Grossman, CHE 230
5. Stereochemistry.

5.1  Enantiomers and Chirality.

WeOve learned about enantiomers, compounds whose internal dimiensimm£tobatom

connections, bond angles, dihedral angles, interatomic distiineses identical in all respects but

whose structures are msuperimposable. WeOve seen that certain structures are identical to their mirro
images, and do not have enantiomers, while other compounds asap@imposable with their mirror
images, and do have enantiomers. There is a particular property ef shldgxchirality, that allows

one to determine whether a compound has an enantiomer or not. A compounaothderstical to its
mirror image is called ahiral compound (from the Greek word for hand). A compound that is identical
to its mirror imae is said to bechiral. Note that OchiralO and OachiralO refentaures, while
OenantiomerO refers to thkationship of one structure to another. Every structure with a shape is

either chiral or achiral, whether it is microscopic like a moleoulmacroscopic like a hand, chair, or
building. Helices like DNA, screws, and Slinkies are chiral; thatOs why screws havemigdgd or
left-handed threads.

You can tell whether an object is achiral or chiral simply by examining its shape. Taeavayof
classifying objects according to the symmetry characteristics of their shapes. This is called group
theory. We wonOt go into the details now. At this point, all we need to know is that any object
(including a molecule) that haptune of symmetry must beuchiral. Such an object iglentical to its

mirror image. Almost any object which lacks a plane of symmetry musiitg, i.e. not identical to

its mirror image. (An object might also be achiral if it hasraer of symmetry or ammproper axis of
symmetry. Most achiral organic compounds, though, have a plane of symmetry, so we donOt need to
worry about these other symmetry elements.)

LetOs look at what is a plane of symmetry. First, consider a human being. If we think about the plane
going through the center of a person that separates the left and right sides, we can see that the plane
relates the two sides as a mirror does. That is, if someone stood to my left and looked toward the plane
that person couldnOt tell whether she weisigeny right side in the plane or whether she was seeing a
reflection of my left side. This means that the human body is achiral. A broom is achiral. A chair is
achiral. The frame of an automobile is achiral. (But the inside is not, because tHégside has a

wheel and the passenger side does not.) All of these objects have planes of symmetry. Now look at
your hand. You can't find a plane of symmetry in your hand. Therefore it is chiral. Try to find a plane
of symmetry in an extended Slinky2you won't be able to find one.
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How about molecules? The situation here is a little more complicated, because many molecules
constantlychange their shape by rotation abawmbonds. LetOs start with compounds that don't undergo
rotations about bonds We can certainly say that ethylene is achiral. Same for methane,
chloromethane, dichloromethane, and chloroform. Cyclopropane is achiral, and so is
chlorocyclopropane, 1;dichlorocyclopropane, ands-1,2-dichlorocyclopropane. All these compounds
have planes of symmetry. Bromochloromethane is also achiral: it has a plane of symmetry containing
the C, Br, and Cl atoms and relating the two H atoms to one another. On the other hand,
bromochlorofluoromethane i%iral. It has no plane of symmetry, ainds nonsuperimposable with its
mirror image. trans-1,2-Dichlorocyclopropane is also chiral, ag:is-1-bromao-2-chlorocyclopropane.
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How about compounds that change their shape? LetOs look at ethane first. We have to consider all th
different conformers, because different conformers have different shapes, and chirality is a property of
shape. Staggered ethane has a plane of symmetry (several, in fact), as does eclipsed ethane. Butif w
look at a conformation of ethane in between stagganelceclipsed, e.g. by starting with eclipsed ethane
and twisting the BCBCEH dihedral angle 30j in one direction, we find that this conformer has no plane
of symmetry. This conformer of ethanecigral. Its nonidentical mirror image is a different comher

of ethane, arrived at by starting with eclipsed ethane and twisting it 30j in the opposite direction. These
two enantiomers can interconvert easily by rotation aboutflteoond, so they ar@nformational

enantiomers.
XK \
eclipsed staggered partly staggered \ partly staggered
dihedral angle 0Oj dihedral angle 60;j dihedral angle 30; dihedral angle B80;
achiral achiral chiral chiral

Almost any compound with more than two or three C atoms has an infinite number of chiral conformers
Even local minima can be chiral; for example, gauche butane. In practice, though, we say that a
compaund is achiralf any of its low-energy conformers are achiral. Ethane's staggered and eclipsed
conformers are achiral, so ethane is said to be achiral, even though it has many chiral conformers. In
practice you can ignore the H atoms in4CNH>, and OHgroups (but not CHlgroups!) when you are
deciding whether a compound is chiral.

