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Preface

Organic chemistry encompasses a very large number of
compounds possessing numerous structure types and
characteristics. The structural features and characteristics
undergo changes during many complex chemical reactions.
These reactions allow the synthesis and inter-conversion of
millions of compounds. These chemical reactions involving
organic compounds are known as name reactions. Addition
reactions,:elimination reactions, substitution reactions,
pericyclic reactions, rearrangement reactions and redox
reactions are some of the important name reactions having
vast utility in many fields.

The present book explains how covalent bonds break
and form including the processes involved at the outset. The
book describes the types of name reactions mentioned above
along with their basis and mechanism. Looking to the vast
utility of name reactions in the construction of new organic
molecules, man-made chemicals, plastics, food additives,
fabrics, etc., the book makes sensible suggestions about
mechanism and provides step-by-step knowledge on
production of intermediates and final compounds. This
schematic and picturesque presentation on name reactions
will be highly beneficial to students, teachers, chemists and
general readers.

K.R. Desai
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Organic Reaction Mechanism

CHEMICAL REACTIVITY

Organic chemistry encompasses a very large number of
compounds (millions), and our previous discussion and illustrations
have focused on their structural characteristics. Now that we can
recognize these actors, we turn to the roles they are inclined to play
in the scientific drama staged by the multitude of chemical reactions
that define organic chemistry.

We begin by defining some basic terms that will be used
frequently as this subject is elaborated.

Chemical Reaction: A transformation resulting in a change of
composition, constitution and/or configuration of a compound.

Reactant or Substrate: The organic compound undergoing
change in a chemical reaction. Other compounds may also be
involved, and common reactive partners ( reagents) may be identified.
The reactant is often (but not always) the larger and more complex
molecule in the reacting system. Most (or all) of the reactant molecule
is normally incorporated as part of the product molecule.

Reagent: A common partner of the reactant in many chemical
reactions. It may be organic or inorganic; small or large; gas, liquid
or solid. The portion of a reagent that ends up being incorporated in
the product may range from all to very little or none.

Product(s) The final form taken by the major reactant(s) of a
reaction.

Reaction Conditions The environmental conditions, such as
temperature, pressure, catalysts & solvent, under which a reaction
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progresses optimally. Catalysts are substances that accelerate the rate
( velocity) of a chemical reaction without themselves being consumed
or appearing as part of the reaction product. Catalysts do not change
equilibria positions.

Chemical reactions are commonly written as equations:
Reagent(s)

Reaction
Conditions

Reactant(s) L J » Product (s)

CLASSIFYING ORGANIC CHEMICAL REACTIONS

These are the “tools” of a chemist, and to use these tools
effectively, we must organize them in a sensible manner and look
for patterns of reactivity that permit us make plausible predictions.
Most of these reactions occur at special sites of reactivity known as
functional groups, and these constitute one organizational scheme
that helps us catalog and remember reactions. This is best
accomplished by perceiving the reaction pathway or mechanism of
a reaction.

CLASSIFICATION BY STRUCTURAL CHANGE

First, we identify four broad classes of reactions based solely
on the structural change occurring in the reactant molecules. This
classification does not require knowledge or speculation concerning
reaction paths or mechanisms.

The letter R in the following illustrations is widely used as a
symbol for a generic group. It may stand for simple substituents such
as H- or CH;~, or for complex groups composed of many atoms of
carbon and other elements.

Four Reaction Classes.

R R R R
\ / i |
/C:Q + AA-B——>»A-C-C—-B
.
Addition
R R R R
| | A\ v
Y~-C~-C—Z — /C:C\ + Y-Z
| i
R R R R

- . .
Elimination
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R R
|
R-C-Y+Z —» R_cl;—Z+Y
| |
R R
Substitution
R H R H
1| 1|
R-C~C—-X —* R-C-C-R
1 1 [
R H X H

Rearrangement

In an addition reaction the number of o-bonds in the substrate
molecule increases, usually at the expense of one or more n-bonds.
The reverse is true of elimination reactions, i.e.the number of o-bonds
in the substrate decreases, and new n-bonds are often formed.
Substitution reactions, as the name implies, are characterized by
replacement of an atom or group (Y) by another atom or group (Z).
Aside from these groups, the number of bonds does not change. A
rearrangement reaction generates an isomer, and again the number
of bonds normally does not change.

ORGANIC REACTIONS

The Mechanism of Reduction Reactions

Two fundamentally different reducing agents have been used
to add hydrogen across a double bond. A metal can be used to catalyze
the reaction between hydrogen gas and the C = C double bond in an
alkene.

T H
H H
H
Se=c7 — ' » H—C—C—H
~ ~ Ni
H H |
H H

A source of the hydride (H") ion, on the other hand, is used to
reduce C=0 double bonds.
1. LIATH,
in ether
CH3CHQCH B A CHSCHZCHaoH
2.H,0



4 Organic Reaction Mechanism

The difference between these reactions is easy to understand.
The first reaction uses a nonpolar reagent to reduce a nonpolar double
bond. The atoms on the surface of a metal are different from those
buried in the body of the solid because they cannot satisfy their
tendency tc form strong metal-metal bonds. Some metals can satisfy
a portion of their combining power by binding hydrogen atoms and/
or alkenes to the surface.

