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Stereocenters are labeled R or S

A system was developed by Cahn, Ingold, and Prelog allows us to indicate the handedness
in the molecule, a sort of “left-hand” versus “right-hand” nomenclature.

The first step is to rank all four substituents, around an asymmetric carbon atom, in the order
of decreasing priority. Substituent a has the highest priority, b the second highest, c the third,
and d the lowest.

Next, we position the molecule so that the lowest-priority substituent is placed as far away
from us as possible. This process results in two possible arrangements of the remaining
substituents.
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If the sign of rotation does not tell us anything about structure, how do we know 
which enantiomer of a chiral molecule is which? Or, to put it differently, how do we 
know that the levorotatory enantiomer of 2-bromobutane has the structure indicated in 
Table 5-1 (and therefore the dextrorotatory enantiomer the mirror-image con! guration)? 
The answer is that such information can be obtained only through single-crystal X-ray 
diffraction analysis (Section 1-9 and the picture in the margin). This does not mean that 
every chiral compound must be submitted to X-ray analysis to ascertain its structure. 
Absolute con! guration can also be established by chemical correlation with a molecule 
whose own structure has been proved by this method. For example, knowing the stereo-
center in (2)-lactic acid by X-ray analysis also provides the absolute con! guration of the 
(1)-sodium salt (i.e., the same).

Stereocenters are labeled R or S
To name enantiomers unambiguously, we need a system that allows us to indicate the 
handedness in the molecule, a sort of “left-hand” versus “right-hand” nomenclature. Such 
a system was developed by three chemists, R. S. Cahn, C. Ingold, and V. Prelog.*

Let us see how the handedness around an asymmetric carbon atom is labeled. The ! rst 
step is to rank all four substituents in the order of decreasing priority, the rules of which 
will be described shortly. Substituent a has the highest priority, b the second highest, 
c the third, and d the lowest. Next, we position the molecule (mentally, on paper, or by using 
a molecular model set) so that the lowest-priority substituent is placed as far away from 
us as possible (Figure 5-6). This process results in two (and only two) possible arrange-
ments of the remaining substituents. If the progression from a to b to c is counterclockwise, 
the con! guration at the stereocenter is named S (sinister, Latin, left). Conversely, if the 
progression is clockwise, the center is R (rectus, Latin, right). The symbol R or S is added 
as a pre! x in parentheses to the name of the chiral compound, as in (R)-2-bromobutane 
and (S)-2-bromobutane. A racemic mixture can be designated R,S, if necessary, as in (R,S)-
bromochloro" uoromethane. The sign of the rotation of plane-polarized light may be added 
if it is known, as in (S)-(1)-2-bromobutane and (R)-(2)-2-bromobutane. It is important to 
remember, however, that the symbols R and S are not necessarily correlated with the 
sign of a.

OO

O

Structure of (1)-lactic acid as 
deduced from X-ray diffraction 
analysis.

*Dr. Robert S. Cahn (1899–1981), Fellow of the Royal Institute of Chemistry, London; Professor 
Christopher Ingold (1893–1970), University College, London; Professor Vladimir Prelog (1906–1998), 
Swiss Federal Institute of Technology (ETH), Zürich, Nobel Prize 1975 (chemistry).
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Figure 5-6 Assignment of R or S 
con! guration at a tetrahedral 
stereocenter. The group of lowest 
priority is placed as far away from 
the observer as possible. In many 
of the structural drawings in this 
chapter, the color scheme shown 
here is used to indicate the priority 
of substituents—in decreasing 
order, red . blue . green . black.

Sequence rules assign priorities to substituents
Before applying the R,S nomenclature to a stereocenter, we must ! rst assign priorities by 
using sequence rules.

If the progression from a to b to c is
counter-clockwise, the configuration at the
stereocenter is named S (sinister, Latin,
left). Conversely, if the progression is
clockwise, the center is R (rectus, Latin,
right).
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The symbol R or S is added as a prefix in parentheses to the name of the chiral compound,
as in (R)-2-bromobutane and (S)-2-bromobutane.

A racemic mixture can be designated R,S, as in (R,S)-bromochlorofluoromethane. The sign
of the rotation of plane-polarized light may be added if it is known, as in (S)-(+)-2-
bromobutane and (R)-(-)-2-bromobutane.

It is important to remember that the symbols R and S are not necessarily correlated with the
sign of 𝜶.

Sequence rules assign priorities to substituents

Before applying the R,S nomenclature to a stereocenter, we must first assign priorities by
using sequence rules.
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Rule 1. We look first at the atoms attached directly to the stereocenter. A substituent atom of
higher atomic number takes precedence over one of lower atomic number. Consequently,
the substituent of lowest priority is hydrogen.

In regard to isotopes, the atom of higher atomic mass receives higher priority.
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For example, an ethyl substituent takes priority over methyl. Why? At the point of 
attachment to the stereocenter, each substituent has a carbon nucleus, equal in priority. 
Farther from that center, however, methyl has only hydrogen atoms, but ethyl has a carbon 
atom (higher in priority).

Rule 1. We look ! rst at the atoms attached directly to the stereocenter. A substituent 
atom of higher atomic number takes precedence over one of lower atomic number. Con-
sequently, the substituent of lowest priority is hydrogen. In regard to isotopes, the atom 
of higher atomic mass receives higher priority.