You might ask, how low is OleanergyO? This is a very good question. The answer depends on what
time scale weOre talking about. If we look at a compound on the timefges, we have a very

different sense of OrapidO than if we look at it on the time scale of days. For example, when X = H in
the aromatic compound below, the two conformational enantiomers interconvert witHite thedis

than seconds. However, wh¥n= OH, the interconversion is slow on a time scale of days, even at very
high temperatures. Is the X = H compound chiral or achiral? It depends on whether youOre talking
about a microsecond or a laboratory time scale! We will use the laboratorycéilees® we would say

that the X = H compound is achiral and the X = OH compound is chiral.
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Note that the word "chiral" refers to a single object or molecule, while the word "enantiomeric" refers to
therelationship between two objects or moleculesn 8bject or molecule is chiral if and only if it has
an enantiomer. An object or molecule is achiral if and only if it does not have an enantiomer.

5.2 Stereogenic C Atoms.

Let's look at bromochlorofluoromethane again. This is a chiral compound. det®hdught

experiment and switch the positions of any two groups attached to C. The compound we obtain is a
stereoisomer of what we started with. (In this case, it's an enantiomer.) Any atom with the property tha
switching two of the attached groupsngrates a stereoisomer is caliedeogenic. Both chiral and

achiral compounds can have stereogenic atoms (also called stereocenters). For @xdnthle,
dichlorocyclopropane has two stereocenters, C1 and C2. One can switch the H and ClI at@thed to
and obtain a new stereoisomer, and likewise with C2. The mutual orientation of the groups about a
stereogenic center is called theifiguration. If a compound has a stereogenic atom, and all the
molecules in a sample of that compound have the starsdn the same configuration, the sample is

said to beonfigurationally pure, by analogy to enantiopure.

Any C atom with four non-identical groups attached is stereogenic. This is true even when the two

groups are nearly the same. For example;dedanol, C5 is attached to OH, H, a straight chain of four

C atoms, and a straight chain of five C atoms. Even though the latter two groups are similar, they are
different enough that C5 is a stereogenic center. Even G8eunitkre5-nonanol is stereaic,

because the D atom on one of the Bu groups attached to C5 is sufficient to differentiate it from the othe
Bu group.

It takes practice to spot a stereogenic C atom, especially in cyclic compounds. For example, C1 in
methylcyclohexane is nonster@wgc, because the &23-C4 substituent is identical to the ©&-C4
substituent. On the other hand, C1 indi®ethylcyclohexane (eitheis or trans) is stereogenic,
because GZ3 is different from C8C5 (because C3 has H and Me attached, while C5nuall's
attached). C2 in-thethylcyclohexanone is also stereogenic, because C1 is different from G3. In 4
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ethylidenecyclohexanol, C1 is stereogenic: C2 and C3 are closer to the Me group on the double bond
than C6 and C5.

HMe

Me o OH
Me Me _~

Problems for home: (2) Identfy the stereogenic centers in the following compounds (some may have
none). (a) Chlorocyclopropane. (b)-Dichlorocyclopropane. ()is-1,2-dichlorocyclopropane. (d)

The two enantiomers ofans-1,2-dichlorocyclopropane. (e) Bromochloromethane. (f)
Bromochlorofluoromethane. (g) Cholesterol.

The presence of a stereogenic center is neither necessary nor sufficient for a compound to be chiral,
because chirality is a property dfape. Nevertheless, there iganeral coincidence between the

chirality of organic compounds and stereogenicity. It turns out that any compoundawiily one
stereogenic C atom is chiral (in every conformation!), and the stereoisomer produced by switching two
groups is itsonfigurational enantiomer. For compounds witmore than one stereogenic center, the
situation is more complicated; we'll discuss it in more detail momentarily.

[Because of this generabincidence between chirality and the presence of stereogenic C atoms,
stereogenic centers are sometimes callbaddkcenters." This isery bad practice, because it causes
confusion between the totally different concepts of chirality and stereogenicity, but unfortunately it's
pretty common. Please don't pick up this bad habit.]

