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* A Review: Isomerism in Organic Chemistry

e Stereoisomerism

* Conformational Isomerism

* Conformational of Linear Alkane
* Conformational of Cycloalkane

e Configurational Isomerism
e cis-trans Isomerism

 Chirality and Optical Isomerism



HINT

Stereochemistry is a difficult
topic for many students. Use
your models to help you see the
relationships between
structures.




Isomerism in Organic Chemistry




Isomerism

Isomers
Constitutional isomers Stereoisomers
Same molecular formula Same molecular formula and
but different constitution constitution but different spatial
(order of connectivity of atoms) arrangement of atoms
Fli Fli 1t CH; CH, CH; H
H—?—O—?—H H—?—?—O—H
H H H H H H H CH;
Methoxymethane Ethanol cis- trans-

Boiling point = —23°C Boiling point = 78.4°C  1,2-Dimethylcyclohexane 1,2-Dimethylcyclohexane



Isomerism ‘

* Conformational Isomerism

Staggered conformation
Lowest in energy

H
HﬁH
HH

Eclipsed conformation
Highest in energy



Isomerism

e Configuration Isomerism

H;C CHj3; H;C H
H H H CHj
cis-2-Butene trans-2-Butene
Boiling point = 4°C Boiling point = 1°C

cis-trans isomerism

OH OH
Et““‘)\ i /K' Et
Me : | > Me

Mirror

optical isomerism



Conformational Isomerism

Conformation of Alkane & Cycloalkane



Conformational Isomerism

* Conformational isomerism: stereoisomerism of molecules due to the

rotation of single bonds

H H
| | |
Ce (X ‘ A
T - R \_T/
H

H
H H

single bond can rotate freely



Newman Projections

* Methods of drawing molecule conformations

Wedge and dash
I

Sawhorse

FEE SN

Newman projection

Newman¥g =21\,
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Newman Projections

H Back carbon
H ‘/ H

H H

H
Front carbon

HSC_CH3
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Newman Projections

* Practice: draw a Newman projection of the following compound, as

viewed from the angle indicated:
;l RN Br

N~
Observer ~ ﬂ\(

Br
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Newman Projections ‘

When viewed from the
perspective of the observer...

pointing up and to the left

? ™ ’H" B ...- pointing up and
to the right

~

Br

®eccoee E
°e
Q

H _thisHis
pointing down
and to the |eft

...the Br is pointing
down and to the right

and the methyl group is pointing straight down

...this group is
| pomtlng straight up
_CH3\

down and
to the left

Front carbon

up and up and
totheleft {o the right

H._ _Br

CHgy)
straight down

Back carbon
straight up

1’ HQ’BE

down and

to the right

CH,

H Br

H Br
CHj
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Conformational Analysis ‘

e Conformation of ethane

Staggered conformation
Lowest in energy

X

L\b =]
FJE.E

(i)

HH

Eclipsed conformation
Highest in energy

F8R

(REE=)
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Conformational Analysis

e Conformation of ethane

H H H

H H H

Hzﬁ/ﬂ H:ﬁ/H H:?/H
HH

HH HH

Potential T
energy 12 kJ/mol

H H H H
Ho R~ H H< A -H Ho R~ H H A H
qu;iH qugiH HjéiH qu;iH
H H H H
180° 120° 60° 0° 60° 120° 180°
Dihedral angle

all staggered & eclipsed conformations are degenerate

HO

H H
H H
H
Dihedral angle=60°
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Conformational Analysis

* Classical explanation: steric

hindrance

HEF fJ
229 pm

H= .—>H§

A
\ . \Qq,/" ol

H\\/ 154pm o 2t

H

* Modern explanation: orbital

interaction

Bonding (¢) MO Antibonding (¢*) MO

Overlap

Overlap

16



Conformational Analysis

* Conformation of propane

staggered
conformation
Potential
energy
eclipsed
CH, CH;, conformation

H H
Ho R H Ho A H HohH Ho K H
H:éiH Hjéicm H3C:¢(H H:éiH
H H H H
180° 120° 60° 0° 60° 120° 180°
Dihedral angle

all staggered & eclipsed conformations are degenerate
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Conformational Analysis

e Conformation of butane

Potential
energy

Y 3.8 k:]/mOl Y
CH, N H CH,
H H H H H H H H
HjéiH H)$KCH3 Hscng de?iH
CH, CH, CH, CH,
180° 120° 60° 0° 60° 120° 180°

