6

PRINCIPLES OF
STEREOCHEMISTRY

This chapter and the one that follows deal with stereoisomers and their properties. Stereoisomers are compounds that have the same atomic connectivity
but a different arrangement of atoms in space. Recall that E and Z isomers of
an alkene (Sec. 4.1D) are stereoisomers. In this chapter we’ll learn about other
types of stereoisomers.
Stereochemistry is the study of stereoisomers and the chemical effects of
stereoisomerism. A few ideas of stereochemistry were introduced in Sec. 4.1D.
This chapter delves more generally into stereochemistry by concentrating on
the basic definitions and principles. We’ll see how stereochemistry played a
key role in the determination of the geometry of tetravalent carbon. Chapter 7
continues the discussion of stereochemistry by considering both the stereochemical aspects of cyclic compounds and the application of stereochemical
principles to chemical reactions.
Stereochemistry is important because many biological phenomena such as
drug activity and enzyme catalysis depend on stereochemistry. It is important in
chemistry because the stereochemical aspects of chemical reactions can provide detailed information on their mechanisms. Examples of these applications
of stereochemistry will be developed in this and the following chapter.
The use of molecular models during the study of this chapter is essential.
Models will help you develop the ability to visualize three-dimensional structures and will make the two-dimensional pictures on the page “come to life.” If
you use models now, your reliance on them will gradually decrease.
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In this chapter you will also be using perspective structures of molecules,
particularly line-and-wedge structures. The techniques for drawing and interpreting these types of structures were introduced in Secs. 1.6D and 2.5C. You
should review this material as a preparation for this chapter.

6.1

ENANTIOMERS, CHIRALITY, AND SYMMETRY

A. Enantiomers and Chirality
Any molecule—indeed, any object—has a mirror image. Some molecules are congruent to
their mirror images. This means that all atoms and bonds in a molecule can be simultaneously
superimposed onto identical atoms and bonds in its mirror image. An example of such a
molecule is ethanol, or ethyl alcohol, H3COCH2 OOH (Fig. 6.1). Construct a model of ethanol
and another model of its mirror image. For simplicity, use a single colored ball to represent the
methyl group and a single ball of another color to represent the hydroxy (OH) group. Place the
two central carbons side by side and align the methyl and hydroxy groups, as shown in Fig. 6.1.
The hydrogens should then align as well. The congruence of an ethanol molecule and its mirror
image shows that they are identical.
Some molecules, such as 2-butanol, are not congruent to their mirror images.
OH
H3C

CH
*

OH
CH2CH3 or H3C
2-butanol

CH
*

C2H5

Build a model of 2-butanol and a second model of its mirror image, and test them for congruence
as shown in Fig. 6.2. If you align the carbon with the asterisk and any two of its attached groups,
the other two groups do not align. Therefore, a 2-butanol molecule and its mirror image are
noncongruent and are therefore different molecules. Because these two molecules have identical
connectivities, by definition they are stereoisomers. Molecules that are noncongruent mirror
images are called enantiomers. Therefore, the two 2-butanol stereoisomers are enantiomers.

180°

mirror plane

OH

H

C
H

OH

CH3

CH3

C

H

H

OH
OH
C
H C
H
H
H
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CH3
CH3

all groups align;
therefore, the molecules
are congruent

FIGURE 6.1 Testing mirrorimage ethanol molecules
for congruence. One mirror
image is shown with yellow
bonds to distinguish it
from the other. Aligning the
central carbons, the CH3
groups, and the OH groups
on the different molecules
causes the hydrogens to
align as well. To achieve
this alignment, one of the
molecules must be rotated
in space.
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FIGURE 6.2 Testing
mirror-image 2-butanol
molecules for congruence.
As in Fig. 6.1, the bonds of
one mirror image are yellow.
When the central carbon
and any two of the groups
attached to it (OH and C2H5
in this figure) are aligned,
the remaining groups do not
align.

mirror plane

120°

OH

OH

C

C2H5
H

C

CH3

CH3

C2H5
H

align central carbon,
OH, and C2H5

OH
OH
C
C2H5
C
C2H5
CH3
H

H
CH3
these groups fail to align;
therefore, the molecules
are noncongruent

Enantiomers must not only be mirror images; they must also be noncongruent mirror images.
Therefore, ethanol (see Fig. 6.1) has no enantiomer because an ethanol molecule and its mirror
image are congruent.
A molecule (or other object) that has an enantiomer (that is, a noncongruent mirror image)
is said to be chiral (pronounced kī´rŭl); it possesses the property of chirality, or handedness.
(Chiral comes from the Greek word for hand.) Enantiomeric molecules have the same
relationship as the right and left hands—the relationship of an object and its noncongruent
mirror image. Therefore, 2-butanol is a chiral molecule. A molecule (or other object) that has a
congruent mirror image is not chiral and is said to be achiral—without chirality. Ethanol is an
achiral molecule. Both chiral and achiral objects are matters of everyday acquaintance. A foot or
a hand is chiral; the helical thread of a screw gives it chirality. Achiral objects include a ball and a
soda straw.

Photo Copyright
© Marc Loudon

Importance of Chirality

Chirality = handedness

07_loudonorgchem7e_18842_ch06_276-325.indd 278

Chiral molecules occur
widely throughout nature.
G l u c o s e , an i mp ort ant
sugar and energy source,
is chiral; the enantiomer
of naturally occurring glucose cannot be utilized
as a food source. All sugars, most amino acids,

proteins, and nucleic acids are chiral and occur naturally
in only one enantiomeric form.
HOCH2

O

OH

O
+

H3N
OH

HO
OH

β-D-glucopyranose
(one form of glucose, a sugar)

H3 C

C

C

O

–

H

(S)-alanine
(an amino acid)
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Chirality is important in medicine as well. More than
half of the organic compounds used as drugs are chiral,
and in most cases only one enantiomer has the desired
physiological activity. Here are four of the many examples, with their active stereoisomers shown:

H OH

O
Me2N

H

O
C

H Me Ph Ph

methadone
(treatment for opioid addiction)

propranolol
(a β-blocker)

H2N

In rare cases, the inactive enantiomer is toxic (see the
story of the drug thalidomide in Sec. 6.4B). The safety
and effectiveness of synthetically prepared chiral drug
molecules have been issues of concern for both pharmaceutical manufacturers and the U.S. Food and Drug
Administration (FDA) for several decades.

NH

O

279

O
OH

pregabalin (Lyrica)
(treatment for neuropathic pain,
anxiety)

HS

O
H C

OH

N
H Me

captopril
(treatment for hypertension)

B. Asymmetric Carbon and Stereocenters
Many chiral molecules contain one or more asymmetric carbon atoms. An asymmetric carbon
atom is a carbon to which four different groups are bonded. Therefore, 2-butanol (see Fig. 6.2),
a chiral molecule, contains an asymmetric carbon atom; this is the carbon that bears the four
different groups OCH3 , OC 2 H5 , OH, and OOH. In contrast, none of the carbons of ethanol,
an achiral molecule, is asymmetric. A molecule that contains only one asymmetric carbon is chiral.
No generalization can be made, however, for molecules with more than one asymmetric carbon.
Although many molecules with two or more asymmetric carbons are indeed chiral, not all of
them are (Sec. 6.7). Moreover, an asymmetric carbon atom (or other asymmetric atom) is not
a necessary condition for chirality; some chiral molecules have no asymmetric carbons at all
(Sec. 6.8). Despite these caveats, it is important to recognize asymmetric carbon atoms because
so many chiral organic compounds contain them.

You may encounter other
terms such as chiral carbon
and chiral center that
mean the same thing as
asymmetric carbon.

Study Problem 6.1
Indicate whether 4-methyloctane has an asymmetric carbon. If so, identify it.
CH3
4-methyloctane

Solution The carbon marked with an asterisk (*) in the following structure has four different groups attached to it—a
CH3CH2 CH2 —(propyl) group, a —CH3 (methyl) group, a H—, and a —CH2 CH2 CH2 CH3 (butyl) group. Therefore, this
is an asymmetric carbon.
CH3
*
The propyl and butyl groups are not different at the point of attachment—both have CH2 groups at that point, as well as
at the next carbon removed. The difference is found at the ends of the groups. The important point is that two groups are
different even when the difference is remote from the carbon in question.
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Although carbon is the most common asymmetric atom in organic molecules, other atoms
can be asymmetric as well. For example, the following chiral compound contains an asymmetric
phosphorus.
S–
CH3CH2

P+
OH

asymmetric phosphorus

OCH3

Asymmetric atoms are sometimes referred to generally as asymmetric centers.
Asymmetric centers in rings can sometimes cause confusion. Consider the following
two cases:
CH3
1

6
5

4

2
3

methylcyclohexane
A

Is carbon-1 in molecule A asymmetric? In the case of rings, we regard each branch as a separate
group, even though the groups are tied together. We compare carbon-2 with carbon-6 and carbon-3
with carbon-5. When we reach carbon-4, which is common to both branches, we have found
no difference. Therefore, the two ring branches at carbon-1 are identical, and carbon-1 is not
asymmetric. Molecule A has no asymmetric carbons and is achiral.
CH3
4
5

3
6

2

CH3

1

CH3
1,1,3-trimethylcyclohexane
B

Does molecule B contain any asymmetric carbons? Comparing carbons 2 and 4, there is no
difference—there is a CH2 group at each position. Comparing carbons 1 and 5, however, there is a
difference. We conclude, then, that carbon-3 is an asymmetric carbon: it has four different groups
attached, a OCH3 group, a OH, and the two different parts of the ring. Carbon-1 is not asymmetric
because it has two identical (methyl) groups attached. The remaining ring carbons each have two
identical groups attached (H), so they aren’t asymmetric carbons either. Molecule B, then, contains
one asymmetric carbon—carbon-3—and molecule B is therefore chiral.
An asymmetric carbon (or other asymmetric atom) is another type of stereocenter, or
stereogenic atom. Recall (Sec. 4.1D) that a stereocenter is an atom at which the interchange of two
groups gives a stereoisomer. In Fig. 6.2, for example, interchanging the methyl and ethyl groups
in one enantiomer of 2-butanol gives the other enantiomer. If this point is unclear from Fig. 6.2,
you should build two models to demonstrate this to yourself. First construct a model of either
enantiomer, and then construct a model of its mirror image. Then show that the interchange of
any two groups on one model gives the other model.
OH
H
Et

C

OH
Me

interchange the groups

C

Et
H

OH
Me

enantiomers

rotate the structure
180°

Me

C

H
Et
(6.1)
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Not all carbon stereocenters are asymmetric carbons. Recall (Sec. 4.1D) that the carbons
involved in the double bonds of E and Z isomers are also stereocenters. These carbons are not
asymmetric carbons, though, because they are not connected to four different groups. In other
words, the term stereocenter is not associated solely with chiral molecules. All asymmetric atoms
are stereocenters, but not all stereocenters are asymmetric atoms.

STUDY GUIDE LINK 6.1
Stereocenters and
Asymmetric Atoms

Focused Problem
6.1

Identify the asymmetric carbons, if any, in each of the following molecules.
(a)

OH

    (b)

    (c)

    (d)

Cl

H
CH3

CH3

O

Cl

C. Chirality and Symmetry
What causes chirality? Chiral molecules lack certain types of symmetry. The symmetry of any object
(including a molecule) can be described by certain symmetry elements, which are lines, points, or
planes that relate equivalent parts of an object. A very important symmetry element is a plane of
symmetry, sometimes called an internal mirror plane. This is a plane that divides an object into
halves that are exact mirror images. For example, the mug in Display 6.2 has a plane of symmetry.
Similarly, the ethanol molecule has a plane of symmetry, which, in the display, we are viewing end-on.
OH

C

H
plane of
symmetry

plane of
symmetry

H

CH3
ethanol



(6.2)

A molecule or other object that has a plane of symmetry is achiral. Therefore, the ethanol
molecule and the mug are achiral. Chiral molecules and other chiral objects do not have planes
of symmetry. The chiral molecule 2-butanol, analyzed in Fig. 6.2, has no plane of symmetry. A
human hand, also a chiral object, has no plane of symmetry.
Another important symmetry element is the center of symmetry, sometimes also called a point of
symmetry. A molecule has a center of symmetry if you can reproduce it by (1) forming its mirror image
then (2) rotating this mirror image by 180° about an axis perpendicular to the mirror.

!

This description
of symmetry
is applied to
a particular conformation.
Different conformations of
the same molecule may have
different symmetries.

(1) make the mirror image

mirror

X
Y

Z

Z

Y

X

Z
Y
X

(2) rotate 180° about
the axis ⊥ to the mirror
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axis ⊥ to mirror
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More descriptively, a center of symmetry is a point through which any line contacts exactly
equivalent parts of the object at the same distance in both directions.
center of symmetry

X
Y

Z

Z

Y
X

corresponding points on opposite sides
are equidistant from a center of symmetry(6.4)

		

Some objects, such as a box, can have both a center and planes of symmetry.
plane of symmetry
(one of many)
center of symmetry

		

(6.5)

The plane of symmetry and the center of symmetry are the most common symmetry elements
present in achiral molecules (and other achiral objects). However, some achiral molecules contain
other, relatively rare, symmetry elements. How, then, can we tell whether a molecule is chiral?
1. If a molecule has a single asymmetric carbon (or other asymmetric atom), it must be
chiral.
2. If a molecule has a plane of symmetry, a center of symmetry, or both, it is not chiral.
3. If neither (1) nor (2) applies, the most general way to assess chirality is to build two models
or draw two perspective structures, one of the molecule and the other of its mirror image,
and then test the two for congruence. If the two mirror images are congruent, the molecule
is achiral; if not, the molecule is chiral.
At the end of Sec. 6.7, we expand this list to molecules with multiple asymmetric centers.

Focused Problems
6.2

State whether each of the following molecules is achiral or chiral.
(a)

Cl
H

   (b)
ClCl
Cl

Cl
Cl Cl    (c)
Cl

Cl Cl
Cl

ClCl

CH
CH2CHCl2CH
Cl 2CH
CH22Cl
CH2CH
CH
Cl 2   (d)
2Cl
2CH2CH2Cl
+

+

+

+

–
Cl–
Cl–
Cl–
H CH
NCl
N
C H C HH C C H HC CH C
3 HC CH3 H CH3 HN CH3 N
2 CH
3CH
2 23CH
CH32CH
CH
CH
232CH2CH
CH
F
F F
FF
FH
F CH3CH2CH3CHCH
F
2CH
2CH
3 2CH2CH3
Br
Br
H3C
H3C
H3C
H3C
Cl Br
ClBr
Cl
Cl
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6.3

6.4

Ignoring specific markings, indicate whether the following objects are chiral or achiral. State any assumptions that you make.
(a)

A shoe  (b)

A book  (c)

A person  (d)

A cone

(e)

A pair of shoes (consider the pair as one object)   (f)

A pair of scissors

Show the planes and centers of symmetry (if any) in each of the following achiral molecules.
(a)

Methane  (b)

(e)

cis-2-Butene   (f)

6.2

Water  (c)

Ethylene  (d)

trans-2-Butene

The anti conformation of butane

NOMENCLATURE OF ENANTIOMERS

A. The R,S System
The existence of enantiomers poses a special problem in nomenclature. How do we indicate in
the name of 2-butanol, for example, which enantiomer we have? The same Cahn–Ingold–Prelog
priority rules used to assign E and Z configurations to alkene stereoisomers (Sec. 4.2B) can be
applied to enantiomers. A stereochemical configuration, or spatial arrangement of atoms, at
each asymmetric carbon in a molecule can be assigned using the following steps, illustrated for
one enantiomer of 2-butanol.
Step 1.

The Cahn–Ingold–Prelog
rules were first developed
for asymmetric carbons and
then later applied to doublebond stereoisomerism.