5.3 Nomenclature of Stereogenic C Atoms.

A stereogenic C atom can have one of two possible configurations. The system of nomenclature used
designate the configuration about stereogenic C atoms is called th@rigathaEPrelog (CIP) system.

LetOs look at natural alanine, one of then¢isé@mino acids. Alanine, like all the amino acids (except
glycine, which is achiral), occurs in configurationally pure form in nature. To determine the
stereochemical designation for alanine, the first step is to gssigiries to the four groups N,, CH;,

COyH, and H that are attached to the stereogenic center. Priorities are assigned just as they were for
alkenes. The order of priority is NB COH > CH; > H.

Now we take a view of the stereogenic center such that the three higher priargyg ¥t} CHg,
CO,H) are arranged in a triangle coming towards us and the lgsiesity group (H) is pointing
directly away from us into the plane of the paper. The three groups in the front will be arranged either i
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clockwise or counterclockwise ordieom highest to lowest priority. If they are arrangédtkwise, the
stereocenter is designata®) (Latin rectum, right). If they are arrange@unterclockwise, the

stereocenter is designatey) (Latin sinestrus, left). One way to remember thesedghink of the

triangle as a steering wheel. If you turn the steering wheel counterclockwise from highest to lowest
priority, you will turn left, so the stereocenter §3.( If you turn the steering wheel clockwise from
highest to lowest priority, you Witurn right, so the stereocenter ®)( In the example at hand, natural
alanine has thes} configuration.

2 COzH 2 C02

i

This takes practice! There are plenty of problems in the book.

|:> |:> (S)-alanine
gy H

/ NH,

H

H,C

1tOs sometimes easier to put the lowest priority group in the front ttrentiack, so hereQOs a trick. If

you put the lowespriority group in the front instead of the back, then the actual configuration is
opposite to what it appears to be. For alanine, if you put H in the front, the other groups are arranged
clockwise in oder of decreasing priority, which seems to indidgtso the actual configuration §s

Note that R) and §) have nothing to do with (+) an@( One indicates the configuration at a
stereogenic center; the other indicates an optical property afeh @mpound.

You will sometimes see andL in front of a compoundOs name: e-galine,D-glucoseL-dopa. The
letter is usually in a smaller font from the rest of the compound. This is -dasbidned way of
indicating the enantiomer of a compourmroughly corresponds #® andL to S, but the
correspondence is not exact. In any case, all the naturally occurring amino acjdadrall the
commonly occurring sugars apbe TheD andL homenclature was superseded in the 1950s by the
CahrBingoldEPrelog system, but it is still used out of habit, mostly by biologists.

5.4 Compounds with More than One Stereogenic Center.

Now let's consider what happens when compounds have more than one stereogenic center. Consider
2,3-dibromobutanoic acid. Thissmpound has two stereogenic centers, so four stereoisomers are
possible. These are ti@S(3R), (2R,3S), (25,3S), and 2R,3R) stereoisomers. We can call th@sen:-

T, E, andent-E. Compoundd’ andent-T are enantiomers of one another: they have st taae

conformation in which they are na@uperimposable mirror images. Likewise, compouddsidens-E
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are enantiomers. What is the relationship betileandE? Well, T has the absolut&) configuration

at C3, whileE has the §) configuration there These compounds cannot be interconverted by rotation
abouto bonds, because no matter how much they undergo rotation, the configuration at C3 doesn't
change.T andE always have different shapes no matter what their conformation.oflhevay they

can be interconverted is by switching the configuration at @&eShis requires borbreaking, T and

E areconfigurational diastereomers.

Me M Br Me /H/ Me
HOZC/H/ Br HOZC

2
T ent-T E ent-E

If two stereoisomers differ in configurationsatne but notall of their stereocenters, then they are
configurational diastereomers (Or just diastereomers for short). If yhaiffer in configuration ai!// of
their stereocenters, then they are usualhfigurational enantiomers.

A compound can have more than one stereogenic center and be achiral. This occurs when the
compound has a plane of symmetry. For exampi3R)-2,3-dibromobutanedioic acidM, has two
stereogenic centers and is achiral. If we switch two of the groups abouMC®eénget 2R,3R)-2,3
dibromobutanedioic acid), which is chiral. If we switch two of the groups about CBinve get
(25,35)-2,3-dibromobutanedioic acidnt-D, which is also chiral and which is the enantiomeb of
Compounds likeM that have stereogenic centers and are achiral are galleccompounds. There's
nothing mysterious about meso compounds; they just happen to have af @amenetry. At least
some of the diastereomers of meso compounds are chiral.