M,
H H - "_I_

- o

Adding one of the hydrogen atoms to the alkene forms an aikyl
group, which can bond to the metal until the second hydrogen atom
can be added to form the alkene.

\ “‘\\\\\

\ “\\\\\\

H— O .
H—CN .L\”"

N —

Although the hydrogen atoms are transferred one at a time, this
reaction is fast enough that both of these atoms usually end up on
the same side of the C=C double bond. This can’t be seen in most
alkanes produced by this reaction because of the free rotation around
C—C bonds. Reduction of a cycloalkene, however, gives a
stereoselective product.

H
CH;  Hy/Ni H
—
CH3 CHa
CH,

Reduction of an alkyne with hydrogen on a metal catalyst gives
the corresponding alkane. By selectively “poisoning” the catalyst it
is possible to reduce an alkyne to an alkene. Once again, the reaction
is stereoselective, adding both hydrogen atoms from the same side
of the C—C bond to form the cis-alkene.
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H, CHy CH,
CH—C=C—CH, ——» c=c__
Pdon CaCO; g H

Because it is a polar reagent, LiAlH, won’t react with a C=C
double bond. It acts as a source of the H™ ion, however, which is a
strong Brynsted base and a strong nucleophile. The H™ ion can
therefore attack the * end of a polar C=O double bond.

4 i
_C_ CHy ——0— CH,
H,C CH, |
H
o H-

The neutral AlH; molecule formed when an AlH," ion acts as a
hydride donor is a Lewis acid that coordinates to the negatively
charged oxygen atom in the product of this reaction. When, in a
second step, a protic solvent is added to the reaction, an alcohol is
formed.

g AlH, $O—H

CH;—C—CH, + H,O — CH;—C—CH, + OH

H H
Nucleophilic Attack by Water

In the early nineties, Dashiell Hammett created the genre of the
“hard-boiled”. A common occurrence in this literature was a character
who “slipped someone a Mickey Finn” a dose of the sedative known
as chloral hydrate dissolved in a drink that contains alcohol.

Cl  OH
Cl—C —C—¢l

Cl OH
Fig. Chloral hydrate

Chloral hydrate is a white solid formed by adding a molecule
of water across the C=0 double bond in the corresponding aldehyde.
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(I)I C? cl O—H
CI—I—VE——H + H,O0 =—= CI-—-‘%——%—H
I Ci OH

The equilibrium constant for this reaction is sensitive to the
substituents on the C=0 double bond. Electron-withdrawing
substituents, such as the C1;C group in chloral, drive the reaction
toward the dialcohol, or diol (XK, > 1). Electron-donating
substituents, such as the pair of CH, groups in acetone, pull the
equilibrium back toward the aldehyde (K, = 2 x 1073).

The rate of this reaction can be studied by following the
incorporation of isotopically labeled water. The vast majority
(99.76%) of water molecules contain °O, but some contain 170
(0.04%) or 80 (0.2%). When acetone is dissolved in a sample of
water that has been enriched in 30, it gradually picks up the 130

isotope.
9 b
CH;—C—CH, H,0" === CH,—C—CH, == CH,—C—CH,+H,0

l
OH

The rate of this reaction is infinitesimally slow in a neutral
solution (pH 7). But, in the presence,of a trace of acid (or base), the
reaction occurs very rapidly.

Acid and Base Catalyzed Hydration

The role of the acid catalyst is easy to understand. Protonation
of the oxygen atom increases the polarity of the carbonyl bond.

+ /H
o :?___H
C C

AN
H/ \H H/+ H

This increases the rate at which a water molecule can act as
a nucleophile toward the positive end of the C=0 double bond.
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Acid-catalyzed hydration: Step 1

..0/5 :ol H
c‘;l CH, ——(I:—CH3
cH./ <\0Ha :O|:—-H
:0—H :
H

The product of this reaction then loses an H* ion to form
the diol.

Acid-catalyzed hydration: Step 2
tO—H O—H

CH;——E—CHS =——= CH,—C—CH, +H’
& H :0—H

The role of the base catalyst is equally easy to understand.
The OH" ion is a much stronger nucleophile than water; strong
enough to attack the carbonyl by itself.

Base-catalyzed hydration: Step 1

"0 101
") ——= CH,—C—CH
C =——= CH,—C—=CH,
CH,” 7 CH, T
cO—H

[ K J bl
«O—H
The product of this reaction then picks up a proton from a water
molecule to form the diol and regenerate the OH™ ion.
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Base-catalyzed hydration: Step 2

20s” O—H
CH—G—CH, +H,0

? e CHg——i—-CHs + OH
:.O.—H *0O—H

There is a fundamental relationship between the mechanisms
of the reactions at the carbonyl group introduced so far. In each case,
a nucleophile or Lewis base attacks the positive end of the carbonyl
group. And, in each case, the rate of reaction can be increased by
coordinating a Lewis acid or electrophile at the other end of the

carbonyl.
/\ Electrophiles
. (H', Mg®, AlH,, etc.)
AN
Nucleophiles
(CH; , H, H,0, OH, etc.)