Identify an asymmetric carbon and the four different groups bonded to it.
OH
Me

Step 2.

C*

H
Et 

(6.6a)

Assign priorities to the four different groups using the rules given in Sec. 4.2B. The
convention used in this text is that the highest priority = 1 and the lowest priority = 4.
1

OH
3

Me

4

C*

H
Et
2

Step 3.

(6.6b)

View the molecule along the bond from the asymmetric carbon to the group of lowest
priority—that is, with the asymmetric carbon nearer and the lowest-priority group
farther away. (This is essentially a Newman projection about this bond.) In this case,
the hydrogen is the group of lowest priority, so we look down the bond from the C
to the H.
1

1

OH

3

Me
2

Et

OH

C*

3

H

4

the group of lowest
priority is away
from the observer
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Me

C*

2

the group of lowest
priority is hidden
from view

Et

(6.6c)
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Step 4.

Determine whether the remaining priorities descend in the clockwise or counterclockwise direction. If the priorities descend in the clockwise direction, the asymmetric
carbon is said to have the R configuration (R = Latin rectus).
1

1

OH

3

Me

OH

C*

3

H

Et

2

4

the group of lowest
priority is away
from the observer

C*

Me

2

Et

R configuration because
priorities descend
in clockwise order (6.6d)

If the priorities of these groups descend in the counterclockwise direction, as they do
for the other enantiomer of 2-butanol, the asymmetric carbon is said to have the S
configuration (S = Latin sinister).
1

1

OH

2

C*

Et
3

OH
2

H

Me

4

the group of lowest
priority is away
from the observer

C*

Et

3

Me

S configuration because
priorities descend
in counterclockwise order



(6.6e)

Study Problem 6.2
Determine the stereochemical configuration of the following enantiomer of 3-chloro-1-pentene:
Cl
H2C

CH

C

H
CH2CH3

Solution Follow the steps in the text.
Step 1. Identify the asymmetric carbon. This is asterisked (*) in the structure shown in step 2.
Step 2. Assign priorities to the four groups.
1

Cl
H2C

CH
2

*C

4

H
CH2CH3
3

Step 3. View a projection of the molecule with the asymmetric carbon in front and the hydrogen in the rear.
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Step 4. Apply the Cahn–Ingold–Prelog sequence rules from Sec. 4.2B to determine whether the priorities decrease
from high to low in a clockwise or counterclockwise direction.
1

1

Cl

Cl
H2C

CH

4

C

H
CH2CH3

2

H 2C

CH

C

2

3

CH2CH3

3

Because the priorities of the first three groups descend in a counterclockwise direction, this is the
S enantiomer of 3-chloro-1-pentene.

A stereoisomer is named by indicating the configuration of each asymmetric carbon before the
systematic name of the compound, as in the following examples:

CH3
H

H CH3

C

CH
CH2CH3

CH2
H3C H

(R)-3-methyl-1-pentene

(3S,4S)-3,4-dimethylhexane
(6.7)

(Be sure to verify these and other R,S assignments you find in this chapter.) As
the second example illustrates, numbers are used with the R,S designations when
a molecule contains more than one asymmetric carbon.

An alternative way of
applying the sequence rules,
the “right-hand rule,” can
be found in the Journal of
Chemical Education, 1994,
71(1), 20–23. This journal can
be found in most chemistry
libraries and online.

The R,S system is not the only system used for
describing stereochemical configuration. The D,L
system, which predates the R,S system, is still
used in amino acid and carbohydrate chemistry
(Chapters 24 and 27). With this exception,
the R,S system has gained virtually complete
acceptance.

Is R Right, or Is It Proper?
Choice of the letter R presented a problem for Cahn,
Ingold, and Prelog, the scientists who devised the R , S
system. The letter S stands
for sinister , one of the Latin
words for left . However, the
Latin word for right (in the
directional sense) is dexter ,
and unfortunately the letter D was already being used in
another system of configuration (the D,L system). It was

difficulties with the D,L system that led to the need for
a new system, and the last thing anyone needed was
a system that confused the two! Fortunately, Latin provided another word for right: the participle rectus. But
this “right” does not indicate direction: it means proper,
or correct . (The English word rectify comes from the
same root.) Although the Latin wasn’t quite proper, it
solved the problem! In passing, several chemists have
noted that R and S are the first initials of Robert S. Cahn,
one of the inventors of the R , S system ( Sec. 4.2B ). A
coincidence? Perhaps.

B. Using the R,S System with Line-and-Wedge Structures
In this section we describe a few handy shortcuts for applying the R,S system to line-and-wedge
structures. If the group of lowest priority is a dashed wedge, then you are essentially looking at it
in the proper manner for assignment.
1

Cl
CH3CH2
2

4

C

H
CH3
3
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If the group of lowest priority is on a solid wedge (that is, pointing toward you), you are
viewing the molecule from the wrong end of the bond to the lowest-priority atom. Because only
two assignments are possible, simply make the “wrong” assignment; then, because you know your
assignment is wrong, reverse it to get the correct assignment! (This is one of the few situations in
which two wrongs make a right.)
1

Cl
CH3CH2
2

Priorities descend counterclockwise;

C

CH3 but because the view is backward,
H

reverse the assignment to give R.

3

(6.9)

4

If the group of lowest priority is on neither a dashed wedge nor a solid wedge, then we can
apply the definition of a stereocenter: exchanging any two groups at a stereocenter produces the
opposite configuration. It follows that two successive exchanges result in the original configuration.
We apply this “double switch” idea to the previous example:
opposite configuration

opposite configuration

CH3CH2

C

3

CH3

H
CH3
Cl

exchange these groups

CH3CH2

CH3

C

1

exchange these groups

H

Cl

Cl

4

C

H

CH3CH2
2

S configuration

two exchanges = the same configuration
(6.10)
What if the molecule is very complicated?
You don’t need to make a complete model.
Try this: Use a tetrahedral carbon from your
model set and attach four different “balls”
of different colors, and give priorities to the
colors. To remember the priorities, you can
make priorities decrease in alphabetical order
of the colorsblack = 1, blue = 2, green = 3
and red = 4or you can use a yellow marking
pen to put priority numbers on the four groups.
Then consider each asymmetric carbon of the
complicated structure in turn. For each, make
sure the “priority balls” are oriented the same
way as the group priorities in the complicated
line-and-wedge structure. Then you can orient
your simplified model to make the assignment.
Repeat this for each asymmetric carbon.

The first exchange places the lowest-priority group (H) into the rear position,
from which it is easy to determine configuration, but also gives the enantiomer;
the second exchange inverts the configuration again to the original configuration.
It makes no difference which groups are exchanged, or in which order; so, make
whatever exchanges result in the simplest perspective.
Finally, you can imagine your “eyeball” in the proper orientation and draw the
resulting projection:
4

H
CH3CH2
2

C

Cl
3

CH3
Cl
1

CH3CH2

C
CH3

S configuration
(6.11)

If you have trouble seeing the correct projection this way, try it a few times and check yourself
with a model. With practice you’ll get the hang of it.

Focused Problems
6.5

Draw line-and-wedge representations for each of the following chiral molecules. Use models if necessary. (D = deuterium = 2 H, a
heavy isotope of hydrogen.) Several correct structures are possible in each case.
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3S
2RCH 2R
H3S CH3S
(a) (S)-H3C (S)-H
    (b)
    (c)
CH3C
OH
CH
OH(2Z,4R)-4-Methylhex-2-ene
3H
H3 CH3 2R
(2Z,4R)-4-Methylhex-2-ene
(S)-H
CH
OH (2Z,4R)-4-Methylhex-2-ene
3C

D

D

H 3C

D

CH3CC HCOH
C C OH
C
3C

OH

CH3O CH
CH3O
2OH
2OH
CHCH
CH2OH
3O
6.6

Indicate whether the asymmetric atom in each of the following compounds has the R or S configuration.
(a) O
  (b)
OO O OH
OH
OHOH
CCC C
CCC C
H
HH H
NH
NH
NH
22NH
2 2
CH
CH
CH
33 CH
3 3

O
OO O   (c)

6.3

++ + +

HO
HO
HOHO
CCC C

CCC C
OH
OH
OHOH
OH
OH
OH
OH
H
H
H
H
O
OO O

  (d)
–– –

NNN N Cl
ClCl Cl
PrPr Pr Et
Pr
EtEt Et
i-Pr
i-Pri-Pr
i-Pr

Me
Me
MeMe
OH
OH
OHOH

–

O
OO O

malic
malic
malic
malic
acid
acid
acid
acid

alanine
alanine
alanine
alanine

6.7

Me
MeMe
Me

ibuprofen
ibuprofen
ibuprofen
ibuprofen

Identify the asymmetric carbons in each of the four drug molecules shown in the sidebar, “Importance of Chirality,” in Sec. 6.1A:
propranolol, methadone, pregabalin, and captopril. Determine the R/S configuration of each asymmetric carbon.

PHYSICAL PROPERTIES OF ENANTIOMERS;
OPTICAL ACTIVITY

Recall from Sec. 2.6 that organic compounds can be characterized by their physical properties.
Two properties often used for this purpose are the melting point and the boiling point. However,
the melting points and boiling points of a pair of enantiomers are identical. So, the boiling points of
(R)- and (S)-2-butanol are the same—99.5 °C. Likewise, the melting points of (R)- and (S)-lactic
acid are both 53 °C.
CH2CH3
HO

C

H
CH3

CH2CH3
H C
H3C

OH

(R)-2-butanol
(S)-2-butanol
both have bp = 99.5 °C

O

HO

C
C

OH
H
CH3

O

C

H C
H3C

OH
OH

(R)-lactic acid
(S)-lactic acid
both have mp = 53 °C
 (6.12)

A pair of enantiomers also have identical densities, indices of refraction, heats of formation,
standard free energies, and many other properties.
If enantiomers have so many identical properties, how can we tell one enantiomer from the
other? A compound and its enantiomer can be distinguished by their effects on polarized light.
Understanding these phenomena requires an introduction to the properties of polarized light.

A. Polarized Light
Light is a wave motion that consists of oscillating electric and magnetic fields. The electric field
of ordinary light oscillates in all planes, but it is possible to obtain light with an electric field that
oscillates in only one plane. This kind of light is called plane-polarized light or, simply, polarized
light (Fig. 6.3).
Polarized light is obtained by passing ordinary light through a polarizer, such as a Nicol prism
(a prism made of specially cut and joined calcium carbonate crystals). The orientation of the
polarizer’s axis of polarization determines the plane of the resulting polarized light. Analysis of
polarized light hinges on the fact that if plane-polarized light is subjected to a second polarizer whose
axis of polarization is perpendicular to that of the first, no light passes through the second polarizer
(Fig. 6.4a). This same effect can be observed with two pairs of polarized sunglasses (Fig. 6.4b). When
the lenses are oriented in the same direction, light will pass through. When the lenses are turned at
right angles, their axes of polarization are crossed, no light is transmitted, and the lenses appear dark.
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FIGURE 6.3 (a) Ordinary
light has electric fields
oscillating in all possible
planes. (Only three planes
of oscillation are shown.)
(b) In plane-polarized light,
the oscillating electric field
is confined to a single plane,
which defines the axis of
polarization.

oscillating
electric fields
ordinary light

end-on view of planes
of oscillation
(a)

plane-polarized light
end-on view of plane
of oscillation
(axis of
polarization)
(b)

FIGURE 6.4 (a) If the
polarization axes of two
polarizers are at right angles,
no light passes through the
second polarizer. (b) The
same phenomenon can be
observed using two pairs of
polarized sunglasses.

two polarizers with
perpendicular
axes of polarization

ordinary light

polarized light
no light passes the
second polarizer
(a)
polarized sunglasses

You can see the same effect
with a tablet computer,
which produces a polarized
image. If the image
disappears when you view
your tablet with polarized
sunglasses, turning your
tablet 90° should restore the
image.
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B. Optical Activity
If plane-polarized light is passed through one enantiomer of a chiral substance (either the
pure enantiomer or a solution of it), the plane of polarization of the emergent light is rotated.
A substance that rotates the plane of polarized light is said to be optically active. Individual
enantiomers of chiral substances are optically active.
Optical activity is measured with an instrument called a polarimeter (Fig. 6.5), which is
basically the system of two polarizers shown in Fig. 6.4. The sample to be studied is placed in
the light beam between the two polarizers. Because optical activity changes with the wavelength
(color) of the light, monochromatic light—light of a single color—is used to measure optical
activity. The yellow light from a sodium arc (the sodium D-line with a wavelength of 589.3 nm)
is often used in this type of experiment. An optically inactive sample (such as air or solvent) is
placed in the light beam. Light polarized by the first polarizer passes through the sample, and the
analyzer is turned to establish a dark field. This setting of the analyzer defines the zero of optical
rotation. Next, the sample whose optical activity is to be measured is placed in the light beam.
The number of degrees α that the analyzer must be turned to reestablish the dark field is the
optical rotation of the sample. If the sample rotates the plane of polarized light in the clockwise
direction, the optical rotation is given a plus sign. Such a sample is said to be dextrorotatory
(Latin dexter, meaning “right”). If the sample rotates the plane of polarized light in the
counterclockwise direction, the optical rotation is given a minus sign, and the sample is said to be
levorotatory (Latin laevus, meaning “left”).
The optical rotation of a sample is the quantitative measure of its optical activity. The observed
optical rotation α in degrees, is proportional to the number of optically active molecules present
in the path through which the light beam passes. Therefore, α is proportional to both the

optically inactive
compound
polarizer

unpolarized
light

plane of the polarized
light is unchanged
second polarizer
by the compound
(analyzer)
0° defined as the position
of the analyzer required
to establish a dark field
(no light passes)

polarized
light

(a)
optically active
compound
polarizer
α
unpolarized
light

polarized
light

plane of the polarized
light is rotated α
by the compound second polarizer
(analyzer)

α

analyzer must be
rotated α to
establish a dark field;
optical rotation = α

(b)
FIGURE 6.5 Determination of optical rotation in a simple polarimeter. (a) First, the reference condition of zero rotation is
established as a dark field. (b) Next, the polarized light is passed through an optically active sample with observed rotation α.
The analyzer is rotated to establish the dark-field condition again. The optical rotation α can be read from the calibrated scale
on the analyzer.
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One decimeter = 10 centimeters. The reason for
using the decimeter as a unit of length is that
the length of a typical sample container used in
polarimeters is 1 dm. Specific rotation can, in
some cases, have a nonlinear dependence on
concentration—that is, Eq. 6.13 is not followed
at all concentrations. One reason might be that
the sample molecules undergo noncovalent
association at higher concentration, and this
association might be solvent-dependent. Yet
specific rotations are often determined from
Eq. 6.13 at a single concentration. It is
important in practice, therefore, to report the
conditions of solvent and concentration under
which the specific rotation is determined. In
this text, however, for simplicity, we assume the
validity of Eq. 6.13.

concentration c of the optically active compound in the sample as well as the
length l of the sample container:
α = [α]cl

(Biot’s law)

(6.13)

The constant of proportionality, [α], is called the specific rotation. The
specific rotation is the standard for reporting optical activity. By convention, the
concentration of the sample is expressed in grams per milliliter (g mL–1 ), and
the path length in decimeters (dm). (For a pure liquid, c is taken as the density.)
Thus, the specific rotation is equal to the observed rotation at a concentration of
1 g mL–1 and a path length of 1 dm.
Typically, the specific rotation [α] is determined as the slope of a plot of observed
rotation α against the concentration c. Because the dimensions of the observed
rotation are degrees, the dimensions of [α] are degrees mL g –1 dm–1 .(Often,
specific rotations are reported simply in degrees, with the other units understood.)
Because the specific rotation of any compound varies with wavelength, solvent,
and temperature, [α] is conventionally reported with a subscript that indicates
the wavelength of light used and a superscript that indicates the temperature. Therefore, a specific
rotation reported as [α]20
D has been determined at 20 °C using the light of a sodium D-line.

