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3.3: Rearrangements

Objectives 
After completing this section, you should be able to:

1. Spot structural fragments that favor rearrangement reactions
2. Draw mechanisms incorporating rearrangements to explain reaction outcomes

Key Terms 
Make certain that you can define, and use in context, the key terms below.

Pinacol rearrangement
Semipinacol rearrangement
Payne rearrangement
Benzilic acid rearrangement
Favorskii rearrangement
Tiffeneau-Demjanov rearrangement
Wolff rearrangement
Curtius rearrangement
Baeyer-Villager rearrangement
Beckmann rearrangement

Study Notes 
We briefly introduced rearrangements in a previous chapter and you likely learned a little bit about them in Intro Orgo. In this
chapter, we will focus exclusively on rearrangements that are synthetically useful. Rearrangements occur readily under strongly
acidic conditions, but this leads to uncontrolled decomposition for most substrates. You will see that useful rearrangements occur
under both acidic and basic conditions, and our goal is to introduce you to some of the most popular rearrangements for synthesis.
This generally involves a leaving group on an atom adjacent to a rearrangement promoting atom, generally an O or N. It is often
very challenging to think retrosynthetically for rearrangements, so our focus will be on the forward direction. We will aim to draw
mechanisms that explain reaction outcomes, sometimes including interesting stereochemical issues.

Content 
Our goal in this chapter is to introduce the most important rearrangements you will likely encounter in organic synthesis papers. We
also know this will provide you with the skills to understand other reactions that you might encounter during your studies.
Heteroatom placement in these reactions is critical, with heteroatoms playing the roles of both leaving groups and rearrangement
promoting atoms. We will see that substrates rearrange to make new C-C, C-O, and C-N bonds. These reactions also provide
opportunities for ring expansions and ring contractions.

Pinacol Rearrangement 

The pinacol rearrangement is the acid catalyzed rearrangement of a 1,2-diol into a ketone. It is named after the molecule pinacol,
pictured below, the simplest substrate to undergo the reaction. One of the alcohols is protonated to make the leaving group (water)
while the other OH participates as the rearrangement promoting group. After water leaves, generating a tertiary carbocation, the
remaining alcohol forms a carbonyl, thus promoting the rearrangement of a methyl group. Deprotonation completes the mechanism
to form pincolone and regenerate the catalytic acid.

OHHO

pinacol

H2SO4
O

pinacolone

OH2HO HO OH

H2O

For unsymmetrical diols, not surprisingly, you form the most stable carbocation intermediate. You will see an example of this in the
problems below. What about substrates where different groups can migrate? The following examples demonstrate that H migrates
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faster than R, which is consistent with what you saw previously in Intro Orgo. An H shift yields a more stable cationic intermediate
than if an alkyl group migrates. What about Ph vs H? In this case, the benzene ring migrates faster. These seems strange until we
remember our previous chapter on neighboring group participation. A migratory phenyl yields a phenonium ion intermediate that is
favored over H migration.

OHHO

HH
H2SO4

O

OH2HO

HH

HO

HH

HO

OH
-H+

Product

secondary
carbocation

H migration

resonance
stablized

oxonium ion

OH

Ph

HO

Ph
HH

H2SO4

H

O

Ph

OH2

Ph

HO

Ph
HH

HO

Ph
HH

HO

H

OH

Ph
-H+

Product

secondary
carbocation

Ph migration

resonance
stablized

phenonium ion

Ph Ph

H Ph

For the following reaction, propose a product and a mechanism to explain its formation.
OHHO

H2SO4

Answer

Using the same strategy as the pinacol rearrangements above, we quickly generate a tertiary carbocation. Formation of the
carbonyl that we know will be in the product promotes rearrangement (migration) of one of the ring bonds. This yields a
very interesting result. One of the original 5-membered rings expands to form a new 6-membered ring. So, we can use the
pinacol rearrangement as a ring expansion reaction!

OHHO
H2SO4

OH2HO HO

O

OH-H+
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For the following reaction, propose a product and a mechanism to explain its formation.