Rule 2. What if two substituents have the same rank when we consider the atoms directly 
attached to the stereocenter? In such a case, we proceed along the two respective sub-
stituent chains until we reach a point of difference.

H

(R)-1-Bromo-1-iodoethane

is the same as

CH3 c

d

H d

CH3 c
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AN35

ANl

AN = atomic number
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Note: The substituents are 
attached through the dangling 
bond to the stereocenter in 
the molecule under 
discussion.
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Ethyl 1-Methylethyl
(Isopropyl)

However, 1-methylethyl takes precedence over ethyl because, at the ! rst carbon, ethyl 
bears only one other carbon substituent, but 1-methylethyl bears two. Similarly, 2-methyl-
propyl takes priority over butyl but ranks lower than 1,1-dimethylethyl.

We must remember that the decision on priority is made at the ! rst point of difference 
along otherwise similar substituent chains. When that point has been reached, the constitu-
tion of the remainder of the chain is irrelevant.

Rule 2. What if two substituents have the same rank when we consider the atoms directly
attached to the stereocenter? In such a case, we proceed along the two respective
substituent chains until we reach a point of difference.
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For example, an ethyl substituent takes priority over methyl. At the point of attachment to the
stereocenter, each substituent has a carbon nucleus, equal in priority. Farther from that
center, methyl has only hydrogen atoms, but ethyl has a carbon atom (higher in priority).
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However, 1-methylethyl takes precedence over ethyl because, at the ! rst carbon, ethyl 
bears only one other carbon substituent, but 1-methylethyl bears two. Similarly, 2-methyl-
propyl takes priority over butyl but ranks lower than 1,1-dimethylethyl.

We must remember that the decision on priority is made at the ! rst point of difference 
along otherwise similar substituent chains. When that point has been reached, the constitu-
tion of the remainder of the chain is irrelevant.

However, 1-methylethyl takes precedence over ethyl because, at the first carbon, ethyl bears
only one other carbon substituent, but 1-methylethyl bears two.
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For example, an ethyl substituent takes priority over methyl. Why? At the point of 
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However, 1-methylethyl takes precedence over ethyl because, at the ! rst carbon, ethyl 
bears only one other carbon substituent, but 1-methylethyl bears two. Similarly, 2-methyl-
propyl takes priority over butyl but ranks lower than 1,1-dimethylethyl.
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tion of the remainder of the chain is irrelevant.
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We must remember that the decision on priority is made at the first point of difference along
otherwise similar substituent chains. When that point has been reached, the constitution of the
remainder of the chain is irrelevant.

When we reach a point along a substituent chain at which it branches, we choose the branch
that is higher in priority. When two substituents have similar branches, we rank the elements
in those branches until we reach a point of difference.
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When we reach a point along a substituent chain at which it branches, we choose the 
branch that is higher in priority. When two substituents have similar branches, we rank the 
elements in those branches until we reach a point of difference.
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Two examples are shown below.

(S)-3-Ethyl-2,2,4-trimethylpentane(R)-2-Iodobutane
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D
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Rule 3. Double and triple bonds are treated as if they were single, and the atoms in them 
are duplicated or triplicated at each end by the respective atoms at the other end of the 
multiple bond.
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Examples are shown in the margin and in the structures of S- and R-albuterol that appear 
in the Chapter Opening.

The red atoms shown in the 
groups on the right side of the 
display are not really there. 
They are added only for the 
purpose of assigning a relative 
priority to each of the corres-
ponding groups to their left.
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Rule 3. Double and triple bonds are treated as if they were single, and the atoms in them
are duplicated or triplicated at each end by the respective atoms at the other end of the
multiple bond.
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To assign correctly the stereostructure of stereoisomers, we must develop a fair amount of
three-dimensional “vision,” or “stereo-perception.”

In most of the structures that we have used to illustrate the priority rules, the lowest-priority
substituent is located at the left of the carbon center and in the plane of the page, and the
remainder of the substituents at the right, the upper-right group also being positioned in this
plane.
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Four (of Many) Ways of Depicting (S)-2-Bromobutane

CH3
CH3

CH3

Br

ã }
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CH2CH3

CH2CH3
CH2CH3

Br

Br

´

≥
CH3CH3CH2

Br

C

H

Br

Br

In Summary The sign of optical rotation cannot be used to establish the absolute con-
! guration of a stereoisomer. Instead, X-ray diffraction (or chemical correlations) must be 
used. We can express the absolute con! guration of the chiral molecule as R or S by 
applying the sequence rules, which allow us to rank all substituents in order of decreas-
ing priority. Turning the structures so as to place the lowest-priority group at the back 
causes the remaining substituents to be arranged in clockwise (R) or counterclockwise (S) 
fashion.

The Fischer Stencil

is shown as

C
≥

!#
´

A Fischer (Real Life 5-2) projection is a simpli! ed way of depicting tetrahedral carbon 
atoms and their substituents in two dimensions. With this method, the molecule is drawn 
in the form of a cross, the central carbon being at the point of intersection. The horizontal 
lines signify bonds directed toward the viewer; the vertical lines are pointing away. Hashed-
wedged line structures have to be arranged in this way to facilitate their conversion into 
Fischer projections.

