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Lecture 1 ςIntroduction to stereoselectivesynthesis



Course Overview

Course aimsςunderstand the following:

Á The importance of controlling stereochemistry in synthesis

Á Theoretical underpinning of asymmetric synthesis

Á Key stereochemicalmodels (Felkin-Anh, Ireland, Houk, Zimmerman-Traxler)

Á Substrate control

Á The concept of chiral auxiliaries

Á Stereoselectivetotal synthesis of complex molecules

Recommended reading

Much of this course will be taught directly from the primary literature (references given), however the following 
texts can provide useful summaries and background information.

Books:

Á Organic Synthesis ςStrategy and Control(P. Wyatt and S. Warren)

Á Organic Synthesis ςThe Disconnection Approach(S. Warren and P. Wyatt)

Á Stereoselectivityin Organic Synthesis(G. Procter), Oxford chemistry primer

Á Stereochemistry of Organic Compounds(E. L. Eliel, S. H. Wilen, L. N. Mander)

Á Organic Chemistry(J. Claydenet al.)

Á Classics in Total Synthesis(K. C. Nicolaouand E. Sorensen)

Review Articles

Á Substrate-DirectableOrganic Reactions, Chem. Rev.1993, 1307 (Hoveyda, Evans and Fu)
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Course Overview

Lectures

1. Introduction to stereoselectivesynthesis

Á The energetics of stereoselection; methods for analysing stereoisomers

2. The chiral pool of molecules

Á Overview of components of the chiral pool; application in total synthesis

3. Substrate-controlled stereoselectivereactions 

Á Models for stereoinductionincluding Felkin-Anh and Houk

4. StereoselectiveAldol reactions under substrate and auxiliary control

Á The Zimmerman-Traxlermodel; controlling enolate geometry; Evans auxiliary

5. Other auxiliary-controlled reactions of enolates

Á Amination, oxygenation and acylation; Oppoltzerand Myers auxiliaries

6. Chiral auxiliaries on ketones and aldehydes, and asymmetric 1,4-addition reactions

Á9ƴŘŜǊǎΩ {!at ŀƴŘ w!atΣ 9ƭƭƳŀƴΩǎsulfinamideΣ /ƻǊŜȅΩǎ у-phenylmenthol auxiliaries

7. Substrate and auxiliary control in pericyclic reactions

Á Overview of stereospecificity due to Woodward-Hoffmann rules; aspects of stereoselectivity, e.g. endo 
rule; use of auxiliaries to control absolute stereochemistry

8. Stereochemicalconsiderations in retrosynthesis of complex molecules

ÁŦƻǳǊ ŎŀǎŜ ǎǘǳŘƛŜǎΥ ώмϐ {ƻǊŜƴǎŜƴΩǎ Cw-901483; [2] ½ŀƪŀǊƛŀƴΩǎpinnatoxin; [3] 9ƭƭƳŀƴΩǎSC-53116; [4] 
9ǾŀƴǎΩ lepicidinA
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The Importance of Stereochemistry

Why bother controlling stereochemistry?

Á n stereocentresĄ up to 2n stereoisomers ςcontrol is necessary!

Á Poor stereocontrolis wasteful (since unwanted stereoisomers are useless)

Á Different stereoisomers have different properties

Á In chiral environments such as a cell, enantiomers have different properties too

commercial polystyrene ςatactic
non-crystalline, Tg ~ 90 °C

Ziegler-Natta polystyrene ςsyntactic
Crystalline, Tm ~ 270 °C

diastereoisomers

enantiomers
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Stereochemistry in Organic Molecules ςA Brief Summary

Á Enantiomers have identical physical properties (assuming they are in an achiral environment), e.g. 
melting/boiling point, IR and NMR spectra, density, viscosity, etc.

Á Diastereo(iso)mershave different physical properties.

Á Molecules where mirror image is non-superimposable are chiral

diastereoisomers(in red)

enantiomers (in blue)
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Representing StereochemicalInformation ςThe MaehrConvention

I will try to follow the Maehrconvention:1 wedges indicate absolutestereochemistry, bold 
lines indicate relative stereochemistry, i.e.

