
MORE ON 
STEREOCHEM 

T he fundamentals of structure and stereochemistry have been considered 
in previous chapters in some detail. There are, however, practical aspects of 
stereochemistry that have not yet been mentioned, particularly with regard 
to chiral compounds. How, for instance, can a racemic mixture be separated 
into its component enantiomers (resolution); what methods can be used to 
establish the configuration of enantiomers; how can we tell if they are pure; 
and how do we synthesize one of a pair of enantiomers preferentially (asym- 
metric synthesis)? In this chapter, some answers to these questions will be 
described briefly. 

Optical activity is an associated phenomenon of chirality and has long 
been used to monitor the behavior of chiral compounds. Brief mention of this 
was made earlier (Section 5- 1 C), but now the origin and measurement of optical 
rotation will be examined in more detail. 

19-1 PLANE-POLARIZED LIGHT AND THE ORIGIN 
OF OPTICAL ROTATION 

Electromagnetic radiation, as the name implies, involves the propagation of 
both electric and magnetic forces. At each point in an ordinary light beam, 
there is a component electric field and a component magnetic field, which are 



19-1 Plane-Polarized Light and the Origin of Optical Rotation 

Figure 19-1 Schematic representation of the electrical component of 
plane-polarized light and optical rotation. The beam is assumed to travel 
from X toward Y. 

perpendicular to each other and oscillate in all directions perpendicular to the 
direction in which the beam propagates. In plane-polarized light the component 
electric field oscillates as in ordinary light, except that the direction of oscil- 
lation is contained within a single plane. Likewise, the component magnetic 
field oscillates within a plane, the planes in question being perpendicular to 
each other. A schematic representation of the electric part of plane-polarized 
light and its interaction with an optical isomer is shown in Figure 19-1. The 
beam of polarized light, XU, has a component electric field that oscillates in 
the plane AOD. At the point O the direction of oscillation is along OE. If 
now at O the beam encounters a substance which has the power to cause the 
direction of oscillation of the electrical field to rotate through an angle cr to 
the new direction OE' in the plane COB, the substance is said to be optically 
active. 

A clockwise rotation, as the observer looks towards the beam, defines 
the substance as dextrorotatory (i.e., rotates to the right) and the angle cr is 
taken as a positive (+) rotation. If the rotation is counterclockwise the sub- 
stance is described as levorotatory (i.e., rotates to the left) and the angle cr is 
taken as a negative (-) rotation. 

The question naturally arises as to why some substances interact with 
polarized light in this manner whereas others do not. We shall oversimplify 
the explanation because a rigorous treatment involves rather complex mathe- 
matics. However, it is not difficult to understand that the electric forces in a 
light beam impinging on a molecule will interact to some extent with the elec- 
trons within the molecule. Although radiant energy actually may not be ab- 
sorbed by the molecule to promote it to higher, excited electronic-energy states 
(see Section 9-9A), a perturbation of the electronic configuration of the mole- 
cule can occur. One can visualize this process as a polarization of the elec- 
trons brought about by the oscillating electric field associated with the radiation. 
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This interaction is important to us here because it causes the electric field of 
the radiation to change its direction of oscillation. The effect produced by any 
one molecule is extremely small, but in the aggregate may be measurable as a 
net rotation of the plane-polarized light. Molecules such as methane, ethene 
and 2-propanone, which have enough symmetry so that each is identical with 
its reflection, do not rotate plane-polarized light. This is because the symmetry 
of each is such that every optical rotation in one direction is canceled by an 
equal rotation in the opposite direction. However, a molecule with its atoms 
so disposed in space that it is not symmetrical to the degree of being super- 
imposable on its mirror image will have a net effect on the incident polarized 
light, because then the electromagnetic interactions do not average to zero. 
We characterize such substances as having chiral configurations and as being 
optically active. 

A useful model for explanation of optical rotation considers that a beam of 
plane-polarized light is the vector resultant of two oppositely rotating beams 
of circularly polarized light. This will be clearer if we understand that circularly 
polarized light has a component electric field that varies in direction but not in 
magnitude so that the field traverses a helical path in either a clockwise or 
counterclockwise direction, as shown in Figure 19-2. 

The resultant of the two oppositely rotating electric vectors lies in a plane, 
and the magnitude of the resultant varies as a sine wave, shown in Figure 19-3. 
This amounts to plane-polarized light. 

When circularly polarized light travels through an assemblage of one kind of 
chiral molecules, the velocity of light observed for one direction of circular 
polarization is different from that for the other direction of polarization. This 
is eminently reasonable because, no matter how a chiral molecule is oriented, 
the molecule presents a different aspect to circularly polarized light rotating 
in one direction than to that rotating in the other direction. Consequently if the 
electric vectors of two circularly polarized light beams initially produce a re- 
sultant that lies in a plane, and the beams then encounter a medium in which 
they have different velocities, one beam will move steadily ahead of the other. 
This will cause a continual rotation of the plane of their resultant until they 
again reach a medium in which they have equal velocities. 

Figure 19-2 Circularly polarized light. The helix represents the path 
followed by the component electric field of a light beam, XY, and may 
rotate clockwise (a) or counterclockwise (b). 



19-2 Specific Rotation 

Figure 19-3 Plane-polarized light as the vector sum of two oppositely 
rotating beams of circularly polarized light. The phases of the two electric 
vectors and their resultant are shown separately for the points A, B, C, 
D, and E to clarify that the resultant vector oscillates in the form of a 
sine wave. 

-1 9-2 SPECIFIC ROTATION 

Optical rotation is the usual and most useful means of monitoring enantiomeric 
purity of chiral molecules. Therefore we need to know what variables influence 
the magnitude of optical rotation. 

The  measured rotation, a ,  of a chiral substance varies with the concen- 
tration of the solution (or the density of a pure liquid) and on the distance 
through which the light travels. This is to be expected because the magnitude 
of a will depend on the number as well as  the kind of molecules the light en- 
counters. Another important variable is the wavelength of the incident light, 
which always must be specified even though the sodium D line (589.3 nm) com- 
monly is used. To a lesser extent, a varies with the temperature and with the 
solvent (if used), which also should be specified. The optical rotation of a 



866 19 More on Stereochemistry 

chiral substance usually is reported as a specific rotation [a],  which is ex- 
pressed by the Equations 19-1 or 19-2. 

For solutions: 

- 100a 
(19-1) 

a = measured rotation in degrees 
[air t = temperature 

h = wavelength of light 

For neat liquids: 
1 = length in decimeters of the light 

path through the solution 
c = concentration in grams of sample 

a 
[a]: = rd ( 19-2) per 100 ml of solution 

d = density of liquid in grams ml-I 

For example, quinine (Section 19-3A) is reported as having [a], = -117" 
(c  = 1.5, CHCl,) ( t  = 17"), which means that it has a levorotation of 117 de- 
grees for sodium D light (589.3 nm) at a concentration of 1.5 grams per 100 
ml of chloroform solution at 17" when contained in a tube 1 decimeter long. 

Frequently, molecular rotation, [ M I ,  is used in preference to specific 
rotation and is related to specific rotation by Equation 19-3: 

in which M is the molecular weight of the compound. Expressed in this form, 
optical rotations of different compounds are directly comparable on a molecular 
rather than a weight basis. 

The effects of wavelength of the light in the polarized beam on the 
magnitude and sign of the observed optical rotation are considered in Sec- 
tion 19-9. 

19-3 SEPARATION OR RESOLUTION OF ENANTIOMERS 

Because the physical properties of enantiomers are identical, they seldom 
can be separated by simple physical methods, such as fractional crystallization 
or distillation. It is only under the influence of another chiral substance that 
enantiomers behave differently, and almost all methods of resolution of 
enantiomers are based upon this fact. We include here a discussion of the 
primary methods of resolution. 