Conversion of the Hashed-Wedged Line Structures 
of 2-Bromobutane into Fischer Projections (of the Stereocenter)

(S)-2-Bromobutane

Fischer
projection

Hashed-wedged line
structure

C

(R)-2-Bromobutane

≥
!#

´
CH2

CH3

H

Br CH3

Fischer
projection

Hashed-wedged line
structure

CH2

CH3

C

H

≥
!# Br

´
CH3CH2

CH3

H

BrCH3CH2

CH3

H

Br CH3

Notice that just as there are several ways of depicting a molecule in the hashed-wedged 
line notation, there are several correct Fischer projections of the same stereocenter.

Two Additional Projections of (R)-2-Bromobutane

C
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Br
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CH2

CH3

H CH3

CH2

C

H

≥
!# Br
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CH3

H

BrCH3

CH2CH3

CH3

Br

CH2

CH3

H CH3

A simple mental procedure that will allow you to safely convert any hashed-wedged line 
structure into a Fischer projection is to picture yourself at the molecular level and grasp 
any two substituents of the hashed-wedged line rendition with your hands while facing the 
central carbon, as shown on the next page. In this cartoon, these substituents are labeled 
arbitrarily a and c. If you then imagine descending on the page while holding the molecule, 

5-4 FISCHER PROJECTIONS

Really

Enzyme

O

H
OH

H3C
C

(

(R)-(!)-Ibuprofen
(Inactive)

O

H
OH

CH3
C

(

(S)-(")-Ibuprofen
(Active)

The painkiller ibuprofen, 
commonly available under the 
names Advil and Motrin, is sold 
as a racemate. Even though the 
active ingredient is the (S)-(1) 
enantiomer (“dexibuprofen”), 
the racemate is almost as active 
as the (S) form. As luck (for the 
discoverers) would have it (see 
also Problem 64), an enzyme in 
the body, a-methylacyl-CoA 
racemase, converts the inactive 
(R) to the (S) isomer to the tune 
of 63%, thus adding value to 
the racemic mixture.
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FISCHER PROJECTIONS

A Fischer projection is a simplified way of depicting tetrahedral carbon atoms and their
substituents in two dimensions. The molecule is drawn in the form of a cross, the central
carbon being at the point of intersection. The horizontal lines signify bonds directed toward
the viewer; the vertical lines are pointing away.

There are several ways of depicting a molecule in the hashed-wedged line notation:
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Four (of Many) Ways of Depicting (S)-2-Bromobutane
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In Summary The sign of optical rotation cannot be used to establish the absolute con-
! guration of a stereoisomer. Instead, X-ray diffraction (or chemical correlations) must be 
used. We can express the absolute con! guration of the chiral molecule as R or S by 
applying the sequence rules, which allow us to rank all substituents in order of decreas-
ing priority. Turning the structures so as to place the lowest-priority group at the back 
causes the remaining substituents to be arranged in clockwise (R) or counterclockwise (S) 
fashion.

The Fischer Stencil

is shown as
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A Fischer (Real Life 5-2) projection is a simpli! ed way of depicting tetrahedral carbon 
atoms and their substituents in two dimensions. With this method, the molecule is drawn 
in the form of a cross, the central carbon being at the point of intersection. The horizontal 
lines signify bonds directed toward the viewer; the vertical lines are pointing away. Hashed-
wedged line structures have to be arranged in this way to facilitate their conversion into 
Fischer projections.

Conversion of the Hashed-Wedged Line Structures 
of 2-Bromobutane into Fischer Projections (of the Stereocenter)
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Notice that just as there are several ways of depicting a molecule in the hashed-wedged 
line notation, there are several correct Fischer projections of the same stereocenter.

Two Additional Projections of (R)-2-Bromobutane
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A simple mental procedure that will allow you to safely convert any hashed-wedged line 
structure into a Fischer projection is to picture yourself at the molecular level and grasp 
any two substituents of the hashed-wedged line rendition with your hands while facing the 
central carbon, as shown on the next page. In this cartoon, these substituents are labeled 
arbitrarily a and c. If you then imagine descending on the page while holding the molecule, 
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The painkiller ibuprofen, 
commonly available under the 
names Advil and Motrin, is sold 
as a racemate. Even though the 
active ingredient is the (S)-(1) 
enantiomer (“dexibuprofen”), 
the racemate is almost as active 
as the (S) form. As luck (for the 
discoverers) would have it (see 
also Problem 64), an enzyme in 
the body, a-methylacyl-CoA 
racemase, converts the inactive 
(R) to the (S) isomer to the tune 
of 63%, thus adding value to 
the racemic mixture.
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Notice that just as there are several ways of depicting a molecule in the hashed-wedged 
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You can change one Fischer projection into another of the same molecule by using certain
manipulations: rotations and substituent switches.

Rotating a Fischer projection may or may not change the absolute configuration

When we rotate a Fischer projection in the plane of the page by 90o, horizontal bonds are
pointed above, vertical ones below the plane of the page. This rotation has switched the
relative spatial disposition of the two sets: The result is a picture of the enantiomer.

Rotation by 180o is fine, because horizontal and vertical lines have not been interchanged:
The resulting drawing represents the same enantiomer.