Dinhedral angle

18



[ ————

H
H
J

:$H :
CH,

U
H
H,C

|
|
-
|
|

e Conformation of butane

Gauche
[B#x ]

Conformational Analysis

F3x X3
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Conformational Analysis

* Gauche interactions

Anti

Methyl groups are
farthest apart

Gauche

Methyl groups experience
a gauche interaction

Gauche

Methyl groups experience
a gauche interaction

20



Conformational Analysis

* Practice

Consider the following compound:

/Y\/

(a) Rotating only the C3—C4 bond, identify the lowest energy conformation.
(b) Rotating only the C3—C4 bond, identify the highest energy conformation.

CH,CH, Et
/Y\/ H H H H
'W R — =
A(,«’ H CHs H Me
CH,CHg Et
Observer
¥ e N o ———— \\
- Et Et EtH { Etlef ) EtH
1 H H | Et H H Et i i i : é
| | |
I
| H Me | H Me H Me E}_l Me : HH Me | |_|1| Me
I Et I H H H 1 H 1 Et
\~ V4 \~ —————— f’

21



Conformational Analysis ‘

* Cycloalkanes: angle and stability — angle strain...?

NIrReRe RO

60° 90° 108° 120° 129° 135°
Heats of combustion per CH, group
700
690
5 680
£
. 670
660 ! q
s s wil al: uil adl il ndl i il ¢ ‘#KHI%')

Ring size
22



Conformational Analysis

* Conformation of cycloalkanes

H
Z
2,

_____ wiH 88°

cyclopropane

cyclobutane

cyclopentane
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Look down both _ H H

Conformational Analysis of these bonds "~~~
simultaneously "~-_ _H

e Conformation of cyclohexane
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Conformational Analysis H H

Half-chair Half-chair Flagpole interactions

Potential
energy

A 4
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Conformational Analysis

* Drawing chair conformations

Step 1 ~ Draw a wide V.

Draw a line going down at a 60° angle,
Siepi2 \1:7/ ending just before the center of the V.

| . .
Draw a line parallel to the left side of the V,
S y ending just before the left side of the V.
Draw a line parallel to the line from Step 2,
Step 4 m - going down exactly as low as that line.

Step 5 m Connect the dots.
[T [T LT

26



Conformational Analysis

* Drawing chair conformations
A — /7
l

YT

27



Conformational Analysis

* Monosubstituted cyclohexane

X Axial B3 # (AfHE)

ﬁ\Y Equatorial “F{KHE (EHE)
Me
ﬁ 5
— N\ _we Aj

5% 95%

B E A TFEgEFTE A E 1,3-diaxial interactions
1,3- X HEEIER
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Conformational Analysis

* Practice: the most stable conformation of 5-hydroxy-1,3-dioxane has the OH
group in an axial position, rather than an equatorial position. Provide an
explanation for this observation.

H\o
Lo Wi

5-hydroxy-1,3-dioxane forming intramolecular hydrogen bonding

29



Conformational Analysis

* Disubstituted, polysubstituted cyclohexanes

Clis UP 'CI gl

W Me

Me is DOWN
Me

Me

Cl

30



Conformational Analysis

 Comparison of 1,3-diaxial interactions

SUBSTITUENT 1,3-DIAXIAL INTERACTIONS EQUATORIAL-AXIAL RATIO
(kJ/moL) (AT EQUILIBRIUM)

— 2.0 ZOESS0
—OH 4.2 83:17
—CHgs 7.6 9555
—CH,CH; 8.0 96 :4
—CH(CHs5), 9.2 97 : 3
—C(CH3); 22.8 9999 : 1



Conformational Analysis

* Practice: draw the more stable chair conformation of the following

compound: -

Me

C I \\\\\\ .