H Br Br
/Brw\ ~C3 Br ~C2 Br
 (— ——)
g~ \ Br CO,H H\H ‘con HO,C"\ H co,H
CO,H H

H
ent-D €O M 2 D

There are many compounds that have more than two stereogenic centers. For example, cholesterol he
eight stereogenic centers. Switching any of the two groups about theysiéreogenic centers in
cholesterol generates a diastereomer of cholesterol. (In animals, though, only one diastereomer of
cholesterol is synthesized. This is because only the natural diastereomer of cholesterol has the physic:
properties necessafyr its biological functions. Remember, different diastereomers have different
chemical properties.) A compound with n stereogenic centers has eXambiyf@yurational
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stereoisomers, unless some of its diastereomers are meso compounds; then it laarféive
configurational stereocisomers.

HO™"
5.5 Other Stereogenic Atoms.

Other sg-hybridized atoms with four different groups attached are stereogenic. For example, the
compound Ph(Me)Si(H)CI has a stereogenic Si atom. How about N? Remember ghgttimeR\

atom is sp-hybridized. Could we say that the fourth "group" attached to N is its lone pair, and therefore
that the N is stereogenic? In principle, yes, but in practice, the two enantiomers of a compaund like
Pr(Me)NEt interconvert so rapidly Byne pair inversion (like an umbrella) that the enantiomers can't be
separated. If we alkylaiePr(Me)NEt with a compound like BuBr, though, we obtain a compound that
has no lone pair to invert, and so in these kinds of compoundst&reogenic.

_ Bu

@ a TN Eltv[ | -

N V. rapi N— M€ BuBr N@ Br™ 4 enantiomer
N N
i-Pr Mo -Pr Me

Lone pair inversion in most N compounds occurs as rapidly as rotationcabontls. We must
therefore update our definition of conformers: Conformers can be interconverted by rotating about
bondsor by N lone pair inversion.

Problem for home. (3) Inthe transition state for N inversion, what is the hybridization of N? Compare
the bond angles in the transition state to those in the ground states. How might you slow down N
inversion?

Lone pair inversion occurs very slowly for trivalent P afids®these atoms are stereogenic. (E.g.:
MeP(Et)Ph, Ph'§OPMe.) The lone pairs in these compounds always have lowest priority. Other
atoms such as O, divalent S, B, and the halogens are almost never stereogenic. If you take inorganic
chemistry, you will éarn about pentand hexavalent stereogenic atoms, too.
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5.6 Stereochemistry of Alkenes.

We saw that the two ends of ethane can rotate with respect to one another with only a small barrier to
rotation due to the loss of hyperconjugative stabilization in the eclipsed isomer. Is the same true in
ethylene? If you look down theBC axis n ethylene, you will see that eacBHCbond on one C has a

180j dihedral angle with aBE bond on the other C. A 90j rotation about tHEC®ond gives a new
conformational diastereomer of ethylene, in which bl ®ond has a 180j dihedral angle with aeoth

CEH bond. As a result, you might expect that ethylene would be predominantly planar, with a small
barrier to rotation. In fact, the barrier to rotation in ethylene is very high, about 66 kcal/mol. Why? In
the 90j isomer of ethylene, the two p orlstare perpendicular to each other, so they don't overlap. No
overlap, no bond. In other words, rotation about the C=C bond in ethylene breaks the ! bond, increasin
the energy of the electrons associated with that bond, so it is a very high energg.pRe@member that
room temperature supplies about 15 kcal/mol of energy. There is no rotation about C=C ! bonds at

room temperature!
H . H
H 90° rotation H i
H
H

H
p orbitals overlap p orbitals don't overlap

If we replace an H in ethendth CHg to get a threegarbon compound with a double bond, we call it
propene. Propenéias three different kinds of C atoms. Two arelsgbridized, and the third is 3p
hybridized. The energy of the C&PH bond is higher than the energy of the €fBH bond because

the energy of the C(Sporbital is higher than the energy of the Cjsprbital. We number the C atoms
in propene from one end to another. The ends of propene are different, so we can number it in two
different ways. We do it so thdte atoms of the ! bond have the lowest numbers possible.