Study Problem 6.3
A sample of (S)-2-butanol has an observed rotation of +2.18° at 20 °C. The measurement was made with a 2.0 M
solution of (S)-2-butanol in methanol solvent in a sample container that is 10 cm long. What is the specific rotation
[α]20
D of (S)-2-butanol in this solvent?
Solution To calculate the specific rotation, the sample concentration in g mL–1 must be determined. Because the
molecular mass of 2-butanol is 74.12, the 2.0 M solution contains 148.1 g L–1 , or 0.148 g mL–1 , of 2-butanol. This
is the value of c used in Eq. 6.13. The value of l is 1 dm. Rearranging Eq. 6.13 and substituting these values,
–1
–1
–1
[α]20
D = ( +2.18°)/(0.148 g mL )(1 dm) = +14.7 degrees mL g dm in methanol solvent.

C. Optical Activities of Enantiomers
Enantiomers are distinguished by their optical activities because enantiomers rotate the plane of
polarized light by equal amounts in opposite directions. So, if the specific rotation [α]20
D of
(S)-2-butanol is +14.7 degrees mL g –1 dm–1 (Study Problem 6.3), then the specific rotation of
(R)-2-butanol is −14.7 degrees mL g –1 dm–1. Similarly, if a particular solution of (S)-2-butanol has
an observed rotation of +3.5°, then a solution of (R)-2-butanol under the same conditions will
have an observed rotation of −3.5°. Another way to indicate the optical rotation of a compound is
with a lower-case prefix d or l, the first letters of the words dextrorotatory and levorotatory. These
are sometimes used instead of the plus (+ ) and minus (− ) signs. Thus, (+ )-2-butanol can also be
called d-2-butanol, and (− )-2-butanol can also be called l-2-butanol. We won’t use this notation
extensively in this text because it can potentially be confused with the prefixes d and l, which
are used in an older system of absolute stereochemical configuration that is still used with amino
acids and sugars. (We discuss this system in Chapters 24 and 27.)
Keep in mind the following point about optical rotation: There is no general correspondence
between the sign of the optical rotation and the R or S configuration of a compound. Thus, some
compounds with the S configuration have positive rotations, whereas others have negative
rotations. For example, the S enantiomer of 2-butanol is dextrorotatory, whereas the S enantiomer
of 1,2-butanediol is levorotatory.
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CH2CH3
H C
H3C

CH2CH3
H C
HO

OH

(S)-(+)-2-butanol
(d-2-butanol)
[α]D20 = +14.7 degrees mL g–1 dm–1

[α]D20=

CH2OH

(S)-(–)-1,2-butanediol
(l-1,2-butanediol)
–15.4 degrees mL g–1 dm–1

(6.14)

The only way to determine optical rotation is to measure it experimentally. For example, the
name (S)-(+ )-2-butanol implies that someone has measured and reported the optical rotation
of the S enantiomer. We can then deduce that the R enantiomer should be (R)-(− )-2-butanol,
because enantiomers have equal rotations of opposite signs.
Conversely, you can measure the optical rotation of a chiral substance without knowing its
configuration. For example, let’s imagine you have isolated a compound from a natural source
(let’s call it “newnol”) and have found that it has a positive optical rotation. Your compound
is therefore (+ )-newnol, or d-newnol. But its sign of rotation does not allow you to deduce its
stereochemical configuration. (The determination of absolute stereochemical configuration is
discussed in Sec. 6.5.)
It would certainly be useful to be able to deduce the sign (and the magnitude) of the optical
rotation from a structure. There are ways to do this, but these methods require complex
quantum-chemical calculations.

Focused Problems
6.8

(a)	The specific rotation of sucrose (table sugar) in water is +66.1 degrees mL g –1 dm–1. What is the observed optical rotation in a
1 dm path of a sucrose solution prepared from 5 g of sucrose and enough water to form 100 mL of solution?
(b)

6.9

Chemist Ree N. Ventdawil has said to you that he plans to synthesize the enantiomer of sucrose so that he can measure its
specific rotation. You politely inform him that you already know the result. Explain how you can make this claim.

A sample of S-(–)-α-phenethylamine has an observed rotation of −9.2° at a concentration of 0.3 g mL–1 measured with the
sodium D-line in a 1-dm measuring cell in chloroform at 25 °C. What is the specific rotation [α]25
D of S-(–)-α-phenethylamine in
chloroform?
Ph

H

C

H3C

6.4

NH2

(S)-(–)-α-phenethylamine

MIXTURES OF ENANTIOMERS

A. Enantiomeric Ratio and Enantiomeric Excess
When one enantiomer of a chiral compound is uncontaminated by the other enantiomer, it
is said to be enantiomerically pure. However, mixtures of enantiomers occur commonly. A
50:50 mixture of enantiomers is called a racemic mixture or racemate. (We discuss racemates
further in Sec. 6.4B.) A mixture of enantiomers with proportions other than 50:50 is called a
scalemic mixture. The enantiomeric composition of a mixture of enantiomers can be expressed
in two ways. The simplest way is the enantiomeric ratio (ER), which is the ratio of the major
enantiomer to the moles of the minor enantiomer. For example, a scalemic mixture that is 80% R
and 20% S has ER = 4, or ER = 80% R:20% S.
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Another way to express the enantiomeric composition is the enantiomeric excess, abbreviated
EE, which is defined as the difference between the percentages of the two enantiomers in the
mixture:
EE = % of the major enantiomer – % of the minor enantiomer

(6.15)

For example, if a mixture contains 80% of the (+ )-enantiomer and 20% of the (− )-enantiomer,
the EE is 80% − 20% = 60%. Notice that EE is not the same as % purity. The use of enantiomeric
excess comes from the effect of the contaminating enantiomer on the optical activity of the
mixture. For example, if a mixture consists of 80% of the (+ )-enantiomer and 20% of the (− )enantiomer, then the optical activity of the mixture is 60% of the optical activity of the pure
(+ )-enantiomer. This is because the 20% of the (− )-enantiomer cancels the rotation of 20%
of the (+ )-enantiomer, leaving a net optical rotation of 60%. [Remember that the (+ )- and
(− )-enantiomers have equal rotations of opposite sign.]
optical rotations cancel



–

–

+

+

+

+

+

+

+

+

net optical activity =
60% of the optical rotation
of the (+)-enantiomer

(6.16)

10 molecules: 20% (–)-enantiomer, 80% (+)-enantiomer

From this example you can see that the optical activity of the mixture has a percentage optical
activity of the pure (+ )-enantiomer that equals the EE. It follows that if we know the optical
activity of the pure major enantiomer, and if the two enantiomers are the only optically active
substances present in a sample, then the enantiomeric excess in the sample can be determined
from the specific rotation of the mixture:
EE = 100% ×

EE and optical purity are
the same only when Biot’s
law (Eq. 6.13) is valid—that
is, when optical activity is
proportional to concentration.
When the optical activities
of some compounds deviate
from Biot’s law at higher
concentrations, enantiomeric
excess has to be determined
in some other way. We
assume here the validity of
Biot’s law.

[α]mixture
[α]pure

(6.17)



where [α]mixture and [α]pure are the specific rotations of the mixture and the pure major
enantiomer determined under the same conditions. Conversely, if we know the optical activity of
the mixture and the EE, then we can calculate the optical activity of the pure major enantiomer.
When the EE is calculated from optical activities as in Eq. 6.17, it is sometimes also called
optical purity.
Finally, the actual percentages of each enantiomer, and thus the ER, can be calculated from
the EE. Remember that the percentages of the two enantiomers add to 100%.
% minor enantiomer = 100% – % major enantiomer

(6.18)

Substituting this equation into Eq. 6.15, we have
EE = % major enantiomer – (100% – % major enantiomer)
= 2(% major enantiomer) –100%



(6.19a)

Solving for % major enantiomer, we find
% major enantiomer = (EE + 100%)/2

(6.19b)

If EE = 80%, for example, the % major enantiomer is 180%/2 = 90%. The remaining 10% is the
minor enantiomer. The ER is 9, or 90%:10%.
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Study Problem 6.4
Your lab partner tells you that a sample of (+ )-2-butanol has an apparent specific rotation of +13.8 degrees mL g −1 dm −1
and is known to be a mixture of the two enantiomers with EE = 94%. (a) How much of each enantiomer is in the
mixture? (b) What is the ER? (c) What is the specific rotation of enantiomerically pure (+ )-2-butanol?
Solution
(a)
The % of the major enantiomer (+ )-2-butanol is calculated from Eq. 6.19b:
% (+ )-enantiomer = (94% + 100%)/2 = 97%

(b)
(c)

Then there is (100 − 97)% = 3% of the minor enantiomer (− )-2-butanol in the mixture. Checking our work, this
means that the EE has to be 97% − 3% = 94%, as given.
The ER is 97% (+ )-2-butanol:3% (− )-2-butanol, or 97/3 = 32.3.
Rearranging Eq. 6.17, we calculate the specific rotation of pure (+ )-2-butanol as follows:
[α]pure = 100% ×

[α]mixture
100% × (13.8 degrees mL–1 g–1 dm–1)
–1 –1
–1
=
= +14.7 degrees mL g dm
EE
94%

B. Racemates (Racemic Mixtures)
Recall from the previous section that a mixture containing equal amounts of two enantiomers
is called a racemate or a racemic mixture. (In older literature, the term racemic modification was
used.) A racemate is referred to by name in three ways. The racemate of 2-butanol, for example,
can be called racemic 2-butanol, ( ± )-2-butanol, or d,l-2-butanol.
Racemates typically have physical properties that are different from those of the pure
enantiomers. For example, the melting point of either enantiomer of lactic acid (Display 6.12,
Sec. 6.3) is 53 °C, but the melting point of racemic lactic acid is 18 °C. The reason for the different
melting points is that the crystal structures differ. Recall from Sec. 2.6B that the melting point
largely reflects interactions between molecules in the crystalline solid. (Imagine packing a dozen
left shoes—a “pure enantiomer”—in a box, and then imagine packing six right shoes and six left
shoes—a “racemate”—in the same box. The interactions among the shoes—the way they touch
each other—are different in the two cases.) The optical rotations of enantiomers and racemates
are another example of differing physical properties. The optical rotation of any racemate is
zero, because a racemate contains equal amounts of two enantiomers whose optical rotations of
equal magnitude and opposite sign exactly cancel each other. In a racemate, the ER is 1.0 and the
EE = 0.
The process of forming a racemate from a pure enantiomer is called racemization. The
simplest method of racemization is to mix equal amounts of enantiomers. As you will learn,
racemization can also occur as a result of chemical reactions.
Because a pair of enantiomers have the same boiling points, melting points, and solubilities—
exactly the properties that are usually exploited in designing separations—the separation
of enantiomers poses a special problem. The separation of a pair of enantiomers, called an
enantiomeric resolution, requires special methods that are discussed in Sec. 6.10.

FURTHER EXPLORATION 6.1
Terminology of Racemates

Science and Society/
Superstock

Racemates in the Pharmaceutical Industry
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Over half of the pharmaceuticals sold commercially are chiral
compounds. Drugs that
come from natural sources
(or drugs that are prepared
from materials obtained

from natural sources) have always been produced as
pure enantiomers, because, in most cases, chiral compounds from nature occur as only one of the two possible
enantiomers. (We’ll explore this point in Sec. 7.7A.) Until
relatively recently, however, most chiral drugs produced
synthetically from achiral starting materials were produced
and sold as racemates. The reason is that the separation
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of racemates into their optically pure enantiomeric components requires special procedures that add cost to the
final product. (See Sec. 6.10.) The justification for selling
the racemic form of a drug hinges on its lower cost and
on the demonstration that the unwanted enantiomer is
physiologically inactive, or at least that its side effects, if
any, are tolerable. However, this is not always so.
The landmark case that dramatically demonstrated
the potential pitfalls in marketing a racemic drug involved
thalidomide, a compound first marketed as a sedative in
Europe in 1958.

H

O

O

N
N

O

O
thalidomide

The (R)-( + )-enantiomer of thalidomide was found to have
a higher sedative activity than the (S)-( − )-enantiomer, but,
as was typical of the time, the drug was marketed as the
racemate for economic reasons. This drug was taken by
a number of pregnant women to relieve the symptoms of
morning sickness. It turned out, tragically, that thalidomide
is teratogenic—that is, it causes horrible birth defects,
such as deformed limbs, when taken by women in early
pregnancy. An estimated 12,000 children were born with
thalidomide-induced birth defects, mostly in Europe and
South America. The drug was never approved for use in

the United States, although some was given to doctors
and dispensed for “investigational use.”
Although it is believed that only the (S)-( − )-enantiomer
of thalidomide is teratogenic, it has been shown that
either enantiomer is racemized in the bloodstream. So,
it is likely that the teratogenic effects would have been
observed with even the optically pure R enantiomer.
Nevertheless, thalidomide illustrates the point that enantiomers can, in some cases, have greatly different biological activities.
A remarkable and happier postscript to the thalidomide story is evolving. One of the reasons that
thalidomide is teratogenic is that it suppresses angiogenesis (the growth of blood vessels), which is essential
for actively dividing cells. This effect is disastrous for a
developing fetus, but is likely to be beneficial for some
cancer patients, because the suppression of angiogenesis has been found in early trials to be effective in treating certain cancers. Thalidomide has been approved
as part of a treatment for multiple myeloma and is also
being used in the treatment of leprosy. Despite these
potential benefits, it cannot be given to women who are
pregnant or are likely to become pregnant.
The pharmaceutical industry, spurred in part by the
U.S. Food and Drug Administration (FDA), has with
increasing regularity developed synthetic chiral drugs
as single enantiomers rather than racemates, thus
ensuring that consumers will not have to contend with
unanticipated side effects of therapeutically inactive
stereoisomers.

Focused Problems
6.10

6.11

(a)

Identify the asymmetric carbon of thalidomide.

(b)

Draw a structure of the teratogenic S enantiomer of thalidomide using lines, a wedge, and a dashed wedge to indicate the
stereochemistry of this carbon.

A 0.1 M solution of an enantiomerically pure chiral compound D has an observed rotation of +0.20° in a 1 dm sample container.
The molecular mass of the compound is 150.
(a)

What is the specific rotation of D?

(b)

What is the observed rotation if this solution is mixed with an equal volume of a solution that is 0.1 M in L, the
enantiomer of D?

(c)

What is the observed rotation if the original solution of D is diluted with an equal volume of solvent?

(d)

What is the specific rotation of D after the dilution described in part (c)?

(e)

What is the specific rotation of L, the enantiomer of D, after the dilution described in part (c)?

(f)

What is the observed rotation of 100 mL of a solution that contains 0.01 mol of D and 0.005 mol of L? (Assume a 1 dm path
length.)
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6.12

(g)

What is the enantiomeric excess (EE) of D in the solution described in part (f)?

(h)

What is the enantiomeric ratio (ER) in the solution described in part (f)?

A chemist has developed a new synthesis of ibuprofen and has reported that she has prepared the (S)-(+ )-enantiomer in
90% EE, and that this material has a measured specific rotation of +51.7 degrees mL g –1 dm–1.
O
C

ibuprofen

6.13

6.5

H

OH

Me

(a)

Draw a line-and-wedge formula of (S)-(+ )-ibuprofen.

(b)

What is the specific rotation of pure (S)-(+ )-ibuprofen? Of pure (R)-(− )-ibuprofen?

(c)

How much of each enantiomer is present in her sample?

