Chirality Molecular "Handedness"™
« Stereoisomers differ in the orientation of their atoms in space, we have seen cis/trans isomers (Diastereomers).
:Cl: A :Cl : Cl: H

\ / \ /

C=C C=C

/ \ / \

H H H :Cl:
trans-diastereomer

cis-diastereomer
(no dipole)

+ Diastereomers have same molecular formula but different physical and chemical properties, they are different
molecules. They are also non-superimposible.

1 Enantiomers

* Important new type of stereoisomer is the enantiomer.
» Enantiomers are "mirror image" stereoisomers.

+ Enantiomers have the property of chirality.

* Chiral objects have a "handedness".

mirror images, non-superimposable

asymmetric ¥ enantiomers

W (chiral) carbon\ W V|\i

v (I: ZIII@ : X/C‘.I”Z
I :
NON- 7 47X non- 7y 5 mirr\c()r
Super‘imposablﬁL mirror superimposable W
~

| 4 rotate the

Y“'-‘-C\X mirror image

mirror Z structure

» The molecule on the left is the enantiomer of that on the right, they are enantiomers

* Both isomers are chiral (they differ from their mirror image), in this case as a consequence of a "chiral center"
* A chiral center is an atom with four different groups attached to it (starred above)

* The presence of a chiral center (also known as an asymmetric center) is the most common reason for a
molecule to be chiral

Lots of things can be chiral, this is not something that only molecules do!
* Hands are chiral, screws are chiral, there are many chiral things!

NON-Superimposable!! NON-Superimposablel!

mirror image . chiral ~mirrorimage .i.q

chiral

Example: lactic acid (the chiral/asymmetric centers are starred):
NON-Superimposable!!

H i H
A  HOLCme
CCO,H 2L L
- 20 4
H3C \OH : HO CHs
"R-lactic acid" : "S-lactic acid"
chiral chiral
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Example: 4-bromooctane:
Br

|
CchHQCHZCHZ:(,)—CHZCHZCH3
H
small difference between these groups, still chiral!

» Switch any two substituents on a chiral center to get the enantiomer, see below.

h : enantiomers —
F : F F F
i 5 ot - T \lc)
7 "'l' SBr i oBP ;"' oo "
; B Br
SW/|'I"Ch\' cl | o ro%y H$

Example: substituted cyclohexane.
* Recall, we had to be very careful in placing the substituents on cyclohexanes properly.

non-superimposible mirror image stereoisomers
enantiomers

uim

t t

= H ¥ ' \ Me :
: * Me 5 * *
ey = O
Me " H E Me

1.1 Specifying Configuration (Chirality); Cahn-ingold-Prelog Notation
« Specifies the "configuration" at each asymmetric or chiral/asymmetric center, equivalent to "cis-" and "trans-".

iy

Same rules used to decide priority of the substituent groups as used when determining Z and E in alkenes
1) Assign priorities to groups attached to chiral center according to atomic #.

2) Compare 2nd, 3rd etc. atom from center as necessary, look for first point of difference

3). Multiple bonds "add up".

4) Determine direction of rotation 1 > 2 > 3 looking with #4 group pointing "away".

Example:
H4 H 4
A8 HO,GCL 3
C-11ICO,H 2
-
1

look towards 4

; 1 1 ;
OH HO
clockvyise | Hsg@ @EHS anticlockwise
(R)-lactic acid (S)-lactic acid

, COH 0,C,
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Example:

“é& s, HHH
. FL. C, C, H attached . S, attached
7 S A o8l Lo
i ' (el \ il
this group '-\H\C//C,\ A N 'S gr“ou‘p C\
o L *CHg has priority 2 C
has priority 1 - Hs .
’ C, C H attached
) H, H, and C attached (back to
clockwise - (R) the previous carbon, C=C)

» Treat each double bond as an additional single bond to count the 3 atoms that are further connected to each
carbon, so in this case the -CH=CH2 "wins" over the CH(CH3)2.

Visualize how to Determine the direction of rotation using a model

Example: Give a IUPAC name for the following compound:

a5
(R) —= 12 5 (#4 pointing towards you,
3 N—~Ts) clockwise 1> 2 > 3, then
Br 4 "reverse" to get anticlockwise)
1

(2R,3S)-dibromohexane

* Note that 2,3-dibromohexane is the name for several different stereoisomers, both enantiomers and
diastereomers, need to specify the absolute configuration, R or S, at each chiral center to correctly name THIS
stereoisomer.

* Note: R and S are always capital letters!
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NOTE: the lowest priority group does not have to be on a wedged or dashed bond.