Note ςthis convention is useful but not universally adopted. Exercise caution when using, 
and never assume.

racemic ςbold lines illustrate that OH 
groups are synbut both (S,S)- and 

(R,R)-enantiomers present

Single (S,S)-enantiomer of the same 
(syn) diastereoisomer

1. H. Maehr, J. Chem. Ed.1985, 114. 6



Representing StereochemicalInformation - Racemates

Á Ambiguity arises when >1 stereogeniccentre is present

What we draw What we mean

A racemic mixture of the chiral 
compound

A poor 
representation

What we draw What we mean

50:50
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How do stereogeniccentres arise?

Á Stereogeniccentres generally arise in molecules when a prochiral intermediate undergoes a reaction. This 
can take many guises:

(i) Nucleophilic addition to a prochiralelectrophile

(ii) Electrophilic addition to a prochiralnucleophile

A new stereogeniccentre
racemic

(Re) face

(Si) face

A new stereogeniccentre
racemic
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How do stereogeniccentres arise?

(iii) Desymmetrizationof a prochiralcentre

This list is by no means exhaustive. Other methods include radical reactions and pericyclic reactions, some of 
which we will cover in later lectures.

Racemic mixture
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Methods for StereoselectiveSynthesis

Ψ.ǳȅ ƛƴΩ ǎǘŜǊŜƻŎƘŜƳƛǎǘǊȅ

Synthesis from the chiral pool

Å Amino acids
Å Sugars
Å Hydroxy acids
Å Terpenes
Å Alkaloids

All stereogeniccentres in 
product are directly derived 

from those in chiral pool 
starting material

D-glucose

negamycin

Construct Stereochemistry

Substrate-controlled
Use existing stereocentresin the substrate (from chiral pool) to 

direct formation of new ones.

Auxiliary-controlled
Use existing stereocentres(from chiral pool) on chiral, cleavable 

groups to direct the formation of new stereocentres.

Reagent-controlled
Use existing stereocentres(from chiral pool) on reagent to 

direct formation of new stereocentrein substrate.

Catalyst controlled
Use existing stereocentres(from chiral pool) on a catalyst to 

direct formation of new stereocentrein substrate.

Ultimately all methods derive from the chiral pool

Resolution

Construct molecule as racemate, then separate enantiomers 
using a chiral resolving agent.
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Creating non-racemic chiral molecules

Á All the methods described above required a chiral molecule to be present from the outset (substrate, 
reagent, catalyst, etc.). This is an absolute requirement when creating a chiral molecule from achiral starting 
materials.

Á Consider the following reaction:

Á A new stereogeniccentre is created on going from BĄC. 

Á In the absence of any other chirality Cwill be formed racemically

By considering the energetics of the reaction, we can understand why C mustbe racemic.
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Energetics of Asymmetric Synthesis

E

(R)

(Re) (Si)

(S)

ɲGϟ(Re) ɲGϟ(Si)

To obtain non-racemic product we require ɲɲGϟґ л

The basis of all asymmetric synthesis is the formation of diastereomeric (rather than enantiomeric) transition states12



Kinetics of Selectivity

Á In a kinetically-controlled reaction, the difference between activation energies (ɲɲGϟ) of the diastereomeric 
transition states determines the ratio of stereoisomers formed

Á Small differences in energy give large selectivities:
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For comparison ςthe energy 
required to rotate a single C-C 
bond is 12 kJ/mol!



Energetics of Asymmetric Synthesis ςinfluence of a chiral catalyst

(R)

(Re)

(Si)

(S)

Stereocentresin catalyst make transition states diastereomeric so ɲGϟ(Re) < ɲGϟ(Si)

The same argument holds for existing stereocentresin the substrate or reagent 14

chiral 
catalyst

E

bƻ ƭƻƴƎŜǊ ŜƴŀƴǘƛƻƳŜǊƛŎ ¢{Ωǎ



Methods for Controlling Stereochemistry

1. Substrate control

2. Auxiliary control [really just a special case of (1)]

existing stereocentre
Controls new stereocentre

formation

add auxiliary
existing stereocentre

Controls new stereocentre
formation

cleave auxiliary

overall transformation
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Methods for Controlling Stereochemistry

3. Reagent Control[Prof.{ǘŜǾŜƴǎƻƴΩǎ /ƻǳǊǎŜϐ

4. Catalyst Control[Prof.Stevenson and Dr ¢ŎƘŀōŀƴŜƴƪƻΩǎcourses]

existing stereocentreon catalyst

Controls new stereocentre
formation

Controls new stereocentre
formation

existing stereocentre(s) on reagent

We need models to understand how stereochemistry in the 
substrate/auxiliary/reagent/catalyst determines the new 

stereochemistry in the product
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Determining Enantiomeric Composition

Á For a chiral molecule we quantify the ratio of enantiomers by the enantiomeric excess(ee)

Á Normally we would just look at NMR to determine the ratio of two compounds, but NMR spectra of 
enantiomers are identical, as are all other physical and chemical properties.