What observed rotation is expected when a 1.5 M solution of (R)-2-butanol is mixed with an equal volume of a 0.75 M solution
of racemic 2-butanol, and the resulting solution is analyzed in a sample container that is 1 dm long? The specific rotation of
(R)-2-butanol is −14.7 degrees mL g –1 dm–1.

STEREOCHEMICAL CORRELATION

You can’t specify the configuration of a molecule with the R,S system until you know the actual
three-dimensional arrangement of its atoms—that is, its absolute configuration or absolute
stereochemistry. If you were the first person ever to synthesize one enantiomer of a chiral
compound, how would you determine its absolute configuration? (Recall that the sign of optical
rotation cannot be used to assign an R or S configuration; Sec. 6.3C.) One way is to use a variation
of X-ray crystallography called anomalous dispersion. Although X-ray crystallography is
more widely used than it once was, it still requires specialized expensive instrumentation
that is not readily available in the average laboratory. The absolute configurations of most
organic compounds are determined instead by using chemical reactions to correlate them with
other compounds of known absolute configurations. This process is called stereochemical
correlation.
To illustrate a stereochemical correlation, suppose you have obtained an optically active
sample of the following alkene.
Ph

CH

CH

CH2

CH3
[α]25
D

= –6.7 degrees mL g–1 dm–1
R or S configuration unknown

You’ve measured its optical activity experimentally and have determined that it is levorotatory—
that is, it is the (− )-enantiomer. However, you don’t know its absolute configuration—whether it is
R or S. Remember, the optical rotation does not provide this information. You go to the chemical
literature and you find that no one has ever determined the absolute configuration of either the
(− )- or the (+ )-alkene. How would you determine its absolute configuration? This compound is a
liquid, so crystallization followed by X-ray crystallography is unrealistic.
Being an astute organic chemistry student, you know (Sec. 5.8B) that you can convert this
alkene into a carboxylic acid by ozonolysis. This reaction breaks the double bond, but it does not
break any of the bonds to the asymmetric carbon. You carry out this reaction on your alkene and
obtain a sample of the carboxylic acid, which has the common name hydratropic acid. You find by
direct measurement that your sample of hydratropic acid is optically active and dextrorotatory.
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shown in Eq. 6.20.
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Ph

CH

CH

CH2

O

1) O3
2) H2O2/H2O

Ph

CH

C

OH

CH3

CH3

hydratropic acid
(+) optical rotation 

(–) optical rotation

(6.20)

Here is where things stand: You have shown that the (− )-alkene is converted by ozonolysis
into (+ )-hydratropic acid. Prior to running this reaction, you searched the chemical literature and
found that someone in the past had determined the absolute configuration of (+ )-hydratropic
acid, perhaps by X-ray crystallography. (This search can be carried out rapidly by computer.)
In this previous work, the (+ )-enantiomer of hydrotropic acid was shown to have the S
configuration. Therefore, you have converted the (− )-alkene of unknown configuration into
(+ )-hydrotropic acid, known from earlier work to have the S configuration:

Ph

CH

CH

CH2

Ph

1) O3
2) H2O2/H2O

C

H
H3C

CH3
(–) optical rotation
unknown configuration

O

C
OH

(S)-(+)-hydratropic acid
The S enantiomer is known
to have (+) optical rotation
from earlier work.


(6.21)

You are now in a position to deduce the absolute configuration of your alkene, because the
corresponding groups in the two compounds must be in the same relative positions. Remember, no
bonds to the asymmetric carbon were broken.
This bond is not broken
by ozonolysis.

Ph
H C
H3C

CH

CH2

1) O3
2) H2O2/H2O

Ph
C

H
H3C

O

C
OH

The relative stereochemical
positions of these two carbons
must be the same.

(6.22)

You now know the absolute configuration of the alkene—that is, you can build a threedimensional model of it, as shown in Eq. 6.22. Assigning the configuration by the sequence rules
(Sec. 6.2) shows that the alkene has the R configuration. You have now linked the optical rotation
of the alkene to its configuration. [Note that the phenyl (Ph) group has higher priority than the
alkene carbon in the R,S system.]
Ph
H C
H3C

CH

CH2

(R)-(–)-alkene
(configuration deduced
from this correlation)
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1) O3
2) H2O2/H2O

Ph
H
H3C

C

C

O

OH

(S)-(+)-hydratropic acid
(configuration was
previously known) 

(6.23)

17/11/20 5:38 PM

6.6 Diastereomers  297
Once this result is published in the chemical literature, others can use this assignment to carry
out other correlations (Focused Problem 6.14). It also follows that the dextrorotatory alkene—the
enantiomer of your starting alkene—must have the S configuration because enantiomers must
have optical rotations of opposite signs. Thus, a correlation carried out on either enantiomer
establishes the configurations of both.
Although the reactant and the product in this example have different R,S configurations, this
relationship is not true in general. It is possible for the R,S configurations of the reactant and the
product to be same. The result depends on the relative priorities of the groups at the asymmetric
carbon and their relative positions in the three-dimensional model. If a reaction results in a
change in the relative priorities of groups at the asymmetric carbon, as in this case, then the
correlated structures will have different R,S designations. If relative priorities don’t change,
the correlated structures will have the same R,S designations. (See Focused Problem 6.14.)
The optical rotation of the two correlated compounds may have different signs, as in this
example, or they may have the same sign. The relative signs of rotation must be determined by
experiment.
To summarize: We can determine the absolute configuration of one compound by converting
it into another compound whose absolute configuration is known. We could also take the same
approach “in reverse” and deduce the configuration of a product from a starting material of
known configuration. This approach of relating reactants and products is unambiguous when
the bonds to the asymmetric atom(s) are unaffected by the reaction. (A reaction that breaks these
bonds can also be used if the stereochemical outcome of such a reaction has previously been
carefully established.)
Stereochemical correlation has been used to establish stereochemistry throughout the history
of organic chemistry. One of the most spectacular examples was the determination of the
stereochemistry of glucose and other sugars, which we show in Sec. 24.10.

Focused Problem
6.14

Use the known stereochemistry of the starting alkene (Eq. 6.23) to assign the stereochemical configuration of the product, which
was found by experiment to be levorotatory.
Ph
H C
H3C

CH

1) BH3
_
2) H2O2/OH

CH2

CH

(–)-Ph

CH2CH2

OH

CH3

(R)-(–)-alkene

unknown configuration; the
optical rotation is known from
experimental measurement

6.6

DIASTEREOMERS

A. Stereoisomers That Are Not Enantiomers
Up to this point, our discussion has focused on molecules with only one asymmetric carbon. Now
we consider molecules that have two or more asymmetric carbons. This situation is illustrated by
2,3-pentanediol, in which both carbons 2 and 3 are asymmetric.

H3C
1

OH

OH

CH

CH

2

3

OH
CH2CH3
4

5

2,3-pentanediol
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OH

OH

H
C2H5

3

2

OH
C

C

2

OH

H
CH3

C
C2H5

C

3

OH

CH3

C2H5

CH3
3

2

H

2

OH
3

C

OH

C

2

H
CH3

C2H5

3

C

C

CH3

2

OH

H

OH

CH3

C

3

OH

OH
OH (2R,3R)

(2S,3S)

C

H

C

OH

C2H5

C2H5

C

CH3
3

OH
OH (2S,3R)

2

C
OH

C

C2H5

OH

H

C2H5

3

C

C

CH3

2

OH

H

(2R,3S)

FIGURE 6.6 Stereoisomers of 2,3-pentanediol shown with both ball-and stick models and line-and-wedge structures.
In each model, the small unlabeled atoms are hydrogens. This illustration uses a particular conformation of each
stereoisomer, but the analysis in the text is equally valid for any other conformation. (Try it!)

Each asymmetric carbon might have the R or S configuration. With two possible configurations
at each carbon, four stereoisomers are possible:
(2S ,3S ) (2 R ,3R )
(2S ,3R ) (2 R ,3S )
These possibilities are shown as both ball-and-stick models and line-and-wedge structures in
Fig. 6.6. What are the relationships among these stereoisomers?
The 2S,3S and 2R,3R isomers are a pair of enantiomers because they are noncongruent mirror
images; the 2S,3R and 2R,3S isomers are also an enantiomeric pair. (Demonstrate this point to
yourself with models.) These structures illustrate the following important general point: A pair of
enantiomers must have opposite configurations at every asymmetric carbon.
Because neither the 2S,3S and 2S,3R pair nor the 2R,3R and 2R,3S pair are enantiomers, they
must have a different stereochemical relationship. Stereoisomers that are not enantiomers are called
diastereoisomers or, more simply, diastereomers. Diastereomers are not mirror images. All of the
relationships among the stereoisomeric 2,3-pentanediols are summarized in the following diagram:
H
3

C

C

2

(2S,3S)

C2H5
H

enantiomers

(2R,3R)

diastereomers

OH
3

C

OH

C

2

H
CH3

H

3

C

C

(2S,3R)

enantiomers

CH3

2

OH
diastereomers

OH

H
CH3

OH
H

diastereomers

C2H5

C2H5

OH

(2R,3S)

C2H5

OH

H
3

C

OH

C

CH3

2

H

(6.24)
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TABLE 6.1 Properties of Four Chiral Stereoisomers

O
H3C

C

O
NH

2
3

CH

C

CH

CH3

CH2

OH

CH3 N-acetylisoleucine

Configuration

Specific rotation [α ]D25
Melting
(ethanol), degrees mL g−1 dm−1 point, °C

(2S,3S)
(2R,3R)

+15
−15

150−151
150−151

(2S,3R)
(2R,3S)

+21.5
−21.5

155−156
155−156

racemate of
(2S,3S) and (2R,3R)

    0

117−123

racemate of
(2S,3R) and (2R,3S)

    0

165−166

}
}

Relationship






enantiomers 

enantiomers

diastereomers

Diastereomers differ in all of their physical properties. Thus, diastereomers have different
melting points, boiling points, heats of formation, and standard free energies. Because
diastereomers differ in all of their physical properties, they can in principle be separated by
conventional means, such as fractional distillation or crystallization. If diastereomers happen
to be chiral, they can be expected to be optically active, but their specific rotations will have no
relationship. These points are illustrated in Table 6.1, which gives some physical properties for
four stereoisomers and their racemates for an amino acid derivative, N-acetyl isoleucine.
Let’s contrast various aspects of enantiomers and diastereomers:
1. Occurrence: Enantiomers occur in pairs. If a molecule is chiral, it has one and only one
enantiomer. There can be many diastereomeric relationships among stereoisomers that
possess multiple asymmetric centers.
2. Asymmetric centers: No matter how many asymmetric centers a chiral molecule has, enantiomers differ in configuration at every asymmetric center; they cannot be mirror images
otherwise. If two stereoisomers with asymmetric centers have the same configuration at
one or more (but not all) asymmetric centers, they must be diastereomers.
3. Chirality: Each enantiomer of a pair is chiral and is therefore the noncongruent mirror
image of the other. Some diastereomers are chiral (as is the 2,3-pentanediol example of this
section), but some diastereomers are not chiral. (See Study Problem 6.5 for an example;
another important example is discussed in Sec. 6.7.) Whether chiral or not, a pair of diastereomers cannot be mirror images, because two molecules that are mirror images must be
either identical or enantiomers.
4. Symmetry: No chiral molecule can have either an internal plane of symmetry or a center of
symmetry. Therefore, enantiomers must not have these symmetry elements. Any molecule
with one or more of these symmetry elements is achiral.
5. Optical activity: All enantiomers are optically active; the optical activities of an enantiomeric pair
have equal magnitudes and opposite signs. If diastereomers are chiral, they are optically active;
but the optical activities of two diastereomers have no relationship in either magnitude or sign.

There are other symmetry
elements that can rule
out chirality, but they are
so unusual that we won’t
encounter them in this text.

6. Other physical properties: A pair of enantiomers have identical physical properties—melting
point, boiling point, heat of formation, standard free energy. Diastereomers have different
physical properties.
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B. Summary of Isomerism
You have now seen an example of every common type of isomerism. To summarize:
1. Isomers have the same molecular formula.
2. Constitutional isomers have different atomic connectivities.
3. Stereoisomers have identical atomic connectivities. There are only two types of
stereoisomer:
		a. Enantiomers are noncongruent mirror images.
		 b.	Diastereomers are stereoisomers that are not enantiomers; furthermore, they are not
mirror images.
The structural relationships among molecules are analyzed by working with one pair of molecules
at a time. The flowchart in Fig. 6.7 provides a systematic way to determine the isomeric relationship,
if one exists, between two nonidentical molecules. Study Problem 6.5 illustrates the use of Fig. 6.7.

Given: two nonidentical molecules
Problem: What is their relationship?

Yes

Do the molecules have
the same molecular formula?

The molecules are isomers.

Yes

Do the molecules have
the same atomic connectivity?

The molecules are
stereoisomers.

Yes

Are the molecules
noncongruent mirror images?

The molecules are
enantiomers. (END)

No

The molecules are
not isomers. (END)

No

The molecules are
constitutional isomers. (END)

No

The molecules are
diastereomers. (END)

FIGURE 6.7 A systematic way to analyze the relationship between two nonidentical molecules. Given a pair of
molecules, work from the top of the chart to the bottom, asking each question in order and following the appropriate
branch. When you get to a red box labeled “END,” the isomeric relationship is determined.
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Study Problem 6.5
Determine the isomeric relationship between the following two molecules:
CH3CH2

CH2CH3

C

H

C

C
H

H

CH2CH3
C
H

CH3CH2

Solution Work from the top of Fig. 6.7, and answer each question in turn. These two molecules have the same
molecular formula; therefore, they are isomers. They have the same atomic connectivity; therefore, they are
stereoisomers. (In fact, they are the E and Z isomers of 3-hexene.) Because the molecules are not mirror images, they
must be diastereomers. Thus, (E)- and (Z)-3-hexene are diastereomers.

We can see from Study Problem 6.5 that double-bond isomerism is actually one type of
diastereomeric relationship. The fact that neither (E)- nor (Z)-3-hexene is chiral shows that some
diastereomers are not chiral.

Focused Problem
6.15

Give the relationship between the molecules in each of the following pairs. Use E for enantiomers, D for diastereomers, C for
constitutional isomers, I for identical, and N for none of these.
(a)

H3C OH

     (b)

HO CH3

H OH

HO H
and

and
(c)

(d)

H

and

and
H

(e)

CH3
OH

(f)
OH         
CH3

and

H CH3

6.7

H

H OCH3
CH3
OH

H CH3

H

H CH3

H OCH3
OH
H

and

H CH3

MESO COMPOUNDS

A. Achiral Compounds with Asymmetric Centers
Up to this point, each example of a molecule containing one or more asymmetric carbon atoms
has been chiral. However, certain compounds containing two or more asymmetric carbons are
achiral. 2,3-Butanediol provides an example:

H3C
1

OH

OH

CH

CH

2

3

OH
CH3
4

2,3-butanediol

1

2

3

4

OH

As with 2,3-pentanediol in Sec. 6.6, four stereoisomers seem possible:
(2S ,3S ) (2 R ,3R )
(2S ,3R ) (2 R ,3S )
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OH

H
CH3
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2

OH
C

C

H
CH3

2

OH

CH3

C

3

C

OH

CH3

CH3

CH3

H

3

C

OH
C

2

H
CH3

2

OH

CH3

C

C

CH3

2

H

OH
CH3

CH3

C

3

3

OH
OH (2R,3R)

(2S,3S)

C

H

OH

OH

OH

CH3

CH3

C

C

3

OH

2

C

3

OH
OH (2S,3R)

2

OH

CH3

C
CH3

OH

H
3

C

C

CH3

2

OH

H

(2R,3S)

FIGURE 6.8 Stereoisomeric possibilities for 2,3-butanediol. As with Fig. 6.6, this illustration uses a particular
conformation of each stereoisomer, and the small unlabeled atoms on each model are hydrogens.