2
g3 ¥ (B)~— switched these two ONLY
4 HC—C_ - C H3C—C. /musT be (R) enantiomer
Br 1 @
(R)-1-bromo-1-chloro-1-fluoroethane (5)-1-bromo-1-chloro-1-fluoroethane

* The bond to group 4 is in the plane of the paper this time.

« Also, once we have determined that the structure on the left (above) has the absolute configuration (R) we don't
have to do the same for the left-hand structure since it is the mirror image isomer, and the mirror image isomer
must then be (S).

4
R)H 3
()§CH3

e,
.
Y,

Br

(1R)-bromo-(2R)-methylcyclohexane (15)-bromo-(2S)-methylcyclohexane

* note that trans-1-bromo-2-methylcyclohexane is an insufficient name since it describes both structures!

1.2 Consequences of Chirality
* The physical and chemical properties of diastereomers are different, e.g.

o

cis-2-butene trans-2-butene

m.p. -139° C . m.p. -106° C
[ b.p. 4°C different bp. 1°C

* However, the physical properties of enantiomers, m.p. b.p. dipole moment etc. are the same

* “CO,H HO,C™ *
(R)-ibuprofen (S)-ibuprofen

m.p. 76° C| same! m.p. 76° C

» Chemical reactions of enantiomers are ALSO the same, except for reactions with other chiral molecules. This
is extremely important in biological systems, all but one of the amino acids are chiral, all enzymes are chiral and
even DNA has "handedness", only one enantiomer of a chiral drug is generally active etc.

Example: ibuprofen is sold as a mixture of enantiomers, but only the (S) stereoisomer is actually active

* ~“CO,H HO,C™*
(R)-ibuprofen - NOT ACTIVE (S)-ibuprofen - active
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Another famous example is the two enantiomers of the drug thalidomide, one enantiomer is a sedative but the
other enantiomer is a teratogen (causes birth defects), thalidomide as a drug was inadvertently the cause of many
terrible birth defects in the 1950's (actually it is a bit more complicated than this, but the details must be described

elsewhere....)
O O
5 4 NH NH 5 5

(R)-thalidomide - TERATOGEN! (S)-thalidomide - sedative
The optical activity of enantiomers, is different!

@ 1 U )7 =z

light all polarizer  single solution of  polarization
source polarizations polarization single enantiomer rotated

« optically active solutions rotate plane polarized light

+ opposite enantiomers (R) (S) rotate light in equal and opposite directions (they have opposite optical
activity)

« enantiomers of different compounds rotate light to different extents

« the extent of rotation depends upon the particular enantiomer, the concentration in solution and the optical path
length

» solutions that rotate to the left called levorotatory, symbolized by ( -)
« solutions that rotate to the right called dextrorotatory, symbolized by ( +)

There is no relationship between (R) & (S) and (+) & (-)
Example:

(S)-lactic acid rotates light to the right, and so is (+)-lactic acid
(R)-lactic acid rotates light to the left, and so is (-)-lactic acid

H i H
ucon | HOCHE
_ arll P : 2 N

actic acid (S)-lactic acid

ctic acid (+)-lactic acid

But:
(2S)-methyl-1-butanol rotates light to the left, and so is (-)-2-methyl-1-butanol
(2R)-methyl-1-butanol rotates light to the right, and so is (+)-2-methyl-1-butanol

CHZOH i HOH,C

*C..|||H E H“"'C\

- : 4 "CH
HsC™ YomycH, | HiCHL 0

(2R)tmethyl-1-butanol ethyl-1-butanol

(+)-2rmethyl-1-butanol ethyl-1-butanol
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* There is no relationship between R/S and + and —

1.3 Racemic Mixtures

» Racemic mixtures are exact 50 : 50 mixtures of opposite enantiomers, symbolized by ().

» racemic mixtures are optically inactive because the optical activity of one enantiomer is exactly cancelled by
the optical activity in the other enantiomer.

Br Br
r Lol §
v C w L _rx
Hw = F—C—H (i)
LaoF o OF  FlNy !

50.50 (racemic) mixture
optically inactive
activity exactly cancelled

pure enantiomer
optically active

* Represent a racemic mixture as the two structures with wedged/dashed bonds, or, as the single structure with
no wedged/dashed bonds and the (x) symbol.

* It must seem that a racemic mixture, being exactly 50:50 would be unlikely, or difficult to prepare exactly, but we
will see that in fact racemic mixtures are quite common in organic chemical systems.

1.4 Achiral Compounds With Asymmetric Centers: Meso Compounds

superimposible therefore NOT stereoisomers

HH § H H = Q NOT

HaC CHs e CH, & 5, optically active
mirror plane :

) mirror image is the samel
2 chiral centers on carbon 9

» This molecule has chiral centers but is superimposable on its mirror image.