1815 - 4  F i s c h e r  P r o j e c t i o n s C H A P T E R  5

the two remaining substituents (positioned behind the carbon center) will submerge below 
it, and your left and right hands will position the two horizontal, wedged-line groups in the 
proper orientation. This procedure places the two remaining hashed-line groups vertically 
(juxtaposing your head and feet, respectively).

c

c

d

a

d

A Simple Mental Exercise:
Conversion of Hashed-Wedged Line Structures into Fischer Projections

b

C ca

d

b

b
a

C

Model Building

Before the X-ray diffraction technique was developed, the 
absolute con! gurations of chiral molecules were unknown. 
Amusingly, the ! rst assignment of a three-dimensional struc-
ture to a chiral molecule was a guess made more than a 
 century ago by the sugar chemist Emil Fischer.* He did so 
in a paper in 1891 to simplify the depiction of the compli-
cated stereochemical relationships of grape sugar (glucose) 
to other sugars, a topic that we will visit in Chapter 24. 
His choice (by chemical correlation) assigned the naturally 
occurring dextrorotatory enantiomer of 2,3-dihydroxypropanal 
(glyceraldehyde) the three-dimensional structure labeled 
d-glyceraldehyde. The label “d” does not refer to the sign of 
rotation of plane-polarized light but to the spatial arrange-
ment of the substituent groups.

REAL LIFE: HISTORY 5-2 Absolute Confi guration: A Historical Note
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The other isomer was called l-glyceraldehyde. All chiral 
compounds that could be converted into d-(1)-glyceraldehyde 
by reactions that did not affect the con! guration at the stereo-
center were assigned the d con! guration, and their mirror 
images the l.

}C

H

OH

O

CH3C
CH3

D-Configurations

&
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H

OH
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HC
CH2OCH3
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~

CH2SH

L-Configurations

COCH3

O
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C
HO~

CH2OH
CH

O
H

C
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In 1951, the Dutch crystallographer Johannes Bijvoet†  
established the absolute con! gurations of these compounds 
by the X-ray diffraction analysis of a salt of tartaric acid, 
which had been correlated by chemical means with Fischer’s 
sugars and, in turn, glyceraldehyde. As Bijvoet states in his 
paper (abbreviated), “The result is that Emil Fischer’s con-
vention . . . appears to answer the reality.” Lucky guess!

d,l nomenclature is still used for sugars (Chapter 24) 
and amino acids (Chapter 26).

*Professor Emil Fischer (1852–1919), University of Berlin, 
Germany, Nobel Prize 1902 (chemistry).
†Professor Johannes M. Bijvoet (1892–1980), University of Utrecht, 
The Netherlands.

Professor Emil Fischer in his 
laboratory.
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Having achieved this conversion, you can change one Fischer projection into another 
of the same molecule by using certain manipulations: rotations and substituent switches. 
However, we shall see next that care has to be taken so you don’t inadvertently interconvert 
R and S con! gurations.

Rotating a Fischer projection may or may not change the 
absolute confi guration
What happens when we rotate a Fischer projection in the plane of the page by 908? 
Does the result depict the spatial arrangement of the original molecule? The de! ni-
tion  of a Fischer projection—horizontal bonds are pointed above, vertical ones below 
the plane of the page—tells us that the answer is clearly no, because this rotation 
has  switched the relative spatial disposition of the two sets: The result is a picture of 
the enantiomer. On the other hand, rotation by 1808 is ! ne, because horizontal and 
vertical lines have not been interchanged: The resulting drawing represents the same 
enantiomer.

Br

CH3

CH2CH3

H
90! turn

H

CH2CH3

H3C

Br

Br

CH3

CH3

CH3CH2

H
180! turn

H

CH2CH3Br

changes into

remains

R S

SS

Br

Br

Br

Br

Exchanging substituents in a Fischer projection also changes the 
absolute confi guration
As is the case for hashed-wedged line structures, there are several Fischer projections 
of the same enantiomer, a situation that may lead to confusion. How can we quickly 
ascertain whether two Fischer projections are depicting the same enantiomer or two mir-
ror images? We have to ! nd a sure way to convert one Fischer projection into another 
in a manner that either leaves the absolute con! guration unchanged or converts it into 
its opposite. It turns out that this task can be achieved by simply making substituent 
groups trade places. As we can readily verify by using molecular models, any single 
such exchange turns one enantiomer into its mirror image. Two such exchanges (we may 
select different substituents every time) produce the original absolute con! guration. As shown 
on the next page, this operation merely results in a different view of the same molecule.

Exercise 5-13

Draw Fischer projections for all the molecules in Exercises 5-10 through 5-12.
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Exchanging substituents in a Fischer projection also changes the absolute
configuration

Any single such exchange turns one enantiomer into its mirror image. Two such exchanges
produce the original absolute configuration.

If the conversion of one structure into another takes an even number of exchanges, the
structures are identical. If it requires an odd number of such moves, the structures are mirror
images of each other.

1835 - 4  F i s c h e r  P r o j e c t i o n s C H A P T E R  5

We now have a simple way of establishing whether two different Fischer projections 
depict the same or opposite con! gurations. If the conversion of one structure into another 
takes an even number of exchanges, the structures are identical. If it requires an odd num-
ber of such moves, the structures are mirror images of each other.

Consider, for example, the two Fischer projections A and B. Do they represent mole-
cules having the same con! guration? The answer is found quickly. We convert A into B 
by two exchanges; so A equals B.