OHHO

Ph
Ph

H2SO4

Answer

In this example, the two possible carbocations that can form after water leaves are very different. The tertiary carbocation is
low enough in energy to form; however, the doubly benzylic, resonance stabilized carbocation is much lower in energy. So,

 Exercise 3.3.1

 Exercise 3.3.2
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it forms preferentially, resulting in a methyl shift to form the product ketone.

OHHO

Ph
Ph

H2SO4

OH2HO

Ph
Ph

HO

Ph
Ph

vs
OH

Ph
Ph

tertiary
carbocation

doubly benzylic
resonance stabilized

carbocation

much more stable
thus easier to form

O

Ph

Ph

Another interesting aspect of the pinacol rearrangement is the impact of stereochemistry on the migrating group. If you think about
this statement, it seems to contradict what we have shown in all of the reactions up to now in this chapter. How can stereochemistry
of the diol (cis or trans) matter when we generate a planar carbon as part of the carbocation intermediate? It turns out, like many
reactions in organic chemistry, our first look was an oversimplification. The current understanding is that an achiral carbocation
does not form. Instead, a chiral ion pair forms, retaining the stereochemistry of the starting material. However, when considering
rearrangements of chiral diols, we will sometimes draw the carbocation and sometimes a concerted mechanism depending on what
helps most with our understanding. The key is to recognize that what does form is a chiral version of the free carbocation (the ion
pair) that promotes the rearrangement. Similar to what you learned in intro orgo for S 2 and E2 reactions, the migrating group must
be antiperiplanar to the leaving group. The example and problem below demonstrate that stereochemistry is critically important
when considering reactions of cyclic diols. We will first consider reaction of the cis cyclohexane diol. Axial leaving groups are
much more reactive than equatorial leaving groups, so the reaction occurs with the protonated axial OH leaving accompanied by
formation of the new carbonyl and rearrangement of the axial methyl group, the anitperiplanar migrating group. What happens if
we run the same reaction on the trans isomer of this diol? See if you can come up with an answer as part of the next problem.

OH

OH
H2SO4

O

OH2

OH

OH

-H+

What is the product of this reaction? Also, provide a mechanism for its formation.

OHOH
H2SO4

Answer

Both of the alcohols are equatorial because they are larger than the axial methyl groups and they can form an intramolecular
hydrogen bond to stabilize this conformation. So, when a protonated equatorial alcohol leaves, which group is
antiperiplanar to participate in the pinacol rearrangement? It's clearly not one of the methyl groups. Thus, the ring bond is
the only alternative. As shown in the mechanism, formation of the new carbonyl promotes cleavage of the 5-6 bond to form
a new 1-5 bond. The result is a ring contraction from 6- to 5-members! This demonstrates that the pinacol rearrangement
can produce both ring contractions and ring expansions, as we saw previously.

N
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Let's consider one more type of pinacol rearrangement that is very important for complex structures and often appears in total
synthesis applications. It is called a semipinacol rearrangement and involves rearrangement under basic conditions where it is
impossible to form a carbocation. To understand why this is a key reaction, let's first look at the reaction below. This is a standard
pinacol rearrangement. As we saw above, with an unsymmetrical diol, we will protonate the tertiary carbocation to form the more
stable tertiary carbocation and then do our rearrangement. In this case, a hydrogen shift to yield the ketone product. But, what if we
wanted to form the carbocation at the secondary alcohol? It is impossible to do this under acidic conditions.

OH
OH

H

H2SO4

H

OHH O

H

H

The solution is to move away from acidic conditions and think about reactions we know that occur selectively at secondary
alcohols. If we can make the secondary alcohol into a good leaving group, we can force that alcohol to leave, reverse the position
of the rearrangement promoting O and generate a different product. How do we put that into practice? The reaction sequence below
shows the standard way this is accomplished. Alcohols react selectively with tosyl chloride from least hindered (primary) to most
hindered (tertiary), so we can selectively tosylate the secondary alcohol in the presence of the tertiary alcohol. Next, addition of a
base results in deprotonation of the alcohol to form an alkoxide that can promote the rearrangement. Formation of the ketone
promotes rearrangement of the ring bond to force out the tosylate leaving group. In this fascinating example, that results in a
simultaneous ring expansion and ring contraction!