Ethyl is at C-1 and is UP
Et

Me
Chlorine is at C-5 o™ ! Methyl is at C-2 and is UP

and is DOWN

32



Conformational Analysis

Et

Me
ci !

g
Lo

more stable

Et
ci

m

33



Configuration Isomerism

cis-trans Stereoisomerism, Chirality & Optical Activity



cis-trans Stereoisomerism

e cis-trans isomerism of cycloalkanes

CH;  CH,

—F

cis-1,2-Dimethylcyclohexane

H CH,

—F

CH; H

CH,

CH,

trans-1,2-Dimethylcyclohexane

35



cis-trans Stereoisomerism

e cis-trans isomerism of alkenes

H H

cis-but-2-ene

HaC H

H CHj

trans-but-2-ene

36



cis-trans Stereoisomerism

* Defects of cis-trans isomerism

F OCHg F -

For four different groups...

cannot use cis/trans to indicate configuration!

37



Z/E Designation

» Z/E configurations

D
F OCH;
Z

for German word
“zusammen”

(together)

——j>__<éCH3

F H
E

for German word
“entgegen”
(opposite)

38



Z/E Designation

o 17 £ (Cahn-Ingold-Prelog System)
- EBRBNMNERTFERANE FFEX), BFFHKER

* MRBNZIRFERFWE—NRFHEE, MRS ZHiER]

{ERF

- AW/ = ROERATLAREEF L= MEFNET

C S SRS T R ET T
TIEH SR

/

—

A, WA FE R F R # 9 0r R A8 IR

39



Z/E Designation

* Practice: identify the configuration of the following alkene:

HO

40



Z/E Designation

HO

N h
H
T A O T A e ST A

| Tie
O « breaker |
H
H
HO

. Tie |
breaker
H H

N

41



Chirality

 Chirality and chiral objects

% N\
W\ / \ /I
- (

right hand left hand '

nonsuperimposable

42



Chirality

* Achiral objects

superimposable

43



Chirality

* Molecular chirality

Et\“"'/
Me

|
Mirror

OH

H )\’ Et

Me

44



Chirality

 Chirality center: a tetrahedral carbon bearing four different groups

Br
ClI

/k//Y\/

OH

45



Chirality

* Practice

Propoxyphene, sold under the trade name Darvon, is an analgesic (painkiller) and antitussive
(cough suppressant). Identify all chiral centers in propoxyphene:

46



Chirality

These carbon atoms cannot be chiral centers

HEBRsp2 2R RV R 7

These carbon atoms cannot be chiral centers

HEB&CH, FOCH,

47



Chirality

* Practice: identify all chiral centers in each of the following compounds:

T e

Ascorbic acid
(a) (vitamin C) Vitamin D3

48



Chirality

(a) This compound has two chiral centers:

OH
HO O o

HO OH

(b) This compound has five chiral centers:

HO _

49



Enantiomers

o XFERF {4 (enantiomer)

« B A5 %M A A EZ (nonsuperimposable) I K F K,
FRAXTRRF A, BIAR /9 T AR

s HAMLEYER—XXTIRET, B—NMLEPIEHIR AT — 1Y

Sof B4 e
C — N FMA AR E— AR




R/S Designation

» Absolute configurations: R/S designation

Cl
SN \/ko/\

R S
for Latin word “rectus” for Latin word “sinister”
(right) (left)

ol



R/S Designation

* Designating configuration using the Cahn-Ingold-Prelog system

Rotate
4 1 v n
H CI 4 | £
\V)Q\ ,>§ — )k\
0~ >\ 37| 2 3
3 2
¥ BRI e R 0] 26 B4 B 2k ok Fp Bidheds i s/ WERRNE S B 2 sz it

(a1 4R fE RV AR AR 2 )
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R/S Designation

BT = N FRA N

Counterclockwise = S
1B ST St By

Clockwise = R
BT 5T J9RF BY
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R/S Designation

1Y;
-ﬁ]]:i_
N

» JE—TIRTHEEN, HEHE

)\H)\\OH/\/\/ )\Bil-l/\/\/

Tie
breaker

b ~
Ty b3

ZIOO
g

c 6
H H
H H



R/S Designation

LS EER, REWTEZERAEZENERT

OO

C C

SH)



R/S Designation

A

XTR/STA B Y 220

-
1 4 4,
:&\ > ;>\
2 3 2 3
S R

AEFEF O EEERNTEANZ RS ERE L E R
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R/S Designation

A REVIEW OF CAHN-INGOLD-PRELOG RULES: ASSIGNING THE CONFIGURATION OF A CHIRAL CENTER

STEP 1 STEP 2

Identify the four ~ Assign a priority to

atoms directly each atom based on
attached to the  its atomic number.
chiral center. The highest atomic

number receives
priority 1, and the
lowest atomic
number (often a
hydrogen atom)
receives priority 4.