Ball-and-stick models along with line-and-wedge structures of these molecules are shown in
Fig. 6.8. Consider the relationships among these structures. The 2S,3S and 2R,3R structures are
noncongruent mirror images, so they are enantiomers. Although the 2S,3R and 2R,3S structures
are shown as mirror images, each has a center of symmetry and is therefore achiral. In fact, these
two structures are identical. We can demonstrate their identity by rotating the 2R,3S structure 180°
about an axis perpendicular to the C2—C3 bond:
OH
CH3
3

2

C
CH3

C

OH
3

180°
rotate the
molecule 180°

2

OH

C

2

CH3

CH3
3

OH
OH

(2R,3S)

C

CH3

C
OH

(2R,3S)
identical



CH3

C

OH

(2S,3R)
identical

(6.25)

So, there are only three stereoisomers of 2,3-butanediol, not four as it seemed at first, because two
of the possibilities are identical. Because the 2R,3S-stereoisomer of 2,3-butanediol is congruent
to its mirror image, it is achiral. Because it is achiral, it is optically inactive. This stereoisomer is
therefore an achiral diastereomer of both (2R,3R)- and (2S,3S)-2,3-butanediol, which, as we have
seen, are chiral.
The achiral stereoisomer of 2,3-butanediol is an example of a meso compound, and it is
called meso-2,3-butanediol. A meso compound is an achiral (and therefore optically inactive)
compound that has chiral diastereomers. In virtually all of the examples we’ll encounter, a meso
compound is an achiral compound that has at least two asymmetric centers. Although there are
a few unusual exceptions, we can use this statement as the operational definition of a meso
compound. For example, cis- and trans-2-butene are stereoisomers, and they are achiral; but they
are not meso compounds because neither has any asymmetric carbons.
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H3C

H

CH3
C

C

H

CH3
C

H

C

H3C

cis-2-butene

H

Both compounds are achiral . . . BUT
neither has chiral stereoisomers, and
neither has asymmetric carbons.
Therefore, these are not meso compounds.

trans-2-butene

The following diagram summarizes the relationships between the 2,3-butanediol
stereoisomers.
H
3

C

OH

C

2

enantiomers

(2S,3S)

H
CH3

(2R,3R)

H
CH3

H

me

rs

C

2

CH3

dia

me

!

OH

C

2

ste

reo

C

OH

meso
(2R,3S) = (2S,3R )

CH3

OH

H
3

C

OH

C

CH3

2

H

identical



C
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ste

CH3
3

3

OH
dia

H

H

OH

rs

CH3

CH3

OH

(6.26)

Notice carefully the difference between a meso compound and a racemate. Although both are optically inactive, a
meso compound is a single achiral compound, but a racemate is a mixture of chiral compounds—specifically, an
equimolar mixture of enantiomers.

The existence of meso compounds shows that some achiral compounds have asymmetric
carbons. Therefore, the presence of asymmetric carbons in a molecule is an insufficient condition
for it to be chiral, unless it has only one asymmetric carbon. If a molecule contains n asymmetric
carbons, then it has 2n stereoisomers unless there are meso compounds. If there are meso
compounds, then there are fewer than 2n stereoisomers.

B. Recognizing Meso Compounds
Suppose we have a structure that contains two or more asymmetric carbons. How can we tell
whether it can exist as a meso stereoisomer? Here are a few shortcuts that can simplify the
analysis:
1. A meso compound is possible only when a molecule with two or more asymmetric atoms
can be divided into halves that have the same connectivity. (The word meso means “in the
middle.”)
CH3
the two halves of the molecule
have the same connectivity

CH

OH

CH

OH

CH3
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2. In a meso compound, the corresponding asymmetric atoms in each half of the molecule
must have opposite stereochemical configurations:
CH3
meso compounds have
opposite configurations

CH

OH

CH

OH

OH
H

R configuration

H
HO

S configuration

CH3



(6.28)

		
Thus, one asymmetric carbon in meso-2,3-butanediol (see Fig. 6.8) is R and the other is S.
An analogy is your two hands, held palm-to-palm so that corresponding fingers are touching.
Taken as a single object, the pair is a “meso” object; its two halves (each hand) are mirror
images.
3. If you can find any conformation of a molecule with asymmetric carbons—even an
eclipsed conformation—that is achiral, the molecule is meso. For example, Display 6.29
shows that both a staggered conformation (which has a center of symmetry) and an
eclipsed conformation (which has a plane of symmetry) of meso-2,3-butanediol are achiral.
Recognition that either conformation is achiral means the molecule is achiral. (Planes of
symmetry are particularly easy to spot in eclipsed conformations.)
plane of symmetry

OH
3

H

180°

CH3
2

C

OH
OH
OH

C

CH3

H

H

internal
rotation

C

CH3

OH

180°

H

180° OH
This conformation is achiral
because it has a
center of symmetry ( ).


H

C
CH3

CH3

This conformation is achiral
because it has a
plane of symmetry.

OH
C

C

H

CH3

(6.29)

Focused Problems
6.16

Tell whether each of the following molecules has a meso stereoisomer.
(a)

Cl

Cl     (b)

    (c)

Cl Cl

trans-2-Hexene

CH3CHCHCH2CH3
6.17

Explain why the following compound has two meso stereoisomers.

H3C

OH

OH

OH

CH

CH

CH

CH3

(Hint: The plane that divides the molecule into structurally identical halves can go through one or more atoms.)
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C. Summary: Testing Molecules for Chirality
The points in the following list will allow you to assess the chirality of most compounds merely
by inspecting their Lewis structures and knowing their R/S configurations. (This expands the list
presented in Sec. 6.1C to include molecules with multiple asymmetric centers.)
1. If a molecule has a single asymmetric carbon (or other asymmetric atom), it must be chiral.
2. If a molecule has two or more asymmetric carbons, it is chiral unless it is a meso
compound. (The previous section shows how to test for a meso compound.)
3. If a molecule has a plane of symmetry, a center of symmetry, or both, it is not chiral.
4. If you can’t analyze for chirality by the previous three criteria, the most general way to
assess chirality is to build two models or draw two perspective structures, one of the molecule and the other of its mirror image, and then test the two for congruence. If the two
mirror images are congruent, the molecule is achiral; if not, the molecule is chiral.

6.8

CHIRAL MOLECULES WITHOUT ASYMMETRIC CENTERS

The existence of meso compounds demonstrates that the presence of asymmetric carbons is
an insufficient condition for the chirality of a molecule. In this section you will learn that the
presence of an asymmetric atom is also unnecessary for chirality. In other words, some chiral
molecules contain no asymmetric atoms. An example is the following pair of enantiomeric
2,3-pentadiene molecules.
mirror
plane

H3C
C

C

C

H

H
CH3

H
H3C

CH3

C

C

C
H

2,3-pentadiene

(6.30)



These molecules have no asymmetric carbon; yet they are noncongruent mirror images and are
therefore enantiomers. (If necessary, build models of them and convince yourself that this so.)
The chirality of 2,3-pentadiene is “twist” chirality—it is the same type of chirality as the thread
of a screw. We are most familiar with right-handed screw threads—you tighten the screw by
turning it to the right. However, left-handed screw threads are sometimes encountered—you
tighten the screw by turning it to the left. If we view 2,3-pentadiene from one end in a Newman
projection, in one enantiomer the methyl-group sequence turns to the right from the near carbon
to the far carbon. In the other enantiomer, the methyl-group sequence turns to the left.
mirror
plane

H3C
C

C

H

C

H
CH3

H
H3C

CH3

H
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The twist in 2,3-pentadiene is due to the sp hybridization of the central carbon. This
hybridization causes the two systems of π orbitals to be perpendicular. (This is like the carbon
of CO2 ; see Display 1.73, Sec. 1.7D.) Consequently, the planes of the three bonds to the two
sp2 carbons are also perpendicular.
perpendicular
2p orbitals
sp2
carbon

sp carbon

CH3

CH3

sp2
carbon
(6.32)

Compounds containing two carbon–carbon double bonds joined with a common
sp-hybridized carbon are called allenes. We discuss allenes in more detail in Sec. 15.1C.

Focused Problem
6.18

(a)	Indicate whether each molecule is chiral. If it is chiral, draw the structure of its enantiomer. (Assume that the rings are planar
for purposes of this problem.)
Me Me

Me

C

C

C

N

H3C

A

H3C
H

Which atoms are stereocenters (if any) in each molecule?

(c)

Which atoms (if any) are asymmetric centers in each molecule?

C
C

B

(b)

6.9

Cl

+

C

Me

H

Cl

H

CH3

RAPIDLY INTERCONVERTING STEREOISOMERS

A. Stereoisomers Interconverted by Internal Rotations
Chirality is a geometric concept that can be rigorously applied only to static, rigid objects. In this
section you’ll learn to think about the chirality of molecules that are not static, but are changing
rapidly.
Consider as an example the compound butane, CH3CH2 CH2 CH3 . As explained in Sec. 2.5B,
butane exists in rapidly interconverting conformations: two gauche conformations and one anti
conformation.
CH3

CH3

H

CH3

H

H
H

H

H

H

H

H

H

H

H

gauche-butane conformations
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The anti conformation is achiral because it has a center of symmetry (verify this). However,
the two gauche conformations of butane are chiral, and they are enantiomers, because they are
noncongruent mirror images:
mirror

CH3

CH3
C

CH3

C

C

CH3
C

CH3
CH3

C

CH3
C

CH3

C

C

(a) mirror images



(b) the two mirror images
are not congruent
(6.34)

Butane has no asymmetric carbons, so each gauche-butane conformation is another example of
a chiral molecule that has no asymmetric center. The chirality of the gauche butanes is a “twist”
chirality, which was introduced in Sec. 6.8.
The gauche-butanes are examples of conformational enantiomers: enantiomers that
are interconverted by an internal rotation. Either of the gauche-butanes and anti-butane are
conformational diastereomers: diastereomers that are interconverted by an internal rotation.
This analysis shows that the chirality of butane is actually changing rapidly over time. So, is
butane chiral or achiral? To simplify situations like this, chemists agree to assess the chirality
of butane by considering its average structure over time. The conformations of butane are
interconverting so rapidly that the two enantiomeric conformations are taken together as a single
species (like a pair of shoes). When we take this view, butane is achiral. Rigorously, butane is an
achiral anti conformation plus a racemic mixture of the two gauche conformations, but we regard
butane as an achiral molecule because we think of the racemic mixture as a single achiral object.
Any analysis of butane in real time would not detect any evidence of chirality, such as optical
activity. We couldn’t separate the enantiomeric conformations; and even if we could, their optical
activities would dissipate instantly as the conformations came to equilibrium.
Butane is not unique; many achiral compounds have enantiomeric chiral conformations,
and we treat them just as we treat butane. You can apply the following principle to chiral
conformations:
When a molecule can exist as rapidly interconverting enantiomeric conformations, the molecule is
considered to be achiral.

This principle is the reason that we can represent methyl groups or ethyl groups as “single
balls” when we analyze models for chirality, as we did in Sec. 6.1A. If we draw out the hydrogens
explicitly on the methyl or ethyl carbons, you might find chiral conformations; but these
conformations are interconverting so rapidly with their enantiomeric conformations that we view
their conformations in aggregate as one species. The methyl and ethyl groups can be viewed as
rapidly spinning tops.
You can assume rapid rotation about single bonds unless you are told otherwise. This
assumption allows you to use the principles given in the list in Sec. 6.7C (such as the presence
of asymmetric carbons) to determine whether such a molecule is chiral or achiral without
even having to examine individual conformations. If we identify a molecule as chiral using
these principles, it must have at least one chiral conformation that is not in equilibrium
with its enantiomer. If we identify a molecule as achiral using these principles, then every
chiral conformation must be in rapid equilibrium with an enantiomeric conformation. In a
meso compound, for example—despite the presence of asymmetric carbons—every chiral
conformation must be in rapid equilibrium with an enantiomeric conformation.
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How would butane behave
on a very cold planet—so
cold, that the rate of its
internal rotations would be
reduced to the point that
its conformations did not
interconvert? (It would be
also interesting to meet the
inhabitants of such a planet
capable of appreciating this
fact.) On this planet, there
would be three distinct
stereoisomers of butane:
the two enantiomeric
gauche-butanes, which
would be optically active
with equal and opposite
optical rotations, and their
diastereomer anti-butane,
which would be achiral
and would have different
properties from the gauche
stereoisomers. Life would
become much more
complicated for organic
chemistry students on that
planet when asked to assess
the chirality of butane.
Chemists have actually
been able to produce
very unusual molecules
that have such slow
internal rotations that their
individual conformations
can be separately isolated
and studied. When
the conformations are
enantiomeric, they are
indeed optically active. (See
Further Exploration 6.2.)

FURTHER EXPLORATION 6.2
Isolation of Conformational
Enantiomers
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Focused Problems
6.19

Taking the anti conformation of butane as an isolated structure, determine whether it has any stereocenters. If so, identify them.

6.20

(a)	What are the stereochemical relationships among the three staggered conformations of meso-3,4-hexanediol about
the C3–C4 bond?
H OH
3

4

HO H
meso-3,4-hexanediol

(b)
6.21

Explain why meso-3,4-hexanediol is achiral even though some of its conformations are chiral.

Which of the following achiral molecules have enantiomeric conformations? Show one pair of enantiomeric conformations in
each case.
(a)

Propane

(b)

2,3-Dimethylbutane

(c)

2,2,3,3-Tetramethylbutane

B. Stereoisomers Interconverted by Inversion
Amine Inversion An interesting phenomenon occurs with amines, such as ethylmethylamine, in

which the nitrogen is bonded to three different groups.
H
N

..

H3C

C2H5
ethylmethylamine

Ethylmethylamine has trigonal pyramidal geometry. It seems to be a chiral molecule—it should
exist as two enantiomers. The asymmetric atom is a nitrogen.
mirror plane

..

..
H

N

CH3
C2H5

H3C N
C2H5

enantiomers of
ethylmethylamine

H

(6.35)

In fact, ethylmethylamine can exist as two enantiomers, but the enantiomers cannot be separated
because they rapidly interconvert by a process called amine inversion, shown in Fig. 6.9. In this
process, the larger lobe of the electron pair seems to push through the nucleus to emerge on the
other side. (Imagine pulling an inflated balloon through a small hole.) The molecule is not simply
turning over; it is actually turning itself inside out! This is something like an umbrella turning insideout in the wind. This process occurs through a transition state in which the amine nitrogen becomes
sp2-hybridized and the nonbonding electron electron pair is in a 2p orbital. The energy barrier
to the inversion is caused by the loss of s character in the nonbonding electron pair; a 2p orbital
has higher energy than an sp3 orbital. Figure 6.9b shows that amine inversion interconverts the
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FIGURE 6.9 Inversion of
amines. (a) As the inversion
takes place, the large lobe of
the nonbonding electron pair
appears to push through the
nitrogen to the other side.
As this occurs, the three
other groups move first into a
plane containing the nitrogen,
then to the other side (green
arrows). Notice the change
of hybridization that occurs
in the transition state. (b) The
mirror-image relationship of
the inverted amines is shown
by turning either molecule
180° in the plane of the page.
Because the two mirror
images are noncongruent,
they are enantiomers.

nonbonding electron pair
is in a 2p orbital

nonbonding electron pair
is in an sp3 orbital

‡

..

..

N

H3C

H3C

H

C2H5

C2H5

N

H 3C
C2H5

H

H

N

..
sp2-hybridized nitrogen

nonbonding electron pair
is in an sp3 orbital

transition state
(a)

..
N

H3C

H

C2H5

..