OH
OH

H

TsCl, Et3N
OH

OTs

H

NaOH
or NaH

O
OTs

H

O

H

H

intramolecular
SN2 with
inversion

Payne Rearrangement 

The Payne rearrangement involves reactions of nucleophiles with epoxy alcohols under basic conditions. Like many
rearrangements, at first glance it seems confusing. We can rationalize hydroxide adding to an epoxide, but how does the sulfur
nucleophile replace the poor OH leaving group? The key here is to think first about deprotonating the primary alcohol and then to
focus on neighboring group participation.

Ph OH

O 1) NaSPh, NaOH

2) H3O+ Quench
Ph SPh

OH

OH

Deprotonating the primary alcohol generates an alkoxide nucleophile that opens the epoxide via an intramolecular S 2 reaction to
form a new epoxide. The sulfur nucleophile can now add to the less hindered side of the new epoxide via an intermolecular S 2
reaction. The final protonation step yields the target trans diol.

Ph OH

O 1) NaSPh, NaOH

2) H3O+ Quench
Ph SPh

OH

OH

OH

Ph O

O

Ph

O

O

SPh

Ph SPh

O

O

H3O+ Quench

N

N
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Benzilic Acid Rearrangement 

The benzilic acid rearrangement involves conversion of a 1,2-diketone into a carboxylic acid. The conditions are deceptively
simple, hydroxide followed by an acid quench, and lead to the migration of a benzene ring.

O

O

benzil

1) NaOH

2) H3O+ Quench
OH

O

HO

This mechanism is relatively straightforward. Hydroxide adds to one of the ketones to yield a tetrahedral intermediate. Reforming
the carbonyl results in rearrangement of the phenyl onto the second carbonyl. The acid quench ultimately generates the target
carboxylic acid.

O

O

benzil

1) NaOH

2) H3O+ Quench
OH

O

HO

OH

O

O OH
OH

O

O
O

O

HO

H3O+ Quench

Don’t forget
pKa difference

Favorskii Rearrangement 

The Favorskii rearrangement transforms an alpha halo ketone into an ester, as shown in the example below. Upon first inspection,
this seems to continue the theme we just saw in the benzilic acid rearrangement. Add the nucleophile to the carbonyl, reform the
carbonyl, and have the rearrangement occur pushing out the leaving group. For this substrate, that results in a ring contraction
reaction. As we will see in the problems below, this is not the only mechanistic possibility.

Br

O

NaOMe
OMe

O

OMe

Br
O OMe

Propose a mechanism and a product for the following reaction.

Ph

O

Cl
NaOMe

Answer

This reaction appears to behave exactly like the reaction shown above. Rearrangement occurs from the tetrahedral
intermediate and yields the ester product. See the answers to Exercise #5 for an alternate mechanism to get the same
product.

Ph

O

Cl
NaOMe

Ph OMe

O

OMe

Ph Cl
O OMe

 Exercise 3.3.4
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Propose a mechanism and a product for the following reaction.

Ph

O

NaOMe

Cl

Answer

As shown below, our standard Favorskii mechanism fails for this reaction. We do not form the product predicted by the
mechanism used previously. Instead, we form the same product observed in the reaction from Exercise #4. How is this
possible? If the two starting materials form the same product, perhaps the reactions proceed through a common
intermediate.

Ph

O

NaOMe

Cl

Ph
OMe

O
not formed only product

Ph OMe

O

Doesn’t
happen

OMe

Ph

Cl

O OMe

A different way to think about these reactions is to use the methoxide as a base, not a nucleophile. If we deprotonate alpha
to the carbonyl on the opposite side of the halogen, something interesting can happen. As shown below, we form two
different enolates that can each undergo an intramolecular alkylation reaction to yield the same cyclopropanone
intermediate. Due to the ring strain, this is a much more reactive carbonyl that does react with methoxide to yield a
tetrahedral intermediate. Reforming the carbonyl breaks open the three-membered ring to selectively yield the resonance
stabilized anion that is subsequently protonated by the methanol formed in the first step.