« If it is superimposable then it can't be chiral and its mirror image is not a stereoisomer.

* The structure is achiral and a solution of it will not be optically active, it is a meso compound.
* This is because the molecule has a mirror plane itself.

* Molecules with mirror symmetry planes cannot be chiral!

* The presence of a chiral/asymmetric center is therefore an insufficient reason alone for chirality.

Examples:
OH OH

. OH . . .
mirror plane, achiral mirror plane, achiral ~ no mirror plane, chiral!

Example: Is the following structure chiral?

HO OH CHs HO /OH
HAS chiral centers *(‘; C\f *\f__c\*
NOT Chiral 1 CH; H H' CHyi H CH;

has a mirror plane : MESO
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* The structure on the left above obviously does not have a mirror plane, however, if a structure with chiral
centers has a mirror plane even in only one conformation, as shown on the right, then it will be a meso
compound. The way to think about this is that for each non-mirror plane conformation there will be another
conformation that "cancels" the chirality.

1.5 Multiple Chiral (Asymmetric) Centers

H3C CH H-C H
3 c=c 3 not "mirror image" 3 c=c

H  H stereoisomers, therefore "CH3
cls- diastereomers! frans-

ﬁ diastereomers ——+

H H ’ CHs | HyC
! S

H

frans- R R trans-
HyC 4 H A CHs

H5;C CH;
"mirror image" stereoisomers, therefore enantiomers

d ias‘rereomervs——+

» Enantiomers have opposite configurations at ALL chiral centers!
+ Diastereomers are stereoisomers that do not have opposite configurations at all chiral centers.

Examples:
H | H
H3C\ ,NH diastereomers H3C\ =)NH2
HO‘\ﬁR) ® 1(5) W
CO,H O,H

» Opposite configuration at one chiral center only (R/R versus S/R): these are diastereomers.

H
HiC )NHz HsC /COZH LSO
enantiomers o CUs) rotated around the
HO'[TR) & THORS
H CO,H HA H NH, central C-C bond

 Opposite configuration BOTH chiral centers (R/R versus S/S): these are enantiomers.
* In this case, the structure on the right was ALSO rotated around the central C-C bond, identifying the kind of
isomer visually is difficult in such cases, but assigning absolute configurations and comparing them makes it easy.

Example:
what is the relationship between these two structures?

OH H
H3C\ =H HO 5 ,CH,
rotate H‘]C%_C\ HaC Cf)—C rotate
around  HO CHs |_‘| "OH around
c-c | c-c
bond  H, C, /CH3 HO_ /OH bond
C--C .C--C
HL L HCd b
HO | O Hip s
meso compound! The SAME meso compound!
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In Summary:

* A chiral compound is non-superimposable on its mirror image.

* A chiral (asymmetric) center has four different groups attached to one atom.

* An enantiomer is a "mirror image" stereoisomer.

A diastereomer is any stereoisomer that is not an enantiomer.

* A meso compound has chiral centers but it not chiral (is achiral) due to a mirror plane of symmetry.

3 Stereochemistry in Chemical Reactions

* Previously we had to consider the stereochemistry of cis-/trans- isomers in organic reactions

* Now, we also have to consider enantiomers and chirality!

* How do we know when we need to consider chirality and enantiomers?

« If there are chiral/asymmetric carbons/centers in the products then we need to consider these
stereoisomers and chirality.

Example 1
Br' -
LaBA o TP e
HAB.I"' f Br.. E.‘_l CH3
Pro. /T8 Br
LB/BE CECH; a1 - x
Et’ 2> C CH3 equally probable S Pr—C=CH;
Ef ) Et
achiral (not chiral) :Bri bottom Pr; _CH (+) racemic mixture
(R)

ACHIRAL REACTANTS CANNOT GENERATE ANY OVERALL CHIRALITY

* This reaction does not make cis/trans isomers, but there is a CHIRAL CENTER in the product, therefore we
need to consider CHIRAL ISOMERS

» A complete description of the products demands that we show that a pair of enantiomers is formed either by
drawing both structures with wedged/dashed bonds, OR, a single structure with PLAIN bonds and (z)

* NOTE, do not include wedged/dashed bonds here if you use (t), they would be redundant, or even misleading
« achiral reactants must give achiral products, in this case a racemic mixture!

Example 2

1, BH3THF
CH3

2 NaOH/H202 HO

SYN—adlelon means bo‘rh enantiomers

» There are chiral centers in the products, therefore we need to take into account cis-/trans isomers and
isomers related to chirality.