H3C
C2H5

N

H
180°

turn the structure 180°
in the plane of the page

N

H

CH3
C2H5

..
enantiomers
(b)

enantiomeric forms of the amine. Because this process is rapid at room temperature, it is impossible
to separate the enantiomers. Therefore, ethylmethylamine is a mixture of rapidly interconverting
enantiomers. Amine inversion is yet another example of racemization (Sec. 6.4B).

For ordinary amines,
inversion occurs at about 107
times per second.

Focused Problem
6.22

Assume that the following compound has the S configuration at its asymmetric carbon, as shown.
Me
N

Et

..

H Me
(a)

What is the isomeric relationship between the two forms of this compound that are interconverted by amine inversion?

(b)

Could this compound in principle be separated into enantiomers?

Inversion at Other Atoms Inversions can occur at other atoms. When the central atom comes

from the second period of the periodic table, inversion is rapid, as it is with amines:

..

R

R2

3

R

R

R1

R3
C
.. –

a carbon anion (carbanion)

..

2



+

O

R1
R

2

3

R

R

an oxonium ion
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R1

..

C–

1

2

N
R2

2

R

3

R

R1
N
..

R3

an amine

R1

R3
O
.. +

All of these inversions occur
rapidly at room temperature.
(6.36)
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Therefore, if one of these atoms is the only asymmetric center in a compound, the compound
cannot be separated into its enantiomers and it cannot maintain optical activity.
However, when the central atom comes from the third and greater periods of the periodic
table, inversion is very slow—so slow that it does not occur at room temperature, for practical
purposes. (Inversion is faster and can be observed at higher temperatures.) This means that
when the phosphorus atom of a phosphine, or the sulfur atom of a trialkylsulfonium ion, is an
asymmetric center, its enantiomers can exist without interconversion.

..

R1

P
R2

R3

R2
a phosphine

R1
P
..

R3

R1

..
S+
R2

R1

R3

R2 S R3
..+

a sulfonium ion

Neither of these inversions occur at room temperature.
(These types of compounds can be resolved into enantiomers.)
(6.37)

The reason that the inversion rates of these compounds are much slower than that of amines
lies in the hybridization of the central atom. As we explained in Sec. 1.7E, the nonbonding
electron pair on the nitrogen of ammonia (and amines) occupies an approximately sp3-hybridized
orbital. This orbital has about 75% 2p character. In the transition state for inversion (see
Fig. 6.9a), the central atom is sp2-hybridized, and the nonbonding electron pair occupies a 2p
orbital. A relatively small amount of energy is required to add another 25% p character to the
nonbonding pair, so the inversion energy barrier is small, and inversion is fast. However, if the
central atom is from the third or greater period, the nonbonding electron pair occupies an orbital
with a high degree of s character and very little p character. [We know this (from Sec. 1.7E)
because the bond angle is close to 90°; consequently, the bonds have a high degree of p character,
and the nonbonding electron pair then has most of the s character.] It takes significant energy to
convert an electron pair in a 3s orbital to an electron pair in a 3p orbital. Therefore, the inversion
barrier for these atoms is larger, and inversion is slower.

Focused Problem
6.23

Arsenic (As) is below nitrogen and phosphorus in group 5A of the periodic table. In an arsine (R3As:), the R—As—R bond angles
are about 92°. How would you expect the inversion rate of arsines to compare with that of amines and phosphines? Explain.

6.10

SEPARATION OF ENANTIOMERS (ENANTIOMERIC
RESOLUTION)

As noted in Sec. 6.4B, the separation of two enantiomers (an enantiomeric resolution) poses a
special problem. Because a pair of enantiomers have identical melting points, boiling points, and
solubilities, we cannot exploit these properties for the separation of enantiomers as we might for
other compounds. How, then, are enantiomers separated?
The resolution (separation) of enantiomers takes advantage of the fact that diastereomers,
unlike enantiomers, have different physical properties. The strategy used is to convert a mixture of
enantiomers temporarily into a mixture of diastereomers by allowing the mixture to combine with
an enantiomerically pure chiral compound called a resolving agent. The resulting diastereomers
are separated, and the resolving agent is then removed to give the pure enantiomers. The
following vignette gives an everyday example of a resolving agent.
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Analogy for a Resolving Agent
Photo Copyright © Marc
Loudon

Suppose you are blindfolded and asked to sort
100 gloves into separate
piles of right- and lefthanded gloves. (Never
mind how you got into
this predicament!) The
g l o v e s a re i d e n t i c a l
except that 50 are right-handed and 50 are left-handed.
The mixture of gloves is a “racemate.” How would you
separate them? You can’t do it by weight, by smell, or by
any other simple physical property, because right- and
left-handed gloves have the same properties. The way
you do it is by trying each glove on your right (or left)
hand. Your hand thus acts as an “enantiomerically pure”

chiral resolving agent. A right-handed glove on your right
hand generates a certain feeling (which we describe by
saying “it fits”), whereas a left-handed glove on the right
hand generates a totally different feeling. In fact, we
could say that the right hand wearing the right-handed
glove is the diastereomer of the right hand wearing the
left-handed glove. The different sensations generated by
the two situations are analogous to the different physical properties of diastereomers. After classifying each
glove as “right” or “left” on the basis of this sensation,
you then break the hand–glove interaction (you remove
the glove) and put the glove in the appropriate pile. You
have thus converted the diastereomer (the hand–glove
combination) into the pure enantiomer (the glove) and
the chiral resolving agent (the hand).

The principle used to separate enantiomers can be stated more formally as follows:
The principle of enantiomeric differentiation: The separation or differentiation of enantiomers
requires that they interact with an enantiomerically pure chiral agent.

This is an important general principle that we’ll use often. In the hand–glove analogy, the “chiral
agent” is the hand that “interacts with” (that is, tries on) the two gloves. When the “chiral agent”
is a compound, the interaction results in a pair of diastereomers, which have different properties
that can be used to separate or distinguish the two enantiomers.
Many techniques have been developed for enantiomeric resolution. In this section you’ll learn
about two examples: chiral chromatography and diastereomeric salt formation. In Sec. 8.7A, we
discuss a third method that is widely used in the pharmaceutical industry, selective crystallization.
Try to notice how the principle of enantiomeric differentiation is applied in each example.

A. Chiral Chromatography
Chromatography is an important technique for separating the components of mixtures. In a
widely used version of this technique, called column chromatography, shown in Fig. 6.10a, a
mixture of compounds is introduced onto the top of a cylindrical column of a finely powdered
solid, called the stationary phase (SP). The components of the mixture adsorb (bind) reversibly
to the SP. This adsorption results from noncovalent attractions between the molecules of the
SP and the molecules in solution to be separated. (Noncovalent interactions are discussed in
Secs. 8.4–8.6.) The column is then eluted (washed) continuously with a solvent. If the components
of the mixture adhere to the SP with sufficiently different affinities, the component with the
smallest affinity for the SP emerges first from the column, and the components with progressively
greater affinities for the SP emerge later. A graph of the concentrations of the compounds in the
mixture against time (or volume of the solvent) is called a chromatogram (Fig. 6.10b).
The chromatographic separation of enantiomers is called chiral chromatography. In a widely
used type of chiral chromatography, the stationary phase typically consists of microscopic porous
glass beads to which an enantiomerically pure chiral compound has been covalently attached. This
material serves as the resolving agent. This combination of glass beads and covalently attached
resolving agent is called generally a chiral stationary phase (CSP). For example, one of many
CSPs that are available commercially is shown in Display 6.38. (Don’t be at all concerned with the
detailed structure; just notice that the pendant resolving agent is a chiral compound and that it is
enantiomerically pure. As an analogy, think of it as a left hand hanging from the glass bead.)
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solvent

solvent

stationary phase
(adsorbs the
compounds
in the mixture)

less strongly
adsorbed
compound

solvent
flows
through
the column
1

2

3

solvent

more strongly
adsorbed
compound

mixture
of two
compounds

4

1

2

3

solvent

less strongly
adsorbed
compound
emerges first

4

1

2

3

1

4

2

more strongly
adsorbed
compound
emerges last
3

4

time
(a)

concentration

less strongly adsorbed compound
more strongly adsorbed compound

t=0

time (or volume of solvent collected)
(b)
FIGURE 6.10 (a) In column chromatography, a mixture of two compounds is adsorbed reversibly onto the upper part
of a column of a finely powdered solid (stationary phase). As solvent is passed through the column, the less strongly
adsorbed component of the mixture moves through the column more rapidly and emerges first. The more strongly
adsorbed component of the mixture is retained longer on the column and emerges later. (b) A plot of concentration of
the mixture components vs. either time of elution or solvent volume. This is called a chromatogram. The area under each
peak is proportional to the total amount of each component.

an optically pure
chiral compound

microscopic glass bead

O
Me

2S,3R

Si
Me

a chiral stationary phase
(each bead contains many
copies of the chiral molecule)
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a chiral stationary phase
(molecular view)

3R

H
O

2S

H H
N
NO2

C

NO2

abbreviation
(used in Eq. 6.38)

(6.38)
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As Display 6.38 shows, each solid bead of the CSP contains many copies of the resolving agent.
Now, if a mixture of enantiomers is passed through the CSP column, each of the two enantiomers
forms a noncovalent complex with the immobilized resolving agent:

R

2S,3R
chiral
stationary phase

S

2S,3R

mixture of
enantiomers
to be
separated

R

2S,3R

S

diastereomeric complexes
have different standard free energies;
therefore, they are formed in different amounts
(6.39)



(We’ve used the abbreviation for the CSP in Display 6.39 as a specific example. Don’t
be concerned about the details of complex formation.) Because the resolving agent is
enantiomerically pure, the two complexes differ in configuration at only one of their
asymmetric carbons. In other words, the two complexes are diastereomers. In general,
diastereomers have different free energies and different stabilities. For this reason, the
equilibrium constants for their formation differ. This means that one of two enantiomers
binds more tightly to the resolving agent than the other and, as a result, the concentrations
of the two complexes are different. As solvent is passed through the column, the more
strongly adsorbed enantiomer is retained longer on the column. Therefore, the solution of
the less strongly binding enantiomer emerges first, and solution of the more strongly binding
enantiomer next. Figure 6.11 shows the chromatogram for the enantiomeric resolution of
Nirvanol, a synthetic drug, by the CSP in Display 6.38.
Typically, chiral chromatography is used on a relatively small scale because the chiral
stationary phases are fairly expensive. It is a superb method for the analysis of mixtures of
enantiomers, and it is frequently used to determine enantiomeric ratio (ER) and enantiomeric
excess (EE; Sec. 6.4A).

H
N

Et

O

N

O

H

H

Et

concentration

(R)-(–)-Nirvanol

N
O

a mixture of
R- and S-Nirvanol
is injected here

0

2

4
6
time, minutes

O

N
H

(S)-(+)-Nirvanol

8

FIGURE 6.11 A chromatogram showing the enantiomeric resolution of Nirvanol, a synthetic anticonvulsant, on
the chiral stationary phase in Display 6.38. (The elution solvent is an 80:20 hexane:isopropyl alcohol mixture.) Which
enantiomer has the greater affinity for the chiral stationary phase?
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How do we know what
CSP to use for a particular
separation? We don’t really
know unless someone has
done it before (as in this
case). The selection of the
CSP and the conditions to
be used for a particular
separation are sometimes
matters of trial and error,
but experience has led to
some principles by which a
resolving agent can usually
be chosen rationally. The
crucial point for us to notice
is that the enantiomers are
separated through their
interaction with the CSP by
the temporary formation of
diastereomers. In terms of
the analogy at the beginning
of this section, the two
enantiomers to be separated
are the gloves, and the CSP
is the hand.
Practical chiral
chromatography was
developed by William H.
Pirkle in the mid-1970s
while he was a professor of
chemistry at the University
of Illinois, and the CSPs he
developed became known
as Pirkle columns. (The
CSP shown in Display 6.38
is an actual example of
a Pirkle column.) A large
variety of CSPs (including
Pirkle columns) are available
commercially.
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Focused Problem
6.24

The enantiomeric resolution in Fig. 6.11 used the chiral stationary phase (CSP) in Display 6.38. How would the enantiomeric
resolution in Fig. 6.11 be affected in each of the following situations?
(a)

If the enantiomer of the CSP in Display 6.38 were used

(b)

If the racemate of the CSP in Display 6.38 were used

B. Diastereomeric Salt Formation
Diastereomeric salt formation is a method used for the enantiomeric resolution of acidic or basic
compounds. Particularly well suited for large-scale separations, this method is illustrated by the
enantiomeric resolution of the racemate of α-phenethylamine:

..

NH2
Ph

CH

CH3

α-phenethylamine

Amines are derivatives of ammonia in which one or more hydrogen atoms have been replaced by
organic groups. Diastereomeric salt formation involving amines takes advantage of the fact that
amines, like ammonia, are bases; so, they react rapidly and quantitatively with carboxylic acids in
a Brønsted acid–base reaction to form salts:
O

..
..

..
..

O

..

an amine
(a Brønsted base)

..
..

H

O

C

R

R

NH3

pKa ≈ 9–10

a carboxylic acid
(a Brønsted acid)
pKa ≈ 4–5

..
..

NH2

O

C

..

R

_

+

R

a salt

(6.40)



If the carboxylic acid in Eq. 6.40 is enantiomerically pure, it can serve as the resolving agent.
In many cases, enantiomerically pure compounds used for this purpose can be obtained from
natural sources. One such compound is (2R,3R)-(+ )-tartaric acid:
CO2H
C

H
OH

H
C

OH

CO2H

(2R,3R)-(+)-tartaric acid

(6.41)

The reaction of (+ )-tartaric acid with the racemic amine gives a mixture of two diastereomeric
salts, as shown in Display 6.42. In terms of the hand–glove analogy introduced at the beginning
of Sec. 6.10, the enantiomeric amines are the two “gloves” that are to be separated by interaction
with an enantiomerically pure “hand,” the carboxylic acid.
“glove”
(one enantiomer)
_
CO2

Ph
H
+

C

NH3
(R)

CH3

“glove”
(the other enantiomer)

“hand”

C

H
OH

(R)

H
C

OH

CO2H
(R)

_

Ph
C

H
CH3

(S)

diastereomeric salts
(different melting points,
diffent solubilities)

“hand”

CO2
+

NH3

C

H
OH
(R)

H
C

OH

CO2H
(R)

(6.42)
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These salts are diastereomers because they differ in configuration at only one
of their three asymmetric carbons. Because these salts are diastereomers, they
have different physical properties. In this case, they have significantly different
solubilities in methanol, a commonly used alcohol solvent. (The difference in
solubilities was found by trying different solvents.) The (S,R,R)-diastereomer
happens to be less soluble, and it crystallizes selectively from methanol, leaving
the (R,R,R)-diastereomer in solution, from which it may be recovered. Once
either pure diastereomer is in hand, the salt can be decomposed with aqueous
base to liberate the water-insoluble, optically active amine, leaving the tartaric
acid in solution as its conjugate-base dianion.

2 NaOH

+

C

H
CH3

CO2–

H

C

+

C

NH3 H
OH

C

H
CH3

CO2H

reacts with –OH

pKa = 9.5

CO2– Na+ H

Ph

OH

The exact conditions for selective crystallization
of the salt are very specific, and you should
not be concerned with learning these. The
insolubility of the amine in water and the
solubility of its conjugate acid are also crucial to
the process. These conditions were determined
by the application of solubility principles that
we cover in Chapter 8. A certain amount of trial
and error is also typically required for designing
these conditions. The important points here are
the use of a chiral resolving agent, the acid–
base reaction used to form the salt, and the
acid–base reaction used to liberate the amine.