STEP 3

If two atoms have the
same atomic number,
move away from the
chiral center looking
for the first point of
difference. When
constructing lists to
compare, remember
that a double bond

is treated as two sepa-
rate single bonds.

STEP 4

Rotate the molecule
so that the fourth
priority is on a dash
(going behind the

plane of the page).

STEP 5

Determine whether
the sequence 1-2-3
follows a clockwise
order (R) ora

counterclockwise
order (S).

of



R/S Designation

* Practice

The following bond-line structure represents one enantiomer of
2-amino-3-(3,4-dihydroxyphenyl)propanoic acid, used in the treat-
ment of Parkinson’s disease. Assign the configuration of the chiral
center in this compound.

58



R/S Designation

OH

Tie

breaker

59



R/S Designation

* Practice: each of the following compounds possesses carbon atoms that are chiral
centers. Locate each of these chiral centers and identify the configuration of each

one:
OH l?
h Sy
(a) (b)
Cl Br
Ephedrine Halomon
A bronchodilator and decongestant An antitumor agent isolated

obtained from the Chinese plant Ephedra sinica from marine organisms

60



R/S in Nomenclature

* Nomenclature of monochiral central compounds

OH (:)H
(R)-2-Butanol (S)-2-Butanol

 Nomenclature of polychiral central compounds
OH

)\/\

(2R,3S)-3-Methyl-2-pentanol

61



Optical Activity

* Enantiomers have the same physical properties

(R)-Carvone (S)-Carvone
O /IJ//,,,“ O
Melting point = 25°C Melting point = 25°C

Boiling point = 231°C Boiling point = 231°C

62



Optical Activity

. . A
* Plane-polarized light
Electric X !
field
\

unpolarized light

Magnetic
. A
field  Magnetic
wave Direction of
motion of the
light beam !

plane-polarized light



0=

e

Optical Activity J
A ‘
(

a) light (b)  no light

. passes passes

* Polarimetry through through
Light source

Polarizer (fixed)

The plane of polarization

of the emerging light is Polarimeter tube
not the same as that of

the entering polarized light.

—

As the arrows indicate, the optically

active substance in solution in the

tube is causing the plane of the
polarized light to rotate.

+90°

Analyzer
(can be rotated)

Py =&

Observer Degree scale

180° (fixed)

64



Specific Rotation

 Specific rotation

observed rotation (degree)
- (81
}c X l\
concentration  path length
(g8/mL) (dm)

Specific rotation = [o]

for compounds in a certain state, the specific rotation is a constant

65



Specific Rotation

D stands for the D line

of sodium (589 nm)

‘[ temperature
[ ])\ wavelength

Br Br
(R)-2-Bromobutane (S)-2-Bromobutane
(] = —23.1 ()3 = +23.1

the specific rotation is affected
by temperature and measured light wavelength

66



Specific Rotation

* Positive specific rotation (+): dextrorotatory (D)

r

N [a]? = +23.1

(S)-2-Bromobutane

ey

* Negative specific rotation (-): levorotatory (L)

Br

/k/ [@]3’ = —23.1

(R)-2-Bromobutane

67



Specific Rotation

* Practice When0.300 g of sucrose is dissolved in 10.0 mL of water and placed in a sample cell 10.0 cm
in length, the observed rotation is +1.99° (using the D line of sodium at 20°C). Calculate the
specific rotation of sucrose.

r. . _ o
Specific rotation = [¢] Y
" +1.99°

= +66.3

Specific rotation = [a] = ] = 0.03 g/mL x 1.00 dm

(@] = +66.3

68



Enantiomeric Excess

* Optically pure/enantiomerically pure: a solution containing a single

enantiomer
e Racemic mixture: a solution containing equal amounts of both enantiomers