Cl
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H3C

H

Cl

CH3

H Cl

CH2

CH3

H

CH3

CH3Cl

A B
CH2

CH3H

Cl

CH3

Exercise 5-14

Draw the hashed-wedged line structures corresponding to Fischer projections A and B, above. Is 
it possible to transform A into B by means of a rotation about a single bond? If so, identify the 
bond and the degree of rotation required. Use models if necessary.
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Cl
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CH2CH3
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Br Br
Cl CH3

CH2CH3

Br

Cl CH3

CH2CH3
CH3CH2

Br

changes into changes back into

(The double arrow denotes two groups trading places)

Fischer projections tell us the absolute confi guration
Fischer projections allow us to assign absolute con! gurations without having to visualize 
the three-dimensional arrangement of the atoms. For this purpose, we

First draw the molecule as any Fischer projection.

Next, we rank all the substituents in accord with the sequence rules.

Finally, if necessary, we place group d on top by a double exchange.

With d at the top, the three groups of priority a, b, and c can adopt only two arrange-
ments: either clockwise or counterclockwise. The ! rst corresponds unambiguously to the R, 
the second to the S con! guration.

S

a

bc

d

R

d

R

d

S

d

b c

bc

a b a a

a
S

d

c bc

R

d

a
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Fischer projections tell us the absolute configuration

Fischer projections allow us to assign absolute configurations without having to visualize the
three-dimensional arrangement of the atoms. For this purpose:

With d at the top, the three groups of priority a, b, and c can adopt only two arrangements:
either clockwise or counter-clockwise. The first corresponds to the R, the second to the S
configuration.
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We now have a simple way of establishing whether two different Fischer projections 
depict the same or opposite con! gurations. If the conversion of one structure into another 
takes an even number of exchanges, the structures are identical. If it requires an odd num-
ber of such moves, the structures are mirror images of each other.
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Exercise 5-14

Draw the hashed-wedged line structures corresponding to Fischer projections A and B, above. Is 
it possible to transform A into B by means of a rotation about a single bond? If so, identify the 
bond and the degree of rotation required. Use models if necessary.
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Fischer projections allow us to assign absolute con! gurations without having to visualize 
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We now have a simple way of establishing whether two different Fischer projections 
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takes an even number of exchanges, the structures are identical. If it requires an odd num-
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MOLECULES INCORPORATING SEVERAL STEREOCENTERS: DIASTEREOMERS

Many molecules contain several stereocenters. Because the configuration about each center
can be R or S, several possible structures emerge, all of which are isomeric.

Two stereocenters can give four stereoisomers: chlorination of 2-bromobutane at C3

1855 - 5  M o l e c u l e s  I n c o r p o r a t i n g  S e v e r a l  S t e r e o c e n t e r s :  D i a s t e r e o m e r s C H A P T E R  5

if done an odd number of times, but leaves it intact when the number of such exchanges 
is even. By placing the substituent of lowest priority on top, we can readily assign the 
absolute con! guration.

Many molecules contain several stereocenters. Because the con! guration about each center 
can be R or S, several possible structures emerge, all of which are isomeric.

Two stereocenters can give four stereoisomers: chlorination of 
2-bromobutane at C3
In Section 5-1 we described how a carbon-based stereocenter can be created by the radical 
halogenation of butane. Let us now consider the chlorination of racemic 2-bromobutane to 
give (among other products) 2-bromo-3-chlorobutane. The introduction of a chlorine atom 
at C3 produces a new stereocenter in the molecule. This center may have either the R or 
the S con! guration. This reaction can be conveniently shown using Fischer projections. For 
this purpose, we draw the stem as a vertical line and the stereocenters as horizontal lines. 
How many stereoisomers are possible for 2-bromo-3-chlorobutane? There are four, as can 
be seen by completing a simple exercise in permutation. Each stereocenter can be either 
R or S, and, hence, the possible combinations are RR, RS, SR, and SS. You can readily 
establish the existence of four stereoisomers by recognizing that each halogen substituent 
can be placed either to the right or to the left of the stem, respectively, for a total of four 
combinations (see below, margin of p. 186, and Figure 5-7).

5-5  MOLECULES INCORPORATING SEVERAL STEREOCENTERS: 
DIASTEREOMERS

Figure 5-7 The four stereoisomers of 2-bromo-3-chlorobutane. Each molecule is the enantiomer 
of one of the other three (its mirror image) and is at the same time a diastereomer of each of the 
remaining two. For example, the 2R,3R isomer is the enantiomer of the 2S,3S compound and is a 
diastereomer of both the 2S,3R and the 2R,3S structures. Notice that two structures are enantiomers 
only when they possess the opposite con! guration at every stereocenter.
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if done an odd number of times, but leaves it intact when the number of such exchanges 
is even. By placing the substituent of lowest priority on top, we can readily assign the 
absolute con! guration.

Many molecules contain several stereocenters. Because the con! guration about each center 
can be R or S, several possible structures emerge, all of which are isomeric.