Ph

O

NaOMe

Cl

Ph

O

Cl

Ph OMe

O

NaOMe
H

H

Ph

O

Cl

Ph

O

Cl
O

Ph

NaOMe

Ph

O OMe
Ph OMe

O

HOMe

So, we have seen two potential mechanisms for the Favorskii rearrangement. Depending on the substrate, either is possible.
So, the best problem solving strategy is to consider both options and then see which one looks most favorable. In the
example above, resonance stabilization of an anion adjacent to the benzene ring helps favor this mechanism.

Tiffeneau-Demjanov Rearrangement 

In this rearrangement, a 1,2-aminoalcohol is converted into a ketone as shown in the generic example below. The reagent that
promotes this transformation is nitrous (not nitric) acid. If you previously studied nucleophilic aromatic substitution reactions, you
might recognize that combining an amine and nitrous acid yields a reactive diazonium intermediate. This is a key step in the
Sandmeyer reaction where anilines react with nitrous acid to yield a diazo benzene intermediate that reacts with a variety of
nucleophiles to make new benzene derivatives.

R
NH2

OH

R

HNO2

R
R

O

In the Tiffeneau-Demjanov rearrangement, formation of the diazonium intermediate promotes the key rearrangement step. Similar
to previous mechanisms, formation of the carbonyl promotes the alkyl shift and loss of the leaving group.

 Exercise 3.3.5
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R
NH2

OH

R

HNO2

R
R

O

R
N2

OH

R

A historical note about this reaction is to recognize the key role played by Bianka Tchoubar in its development. She conducted the
critical experiments in Tiffeneau's lab to determine the scope and limitations of the reaction. Bianka was a key figure in the organic
chemistry community in France from the 1930s until the 1980s, resulting in 140 publications.

First, starting with cyclopentanone, how would you produce the desired aminoalcohol? Second, what product is formed upon
exposure of the aminoalcohol to nitrous acid?

O
?

HO NH2
HNO2 ?

Answer

There are two ways to convert cyclopentanone into the target aminoalcohol. In option #1, we add sodium cyanide to yield a
cyanohydrin that can be reduced with either lithium aluminum hydride or hydrogen and catalytic palladium. In option #2,
we use a Henry reaction to generate a nitroalcohol that can be reduced with hydrogen and catalytic palladium. Adding
nitrous acid promotes the Tiffeneau-Demjanov rearrangement to yield a ring expanded ketone.

O HO NH2
HNO2

HO N2

O

HO NO2

HO CN

NaCN

LiAlH4
or H2, cat. Pd/C

H2, cat. Pd/C
CH3NO2
NaOH

Option #1

Option #2

Wolff Rearrangement 

The Wolff rearrangement is similar to the Tiffeneau-Demjanov rearrangement because of the key role of a diazo intermediate. The
most common variation involves reaction of a ketone with a diazo compound. As shown below, treating cyclobutanone with
diazomethane yields a ring expansion reaction to form cyclopentanone via a mechanistic pathway that should look familiar.

O
CH2N2

O

O

N2

Propose a mechanism and the product for the following reaction.

O

OEt

O

N2+

 Exercise 3.3.6
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Answer

As with many mechanisms, it helps to draw out the complete Lewis structure for reactive functional groups. There are two
common resonance structures for diazo compounds and the one with the negative charge on carbon highlights that this atom
is nucleophilic. Using this carbon to form a new carbon-carbon bond yields a tetrahedral intermediate. Reforming the
carbonyl leads to the rearrangement, resulting in a ring expansion and the seven-membered ring product.

O

OEt

O

N+
N

OEt

O

N
N

O

N

O

OEt

N

O

OEt

O

Wolff rearrangements are also useful for ring contraction reactions. As shown below, treating an alpha diazoketone with heat or
light in methanol promotes the rearrangement to yield the contracted ester product. We will discuss the mechanism for this reaction
in the next problem. Forming the starting alpha diazoketone involves a diazo transfer reaction with a ketone. We will generally not
worry about this step and instead start with the alpha diazo ketone.