19-3A Chiral Amines as Resolving Agents. Resolution of 
Racemic Acids 

The most commonly used procedure for separating enantiomers is to convert 
them to a mixture of diastereomers that will have different physical properties: 
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melting point, boiling point, solubility, and so on (Section 5-5). For example, 
if you have a racemic or D,L mixture of enantiomers of an acid and convert 
this to a salt with a chiral base having the D configuration, the salt will be a 
mixture of two diastereomers, (D acid . D base) and (L acid . D base). These 
diastereomeric salts are not identical and they are not mirror images. There- 
fore they will differ to some degree in their physical properties, and a separa- 
tion by physical methods, such as crystallization, may be possible. If the 
diastereomeric salts can be completely separated, the acid regenerated from 
each salt will be either exclusively the D or the L enantiomer: 

Resolution of chiral acids through the formation of diastereomeric salts 
requires adequate supplies of suitable chiral bases. Brucine, strychnine, and 
quinine frequently are used for this purpose because they are readily available, 
naturally occurring chiral bases. Simpler amines of synthetic origin, such as 
2-amino- 1 -butanol, amphetamine, and 1 -phenylethanamine, also can be used, 
but first they must be resolved themselves. 

1 -phenyl-2-propanamine 
(amphetamine) 

R = H, strychnine 
R = OCH,, brucine 

quinine 
(antimicrobial) 
(antimalarial) 
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19-33 Resolution of Racemic Bases 

Chiral acids, such as (+)-tartaric acid, (-)-malic acid, (-)-mandelic acid, and 
(+)-camphor- 10-sulfonic acid, are used for the resolution of a racemic base. 

C02H 

CHOH 

CHOW 

C 0 2 H  

CHOH 

CH2 
I 

C 0 2 H  
I 

CHOH 

C6H5 

tartaric acid malic acid mandel ic acid camphor-1 0-sulfonic 
(2,3-di hydroxy- (2-hydroxybutane- (2-hydroxy-2-phenyl- acid 

butanedioic acid) dioic acid) ethanoic acid) 

The principle is the same as for the resolution of a racemic acid with a chiral 
base, and the choice of acid will depend both on the ease of separation of the 
diastereomeric salts and, of course, on the availability of the acid for the scale 
of the resolution involved. Resolution methods of this kind can be tedious, 
because numerous recrystallizations in different solvents may be necessary to 
progressively enrich the crystals in the less-soluble diastereomer. To determine 
when the resolution is complete, the mixture of diastereomers is recrystallized 
until there is no further change in the measured optical rotation of the crystals. 
At this stage it is hoped that the crystalline salt is a pure diastereomer from 
which one pure enantiomer can be recovered. The optical rotation of this 
enantiomer will be a maximum value if it is "optically" pure because any 
amount of the other enantiomer could only reduce the magnitude of the 
measured rotation a. 

19-3C Resolution of Racemic Alcohols 

To resolve a racemic alcohol, a chiral acid can be used to convert the alcohol 
to a mixture of diastereomeric esters. This is not as generally useful as might be 
thought because esters tend to be liquids unless they are very high-molecular- 
weight compounds. If the diastereomeric esters are not crystalline, they must 
be separated by some other method than fractional crystallization (for instance, 
by chromatography methods, Section 9-2). Two chiral acids that are useful 
resolving agents for alcohols are 

menthoxyethanoic acid 3-P-acetoxy-A5-etien ic acid 
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The most common method of resolving an alcohol is to convert it to a 
half-ester of a dicarboxylic acid, such as butanedioic (succinic) or 1,2-benzene- 
dicarboxylic (phthalic) acid, with the corresponding anhydride. The resulting 
half-ester has a free carboxyl function and may then be resolvable with a 
chiral base, usually brucine: 

D,L-2-butanol 1,2-benzenedicarboxylic 
anhydride 

CH~CH~$H-O--C 
brucine , 

half-ester 

o->butano) 
hydrolysis 

diastereomeric salts separation 

crystallization a1 kaline 1 hydrolysis L-2- butan01 

19-30 Other Methods of Resolution 

Qne of the major goals in the field of organic chemistry is the development of 
reagents with the property of "chiral recognition" such that they can effect a 
clean separation of enantiomers in one operation without destroying either of 
the enantiomers. We have not achieved that ideal yet, but it may not be far 
in the future. Chromatographic methods (Section 9-2), whereby the stationary 
phase is a chiral reagent that adsorbs one enantiomer more strongly than the 
other, have been used to resolve racemic compounds, but such resolutions 
seldom have led to both pure enantiomers on a preparative scale. 

Other methods, called kinetic resolutions, are excellent when applicable. 
The procedure takes advantage of differences in reaction rates of enantiomers 
with chiral reagents. One enantiomer may react more rapidly, thereby leaving 
an excess of the other enantiomer behind. For example, racemic tartaric acid 
can be resolved with the aid of certain penicillin molds that consume the 
dextrorotatory enantiomer faster than the levorotatory enantiomer. As a re- 
sult, almost pure (-)-tartaric acid can be recovered from the mixture: 

(%)-tartaric acid + mold --+ (-)-tartaric acid + more mold 

A disadvantage of resolutions of this type is that the more reactive enantiomer 
usually is not recoverable from the reaction mixture. 
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The crystallization procedure employed by Pasteur for his classical 
resolution of (+-)-tartaric acid (Section 5-1C) has been successful only in a 
very few cases. This procedure depends on the formation of individual crystals 
of each enantiomer. Thus if the crystallization of sodium ammonium tartrate 
is carried out below 27", the usual racemate salt does not form; a mixture of 
crystals of the (+) and (-) salts forms instead. The two different kinds of 
crystals, which are related as an object to its mirror image, can be separated 
manually with the aid of a microscope and subsequently may be converted to 
the tartaric acid enantiomers by strong acid. A variation on this method of 
resolution is the seeding of a saturated solution of a racemic mixture with 
crystals of one pure enantiomer in the hope of causing crystallization of just 
that one enantiomer, thereby leaving the other in solution. Unfortunately, very 
few practical resolutions have been achieved in this way. 

Even when a successful resolution is achieved, some significant prob- 
lems remain. For instance, the resolution itself does not provide information 
on the actual configuration of the (+) or (-) enantiomer. This must be deter- 
mined by other means (see Section 19-5). Also, it is not possible to tell the 
enantiomeric purity (optical purity) of the resolved enantiomers without addi- 
tional information. This point is discussed further in the next section. 

Exercise 19-1 Indicate the reagents you would use to resolve the following com- 
pounds. Show the reactions involved and specify the physical method you believe 
would be the best to separate the diastereomers. 
a. 1 -phenyl-2-propanamine b. 2,3-pentadienedioic acid c. 1 -phenylethanol 

Exercise 19-2 Using equations, show the reactions whereby the following chiral 
reagents could be used to resolve aldehydes and ketones. (Review Sections 15-4E 
and 16-4C.) 
a. (ZD, 3~)-2,3-butanediol 

19-4 ENANTIOMERIC PURITY 

The term enantiomeric purity (or optical purity) is defined as the fractional 
excess of one enantiomer over the other. This is expressed in Equation 19-4 
in terms of the moles (or weights) of the two enantiomers, n, and n,, and is 
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equal to the ratio of the observed optical rotation, a,,,, and to the optical ro- 
tation of either pure enantiomer, a,: 

n -n2-- enantiomeric purity of n, = - 
n1+n, a0 

Thus a racemic mixture (n, = n2) has an enantiomeric purity of zero. Any other 
enantiomeric composition in principle can be determined provided the mixture 
has a measurable rotation and the rotation of the pure enantiomer, a,, is known. 
Unfortunately, there is no simple method of calculating a, in advance. In fact, 
specific rotations of optically pure compounds are determined most reliably 
from Equation 19-4 after measurement of enantiomeric purity by independent 
methods. 

Virtually all of the methods for determining enantiomeric purity rely 
on the differences in chemical, physical, or  spectroscopic properties of dia- 
stereomers derived from enantiomeric mixtures. We will mention here two of 
the most straightforward methods, based on gas-liquid chromatography and 
nuclear magnetic resonance. 

19-4A Determination of Enantiomeric Purity 
by Gas Chromatography 

This method amounts to a complete resolution of the type described in Sec- 
tion 19-3D, but on an analytical scale. For  example, assume that you have a 
partially resolved compound, A, consisting of unequal amounts of the enan- 
tiomers A+ and A_. By reaction with a second chiral enantiomerically pure 
substance, B+, A is converted to a mixture of diastereomers A+B+ and A-B,. 
Because these diastereomers are chemically and physically different, the mix- 
ture usually can be analyzed by gas-liquid chromatography (Section 9-2A). 
If the reaction of B+ with A+ and A- was quantitative, the relative areas of 
the two peaks eluting from the column correspond to the ratio of the dia- 
stereomers A+B+/A-B,, and thus to the ratio of enantiomers A+/A-, from 
which the enantiomeric purity of the partially resolved mixture can be cal- 
culated. 

