Chapter 7. Stereochemistry
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McGraw Hill's Organic Chemistry, 5" edition, Chapter 7




What Is Stereochemistry?( ¢ jt ¢
« _

Stereochemistry refers to chemistry in three dimensions.

Its foundations were laid by Jacobus van't Hoff and
Joseph Achille Le Bel in 1874 the four bonds to carbon
were directed toward the corners of a tetrahedron.

Our major objectives in this chapter are to develop a
feeling for molecules as three dimensional objects and
become familiar with stereochemical principles, terms, and
notation.



A Brief Review of Isomerism
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Isomers that have the same constitution but differ in the

spatial arrangement of their atoms are called stereoisomers.

3



Mirror-image Superimposability

Everything has a mirror image, but not all things are superimposable (£ &) on
their mirror image.

Everyone is not superimposable on her/his mirror image——and this is the
more interesting case.



Not Superimposable







7.1.1 Optical Rotation

The angle between the entrance plane and exit planes is
the optical rotation (a: & WL3e ).
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Clockwise rotation is called dextrorotation (4 Ji€)
Anti-clockwise is levorotatory (Z:JiE) 7



A Simple Polarimeter

Movable Nicol
Polarizing MNical prism {analyzer) &
priam {fixed mounting) Tube containing ~ J
solution

His work on determining the optical
rotation of naturally occuring molecules
Included an experiment on turpentine
(P25 (discovered in 1815).

Jean Baptiste Biot



7.1.2 Specific Rotation

To have a basis for comparison, define specific rotation,
[a]p (ELTE)EE) for an optically active compound.

o The observed rotation,

0 c. The concentration of the sample
[a] = | (g/mL)
L C |: The length of the sample tube(dm)

D: wavelength(589nm), Na
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7.1.3 Optical Activity

Light restricted to pass through a plane is plane-polarized.

Plane-polarized light (-F & 1&#& t) that passes through solutions of
achiral compounds remains in that plane.

Solutions of chiral compounds rotate plane-polarized light and the
molecules are said to be optically active
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7.1.4 Specific Rotation of Molecules

Specific Rotation of Some Organic Molecules

Compound [«]p(degrees) Compound [«]p(degrees)
Penicillin V -233 Cholesterol -31.5
Sucrose -66.47 Maorphine -132
Camphor -44.26 Acetic acid 0
Monosodium +25.5 Benzene 0

glutamate
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| ouis Pasteur
(1822-1895)

Best known to chemists for his work on
the tartaric acids, he recognized the
structural relatioships (now called
chirality) responsible for optical
Isomerism, and that microorganisms can
distinguish between enantiomers. Pasteur
also showed that micro-organisms cause
fermentation and various diseases, and he
developed methods for "pasteurization”
and for vaccination against anthrax and
rabies. His work saved the wine, beer, and
silkworm industries for France.
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7.2 Enantiomers—Mirror Images

Molecules exist as three-dimensional objects.




Enantiomers—Mirror Images

Some molecules are the same as their mirror image.
Some molecules are different than their mirror image
These are stereoisomers called enantiomers.
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Not Superimposable




7.2.1 Characteristic of Enantiomer

The molecular constitution of the enantiomer is the
same.

The specific rotation of the enantiomer is equal in
magnitude but opposite in sign.
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7.2.2 Racemic Mixtures (#M iE{&)

Mixtures containing equal quantities of enantiomers are called
racemic mixtures.  cH,CH=CHCH;

(50%) (50%)

(R)-(—)-2-Bromobutane (5)-(+)-2-Bromobutane
[a]p—39° [a]p+39°
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7.2.3 Percent Enantiomeric Excess

Percent enantiomeric excess (ee, 3T BRI =7 4%

Moles of one - moles of other

enantiomer enatiomer
— : X 100
€c Moles of both enantiomers

Observed specific rotation
Specific rotation of pure enantiomer

CHs CHj .
HO H o ee = +6'760 X100
H,CH| H,CHj| +13.5
(-)-2-Butanol (+)-2-Butanol = 509

[o]p=-13.25° [o]p=+13.25° 19



7.3 Molecular Chirality

Molecules that are not superimposable with their mirror
Images are chiral.

