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Pharmaceutical Organic Chemistry-1

Chapter-5: Stereoisomerism
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Chirality & Stereochemistry

% An object Is achiral (not chiral) if the
object and its mirror image are
identical
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% A chiral object is one that cannot be
superposed on its mirror image




1. Isomerism: Constitutional
Isomers & Stereoisomers

1A. Constitutional Isomers

% Isomers: different compounds that
have the same molecular formula

e Constitutional isomers:iIsomers
that have the same molecular
formula but different (connectivity
—their atoms are connected in a
different order
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Molecular Constltutlonal e
Formula lIsomers
C,Hig <" and *
Butane 2-Methylpropane
L ﬂ,e(wy/d;';l \5(5@
O ong [sf gt o
(L NS Cl
C3H7C| /\/CI and A

1-Chloropropane 2-Chloropropane
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% Examples

Molecular Constitutional
Formula o iw,. Isomers
s & & T ((‘)j)gj(b/@l/
C.H.O ~0OH and CHs—O—CH;
20 Ethanol Methoxymethane
/\)?\
OCH;
C4HsO; oHand Y

Butanoic acid Methyl propanoate
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1B. Stereoisomers

% Stereoisomers are NOT constitutional
Isomers

% Stereoisomers have their atoms
connected in the same sequence but
they differ in the arrangement of their
atoms in space. The consideration of
such spatial aspects of molecular
structure is called stereochemistry
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1C. Enantiomers & Diastereomers

% Stereoisomers can be subdivided into
two general categories:

enantiomers & diasteromers

e Enantiomers — stereoisomers
whose molecules are
nonsuperposable mirror images of
each other

e Diastereomers — stereoisomers
whose molecules are not mirror
images of each other



% Geometrical isomers
(cis & trans isomers) are:
e Diastereomers

N~ <
e.g. —

P Ph and Ph>\<Ph@

\ A\

(CiS) - (trans) |
Y Cl Cl v Cl H "

N L D
2) H ) H 2\ H Cl )



Subdivision of Isomers

-

Isomers

~

N

(different compounds with same
molecular formula)

j

/

Constitutional Isomers

~

o

(isomers whose atoms have a
different connectivity)

/
Stereoisomers

(isomers that have the same
connectivity but differ in spatial

arrangement of their atoms)

~

/

/

a I
Enantiomers

(stereoisomers that are
nonsuperposable mirror

images of each other)

-~

o

Diastereomers
(stereoisomers that are
NOT mirror images of
each other)

10



2. Enantiomers and Chiral
Molecules

% Enantiomers occur only with compounds
whose molecules are chiral

% A chiral molecule is one that is NOT
superposable on its mirror image

% The relationship between a chiral
molecule and its mirror image Is one
that Is enantiomeric. A chiral molecule
and its mirror image are said to be
enantiomers of each other

11
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OH

(2-Butanol)

(1)

(I) and (ll) are
nonsuperposable
mirror images of
each other

12



3. A Single Chirality Center
Causes a Molecule to Be Chiral

% The most common type of chiral
compounds that we encounter are
molecules that contain a carbon atom
bonded to four different groups. Such
a carbon atom is called an asymmetric
carbon or a chiral center and Is
usually designated with an asterisk (*)

13



(IJI
Me—(lf—Et
H

\

H . :  cl H

}{Et Et Me

Me
(111) (1V)

mirror

(I11) and (V) are nonsuperposable
mirror images of each other

14



mirror

(V) and (VI) are superposable
= Nnot enantiomers = achiral

15



3A. Tetrahedral vs. Trigonal
Stereogenic Centers

% Chirality centers are tetrahedral
stereogenic centers

H ,OH | HO H

7 :
( Mﬁe/’{ i >*\|V| o
A 5 B
Tetrahedral (A : (8)
stereogenic Mirror (A) & (B) are
center enantiomers

= chiral

16



% Cis and trans alkene isomers contain
trigonal stereogenic centers

2
H Ph

A

Trlgonal (D)
stereogenic
center

= achiral -...{G) & (D) are identical

nle € 150

&/f> oW Skl

cpire s Jore

mirror

17



4. More about the Biological
Importance of Chirality

O'""’Wf

(+)-Limonene (-)-Limonene
(imonene enantiomer  (limonene enantiomer
found In oranges) found In lemons)

18



Thalidomide

% The activity of drugs containing
chirality centers can vary between
enantiomers, sometimes with serious
or even tragic consequences

% For several years before 1963
thalidomide was used to alleviate the
symptoms of morning sickness in
pregnant women