Two stereocenters can give four stereoisomers: chlorination of 
2-bromobutane at C3
In Section 5-1 we described how a carbon-based stereocenter can be created by the radical 
halogenation of butane. Let us now consider the chlorination of racemic 2-bromobutane to 
give (among other products) 2-bromo-3-chlorobutane. The introduction of a chlorine atom 
at C3 produces a new stereocenter in the molecule. This center may have either the R or 
the S con! guration. This reaction can be conveniently shown using Fischer projections. For 
this purpose, we draw the stem as a vertical line and the stereocenters as horizontal lines. 
How many stereoisomers are possible for 2-bromo-3-chlorobutane? There are four, as can 
be seen by completing a simple exercise in permutation. Each stereocenter can be either 
R or S, and, hence, the possible combinations are RR, RS, SR, and SS. You can readily 
establish the existence of four stereoisomers by recognizing that each halogen substituent 
can be placed either to the right or to the left of the stem, respectively, for a total of four 
combinations (see below, margin of p. 186, and Figure 5-7).
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Figure 5-7 The four stereoisomers of 2-bromo-3-chlorobutane. Each molecule is the enantiomer 
of one of the other three (its mirror image) and is at the same time a diastereomer of each of the 
remaining two. For example, the 2R,3R isomer is the enantiomer of the 2S,3S compound and is a 
diastereomer of both the 2S,3R and the 2R,3S structures. Notice that two structures are enantiomers 
only when they possess the opposite con! guration at every stereocenter.
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if done an odd number of times, but leaves it intact when the number of such exchanges 
is even. By placing the substituent of lowest priority on top, we can readily assign the 
absolute con! guration.

Many molecules contain several stereocenters. Because the con! guration about each center 
can be R or S, several possible structures emerge, all of which are isomeric.

Two stereocenters can give four stereoisomers: chlorination of 
2-bromobutane at C3
In Section 5-1 we described how a carbon-based stereocenter can be created by the radical 
halogenation of butane. Let us now consider the chlorination of racemic 2-bromobutane to 
give (among other products) 2-bromo-3-chlorobutane. The introduction of a chlorine atom 
at C3 produces a new stereocenter in the molecule. This center may have either the R or 
the S con! guration. This reaction can be conveniently shown using Fischer projections. For 
this purpose, we draw the stem as a vertical line and the stereocenters as horizontal lines. 
How many stereoisomers are possible for 2-bromo-3-chlorobutane? There are four, as can 
be seen by completing a simple exercise in permutation. Each stereocenter can be either 
R or S, and, hence, the possible combinations are RR, RS, SR, and SS. You can readily 
establish the existence of four stereoisomers by recognizing that each halogen substituent 
can be placed either to the right or to the left of the stem, respectively, for a total of four 
combinations (see below, margin of p. 186, and Figure 5-7).

5-5  MOLECULES INCORPORATING SEVERAL STEREOCENTERS: 
DIASTEREOMERS

Figure 5-7 The four stereoisomers of 2-bromo-3-chlorobutane. Each molecule is the enantiomer 
of one of the other three (its mirror image) and is at the same time a diastereomer of each of the 
remaining two. For example, the 2R,3R isomer is the enantiomer of the 2S,3S compound and is a 
diastereomer of both the 2S,3R and the 2R,3S structures. Notice that two structures are enantiomers 
only when they possess the opposite con! guration at every stereocenter.
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There are two related pairs of compounds: an R,R/S,S pair and an R,S/S,R pair. The
members of each individual pair are mirror images of each other and therefore enantiomers.
Conversely, each member of one pair is not a mirror image of either member of the other
pair; they are diastereomers (dia, Greek, across).
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Because all horizontal lines in Fischer projections signify bonds directed toward the viewer,
the Fischer stencil represents an eclipsed conformation and therefore does not depict the
molecule in its most stable form, which is anti.
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Because all horizontal lines in Fischer projections signify bonds directed toward the viewer, 
the Fischer stencil represents an eclipsed conformation and therefore does not depict the 
molecule in its most stable form, which is anti. This is illustrated below for (2S,3S)-
2-bromo-3-chlorobutane (see also Figure 5-7).

(2S,3S)-2-Bromo-3-chlorobutane: From Eclipsed Fischer Projection 
to anti Conformation
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To make stereochemical assignments, one treats each stereocenter separately, and the group 
containing the other stereocenter is regarded as a simple substituent (Figure 5-8).

By looking closely at the structures of the four stereoisomers (Figure 5-7), we see that 
there are two related pairs of compounds: an R,R/S,S pair and an R,S/S,R pair. The members 
of each individual pair are mirror images of each other and therefore enantiomers. Con-
versely, each member of one pair is not a mirror image of either member of the other pair; 
hence, they are not enantiomeric with respect to each other. Stereoisomers that are not 
related as object and mirror image, and therefore are not enantiomers, are called diastereomers 
(dia, Greek, across).

!

Chlorinating racemic 
2-bromobutane at C3 is 
stereochemically equivalent to 
pairing two different pairs 
(“racemates”) of shoes: four 
combinations.
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PROBLEM: R or S?

SOLUTION: The center under scrutiny is S.
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Treated as substituent

Figure 5-8 Assigning the absolute con! guration at C3 in 2-bromo-3-chlorobutane. We consider 
the group containing the stereocenter C2 merely as one of the four substituents. Priorities (also 
noted in color) are assigned in the usual way (Cl . CHBrCH3 . CH3 . H), giving rise to the repre-
sentation shown in the center. Two exchanges place the substituent of lowest priority (hydrogen) 
at the top of the Fischer projection to facilitate assignment.

Exercise 5-18

The two amino acids isoleucine and alloisoleucine are depicted below in staggered conformations. 
Convert both into Fischer projections. (Keep in mind that Fischer projections are views of mol-
ecules in eclipsed conformations.) Are these two compounds enantiomers or diastereomers?
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In contrast with enantiomers, diastereomers, because they are not mirror images of each 
other, are molecules with different physical and chemical properties (see, e.g., Real Life 5-3). 
Their steric interactions and energies differ. They can be separated by fractional distilla-
tion, crystallization, or chromatography. They have different melting and boiling points 
(see margin of the next page) and different densities, just as constitutional isomers do. In 
addition, they have different speci! c rotations.