Characteristic property of a compound that is optically
active —the compound must be chiral.

not superimposable superimposable
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7.3.1 Chirality

Chirality: A molecule isn’t superimposable with their mirror image
(M TFTEHEEBRBERTES, RMNAKRZAFH)

. ' @ & ‘ . turn Il 80° ‘ &,
= ¢ C\D @

A | B B

A and B cannot be superimposed on each other (to test for
superimposability, reorient B by turning it 180°, then compare
A and B’ and found the two do not match).

Bromochlorofluoromethane is therefore a chiral molecule.
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7.3.2 Chirality Centers

A tetrahedral carbon atom that bears four different atoms
or groups is called a chirality center.
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chirality center
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7.3.3 Whether a Molecule 1s
Chiral or Achiral?

A molecules with one chirality center should be chiral.

H H
CH;—C—CH-CHj; CH;—C—CH;4

OH OH

2-Butanol 2-Propanol
Chiral; four different Achiral; two of the substituents

substituents at C-2 at C-2 are the same
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Whether a Molecule 1s Chiral or
Achiral?

molecules with more than one chirality center may or
may not be chiral.

a molecule that has a plane of symmetry or a center of
symmetry is superposable on its mirror image and is

achiral.

¢ .
— 683 6 ® 8:
3 .

e

achiral: a plane of symmetry
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Examples

achiral: a center of symmetry
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Hermann Emil Fischer

—— (1852-1919)

Generally considered the greatest organic
chemist of his time, Fischer received the 1902

\ - -
\NUIJ V U VVUIL Y U

carbohydrates and purines. His discovery that
phenylhydrazine reacts with carbohydrates to
form osazones enabled him to elucidate the
stereochemistry of sugars. First to synthesize
adenine and guanine, he made the first synthetic
nucleotides. Among many other contributions
was his work on protein structure and synthesis,
the "lock-and-key" model for enzyme reactions,
structure of triarylmethane dyes, and the design
of laboratory hoods and safety

equipment.
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7.4.1 Sequence Rules (IUPAC)

The spatial arrangement of substituents at a stereogenic center is
Its absolute configuration

Sequence rules, is used to specify the absolute configuration at
the chirality center

a

/ b

d C
a>b>c>d ( Clockwise ) —R
a>c>b>d ( Counterclockwise ) —— S
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Naming by R-S Notational System

CHO
HGCHqLH
OH

-h» e

(R)-H i % (S)-H B




Applications: Sequence Rules

CH3 HO "
HO?H CHg%r::
H,CH

Et

H -
¥ 3(;/é i COOH
“oH

(R)-Lactic acid

(R)-2-Butanol



Examples

COOH COOH
HA’LOH — —~0H R = Rectus
CHj CHs
COOH COOH
HO—‘LH — o= ~H S = Sinister
CHs CHs

% the R or S configuration and the sign of rotation are incorporated
into the name of the compound, as in (R)-(-)-Lactic acid and (S)-(+)-
Lactic acid.
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7.4.2 Characteristics of Fischer
Projection

One group Is fixed, the other three groups are rotated
In turn, the configuration is not changed.

CH; CH,
r = CH3CH; H
H,CHs Br
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Characteristics of Fischer Projection

To rotate the projection to 90°, on the plane of the
paper, the other enatiomer was got.