There is a subtle difference between these reactions, howevar.
Very strong nucleophiles, such as Grignard reagents or the hydride
ion, add to the carbonyl in an irreversible reaction.

O=—=0

o o
q]
C

CH, < <\0H3

«CHy
Attack by a weaker nucleophile, such as water, is a reversible
reaction that can occur in either direction.
0] OH

——— CH,—C — CH,

CH,

Il |
CHy— C—CH, + H,0 === CH;—C—CH,
H
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Nucleophilic Attack by an Alcohol

What would happen if we dissolved an aldehyde or ketone in
an alcohol, instead of water? We would get a similar reaction, but
now an ROH molecule is added across the C=0 double bond.

0 —H
l
CH,—C—H + CHOH —= CH;— (i_ H

OCH;,

Once again, the reaction is relatively slow in the absence of an
acid or base catalyst. If we bubble HCI gas through the solution, or
add a small quantity of concentrated H,SO,, we get an acid-catalyzed
reaction that occurs by a mechanism analogous to that described in
the previous section.

Agid-catalyzed reaction of an alcohol with a carbonyl

+. i *e
%3 10— $0—H
e CH, CH; = ) CHg"“—‘ "‘CH} + H’
3
CHy CH,
KX . - H :.. CHB
CH, 3

The product of this reaction is known as a hemiacetal (literally,
“half of an acetal™). If an anhydrous acid is added to a solution of
the aldehyde in a large excess of alcohol, the reaction continues to
form an acetal.

0 OCH,

| HCI
CH;—C—H + 2CHOH ——= CH;—Cc—H + H,0

OCH,

Hemiacetals can be recognized by looking for a carbon atom
that has both anOH and an OR group.

CH, .

A hemiacetal
CH,CH,OCHOH
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Acetals, on the other hand, contain a carbon atom that has two
—OR groups.
T

CH,CH,OCOCH
s 3 An acetal

CH,

Hemiacetals and acetals play an important role in the chemistry
of carbohydrates. Consider what would happen, for example, if the
—OH group on the fifth carbon atom in a glucose molecule attacked
the aldehyde at other end of this molecule.

O

I

CH «—
H—C—OH

HO_CI—H

H_?_OH
H—C—OH—

CH,OH

The product of this reaction is a hemiacetal that contains a six-
membered ring known as a pyranose. Two isomers of glucopyranose
can be formed, depending on whether the OH group attacks from
above or below the C=0 group.

a-D-Glucopyranose
CH,0H

o
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B-D-Glucopyranose

CH,CH
H

H

OH H
OH

H OH

An analogous intramolecular reaction can occur within a
fructose molecule.
CH,OH

I
Cl)._—_.o
HO—C—H

H ——(|;—OH

H—C—OH

CH,OH
In this case, a hemiacetal is formed.that contains a five-
membered furanose ring. Once again, there are two isomers,
depending on how the OH group attacks the C=0 group.

a-D-Fructofuranose b-D-Fructofuranose
CH,OH o OH CH,OH o CH,OH
H OH H OH
H CH,OH H OH
OH H OH H

Sugars, such as glucose and fructose, can be linked to form
complex carbohydrates by forming an acetal linkage between the OH
group on one sugar and the hemiacetal on the other. Sucrose, or cane
sugar, for example, is an acetal formed by linking -D-gluco-pyranose
and -D-fructofuranose residues.
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Sucrose
HOH,C o)
HO
HO
OH OH
0 CH,OH
0
o .
CH,OH

Addition/Elimination Reactions of Carboxylic Acid Derivatives

The following reaction can be used to illustrate the synthesis of

an ester from a carboxylic acid
@) 0}

CH,COH + CHyCH,OH CHZCOCH,CH,

These reactions occur very slowly in the absence of a strong
acid. When gaseous HCl is bubbled through the solution, or a small
quantity of concentrated H,SO, is added, these reactions reach
equilibrium within a few hours. Once again, the acid protonates the
oxygen of the C=0 double bond, thereby increasing the polarity of
the carbonyl group, which makes it more susceptiole to attack by a
nucleophile.

As might be expected, the first step in this reaction involves
attack by a nucleophile at the positively charged end of the C=0
double bond. A pair of nonbonding electrons on the oxygen atom of
the alcohol is donated to the carbon atom of the carbonyl to form a
CO bond. As this bond forms, the electrons in the bond of the
carbonyl are displaced onto the oxygen atom. A proton is then
transferred back to the solvent to give a tetrahedral addition
intermediate.

Nucleophilic addition
.g/H
P .. | .. | ...
CHy—C—QOH == CHy—C—OH == CHy—C—OH + H

OH $OH

. HOCH,CH; OCH,CH;
HOCH;CH; A "
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One of the —OH groups in this intermediate picks up a proton,
loses a molecule of water, and then transfers a proton back to the
solvent to give the ester.