We can replace one of the kbms of propene with ClI, to get the skeletal isomechl@rgoropene, 2
chloropropene, or-8hloropropene. Actually, there are two kinds aftiloropropene. There ke kind

where the Cl atom is near the €group attached to C(2), and there is thel kimere the Cl atom is

near the H atom attached to C(2). The relationship between these two compounds is that they have tht
same atonto-atom connections, but different shapes, so theyren@isomers. They are stereoisomers

that have different interhdimensions, so they atkastereomers. Because rotation to interconvert one
diastereomer into the other is a higinergy process, requiring cleavage of a ! bond, they are
configurational diastereomers. (In the past, isomers such as these have beexd clalliblebond

iIsomers or geometric isters.)
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Any alkene in which one C of the C=C bond is attached to two different groups, and the other C is also

attached to two different groups, will have two diastereomeric forms. For alkenes in which each C is
attached to one H and one other group, we call these two tasrandsrans. Socis-1-chloropropene is

the diastereomer in which the Cl and thes@rbup are on the sansede of the ! bond, and-ans-1-
chloropropene is the diastereomer in which the Cl hadCt} group are on opposite sides of the !

bond. Remember "cl¥ same side". In a moment we will see another, more general way of naming the
two diastereomers of akes.

If we replace a terminal H in propene with a{Qioup, we generate eitheiblitene or 2butene. (If

one replaces the internal H in propene withsGOMe generate-thethylpropene, also known as
isobutylene.) The number designates the positioneoC=C bond in the chain. Not only dddtene
and 2butene have their ! bond in diffent locations, but, by necessity, theHbonds have also been
moved around, so-fhiutene and-butene arekeletal isomers. Just as there are irchloropropene, there
are two diastereomers oftitenecis-2-butene andrans-2-butene. They cannot intenavert by
rotation, so they are configurational diastereomers.

H H H H H  CHs
=~ e —~
H CH,3
HeC  CHy HaC H HeC  H

cis dkene trans dkene

The interconversion afis and tranalkene requires cleavage of the C=C ! bond. This can happen
when light of the proper wavelength is absorbed by an alkene, which promotes one &tatttbe !

to the !* orbital. Because 1/2 bond + 1/2 ahtind = no bond, there is now no ! bond and the molecule
is free to rotate about what used to be the ! bond. plosess is used by nature in vision.-clst

Retinal is bound to a protein callegsin through exchange of the O of retinal for the N of an amino
group of a lysine in the protein. When light enters the eye, the retinal absorbs the light and the cis
double bond is converted to a trans double bond. This change in shape is deteatsirtsyvnich

initiate an electical impulse down the optic nerve to the brain. Thewadtretinal is hydrolyzed away
from the opsin, and a new-Lis-retinal is attached. Meanwhile, the-alins-retinal is transported to
theback of the eyewhere it is conveed to the cis form, then transported back ta¢ti@a
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+ opsin
—_—
-H,0 0
11-cis-retinal \O NH
whan

transport to back of eye,
isomerization to 11-cis isomer,
transport back to retina

Higher alkenes are named as you would expect. The root designates the number of C atoms in the
longest chain containing the double bond, the suffix "ene" designates an alkene, the number preceding
the root designates the position of the double bond in the chain, and any prefixes designate substituent
An alkane with two double bonds is called a diene, one witle ikrealled a triene, etc., and more than

one number is used before the root toglesie the position of the double bonds: e.g-bLiadiene or
1,4-cyclohexadiene. A cycloalkene is named so that the C's of the ! bond are 1 and 2 and so that the
first substituent has as low a number as possible. All cycloalkenes umémn®ered ringmust be cis,

so we don't need to indicate whether they are cis or trans in their name. (Try to make a model of
cyclohexene!) Larger cycloalkenes, however, must be so designateduesgQr cis-cyclodecene.

A compound XHC=CHY may be classfl asis or rrans. But what does one do for a compound like,
say, tiodo-1-bromao2-chloro-1-propene? This compound can also exist as two diasterspbut it's
not clear which one iais and which one is.ans. In these cases we use #i& nomenclatre.