* The products of this reaction can be cis/trans isomers, because the addition is SYN, the geometrical (cis/trans)
isomer that has the two new -H and -OH bonds on the same side of the ring must be specified.

+ Additionally, two chiral centers are also formed and so another form of stereocisomer must be considered, the
enantiomer.

* The starting alkene is achiral (it has two mirror planes, one vertical and one in the plane of the paper), and thus
cannot generate overall chirality, thus a racemic mixture had to have been formed.

* We also understand that a racemic mixture had to be formed because the -H and -OH could, and should add to
both sides of the alkene with equal probability.

+ Conventionally, only one (either one) of the enantiomers is drawn, with the new -H and -OH bonds cis-with
respect to each other, and the (x) racemic mixture symbol is used. We need wedged/dashed bonds in addition to
the (x) symbol in this case because there are two kinds of stereoisomers, the wedged/dashed bonds are needed
here to specify that the addition was SYN, the () is need to specify that two enantiomers are formed.
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* Two stereoisomeric products are formed, and a complete description of the products demands that we
show both the relative stereochemistry (anti-addition using wedged/dashed bonds etc.) AND that a pair of
enantiomers is formed using ()

Example 3
diastereomers ——_l
Br‘/’ OCH3 Br' / OCH3
__ Br, / CH30OH
e ) P
achiral enantiomer not formed

/

- NOT the same
OCH;

* There are obviously NO cis-/trans-isomers in this case, BUT there ARE CHIRAL CENTERS in the
products, therefore we need to take into account isomers related to CHIRALITY

» BUT the starting alkene is achiral (it has TWO mirror planes, one vertical and one in the plane of the paper), and
thus cannot generate OVERALL chirality, thus there can be no overall chirality in the product(s)

* Either an ACHIRAL product, or a RACEMIC MIXTURE must be formed

* In this case the product is CHIRAL, therefore a RACEMIC MIXTURE must be formed

* We MUST include the wedged/dashed bonds in this case because we need to distinguish the (R,R) and (S,S)
stereoisomers from the (R,S) and (S,R) diastereomers that are NOT FORMED

 Conventionally, only ONE (either one) of the enantiomers is drawn (in this example the enantiomer in the
parenthesis could be omitted), the () racemic mixture symbol is used instead

* even though there is rotation around the central C-C bond, we must show the dashed/wedged bonds to
differentiate the diastereomer that is formed from the one that isn’t formed (shown above)

» TWO stereoisomeric products are formed, and a complete description of the products demands that we show
both the relative stereochemistry (anti-addition using wedged/dashed bonds etc.) AND that a pair of enantiomers
is formed using ()

Example 4
CH
HsC CHs s =7
C/ H2/Pt \; _:,
CcC= > S C—C=* (R
F=C (8) *C—C* R)
Cl Cl H H
achiral ACHIRAL

meso compound

* There are obviously no cis-/trans-isomers in this case, but there are chiral centers in the products,
therefore we need to take into account isomers related to chirality.

* BUT the starting alkene is achiral (it has two mirror planes, one vertical and one in the plane of the paper), and
thus cannot generate overall chirality, thus there can be no overall chirality in the product(s).

« Either an achiral product, or a racemic mixture must be formed.

* In this case, the product is an achiral meso compound.

» We still must include the wedged/dashed bonds in this case because we need to distinguish the (S,R) meso-
stereoisomers from the (S,S) and (R,R) stereoisomers that are not formed.

* even though there is rotation around the central C-C bond, we must show the dashed/wedged bonds to
differentiate the stereoisomer that is formed from those that do not form.

A Different Example:

I H
o S} C | . ....@
HO: + Etg~g ~———= HO-C*Et + IBr
** H3C H
3 (R) C 3

Q. is a solution of the product of this reaction optically active?
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A. it depends upon the mechanism!
The SN2 Mechanism: A one step concerted reaction that has a transition state () but no intermediate:

H 1% H
LB HO /\é (/R}) H.O. , oo @ é" (S) ....@
Et\‘\l \'°. oo \Sk -- H‘é/ \IIET + -.Br.
HaC LA-- Et CH, -+ CHs

* A pure enantiomer formed, product solution is optically active.
* A new bond made at same time as old bond broken: inversion of configuration occurs, (R) becomes (S).

The SN1 Mechanism: A 2 step mechanism with intermediates

LB LB
H (R) .e® H Qe H
, HO: :OH
Et\“)C\{B%- — \’ C\@ <. HO C Et (1)
HiC EfCH, CH;
LA

« Attack from both sides equally probable.

* A racemic product mixture is formed.

« solution of the product(s) would be optically inactive!

* It is possible to distinguish between these mechanisms by determining the optical activity (or lack of) in the
product solution.
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