19



% In 1963 It was discovered that thalidomide
(sold as a mixture of both enantiomers) was
the cause of horrible birth defects in many
children born subsequent to the use of the

drug

O O O O
NH NH
N ® N ®
O O

Thalidomide enantiomer of
Thalidomide

(cures morning sickness)
(causes birth defects)

20



5. How to Test for Chirality:
Planes of Symmetry

% A molecule will not be chiral if it
possesses a plane of symmetry

% A plane of symmetry (mirror plane) is an
imaginary plane that bisects a molecule
such that the two halves of the molecule
are mirror images of each other

% All molecules with a plane of symmetry
In their most symmetric conformation

are achiral )



Plane of symmetry

Cl

E
Meme——=]\le

H

1

! achiral

Cl
Mem——=sEt

=

No plane of symmetry chiral |

22



6. Naming Enantiomers: R,S-System

OH H, ,OH Ho H
Recall: A _ > > A

() ()

% Using only the IUPAC naming that we have
learned so far, these two enantiomers will
have the same name:

e 2-Butanol

% This is undesirable because each
compound must have its own distinct name

23



6A. How to Assign (R) and (S)
Configurations

% Rule 1
e Assign priorities to the four different
groups on the stereocenter from
highest to lowest (priority bases on
atomic number, the higher the
atomic number, the higher the
priority)

‘neressivg fhe MOM/
>0 =N 7 C ~H

T =or>cl =6 7P 7F

24



% Rule 2

e \When a priority cannot be assigned
on the basis of the atomic number
of the atoms that are directly
attached to the chirality center, then
the next set of atoms in the
unassigned groups Is examined.
This process Is continued untila .
decision can be made.

25



Re— b)) o )lee g
+* Rule 3 Le—all] oy ds
e \isualize the molecule so that the
lowest priority group is directed
away from you, then trace a path
from highest to lowest priority. If
the path Is a clockwise motion, then
the configuration at the asymmetric
carbon is (~). If the path is a
counter-clockwise motion, then the

configuration is (S)

26



% Example H0>$/ (2-Butanol)

Dy H? ST R 5ol sl
\\\\\\ el T ﬂu\ml’)@ﬁt Sé@q/gotmﬁafﬂf

. . 6/50@ ?‘.&-}?/:)\)’"Q‘ Q\/”)\Gﬁ(')/w

6&/\'@ B

C C
@or@ @ or®

Step 1:

27



@
OH
© @@ 2 - 4{ ;%
Me 2 CNE

B D4

\/ Arrows are clockwise MeQ

(R)-2-Butanol



% Other examples

@D
Cl Cl Counter-
@ clockwise
"'“““J\g) = e (S)
3 Hs Hs
@
Clockwise
®OCI-[3 OCH,

ofs o @& w
3 CH,CH; Br CH,CH,

@Br



% Other examples

e Rotate C—CIl bond such that H Is pointed
to the back o)

e
\A\\h\ @
va b
CI @ O(\\\\% \ Cl
b
& ©)

[\\ — e
OH
HO iy

Clockwise

$ |
Ll ) ot 4o 4 1] 5 gler B
F \ 5! @
R WBi—> . 5's 397/0
s o Q OH

) () solik 4= 0Ny =
\.)(

S — 7
30



% Other examples

e Rotate C—CH,; bond such that H is
pointed to the back )

ol A LA OCH3

[/ ésj? W C(S)C:As
S - ﬁ H\“\\\ @
OCH, |

H,C®

Counter-clockwise OCH,

2. QﬂT\ C@mﬁﬂOV%w \

o SR ST
o9 Sj LT eSS (S)



% Rule 4
e For groups containing double or

triple bonds, assign priorities as if
both atoms were duplicated or

triplicated
\ |
e.J. =0 as C-O
/ O C
|
\G=C/ as  —C-C—
C ¢
Ce— @ —0G
C C

32



% Example ©

Compare

Thus,

@H\““‘)\@
CH=CH,

HO@
—CH, & —CHCH,:

—CH=CH, equivalent to

—CH=CH, = (C, C, H)

(S)

H H

ot

C C

33



% Other examples

@, (R
@H“‘WC%
“@ o
I_CZDC _OH
@H\\“ﬂ)\@‘/cw @c- (0 0 0
@ o (S) )

C = (O, H, H)



7. Properties of Enantiomers:
Optical Activity

% Enantiomers

e Mirror images that are not
superposable

H H
L A
o )\cm ; ch4 G
HsCH,C g ChChg

mirror

35



% Enantiomers have identical physical
properties (e.g. melting point, boiling
point, refractive index, solubility etc.)