CH3 | CH;
HtBr | Br H
H,CH; inCH&
(+)-2-Bromobutane (-)-2-Bromobutane

'Ietl'(n 90° //
Br

c:H;—{—CHZ(:H3
H

(-)- 2-Bromobutane
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7.5 Chiral Molecules With Two

Stereocenter
CO,H CO,H CO,H CO,H
H——OH HO—r—H H——OH HO—r—H
H———OH HO—H HO——H H——OH
CH, CH, CH, CH,
(1) (2) (3) (4)
(2R,3R)- (2S,3S)- (2R,3S)- (2S,3R)-
2,3-Dihydroxybutanoic acid
(2,3-=#ETH) Diastereomers:
Enantiomers: (1) (2) (3)
3 (4) (1) (2)

(4)



7.6 Racemic Mixtures

Racemic forms (=*): 1:1 mixture of (R)- and (S)-enantiomers

CO,H
H OH
H OH
CH;
I

(2R,3R)-2,3-Dihydroxybutanoic acid

HO
HO

CO,H

H

H
CH;

11

(2S,3S)-2,3-Dihydroxybutanoic acid



7.7 Meso Compounds

Tartaric acid has two chirality centers and two diastereomeric forms

One form is chiral and the other is achiral, but both have two chirality
centers

An achiral compound with chirality centers is called a meso
compound — it has a plane of symmetry

(2R,3R)-2,3-Butanediol




meso-2.3-Butanediol 1s Achiral

o
@
g 0L
or ¥ I N ey
CH, C@- '
H——OH z
. H—OH : b :
CH;
meso-2,3-Butanediol B |

Achiral molecules with two same stereogenic centers
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7.8 Diastereomers

Molecules with more
than one chirality center
have mirror image
stereoisomers that are
enantiomers

In addition they can
have stereoisomeric
forms that are not mirror
Images, called
diastereomers

COOH
H NH>
N7

C
H” ~0OH

2R,3R

COOH

H MH->
__'__.i" ra
HL

C

HO* | ~H

2R,3S

Mirror

COOH

C
HO* | ™H

25,3S

{COOH
HaM H
.,
c”

i
H”  ™~0OH

2S,3R
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H\ OH
CHq/’j\/%’/ CO,H
HO H
! 1
(2R.3R) : [a],—9.5° 2535 (el 105

: '
0
% Diastereomers %
2 ¢ 9 :
M v

(2R.35) : [a]p+17.8° (2S3R) : [a),—17.8°

A chiral molecules with two defferent stereogenic centers



7.9 Molecules with More Than
Two Chirality Centers

Molecules can have very many chirality centers.

Each point has two possible permanent arrangements (R
or S), generating two possible stereoisomers.

So the number of possible stereoisomers with n chirality
centers is 2".

See Page 128
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7.10 Stereochemistry of Cyclic

Compounds

H H | H
| = B = A *
COOH COOH COOH H '+ H COOH
(Z2)-configuration (E)-configuration

\ v y,
Enantiomers
cyclic compound —— might be Z/E configurations

Compound containing chiral center —— might be enantiomers
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7.11 Reactions That Produce
Stereisomers

Meso Compounds

CH, CH;
5 R
B1 H Br- Br- H B1
H Br U Bi H
R 5
CH.-

!!!!!!



Reactions That Produce Stereisomers

enantiomers




7.12 Resolving a Mixture of
Enantiomers

| C(+) “ +| P(+) “

Dissociate diastereomer
to single enantiomer;

. recover resolving agent
Resolving agent gag

(single enantiomer) | C(+)-P(+) I
. + - +
| 2P(+) “ Separate

C(+) C(+)-P(+) diastereomers
cO) " [ corm

Mixture of enantiomers Mixture of diastereomers S | C(-)-P(+) “

Dissociate diastereomer
to single enantiomer;
recover resolving agent

C(-)
=]l




/.13 Physical Properties of
Stereoisomers

Enantiomeric molecules differ in the direction in
which they rotate plane polarized but their other
common physical properties are the same

Daistereomers have a complete set of different
common physical properties

TABLE 9.3 Some Properties of the Stereoisomers of Tartaric Acid

Melting [a]p Density Solubility at 20°C

Stereoisomer point (°C) (degrees) (g/cm3) (g/100 mL H,0)
) 168—170 +12 1.7598 139.0
168—170 -12 1.7598 139.0