Isoleucine is an important 
amino acid that cannot be 
made by the body and therefore 
needs to be an ingredient of our 
diet. Relatively high amounts 
of isoleucine are found in eggs, 
chicken, lamb, cheese, and ! sh.
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To make stereochemical assignments, one treats each stereocenter separately, and the group 
containing the other stereocenter is regarded as a simple substituent (Figure 5-8).

By looking closely at the structures of the four stereoisomers (Figure 5-7), we see that 
there are two related pairs of compounds: an R,R/S,S pair and an R,S/S,R pair. The members 
of each individual pair are mirror images of each other and therefore enantiomers. Con-
versely, each member of one pair is not a mirror image of either member of the other pair; 
hence, they are not enantiomeric with respect to each other. Stereoisomers that are not 
related as object and mirror image, and therefore are not enantiomers, are called diastereomers 
(dia, Greek, across).
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Figure 5-8 Assigning the absolute con! guration at C3 in 2-bromo-3-chlorobutane. We consider 
the group containing the stereocenter C2 merely as one of the four substituents. Priorities (also 
noted in color) are assigned in the usual way (Cl . CHBrCH3 . CH3 . H), giving rise to the repre-
sentation shown in the center. Two exchanges place the substituent of lowest priority (hydrogen) 
at the top of the Fischer projection to facilitate assignment.

Exercise 5-18

The two amino acids isoleucine and alloisoleucine are depicted below in staggered conformations. 
Convert both into Fischer projections. (Keep in mind that Fischer projections are views of mol-
ecules in eclipsed conformations.) Are these two compounds enantiomers or diastereomers?
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In contrast with enantiomers, diastereomers, because they are not mirror images of each 
other, are molecules with different physical and chemical properties (see, e.g., Real Life 5-3). 
Their steric interactions and energies differ. They can be separated by fractional distilla-
tion, crystallization, or chromatography. They have different melting and boiling points 
(see margin of the next page) and different densities, just as constitutional isomers do. In 
addition, they have different speci! c rotations.

Isoleucine is an important 
amino acid that cannot be 
made by the body and therefore 
needs to be an ingredient of our 
diet. Relatively high amounts 
of isoleucine are found in eggs, 
chicken, lamb, cheese, and ! sh.
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In contrast with enantiomers, diastereomers are molecules with different physical and
chemical properties. Their steric interactions and energies differ.

They can be separated by fractional distillation, crystallization, or chromatography. They
have different melting and boiling points and different densities.

In addition, they have different specific rotations.
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2-Bromo-3-chlorobutane
R,R/S,S-Racemate:

b.p. 38–38.5!C (at 16 torr)

2-Bromo-3-chlorobutane
R,S/S,R-Racemate:

b.p. 31–33!C (at 16 torr)
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!Exercise 5-19

What are the stereochemical relations (identical, enantiomers, diastereomers) of the following four 
molecules? Assign absolute con! gurations at each stereocenter.
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Cis and trans isomers are cyclic diastereomers
It is instructive to compare the stereoisomers of 2-bromo-3-chlorobutane with those of a cyclic 
analog, 1-bromo-2-chlorocyclobutane (Figure 5-9). In both cases, there are four stereoisomers: 
R,R, S,S, R,S, and S,R. In the cyclic compound, however, the stereoisomeric relation of the 
! rst pair to the second is easily recognized: One pair has cis stereochemistry, the other trans. 
Cis and trans isomers (Section 4-1) in cycloalkanes are in fact diastereomers.

Model Building

Tartaric acid (systematic name 2,3-dihydroxy-
butanedioic acid) is a naturally occurring 
 dicarboxylic acid containing two stereocenters 
with identical substitution patterns. Therefore it 
exists as a pair of enantiomers (which have 
identical physical properties but which rotate 
plane-polarized light in opposite directions) 
and an achiral meso compound (with different 
physical and chemical properties from those of 
the chiral diastereomers).

The dextrorotatory enantiomer of tartaric 
acid is widely distributed in nature. It is present 
in many fruits, and its monopotassium salt is 
found as a deposit during the fermentation of 
grape juice. Pure levorotatory tartaric acid is 
rare, as is the meso isomer.

Tartaric acid is of historical signi! cance 
because it was the ! rst chiral molecule whose racemate 
was separated into the two enantiomers. This happened in 
1848, long before it was recognized that carbon could be 
tetrahedral in organic molecules. By 1848, natural tartaric 
acid had been shown to be dextrorotatory and the racemate 
had been isolated from grapes. [In fact, the words “race-
mate” and “racemic” are derived from an old common 
name  for this form of tartaric acid, racemic acid (racemus, 
Latin, cluster of grapes)]. The French chemist Louis 

REAL LIFE: NATURE 5-3 Stereoisomers of Tartaric Acid

Pasteur* obtained a sample of the sodium 
ammonium salt of this acid and noticed that 
there were two types of crystals: One set was 
the mirror image of the second. In other 
words,  the crystals were chiral.