LS YT g 2

Compound bp (°C) mp (°C)

(R)-2-Butanol 99.5 e

V@P)UQQ‘

(S)-Z-BUtanO| 995/i y N5 S

e 27
(+)-(R,R)-Tartaric Acid - ., 168170
5 oot Jome s
(—)-(S,S)-Tartaric Acid N J 168 — 170
(+/-)-Tartaric Acid "/ — == 210 — 212

go
9\3(’4

36



feoHVITL Sb s ;R LS5
cheved o \ly chuved 12

% Enantiomers

e Have the same chemical properties
(except reaction/interactions with
chiral substances)

e Show different behavior only when
they interact with other chiral
substances

e [urn plane-polarized light on |
. . . sy\ ol 20 2/ R
opposite direction  =iten e o
pol N 51s> LS s o
5@ ?///l //" MV@\ Dﬂ/ﬁ ‘oL_DS‘jI
e

M 37




% Optical activity
e [he property possessed by chiral
substances of rotating the plane of
polarization of plane-polarized light

38



7A. Plane-Polarized Light

% The electric field (like the magnetic
field) of light is oscillating in all possible
planes o

% When this light passes through a
polarizer (Polaroid lens), we get plane-
polarized light (oscillating in only one
plane)

@ Polaroid @
-
lens

39



7B. The Polarimeter

% A device for measuring the optical
activity of a chiral compound

a = observed
optical rotation

\I/ 1 v
%»@—»L-»@—»\:-»@ ->->)<§9

light ordinary polarizer plane solution of plane- analyzer
light polanzed optically polarized
light active light
compound rotated

observed

40



7C. Specific Rotation

observed

temperature _l | rotation
25
[a]

_[T) C x U <_I
\(/)vfal\i/erl]?ngth Concentratlon length of cell
9 o f of sample iIn dm
(Ne-gl- NSO solution (1.dm =10 cm)
a lamp, in g/mL

A=589.6 nm)

41



% The value of a depends on the
particular experiment (since there are
different concentrations with each run)

e But specific rotation [a] should be
the same regardless of the
concentration

42



% Two enantiomers should have the
same value of specific rotation, but the
signs are opposite

ChHs | CHs
H\\\‘)* * k’"lH
HO OH

25 E 25
[a] = + 13.5° . [a] = - 13.5°
D mirror D

43



8. The Origin of Optical Activity

Electric 1

field

(@) Plane-polarized light

Magne;i‘c
field

Direction of
propagation






8A. Racemic Forms

% An equimolar mixture of two
enantiomers is called a racemic
mixture (or racemate or racemic form)

% A racemic mixture causes no net
rotation of plane-polarized light

equal &
opposite rotation
rotation by the
enagtiamer
H3C ?{
H "’OH HOY—
CHs CQH5

(R)-2-Butanol (S)-2-Butanol
(If present)



8B. Racemic Forms and Enantiomeric
Excess

+ A sample of an optically active
substance that consists of a single
enantiomer is said to be
enantiomerically pure or to have an
enantiomeric excess of 100%



% An enantiomerically pure sample of (S)-
(+)-2-butanol shows a specific rotation of

+13.52 o8
[0( ] — + (3.5
D

< A sample of (S)- (+) -2-butanol that contains
less than an equimolar amount of (R)-(-)-2-
butanol will show a specific rotation that is
less than 13.52 but greater than zero

< Such a sample is said to have an
enantiomeric excess less than 100%

e o



< Enantiomeric excess (ee)
e Also known as the optical purity

<mole of one ) B ( moles of other )
% enantiomeric _ \ €nantiomer

enantiomer 100
excess total moles of both enantiomers "
e Can be calculated from optical
rotations
% enantiomeric ~ observed specific rotation < 100
excess*  specific rotation of the

pure enantiomers

O b



< Example
e A mixture of the 2-butanol

enantiomers showed a specific
rotation of +6.76. The

enantiomeric excess of the (S)-
(+)-2-butanol is 50%

% enantiomeric = +6.76 J—
excess * 41352 00 = 0%

(%)



9. The Synthesis of Chiral Molecules
9A. Racemic Forms

Ni

CH3CH2ﬁCH3 + H—H > (i)-CH3CH2(|IHCH3
O OH
Butanone Hydrogen (*)-2-Butanol
(achiral (achiral (chiral
molecules) molecules) molecules; but