Nucleophilic elimination

$OH OH H
| .. +H C (L_ -H,0
CHy—C—OH == CH’_?-C;‘ H ==
20CH,CH, $OCH,CH;3
OH ‘o
I ..
CH,—l == CH;—C—OCH,CH,
:0H

The combination of addition and elimination reactions has the
overall effect of substituting one nucleophile for another in this case,
substituting an alcohol for water. The rate of these nucleophilic
substitution reactions is determined by the ease with which the
elimination step occurs. As a rule, the best leaving groups in
nucleophilic substitutions reactions are weak bases. The most
reactive of the carboxylic acid derivatives are the acyl chlorides
because the leaving group is a chloride ion, which is a very weak
base (K, 10720).

0] (0]

CH,CCl + CHZOH==—==CH,COCH, + CI

Esters are less reactive because the leaving group is an alcohol,
which is a slightly better base (X, 1014).

o) 0]
I I

CH,COCH,CHg+ CH,OH CH,COCH; + CH,CH,0OH
Amides are even less reactive because the leaving group is
ammonia or an amine, which are significantly more basic (K, 1079).
O 0]

CH,CONHCH;, + CH,0H ===== CH,COCH;+CH,NH,
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Free Radical Reactions

The starting point for reactions at a carbonyl involves attack by
a nucleophile on the carbon atom of the C=0 double bond.

H
+e oo
.O‘/ . «O—H
C =—= CH,— C— CH,
N |
CH, CH, $0—H
:.Cf——H HI
H

Or it involves the heterolytic splitting of a bond to form a
nucleophile that can attack the carbonyl group.

H H -
H—(J)—Li — H——c:>: Lt
! )
0t Tor
X

In either case, the reaction is carried by a reagent that donates a
pair of electrons to a carbon atom to form a new covalent bond.

Free-radical halogenation of an atkane occurs by a very different
mechanism. The first step in these reactions is the homolytic splitting
of a bond to give a pair of free radicals.

Chain initiation

S0l — Cls === 2 :Cle
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A series of reactions then occurs that involves a chain-reaction.
Consider the chlorination of propane, for example. A Cl- atom can
attack the CH; group at one end of the molecule.

Chain propagation
o H HH H HH
TN L .o 1]
T T
H H H }1{ H H
Or it can attack the CH, group in the centre of the molecule.
Chain propagation
SO :Cl— H
LT o,
H— Ho— L e
H—C—C—C—H
L 1

The free radicals generated in these reactions then react with
chlorine to form either 1-chloro-propane or 2-chloropropane and
regenerate a Cl- radical.

Chain propagation
H H H H H H
H—(IJ—(li—(l?/F\Cl—a — g sl
Honoo hod o

m ‘o

by G—8: — i—dd Ly 3Gl
b Aok

There are six hydrogen atoms in the two CH; groups and two
hydrogens in the CH, group in propane. If attack occurred randomly,
six-eighths (or three-quarters) of the product of this reaction would
be 1-chloropropane. The distribution of products of this reaction,
however, suggests that 1-chloropropane is formed slightly less offen
than 2-chioropropane.

Cl

CH;CH,CH; + Cl, —  CICH,CH,CH,+ CHJ:HCH3
1-chloropropane 2-chloropropane
(45%) (55%)
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This can be explained by noting that the 2 radical formed by
removing a hydrogen atom from the CH, group in the centre of the
molecule is slightly more stable than the 1 radical produced when a
hydrogen atom is removed from one of the CH; groups at either end
of the molecule.

The difference between these radicals can be appreciated by
considering the energy it takes to break the CH bond in the following
compounds.

T i
CHS——Cl)—H == CH, <I: +H
CH, CH,

AH = -381 kJ/mol

| |
CH3—<|:——H == CH, —T- +H'
H H
AH = =395 kJ/mol,
i T
H—C—H=== H—C*+H
| |
H H
AH = -410 kJ/mol , |

These data suggest that it takes less energy to break’a CH bond
as the number of alkyl groups on the carbon atom that contains this
bond increases. This can be explained by assuming that the products
of the bond-breaking reaction become more stable as the number of
alkyl groups increases. Or, in other words, 3° radicals are more stable
than 2° radicals, which are more stable than 1° radicals.

Cf'ls CH3 CH3

CH,—C* > CH,—C* > H—C>

CH, H H
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The activation energy for the chain-propagation steps in free-
radical bromination reactions is significantly larger than the activation
energy for these steps during chlorination. As a result, free-radical
bromination reactions are more selective than chlorination reactions.
Bromination reactions are far more likely to give the product predicted
from the relative stability of the free-radical intermediate.
Bromination of 2-methylpropane, for example, gives almost
exclusively 2-bromo-2-methylpropane, not the statistically more likely
1-bromo-2-methylpropane.

CH, CH,
CH,CHCH, + Br,—————CH,CCH,

Br
Bimolecular Nucleophilic Substitution or S2 Reactions

Most of our knowledge of the mechanisms of chemical reactions
has come from the study of the factors that influence the rate of these
reactions. The type of reaction that has been studied more than any
other involves attack by a nucleophile on a saturated carbon atom.
Consider the following reaction, for example, which converts an alkyi
bromide into an alcohol.

CH;Br + OH™ — CH;0H + Br-

In the course of this reaction, one nucleophile (the OH™ ion) is
substituted for another (the Br- ion). This is therefore a nucleophilic
substitution reaction.

The rate of this reaction is first-order in both CH;Br and the
OH~ ion, and second-order overall.