By manually separating the two sets, 
dissolving them in water, and measuring 
their optical rotation, Pasteur found one of 
the crystalline forms to be the pure salt of 
(1)-tartaric acid and the other to be the levo-
rotatory form. Remarkably, the chirality of 
the  individual molecules in this rare case had 
given rise to the macroscopic property of 
chirality in the crystal. He concluded from his 
observation that the molecules themselves 
must be chiral. These ! ndings and others led 
in 1874 to the ! rst proposal, by van’t Hoff 

and Le Bel† independently, that saturated carbon has a tetra-
hedral bonding arrangement and is not, for example, square 
planar. (Why is the idea of a planar carbon incompatible 
with that of a stereocenter?)
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*Professor Louis Pasteur (1822–1895), Sorbonne, Paris.
†Professor Jacobus H. van’t Hoff (1852–1911), University of 
Amsterdam, Nobel Prize 1901 (chemistry); Dr. J. A. Le Bel 
(1847–1930), Ph.D., Sorbonne, Paris.
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molecules? Assign absolute con! gurations at each stereocenter.
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More than two stereocenters means still more stereoisomers
What structural variety do we expect for a compound having three stereocenters? We may 
again approach this problem by permuting the various possibilities. If we label the three 
centers consecutively as either R or S, the following sequence emerges:

RRR  RRS  RSR  SRR  RSS  SRS  SSR  SSS

a total of eight stereoisomers. They can be arranged to reveal a division into four enantio-
mer pairs of diastereomers.

 Image RRR RRS RSS SRS

 Mirror image SSS SSR SRR RSR

Generally, a compound with n stereocenters can have a maximum of 2n stereoisomers.
Therefore, a compound having three such centers gives rise to a maximum of eight stereo-
isomers; one having four produces sixteen; one having ! ve, thirty-two; and so forth. The 
structural possibilities are quite staggering for larger systems (margin).

A

H

H

Cl

Br
R

R

i
i

H

Br
Cl

R

S

i

H
i

H

H

Cl

Br

Br

S

S

i

H
i

H
i

i

Cl
S

R

1

1

2

2

¥&

¥& ¥ &H
HBr

Br

ClHC CH2

Cl

H
C1 is R

2

1

¥&
Cl

BrHC CH2

H
C2 is R

C1: Flip so H is
in back C2: Rotate

B

Enantiomers

Enantiomers

Diastereomers

Mirror

DiastereomersDiastereomers

Figure 5-9 (A) The diastereomeric relation of cis- and trans-1-bromo-2-chlorocyclobutane. 
(B) Stereo chemical assignment of the R,R stereoisomer. Recall that the color scheme indicates 
the priority order of the groups around each stereo center: red . blue . green . black.

Exercise 5-20

Draw all the stereoisomers of 2-bromo-3-chloro-4-" uoropentane.

In Summary The presence of more than one stereocenter in a molecule gives rise to dia-
stereomers. These are stereoisomers that are not related to each other as object and mirror 
image. Whereas enantiomers have opposite con! gurations at every respective stereocenter, 
two diastereomers do not. A molecule with n stereocenters may exist in as many as 2n stereo-
isomers. In cyclic compounds, cis and trans isomers are diastereomers.

We saw that the molecule 2-bromo-3-chlorobutane contains two distinct stereocenters, each 
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Cis and trans isomers are cyclic diastereomers

In 1-bromo-2-chlorocyclobutane, there are four stereoisomers: R,R, S,S, R,S, and S,R. The
stereoisomeric relation of the first pair to the second is easily recognized: One pair has cis
stereochemistry, the other trans.
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More than two stereocenters means still more stereoisomers

For a compound having three stereocenters, a total of eight stereoisomers exists in four
enantiomer pairs of diastereomers:

Generally, a compound with n stereocenters can have a
maximum of 2n stereoisomers.
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More than two stereocenters means still more stereoisomers
What structural variety do we expect for a compound having three stereocenters? We may 
again approach this problem by permuting the various possibilities. If we label the three 
centers consecutively as either R or S, the following sequence emerges:

RRR  RRS  RSR  SRR  RSS  SRS  SSR  SSS

a total of eight stereoisomers. They can be arranged to reveal a division into four enantio-
mer pairs of diastereomers.

 Image RRR RRS RSS SRS

 Mirror image SSS SSR SRR RSR

Generally, a compound with n stereocenters can have a maximum of 2n stereoisomers.
Therefore, a compound having three such centers gives rise to a maximum of eight stereo-
isomers; one having four produces sixteen; one having ! ve, thirty-two; and so forth. The 
structural possibilities are quite staggering for larger systems (margin).
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Figure 5-9 (A) The diastereomeric relation of cis- and trans-1-bromo-2-chlorocyclobutane. 
(B) Stereo chemical assignment of the R,R stereoisomer. Recall that the color scheme indicates 
the priority order of the groups around each stereo center: red . blue . green . black.

Exercise 5-20

Draw all the stereoisomers of 2-bromo-3-chloro-4-" uoropentane.

In Summary The presence of more than one stereocenter in a molecule gives rise to dia-
stereomers. These are stereoisomers that are not related to each other as object and mirror 
image. Whereas enantiomers have opposite con! gurations at every respective stereocenter, 
two diastereomers do not. A molecule with n stereocenters may exist in as many as 2n stereo-
isomers. In cyclic compounds, cis and trans isomers are diastereomers.

We saw that the molecule 2-bromo-3-chlorobutane contains two distinct stereocenters, each 
with a different halogen substituent. How many stereoisomers are to be expected if both 
centers are identically substituted?
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