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5. Stereochemistry
Handedness is also important in organic and biological chemistry, where it arises primarily
as a consequence of the tetrahedral stereochemistry of sp3-hybridized carbon atoms.

Many drugs and almost all the molecules in our bodies—amino acids, carbohydrates,
nucleic acids, and many more—have a handedness.

Molecular handedness enables the precise interactions between enzymes and their
substrates that are involved in the hundreds of thousands of chemical reactions on which
life is based.
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Enantiomers and the tetrahedral Carbon

On the left are three molecules, and on the right are their images reflected in a mirror. The
CH3X and CH2XY molecules are identical to their mirror images and thus are not handed.

The CHXYZ molecule is not identical to its mirror image. You can’t superimpose a model of
this molecule on a model of its mirror image: they simply aren’t the same.

116 chapter 5 stereochemistry at tetrahedral centers

handedness. Furthermore, molecular handedness enables the precise interac-
tions between enzymes and their substrates that are involved in the hundreds 
of thousands of chemical reactions on which life is based.

 5-1 Enantiomers and the Tetrahedral Carbon
What causes molecular handedness? Look at generalized molecules of the 
type CH3X, CH2XY, and CHXYZ shown in FIGURE 5-1. On the left are three 
molecules, and on the right are their images reflected in a mirror. The CH3X 
and CH2XY mole cules are identical to their mirror images and thus are not 
handed. If you make a molecular model of each molecule and its mirror image, 
you find that you can superimpose one on the other so that all atoms coincide. 
The CHXYZ molecule, by contrast, is not identical to its mirror image. You 
can’t superimpose a model of this molecule on a model of its mirror image for 
the same reason that you can’t superimpose a left hand on a right hand: they 
simply aren’t the same.
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FIGURE 5-1 Tetrahedral carbon atoms and their mirror images. Molecules of the type CH3X 
and CH2XY are identical to their mirror images, but a molecule of the type CHXYZ is not. A 
CHXYZ molecule is related to its mirror image in the same way that a right hand is related to a 
left hand.

Molecules that are not identical to their mirror images are a kind of stereo-
isomer called enantiomers (Greek enantio, meaning “opposite”). Enantiomers 
are related to each other as a right hand is related to a left hand and result 
whenever a tetrahedral carbon is bonded to four different substituents  
(one need not be H). For example, lactic acid (2-hydroxypropanoic acid)  
exists as a pair of enantiomers because there are four different groups 
( ! H,  ! OH,  ! CH3,  ! CO2H) bonded to the central carbon atom. Its enantiomers 
are called (")-lactic acid and (#)-lactic acid. Both are found in sour milk, but 
only the (") enantiomer occurs in muscle tissue.
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Molecules that are not identical to their mirror images are a kind of stereo-isomer called
enantiomers (Greek enantio, meaning “opposite”). Enantiomers are related to each other
as a tetrahedral carbon is bonded to four different substituents.

Lactic acid (2-hydroxypropanoic acid) exists as a pair of enantiomers. Its enantiomers are
called (+)-lactic acid and (-)-lactic acid.

Both are found in sour milk, but only the (+) enantiomer occurs in muscle tissue. 5-2 the reason for handedness in molecules: chirality 117
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Lactic acid: a molecule of the general formula CHXYZ
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No matter how hard you try, you can’t superimpose a molecule of (!)-lactic 
acid on a molecule of (")-lactic acid. If any two groups match up, say  # H 
and  # CO2H, the remaining two groups don’t match (FIGURE 5-2).
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FIGURE 5-2 Attempts at superimposing the mirror-image forms of lactic acid. (a) When 
the  # H and  # OH substituents match up, the  # CO2H and  # CH3 substituents don’t;  
(b) when  # CO2H and  # CH3 match up,  # H and  # OH don’t. Regardless of how the molecules 
are oriented, they aren’t identical.

 5-2 The Reason for Handedness 
in Molecules: Chirality

A molecule that is not identical to its mirror image is said to be chiral (ky-ral, 
from the Greek cheir, meaning “hand”). You can’t take a chiral molecule and 
its enantiomer and place one on the other so that all atoms coincide.