 Enantiomeric excess, ee: the amount of an enantiomer is excess than the

another enantiomer

69



Enantiomeric Excess

e Calculation of % ee

% ee =

lobserved ¢

| of pure enantiomer]|

X 100%

70



Enantiomeric Excess

* Practice The specific rotation of optically pure adrenaline in water (at 25°C) is —53. A chemist devised

a synthetic route to prepare optically pure adrenaline, but it was suspected that the prod-
uct was contaminated with a small amount of the undesirable enantiomer. The observed
rotation was found to be —45°. Calculate the % ee of the product.

|observed |
% ee =

; X 100%
| of pure enantiomer|

4
%ee=£x100%

= 85%

An 85% ee indicates that 85% of the product is adrenaline, while the remaining 15% is a
racemic mixture of adrenaline and its enantiomer (7.5% adrenaline and 7.5% of the enantio-

mer). An 85% ee therefore indicates that the product is comprised of 92.5% adrenaline and
7.5% of the undesired enantiomer.

71



Enantiomers & Diastereome

Constitutional isomers

(Different connectivity)

Isomers

Stereoisomers

(Same connectivity)

Nonsuperimposable

Enantiomers Diastereomers

Nonsuperimposable
mirror images

Nonsuperimposable,
and NOT mirror images

XF AR S AL 1 AEXFAR F Fay

72



Enantiomers & Diastereome

o JEXFHR S #42 (diastereomer)

OH
1 : : .
Maximum number of stereoisomers = 2
2 Me
A pair of enantiomers A pair of enantiomers
: :OH : ‘\\\\\OH OH : ‘\\\\\OH
Me “Me : “"Me Me
1R, 2 1S, 2R 1R, 2R 1S, 2S

diastereomers

73



Enantiomers & Diastereome

OH
Me
Cl
1R, 2R, 3S
OH
“"Me
Cl
1R, 2S, 3S

WOH
: “"Me
Cl
1S, 28, 3R

1S, 2R, 3R

Cl

OH

Me

OH
z Me
Cl
1R, 2R, 3R
OH
: “"Me
Cl
1R, 2S, 3R

\OH
“"Me
Cl
1S, 2S, 3S
‘\\\\\OH

Me

Cl

1S, 2R, 3S

74



Enantiomers & Diastereome

* Practice: identify whether each pair of compounds are enantiomers

or diastereomers:

gH OH :
(@) oH O (b) AN

75



Fischer Projections

* Fischer projections

HO——H
CH,OH

Two chiral centers

CH,OH

Three chiral centers

O M
HO H
HO H

H OH
HO H

CH,OH

Four chiral centers

76



Fischer Projections

» IR HEIEE

« W AT RE
AR~ EEREER; SKFZ%E

Bl ——

tH 5O L, AR S

B /AR SR T T B L i

FERE T RERFE

RGN

o« F 4R~

L,
HiZ

525X,

S5SEBEZHEENRFIE
B R Fei B HFH R~ E 4K

AN B AR

7



Fischer Projections ‘

view from
this angle

COOH

@
A
s

(98]
I

view from
this angle

(S)-lactic acid
perspective drawing

e
¢

COOH
HO—C;*-H
CH,

w &
2

COOH

HO+H

CHj,

(S)-lactic acid
Fischer projection

78



Fischer Projections

Rotation by 180° is allowed.

COOH COOH Q CH, CH,
: rotate 180° H
H+OH = H>C<OH — HO>C<H = HO+H
CH, CH, COOH COOH

A 90° rotation 1s NOT allowed.

90°
COOH COOH H H
) v
H——OH -= H>C<OH = HCmCCOOH X H,C——COOH
CH, CH, OH OH
incorrect enantiomer

orientation



Fischer Projections

* Practice: for each set of examples, indicate the relationship of each of the other
structures to the first structure. Examples of relationships: same compound,

enantiomer, structural isomer.