Rate = k(CH,Br)(OH")

In the 1930s, Sir Christopher Ingold proposed a mechanism for
this reaction in which both the alkyl halide and the hydroxy! ion are
involved in the rate-limiting or slowest step of the reaction. The OH"
ion attacks the “backside” of the CH;Br molecule. (It attacks the
carbon atom at a point directly opposite to the Br substituent or
leaving group.) When this happens, a pair of nonbonding electrons
on the OH" ion are used to form a covalent bond to the carbon atom
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covalent bond to the carbon atom at the same time that the
carbon-bromine is broken, as shown in the figure below.

H H H

3 I / + Br
\\\\\‘ Br ———» HQ -~ C\ ...... Br ——» HO—C,

H\
H H HH

HO™

Because the rate-limiting step in this reaction involves both
the CH;Br and OH™~ molecules, it is called a bimolecular
nucleophilic substitution, or Sy2, reaction.

T,
W

The most important point to remember about the
mechanism of Sy 2 reactions is that they occur in a single step.
The species in the middle of Figure O3.2 is known as a transition
state. If you envision this reaction as an endless series of
snapshots that capture the infinitesimally small changes which
occur as one bond forms and the other bond breaks, the
transition state is the snapshot in this series that has the highest
energy and is therefore the least stable. The transition state has
an infinitesimally short lifetime, on the order of 10-12 seconds.

In the course of an Sy2 reaction, the other three substituents
on the carbon atom are “flipped” from one side of the atom to
the other. This inevitably leads to inversion of the configuration
at a stereocentre. Consider the following reaction, for example,
in which cis-1-bromo-3-methylcyclopentane is converted into
trans-3-methylcyclopentanol.

CH Br CH

- +Br

OH OH
Or the reaction in which the 2-butanol. R isomer of 2-
bromobutane is transformed into the S isomer of

CH,CH, /CHcha
HO™ + \\\e\C——Br————r HO—C, + Br
CH,Y V2
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Unimolecular Nucleophilic Substitution or Sy1 Reactions

The kinetics of nucleophilic substitution reactions have been
studied in greater detail than any other type of reaction because they
don’t always proceed through the same mechanism. Consider the
reaction between the OH" ion and ¢-buty! bromide, for example.

(CH,)CH,Br + OH- - (CH,)CH,0H + Br-

The rate of this reaction depends only on the concentration of
the alkyi bromide. (Adding more OH ion to the solution has no effect
on the rate of reaction.)

Rate = k((CH,),CBr)

Ingold and coworkers argued that this rate law is consistent with
a mechanism in which the rate-limiting or slowest step involves the
breaking of the carbon-bromine bond to form a pair of ions. As one
might expect, the pair of electrons in the CBr bond end up on the
more electronegative bromine atom.

Rate-limiting step:
CH, CH,

CH;— C—Br—— CH;—C" +Br
CH, CH,
Because the bromine atom has formally gained an electron from
the carbon atom, it is now a negatively charged Br- ion. Because the
carbon atom has formally lost an electron, it is now a “carbocation.”

The first step in this mechanism is a relatively slow reaction.
(The activation energy for this step is roughly 80 kJ/mol.) If this
reaction is done in water, the next step is extremely fast. The
(CH,),C" ion is a Lewis acid because it has an empty orbital that
can be used to accept a pair of electrons. Water, on the other hand,
is areasonably good Lewis base. A Lewis acid-base reaction therefore
rapidly occurs in which a pair of nonbonding electrons on a water
molecule are donated to the carbocation to form a covalent C—O
bond.
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CH,4 CH,

CH;— C* + H;0 —» CH;— C—O0H;’

| &
CH, 8

The product of this reaction is a stronger acid than water. As a
result, it transfers a proton to water.

CH; CH;
CH;—C-—0OH; + H,0———»CH;—C—O0H + H;0*

CH; CH;

Because the slowest step of this reaction only involves #butyl
bromide, the overall rate of reaction only depends on the
concentration of this species. This is therefore a unimolecular
nucleophilic substitution, or Sy 1, reaction.

The central carbon atom in the #-butyl carbocation formed in
the first step of this reaction is planar, as shown in the figure below.

+
ottt CH3

CH3 - C\ CH3

This means that water can attack this carbocation in the second
step with equal probability from either side of the carbon atom. This
has no effect on the products of this reaction, because the starting
material is not optically active. But what would happen if we started
with an optically active halide, such as 2-bromobutane?

Regardless of whether we start with the R or S isomer, we get
the same intermediate when the CBr bond breaks.

CH3Cl{l2 CH,CH; |+ CH,CH,
H\\\\\-“C—Br — L Br «—— BF—C"”IIH
CH, CHH CH,

The intermediate formed in the first step in the Sy;1 mechanism
is therefore achiral.

Mixtures of equal quantities of the +/- or R/S stereoisomers of a
compound are said to be racemic. This term traces back to the Latin
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racemus, which means “a cluster of grapes.™ Just as there is an equal
probability of finding grapes on either side of the stem in a cluster
of grapes, there is an equal probability of finding the R and S
enantiomers in a racemic mixture. Sy 1 reactions are tl]erefore said
to proceed with racemization. If we start with a pure sample of (R)-
2-bromobutane, for example, we expect the product of the Sy1
reaction with the OH™ ion to be a racemic mixture of the two
enantiomers of 2-butanol.

