
Organic Chemistry I

1

Mohammad Jafarzadeh
Faculty of Chemistry, Razi University

Organic Chemistry, (9th edition)

By John McMurry, Cengage Learning, 2016



2

In the special case where two diastereomers differ at only one chirality center but are the
same at all others, we say that the compounds are epimers.

132 chapter 5 stereochemistry at tetrahedral centers

Note carefully the difference between enantiomers and diastereomers: 
enantiomers have opposite configurations at all chirality centers, whereas 
diastereomers have opposite configurations at some (one or more) chirality 
centers but the same configuration at others. A full description of the four 
stereoisomers of threonine is given in TABLE 5-2. Of the four, only the 2S,3R 
isomer, [a]D ! "28.3, occurs naturally in plants and animals and is an essen-
tial nutrient for humans. This result is typical: most biological molecules are 
chiral, and usually only one stereo isomer is found in nature.

In the special case where two diastereomers differ at only one chirality 
center but are the same at all others, we say that the compounds are epimers. 
Cholestanol and coprostanol, for instance, are both found in human feces, and 
both have nine chirality centers. Eight of the nine are identical, but the one at 
C5 is different. Thus, cholestanol and coprostanol are epimeric at C5.
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P R O B L E M  5 - 1 3

One of the following molecules (a)–(d) is D-erythrose 4-phosphate, an intermedi-
ate in the Calvin photosynthetic cycle by which plants incorporate CO2 into 
carbohydrates. If D-erythrose 4-phosphate has R stereochemistry at both chirality 
centers, which of the structures is it? Which of the remaining three structures is 
the enantiomer of D-erythrose 4-phosphate, and which are diastereomers?
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Stereoisomer Enantiomer Diastereomer

2R,3R 2S,3S 2R,3S and 2S,3R

2S,3S 2R,3R 2R,3S and 2S,3R

2R,3S 2S,3R 2R,3R and 2S,3S

2S,3R 2R,3S 2R,3R and 2S,3S

TABLE 5-2 Relationships among the Four Stereoisomers of Threonine
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Meso Compounds

A compound with more than one chirality center: the tartaric acid used by Pasteur.

 5-7 meso compounds 133

P R O B L E M  5 - 1 4

How many chirality centers does morphine have? How many stereoisomers of 
morphine are possible in principle?
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OHO OH

CH3

H

N

HH

P R O B L E M  5 - 1 5

Assign R or S configuration to each chirality center in the following molecular 
model of the amino acid isoleucine (blue ! N):

 5-7 Meso Compounds
Let’s look at another example of a compound with more than one chirality 
center: the tartaric acid used by Pasteur. The four stereoisomers can be drawn 
as follows:
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The 2R,3R and 2S,3S structures are nonsuperimposable mirror images 
and therefore represent a pair of enantiomers. A close look at the 2R,3S and 
2S,3R structures, however, shows that they are superimposable, and thus 
identical, as can be seen by rotating one structure 180°.
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2R,3S and 2S,3R structures are superimposable and identical, by rotating one structure
180°. They are also identical because the molecule has a plane of symmetry and is
therefore achiral.

 5-7 meso compounds 133
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Assign R or S configuration to each chirality center in the following molecular 
model of the amino acid isoleucine (blue ! N):
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Let’s look at another example of a compound with more than one chirality 
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The 2R,3R and 2S,3S structures are nonsuperimposable mirror images 
and therefore represent a pair of enantiomers. A close look at the 2R,3S and 
2S,3R structures, however, shows that they are superimposable, and thus 
identical, as can be seen by rotating one structure 180°.

C

H

OHH

CO2H

C

CO2H

OH
1

3

2

4

C

HO

HHO

CO2H

C

CO2H

H
1

3

2

4

2R,3S 2S,3R

Rotate
180°

Identical

80485_ch05_0115-0148j.indd   133 2/2/15   1:51 PM

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

134 chapter 5 stereochemistry at tetrahedral centers

The 2R,3S and 2S,3R structures are identical because the molecule has a 
plane of symmetry and is therefore achiral. The symmetry plane cuts through 
the C2–C3 bond, making one half of the molecule a mirror image of the other 
half (FIGURE 5-11). Because of the plane of symmetry, the molecule is achiral, 
despite the fact that it has two chirality centers. Compounds that are achiral, yet 
contain chirality centers, are called meso compounds (me-zo). Thus, tartaric 
acid exists in three stereoisomeric forms: two enantiomers and one meso form.