O

N2

heat
or

light

MeOH
OMe

O

Propose a mechanism for this reaction. Hints: The key intermediate is a ketene. The role of heat or light is to promote the loss
of nitrogen gas. You don't need to factor that into your mechanism.

O

N2

heat
or

light

MeOH
OMe

O

Answer

This is a strange mechanism for us. It actually will make more sense when we study carbenes in a later chapter. For now,
let's focus on the resonance structure with the negative charge on carbon. From here, nitrogen can leave, we can form a new
carbon-carbon double bond between C1 and C6, and we can rearrange to form a new C2-C6 bond. This yields the ketene
intermediate that reacts with methanol to form an enol. Tautomerization yields the 5-membered ring ester product.

O

N

heat
or

light

MeOH
OMe

ON

O

N
N

1
2

3
4

5
6 1

2

3

4 5

6
• O OMe

OH

Tautomerization

MeOH

Ketene

Curtius Rearrangement 

The Curtius rearrangement generally involves the conversion of a carboxylic acid into an amine with the loss of one carbon. It is
similar to the Wolff rearrangement but in place of diazomethane, this reaction uses an azide nucleophile. A generic example, shown
below, involves generation of an acid chloride upon treatment of the carboxylic acid with thionyl chloride followed by reaction

 Exercise 3.3.8
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with sodium azide to promote the rearrangement then addition of water to generate the amine product. Other products formed
include nitrogen gas and carbon dioxide.

R OH

O
1) SOCl2

2) NaN3 then H2O
R

NH2

As shown below in the full mechanism, the key intermediate is an isocyanate. This forms upon rearrangement of the azide
intermediate resulting in loss of nitrogen gas and formation of a new R-N bond. Addition of water to the isocyanate generates a
carbamic acid that loses carbon dioxide under the reaction conditions to complete the reaction and form the product amine. Other
nucleophiles can be added to the isocyanate intermediate to yield different products including a substituted amide, as shown in the
problem below.

R OH

O
1) SOCl2

2) NaN3 then H2O
R

NH2

R Cl

O

R N

O

N
N R

N
C

O

Isocyanate

OH2
R

N
H

OH

O

R
N OH2

O

R
N
H2

O

O

+ N2 + CO2

Carbamic Acid

Beginning with the indicated starting material, how could you use a Curtius rearrangement to generate the target amide?

OHO

O
PGO

O

O

PGO

NH

O

PGO
O

PGO = generic alcohol
protecting group

Answer

This reaction has been used in the synthesis of the natural product pancratistatin. Like in our general example, the starting
carboxylic acid is treated with thionyl chloride followed by sodium azide. This yields the isocyanate intermediate after a
Curtius rearrangement. Adding a functionalized organolithium reagent to the isocyanide yields the target amide. This
sequence nicely highlights that isocyanates can participate in more than just hydrolysis reactions.

 Exercise 3.3.9
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OHO

O
PGO

O

O

PGO

NH

O

PGO
O

PGO = generic alcohol
protecting group

1) SOCl2
2) NaN3

N
C

O
PGO

O

+
O

O

PGO

Li

Baeyer-Villager Rearrangement 

The Baeyer-Villager rearrangement is the reaction of a peracid with an aldehyde or ketone to yield a carboxylic acid or ester,
respectively. There are two possible products for ketones with selectivity generally favoring migration of the larger group. The
most common peracid used synthetically is meta-chloroperoxybenzoic acid (MCPBA) which also reacts with alkenes to form
epoxides. Beware of this dual reactivity when planning syntheses. The Baeyer-Villager rearrangement mechanism is shown below.
The peracid adds to the aldehyde or ketone to produce a tetrahedral intermediate. Reforming the carbonyl promotes the
rearrangement with H migrating exclusively in the aldehyde substrate to yield the carboxylic acid product. A similar intermediate is
formed in the ketone reaction. In this case, the larger alkyl group migrates (related to which group can better stabilize a partial
carbocation on the carbonyl carbon in the transition state) to yield the ester product.