First we need to assigmiorities to the four groups attached to the double bond. Look at the atomic
numbers of the twaroms attached to each C of the double bond. One C has | and Br attached: | has
higher priority. The other C has C and Chalted: Cl has higher priority. (It is helpful to circle the
higherpriority group attached to each C.) If the two hgglority groups are on theume side of the

double bond, the compound is "zusammen" (German for togeth&r)ifdhey are orvpposite sides,

the compound is "entgegen” (German for against}, ofo help you remember the difference between
E andZ, consider that "entgegen,” "against,” and "opposite" all begin with vowels, and "zusammen,"
"together,"” and "same side" all begin with cammats. In the name of the compound, Aher Z follows
immediately after the number indicating the position of the double bond.
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Me Me Me Me
Br Me Br Me
the Z isomer the E isomer 27-butene 2E-butene

If the two atoms directly attached to a C are the same, one looks fosthigference between the

groups attached taeh of those atoms to determine which is higher priority. For example, in the
compound below, C2 is attached to C1 and C6: no difference. C1 is attached to O, O, and O (the doub
bond to O is counted as two O atoms); C7 is attached to S, H, and Hedhest atom attached to C6

is heavier than the heaviest atom attached to C1, so C6 has higher priority. Similarly, C3 is attached to
C4 and C7: no difference. C4 is attached to C5, C9, and H; C7 is attached to C8, H, and H. The
heaviest atom attachéal C4 is the same as the heaviest atom attached to C7, but the lseaviedt

atom attached to C4 is heavier than the setmaviest atom attached to C7, so C4 has higher priority.
The two highpriority groups, C4 and C6, are against one another, dedhr isE.

CH; O

OH

SH

Each C atom in an alketieat can have E and Z isom&stereogenicbecausawitchingthe position
of two groups attached to the alkeb@tomgenerates a stereocisomé&¥hen counting the number of
stereoisomers that a compound hais itseful to think of the entire alkene unit as being a single
stereogenic unit. For exampRpenten-2-ol hastwo stereogenic unifd one alkene and one
tetrahedral stereocentlr so it hagour stereoisomer¢R,E), (R,2), (S,B), and(S,2).

5.7 Definitions of the Four Types of Stereoisomers, Again.

As we have already said, conformational stereoisomers can be interconverted by rotatiorbabdat
or by N lone pair inversions, whereamfigurational stereoisomers can be interconverted only by
breaking bonds. An alternative definition of configurational stereocisomers is as follows:
Configurational stereoisomers have the same atom—to—atom connections but differ in their
configurations at some or all of their stereocenters. Configurational diastereomers differ in their
configurations atome of their stereocenters, and configurational enantiomers differ in their
configurations atil of their stereocenters. Structures that have the séomittobatom connectionand
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the same configuration at all of their stereocenters may be conformational stereocisomers or may be
identical, but they are not configurational stereocisomers.

5.8 Optical Activity and Enantiomeric Purity.

A beam of light consits of waves that oscillate perpendicular to the plane of the beam. Normally, the
waves oscillate in all planes perpendicular to the beam; this is called unpolarized light. If the light is
passed through a polarizer, though, the beam of light is akertéttht the waves making up the light
oscillate only in one plane. This kind of light is caligdne-polarized light. A chiral compound

interacts with plangolarized light in such a way that the plane of lighbrared in one direction or
another. Tis phenomenon is callegical activity. A sample of a compound is said todpeically

active If it rotates the plane of plargolarized light. Note that optical activity is a bulk phenomenon: it
is measured on a sample of a compound as light pésseglh it, so one is dealing with a large
collection of molecules.

Compounds that rotate plapelarized light to the right are call@dxtrorotatory and are indicated by

(+) in front of their names, e.g. (tartaric acid. Compounds that rotate plgo&arized light to the left

are calledevorotatory and are indicated by in front of their names. The angle by which light is
rotated depends on the compound and its concentration, path length (the length of solution or crystal
through which the lightnust pass), solvent, wavelength of light, and temperature. It is conventional to
use the yellow light emitted by sodium, the D line, to measure the optical activity of a compound at
room temperature (21 jC), although any wavelength and any temperatubemsgd. Thepecific

rotation, [oc]{, of any compound is defined as follows:

[o]] =a/l &c

wherea is the measured rotation, T is the temperature (inA @) the wavelength (in nml),is the path

length (in dm, Lord knows why), and c is the concentratioh@thiral compound in solution (in g/ 100

mL; if the compound is neat, i.e. not in solution, ¢ = 1). The specific rotation is a physical characteristic
of a chiral compound, like boiling point or color. Specific rotations are usually measured at 289 nm,
particular emission wavelength of sodium calledohime, and at room temperature, so usually one sees
reported {x]%l. Specific rotations are usually reported as follows]?rg&{ +44; (c = 1.0, ethanol).O0 The
specific rotation is an immutable characteristic of a compound, just like its melting point and its IR
spectrum.