50:50 mixture
(R) & (9))

—



(RH-H2)-Butanol (50%)

(SH+)H2)-Butanol (50%)

N ;



O9B. Stereoselective Syntheses

<+ Stereoselective reactlons are reactions
that lead to a preferentlal formation of one
stereoisomer over other stereoisomers that
could possibly be formed
e enantioselective — if a reaction
produces preferentially one enantiomer
over its mirror image
o diastereoselective - if a reaction
leads preferentially to one diastereomer
over others that are possible

w



P

racemate ()

O
/\/YKO Ft
F

racemate (+)

o lecz(”“l/(”/ \
stefeose w Ve

g 5“0/

;/@ow/ﬁ
R e s% g\ Y

H* 3 HZO + EtOH
heat OH

racemate (1)

Ilpase /\/\]/U\OH + EtOH

—)
(> 69% ee)

wm



10. Molecules with More than One
Chirality Center

% Diastereomers

e Stereoisomers that are not
enantiomers

e Unlike enantlomers diastereomers
usually have substantlally different
chemical and physical properties

Cnon ffovaes s

5
I esStLreomers 5



(2R, 35)3-flov'e -2
(25 3K)- B-ﬁ‘o‘f@‘z’b%ﬁw’m\ - bnfenl

L
L I

514&/6 edfon 1<

&O‘a 51’;61/01/%0/
LC/—»\QM\ Clhurel &g j@yy) )

WIUMWS
> O e %
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\\3 /),)J“5 €2 D}yye
“p o Bry, v ) . Br
—C—H H—
(my o771 | (V)
C l_blllh.. H H_ C“‘\“\C |—b
\ v
HC)¢ S L | R
O\ e 1 omeN ¢

Note: In compounds with n tetrahedral
stereocenters, the maximum number of
stereoisomers Is 2. 2 chiol coner, s . L3

' ‘ el sse v G WJ
Y Stereolsomeny Ls (5= &/&’\ — 7 = 2( Congev ) oy Wl <

46



(1) | | (Il
10 —H H—COH
CH; Chs
B, Br
(1) | i | (1V)
C |‘|3/Ilh.. C_H i H_ C..\\\\\C "'3
HO” i ~OH

% (1) & (II) are enantiomers to each other
% (Ill) & (IV) are enantiomers to each other

47



106 —H H—COH
CH CH;
B, § Br
—C—H | HG~
( I" ) Cl‘bllm..cl: H é H_CI:..\\\\\CHS ( IV )
HO” ~OH

% Dlastereomers to each other:
o ()& (I, (I) & (IV), (II) & (I), () &
(IV)



10A. Meso Compounds

% Compounds with two stereocenters do
not always have four stereoisomers
(22 = 4) since some molecules are
achiral (not chiral), even though they
contain stereocenters

% For example, 2,3-dichlorobutane has
two stereocenters, but only has 3

stereoisomers (not 4)
/‘/\@SOQQW\{? (AI/)O( JP/OJVO /V\@O mpoutflﬁ// L’f’/“/@’@
1- LW}} 2 chorec] canter -, FV e 5 choira Ce/nﬂ/%SMgJL 9);)/@

ops1c .
JOET] (2 Ty Lo =4 ¢ et Center pBiCed 19 o Achedred Compumtliy gl UL
’ W\ CLC 41 e

3= ARI<OWI5 (5685 cluredcentercs s.ms )\ 49



(1)
“C—Br ! Br—C WCHg
e .
& : . < \\\H
Do) G B LBI—G
() CFeT Tﬁr 'z?’g% (IV)
i C Br B C.m\\

CHY . 4 @ “CH

Note: (lll) contains a plane of symmetry,
IS @ meso compound, and is achiral ([a] =

00).

50



H

(1)
Chgmc—pr | Br—CChe
H E

H,

(1 ) C%’?_Br Br_?‘CFb (IV)
nG—Br | Br—Cu\
CH; s C

% (1) & (lI) are enantiomers to each other
and chiral

% (lll) & (IV) are identical and achiral

51



H, ‘ J

CHB—-—(IZ Br g r_G‘CH3

(1) '
Cl—blm C BI‘ E Br_C \\C"b
H” ; “H

(1)

H, * H
(1l ) CFb“'C 8" | Br_G‘CFb \Y;
| | (IV)
,C—Br Br—C‘
CHY” ~C

% (1) & (lll), (II) & (lll) are diastereomers
% Only 3 stereoisomers:

o (I) & (ll) {enantiomers}, (lll) {meso}
2% \=M-l = 2 — staeelisemers )\ 5xL

52



10B. How to Name Compounds with
More than One Chirality Center
% 2,3-Dibromobutane