Symmetry plane
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HO

H

CO2H

CO2H

C
HO

H

Some physical properties of the three stereoisomers are listed in TABLE 5-3. 
The (!)- and (")-tartaric acids have identical melting points, solubilities, and 
densities, but they differ in the sign of their rotation of plane-polarized light. 
The meso isomer, by contrast, is diastereomeric with the (!) and (") forms. It 
has no mirror-image relationship to (!)- and (")-tartaric acids, is a different 
compound altogether, and has different physical properties.

Stereoisomer
Melting 

point (°C) [!]D

Density  
(g/cm3)

Solubility at 20 °C 
(g/100 mL H2O)

(!) 168–170 !12 1.7598 139.0

(") 168–170 "12 1.7598 139.0

Meso 146–148      0 1.6660 125.0

TABLE 5-3 Some Properties of the Stereoisomers of Tartaric Acid

Distinguishing Chiral Compounds from Meso Compounds

Does cis-1,2-dimethylcyclobutane have any chirality centers? Is it chiral?

S t r a t e g y

To see whether a chirality center is present, look for a carbon atom bonded to 
four different groups. To see whether the molecule is chiral, look for the pres-
ence or absence of a symmetry plane. Not all molecules with chirality centers 
are chiral overall—meso compounds are an exception.

S o l u t i o n

A look at the structure of cis-1,2-dimethylcyclobutane shows that both methyl-
bearing ring carbons (C1 and C2) are chirality centers. Overall, though, the 

FIGURE 5-11 A symmetry plane 
through the C2–C3 bond of meso-
tartaric acid makes the molecule 
achiral.

W o r k e d  E x a m p l e  5 - 5
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Some physical properties of the three stereoisomers are listed in Table 5-3. The (+)- and (-)-
tartaric acids have identical melting points, solubilities, and densities, but they differ in the
sign of their rotation of plane-polarized light.

The meso isomer, by contrast, is diastereomeric with the (+) and (-) forms. It has no mirror-
image relationship to (+)- and (-)-tartaric acids, is a different compound altogether, and has
different physical properties.

134 chapter 5 stereochemistry at tetrahedral centers
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W o r k e d  E x a m p l e  5 - 5
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Racemic mixtures and the resolution of enantiomers

Racemate is a 50:50 mixture of the two enantiomers. Racemate, or racemic mixture, is
denoted by either the symbol (±) or the prefix d,l to indicate an equal mixture of
dextrorotatory and levorotatory forms.

Racemates show no optical rotation because the (+) rotation from one enantiomer exactly
cancels the (-) rotation from the other.

Resolution: separation of enantiomers

The most common method of resolution uses an acid–base reaction between the racemate
of a chiral carboxylic acid (RCO2H) and an amine base (RNH2) to yield an ammonium salt:

136 chapter 5 stereochemistry at tetrahedral centers

and can’t interconvert with the two chiral enantiomers without breaking and 
re-forming chemical bonds.

The answer is that Pasteur started with a 50!50 mixture of the two chiral 
tartaric acid enantiomers. Such a mixture is called a racemate (raa-suh-mate), 
or racemic mixture, and is denoted by either the symbol (!) or the prefix d,l 
to indicate an equal mixture of dextrorotatory and levorotatory forms. Race-
mates show no optical rotation because the (") rotation from one enantiomer 
exactly cancels the (#) rotation from the other. Through luck, Pasteur was able 
to separate, or resolve, racemic tartaric acid into its (") and (#) enantiomers. 
Unfortunately, the fractional crystallization technique he used doesn’t work 
for most racemates, so other methods are needed.

The most common method of resolution uses an acid–base reaction 
between the racemate of a chiral carboxylic acid (RCO2H) and an amine base 
(RNH2) to yield an ammonium salt:

R OH
C + RNH2

O

Carboxylic
acid

R O– RNH3
+C

O

Amine
base

Ammonium salt

To understand how this method of resolution works, let’s see what hap-
pens when a racemic mixture of chiral acids, such as (")- and (#)-lactic acids, 
reacts with an achiral amine base, such as methylamine, CH3NH2. Stereo-
chemically, the situation is analogous to what happens when left and right 
hands (chiral) pick up a ball (achiral). Both left and right hands pick up the 
ball equally well, and the products—ball in right hand versus ball in left 
hand—are mirror images. In the same way, both (")- and (#)-lactic acid react 
with methylamine equally well, and the product is a racemic mixture of  
the two enantiomers methyl ammonium (")-lactate and methylammonium 
(#)-lactate (FIGURE 5-12).
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FIGURE 5-12 Reaction of 
racemic lactic acid with achiral 
methylamine leads to a racemic 
mixture of ammonium salts.