R H

O
MCPBA

R OH

O

R R’

O
MCPBA

R OR’

O

R’ is larger than RH migrates faster than R

Ar O

O

OH Ar O

O

OH

R H

HO O O
Ar

O

R R’

HO O O
Ar

O

Propose a product for the following Baeyer-Villager rearrangement.

O

MCPBA

Answer

The left side of the ketone is larger than the methyl group, so this alkyl group migrates onto the new O in the mechanism to
yield the product ester. Note that no bonds were formed or broken to the chiral carbon on the cyclohexane ring so this
stereochemistry does not change.

O

MCPBA

O

O

 Exercise 3.3.10

https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://chem.libretexts.org/@go/page/377912?pdf


3.3.11 https://chem.libretexts.org/@go/page/377912

Propose a Baeyer-Villager rearrangement that would yield the target lactone.

O

O

Answer

Thinking about the ketone that led to the formation of the six-membered ring lactone, we should realize that we just need to
remove the O in the ring from the product to yield the all-carbon starting material. In this case, it's cyclopentanone. This
reaction highlights the ability of the Baeyer-Villager rearrangement to promote a ring expansion reaction.

O

O
O

MCPBA

Beckmann Rearrangement 

The Beckmann rearrangement converts ketones into amides and is the nitrogen equivalent of the Baeyer-Villager reaction with
ketones. The rearrangement is relatively straightforward for reactions of symmetrical ketones, as shown in the example below.

O
1) NH2OH

2) H2SO4
N
H

O

Treatment of the ketone with hydroxylamine yields an oxime that rearranges upon exposure to sulfuric acid to yield a nitrilium ion.
Addition of water completes the mechanism to yield the product amide after tautomerization. The details are shown in the scheme
below.

O
1) NH2OH

2) H2SO4
N
H

O

N
OH

N
OH2

N

Nitrilium Ion

N

H2O

N

OH
Tautomerization

NH2OH

H2SO4

What about reaction of an unsymmetrical ketone? The structure of the oxime leads directly to the rearrangement outcome.
Sterically, the OH in the oxime is oriented away from the larger ketone group. This results in the major or only product resulting
from rearrangement of the larger ketone substituent.

O
NH2OH

N N

+

OH HO

Major Minor

Group anti to the
OH migrates

N
H

O

+ N
H

O

Major Minor

What is the product of the following Beckmann rearrangement?

O

1) NH2OH

2) H2SO4

 Exercise 3.3.11
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Answer

When starting with a cyclic ketone, a Beckmann rearrangement promotes a ring expansion reaction to yield an expanded
lactam as shown below.

O

1) NH2OH

2) H2SO4

N

HN

O

OH
N

OH2

N

H2O

The Beckmann rearrangement isn't always this straightforward, as the following experiment illustrates. Beginning with a mixture
of the two oximes, they are treated with tosyl chloride to yield the corresponding tosylates. Heating the tosylates yields four
products. Products 1 and 2 are the standard Beckmann rearrangement products. How did products 3 and 4 form? Clearly, something
strange is happening here.

N
OH

Ph

Ph

N
OH

+
TsCl

N
OTs

Ph

Ph

N
OTs

+
heat

N
H

O

N
H

Ph Ph

O

+

N
H

Ph

O

N
H

Ph

O

+

1 2

3 4

To explain how all four of these products formed simultaneously, we must consider a fragmentation reaction as part of the
mechanism. This results when a highly stabilized carbocation intermediate can form which is definitely the case for this substrate.
Fragmentation of the tosylates yields tertiary carbocations A and C. These carbocations can combine with either of the nitriles (B
or D). So, these four recombination possibilities yield the observed products. This experiment highlights another mechanistic
possibility for the Beckmann rearrangement and provides a preview of the mechanism we will focus on in our next section
(fragmentations!).