How can you predict whether a given molecule is or is not chiral? A mol-
ecule is not chiral if it has a plane of symmetry. A plane of symmetry is a plane 
that cuts through the middle of a molecule (or any object) in such a way that 
one half of the molecule or object is a mirror image of the other half. A coffee 
mug, for example, has a plane of symmetry. If you were to cut the coffee mug 
in half, one half would be a mirror image of the other half. A hand, however, 
does not have a plane of symmetry. One “half” of a hand is not a mirror image 
of the other half (FIGURE 5-3).
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You can’t superimpose a molecule of (+)-lactic acid on a molecule of (-)-lactic acid. If any
two groups match up, say -H and -CO2H, the remaining two groups don’t match:

 5-2 the reason for handedness in molecules: chirality 117
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No matter how hard you try, you can’t superimpose a molecule of (!)-lactic 
acid on a molecule of (")-lactic acid. If any two groups match up, say  # H 
and  # CO2H, the remaining two groups don’t match (FIGURE 5-2).
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FIGURE 5-2 Attempts at superimposing the mirror-image forms of lactic acid. (a) When 
the  # H and  # OH substituents match up, the  # CO2H and  # CH3 substituents don’t;  
(b) when  # CO2H and  # CH3 match up,  # H and  # OH don’t. Regardless of how the molecules 
are oriented, they aren’t identical.

 5-2 The Reason for Handedness 
in Molecules: Chirality

A molecule that is not identical to its mirror image is said to be chiral (ky-ral, 
from the Greek cheir, meaning “hand”). You can’t take a chiral molecule and 
its enantiomer and place one on the other so that all atoms coincide.

How can you predict whether a given molecule is or is not chiral? A mol-
ecule is not chiral if it has a plane of symmetry. A plane of symmetry is a plane 
that cuts through the middle of a molecule (or any object) in such a way that 
one half of the molecule or object is a mirror image of the other half. A coffee 
mug, for example, has a plane of symmetry. If you were to cut the coffee mug 
in half, one half would be a mirror image of the other half. A hand, however, 
does not have a plane of symmetry. One “half” of a hand is not a mirror image 
of the other half (FIGURE 5-3).
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The reason for handedness in molecules: Chirality

A molecule that is not identical to its mirror image is said to be chiral (from the Greek cheir,
meaning “hand”).
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How can you predict whether a given molecule is or is not chiral?

A molecule is not chiral if it has a plane of symmetry. A plane of symmetry is a plane that
cuts through the middle of a molecule (or any object) in such a way that one half of the
molecule or object is a mirror image of the other half.

A coffee mug has a plane of symmetry. If you were to cut the coffee mug in half, one half
would be a mirror image of the other half.

A hand does not have a plane of symmetry. One “half” of a hand is not a mirror image of the
other half.

118 chapter 5 stereochemistry at tetrahedral centers

(a) (b)

A molecule that has a plane of symmetry in any conformation must be 
identical to its mirror image and hence must be nonchiral, or achiral. Thus, 
propanoic acid, CH3CH2CO2H, has a plane of symmetry when lined up as 
shown in FIGURE 5-4 and is achiral, while lactic acid, CH3CH(OH)CO2H, has no 
plane of symmetry in any conformation and is chiral.
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Not a
symmetry

plane

CH3CHCO2H

Propanoic acid
(achiral)

Lactic acid
(chiral)

C OHH

CO2H

CH3

FIGURE 5-4 The achiral propanoic acid molecule versus the chiral lactic acid molecule. 
Propanoic acid has a plane of symmetry that makes one side of the molecule a mirror image of 
the other. Lactic acid has no such symmetry plane.

The most common, but not the only, cause of chirality in organic mole-
cules is the presence of a tetrahedral carbon atom bonded to four different 
groups—for example, the central carbon atom in lactic acid. Such carbons are 
referred to as chirality centers, although other terms such as stereocenter, 
asymmetric center, and stereogenic center have also been used. Note that 
chirality is a property of the entire molecule, whereas a chirality center is the 
cause of chirality.

Detecting a chirality center in a complex molecule takes practice because 
it’s not always immediately apparent that four different groups are bonded to 
a given carbon. The differences don’t necessarily appear right next to the 

FIGURE 5-3 The meaning of 
symmetry plane. (a) An object like 
the coffee mug has a symmetry 
plane cutting through it so that 
right and left halves are mirror 
images. (b) An object like a hand 
has no symmetry plane; the right 
“half” of a hand is not a mirror 
image of the left half.
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A molecule that has a plane of symmetry in any conformation must be identical to its mirror
image and hence must be nonchiral, or achiral.

Propanoic acid, CH3CH2CO2H, has a plane of symmetry when lined up and is achiral, while
lactic acid, CH3CH(OH)CO2H, has no plane of symmetry in any conformation and is chiral.