An alternative and very direct approach is to separate the enantiomers 
on a column in which the stationary liquid phase is a chiral compound. The 
diastereomeric interaction is between A+ or  A- and the chiral liquid phase, 
and may be sufficiently different to permit separation of A+ from A_. The ratio 
of the amounts of A+ and A- corresponds to the enantiomeric purity. 

19-48 Determination of Enantiomeric Purity 
by NMR Spectroscopy 

The nmr chemical shifts of nuclei of enantiomeric compounds A+ and A-  are 
identical in achiral solvents. However, in a chiral solvent (enantiomerically 
pure) A+ and A- will be effectively converted to diastereomers as the result 
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of chiral solvation and, accordingly, their nuclei will have nonidentical chemi- 
cal shifts. Provided that the shift differences are large enough to permit the 
resonances of one chirally solvated enantiomer to be resolved from those of 
the other, the ratio of enantiomers A+/A- can be determined from the ratio of 
their corresponding nmr signal intensities. 

Alternatively, with a pure chiral reagent the enantiomeric mixture may 
be converted (quantitatively) to diastereomers. The nuclei of the diastereomeric 
compounds are expected to have small differences in chemical shifts, even in 
achiral solvents, and integration of their respective signal intensities should 
correspond to the ratio of diastereomers, and hence to the ratio of enantiomers 
in the original mixture. 

Application of the above-described nmr methods for the determination of enan- 
tiomeric composition is diecult, if not impossible, if the chemical-shift differ- 
ences are too small (0.02 ppm) or if the resonances overlap exte~.>' lely. This 
problem often can be solved by utilizing the ability of certain chelates of rare- 
earth metals (the lanthanide metals) to complex with organic compounds, par- 
ticularly with alcohols, ketones, amines, and other Lewis bases. Chemical 
shifts in the presence of even small amounts of lanthanide chelates usually are 
spread over a much wider range of field strengths than for the pure compounds. 
As discussed previously in Sections 9-10D and 9-10K, increasing chenlical 
shifts can greatly simplify otherwise complex nmr spectra. The shifts are pro- 
duced by these lanthanide compounds because the electrons on the metal atoms 
are not all paired, so that the metal atoms are paramagnetic (possess a net elec- 
tron spin). In an applied magnetic field the unpaired electrons circulate around 
the metal atoms and produce an induced field (Figure 9-26) which, depending on 
the nature of the metal, can act either to increase or reduce the applied mag- 
netic field, H,. 

In the complex formed between the lanthanide reagent and the organic sub- 
strate, the chemical shifts most strongly affected are those of nuclei close to 
the paramagnetic metal atom. The resonances of these nuclei also are broadened 
by the paramagnetic metal (Section 27-I), and this is undesirable. The lantha- 
nide complexes that produce these large shift changes are called shift reagents. 
Most of them are chelate salts of substituted 2,4-pentanediones, especially of 
2,6,6-tetramethyl-3,5-heptanedione (Section 17-8). 

There are several useful shift reagents, usually of europium, in which the 
organic ligands are chiral. An example is 1: 
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Figure 19-4 Nmr spectrum of (+)- and (-)-I-phenylethanamine (0.35M) 
in CCI, containing the chiral-shift reagent 1 (0.15M). The spectral assign- 

I 
ments are indicated by the arrows. The methyl and -CH signals of the 

I 
enantiomers are cleanly separated. Notice the magnitude of the chemical 
shifts: protons closest to the shift reagents are shifted most strongly to 
lowei fields; association occurs through the unshared pair of electrons 
on nitrogen-accordingly the NH, protons are out of range to the left of 

the spectrum (normally 6NH, - 1 ppm); then comes the -CH multiplet at 
I 

17-18 pprn (normally 3 pprn); the ortho protons appear at 13 pprn (nor- 
mally 7 ppm), and the methyl resonances at 10 ppm; the more remote 
meta and para protons are shifted least (normally 7 ppm). The designa- 
tions D or L for the resonances are the results of assignments based on 
the nmr spectra of complexes of the shift reagent with the individual 
enantiomers. (Reproduced by permission of G. M. Whitesides and the 
Journal of the American Chemical Society.) 

When 1 is added to a solution of a mixture of enantiomers, A+ and A_, it asso- 
ciates differently with each of the two components to produce the diastereo- 
rneric complexes A+ . 1 and A- . 1. The nmr spectrum of the mixture then shows 
shift differences that are large compared to the uncornplexed enantiorners 
(because of the paramagnetic effect of the europium) and normally the reso- 
nances of the A+ . 1 complex will be distinct from those of the A -  . 1 complex. 
An example of the behavior to be expected is shown in the proton nmr spec- 
trum (Figure 19-4) of the enantiomers of I-phenylethanamine in the presence 
of 1. Although not all of the resonances are separated equally, the resolution 
is good for the resonances of nuclei closest to the metal atom and permits an 
estimate of the ratio of enantiomers as about 2: 1 and the enantiomeric purity 
as 33%. 
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Exercise 19-3 The specific rotation of optically pure 2-methylbutanoic acid is 
[ a ] ,  i19.34" (neat) ( t  = 21"). Assume that you resolved the racemic acid with (+)-I- 
phenylethanamine and obtained a rotation for the product of +I 0.1 " (neat) ( t  = 21 "); 
calculate the enantiomeric purity (in percent) of the resolved acid. What results would 
you anticipate if you used the (-)-amine in place of the (+)-amine? What effect on your 
resolution would there be if the resolving agent contained 90% of the (-I-)-amine and 
10% of the (-)-amine? 

Exercise 19-4 Suppose one were to try to resolve a mixture of D-2-butyl D-2-meth- 
oxypropanoate and L-2-butyl D-2-methoxypropanoate by careful fractional distil- 
lation. How could one follow the degree of separation of these two diastereomers by 
proton nmr? Be sure to explain exactly what you would be looking for in the nmr spec- 
tra and which peaks could be most helpful. 

Exercise 19-5 When optically active I-phenylethanamine is dissolved in racemic 
I-phenyl-2,2,2-trifluoroethanol, the I9F nmr resonance shows two sets of doublets 
separated by 2 Hz at 56 MHz. With the racemic amine, only a doublet IgF resonance is 
observed. 
a. Explain the difference between the I9F nmr spectra in the optically active and 

racemic solvents. (Don't forget the -6~-CF, spin-spin splitting.) 
b. How could such spectra be used to follow the progress of an attempt to resolve 
I-phenyl-2,2,2-trifluoroethanol into its enantiomers? 

19-5 ABSOLUTE AND RELATIVE CONFIGURATION 

The sign of rotation of plane-polarized light by an enantiomer is not easily 
related to its configuration. This is true even for substances with very similar 
structures. Thus, given lactic acid, CH,CHOHCO,H, with a specific rotation 
+3.82", and methyl lactate, CH,CHOHCO,CH,, with a specific rotation 
-8.25", we cannot tell from the rotation alone whether the acid and ester have 
the same or a different arrangement of groups about the chiral center. Their 
relative configurations have to be obtained by other means. 

If we convert (+)-lactic acid into its methyl ester, we can be reasonably 
certain that the ester will be related in configuration to the acid, because 
esterification should not affect the configuration about the chiral carbon atom. 
It happens that the methyl ester so obtained is levorotatory, so we know that 
(+)-lactic acid and (-)-methyl lactate have the same relative configuration at 
the asymmetric carbon, even if they possess opposite signs of optical rotation. 
However, we still do not know the absolute configuration; that is, we are 
unable to tell which of the two possible configurations of lactic acid, 2a or 2b, 
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corresponds to the dextro or (+)-acid and which to the lev0 or (-)-acid: 

\ ,,...I H I 
?,OH 

= HO-C-H 
I 

Until 1956, the absolute configuration of no optically active com- 
pound was known. Instead, configurations were assigned relative to a stand- 
ard, glyceraldehyde., which originally was chosen by E. Fischer (around 1885) 
for the purpose of correlating the configuration of carbohydrates. Fischer 
arbitrarily assigned the configuration 3a to dextrorotatory glyceraldehyde, 
which was known as D-(+)-glyceraldehyde. The levorotatory enantiomer, 3b, 
is designated as L-(-)-glyceraldehyde. (If you are unsure of the terminology 
D and L, or of the rules for writing Fischer projection formulas, review Sections 
5-3C and 5-4.) 