C

..

reacts with
–
OH

Ph

C

NH2 H
OH

(insoluble in water;
extracted into ether
and recovered)

salt

315

OH

_
CO2

+ 2H

Na+

OH

pKa = 14.0

(soluble in
water,
insoluble in
ether)
(6.43)

Salt formation is such a simple and convenient reaction that it is often used for the
enantiomeric resolution of amines and carboxylic acids.

Focused Problem
6.25

Which of the following amines could in principle be used as a resolving agent for a racemic carboxylic acid?
(–)-Ph

CH

NH2

(±)-Ph

CH

NH2

(+)-Ph

CH

CH3

CH3

CH3

A

B

C

NH2

H3C

NH2
D

Chiral Recognition by Scent Receptors

Photo Copyright
© Marc Loudon

In many cases, enantiomers have different odors. The
enantiomers of carvone are one example.
O

O

H
R-(–)-carvone
(spearmint)

H
S-(+)-carvone
(caraway)

(R)-( − )-Carvone gives spearmint its familiar odor. [Naturally obtained (R)-( − )-carvone is used as a natural flavoring, and spearmint oil production is a $100 million industry
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in the United States.] Its enantiomer, (S)-( + )-carvone, is
present in caraway seeds (actually, the fruit of the caraway
plant), which give rye bread its characteristic odor.
The different odors of enantiomers provide a biological
illustration of the principle of enantiomeric differentiation.
Scent receptors are proteins, and they are enantiomerically
pure, chiral molecules. (Humans have 347 scent receptor
proteins.) Each scent receptor can therefore serve as a
“chiral agent.” Whether a carvone molecule interacts with
one or (as is likely) several different scent receptors, the
interactions of the two carvone enantiomers with any given
scent receptor are diastereomeric. These diastereomeric
interactions result in different neurological signals that the
brain recognizes as different odors.
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6.11

THE POSTULATION OF TETRAHEDRAL CARBON

Chemists recognized the tetrahedral configuration of a carbon with four bonds almost one-half
century before physical methods confirmed the idea with direct evidence. This section shows how
the phenomena of optical activity and chirality played key roles in this development, which was
one of the most important chapters in the history of organic chemistry.
The first chemical substance in which optical activity was observed was quartz. When a quartz
crystal is cut in a certain way and exposed to polarized light along a particular axis, the plane of
polarization of the light is rotated. In 1815, the French chemist Jean-Baptiste Biot (1774–1862)
showed that quartz exists as both levorotatory and dextrorotatory crystals. The Abbé René Just Haüy
(1743–1822), a French crystallographer, had earlier shown that there are two kinds of quartz crystals,
which are noncongruent mirror images. Sir John F. W. Herschel (1792–1871), a British musician and
astronomer, found a correlation between these crystal forms and their optical activities: one of these
forms of quartz is dextrorotatory and the other levorotatory. These were the key discoveries that
clearly associated the chirality of a substance with the phenomenon of optical activity.
During the period 1815–1838, Biot examined several organic substances, both pure and in
solution, for optical activity. He found that some (for example, oil of turpentine) show optical
activity, and others do not. He recognized that, because optical activity can be displayed by
compounds in solution, it must be a property of the molecules themselves. (The dependence of
optical activity on concentration, Eq. 6.13, Sec. 6.3B, is sometimes called Biot’s law.) What Biot
did not have a chance to observe is that some organic molecules exist in both dextrorotatory
and levorotatory forms. The reason Biot never made this observation is undoubtedly that many
optically active compounds are obtained from natural sources as single enantiomers.
The first observation of the two enantiomeric forms of the same organic compound involved
tartaric acid:
O
HO

H

C

C
H

OH
C

C

OH

OH O

tartaric acid

This substance had been known by the ancient Romans as its monopotassium salt, tartar, which
deposits from fermenting grape juice. Tartaric acid derived from tartar was one of the compounds
examined by Biot for optical activity; he found that it has a positive optical rotation. Biot also
studied an isomer of tartaric acid discovered in crude tartar, called racemic acid (racemus, Latin,
“a bunch of grapes”), and he found it to be optically inactive. The exact structural relationship of
(+ )-tartaric acid and its isomer racemic acid remained obscure.
All of these observations were known to Louis Pasteur (1822–1895), a French chemist and
biologist. One day in 1848 the young Pasteur was viewing crystals of the sodium ammonium
double salts of (+ )-tartaric acid and racemic acid under the microscope. Pasteur noted that the
crystals of the salt derived from (+ )-tartaric acid were “hemihedral” (chiral). He noted, too, that
the racemic acid salt was not a single type of crystal, but was actually a mixture of hemihedral
crystals: some crystals were “right-handed,” like those in the corresponding salt of (+ )-tartaric
acid, and some were “left-handed” (Fig. 6.12a; thus the name “racemic mixture”). Pasteur
meticulously separated the two types of crystals with a pair of tweezers and found that the
right-handed crystals were identical in every way to the crystals of the salt of (+ )-tartaric acid.
When equally concentrated solutions of the two types of crystals were prepared, he found that
the optical rotations of the left- and right-handed crystals were equal in magnitude, but opposite
in sign. Pasteur had thus performed the first enantiomeric resolution by human hands. Racemic
acid, then, was the first organic compound shown to exist as a mixture of enantiomers—that is,
noncongruent mirror images. One of these mirror-image molecules was identical to (+ )-tartaric
acid, but the other was previously unknown. Pasteur’s own words tell us what then took place:
The announcement of the above facts naturally placed me in communication with Biot, who had
doubts concerning their accuracy. Being charged with giving an account of them to the Academy,
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FIGURE 6.12 Diagrams

the crystals are enantiomers

the crystal is achiral

mirror plane

internal mirror plane

levorotatory

dextrorotatory
(a)

of the crystals of the tartaric
acid isomers that figured
prominently in the history
of stereochemistry. (a) The
chiral crystals of sodium
ammonium tartrate separated
by Pasteur. (b) The achiral
crystal of sodium ammonium
racemate that crystallizes at
a higher temperature.

optically inactive
(b)

he made me come to him and repeat before his very eyes the decisive experiment. He handed
over to me some racemic acid that he himself had studied with particular care, and that he found
to be perfectly indifferent to polarized light. I prepared the double salt in his presence with soda
and ammonia that he also desired to provide. The liquid was set aside for slow evaporation in
one of his rooms. When it had furnished about thirty to forty grams of crystals, he asked me to
call at the Collège de France in order to collect them and isolate, before his very eyes, by recognition of their crystallographic character, the right and left crystals, requesting me to state
once more whether I really affirmed that the crystals that I should place at his right would really
deviate [the plane of polarized light] to the right and the others to the left. This done, he told me
that he would undertake the rest. He prepared the solutions with carefully measured quantities,
and when ready to examine them in the polarizing apparatus, he once more invited me to come
into his room. He first placed in the apparatus the more interesting solution, that which should
deviate to the left [previously unknown]. Without even making a measurement, he saw by the
tints of the images . . . in the analyzer that there was a strong deviation to the left. Then, very
visibly affected, the illustrious old man took me by the arm and said, “My dear child, I have loved
science so much all my life that this makes my heart throb!”

Pasteur’s discovery of the two types of crystals of racemic acid was serendipitous (accidental).
It is now known that the sodium ammonium salt of racemic acid forms separate right- and lefthanded crystals only at temperatures below 26 °C. Had Pasteur’s and Biot’s laboratories been
warmer, Pasteur would not have made the discovery. Above this temperature, this salt forms
only one type of crystal: a “holohedral” (achiral) crystal of the racemate (Fig. 6.12b)! From his
discovery, and from the work of Biot, which showed that optical activity is a molecular property,
Pasteur recognized that some molecules could, like the quartz crystals, have an enantiomeric
relationship, but he was never able to deduce a structural basis for this relationship.

Focused Problems
6.26

As described in the previous account, Pasteur discovered two stereoisomers of tartaric acid. Draw their structures [you cannot tell
which is (+ ) and which is (− )]. Which stereoisomer of tartaric acid was yet to be discovered? (It was discovered in 1906.) What can
you say about its optical activity?

6.27

Think of Pasteur’s enantiomeric resolution of racemic acid in terms of the “resolving agent” idea discussed in Sec. 6.10. Pasteur’s
resolution involved a resolving agent. What was it?

In 1874, Jacobus Hendricus van’t Hoff (1852–1911), a professor at the Veterinary College at
Utrecht, The Netherlands, and Achille Le Bel (1847–1930), a French chemist, independently
arrived at the idea that if a molecule contains a carbon atom bearing four different groups, these
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groups can be arranged in different ways around the central carbon to give enantiomers. Van’t
Hoff suggested a tetrahedral arrangement of groups about the central carbon, but Le Bel was less
specific. Van’t Hoff ’s conclusions, published in a treatise of 11 pages titled La chemie dans l’espace,
were not immediately accepted. A caustic reply came from the well-known German chemist
Hermann Kolbe:
A Dr. van’t Hoff of the Veterinary College, Utrecht, appears to have no taste for exact chemical
research. Instead, he finds it a less arduous task to mount his Pegasus (evidently borrowed from
the stables of the College) and soar to his chemical Parnassus, there to reveal in his La chemie
dans l’espace how he finds atoms situated in universal space. This paper is fanciful nonsense!
What times are these, that an unknown chemist should be given such attention!

Kolbe’s reply notwithstanding, van’t Hoff ’s ideas prevailed to become a cornerstone of organic
chemistry.
How can the existence of enantiomers be used to deduce a tetrahedral arrangement of groups
around carbon? Remember that these early chemists had none of our theories of chemical
bonding. All they knew was that some molecules can exist in two noncongruent mirror-image
forms. Let’s examine some other possible carbon geometries to see the sort of reasoning that
was used by van’t Hoff and Le Bel. Consider a general molecule in which the carbon and its four
groups lie in a single plane:
Cl
Br

C

F

H
all atoms are in the same plane

Because the mirror image of such a planar molecule is congruent (show this!), enantiomeric
forms are impossible. The existence of enantiomers thus rules out this planar geometry.
However, other conceivable nonplanar structures could exist as enantiomers. One structure
has a square-pyramidal geometry:

H

C
F
Cl

Br

(6.44)



(Convince yourself that such a structure can have an enantiomer.) This geometry could not,
however, account for other facts. Consider, for example, the compound dichloromethane
(CH2 Cl 2 ). In the square-pyramidal geometry, two diastereomers would be known. In one, the
chlorines are on opposite corners of the pyramid; in the other, the chlorines are on adjacent
corners. (Why are these diastereomers?)

H

C
Cl
Cl
opposite

H

H

C
H
Cl

Cl

adjacent

square-pyramidal dichloromethane molecules

(6.45)

These molecules should be separable because diastereomers have different properties. In the entire
history of chemistry, only one isomer of CH2 Cl 2 , CH2 Br2 , or any similar molecule, has ever been
found. Now, this is negative evidence. To take this evidence as conclusive would be like saying to the
Wright brothers in 1902, “No one has ever seen an airplane fly; therefore, airplanes can’t fly.” Yet this
evidence is certainly suggestive, and subsequent experiments by others (Problem 6.62) could only be
interpreted in terms of tetrahedral carbon. Indeed, modern methods of structure determination have
shown repeatedly that van’t Hoff’s original proposal—tetrahedral geometry—is correct.
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CHAPTER SUMMARY For a summary of the chapter, see Chapter 6 in the
Study Guide and Solutions Manual.

SKILLS OBJECTIVES WITH PROBLEMS

•

Identify stereocenters and asymmetric carbons within
molecular structures, and know the difference between
the two. 6.1B

(c)

The optical activities of enantiomers

(d)

The optical activities of two chiral diastereomers

6.28

(e)

The optical activities of two different meso
stereoisomers with the same connectivity.

How many stereoisomers are there of 3,4-dimethyl-2hexene?
(a)

Show all of the carbon stereocenters in the structure
of this compound.

(f)

The melting points of two different meso
stereoisomers with the same connectivity.

(b)

Show all of the asymmetric carbons in the structure
of this compound.

(g)

The heats of formation of enantiomers

•

•

Apply the R,S system to determine the configuration
of an asymmetric center. Given the R or S configurations
of asymmetric centers in a compound, draw a correct
line-and-wedge structure. 6.2

6.4A,B; 6.6A; 6.7A

6.31

Define the following terms: stereoisomers;
enantiomers, chirality, diastereomers, racemate,
scalemic mixture, meso compound. 4.1D; 6.1A,B,C;

6.29

Match each of the following terms with the statement that best
describes it. (One statement has no match.) enantiomers (E),
diastereomers (D), chirality (C), stereoisomers (S), racemate
(R), scalemic mixture (SM), meso compound (M)
(a)

(a)

A mixture of enantiomers with zero optical activity

(c)

Compounds that are noncongruent mirror images

(d)

A mixture of enantiomers with enantiomeric ratio
not equal to 1.0

O

CH3

H3C

OCH3

H3C

Different compounds with the same molecular
formula and the same connectivity

(b)

Give the configuration of each asymmetric atom in the
following compounds as R or S.

(b)

CH3O H
H3C

CH3

H OH
_

O

(c)
CH3CH2O

+

P

OCH3
N(CH3)2

(e)

Compounds with the same formula and the same
connectivity that are not mirror images

(f)

A compound that has at least two asymmetric
centers and has no enantiomer

(g)

A property possessed by all enantiomers

(a)

(3R,4R)-3,4-Hexanediol

(h)

A property possessed by all diastereomers

(b)

meso-3,4-Hexanediol

(i)

A mixture of enantiomers with an enantiomeric
excess of zero

(j)

A mixture of enantiomers with optical activity not
equal to zero

• Determine whether a given physical property is the
same for two stereoisomers. 6.3, 6.6
6.30 Give the relationship between the given physical properties
for each pair of stereoisomers, if a relationship exists.
(a)

The melting points of enantiomers

(b)

The melting points of diastereomers
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6.32

For each of the following compounds, draw a line-andwedge structure in which all carbon–carbon bonds are in
the plane of the page.

OH

OH
3,4-hexanediol

(c)

(2S,3R,4S)-2,3,4-Hexanetriol
OH
2

OH

3

4

OH
2,3,4-hexanetriol
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Et H

Et H
Me H

A

B

Et H
Et H

H3C
C

C

C

H

H Me

HO
H

C

H
OH

D

H3C

H
CH3

HO
H

OH
H

C

C

C

H

CH3
H

HO
H

C

H

H

OH

HO

E

C

OH
H

F

FIGURE P6.33

•

Recognize from their structures whether any
two isomers are enantiomers, diastereomers, or
constitutional isomers. Given one structure, draw
the structure of an enantiomer, a diastereomer, or a
constitutional isomer, if one exists. 2.4A, 6.1, 6.6, 6.8

6.33

CH3

For each of the two compounds in Problem 6.31,
parts (a) and (b), draw line-and-wedge structures of
an enantiomer and a diastereomer, if one exists. If
one does not exist, explain why.

•

Name two symmetry elements that a chiral molecule
cannot have. For an achiral molecule, point out any of
these elements that are present. 6.1C

6.36

All of the following compounds are achiral. Show all of the
symmetry elements in each that are responsible for their
lack of chirality.

(a)

What is the observed rotation of a 0.5 M solution of
this compound in a 5 cm sample path?

(b)

What is the observed rotation of a solution formed
by mixing equal volumes of the solution from
part (a) and a 0.25 M solution of the enantiomer of
the same alkene?

Pure (R)-(–)-carvone, the compound responsible for the
odor of spearmint, has an observed optical rotation of
–58.7° in a 1 dm light path at 25 °C. The density of
(R)-(–) -carvone is 0.962 g mL–1 . What is the specific
rotation [α]25
D of (R)-(–)-carvone?
O

H
H
H

H

H

trans-3-hexene

cis-3-hexene

H

HO
H

R-(–)-carvone

OH

H

H
trans-2-pentene

The specific rotation of the R enantiomer of the following
–1
–1
alkene is [α]25
D = +79 degrees mL g dm , and its
molecular mass is 146.2.