We are now ready to address a pair of important questions. First,
why does CH;Br react with the OH" ion by the Sy2 mechanism if
(CH;),CBr does not? The Sy2 mechanism requires direct attack by
the OH- ion on the carbon atom that carries the CBr bond. It is much
easier for the OH" ion to get past the small hydrogen atoms in CH;Br
than it is for this ion to get past the bulkier CH, groups in (CH;),CBr.

H\ \ H ;_|
4 —Br ey 0 PO Br .._.__§Ho___ C + Br_
“"f *'é\ %

ﬁl: Ak h’H

HO™
Thus, Sy 2 reactions at the 1° carbon atom in CH;Br are much
faster than the analogous reaction at the 3° carbon atom in (CH,),CBr.

Why, then, does (CH,);CBr react with the OH" ion by the Sy1
mechanism if CH;Br does not? The Syl reaction proceeds through
a carbocation intermediate, and the stability of these ions decreases
in the following order.

CH, GH, CH, H
CHa——g > CHS—-—lé+ > Ht > H—g
du, ! ; .

Organic chemists explain this by noting that alkyl groups are
slightly “electron releasing.”

They can donate electron density to a neighbouring group. This
tends to delocalize the charge over a larger volume of the molecule,
which stabilizes the carbocation.

When we encountered a similar phenomenon in the chemistry
of free radicals we noted that 3° radicals are roughly 30 kJ/mol more
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stable than 1 radicals. In this case, the difference is much larger. A
3° carbocation is 340 kJ/mol more stable than a 1° carbocation! As a
result, it is much easier for (CH;);CBr to form a carbocation
intermediate than it is for CH;Br to undergo a similar reaction.

In theory, both starting materials could undergo both reaction
mechanisms. But the rate of Sy2 reactions for CH;Br are much faster
than the corresponding Sy1 reactions, whereas the rate of Syl
reactions for (CH;);CBr are very much faster than Sy2 reactions.

Elimination Reactions

Why do we need to worry about whether a nucleophilic
substitution reaction occurs by an Sy or Sy2 mechanism? At first
glance, it would appear that the same product is obtained regardless
of the mechanism of the reaction. Consider the following substitution
reaction, for exampie.

Br OCH;,

CH,CHCH,; + CH;O™ —» CH3;CHCH; + Br~
The only apparent difference between the two mechanisms is
the stereochemistry of the product. If the reaction proceeds through
an Sy2 mechanism, it gives inversion of configuration conversion
of an R starting material into an S product, or vice versa. If the reaction
proceeds through a carbocation intermediate via an Sy 1 mechanism,
we get a racemic mixture.

The importance of understanding the mechanism of nucleophilic
substitution reactions can best be appreciated by studying the
distribution of products of the example given above. When 2-
bromopropane is allowed to react with the methoxide ion in methanol,
less than half of the starting material is converted into methyl
isopropyl ether; the rest is transformed into 2-propene.

Br OCH,

CH4CHCH; + CHO0™ ——» CH,CHCH, * CH,CH==CH,
ca 40% ca 60%
The reaction that produces the alkene involves the loss of an
HBr molecule to form a C=C double bond. It is therefore an example
of an elimination reaction.
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Starting materials that are likely to undergo an bimolecular S2
reaction undergo elimination reactions by a bimolecular E,
mechanism. This is a one-step reaction in which the nucleophile
attacks a C—H bond on the carbon atom adjacent to the site of S22
reaction.

CH,0 5
\> Cl CH,OH

H—-—\C}CHCHS ~23 ' CH,==CHCH, +Br-

Starting materials that are likely to undergo a unimolecular Sy1
reaction undergo elimination reactions by a unimolecular E;
mechanism. As might be expected, the rate-limiting step is the
formation of the carbocation.

Rate-limiting Step:
CH, CH,

CH;~— CI:— gr =——= CH,—C" + Br
o d
The solvent then acts as a base, removing an H* ion from one
of the alkyl groups adjacent to the carbocation. The electrons in the
CH bond that is broken are donated to the empty orbital on the
carbocation to form a double bond.

CH;0H

CH; CH; o,

(cu,—c* — T\ CH,;—C* — cn,=c/
| NR Nett
CH; CH;
Substitution Versus Elimination Reactions

There are three ways of pushing the reaction between an alkyl
halide and a nucleophile toward elimination instead of substitution.

*  Start with a highly substituted substrate, which is more
likely to undergo elimination. Only 10% of a primary
alkyl bromide undergoes elimination to form an
alkene, for example, when it reacts with an alkoxide
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ion dissolved in alcohol. The vast majority of the
starting material goes on to form the product expected
for an §\2 reaction.

CH,0~
CH,CH,CH,Br C_s_» CH,CH,CH,OCH,

Hy
More than half of a secondary alkyl bromide undergoes
elimination under the same conditions, as we have aiready seen.