Meso 146—148 0 1.6660 125.0

2 2004 Thomson/Brooks Cole
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7.14 Stereoregular Polymer

AL

(a) Isotactic polypropylene

(b) Syndiotactic polypropylene



7.15 Chirality in Nature

Stereoisomers are readily distinguished by chiral
receptors in nature

Properties of drugs depend on stereochemistry

Think of biological recognition as equivalent to 3-point
Interaction

enzymes catalyze
O CO>H
CH3£C02H biological r(::duction:> HO | H

CHs;

Pyruvic acid (+)-Lactic acid
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Where did Chirality Come From?
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recent estimate places the number of presarip-

tlon and overthe-counter drugs marketed

throughout the word at about 2000, Approx-
Imataly ona-third of thase are elther maturally oocur-
rimg substances themsahes or are prepared by cheml-
cal modiflcation of natural products. Most of tha
drugs derved from natural sourcas are chiral and ara
almost always obtalned as a single enantlomer rather
than as a racemic mixture. Mot so with the ower 500
chiral substances representad among the more than
1300 drugs that are the products of synthetic organic
chemistry. Untll recently, such substances weare, with
few exceptions, prepared, sold, and administered as
racemilc mixtures even though the dasired therapautic
activity resided In only one of the emantlomers.
spurred by a number of factors ranging from safety
and efflcacy to synthetlc methodology and econom-
Ics, this practice Is undergoing rapld change as mora
and more chiral synthetlc drugs become avallable In
enantiomerically pure form.

Bacause of tha high degree of chiral recognl-
tlon Inherent In most blologlcal processes (Section
7.8%, It 1s unlikaly that both enantlomers of a chiral
drug will exhibit the same level, or even the sama
kind, of effect. At one extremea, one enantlomer has
the desirad effect, and the aother exhibits no blologl-
cal activity at all. I this case, which Is relatively rare,
the racemic form Is simply a drug that Is 50% pura
and contalns 50% “Inert Ingredients.” Real cases ara
more complicated. For example, It Is the 5 enan-
tlomer that Is rasponslble for the paln-relleving prop-
artles of Ibuprofen, normally sold as a racemic mix-
ture. The 50% of racemic lbuprofen that Is the &
enantiomer Is not completely wastad, howeaver, be-
cause enzyme-catalyzed reactions In our body con-
vart much of It to active (S)-lbuprofan.

1
(CHz)2CHCH: OTH COoH

CHy
Ibuprofen

A much more serious dravwback to using chiral drugs
as racemlc mbcturas Is HNustrated by thallidomidea,
briefly employed as a sedathve and antinausaa drug
In Eurcpe and Great Britaln during the period
19591962, The desired properties are those of (R)-
thalidomide. (s)-Thalidomide, however, has a very
different spectrum of blological acthvity and was
shown to be responsible for over 2000 cases of serl-
ous birth defacts In children born to woman who
took It while pregnant.

O
Thalidomide

Baslc research directed toward understanding
the factors that control the stereochamistry of chem-
Ical reactions has led to new synthetlc methods that
make It practical to prepare chiral molecules In enan-
tlomerlcally pura form. Recognizing this, most major
pharmaceutical companles are examining thelr exist-
Img drugs to see which ones are the st candidatas
for synthesls as single enantlomers and, when prepar-
Ing a new drug, design its synthasls so as to provide
only the desired enartlomer. In 1992, the United
states Food and Drug Adminlstration (FDA) lssued
guldelines that encouraged such an approach, but
left open the door for approval of new drugs as
racemlc mixtures when special clrcumstances war-
rant. One Incenthve to developing enantlomerically
pura versions of exsting drugs Is that the novel pro-
duction mathods they require may makea tham aligl-
ble for patent protection separate from that of the
orlginal drugs. Thus the temporary monopoly posl-
tlon that patent law views as essentlal to fostering In-
nowvatlon can be extended by transforming a success
ful chiral, but racemic, drug Into an enantiomerically
pura verslan.
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