H Ph

(a)	Indicate whether the molecules in each pair in
Fig. P6.33 are enantiomers (E), diastereomers (D),
constitutional isomers (C), or identical (I). Explain
your reasoning.
(b)

6.34

6.35

meso-1,3-cyclohexanediol

•

Given the specific rotation of a chiral compound,
calculate its optical rotation at a given concentration.
Given the optical rotation and concentration of a chiral
compound, calculate its specific rotation. 6.3B
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•

Given the specific rotation of a chiral compound and
the specific rotation of a mixture of the compound and
its enantiomer, calculate the enantiomeric excess (EE).
Given the EE in a mixture of enantiomers and the
specific rotation of either pure enantiomer, calculate the
enantiomeric ratio (ER). Given the ER for a mixture of
enantiomers, calculate the EE. 6.4A
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6.40

Enantiomerically pure (R)-(+ )-2-methyl-1,2-butanediol
–1
–1
has a specific rotation [α]20
D = +9.3 degrees mL g dm
in chloroform solution.
OH

•

Categorize conformations resulting from rapid
rotation about single bonds in terms of their relationship
(enantiomers, diastereomers, identical). 6.9A

Me OH
(R)-(+)-2-methyl-1,2-butanediol

6.41

What is the EE of a mixture of (+ )- and
(− )-2-methyl-1,2-butanediol that has an apparent
specific rotation of −6.3 degrees mL g –1 dm–1 under
the same conditions?

(b)

What percentage of each enantiomer is present in
the mixture? What is the ER of the mixture?

(c)

What is the EE of the major enantiomer in the
solution formed in Problem 6.35, part (b)?

•

Given the structure of a compound, determine
whether a meso stereoisomer exists. If one exists, draw
a line-and-wedge structure. 6.7
For each of the following structures, determine whether
there is a meso stereoisomer. If there is one, draw a lineand-wedge structure. For any structure that does not have a
meso stereoisomer, explain why.
Me
Me
(b)

Me

Me

Me

Me

Me

What is the stereochemical relationship of each
conformation to each of the other two?

(c)

Explain why 2-methylbutane is not a chiral
compound, even though it has chiral conformations.

(d)

Suppose each of the three staggered conformations
of 2-methylbutane could be isolated and their heats
of formation determined. Rank these conformations
in order of increasing heat of formation (that is,
smallest first). Explain your choice. Indicate whether
the ∆H f values for any of the isomers are equal
and why.

Draw structures resulting from inversion about a
central atom, and give their relationship (enantiomers,
diastereomers, identical). 6.9B

6.42

(a)	In each case, draw a line-and-wedge structure for
the product of inversion at nitrogen or phosphorus.

Me
Me

(c)

Me

e

Me

(b)

•
Me

Me

Identify the conformations that are chiral.

H N
Pr

Me
Me

Pr

Me

H
A

O

N
C

Interpret a stereochemical correlation experiment with
correct absolute configurations. 6.5
From the outcome of the following transformation, indicate
whether the levorotatory enantiomer of the product has
the R or S configuration. Draw a structure of the product
that shows its absolute configuration. (Hint: The phenyl
group has a higher priority than the vinyl group in the R,S
system.)
(S)-(+)-Ph

O

CH

CH

CH2

N
H

B

O

Me P
Pr

D

assume a single configuration
(either R or S) at this carbon

•

6.39

..

(a) Me

(a)

..

6.38

Construct sawhorse and Newman projections of the three
staggered conformations of 2-methylbutane (isopentane)
that result from rotation about the C2–C3 bond.

..

(a)

What is the absolute configuration of (+ )-3-methylhexane if
catalytic hydrogenation of (S)-(+ )-3-methyl-1-hexene gives
(–)-3-methylhexane?

..

6.37

(b)

In each case, give the stereochemical relationship
between the two structures related by inversion at
nitrogen or phosphorus.

(c)

Indicate whether each compound could be optically
active at room temperature.

Pd/C

+ H2

CH2CH2CH3
(–)-Ph

CH

CH2CH3

CH2CH2CH3
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..
NH2

•

For a given resolution of enantiomers, show how the
principle of enantiomeric differentiation is applied. 6.10

6.43

CH3

(R)-(+)-α-phenethylamine

..
NH2

C
OH

H C
Ph

ibuprofen
(racemic)

H C
Ph

CH3

H

O
CH

C

Ph

You have been given the task of resolving racemic ibuprofen
into its enantiomers.

..
NH2

(S)-(–)-α-phenethylamine

Ph

H

CH3

CH

..
NH2

CH3
(±)-α-phenethylamine

benzylamine

(a)

Because ibuprofen is a carboxylic acid, you have
decided that it could probably be resolved by the
diastereomeric salt method using a readily available
amine. Which of the following amines could in
principle be used to bring about this resolution?
Explain.

(b)

Choosing any one of the correct answers to part (a),
give the structures of the two salts formed when
racemic ibuprofen and the amine are mixed. Give
the stereochemical relationship of these two salts.
Why is it that one will crystallize preferentially from
a solvent such as ethanol?

INTEGRATED PROBLEMS
6.44

structure (Ph = phenyl). Pseudoephedrine is the (1S,2S)stereoisomer of the same structure.

Identify all of the asymmetric carbon atoms (if any) in each
of the following structures.
(a)

CH3CH2CH
CH3

(b)

CH3

CH3CH2CH

CH3

OH

NHCH3

Ph

CH

CH

(a)

Draw a line-and-wedge structure for each of these
two stereoisomers in which the Ph, CH3, and the
two asymmetric carbons lie in the plane of the
page. In this part and part (b), do not draw out the
bonds within the —CH3, —OH, and —NHCH3
groups explicitly. (More than one correct structure is
possible.)

(b)

Draw a sawhorse projection and a Newman
projection about the C1–C2 bond for each of the
structures you drew in part (a). Let the carbon nearest
the observer be the one bearing the —OH group.

(c)

What is the relationship between these two
compounds? Choose from enantiomers,
diastereomers, identical molecules, and constitutional
isomers. Explain how you know.

(d)

Should the melting points of these two compounds
be the same or different in principle?

(e)

What, if anything, can you say about the optical
activities of these two compounds?

CH3
(c)

CH3

(d)

CH3

OH

(e)

CH3
H3C
HO

6.45

Ephedrine has been known in medicine since the Chinese
isolated it from natural sources in about 2800 BCE.
Its structure has been known since 1885. Ephedrine
can be used as a bronchodilator (a compound that
enlarges the air passages in the lungs), but it tends to
increase blood pressure because it constricts blood
vessels. Pseudoephedrine has the same effects, except
that it is much less active in elevating blood pressure.
Ephedrine is the (1R,2S)-stereoisomer of the following
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1

2

CH3

(a)	Draw sawhorse projections of ephedrine
(Problem 6.45) about the C1–C2 bond for all three
staggered and all three eclipsed conformations.
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(c)

Mirror-image molecules are in all cases
enantiomers.

(d)

If a compound has an enantiomer, it must be chiral.

(e)

Every chiral compound has a diastereomer.

(f)

If a compound has a diastereomer, it must be chiral.

D

Ph

(k)

Some chiral compounds are optically inactive.

(l)

Any chiral compound with a single asymmetric
carbon must have a positive optical rotation if the
compound has the R configuration.

(m) A structure is chiral if it has no plane of symmetry.
(n)

All chiral molecules have no plane of symmetry.

(o)

All asymmetric carbons are stereocenters.

(p)

All stereocenters are asymmetric atoms.

6.52

+

CH2

CH

CH3
N

..

Ph

CH2

CH

CH2

–

O

N

S+ CH2

N
H

H3C

omeprazole

N

CH3
OCH3

(a)

What atom is the asymmetric center in omeprazole?

(b)

Esomeprazole, the S enantiomer of omeprazole,
is a drug used to control acid reflux. Redraw
the structure of omeprazole to show it as the S
enantiomer. (Hint: A nonbonding electron pair has
lower priority than H.)

6.53

Explain why an optically inactive product is obtained when
(− )-3-methyl-1-pentene undergoes catalytic hydrogenation.

6.54

(a)

2,3,4-Trichloropentane has two meso stereoisomers.

H3C

Cl

Cl

Cl

CH

CH

CH

CH3

2,3,4-trichloropentane

Starting with the following template for each,
complete line-and-wedge structures for the two
meso stereoisomers.
H3C
(b)

A

F

CH3O

CH2 Cl –

CH2Ph

CH2

Omeprazole can be separated into two enantiomers that do
not interconvert at room temperature.

CH3
N

CH2Ph Br–

CH2CH

E

Explain why compound A can be resolved into enantiomers
but compound B cannot.

Ph

S

H3C

Ph

..
..

Some diastereomers have a mirror-image
relationship.

+

..

(j)

N
CH3

Any molecule containing a stereocenter must be
chiral.
Any molecule with a stereocenter must have a
stereoisomer.

CH3

C

Every molecule containing one or more asymmetric
carbons is chiral.

(i)

CH2CHPh

..
..

(h)

CH3

CH3

P

..

In every case, a pair of enantiomers have a mirrorimage relationship.

H3C

..

(b)

CH2Ph Br–

S

..

In some cases, constitutional isomers are chiral.

+

..

(a)

(g)

6.50

H3C

CH2

B

A

Indicate whether each of the following statements is true or
false. If false, explain why.

CH2Ph Br–

CH2CH

CH2

..

6.49

CH2CH

+

P

H3C

..

Draw the structure of the chiral cyclic alkane of lowest
molecular mass. (No isotopes are allowed.)

CH2Ph

P

H3C

..

6.48

Ph

..

Draw the structure of the chiral alkane of lowest molecular
mass not containing a ring. (No isotopes are allowed.)

Which of the following compounds can in principle be
resolved into enantiomers? Explain why or why not.

..

6.47

6.51

..

Examine each conformation for chirality. How do
the chiralities of these conformations relate to the
overall chirality of ephedrine?

..

(b)

CH3

Show the symmetry element in each meso
stereoisomer that makes the compound achiral.
(Hint: A symmetry plane can go through atoms as
well as bonds.)

B
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(c)

What is the relationship (enantiomers or
diastereomers) between the two meso compounds?

(d)

Is carbon-3 a stereocenter in these meso compounds?
How do you know?

(e)

(f)
6.55

6.56
6.57

carbon atom. For each of these geometries, what is the
relationship of each stereoisomer with every other?
F
Cl

What addition to the R,S system would you have to
make to assign a configuration to carbon-3? Invent
a rule, and then assign an R or S designation to each
carbon in your two meso stereoisomers.

(a)	Give the stereochemical relationship (enantiomers,
diastereomers, or the same molecule) between each
pair of compounds in the set shown in Fig. P6.55.
Assume that internal rotation is rapid.
Which, if any, compounds are meso? Explain.

(c)

Which compounds should be optically active? Explain.

6.58

Two stereoisomers of the compound (H3 N)2 PtCl 2 with
different physical properties are known. Show that this fact
makes it possible to choose between the tetrahedral and
square planar arrangements of these four groups around
platinum.

6.59

In a structure containing a pentavalent phosphorus atom,
the bonds to three of the groups bonded to phosphorus
(called equatorial groups) lie in a plane containing the
phosphorus atom (shaded in the following structure), and
the bonds to the other two groups (called axial groups) are
perpendicular to this plane:
Cl

Which of the salts in Fig. P6.56 should have identical
solubilities in methanol? Explain.

axial groups

Draw structures of the possible stereoisomers for the
following compound, assuming, in turn, (a) tetrahedral,
(b) square planar, and (c) pyramidal geometries at the

H OH
HOCH2

H OH

H OH

Cl

Br

P

OCH3

Is this compound chiral? Explain.

H OH HO H

H OH

HOCH2

CH2OH

HOCH2

CH2OH

HO H

A

HO H

B

C

HO H

H OH H CH2OH
HOCH2

equatorial groups

OCH3

H OH
CH2OH

Br

I

How many stereoisomers does 2,3,4-trichloro
pentane have?

(b)

C

OH

H OH

HOCH2

CH2OH
H OH

H OH
D

E

FIGURE P6.55

Ph
H C
H3C

+

H C
H3C

+

NH3

–

CO2

Ph C
H3C

–

H

Ph

CO2
+
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Ph C
H3C
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–

CO2
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A

Ph C
H3C

H

NH3

Ph

H3C

C
H

Ph

H

C
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CH3
NH
+ 3

H

C

CH3
–
CO2

D

FIGURE P6.56
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6.60

The specific rotation of the equilibrium mixture is
+52.7 degrees mL g –1 dm–1. The specific rotation of pure
α-d-glucopyranose is +112 degrees mL g –1 dm–1 , and that
of pure β-d-glucopyranose is +18.7 degrees mL g –1 dm–1.
What is the percentage of each form in the equilibrium
mixture?

(S)-(+ )-Aspartic acid is one of the naturally occurring
α-amino acids.
O
HO

H
+
NH3 Cl –

HO
6.62

O
(S)-(+)-aspartic acid
(as it exists in HCl solution)

Over time in the environment or in aqueous solution,
aspartic acid can undergo racemization very slowly (by a
process that we won’t consider here). The racemization of
aspartic acid occurs at a known rate that can be used to
date tissue samples in forensic investigations. The rate of
racemization in skull samples follows the equation

(a)	In 1914, the chemist Emil Fischer carried out the
following conversion in which optically active
starting material was transformed into a product
with an identical melting point and an optical
rotation of equal magnitude and opposite sign. No
bonds to the asymmetric carbon were broken in the
process.
CH2CH2CH3
H

6.61

(a)

How old is the skull sample?

(b)

What is the enantiomeric excess of the (S)-(+ )enantiomer in the sample?

(c)

If (S)-(+ )-aspartic acid has a specific rotation
–1
–1
[α]20
D = +24.5 degrees mL g dm in 6 M aqueous
HCl solution, what is the observed rotation of
100 mg of the forensic (partially racemized) sample
in 10 mL of 6 M aqueous HCl?

The two most common forms of glucose,
α-d-glucopyranose and β-d-glucopyranose, can be brought
into equilibrium by dissolving them in water with a trace
of an acid or base catalyst.
α-D-glucopyranose
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H3O+ or –OH

CONH2

CH2CH2CH3
H

CO2H

ln 1 + r = kt, where k = 6.24 × 10–4 yr–1 and
1–r
t = age of the sample in years
In this equation, r is the enantiomeric ratio (ER) of (R)-(− )and (S)-(+ )-aspartic acid.
	  The local coroner’s office, knowing your expertise in
organic chemistry, comes to you with an old skull sample
that was excavated from a building site. You isolate partially
racemized aspartic acid from the sample and find (by chiral
chromatography) that the sample contains 6% of the
(R)-(− )-enantiomer and 94% of the (S)-(+ )-enantiomer.

C

several
reactions

C

CO2H

CONH2

Show that this result is consistent with either
tetrahedral or pyramidal geometry at the
asymmetric carbon.
(b)

Fischer also carried out the following pair of
conversions. Again, no bonds to the asymmetric
carbon were broken. Explain why this pair of
conversions (but not either one alone) and the
associated optical activities rule out pyramidal
geometry at the asymmetric carbon, but are
consistent with tetrahedral geometry.
CO2H
H3C

C

CONH2

several
steps

CO2H
H3C

C2H5

H3C

C

CONH2

C2H5
optically active

CO2H

C2H5

optically active

CO2H

C

optically inactive
several
steps

CH3
H3C

C

CONH2

C2H5
optically inactive

β-D-glucopyranose
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