Stereochemistry

This is study of the 3 dimensional arrangement in space of molecules.
In organic chemistrysubtle differences in spatial arrangements can give rise to prominent effects.

E.g. the isomers of butenoic acid:
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Thecisisomer (maleic adi) is toxic, whereas theansisomer (fumaric acid) is an essential metabolite for plants
and animals.

This chapter deals with tletereochemicatoncept otchirality.
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Chirality
Chirality means fihandednesso.

Every object has a mirror image, butifama ul e 6 s mi differemtr from theanwlecule, & is said to be a
chiral molecule.

Chiral objects include: hands, feet, gloves, screws, cork screws
Achiral objects have mirror images that are identical to the object.
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Common Chiral Objects
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Chirality in Organic Molecules
If a mirror image of a molecule can be placed on top of the original, and the 3 dimensional arrangeeveny of
atom is the same, then the two moleculesaperimposable and the molecule &chiral

If a molecule has aon superimposablemirror image, it ichiral.
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Consider stereoisomers of idichlorocyclopentane:

same compound different compounds
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cis-1,2-dichlorocyclopentane trans-1,2-dichlorocyclopentane
(achiral) (chiral)
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Thecisisomer has a superimposable mirror imagehiral.
Thetransisomer is norsuperimposable on its mirror imagehiral.

Such pairs of non gerimposable mirror images are calethntiomers

Every chiral compound has enantiomers.

Achiral compoundslo not have enantiomers.
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Chiral Carbon Atoms

Rings are not essential for chirality, considdsr@mobutane:
mirror
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2-Bromobutane cannot be superimged on its mirror imagkeit is chiral, and it exists in twenantiomeridorms.

Any carbon bound to 4 diffen¢ groups will be a chiral cemt

Ch05 Stereochemistry (landscape).doc Page5



Any sp atom connected to 4 different groups is a chiral centre.

mirror
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Such a carbon is called a chirallwam atom ésymmetric carboatom orstereocentgr and is usually denoted with
an asterix (*).
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(R) and (S) Assignments
To distinguish between the two enantiomers, one is called the (S) enantiomer, and the other the (R) enantiomer.

The (R) and (S) assugnents are designated via the Gamgold-Prelog Convention.
Each chiral center is designated either (R) or (S).

There are two steps to assigning (R) or (S) to an enantiomer:
1)Assi gnment of 0 pboundtotheagytnmeirio catbdne gr oup s
2) Usingte Apriorityo to decide on (R) or (S).

1) Assignment of Priority
We look at the atomdirectly bound to chiral carbon.
(a) Atoms with higher atomic numbers receive higher priorities.

1>S>0>N>3*C>C>Li>3H (T) >?H (D) > H

(b) In the case of thsame atoms being bound directly to the chiral carbon, we go to the next atoms along the
chain.

-CH,Br > -CHCl, > -C(CHs)s > -CH(CHs)CH,F >-CH(CHs), > -CH,CHs

(c) Double and triple bonds are treated as if each bond were to a separate atom. (laagaoédivond is
broken and that the atoms at both ends were duplicated).
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2) (R) and (S) Assignments

(a) The molecule is drawn B dimensions, and arranged in such a way that the bond between the chiral carbon and
thelowestpriority group heads back intbe paper.

(b) Draw an arrow from the group of highest priority, to the second, to the third priority group.

(c) If the arrow is clockwise, the chiral carbon is assigned (R).

If the arrow is counterclockwise, the chiral carbon is assigned (S).

(R) enantiomer

(S) enantiomer

© 2013 Pearson Education, Inc.
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Example:

Consider the naturally occurring amino acid, alanine, and its enantiomer.
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(S) enantiomer
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Optical Activity

Enantiomers have the same Boiling points
Melting points
Density.

Almostall their physical properties are identical, but one exception is theotefh plane polarized light.
Enantiomeric compounds rotate the plane of polarized light in equal but opposite directions.

Chiral compounds are callegbtically active compounds.

Optically active compounds which rotate plane polarized light clockwiserrotatory) are designated (+) or d.

Optically active compounds which rotate plane polarized light counterclockwise (levorotatory) are destyynated (
or .

Note: There isiorelationship between (R) and (S) and the direction of the rotation of pddewézed light.
(R) does not mean d and (+).

(R) and (S) are just names from the CIP convention. (+)-quadg experimentally observed physical properties.
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Chirality in Biological Systems
Chirality is very important in biological systems.