N
OTs

Ph

Ph

N
OTs

+ heat

N
H

Ph

O

N
H

Ph

O

+

3 (C+B) 4 (A+D)
Ph

+

+ N

N Ph

N
H

O

N
H

Ph Ph

O

+

1 (A+B) 2 (C+D)A B

C D

Summary Problems 

Propose a mechanism for the following transformation.

O
OBn

OH

excess NaH

O

S
O

HO

BnO

Answer

 Exercise 3.3.13
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The key step in this mechanism is a Payne rearrangement. This occurs after the primary alcohol is deprotonated. The
resulting new epoxide reacts with the sulfur ylide produced upon deprotonation. After forming the new carbon-carbon
bond, the new 5-membered ring forms via a substitution reaction with dimethyl sulfoxide as the leaving group.

Reference - Journal of the American Chemical Society 2004
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The molecule below can be used to synthesize substituted azulenes. Our goal in this problem is to propose a three-step
synthesis of this bicyclic cyclopentenone. One step involves dichloroketene while another is a ring expansion reaction.

Cl

O

Answer

The key step in this synthesis is a Wolff rearrangement. The synthesis begins with a ketene [2+2] cycloaddition between
cycloheptatriene and dichloroketene. The resulting bicyclic ketone reacts with diazomethane and then undergoes the Wolff
rearrangement. This results in a ring expansion to yield the 5,7-bicycle. The final step in the synthesis is an E2 elimination
of HCl promoted by triethylamine.

Reference - Angewandte Chemie International Edition 2005
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(+)-Sparteine is a natural product that is a very popular chiral ligand for a variety of asymmetric reactions. The first
asymmetric total synthesis of this molecule was published in 2002 and it involved several reactions of interest to us. Azide 1
was prepared in eight steps from commercially available norbornadiene. Propose a mechanism for the conversion of 1 into
amide 2. After five steps, 2 was converted into keto iodide 3 which upon treatment with hydroxyl amine and tosyl chloride

 Exercise 3.3.14

 Exercise 3.3.15
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yielded amide 4. (Note: I have modified the reaction conditions for the synthesis of 4 from the literature to make them
consistent with material you have learned in this chapter.) Provide a mechanism for this transformation and then indicate how
you would convert 4 into (+)-sparteine in one step.
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Answer

The key step here is a Schmidt reaction which is similar to a Curtius rearrangement. The Lewis acid activates the carbonyl
for attack by the azide. This tetrahedral intermediate undergoes the rearrangement to form the amide product and lose
nitrogen gas.
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The key step in this sequence is a Beckmann rearrangement. The mechanism starts with a substitution reaction with
hydroxylamine following by an intramolecular iminium ion formation. (Note: I have omitted the proton transfer steps to
save space.) In the paper cited below, the second step is irradiation with ultraviolet light to promote an unusual photo-
Beckmann rearrangement. For consistency with what we learned in this chapter, we will proceed as if TsCl and heat will
enable this transformation. Addition of tosyl chloride and heat should promote formation of an N-tosylate that undergoes
the Beckmann rearrangement. This yields a very unusual intermediate with positive charges on adjacent atoms (and likely
explains why this reaction doesn't work in the lab). It should react quickly with water to yield the amide product after
deprotonation.
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The synthesis of (+)-sparteine concludes with a lithium aluminum hydride reduction of the amide.

Reference - Organic Letters 2002
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Propose a mechanism for the following transformation.
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Answer

The key step in this mechanism is a semi-pinacol rearrangement. In the first step, bromine reacts with the alkene to yield a
cyclic bromonium ion intermediate. This undergoes a semi-pinacol rearrangement to yield the target aldehyde.

Reference - Organic Letters 2004
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Trost discovered the following transformation while investigating the total synthesis of pseudolaric acid B. Propose a
mechanism to explain this reaction.
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Answer

The key step in this mechanism is a pinacol rearrangement. The epoxide adds to the Lewis acid, then opens up to form a
tertiary allylic carbocation. Next, the pinacol rearrangement yields the bicyclic 5,6-spiro product.

Reference - Journal of the American Chemical Society 2008
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