80485_ch05_0115-0148j.indd   136 2/2/15   1:51 PM

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



6

A racemic mixture of chiral acids, such as (+)- and (-)-lactic acids, reacts with an achiral
amine base, such as methylamine, CH3NH2.

Both (+)- and (-)-lactic acid react with methylamine equally well, and the product is a
racemic mixture of the two enantiomers methylammonium (+)-lactate and methylammonium
(-)-lactate.

136 chapter 5 stereochemistry at tetrahedral centers
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When the racemic mixture of (+)- and (-)-lactic acids reacts with a single enantiomer of a
chiral amine base, such as (R)-1-phenylethylamine, which give two different products.

(R)-Lactic acid reacts with (R)-1-phenylethylamine to give the R,R salt, and (S)-lactic acid
reacts with the R amine to give the S,R salt. The two salts are diastereomers.

They have different chemical and physical properties, and it may be possible to separate
them by crystallization or some other means.

 5-8 racemic mixtures and the resolution of enantiomers 137

Now let’s see what happens when the racemic mixture of (!)- and 
(")-lactic acids reacts with a single enantiomer of a chiral amine base, such 
as (R)-1-phenyl ethylamine. Stereochemically, the situation is analogous to 
when left and right hands (chiral) put on a right-handed glove (also chiral). 
Left and right hands don’t put on the right-handed glove in the same way, so 
the products—right hand in right glove versus left hand in right glove—are 
not mirror images; they’re similar but different.

In the same way, (!)- and (")-lactic acids react with (R)-1-phenylethyl-
amine to give two different products (FIGURE 5-13). (R)-Lactic acid reacts with 
(R)-1-phenylethylamine to give the R,R salt, and (S)-lactic acid reacts with 
the R amine to give the S,R salt. The two salts are diastereomers. They have 
different chemical and physical properties, and it may therefore be possible 
to separate them by crystallization or some other means. Once separated, 
acidification of the two diastereomeric salts with a strong acid allows us to 
isolate the two pure enantiomers of lactic acid and to recover the chiral amine 
for reuse.

Racemic lactic acid
(50% R, 50% S)

+
(R)-1-Phenylethylamine Diastereomers

An R,R salt

An S,R salt
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+
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–
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+
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CO2H

CH3
C

NH2

H
H3C

C

H3N
+

H
H3C

C
H
HO

CO2
–

CH3
C

FIGURE 5-13 Reaction of racemic lactic acid with (R)-1-phenylethylamine yields a mixture of 
diastereomeric ammonium salts, which have different properties and can be separated.

Predicting the Chirality of a Reaction Product

We’ll see in Section 21-3 that carboxylic acids (RCO2H) react with alcohols 
(ReOH) to form esters (RCO2Re). Suppose that (±)-lactic acid reacts with CH3OH 
to form the ester, methyl lactate. What stereochemistry would you expect the 
product(s) to have? What is the relationship of the products?

CH3CHCOH CH3OH+
O

Lactic acid

HO

CH3CHCOCH3 H2O+
OHOAcid

catalyst

Methyl lactateMethanol

W o r k e d  E x a m p l e  5 - 6
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A review of isomerism

Isomers are compounds with the same chemical formula but different structures.

138 chapter 5 stereochemistry at tetrahedral centers

S o l u t i o n

Reaction of a racemic acid with an achiral alcohol such as methanol yields a 
racemic mixture of mirror-image (enantiomeric) products.

HO

CO2H

H

+
CH3

C
H3C

CO2H

H

(R)-Lactic acid(S)-Lactic acid

OH
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HO

CO2CH3

H

+
CH3

C
H3C

CO2CH3

H

Methyl
(R)-lactate

Methyl
(S)-lactate

OH
C

Acid
catalyst

CH3OH

P R O B L E M  5 - 1 9

Suppose that acetic acid (CH3CO2H) reacts with (S)-2-butanol to form an ester 
(see Worked Example 5-6). What stereochemistry would you expect the 
product(s) to have? What is the relationship of the products?

+

Acetic acid

CH3COH

O

2-Butanol

CH3CHCH2CH3

OH

H2O+
CH3

CH3COCHCH2CH3

OAcid
catalyst

sec-Butyl acetate

P R O B L E M  5 - 2 0

What stereoisomers would result from reaction of (!)-lactic acid with  
(S)-1-phenylethylamine, and what is the relationship between them?