@
®BI' §Ha
@ @
C2: (R) configuration /01 ?3

(H, H, H) (Br,C, H)



e Look through C3-HP bond

@
b
BI'% Hb ®BI' §H
H? L — © 3 @
3
Br— | s “ G
| YR
ChH (H, H, H) (Br, C, H)

C3: (R) configuration

e Full name:
¢ (2R, 3R)-2,3-Dibromobutane



11. Fischer Projection Formulas

11A. How To Draw and Use Fischer
Projections

Fischer

,A%: Projection

55



OMC] ALl & 2 AN ﬂ'éd;ff e §ls )
0 * W{\COCQ C)VL
C/\/)‘s‘ | 7 M Pl

’ : . " a5t U
(a@o-SV\de\))\_}?PJ[ sas— OSS:-g S '\-493/, ,OJ,QD” &~

S5 o ot s b
2 909 H \I\/Ie"gsj\ vy Wl Lo BT
(T o7 S
R> $ Y ‘ COOF vie CE)H
AL PH s = gH
Aoy

. HO H H O e H
Fischer - |
Projection "'© H Mg~

Ph Ph

56



H CI
G 0 Clal I H
H C/ \cH3 H C/ \CH3
() oan
(2S, 35)-Dichlorobutane (2R, 3R)-Dichlorobutane
O 5 %
CHs § Chs
H Cl Cl H
enantiomers
Cl H : H Cl
CHs ’ CHs
mirror

% (1) and (ll) are both chiral and they are
enantiomers with each other

57



) * I
(11 Chy

(28, 3R)-DiCh|0r0butane P/ane Of
symmetry

% (Ill) is achiral (a meso compound)

% (lllI) and (l) are diastereomers to each
other



12. Stereoisomerism of Cyclic
Compounds

a meso compound

mirror ¢ achiral
& V5 |
H_ —WMe : e M,e,—:\l\/le
N—7V @_7/ N
: ]
Me H i Me el H |, H
& ¥ Y, L |

enantiomers 2o Plane of

mimer - symmetr
L. symmetry 59



12A. Cyclohexane Derivatives
% 1,4-Dimethylcyclohexane

« Both cis- & trans-
1,4-dimethylcyclo-
hexanes are
achiral and
optically inactive

O Jpodro QO‘/‘/VB@ Ji=f
\N\ " QWCAQSTA/\_mC‘CJ )97_9(50

cis-1 4 -dimethyl trans—1 4-d|methyl
cyclohexane cyclohexane

'« Plane of _,
Ve symmetry ";"e

60



% 1,3-Dimethylcyclohexane

Plane of
symmetry

Me Me Me
0 cis-1,3-dimethyl \M/ % Me

PR cyclohexane - H
sl (meso)
N ;

N

V e cis-1,3-Dimethylcyclohexane has a
» plane of symmetry and is a meso
»/%f compound
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% 1,3-Dimethylcyclohexane

NO plane of symmetry

Me/,, Me
O’ /M H%
H
Me
trans-1,3-dimethyl @\wg Y g
cyclohexane Ll enantiomers

e frans-1,3-Dimethylcyclohexane
exists as a pair of enantiomers
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% 1,3-Dimethylcyclohexane
e Has two chirality centers but only
three stereoisomers

cis-1,3-dimethyl trans-1,3-dimethy!
g cyclohexane E cyclohexane
\onie. of e of
p (Ces cnof’ 1o
W@/ﬁf SWV\@DWJ Me N

i H i’“wcij\(d Wiy |

s
NQ\/JU J(Mmeso) o

g enantiomers
fg/( W‘dﬂ \ 63




% 1,2-Dimethylcyclohexane

mirror
H H
ne WMN\M{”; Me/m
o Me Me
ety 0T H
S Y J

enantiomers

e frans-1,2-Dimethylcyclohexane
exists as a pair of enantiomers
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% 1,2-Dimethylcyclohexane
e With cis-1,2-dimethylcyclohexane
the situation is quite complicated

mIrror

1 H H (1)

e (I) and (ll) are enantiomers to each
other



13. Chiral Molecules That Do Not
Possess a Chirality Center

~ AN

| |
N"OPPhy,  (Ph” Y

P(Ph), (Ph),R_~
-

(S)-BINAP (R)-BINAP

%/—/

enantiomers




mIrror

enantiomers

67