Enzyme ative sites are capable of chiral discrimination.

Nature (enzymes) is still the best chemist for enantiomerically pure products.
The receptor sites for sense of smell can distinguish between enantiomers since:

CHj; CHj
O O
H,c—&H HA—CH,
CH, H,C
(+)-carvone (-)-carvone
caraway seed spearmint

Absolute Configuration

Theabsolute configration of a molecule is the detailed stereochemical picture including how the atoms are
arranged in space.

Racemic Mixture (racemate)

A mixture is said to beacemicwhen it contains exactly equal amounts of two enantiomers. Such a mixture is
optically inactive (zero rotation of plane polarized light).

Racemic mixtures are very common. (The difficult part is to produce exclusively one enantiomer).
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Any reaction that uses optically inactive reactants and catalystetproduce a mixture that is opticakitive.

Any chiral products formed will be formed as a racemate.

This is denonstrated by the hydrogenatioh2-butanone:

N
g ® 1’4
add Hz from top . \\C:E: O There |S no energy
H—H CH;CH,"¢ difference for the attack
CHgCHzt,,U CH3 racemic mixture from the top or bottom
) (C: > of butan-2-0l  face, and there is no enert
CH3 H—H 0 T P e CHL.OH., enantiomers difference in the (R) or (S)
add H, HOLLC &) %,
: - CH:,nC* 0 products.
3 |
H (S H/

Therefore although chiral products are produced, the products are formed in equal aracactmic mixture.

Enantiomeric Exced®e)
Sometimes there will be mixtures where there is more of one enantiomer than th&€haghisra more common
way of expressing how enriched a sample is in one enantiomer.

The excess of the predominant enantiomer is calculated as a percentage of the entire mixture.

e.e. = RT S x 100%

R+S

Notice that a 70 : 30 ratio & to Sis only a 40% e.e.
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Chirality in Mobile Systems
Consider cisl,2-dibromocyclohexane.

If the ring was flat and planar, then an internal plane of symmetry would exist, and this molecule would therefore
be achiral.

H H

Br Br

\
N

Br Br

Br Br

But the ring is not planatr, it is puckered into a cleamformation, with one Br axial, and one equatorial.
These mirror images are ngaperimposable.
BUT, this does not mean that-ds?-dibromocyclohexane is chiral:

A moleculecannotbe optically active if its chiral conformations areeiquilibrium with their mirror images.

Cis-1,2-dibromocyclohexane exists as a racemic mixture, but cannot be enriched to be optically active because the
conformational equilibrium will racemise the mixture.
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Other Chiral Compounds
Most chiral compounsihave at least onghiral (carbon) atom.

However some molecules are chiwathout having any asymmetric (carbon) atoimtheir chirality is due to their
shape

Conformational Enantiomerisotcurs when ertain molecules are so bulky or strained that they cannot easily
conwert from one chiral conformation to its mirror image conformation (the opposite-bfZxis
dibromocyclohexane).

Mol ecul es can become 01l oc ke dcannavequilibrateu ck 1 n one conf or

(S) (R)
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FZCQCFZ

CF3

I:2C|: < : > |CF2

cmg}cl:2

FsC

This is more common for strained ring systems amdoulky substituents.
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Allenes
This is a class of compounds that contain a C=C=C bonding unit.

The middle C is sp, ?lyoidized he outer two CO0s are sp

The two contiguoup bonds must liperpendicular to each other for p orbital overlaghusthe ends of an allene
are perpendicular.

mirror

Penta2,3-diene is chiral even though there amechiral atoms.
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We have already seen 3 dimensional representations using wedges, Sawhorse and Newman projections.

These become less convenient for molecules meéhy chiral carbon atoms, and we typically use Fischer
Projections.

Fischer Projections

'
¢
¢

view from ‘

this angle
COOH
| i COOH
_Cucg = HO=—C —H = HO——H
HO ™/ N :
H CH, CH;
view from )
this angle
(S)-lactic acid (S)-lactic acid
perspective drawing Fischer projection
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Fischer projections are drawn with a cross, with the chiral atom at the center of the cross.

Thehorizontallines represent wedges (bonds) coming out of the mfpaper.
Theverticallines represent dashed lines (bonds) going into the plane of the paper(i Botwi e 0 c9.nvent. i
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Fischer projections that differ by a 180° rotation arest@eenantiomer, since the vertical lines are still back, and
the horizontalines are still forward.