 5-9 A Review of Isomerism
As noted on several previous occasions, isomers are compounds with the 
same chemical formula but different structures. We’ve seen several kinds of 
isomers in the past few chapters, and it’s a good idea at this point to see how 
they relate to one another (FIGURE 5-14).

Isomers

Constitutional
isomers Stereoisomers

Enantiomers
(mirror-image)

Diastereomers
(non–mirror-image)

Configurational
diastereomers

Cis–trans
diastereomers

FIGURE 5-14 A summary of the different kinds of isomers.
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There are two fundamental types of isomers: constitutional isomers and stereoisomers.

Constitutional isomers are compounds whose atoms are connected differently. Among the
kinds of constitutional isomers we’ve seen are skeletal, functional, and positional isomers.

 5-9 a review of isomerism 139

There are two fundamental types of isomers, both of which we’ve now 
encountered: constitutional isomers and stereoisomers.

 Constitutional isomers (Section 3-2) are compounds whose atoms are 
connected differently. Among the kinds of constitutional isomers we’ve 
seen are skeletal, functional, and positional isomers.

Different functional 
groups

Different position of
functional groups

Isopropylamine Propylamine

NH2

CH3CHCH3 CH3CH2CH2NH2

Ethyl alcohol Dimethyl ether

CH3CH2OH CH3OCH3

and

Different carbon
skeletons

2-Methylpropane Butane

CH3

CH3CHCH3 CH3CH2CH2CH3and

and

 Stereoisomers (Section 4-2) are compounds whose atoms are connected 
in the same order but with a different spatial arrangement. Among the kinds 
of stereoisomers we’ve seen are enantiomers, diastereomers, and cis–trans 
isomers of cycloalkanes. Actually, cis–trans isomers are just a subclass of 
diastereomers because they are non–mirror-image stereoisomers:
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Stereoisomers are compounds whose atoms are connected in the same order but with a
different spatial arrangement: enantiomers, diastereomers, and cis–trans.

Actually, cis–trans isomers are a subclass of diastereomers because they are non–mirror-
image stereoisomers.

 5-9 a review of isomerism 139

There are two fundamental types of isomers, both of which we’ve now 
encountered: constitutional isomers and stereoisomers.

 Constitutional isomers (Section 3-2) are compounds whose atoms are 
connected differently. Among the kinds of constitutional isomers we’ve 
seen are skeletal, functional, and positional isomers.

Different functional 
groups

Different position of
functional groups

Isopropylamine Propylamine

NH2

CH3CHCH3 CH3CH2CH2NH2

Ethyl alcohol Dimethyl ether

CH3CH2OH CH3OCH3

and

Different carbon
skeletons

2-Methylpropane Butane

CH3

CH3CHCH3 CH3CH2CH2CH3and

and

 Stereoisomers (Section 4-2) are compounds whose atoms are connected 
in the same order but with a different spatial arrangement. Among the kinds 
of stereoisomers we’ve seen are enantiomers, diastereomers, and cis–trans 
isomers of cycloalkanes. Actually, cis–trans isomers are just a subclass of 
diastereomers because they are non–mirror-image stereoisomers:

(R)-Lactic acid (S)-Lactic acid
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cyclopentane
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Chirality in nature and Chiral environments

Although the different enantiomers of a chiral molecule have the same physical properties,
they usually have different biological properties.

For example, the (+) enantiomer of limonene has the odor of oranges and lemons, but the (-)
enantiomer has the odor of pine trees.

 5-12 chirality in nature and chiral environments 145

 5-12 Chirality in Nature and Chiral Environments
Although the different enantiomers of a chiral molecule have the same physi-
cal properties, they usually have different biological properties. For example, 
the (!) enantiomer of limonene has the odor of oranges and lemons, but the 
(") enantiomer has the odor of pine trees.

HH

(+)-Limonene
(in citrus fruits)

(–)-Limonene
(in pine trees)

More dramatic examples of how a change in chirality can affect the bio-
logical properties of a molecule can be found in many drugs, such as fluox-
etine, a heavily prescribed medication sold under the trade name Prozac. 
Racemic fluoxetine is an extraordinarily effective antidepressant but has no 
activity against migraine. The pure S enantiomer, however, works remarkably 
well in preventing migraine. Other examples of how chirality affects biologi-
cal properties are given in Something Extra at the end of this chapter.