118 chapter 5 stereochemistry at tetrahedral centers
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A molecule that has a plane of symmetry in any conformation must be 
identical to its mirror image and hence must be nonchiral, or achiral. Thus, 
propanoic acid, CH3CH2CO2H, has a plane of symmetry when lined up as 
shown in FIGURE 5-4 and is achiral, while lactic acid, CH3CH(OH)CO2H, has no 
plane of symmetry in any conformation and is chiral.
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FIGURE 5-4 The achiral propanoic acid molecule versus the chiral lactic acid molecule. 
Propanoic acid has a plane of symmetry that makes one side of the molecule a mirror image of 
the other. Lactic acid has no such symmetry plane.
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cules is the presence of a tetrahedral carbon atom bonded to four different 
groups—for example, the central carbon atom in lactic acid. Such carbons are 
referred to as chirality centers, although other terms such as stereocenter, 
asymmetric center, and stereogenic center have also been used. Note that 
chirality is a property of the entire molecule, whereas a chirality center is the 
cause of chirality.

Detecting a chirality center in a complex molecule takes practice because 
it’s not always immediately apparent that four different groups are bonded to 
a given carbon. The differences don’t necessarily appear right next to the 

FIGURE 5-3 The meaning of 
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the coffee mug has a symmetry 
plane cutting through it so that 
right and left halves are mirror 
images. (b) An object like a hand 
has no symmetry plane; the right 
“half” of a hand is not a mirror 
image of the left half.
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The cause of chirality in organic molecules is the presence of a tetrahedral carbon atom
bonded to four different groups.

Such carbons are referred to as chirality centers, although other terms such as
stereocenter, asymmetric center, and stereogenic center have also been used.

Note that chirality is a property of the entire molecule, whereas a chirality center is the
cause of chirality.

 5-2 the reason for handedness in molecules: chirality 119

chirality center. For example, 5-bromodecane is a chiral molecule because 
four different groups are bonded to C5, the chirality center (marked with an 
asterisk). A butyl substituent is similar to a pentyl substituent, but it isn’t 
identical. The difference isn’t apparent until looking four carbon atoms away 
from the chirality center, but there’s still a difference.

5-Bromodecane (chiral)

H

CH2CH2CH2CH3 (butyl)

CH2CH2CH2CH2CH3 (pentyl)

Br

Substituents on carbon 5

CH3CH2CH2CH2CH2CCH2CH2CH2CH3
*

H

Br

As other possible examples, look at methylcyclohexane and 2-methylcyclo-
hexanone. Methylcyclohexane is achiral because no carbon atom in the mole-
cule is bonded to four different groups. You can immediately eliminate all  
 ! CH2 !  carbons and the  ! CH3 carbon from consideration, but what about C1 on 
the ring? The C1 carbon atom is bonded to a  ! CH3 group, to an  ! H atom, and to 
C2 and C6 of the ring. Carbons 2 and 6 are equivalent, however, as are carbons 
3 and 5. Thus, the C6–C5–C4 “substituent” is equivalent to the C2–C3–C4 sub-
stituent, and methylcyclohexane is achiral. Another way of reaching the same 
conclusion is to realize that methylcyclohexane has a symmetry plane, which 
passes through the methyl group and through C1 and C4 of the ring.

The situation is different for 2-methylcyclohexanone. 2-Methylcyclo-
hexanone has no symmetry plane and is chiral because its C2 is bonded to 
four different groups: a  ! CH3 group, an  ! H atom, a  ! COCH2 !  ring bond (C1), 
and a  ! CH2CH2 !  ring bond (C3).

O
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3

4

2

5

6
1

Methylcyclohexane
(achiral)

2-Methylcyclohexanone
(chiral)

CH3H

6

5

1

4

3
2

CH3H

*

Several more examples of chiral molecules are shown on the next page. 
Check for yourself that the labeled carbons are chirality centers. You might 
note that carbons in  ! CH2 ! ,  ! CH3, C"O, C"C, and C!C groups can’t be 
chirality centers. (Why not?)
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Methylcyclohexane is achiral because no carbon atom in the molecule is bonded to four
different groups. The C6–C5–C4 “substituent” is equivalent to the C2–C3–C4 substituent,
and methylcyclohexane is achiral.

Another way of reaching the same conclusion is to realize that methylcyclohexane has a
symmetry plane, which passes through the methyl group and through C1 and C4 of the ring.

2-Methylcyclohexanone has no symmetry plane and is chiral because its C2 is bonded to
four different groups.