A sample of one enantmer of a compound will rotate the plane of plgmarized light in thepposite
direction from a sample of the other enantiomer of the same compound. A sample of a compound that
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exists as a 1:1 mixture of enantiomersqg@mic mixture, is optically iractive, because half of the
molecules rotate light in one direction, and the other half rotate light in the other direction, so the net
result is no rotation at all. A sample of an achiral compound is also optically inactive. Only samples of
chiral compainds in which one enantiomer is in excess rotate fpateized light. Such a sample is
calledenantiomerically pure or enantiopure if it consists of only one enantiomer. Itis called
enantiomerically enriched Or enantioenriched if it consists of both mantiomers, but one predominates.
Theenantiomeric excess (ee) of a compound is defined as:

ee =(ed1l)/(er+1)

where er is the ratio of the two enantiomers. The ee is expressed as a percentage. A racemic mixture
has an ee of 0%, a 7:1 mixture obatiomers has an ee of 75%, and an enantiopure compound has
100% ee.

A sample of a compound that is enantioenriched rotates polarized light with similger a sample of

the same compound that is enantiopure. This is because the minor enantidesligbtan an

opposite direction from the major enantiomer, so the net rotation is less than if only one enantiomer
were present. Suppose one has a sample of a compound, and one wants to determine its ee. If the
specific rotationdt] for the compoundn enantiopure form is known, then the ee of your sample can be
determined using the formula:

ee = fryour sampl¥/ [cenantiopurk

where pryour samplk is the specific rotation of your sample, ang{antopurk is the specific rotation of a
sample of enaiopure compound. Racemic compounds are optically inaetnathis formulagives
their eeas0%, as expected.

5.9 Resolution and Asymmetric Synthesis.

The two enantiomers of a compound have identical physical properties in almost all reSpegthave
identical melting points, boiling points, solubilities, acidities, and spectroscopic characteristics. There
are only two ways in which two enantiomers differ in their properties: in their interaction with other
chiral compounds, and in thenteraction with plangolarized light. (We will talk about the latter in a
moment.) The difference in interaction of two enantiomers with a chiral compound is akin to the
difference between the interaction of yéefr hand with deft glove and the imtraction of youvight
hand with deft glove. It is also the same as the way thatkaR) (compound differs from afR,S)
compound. Chemically, this means that two enantiomers of a compound will have different behaviors
when they interact with anothehnical, enantiopure compound.
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Living organisms are made up of chiral, enantiomerically pure compounds. For example, most amino
acids in the proteins of all living organisms have the absafliteofifiguration, and most sugars have
theD configuration. Aliving organism is like a left glove, then, and so the two enantiomers of any
racemic compound that an organism ingests may have totally different biological properties. For
example, the pain reliever ibuprofen is a chiral compound. S)len@ntiomers more potent than the

(R) enantiomer by about thrdeld, but this is not a very big difference, so the compound is marketed as
a racemic mixture (for now). On the other hand, the situation is very different for thalidomide, a chiral
compound which was anketed in the early 1960's. The dextrorotatory enantiomer of thalidomide cures
morning sickness, the intended therapeutic effect. The levorotatory enantiomer is a potent teratogen
(causes birth defects). Unfortunately, thalidomide was sold as a raoexthiuce, and as a result a lot of
severely deformed children were born in Europe. (The drug wasnOt marketed in the US because the
FDA had vigilantly noticed some neurological side effects and had refused approval.)

@)

CO,H IIN
O
O g O
ibuprofen thalidomide

The process of separating a racemigture into its enantiomersgesolution, can be effected by

temporarily attaching a chiral, enantiopure reagent to the two enantiomers in the racemic mixture. This
results in the formation of two diastereomers. For example, a carboxylic acid wilviteah amine, a

good base, to give a salt. If the carboxylic acid is chiral and racRmaindS)and the amine is chiral

and enantiopure (sag,only), two diastereomeric saltRK andSR) will be obtained. The

diastereomeric salts have different pntigs such as solubility, so one can be selectively crystallized.