Br OCH;,

CH,CHCH, + CH;0™ — CH,CHCH, + CH,CH—CH,
ca 40% ca 60%
When the starting material is a tertiary alkyl halide, more than
90% of the product is formed by an E, elimination reaction.

|~ cno S
CH;— C—Br————» CH,=—=¢
CH,OH AN
CH,
H3

e Use a very strong base as the nucleophile. When we
use a relatively weak base, such as ethyl alcohol, only
about 20% of t-butyl bromide undergoes elinmination.

In the presence of the ethoxide ion, which is a much stronger
base, the product of the reaction is predominantly the alkene.

CH H
é3 CH,CH,OH 3 CH,
CHs—l—-Br ———> CH;—C—OCH,CH, + CH~C{
aH, H, CH,
ca. 80% ca. 20%

* Increase the temperature at which the reaction is run.
Because both E; and E, reactions lead to an increase
in the number of particles in the system, they are
associated with a positive entropy term. Thus,
increasing the temperature of the reaction makes the
overall free energy of reaction more negative, and the
reaction more favourable.
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CH,CH,O™ /

CH;—C—Br —— CH~— C\
é CH,CH,OH -

HS Ca.95%

Summary of Substitution/Elimination Reactions

*  Methyl halides and primary alkyl halides—such as
CH,CH,Br—undergo nucleophilic substitution
reactions.

CH,CH,Br + CN — CH,CH,CN + Br~

* Secondary alkyl halides undergo S\2 reactions when
handled gently at low temperatures and with moderate
strength nucleophiles.

Br SH

l

CHyCHCH, +HS™ ——— CH,CHCH, + Br

* At high temperatures, or in the presence of a strong
base, secondary halides undergo E, elimination
reactions.

Br _
(CH;),CO
CH,CHCH, —* CH,=CHCH;,
heat

Tertiary halides undergo a combination of Sy 1 and E, reactions.
If the reaction is kept cool, and the nucleophile is a relatively weak
base, it is possible to get nucleophilic substitution. At high
temperatures, or with strong bases, elimination reactions predominate.

CH,

CH,0™ H,
CHy—C—Br ——— CH,=C
CH,

CH,
Acids and Bases

For more than 300 years, substances that behaved like vinegar
have been classified as acids, while those that have properties like
the ash from a wood fire have been called alkalies or bases. The
name “acid” comes from the Latin acidus, which means “sour,” and
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refers to the sharp odor and sour taste of many acids. Vinegar tastes
sour because it is a dilute solution of acetic acid in water; lemon
juice is sour because it contains citric acid; milk turns sour when it
spoils because of the formation of lactic acid; and the sour odor of
rotten meat can be attributed to carboxylic acids such as butyric acid
formed when fat spoils.

Today, when chemists use the words “acid” or “base” they refer
to a model developed independently by Bronsted, Lowry, and
Bjerrum. Since the most explicit statement of this theory was
contained in the writings of Brynsted, it is most commonly known
as the “Bronsted acid-base™ theory.

Bronsted Acid-Base Theory

Bronsted argued that all acid-base reactions involve the transfer
of an H* ion, or proton. Water reacts with itself, for example, by
transferring an H" ion from one molecule to another to form an H,0*
ion and an OH™ ion.

HO + HO — HO" + OH

| IR

_H

According to this theory, an acid is a “proton donor” and a base
is a “proton acceptor.”

Acid-Dissociation Equilibrium Constant

Acids are often divided into categories such as “strong” and
“weak.” One measure of the strength of an acid is the acid-
dissociation equilibrium constant, K, for that acid.

[H:0* |47]

[HAl
When K, is relatively large, we have a strong acid.
HCL: K, =1x 10
When it is small, we have a weak acid.
CH,COH: K,=18x107

a
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When it is very small, we have a very weak acid.
H,0: K, = 1.8 x 10716

PH, pOH, and pK ,

In 1909, S. P. L. Syrenson suggested that the €normous range
of concentrations of the H,0" and OH" ions in aqueous solutions
could be compressed into a more manageable set of data by taking
advantage of logarithmic mathermnatics and calculatmg the pH or pOH
of the solution.

pH = —log [H;07]

pOH= — log [OH"]

The “p” in pH and pOH is an operator that indicates that the
negative of the logarithm should be calculated for any quantity to
which it is attached. Thus, pK, is the negative of the logarithm of
the acid-dissociation equilibrium constant.

pK, =-log K,

The only disadvantage of using pK, as a measure of the relative

strengths of acids is the fact that large numbers now describe weak
acids, and small (negative) numbers describe strong acids.

HCI: pK, =-3
CH,CO,H: pK, = 4.7
H,0: pK, = 15.7

An important features of the Brynsted theory is the relationship
it creates between acids and bases. Every Brynsted acid has a
conjugate base, and vice versa.

HCl + H,O0O —— Hao + Ci~
Acid + Base A(‘Id + Base
4

NH; + H0 —— HN,+ oH"

Base + Acid Acid + Base
¥ 3

Just as the magnitude of K, is a measure of the strength of an
acid, the value of K, reflects the strength of its conjugate base.
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Consider what happens when we multiply the K, expression for a
generic acid (HA) by the K, expression for its conjugate base (A").

