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Stereochemistry 

4.1 Stereochemistry and stereoisomerism 

The science of organic chemistry, we said, is based on the relationship between 
molecular structure and properties. That part of the science which deals with 
structure in three dimensions is called stereochemistry (Gr.: stereos, solid). 

One aspect of stereochemistry is stereoisomerism. Isomers, we recall, are 
different compounds that have the same molecular formula. The particular kind of 
isomers that are different from each other only in the way the atoms are oriented 
in space (but are like one another with respect to which atoms are joined to which 
other atoms) are called stereoisomers. 

Pairs of stereoisomers exist that differ so little in structure- and hence in 
properties-that of all the physical measurements we can make, only one, involving 
a special instrument and an unusual kind of light, can distinguish between them. 
Yet, despite this close similarity, the existence of such stereoisomers provides us 
with one of our most sensitive probes into mechanisms of chemical reactions; very 
often, one of these isomers is selected for study, not because it is different from 
ordinary compounds in its three-dimensional chemistry, but because it can be 
made to reveal what ordinary compounds hide. And, again despite their close 
similarity, one isomer of such a pair may serve as a nourishing food, or as an 
antibiotic, or as a powerful heart stimulant, and the other isomer may be useless. 

We have already (Sees. 3.3 and 3.5) begun our study of the branch of 
stereochemistry called conformational analysis. In this chapter we shall, first, learn 
how to predict the existence of the kinds of stereoisomers called enantiomers and 
diastereomers, how to represent and designate their structures, and, in a general 
way, how their properties will compare. Then, in the latter part of the chapter, the 
emphasis will shift from what these isomers are to how they are formed, what they 
do, and what they can tell us . But stereochemistry permeates organic chemistry, 
and we shall return to it again and again throughout the rest of the book: to add to 
our knowledge of the fundamental concepts of stereochemistry ; and simply to use 
it to help us understand what is going on in chemical reactions. 
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124 STEREOCHEMISTRY CHAP.4 

4.2 Isomer number and tetrahedral carbon 

Let us begin our study of stereochemistry with methane and some of its simple 
substitution products. Any compound, however complicated, that contains carbon 
bonded to four other atoms can be considered to be a derivative of methane; and 
whatever we learn about the shape of the methane molecule can be applied to the 
shapes of vastly more complicated molecules. 

The evidence of electron diffraction, x-ray diffraction, and spectroscopy shows 
that when carbon is bonded to four other atoms its bonds are directed toward the 
corners of a tetrahedron. But as early as 1874, years before the direct determination 
of molecular structure was possible, the tetrahedral carbon atom was proposed by 
J. H. van't Hoff (while he was still a student at the University of Utrecht) and, 
independently, J. A. LeBel. Their proposal was based upon the evidence of isomer 
number. 

For any atom Y, only one substance of formula CH3 Y has ever been found. 
Chlorination of methane yields only one compound of formula CH3Cl; bromination 
yields only one compound of formula CH3Br. Similarly, only one CH3F is known, 
and only one CH31. Indeed, the same holds true if Y represents, not just an atom, 
but a group of atoms (unless the group is so complicated that in itself it brings 
about isomerism); there is only one CH30H, only one CH3COOH, only one 
CH3S03 H. 

What does this suggest about the arrangement of atoms in methane? It suggests 
that every hydrogen atom in methane is equivalent to every other hydrogen atom, 
so that replacement of any one of them gives rise to the same product. If the 
hydrogen atoms of methane were not equivalent, then replacement of one would 
yield a different compound than replacement of another, and isomeric substitution 
products would be obtained. 

In what ways can the atoms of methane be arranged so that the four hydrogen 
atoms are equivalent? There are three such arrangements: (a) a planar arrangement 
(I) in which carbon is at the center of a rectangle (or square) and a hydrogen atom 

1 
H H H 

II III 

is at each corner; (b) a pyramidal arrangement (II) in which carbon is at the apex 
of a pyramid and a hydrogen atom is at each corner of a square base; (c) a 
tetrahedral arrangement (III) in which carbon is at the center of a tetrahedron and 
a hydrogen atom is at each corner. 

How do we know that each of these arrangements could give rise to only one 
substance of formula CH3 Y? As always for problems like this, the answer lies in 
the use of molecular models. (Gumdrops and toothpicks can be used to make 
structures like I and II, for which the bond angles of ordinary molecular models are 
not suited.) For example, we make two identical models of I. In one model we 
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so that replacement of any one of them gives rise to the same product. If the
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yield a difierent compound than replacement of another, and isomeric substitution
products would be obtained.

In what ways can the atoms ofmethane be arranged so that the four hydrogen
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SEC. 4.3 OPTICAL ACTIVITY. PLANE-POLARIZED LIGHT 125 

replace, say, the upper right-hand H with a different atom Y, represented by a 
differently colored ball or gumdrop; in the other model we similarly replace, say, 
the lower right-hand H. We next see whether or not the two resulting models are 
superimposable; that is, we see whether or not, by any manipulations except bending 
or breaking bonds, we can make the models coincide in all their parts. If the two 
models are superimposable, they simply represent two molecules of the same 
compound; if the models are not superimposable, they represent molecules of 
different compounds which, since they have the same molecular formula, are by 
definition isomers (p. 40). Whichever hydrogen we replace in I (or in II or III), we 
get the same structure. From any arrangement other than these three, we would get 
more than one structure. 

As far as compounds of the formula CH3 Y are concerned, the evidence of 
isomer number limits the structure of methane to one of these three possibilities. 

For any atom Y and for any atom Z, only one substance of formula CH2YZ has 
ever been found. Halogenation of methane, for example, yields only one compound 
of formula CH2Cl 2 , only one compound of formula CH2Br2 , and only one 
compound of formula CH2C1Br. 

Of the three possible structures of methane, only the tetrahedral one is 
consistent with this evidence. 

Thus, only the tetrahedral structure for methane agrees with the evidence of 
isomer number. It is true that this is negative evidence; one might argue that 
isomers exist which have never been isolated or detected simply because the 
experimental techniques are not good enough. But, as we said before, any compound 
that contains carbon bonded to four other atoms can be considered to be a 
derivative of methane; in the preparation of hundreds of thousands of compounds 
of this sort, the number of isomers obtained has always been consistent with the 
concept of the tetrahedral carbon atom. 

There is additional, positive evidence for the tetrahedral carbon atom: the 
finding of just the kind of isomers-enantiomers-that are predicted for compounds 
of formula CWXYZ. It was the existence of enantiomers that convinced van't 
Hoff and LeBel that the carbon atom is tetrahedral. But to understand what 
enantiomers are, we must first learn about the property called optical activity. 

4.3 Optical activity. Plane-polarized light 

Light possesses certain properties that are best understood by considering it 
to be a wave phenomenon in which the vibrations occur at right angles to the 
direction in which the light travels. There are an infinite number of planes passing 
through the line of propagation, and ordinary light is vibrating in all these planes. 
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