 5-2 the reason for handedness in molecules: chirality 119
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stituent, and methylcyclohexane is achiral. Another way of reaching the same 
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passes through the methyl group and through C1 and C4 of the ring.
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Several more examples of chiral molecules are shown on the next page. 
Check for yourself that the labeled carbons are chirality centers. You might 
note that carbons in  ! CH2 ! ,  ! CH3, C"O, C"C, and C!C groups can’t be 
chirality centers. (Why not?)
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Carvone (spearmint oil) Nootkatone (grapefruit oil)
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CH3

CH3
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CH3
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CH3
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C

CH2

H3C

Drawing the Three-Dimensional Structure of a Chiral Molecule

Draw the structure of a chiral alcohol.

S t r a t e g y

An alcohol is a compound that contains the  ! OH functional group. To make 
an alcohol chiral, we need to have four different groups bonded to a single 
carbon atom, say  ! H,  ! OH,  ! CH3, and  ! CH2CH3.

S o l u t i o n

C

H

CH3
2-Butanol

(chiral)
CH3CH2

OH

*

P R O B L E M  5 - 1

Which of the following objects are chiral?
(a) Soda can (b) Screwdriver (c) Screw (d) Shoe

P R O B L E M  5 - 2

Which of the following molecules are chiral? Identify the chirality center(s)  
in each.

Coniine
(poison hemlock)

Menthol
(flavoring agent)

(a) (b)

 Dextromethorphan
(cough suppressant)

(c)CH2CH2CH3

N
H

CH3H

HH

HO

N
H

H

CH3O

CH3

P R O B L E M  5 - 3

Alanine, an amino acid found in proteins, is chiral. Draw the two enantiomers 
of alanine using the standard convention of solid, wedged, and dashed lines.

AlanineCH3CHCO2H

NH2

W o r k e d  E x a m p l e  5 - 1
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Optical activity

When a beam of ordinary light passes through a device called a polarizer, only the light
waves oscillating in a single plane pass through and the light is said to be plane-polarized.

When a beam of plane-polarized light passes through a solution of certain organic
molecules (e.g. sugar, camphor), the plane of polarization is rotated through an angle, 𝛼.
Organic substances exhibit this property, are said to be optically active.

The angle of rotation can be measured with an instrument called a polarimeter. A solution
of optically active organic molecules is placed in a sample tube, plane-polarized light is
passed through the tube, and rotation of the polarization plane occurs.

 5-3 optical activity 121

P R O B L E M  5 - 4

Identify the chirality centers in the following molecules (green ! Cl, yellow- 
green ! F):

(a)

Threose
(a sugar)

Enflurane
(an anesthetic)

(b)

 5-3 Optical Activity
The study of chirality originated in the early 19th century during investiga-
tions by the French physicist Jean-Baptiste Biot into the nature of plane-
polarized light. A beam of ordinary light consists of electromagnetic waves 
that oscillate in an infinite number of planes at right angles to its direction of 
travel. When a beam of ordinary light passes through a device called a polar-
izer, however, only the light waves oscillating in a single plane pass through 
and the light is said to be plane-polarized. Light waves in all other planes are 
blocked out.

Biot made the remarkable observation that when a beam of plane-
polarized light passes through a solution of certain organic molecules, such 
as sugar or camphor, the plane of polarization is rotated through an angle, a. 
Not all organic substances exhibit this property, but those that do are said to 
be optically active.

The angle of rotation can be measured with an instrument called a polar-
imeter, represented in FIGURE 5-5. A solution of optically active organic mole-
cules is placed in a sample tube, plane-polarized light is passed through the 
tube, and rotation of the polarization plane occurs. The light then goes through 
a second polarizer called the analyzer. By rotating the analyzer until the light 
passes through it, we can find the new plane of polarization and can tell to 
what extent rotation has occurred.

Analyzer
Observer

!

Unpolarized
light

Polarized
light

Light 
source

Sample tube containing
organic molecules

Polarizer

FIGURE 5-5 Schematic 
representation of a polarimeter. 
Plane-polarized light passes 
through a solution of optically 
active molecules, which rotate the 
plane of polarization.
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In addition to determining the extent of rotation, we can also find the direction: some
optically active molecules rotate polarized light to the left (counter-clockwise) and are said to
be levorotatory, whereas others rotate polarized light to the right (clockwise) and are said
to be dextrorotatory.

Rotation to the left is given a (-) sign, while rotation to the right is given a (+) sign.

The extent of rotation observed, depends on the number of optically active molecules
encountered by the light beam. This number depends on sample concentration and sample
pathlength. The angle of rotation depends on the wavelength of the light used.