Now one enantiomer is a solid and the other is a liquid, so filtration will separate them. The amine can
be removed from either enantiomer by extraction with aqueous HCI, completing&atise.

Two enantiomers can also be separated by chromatography on a chiral support. You may remember
paper chromatography from high school, where ink on a piece of filter paper is separated into its colors
If the two enantiomers are placed on apief Ofilter paperO made up of a chiral material, one
enantiomer will move faster than the other. This separation method is useful as an analytical technique
for very small amounts of material, but it is usually too expensive to do on a large scale.

Optically inactive starting materials always give optically inactive products in chemical reactions. For
example, 2phenyl1-butene reacts with 4{in the presence of a catalyst) to givptienytl-butane.
The product is chiral; since the starting materak achiral, the produetsst be racemic, i.e. a 1:1
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mixture of enantiomers must be formed. This is a fundamental statistical result of the huge number of
molecules that are involved in the reaction. Théneks an equal probability of attacking the twghe

bottom of the alkene, and so there is an equal probability of forming the (+) & #ma(tiomer. If

you multiply this by 183 or so events, you can see why a 1:1 mixture is obtained. Likewise, if a
racemic compound is allowed to react withaahiral or a racemic compound, then the product(s) must
be either achiral or racemic. Only when one of the starting materials isazhirahantioenriched or
enantiopure is it possible to obtain enantioenriched or enantiopure product.

Ph Ph Ph
)\/CH3 + H, —> /*\/CH3 + J:\/CH3
H3C H3C :
H H
achiral achiral chiral and racemic

If optically active starting materials are required to make optically active products, where does one get
optically active starting materials to begin with? The answer is Nature. Because organisms are made |
of chiral, enantiopure molecules, they are able to makalchhantiopure compounds. We can extract
these compounds from living organisms and use them ourselves.

(Why should all amino acids be léfanded and all sugars be rigtgnded? Why not the other way
around? Good question. No one has the fogglest i Much time has been spent hypothesizing why it
is the case, but the hypotheses are very difficult to verify experimentally.)

Suppose one wants to make an enantiopure compound. There are two ways to do it: (1) make a racen
mixture and carry out gesolution, or (2) carry out amymmetric synthesis. An asymmetric synthesis

uses an optically active starting material isolated from nature and uses its chirality to influence later
reactions. For example, one can replace the H next to the carbamyladran ester with a Gigroup.

This reaction turns an achiral compound into a chiral one, and hence a racemic mixture is obtained. If,
however, one attaches an optically active starting material to the estétu(auxiliary), then one can

use the symmetry of the auxiliary to make all the €broup attach to the bottom of the ester and none

to the top. When one removes the chiral auxiliary, one is left with an optically active product.
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Many older chiral drugs (ProzagRitalin ) are sold as ramic mixtures (Ritalin as a diastereomeric
mixture), whereas others (pseudoephedrine) are sold as enantiopure compounds. One of the compone
of the racemic mixture has the desired biological activity, but the other may or may not have similar or
different activity. Some of the side effects of these drugs may be attributed to the presence of the
OwrongO enantiomer. So why would the companies that make these drugs sell them as racemic
mixtures? It is often very expensive to resolve drugs or to makeithenantiopure form. If the

company were to sell enantiopure compound, the cost of the drug would be much higher, and profit

would be lower.
H
: Xo) N_
OCH, F
H

H
N
@)
Methylphenidate (Ritalin) Fluoxetine (Prozac)
OH
“CH, “CH, <é “CH,
CH;4 CH; o CH;
Pseudoephedrine Methamphetamine MDMA (Ecstasy)
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Nowadays, the technologies of resolution and asymmetric synthesis have advanced to the point that th
costof making enantiopure material is not so great, and the FDA is expressing a strong preference that
all medicinal drugs be sold in enantiopure form. One drug that has already made the Oracemic switch(
the antidepressant citalopram, sold as Celexaitalopram is a racemic mixture, but only the S

enantiomer is biologically active. The S enantiomer, which is called escitalopram, is now sold
separately as Lexapro As you might expect, the recommended dosage for Lexapro (10 mg/day) is
only half that of @lexa (20 mg/day).

NC NC
Ly
N(CHy), N(CHy),
F Citalopram (Celexa) F Escital opram (Lexapro)
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