(S)-Fluoxetine
(prevents migraine)

NHCH3

H

O

F3C

Why do different enantiomers have different biological properties? To 
have a biological effect, a substance typically must fit into an appropriate 
receptor that has an exactly complementary shape. But because biological 
receptors are chiral, only one enantiomer of a chiral substrate can fit, just as 
only a right hand can fit into a right-handed glove. The mirror-image enantio-
mer will be a misfit, like a left hand in a right-handed glove. A representation 
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More dramatic examples of how a change in chirality can affect the biological properties of a
molecule can be found in many drugs, such as fluoxetine, a heavily prescribed medication
sold under the trade name Prozac.

Racemic fluoxetine is an extraordinarily effective antidepressant but has no activity
against migraine. The pure S enantiomer, works remarkably well in preventing migraine.

 5-12 chirality in nature and chiral environments 145

 5-12 Chirality in Nature and Chiral Environments
Although the different enantiomers of a chiral molecule have the same physi-
cal properties, they usually have different biological properties. For example, 
the (!) enantiomer of limonene has the odor of oranges and lemons, but the 
(") enantiomer has the odor of pine trees.

HH

(+)-Limonene
(in citrus fruits)

(–)-Limonene
(in pine trees)

More dramatic examples of how a change in chirality can affect the bio-
logical properties of a molecule can be found in many drugs, such as fluox-
etine, a heavily prescribed medication sold under the trade name Prozac. 
Racemic fluoxetine is an extraordinarily effective antidepressant but has no 
activity against migraine. The pure S enantiomer, however, works remarkably 
well in preventing migraine. Other examples of how chirality affects biologi-
cal properties are given in Something Extra at the end of this chapter.

(S)-Fluoxetine
(prevents migraine)

NHCH3

H

O

F3C

Why do different enantiomers have different biological properties? To 
have a biological effect, a substance typically must fit into an appropriate 
receptor that has an exactly complementary shape. But because biological 
receptors are chiral, only one enantiomer of a chiral substrate can fit, just as 
only a right hand can fit into a right-handed glove. The mirror-image enantio-
mer will be a misfit, like a left hand in a right-handed glove. A representation 

80485_ch05_0115-0148j.indd   145 2/2/15   1:51 PM

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



13

Why do different enantiomers have different biological properties?

To have a biological effect, a substance typically must fit into an appropriate receptor that has
an exactly complementary shape.

Because biological receptors are chiral, only one enantiomer of a chiral substrate can fit.

146 chapter 5 stereochemistry at tetrahedral centers

of the interaction between a chiral molecule and a chiral biological receptor is 
shown in FIGURE 5-15: one enantiomer fits the receptor perfectly, but the other 
does not.

(a) (b)

Mismatch

FIGURE 5-15 Imagine that a left hand interacts with a chiral object, much as a biological 
receptor interacts with a chiral molecule. (a) One enantiomer fits into the hand perfectly: green 
thumb, red palm, and gray pinkie finger, with the blue substituent exposed. (b) The other 
enantiomer, however, can’t fit into the hand. When the green thumb and gray pinkie finger 
interact appropriately, the palm holds a blue substituent rather than a red one, with the red 
substituent exposed.

The hand-in-glove fit of a chiral substrate into a chiral receptor is rela-
tively straightforward, but it’s less obvious how a prochiral substrate can 
undergo a selective reaction. Take the reaction of ethanol with NAD! cata-
lyzed by yeast alcohol dehydrogenase. As we saw at the end of Section 5-11, 
this reaction occurs with exclusive removal of the pro-R hydrogen from etha-
nol and with addition only to the Re face of the NAD! carbon.

We can understand this result by imagining that the chiral enzyme recep-
tor again has three binding sites, as in Figure 5-15. When green and gray sub-
stituents of a prochiral substrate are held appropriately, however, only one of 
the two red substituents—say, the pro-S one—is also held while the other, 
pro-R, substituent is exposed for reaction.

We describe the situation by saying that the receptor provides a chiral 
environment for the substrate. In the absence of a chiral environment,  
the two red substituents are chemically identical, but in the presence  
of a chiral environment, they are chemically distinctive (FIGURE 5-16A). The 
situation is similar to what happens when you pick up a coffee mug. By 
itself, the mug has a plane of symmetry and is achiral. When you pick up 
the mug, however, your hand provides a chiral environment so that one side 
becomes much more accessible and easier to drink from than the other 
(FIGURE 5-16B).
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