> hybridized chiral carbon in the product. When this occurs, a racemic mixture of the new chiral carbon is formed.

e A chiral carbon is lost during a reaction. This commonly occurs when an sp® hybridized chiral carbon in the reactant is converted to
either a sp? or sp hybridized carbon in the product.

e An enantiomerically pure starting material is converted to a racemic mixture in the product. This commonly occurs when a sp°
hybridized chiral carbon is temporarily converted to an sp® hybridized carbon during a reaction’s mechanism. The chiral carbon is
reformed as a racemic mixture.

e Chiral carbons remain unchanged during a reaction. If a chiral carbon is not directly involved in a reaction, it will move from a
reactant to a product unchanged.

Determining if a chiral carbon is involved in a given reaction is vital for determining which of these four situations is occurring.

? WORKED EXAMPLE 5.8.2

The following reaction involves the conversion of a carboxylic acid reacting with an alcohol to form an ester. If a pure sample of (R)-2-
methylbutanoic acid is reacted with methanol to form an ester, what would be the stereochemistry of the product?
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(& acid 9
(Ié + HO—R’ —_— (I:I R’ + H,O
carboxylic acid alcohol ester

Answer

First it is important to identify the location of the chiral carbon and determine if it is directly involved in the reaction. In this case,
the chiral carbon is not involved so the stereochemistry will be carried over into the product unchanged.

O 0}
Ho i acid Hy i
HSC/C\lé'/C\OH + HO—CH; — > H3C/C\lé’/C\O/CH3 + H,O
H CHs H CHg
(R)-2-methylbutanoic methanol methyl (R)-2-methyl
acid butanoate

? EXERCISE 5.8.1

Indicate the reagents you could use to resolve the following compounds. Show the reactions involved and specify the physical method
you believe would be the best to separate the diastereomers of 1 -phenyl-2-propanamine.

Answer

You could react the 1-phenyl-2-propanamine racemic mixture with a chiral acid such as (+)-tartaric acid (R, R). The reaction will
produce a mixture of diastereomeric salts (i.e. R, R, R and S, R, R). You can separate the diastereomers through crystallization and
treat the salt with a strong base (e.g. KOH) to recover the pure enantiomeric amine.

? EXERCISE 5.8.2

Indicate the reagents you would use to resolve the following and discuss the reactions involved and specify the physical method you
believe would be the best to separate the diastereomers of 2,3-pentadienedioic acid.

Answer

You could react the 2,3-pentadienedioic acid mixture with a chiral base such as (R)-1-phenylethylamine. The reaction will produce a
mixture of diastereomeric salts. Separate the diastereomers through crystallization and treat the resulting salt with strong acid (e.g.
HCI) to recover the pure enantiomeric acid.

? EXERCISE 5.8.3

Indicate the reagents you would use to resolve the following and discuss the reactions involved and specify the physical method you
believe would be the best to separate the diastereomers of 1 -phenylethanol.

Answer

You could react the 1-phenylethanol mixture with 1,2-benzenedicarboxylic anhydride. The reaction will produce a mixture of
diastereomeric salts. You could then separate the diastereomers through crystallization and then alkaline hydrolysis treatment should
recover the pure enantiomeric alcohol.
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