CHO 

CHO 
\ ,,,\\\ 

,C-OH 

CHO 
I 

H-?-OH 

CHO 

The configurations of many compounds besides sugars now have been 
related to glyceraldehyde, including a-amino acids, terpenes, steroids, and 
other biochemically important substances. Compounds whose configurations 
are related to D-(+)-glyceraldehyde are said to belong to the D series, and those 
related to L-(-)-glyceraldehyde belong to the L series. 

At the time the choice of absolute configuration for glyceraldehyde was 
made, there was n? way of knowing whether the configuration of (+)-glycer- 
aldehyde was in reality 3a or 3b. However, the choice had a 50% chance of 
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CO, H C0,H CO, H C0,H 
I OH@ I N I Pt. H, 

HO-C-H - H-C-Br N,-C-H 
I 

SN2 SN2 > 
> H2N-C-H 

I 
CH3 

I 
CH3 

I 
CH3 CH3 

L-(+)-lactic (+)-2-bromo- (+)-alanine 
acid propanoic acid 

Figure 19-5 Chemical transformation showing how the configuration of 
natural (+)-alanine has been related to L-(+)-lactic acid and hence to 
L-(-)glyceraldehyde. The transformations shown involve two SN2 reac- 
tions, each of which is stereospecific and inverts the configuration 
(Section 8-5). Reduction of the azide group leaves the configuration 
unchanged. 

being correct, and we now know that 3a, the D configuration, is in fact the 
correct configuration of (+)-glyceraldehyde. This was established through use 
of a special x-ray crystallographic technique, which permitted determination 
of the absolute disposition of the atoms in space of sodium rubidium (+)-tartrate. 
The configuration of (+)-tartaric acid (Section 5-5) previously had been shown 
by chemical means to be opposite to that of (+)-glyceraldehyde. Consequently 
the absolute configuration of any compound now is known once it has been 
correlated directly or indirectly with glyceraldehyde. For example, 

6 H  
D -(+)-glyceraldehyde L-(+)-tartaric acid 

Relative configurations can be established by chemical means through 
reactions in which the configuration at the chiral center of interest is either 
unchanged or is inverted stereospecifically. As an example, consider the reac- 
tion sequence shown in Figure 19-5 whereby the configuration of (+)-lactic 
acid is related to the amino acid (+)-alanine. Because (+)-lactic acid has been 
related to L-(-)-glyceraldehyde, it follows that the absolute configurations are 
L-(+)-lactic acid and L-(+)-alanine. 

When there are several chiral carbons in a molecule, the configuration 
at one center usually is related directly or indirectly to glyceraldehyde, and 
the configurations at the other centers are determined relative to the first. Thus 
in the aldehyde form of the important sugar, (+)-glucose, there are four chiral 
centers, and so there are 2* = 16 possible stereoisorners. The projection 
formula of the isomer that corresponds to the aldehyde form of natural glucose 
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is 4. By convention for sugars, the configuration of the highest-numbered chiral 
carbon is referred to glyceraldehyde to determine the overall configuration 
of the molecule. For glucose, this atom is C5, next to the CH,OH group, and 
has the hydroxyl group on the right. Therefore, naturally occurring glucose, 
which has a (+) rotation, belongs to the D series and is properly called 
D-(+)-glucose: 

However, the configurations of a-amino acids possessing more than 
one chiral carbon are determined by the lowest-numbered chiral carbon, which 
is the carbon alpha to the carboxyl group. Thus, even though the natural 
a-amino acid, threonine, has exactly the same kind of arrangement of substitu- 
ents as the natural sugar, threose, threonine by the amino-acid convention 
belongs to the L-series, whereas threose by the sugar convention belongs to 
the D-series: 

CHO 

A serious ambiguity arises for compounds such as the active tartaric 
acids. If the amino-acid convention is used, (+)-tartaric acid falls in the D 

series; by the sugar convention, it has the L configuration. One way out of 
this dilemma is to use the subscripts s and g to denote the amino-acid or car- 
bohydrate conventions, respectively. Then the absolute configuration of 
(+)-tartaric acid can be designated as either D,-(+)-tartaric acid of L,,-(+)- 
tartaric acid. 
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Exercise 19-6 (+)-Alanine and (+)-valine have been related in configuration by the 
following reaction sequence: 

N H, 
(+)-val ine 

1. C2H50H, HCI; 2. CH3Mgl; 3. PCI,; 4. H,, Pd; 5. C2H50H, HCI; 6. (C,H,CO),O, CH3- 
C0,Na; 7. Na, C2H50H; 8. HBr; 9. H,, Pd. Show the structure and configuration of the 
products in each step, given that (+)-alanine has the L configuration. Is the configura- 
tion of (+)-valine D or L? 

Exercise 19-7 (+)-Lactic acid has the L configuration. On the basis of the following 
transformations, deduce the absolute configurations of (-)-I-phenylethanol and (+)-I- 
phenylethyldimethylsulfonium fluoroborate. Write equations to show the structure and 
configuration of the products in each step. Reactions 5 and 7 both give E with the 
same sign of rotation. 

OH 
(+)-lactic acid 

C H3 
(+)-1-phenylethyl- 
dimethylsulfonium 

fluoroborate 

1. C,H,OH, HCI; 2. CH31, Ag20; 3. BrMg(CH,),MgBr; 4. H3P04, heat; 5. H,, Pt; 6. H,, Ni, 
00 

high pressure, heat; 7. K, CH31; 8. PCI,; 9. NaSCH,; 10. (CH3),0 BF,. 
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19-6 THE R,S CONVENTION FOR DESIGNATING 
STEREOCHEMICAL CONFIGURATIONS 

There are certain disadvantages to the D,L system using Fischer projection 
formulas to denote configuration about a chiral center, and we already have 
seen how ambiguity arises in the case of the tartaric acids (Section 19-5). A 
more systematic way of denoting configuration that may eventually replace 
the D,L system, at least for simple compounds, is known as  the R,S  or  Cahn- 
Ingold-Prelog convention, after its originators. 

T o  denote the configuration of a chiral center by the R,S  convention, 
the groups at the center are assigned an order of precedence according to a 
specific set of rules based on atomic numbers. Suppose a carbon atom is 
bonded to four different substituents, which we will designate A,  B, C ,  and D 
and to which we assign the following priority sequences: A before B before C 
before D. If we now view the arrangement of A,  B, and C from the site remote 
from the substituent of lowest priority, D, as  shown in Figure 19-6, and the 
sequence turns out to be A -+ B -+ C in the clockwise direction, then the 
configuration is said to be R .  If the sequence A -+ B -+ C occurs in the 
countercloclcwise direction, the configuration is S .  The symbols R and S 
are taken from the Latin words rectus and sinister, meaning right and left, 
respectively. 

The  understanding of R and S is simple; the problems are in assigning 
the priority,sequences for actual substituents. The  rules follow: 

1. Priority is given to the substituent atoms tlznt have the lzighest atornic 
number. This means that four different atoms arranged tetrahedrally about 
the chiral center have a priority sequence that decreases with decreasing 
atomic number. For  example, the sequence among the halogens is I > Br > 

clockwise sequence 
R configuration 

anticlockwise sequence 
S configuration 

Figure 19-6 Designation of configuration about an asymmetric center 
by the R,S system. Substituent priority decreases in the order A, B, C, D. 
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C1 > F, and Structure 5 (shown here in perspective and in projection) therefore 
has the R configuration: 

el@ 
In these projection formulas, 

- aBr -6- I @  the lowest-priority atom will be 
placed at the bottom 

;@ 

L 
5 1 --+ 2 --+ 3 clockwise = R configuration 

For more complex substituents, priority is determined by the atomic 
number of the first bonded atom. The sequence CH,S > CH,O > NH, > 
CH, > H thus reflects the fact that atomic number decreases in the order 
S > 0 > N > C > H. Structure 6 accordingly has the S configuration: 

I v @CH, 
0 0  

E CH,S-~$-OCH, 
OCH, 

@H 

6 1 - 2 --+ 3 counterclockwise = S configuration 

2. The first atoms in two or more substituents often are identical, in 
which case it is necessary to explore further and compare the atomic numbers 
of the second attached atoms. Precedence is given to the substituent with a 
second atom of higher atomic number. For example, in 2-butanol, CH3CH 
(OH)CH,CH,, two of the groups at the chiral atom have carbon as the first 
atom. We therefore must compare the other atoms bonded to these two car- 
bons. It is convenient to represent the arrangement at the chiral atom as shown 
in 7, where the first atoms are shown attached to the chiral center and the 
second atoms are listed in their priority order; thus, (C,H,H) for ethyl and 
(H ,H ,H) for methyl: 

7 I + 2 -+ 3 anticlockwise = S configuration 

When we compare (H,H,H) with (C,H,H) in 7, we give ethyl precedence over 
methyl because carbon has a higher atomic number than hydrogen. The con- 
figuration 7 therefore must be S. 