The specific rotation, [a]D, is defined as the observed rotation when light of 589.6 nm (1
nm = 10-9 m) wavelength is used with a sample pathlength l of 1 dm (1 dm = 10 cm) and a
sample concentration c of 1 g/cm3 (Light of 589.6 nm, the so-called sodium D line, is the
yellow light emitted from common sodium street lamps).

122 chapter 5 stereochemistry at tetrahedral centers

In addition to determining the extent of rotation, we can also find the 
direction. From the vantage point of the observer looking directly at the ana-
lyzer, some optically active molecules rotate polarized light to the left (coun-
terclockwise) and are said to be levorotatory, whereas others rotate polarized 
light to the right (clockwise) and are said to be dextrorotatory. By convention, 
rotation to the left is given a minus sign (!) and rotation to the right is given  
a plus sign ("). (!)-Morphine, for example, is levorotatory, and (")-sucrose  
is dextrorotatory.

The extent of rotation observed in a polarimetry experiment depends on 
the number of optically active molecules encountered by the light beam. This 
number, in turn, depends on sample concentration and sample pathlength. If 
the concentration of the sample is doubled, the observed rotation doubles. If 
the concentration is kept constant but the length of the sample tube is dou-
bled, the observed rotation doubles. It also happens that the angle of rotation 
depends on the wavelength of the light used.

To express optical rotations in a meaningful way so that comparisons can 
be made, we have to choose standard conditions. The specific rotation, [!]D, 
of a compound is defined as the observed rotation when light of 589.6 nano-
meter (nm; 1 nm # 10!9 m) wavelength is used with a sample pathlength l of 
1 decimeter (dm; 1 dm # 10 cm) and a sample concentration c of 1 g/cm3. 
(Light of 589.6 nm, the so-called sodium D line, is the yellow light emitted 
from common sodium street lamps.)

[ ]$ D
Observed rotation (degrees)

Pathlength, (
#

l ddm) Concentration, (g/cm )3%
#

%c l c
$

When optical rotation data are expressed in this standard way, the spe-
cific rotation, [a]D, is a physical constant characteristic of a given optically 
active compound. For example, (")-lactic acid has [a]D # "3.82, and 
(!)-lactic acid has [a]D # !3.82. That is, the two enantiomers rotate plane-
polarized light to exactly the same extent but in opposite directions. Note 
that the units of specific rotation are [(deg · cm2)/g] but that these values are 
usually expressed without units. Some additional examples are listed in 
TABLE 5-1.

Compound [!]D Compound [!]D

Penicillin V "233 Cholesterol !31.5

Sucrose "66.47 Morphine !132

Camphor "44.26 Cocaine !16

Chloroform 0 Acetic acid 0

TABLE 5-1 Specific Rotation of Some Organic Molecules
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When optical rotation data are expressed in this standard way, the specific rotation, [a]D, is
a physical constant characteristic of a given optically active compound.

For example, (+)-lactic acid has [a]D = +3.82, and (-)-lactic acid has [a]D = -3.82. The two
enantiomers rotate plane-polarized light to exactly the same extent but in opposite
directions. Note that the units of specific rotation are [(deg · cm2)/g] but that these values
are usually expressed without units.
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light to the right (clockwise) and are said to be dextrorotatory. By convention, 
rotation to the left is given a minus sign (!) and rotation to the right is given  
a plus sign ("). (!)-Morphine, for example, is levorotatory, and (")-sucrose  
is dextrorotatory.

The extent of rotation observed in a polarimetry experiment depends on 
the number of optically active molecules encountered by the light beam. This 
number, in turn, depends on sample concentration and sample pathlength. If 
the concentration of the sample is doubled, the observed rotation doubles. If 
the concentration is kept constant but the length of the sample tube is dou-
bled, the observed rotation doubles. It also happens that the angle of rotation 
depends on the wavelength of the light used.

To express optical rotations in a meaningful way so that comparisons can 
be made, we have to choose standard conditions. The specific rotation, [!]D, 
of a compound is defined as the observed rotation when light of 589.6 nano-
meter (nm; 1 nm # 10!9 m) wavelength is used with a sample pathlength l of 
1 decimeter (dm; 1 dm # 10 cm) and a sample concentration c of 1 g/cm3. 
(Light of 589.6 nm, the so-called sodium D line, is the yellow light emitted 
from common sodium street lamps.)
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that the units of specific rotation are [(deg · cm2)/g] but that these values are 
usually expressed without units. Some additional examples are listed in 
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