() COOH ! COOH H CH,
H——OH Ho-~H H3C~{—COOH HO~\—H
CH, : CH, OH COOH
(b) CHCH; CH, CH,CH, CH,
H~{~Br | Br~}~H Br~{~H H~\~Br
CH, : CH,CH, CH, CH,CH,

80



Symmetry and Chirality

e Rotational symmetry versus reflectional symmetry

CHj CH; CHj
CHj;
trans- cis-

1,2-Dimethylcyclohexane 1,2-Dimethylcyclohexane

81



Symmetry and Chirality

* Rotational symmetry

CH3 CH3
tl; — Q
CHj3 CH;
Rotate 180° This operation generated
about this axis the same exact image

an axis of symmetry

82



Symmetry and Chirality

* Reflectional symmetry

CH; CHj

-

a plane of symmetry

83



Symmetry and Chirality

* Two symmetry factors

plane symmetry centro symmetry
(inversion)

The compounds in the above two cases do not have chirality!

84



Symmetry and Chirality

Fo e Ye R Bk i )

A A

N

Te i Ye R FR i )

A A A
’ A
H e RO L) AR
A A A A
ij — @
A

EED P i Tohie Yot B i) e etk

85



Symmetry and Chirality

* Conclusions

* The presence or absence of rotational symmetry is irrelevant to chirality

* A compound that has a plane of symmetry will be achiral

* A compound that lacks a plane of symmetry will most likely be chiral

(although there are rare exceptions, which can mostly be ignored for our
purposes)

86



Symmetry and Chirality.

* Practice: each of the following molecules has one plane of symmetry. Find the
plane of symmetry in each case: (Hint: A plane of symmetry can slice atoms in
half.)

Me Cl
Me Me ﬂ
(a) Me Br  (b) © & () (e) fC  C
)

d
®) b) N @ \ © ® N
M‘Ce T | Me T Me Ho || OH ‘é
Me Br SN _;
) ¥ Cl ) Cl

87




Meso Compounds

OH
®* Mmeso com pounds C[ # possible isomers: 92 (=4)
OH

OH (IOH ‘\\\\\OH
“/OH OH “"OH
A pair of But these two drawings
enantiomers represent the same compound

/\/OH
S N

Plane of symmetry

88



Meso Compounds

* Practice: draw all possible stereoisomers for each of the following

compounds. Each possible stereocisomer should be drawn only once:

(a)

OH
OH

(b)

(I O/ O\‘ HO OH HO OH  HQ OH

meso

mesSo

89



* fHEE FHI{K (atropisomer)

Br Br)(Br Br

X‘ \X‘
I

I I

OO PPh, Ph,P ‘O
O l PPh, —75—

)

Does not form
(too high in energy)

\V)

———

X

PPh

\V)

Ph,P O O

O PPh

(S)-BINAP Does not form (R)-BINAP
(S)-2,2’-Bis(diphenyl (too high in energy) (S)-2,2’-Bis(diphenyl
phosphino)-1,1’-binaphthyl phosphino)-1,1’-binaphthyl

90



Chirality without Chiral Cent

« BXI%(allene)

R R\
\ I\ R R\ R
C=C=0C = C—C—Cx
/ =R / ~R
R
An allene R
Mirror plane
H3C CHj;
c=c=c="H R o —c=¢
o ‘CH3 H,C™ =~
NG H

Enantiomers

91



Resolution of Enantiomers

* Resolution of enantiomers

NH,

OH O

HO
NOH

)

v

A pair of enantiomers

@®
NHs OH O
©
o)
(@)

@
NHsq OH O
o
' 0
©A NOH

O

Diastereomeric salts

92



Resolution of Enantiomers

* Chiral column chromatography

stationary phase — chiral compound

using the different attraction
to compounds with different configurations

to separate racemic mixtures

Beginning of
chromatography

solution of
./(+) and (-)

chiral
column
packing

Half-way point

extra
solvent

(-) enantiomer

(+) enantiomer —_| Soe
o

more tightly
bound

less tightly
bound

Near the end,
(+) enantiomer
being collected

(=) enantiomer

(+) enantiomer




selective addition to front face of
Asymmetric Synthesis ‘ R all_l:ene? H R
2

X — X

y 1y

Y

S
Ny
~

R R H
* Asymmetric synthesis

o)

(0)
(o) N
RS X
5 . cod-,RhOTT, |

CF3 chiral ligand
MeOH,
6 atm H,
CONH,

using chiral catalysts to achieve asymmetric synthesis

100%,
81% ee

CONH,

94