3. Double and triple bonds are treated as if they had duplicate or 
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\ 
triplicate single bonds. Thus a carbonyl group, p=O,  is treated as if it were 

(C) 
/ 

\ / (0) \ / , / / 
(C) 

,C, , C=C as/ ,  , and C-C as -Cq(C),  where the 
O /  \ e c 

symbols in parentheses represent the duplicate atoms. 

Let us see how this works for 3-chloro-1-pentyne, 8: 

The first-atom priority sequence is C1 > C and C > H. We now need to order 
-CH2CH3 and -C-CH and, in doing this, we compare the three atoms at- 
tached to the first carbon of the ethyl group (C, H, H) with the three attached 
to the first carbon of the ethynyl group [C, (C), (C)]. On this basis, ethynyl 
comes ahead of ethyl, and the overall sequence is Cl > C=CH > CH2CH, 
> H, so 8 will have the S configuration. 

The sequence rules described thus far can be used without ambiguity 
in most of the examples we are likely to meet. The important thing to remember 
is to look at the kind of atoms attached as far out as necessary. Suppose we 
have to compare the aldehyde group, -CH=O, with the dimethoxymethyl 
group, CH(0CH3),. The first atoms are the same (C), the second atoms are 
the same [ 0 ,  (0), HI,  and the difference arrives at the third-atom level where 
we are comparing lone pairs (priority zero) with carbons. Thus -CH (OCH3), 
outranks -CH=O. 

Comparison of groups such as isopropyl and ethenyl is more difficult and 
requires knowing what the convention is when we have to go to the far end of a 
double bond. A useful way of writing these groups is as follows: 

Jdupl icated carbon 
CH3 C(H,H,H) 

I I 
(C) 

I 

CH, C(H,H,H) ~ [ ( c ) , H , H I  

We put ethenyl ahead of isopropyl because [(C), H, HI takes priority over 
(H, H, H). It is important to understand that the nonduplicated carbon is con- 
sidered to be connected to the duplicated carbon as well as the two hydrogens 
in arriving at the connection pattern ((C), H,  H). 

The same kind of logic leads to the following sequence: 

w 
phenyl ethynyl ethenyl 
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A more comprehensive list of priorities among groups is given in Table 19-1. 
It will be a good exercise to go through this list and work out how the priorities 
are established. 

Table 19-1 

Some Common Groups in Order of Increasing Sequence-Rule Preference 

Su bstituent Su bstituent 
No. name Structure No. name Structure 

lone pair 

hydrogen 

deuterium 

methyl 

ethyl 

2-propenyl 

2-propynyl 

methoxycarbonyl 

amino 

methylamino 

dimethylamino 

nitro 

hyd roxy 

methoxy 

H2N- 

CH3NH- 

(CH3)ZNH- 

02N- 

HO- 

CH30- 
phenylmethyl 

phenoxy 
isopropyl 

ethenyl 

ethanoyloxy 

fluoro 

mercapto 

methylthio 

cyclohexyl 

HS- 

CH3S- 

0 

I-propenyl 

tert- buty l 

ethynyl 

methylsulfinyl 
phenyl 

methylsulfonyl 

0 
I I 

H-C- 
0 

I I 
HO-S- 

II 
0 

methanoyl 
sulfo 

ethanoyl chloro 

bromo 

iodo 

CI- 

0 
I I 

HO-C- 

Br- 

carboxyl 
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If more than one chiral center is present, the configuration at each is 
specified by the symbol R or S together with the number of the chiral atom. 
Thus the configuration of (+)-tartaric acid is known to be that designated in 
the name (2R,3R)-(+)-tartaric acid: 

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

D,-(+)-tartaric acid 
or 

Lg-(+)-tartaric acid 

The R,S system is quite general and has many advantages (and a few 
disadvantages) compared with the D,L notation for simple molecules. For 
diastereomers, it provides much clearer notations than meso, erythuo,l and 
threol that have been used for many years to designate the configurations of 
achiral and chiral diastereomers having two chiral carbon atoms: 

(2R,3S)- or (2S,3R)-2,3-d ichlorobutane 
(meso-2,3-dichlorobutane) 

( 2 ~ , 3 ~ ) - 2 , 3 - d  ichloropentane 
(D,-threo-2,3-dichloropentane) 

lThe prefixes erythro and threo are used for configurations of compounds with two 
differently substituted chiral carbons having similar groups on each carbon. If in the 
Fischer projection formula the similar groups are on the same side, the configuration 
is erythro. If the similar groups are on opposite sides, the configuration is threo. 
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The R,S system can be used to designate the configuration of a molecule with 
no chiral carbons but with a chiral center as, for example, a chiral 1,2-diene 
(Section 13-5A). To do this for a 1,2-diene, the molecule is best drawn in pro- 
jection, looking along the C=C=C bond with the highest-mnking group in 
fiont. The bonds in the rear will then project at 90" to the bonds of the groups 
in front. For a 1,2-diene, abC=C=Cxy, where a is the highest ranking group, 
the possible enantomeric projections are: 

S (if a > b and x > y) mirror plane R (if a > b and x > y) 

We now determine the priority of the groups and then assign the configura- 
tions R and S as shown, provided that the highest-ranking group is in front and 
a > b and x > y. In proceeding this way, it is important to recognize that no 
matter what the priority is of the group b based on atomic number, b always 
outranks a rear group so that the priority sequence is a - b -+ x with 
R clockwise and S counterclockwise. 

Some exercises follow in which you will work out R,S configurations 
from projection or stereo formulas and vice versa. If you have difficulty with 
these, we recommend you use the procedure of Figures 5-12 and 5-13 to 
translate projection formulas to or from ball-and-stick models, which then can 
be oriented, as in Figure 19-6, to determine, or to produce, particular R or 
S configurations. 

Exercise 19-8 Determine by the sequence rules the priority sequence in the pairs 
of groups listed. 

f 
a. cyano, C=N, vs. carboxamide, -C 

\ 
N H2 

b. 2-methylcyclohexyl vs. 4,4-d imethylcyclohexyl 
c. I-propenyl vs. 2-butyl 
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d. phenyl vs. I -cyclohexenyl 
e. chloromethyl vs. hydroxymethyl 

Exercise 19-9 Designate the configuration at each asymmetric carbon in each of 
the following projection or stereo formulas by both the D,L and -R,S systems: 

H CHO 
I I 

a. CH,-C-C,H, HO-C-H 
I 
B r 

I 

CH20H 
I 

H-T-y 
H-C-OH 

b. H2N-C-C02H 
I 

I 
CH20H 

Exercise 19-10 Draw "saw-horse" and projection formulas for each of the following 
compounds, and designate whether the particular enantiomer is erythro, threo, cis, 
or trans: 
a. (S)-hydroxyphenylethanoic acid 
b. (1 R,2S)-1,2-dimethylcyclopropane 
c. (2SJ3S)-3- bromo-2- butanol 
d. (2S,3R)-3-amino-2-butanol 
e. (1 SJ3S)-1 ,3-cyclohexanediol 
f. (2RJ3R)-2-chloro-2,3-dimethylpentanoic acid 
g.*'(R)-2,3-pentad iene 