Á The analogous diastereomeric ratio (dr) can be used to describe the diastereoselectivityof a reaction

To differentiate between enantiomers we must place them in a chiral environment, so they become 
diastereomeric

Methods:

1. Optical rotation measurements

2. Advanced NMR methods

3. Chiral chromatography (GC and HPLC)
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Determining eeby optical rotation measurements

Á Optical rotation (h ) is the amount by which a substance will rotate plane-polarized light passing through it.

Á Normally quoted as:

Á A single enantiomer of a compound will generally have a characteristic  value. If the value is positive, 
this may be called the (+)-enantiomer. 

Á The opposite enantiomer will always give an equal  value of the opposite sign, and would be called the 
όҍύ-enantiomer since it gives a negative value.

Á If the value of [h ]max(i.e. the optical rotation of either pure enantiomer) is known, you can calculate the 
ΨƻǇǘƛŎŀƭ ǇǳǊƛǘȅΩ όǎŀƳŜ ŀǎ ee) of a mixture according to:

ὕὴὸὭὧὥὰὴόὶὭὸώϷ  ȢȾ Ȣ ρππ

Á Note ςthis method is extremely sensitive to the presence of other chiral impurities in the sample. Many 
incorrect eeΩǎhave been published!

[ ]h = observed rotation / degrees
L= path length of cell (dm)
c = concentration (g/100 mL)
20 = indicates measurement was at 20 °C
D= indicates measurement was at the D-line of 
sodium (˂ = 589 nm)
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Determining eeby NMR

1. Chiral shift reagents (CSRs)

Normally a chiral (single enantiomer) Lewis acid ςbinds to the two enantiomers in question and creates 
difference local environments.

+

2:1

Example of a CSR

integrate peaks to obtain ratio of enantiomers 19



Determining eeby NMR

2. Form diastereomeric derivatives 

One of the most common methods is to form aƻǎƘŜǊΩǎ ŜǎǘŜǊderivatives of chiral alcohols.

Very convenient ςcan just take a 19F NMR and work out ratio of CF3 groups in the two diastereomeric 
derivatives (spectrum is very simple, much easier than 1H)

Harry Stone Mosher

(S) (R)

aƻǎƘŜǊΩǎ !ŎƛŘ όa¢t!ύ

e.g.

a mixture of enantiomers ς
same NMR spectra
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Determining eeby chromatography

Á This is the most general and most commonly used method for determining ee

Á GC (gas chromatography) ςmobile phase is gas; HPLC (high performance liquid chromatography) ςmobile 
phase is liquid)

S
Columnpacked with 

chiral stationary phase

S

Detector
Typically measures 
UV/vis absorbance

Typical HPLC/GC 
trace

Time axis Ą

y-axis = UV 
absorbance

Enantiomers separated

Software integrates peaks to give 
relative abundance

A typical chiral stationary phase for HPLC ς
derived from chiral pool sugars

S

R
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Determining Absolute Configuration

1. Single Crystal X-Ray Diffraction

This is the gold standard for determining absolute stereochemistry

2. Circular Dichroism  (CD)

X-ray diffraction pattern Crystal structure

Å IƛǎǘƻǊƛŎŀƭƭȅ ƴŜŜŘŜŘ ŀ ΨƘŜŀǾȅΩ 
(2nd row or lower) atom to get 
absolute stereochemistry

Å New machines can do this even 
with all 1st row elements

Chiral molecules induce ellipticity
[ ]̒ in circularly-polarized light

Å Enantiomers have equal and 
opposite effects

Å Empirical rules (e.g. the octant 
rule) and computation can 
predict absolute 
stereochemistry from 
appearance of CD spectrum
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