CO,H CH,
\\"CH3 \\\‘COZH
Y HO
OH Y
/7 (R) R) ﬁ
View View
COH CO,H CHs :
H=—=—OH = H—’»o HO+H HO : H
HsC H
3 CHs CO,H 0;C

Fischer projections that differ by a 90° rotation are different enantiomers.

CO,H H

\\\‘CH \\\‘OH
H/t\OHg H3C/Kco H
2
/7 (R) (S) /7

View
G COH ¥ "
H=—=—OH = H+OH 90° ch+00sz HsC § CO,H
HsC OH
3 CHs OH
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Fischer projections have another rule which helps with the above laws:
The carbon chain is drawn along thextical line of the projection, with # most highly oxidized carbon
substituent at the top.

(R)-1,2-propanediol

CH,OH CH,OH CH,OH
wCHs = peiaon = H OH
H ™ Non :
CHj CHj

Drawing Mirror Images
To draw a mirror image of a Fischer projection, simply exchange the left and right positions, whilst keeping the top
and bottom unchanged.

COH ! CO,H
H OH ! HO H

CHs CHs
(R) lactic acid () lactic acid

Fischer projetions are very useful to determine if a compound is chiral or achiral.
(This assumes that the Fischer projections are correctly drawn).

If the mirror imagecannotbe made to look like the original image dayly rotating by 180° in the plane of the
paperthen the images are enantiomers, and the original compound is therefore chiral.
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Examples:

CH,OH CH,OH CHj
H OH ! HO+H @ H+OH
CHj CHj CH,OH
Mirror images are differenpropanl,2-diol is chiral.
CHj i CHj CHj CHs  Mirror Plane
H+OH HO—’7H @ H+OH —-H I OH----©
CHs CHj CH, CHj

Mirror images are the samaiopan2-ol is achiral.

(Mirror planes are easy to spot in Fischer prioges, and molecules with mirror planegnnotbe chira).

cHy | CHy CH,
H——Br | Br——H /15_30\0' Br——H
Br——H !  H——Br H——Br

CH; | CHj CHj

Mirror image is different molecule ischiral.
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Assignment of (R) and (S)
(R) and (S) are determined according to the Aalgold-Prelog convention.

Either translate the Fischer projectioroimiedges, shading and sticks, and proceed as previously.
(Rotate the molecule to view down the lowest priority bond, and then draw the highest to lowest priority arrow,
and clockwise = R).

Alternatively, it can be determinetirectly from the Fischer pregtion.

Recall that since the C chain is arranged vertically, the lowest priority group (usually H) will be on the horizontal
axis (which means it is sticking out toward us).

To use the Fischer projection, ensure the Fischer projection is drawn correctly
Ignore the lowest priority group and label the other three.
Draw the highest to lowest priority arrow.
However, since the lowest priority bond is now sticking out (opposite to normal), a clockwise arrow means S

configuration.
counterclockwise clockwise
CHO

_ E’(}OH _

hydrogen CH 2()[—[

in front

Fischer projection perspective drawing
(R)-(+)-glyceraldehyde (R)-(+)-glyceraldehyde
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Diastereomers

Stereoisorars are molecules that have atoms bonded together satmeorder, budiffer in how the molecules
are directed in space.

Enantiomers are mirror image isomers. All other stereoisomers are called diastereomers.
Therefore diastereomers are stereoisomerthat are not mirror images.

Most diastereomers are either geometric isomers, or compounds with two or more chiral atoms.

all iIsomers

constitutional 1somers stereoisomers
(structural isomers)

diastereomers enantiomers
cis-trans 1somers other diastereomers
(geometric 1somers) (two or more chirality centers)

© 2013 Pearson Education, Inc.
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Molecules with 2 or more Chiral Atoms
For example, 2bromo-3-chlorobutane.

This can exist in 4 possible stereocisomers.
(2S, R), (2R, 39), (2S, 3S) and (2R, 3R).

The (2S, 3R) and (2R, 3S) are enantiomers.
The (2S, 3S) and (2R, 3R) are enantiomers.

We can also say (2S, 3R) is a diastereomer of (2S, 3S) and (2R, 3R), and
(2S, 3S) is a diastereomer of (2S, 3R) and (2R, 3S).
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