19-7 E,Z NOTATION 

The configuration about double bonds is undoubtedly best specified by the 
cis-trans notation when there is no ambiguity involved. Unfortunately, many 
compounds cannot be described adequately by the cis-trans system. Consider, 
for example, configurational isomers of 1 -fluoro- 1 -chloro-2- bromo-2-iodo- 
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ethene, 9 and 10. There is no obvious way in which the cis-trans system can 
be used: 

A system that is easy to use and which is based on the sequence rules 
already described for the R,S system works as follows: 

1. An order of precedence is established for the two atoms or groups 
attached to each end of the double bond according to the sequence rules of 
Section 19-6. When these rules are applied to 1-fluoro- 1-chloro-2-bromo-2- 
iodoethene, the priority sequence is: 

at carbon atom 1, C1 > F 
at carbon atom 2, I > Br 

2. Examination of the two configurations shows that the two priority 
groups- one on each end- are either on the same side of the double bond or 
on opposite sides: 

priority groups priority groups 
on opposite sides on same side 

E configuration Z configuration 

The Z isomer is designated as the isomer in which the top priority groups 
are on the same side (Z is taken from the German word zusammen- together). 
The E isomer has these groups on opposite sides ( E ,  German for entgegen- 
a c r ~ s s ) . ~  Two further examples show how the nomenclature is used: 

21t would have been simpler to remember if E stood for same side and Z for opposite 
side, but it is too late now. 
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This system is especially useful for oximes, which have the structural 
\ 

feature ,C=N-OH . The two possible configurations at the double bond 

in the oxime of ethanal are 11 and 12: 

z ( s ~ n )  E (anti) 

The cis-trans notation does not work well here, and structure 11 has the Z 
configuration and 12 the E configuration. In the older chemical literature, 
these stereoisomers were designated as syn and anti forms, but these names 
are really no better than cis and trans. 

Exercise 19-11 Draw structures for the following compounds in order to unam- 
biguously specify configuration: 
a, the Z isomer formed from the reaction of phenylmethanamine with 2-butanone 
b. (2E,4Z)-3-chloro-2,4-hexad iene 

Exercise 19-12 How would you name the compounds shown below in order to un- 
ambiguously specify both structure and configuration? Use the cis-trans system 
when possible. Notice that it is wrong to assume that Z will invariably be cis or E will 
be trans in the two systems. 
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19-8 PROCH IRALITY 

In the transformations shown in Equations 19-5 and 19-6, the organic reac- 
tants are symmetrical molecules (with no chiral centers), but the products are 
asymmetric molecules (each has a chiral carbon): 

CH, CH, 
\ I 
C=O + HCN ---+ CHOH 
/ 

H 
I 

CN 

CH3CH2CH2CH3 -4- Br, - CH,CHCH,CH, 
I 
Br 

There is a special term for molecules that are achiral but which can be con- 
verted to molecules with chiral centers by a single chemical substitution or 
addition reaction. They are said to be prochiral. 

By this definition, ethanol is a prochiral molecule. The two methylene hydro- 
gens are enantiotopic (Section 9-10C) and substituting each separately (with, 
say, one deuterium) leads to a pair of enantiomers: 

ethanol (S)-ethanol-1 -d (R)-ethanol-1 -d 
(prochiral) 

Prochiral molecules can be distinguished readily from more symmetrical 
molecules because they lack a two-fold symmetry axis passing through the 
prochiral center, as the following rotations show: 

Organic chemists have not had much use for prochirality, but it is an im- 
portant concept for biochemists following the stereochemistry of bio-organic 
reactions. Almost all biochemical reactions are under the control of enzymes, 
which function asymmetrically even on symmetrical (but prochiral) mole- 
cules. Thus it has been found that only one of the two methylene groups of 
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citric acid, 13, is converted by enzymes (from rat liver) to the carbonyl of 
2-oxobutanedioic acid: 

The notation prochiral center is useful in molecules that already have one 
or more chiral centers. Development of chirality from prochirality in such cases 
would lead to diastereomers, as shown in the conversions of 14 and 15: 

I 
H - C w c h i r a l  center H-C-OH I H-C-OH I 

I - 1  + I 
H-C& prochiral center H-C-OH HO-C-H 

I (d iastereotopic 
CH3 hydrogens) 

I 
CH, 

I 
CH.3 

14 diastereomers 

C N  C N  
H\ / 0 I I C- - prochiral center H-C-OH HO-C-H 

I I + 
H-C-OH 

I 
H-C-OH H-C-OH 

/ chiral center I 
CH.3 

I 
CH.3 CH.3 
15 diastereomers 

Exercise 19-13" Designate which of the following structures are chiral, prochiral, 
and/or achiral. Specify which carbon atoms are prochiral centers. 
a. ethenyl benzene (styrene) f. butanedioic acid, (CH2C02H), 
b. cis-2-butene g. 2-methylbutanedioic acid, CH,CHC02H 
c. 2-propanone (acetone) I 
d. 2-butanone 

CH2C02H 

e. glycine, H2NCH2C02H 
h. 1 -chloro-2-phenylethane 
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Exercise 19-14* One part of the citric acid cycle (Sections 18-8F and 20-108) in 
metabolism converts 2-oxobutanedioic acid by way of citric acid to 2-oxopentanedioic 
acid: 

If the 4-carboxyl carbon of the 2-oxobutanedioic acid is enriched in 73C, only the 
I-carboxyl carbon of the 2-oxopentanedioic acid contains excess l3C. Explain in 
general terms how the intermediate citric acid must be labeled to have the I3C turn 
up in the I-carboxyl of the 2-oxopentanedioic acid. 

19-9 OPTICAL ROTATORY DISPERSION. 
CIRCULAR DICHROISM 

Optical rotations usually are measured at just one wavelength, namely 589.3 nm, 
simply because sodium-vapor lamps provide an especially convenient source 
of monochromatic light. Measurements at other wavelengths are less easily 
made without speciaIized instruments, with which relatively few laborator-ies 
are currently equipped. Nevertheless, much information has been obtained 
about structure, conformation, and configuration of organic compounds from 
measurements of optical rotation as a function of wavelength (i.e., optical ro- 
tatory dispersion). 

Like other phenomena involving interactions between electromagnetic radia- 
tion and organic molecules, as in infrared, ultraviolet, and nmr spectroscopy, 
optical rotatory dispersion curves often are quite sensitive to small changes 
in structure. As an example, the rotatory dispersion curves for enantiomers of 
L'I's- and t~aizs-I 0-methyl-2-decalones, 16 and 17, are reproduced in Figure 19-7: 

Only a small positive rotation is observed for the particuiar enantiomers at the 
wavelength of the sodium line (589.3 nm) compared to the large, both positive 
and negative, rotations found at wavelengths between 270 nrn and 400 nm. If 
we measure the rotations as a ftrnction of wavelength and if, as we approach 
shorter wavelengths, the rotation rises to a mnxii-r~urn before changing sign, 
as it does with the trans isomer, 17, then the compound is said to exhibit a 
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Figure 19-7 Rotatory dispersion curves for cis-10-methyl-2-decalone, 
16, and trans-10-methyl-2-decalone 17. (By permission from C. Djerassi, 
Optical Rotatory Dispersion, McGraw-Hill Book Co., New York, 1960.) 

positive Cotton effect. The opposite behavior, as with the cis isomer, 16, is 
called a negative Cotton effect. The wavelength at the center point for the very 
rapid change in rotation for 17 is 300 nm and corresponds to the n --+ 7 ~ .  

absorption maximum of the carbonyl group in the ultraviolet absorption curve 
of the same compound. Thus excitation of the carbonyl group by absorption 
of ultraviolet light and strong rotatory dispersion of polarized light are asso- 
ciated phenomena. In fact, when a substance exhibits a Cotton effect, not only 
does it transmit clockwise and counterclockwise circularly polarized light 
with unequal velocities (Section 19-I), it also absorbs the two forms of light 
unequally. 

This means that the molar extinction coefficients of the two enantiomers 
( E ~  and E,) are unequal in circularly polarized light. These differences in ab- 
sorption (el and E,) can be measured as a function of wavelength, and the curves 
obtained are called circular dichrois~n curves. They have positive or negative 
signs (Cotton effect) just as for optical rotatory dispersion curves. 

Most of the research on optical rotatory dispersion to date has been with 
optically active ketones because the carbonyl chromophore conveniently has 
a weak absorption band in the 300 nm region. Compounds wlth chromophores 
that absorb light strongly in the ultraviolet usually are unsatisfactory for ro- 
tatory dispersion measurements because insufficient incident light is transmitted 
to permit measurement of optical rotation. Weak absorption bands below about 
2 10 nm have not been exploited because of experimental difficulties in making 
the necessary measurements. 

Many rotatory dispersion curves have been obtained for optically active 
ketones derived from steroids and triterpenes, which are monocyclic, bicyclic, 
and open-chain compounds. Enough data have been accumulated so that the 
various shapes and magnitudes of the curves are recognized as characteristic 
of particular structural features. A good illustration is provided by the rotatory 
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[ a ]  X 

Figure 19-8 Rotatory dispersion curves for trans-8-methylhydrindan-5- 
one, 19, cis-8-methylhydrindan-5-one, 18, and B-norcoprostan-3-one, 
20a. (By permission from C. Djerassi, Optical Rotatory Dispersion, 
McGraw-Hill Book Co., New York, 1960.) 

dispersion curves for the cis- and tmns-8-methylhydrindan-5-ones, 18 and 19, 
which are shown in Figure 19-8: 

cis-ring junction, 18  trans-ring junction,19 

The remarkable differences in these curves are due to changes in the environ- 
ment of the carbonyl groups arising from the different configurations of the 
hydrogens at the ring junctions. Because the rotatory dispersion curve of the 
closely related structure 20a is very similar to that of the cis-hydrindanone, 
18, the rings labeled A and B in 20a can be inferred also to be cis oriented 
(see Figure 19-8): 
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Rotatory dispersion curves often are helpful in establishing configurations; 
thus the relative configurations of compounds 18 and 20a must be the same 
because, if they were not, the two curves would resemble mirror images of 
one another. Therefore, if the absolute configuration of 18 corresponds to the 
formula shown, then compound 2023 has the configuration shown and not 20b. 

19-1 0 ASYMMETRIC SYNTHESIS 

If one could prepare 2-hydroxypropanenitrile from ethanal and hydrogen 
cyanide in the absence of any chiral reagent and produce an excess of one 
enantiomer over the other, this would constitute an absolute asymmetric sym- 
thesis-that is, creation of preferential chirality (optical activity) in a sym- 
metrical environment from symmetrical reagents: 

C N  CN 
I H@ H@ I 

HO-C-H +---- H-C-OH 
I I 

CH3 , CM3 
L-2-hydroxypropanenitrile, 21 '"cN@ D-2-hydroxypropanenitri ~ e ,  22 

This obviously is unlikely for the given example because there is no 
reason for cyanide ion to have anything other than an exactly equal chance 
of attacking above or  below the plane of the ethanal molecule, producing equal 
numbers of molecules of the enantiomers, 21 and 22. However, when a chiral 
center is created through reaction with a dissymmetric (chiral) reagent, we 
should not expect an exactly 1: 1 mixture of the two possible isomers. For  
example, in an aldol-type addition (Section 18-8E) of a chiral ester to a pro- 
chiral ketone the two configurations at the new chiral center in the products 
23 and 24 are not equally favored. That is to say, asymmetric synthesis is 
achieved by the influence of one chiral center (R'k) on the development of 
the second: 

C6H5 0 
\ II C6H5 CHZCOpR* CtH5 ,,OH 

base \ .,"" 
C=O + CH,COR* - F\ + c.'" 
/ 

CH3 CH, OH C 6 ,  'cH,cO,R* 
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You will notice that the reaction products 23 and 24 are diastereomers, 
not enantiomers. Asymmetric synthesis can be achieved only when the pos- 
sible transition states for reaction are diastereomeric because they then will 
have different energies and will lead to products at different rates. The larger 
the energy difference between diastereomeric transition states, the more stereo- 
chemical preference there will be for one chirality over the other. 

The degree of stereochemical control displayed by the first chiral center 
usually depends on how close it is to the second- the more widely separated 
they are, the less steric control there is. Another factor is the degree of elec- 
tronic control. If all the groups are very much the same electrically and steri- 
cally, not much stereochemical control is to be expected. Even when the chiral 
centers are close neighbors, asymmetric induction is seldom 100% efficient 
in simple molecules. In biochemical systems, however, asymmetric synthesis 
is highly efficient. 

The stereospecificity of living organisms is imperative to their efficiency. 
The reason is that it is just not possible for an organism to be so constructed as 
to be able to deal with all of the theoretically possible isomers of molecules 
with many asymmetric centers. Thus a protein molecule not uncommonly has 
100 or more different asymmetric centers; such a molecule would have 21°0 or 
10" possible optical isomers. A vessel with a capacity on the order of lo7 liters 
would be required to hold all of the possible stereoisomeric molecules of this 
structure if no two were identical. An organism so constituted as to be able 
to deal specifically with each one of these isomers would be very large indeed. 

Exercise 19-1 5 Write structures showing the configuration of each of the possible 
products to be expected from the following reactions. 

CHO 
I 

I 
d. H-C-OH + HCN 

I 

- \ RhL3"'C13, H2 
e. 

C=CH2 benzene-ethanol ' / 

~64 

(L" is a chiral phosphorus 
ligand attached to Rh) 



19-1 1 Racemization 895 

Exercise 19-16 a. When (+)-a-pinene, 25, reacts with di borane, a dial kyl borane, 26, 
is formed: 

When 26 reacts with cis-2-butene in CH30CH2CH,0CH2CH20CH3 as solvent, a tri- 
alkylborane is produced. Oxidation of this product with H,02 yields isopinocampheol, 
27, and (-)-2-butanol in 76% enantiomeric purity. Write equations for these reac- 
tions and account for the observed asymmetric synthesis. 
b. 3-Methylcyclopentene can be partially resolved by reaction with less than an 
equimolar amount of 25. The residual alkene has an optical activity corresponding to 
about 65% enantiomeric purity. Explain how this partial resolution arises. Why is it 
necessary to use less than an equivalent of 25? 

19-1 1 RACEMIZATION 

Optically active biphenyl derivatives (Section 13-5A) are racemized if the two 
aromatic rings at any time pass through a coplanar configuration by rotation 
about the central bond. This can be brought about more or less easily by heat, 
unless the 2,2'-ortho substituents are very large. 

The way in which compounds with asymmetric carbon atoms are 
racemized is more complicated. One possibility would be for a tetrahedral 
chiral carbon attached to four groups to become planar and achiral without 
breaking any bonds. Theoretical calculations indicate that this is not a likely 
process for chiral tetravalent carbon but, as we will see, it does occur with 
chiral carbon and other chiral atoms that are attached to three groups: 

planar carbon 

I I 
Optically active carbonyl compounds of the type -CH-C=O, in which the 
alpha carbon is asymmetric, are racemized by both acids and bases, and from 
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Section 17-1 we can be sure that this is related to enolization. Formation of 
either the en01 or the enolate anion will destroy the asymmetry of the a carbon 
so that, even if only trace amounts of en01 are present at any given time, 
eventually all of the compound will be racemized. However, the mechanism 
requires both that there be an a hydrogen and that the center of symmetry 
be located at this a! carbon. Otherwise, acids and bases are ineffective in 
catalyzing racemization. 

Acid-catalyzed enolization 

H , /P R2 
\ PH H 

---c-C t-L 
, 7 - -.-- C-C 

Ri/ \ ,C=C\ - R 1 /  
Rl R Rl R R2 R 

\ 

The racemization of an optically active secondary halide with the chiral 
carbon carrying the halogen (e.g., 2-chlorobutane) may occur ih solution and, 
usually, the more polar and better ionizing the solvent is, the more readily 
the substance is racemized. Ionization of the halide by an S,1 process probably 
is responsible, and this certainly would be promoted by polar solvents (see 
Section 8-6). All indications are that an alkyl carbocation once dissociated 
from its accompanying anion is planar; and, when such an ion recombines with 
the anion, it has equal probability of forming the D and L enantiomers: 

CH, 
I - 

Optically active halides also can be racemized by an S,2 mechanism. 
A solution of active 2-chlorobutane in 2-propanone containing dissolved 
lithium chloride becomes racemic. Displacement of the chloride of the halide 
by chloride ion inverts configuration at the atom undergoing substitution (see 
Section 8-5). A second substitution regenerates the original enantiomer. 
Eventually, this back-and-forth process produces equal numbers of the D and 
L forms; the substance then is racemic: 
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Asymmetric alcohols often are racemized by strong acids. Undoubtedly, 
ionization takes place, and recombination of the carbocation with water leads 
to either enantiomer: 

CH3 cw3 
H@ 1 0  

H-C-OH T----+ H-C-OH, 

In contrast to halides, alcohols, and carbonyl compounds, hydrocarbons 
may be extremely difficult to racemize. This is particularly true for a compound 
with a quaternary asymmetric center, such as methylethylpropylbutylmethane, 
28, which has no "handle" to allow one to convert the asymmetric carbon to a 
symmetric condition by simple chemical means: 

However, hydrocarbons that have a hydrogen atom at the asymmetric carbon 
may be racemized if they can be converted either to carbocations or to car- 
banions. The ease of carbanion-type racemization will depend on the acidity 
of the attached hydrogen and on the stereochemical stability of the inter- 
mediate carbanion that is formed. If the configuration of the carbanion inter- 
mediate inverts, racemization will result (also see Section 6-4E): 

The carbocation type of racemization of an optically active hydrocarbon can 
occur by the exchange reaction described in Section 10-9. 
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Supplementary Exercises 
v 

19-17 Which of the following projection formulas represent the same isomer? Write 
each in its proper form as a Fischer projection formula of 3-amino-2-butanol. 

CH3 H OH 
I 

H-C-OH 
I 

CH3-C-OH 
I 

CH,-C-H 
I 

H-C-NH, 
I 

CH3-C-NH2 
I 

H2N-C-H 
I 
CH3 

I 
H 

I 
CH3 

I 
H-C-OH 

I I 
H-C-NH2 H2N-C-CH3 

I 
CH3 

I I 
CH3 H 

19-18 Draw Fischer projection formulas for all the possible different configuration 
isomers of the following substances: 
a. 1,2,3,4-tetrachlorobutane g. C02CH, 
b. methylethylpropyl boron 
c. 2,3-di bromopropanoic acid A-i"\ I CH, 
d. 3-bromo-2,5-hexanediol CH.o/ 
e. methyl hydrogen tartrate (a half-ester) I 
6. sec-butyl lactate C02CH3 
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19-19 Predict the stereochemical configuration of the products from each of the 
following reactions. Write projection formulas for the starting materials and products. 
a. D -2-butanol with ethanoic anhydride 
b. D -2,3-dimethyl-3-hexanol with hydrochloric acid 
c. a chiral monoethanoate ester of 1,2,3-propanetriol (with the D configuration) and 
aqueous sodium hydroxide 
d. D -2-bromobutane with sodium cyanide 
e. D -2,2,4-trimethyl-3-hexanone with bromine and dilute base 
f.* D -4-methyl-3-hexanone with methylmagnesium bromide 

19-20 Write projection formulas for the following compounds and rename them by 
the R,S system: 
a. threo-l,2-diphenyl-1 -bromo-2-chloroethane 
b. erythro-3-deuterio-2-butanol (or erythr0-2-butanol-3-~H) 
c, meso-2,3-dimethyl butanedioic acid 
d. the diastereomers of the salt from D,L-l-phenylethanamine and D-2-hydroxy- 
butanedioic acid (hydroxysuccinic acid) 

19-21 Explain how one could use techniques for resolution of enantiomers to deter- 
mine experimentally whether hydrogen peroxide in methanoic acid adds cis or trans 
to cyclopentene, assuming the possible addition products to be unknown. 

19-22 Devise a reaction scheme for relating the configuration of (+)-2-butanol to 
glyceraldehyde. Think carefully about the reaction mechanisms involved in devising 
your scheme. 

19-23 Discuss possible procedures for resolution of ethyl D, L-lactate (ethyl 2-hy- 
droxypropanoate bp 155") into ethyl D -lactate and ethyl L-lactate. 

19-24 When trans-2-butene is treated with bromine, it yields a 2,3-dibromobutane 
which, with zinc in ethanol, regenerates trans-2-butene. Similarly, cis-2-butene 
gives a 2,3-dibromobutane, which yields cis-2-butene with zinc in ethanol. 
a. Write projection formulas for all the different stereoisomeric 2,3-dibromobutanes. 
b. From your knowledge of the mechanism of bromine addition to alkenes, predict 
which isomer of 2-butene would be formed from an optically active 2,3-dibromobutane 
with zinc. Show your reasoning in detail. 
c. Write a mechanism for the reaction of zinc with 2,3-dibromobutane that is in agree- 
ment with the stereochemical result of the reaction. 

19-25* meso-2,3-Dibromobutane is converted to quite pure trans-2-butene with po- 
tassium iodide in acetone, whereas D,L-2,3-dibromobutane gives cis-2-butene with 
the same reagent. In contrast, meso-1,2-di bromo-l,2-dideuterioethane yields only 
cis-l,2-dideuterioethene with potassium iodide in acetone. Explain how the differ- 
ent results can be reconciled without the necessity of postulating fundamentally 
different mechanisms for the elimination steps. 
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19-26 It has been found that meso- and D,L-2,3-butanediols give different mixtures 
of 2-butanone and 2-methylpropanal on treatment with sulfuric acid. From considera- 
tion of the influence of steric hindrance on the detailed mechanism of the reaction, 
predict which butanediol diastereomer will give more 2-methyl butanal. (The vital 
stage of the reaction is likely to be where the migrating group is halfway between the 
old and new positions.) 

19-27* It has been stated that (+)-tartaric acid is "fully described" by the D-config- 
uration because, if either asymmetric carbon is reduced to a CH, group, D -2-hydroxy- 
butanedioic acid is formed. Which configuration would be assigned to (+)-tartaric 
acid, if either one of the carboxyls were reduced to a methyl group, the hydroxyl next 
to the remaining carboxyl reduced to CH,, and the product compared to D -  and L-3- 
hydroxybutanoic acids? 

19-28* Compound A racemizes readily on heating to 1 00°, but the rate is not affected 
by chloride ion and is the same in chloroform and ethanoic acid. Racemization in 
deuterioethanoic acid (CH,CO,D) gives only undeuterated racemic A. Devise a mech- 
anism for the reaction in accord with all the experimental facts. 

19-29 How could you tell whether a chloroform solution of an optically active com- 
pound showing a rotation of -1 00" was actually levorotatory by -1 00" or dextrotatory 
by +260°? 

19-30 Solutions of optically active 2,2'-diiodobiphenyl-5,5'-dicarboxylic acid race- 
mize at a measurable rate on heating. Racemization of active 2,3,2',3'-tetraiodobi- 
phenyl-5,5'-dicarboxylic acid goes many thousand times more slowly. 

Make a scale drawing of the transition state (planar) for racemization; deduce 
from it the reason for the very slow racemization of the tetraiodo diacid. Use the fol- 
lowing bond distances (note that the benzene ring is a regular hexagon): 
C-C (benzene ring) = 1.40 A 
C-C (between rings) = 1.47 A 
C-H = 1.07 A 
C-l = 2.05 A 

The van der Waals' radii of iodine and hydrogen are 2.1 5 A and 1.20 A, respec- 
tively. 



Supplementary Exercises 

19-31 a. Compounds of type 29 have been found to be resolvable into optically 
active forms. Explain. 

b. How many stereoisomers would you predict could exist of structure 30, provided 
that the R groups were sufficiently large to prevent free rotation about the single 
bonds connecting the 1-propenyl groups to the ring? 

19-32 Consider the following transformations: cyclohexanone-1-14C 
CI,, H@ 

> 2- 
NaBH, resolve 

chlorocyclohexanone-x-14C -------+ trans-2-c hlorocyclohexanol-x-'4C - 
NaOH HCI 

(R)-trans-2-chlorocyclohexanol-x-14C cyclohexene-x-14C oxide - trans- 
resolve 

2-c hlorohexanol-x-l4C .-----+ (R)-trans-2-chlorocyclohexanol-x-14C. Write appro- 
priate structural formulas for each substance, showing clearly at what position (x) 
the l4C is located in each. If necessary, review Sections 15-1 1 C and 15-1 1 D. 