[H3[O H[]\EA_]X [H‘ﬂ?]H . [H;0" J[on-]

If we now replace each term in this equation by the appropriate
equilibrium constant, we get the following equation.

- K = —14
KK =K,=1x10
Because the product of K, times Ky isa relatively small number,
either the acid or its conjugate base can be “strong.” But if one is

strong, the other must be weak. Thus, a strong acid must have a weak
conjugate base.

HCl + H,0 — H,0" + CI’

Strong Weak
acid base
A strong base, on the other hand, must have a weak conjugate
acid.
NH,'+ OH" —— NH,+ HO
Strong Weak
base acid

Bronsted Acids and Bases in Nonaqueous Solutions

Water has a limiting effect on the strength of acids and bases,
All strong acids behave the same in water |—M solutions of the
strong acids all behave as 1 M solutions of the H;O" ion and very
weak acids cannot act as acids in water. Acid-base reactions don’t
have to occur in water, however. When other solvents are used, the
full range of acid-base strength shown in the table below can be
observed.

Table: Typical Brynsted Acids and Their Conjugate Bases

Compound K, pK, ConjugateBase Ky PKy
HI 3x10° -95 I- 3x102¢ 235
HCl 1 x 100 -6 cl- 1 x 10720 20
H,S0, 1x103 -3 HSO,” 1x 107 17
H,0* 55 -1.7 H,0 1.8x10716 157

HNO, 28 -1.4 NO;~ 3.6 x 10716 15.4
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H,PO, 7.1 %1073 21 HPO, 14x10712 119
CH,CO,H  18x107° 47 CH,CO, 56x1010 93
H,S 1.0 x 107 7.0 HS- 1x107 7.0
H,0 1.8 x 10716 15.7 OH~ 55  -1.7
CH,OH 1x 10718 18  CH,0" 1x 10 -4
HCCH 1x107% 25 HCC- 1x101 11
NH, 1x 103 33 NH,” 1x10¥ 19
H, 1x 1073 35 H- 1x1021 21
CH,=CH, 1x 1074 44 CH,=CH- 1x10% 30
CH, 1x10™% 49 CH," 1x10%  -35

The strongest acids are in the upper-left corner of this table; the
strongest bases in the bottom-right corner. Each base is strong enough
to deprotonate the acid in any line above it. The hydride ion (H), for
example, can convert an alcohol into its conjugate base

CH,OH + H™ ====CH,0™ +H,
and the amide (NH,") ion can deprotonate an alkyne.
CH, ==CH+ NH, === CH,C==C"+NH,

Lewis Acid-Base Theory

In 1923, G. N. Lewis introduced a theory of acids and bases
that is even more powerful than the Brynsted theory. As a result, it
is important to differentiate between the terms “acid” and “base” as
they have been used so far and the terms “Lewis acid” and “Lewis
base.”

Lewis noted that the Brynsted theory was limited because it
focused exclusively on the transfer of a protoh (H*). He argued that
a more general definition of acid-base reactjons could be obtained
by looking at what happens when an H* ion combines with an OH"
ion to form water.

+ X

H *0—H ——H—0 —H
N Lo S

Lewis argued that the H* ion picks up (or accepts) a pair of
electrons from the OH- ion to form a new covalent bond. As a result,
any substance that can act as an electron-pair acceptor is a Lewis
acid.

Lewis acid: An electron-pair acceptor, such as the H* ion
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The pair of electrons that went into the new covalent bond were
donated by the OH" ion. Lewis therefore argued that any substance
that can act as an electron-pair donor is a Lewis base.

Lewis base: An electron-pair donor, such as the OH™ ion

The Lewis acid-base theory doesn’t affect the category of
compounds we have called “bases™ because any Brynsted base must
have a pair of nonbonding electrons in order to accept a proton. This
theory, however, vastly expanded the family of compounds that can
be called ““acids.” Anything that has one or more empty valence-shell
orbitals can now act as an acid

This theory explains why BF; reacts instantaneously with NH;.
The nonbonding electrons on the nitrogen in ammonia are donated
into an empty orbital on the boron to form a new covalent bond, as
shown in the figure below.

F
F
£>B———F NoF
e — |
/N\ N\
0| H/\l\_iH

It also explains why Cu?* ions pick up ammonia to form the
four-coordinate Cu(NH,),** ion

Cu®*(ag) + 4 NH,(ag) - Cu(NH,)* (aq)

In this case, a pair of nonbonding electrons from each of the
four NH; molecules is donated into an empty orbital on the Cu?* ion
to form a covalent Cu—N bond.

J
\V/
N 2+
H £\, 2 NI
~ <H —_—
N. N NH; —Cu—NH,
g 5 |
NH,
N
ANGT
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Curved Arrow Symbolism

The flow of electrons from a Lewis base to a Lewis acid is often
indicated with a curved arrow. The arrow starts on a pair of
nonbonding electrons on the Lewis base and points toward the Lewis
acid with which it reacts. Because adding a pair of electrons to one
point on a molecule often displaces electrons in the molecule,
combinations of curved arrows are often used to describe even simple
chemical reactions. Consider the following example, in which a pair
of electrons on an NH,~ ion are donated to the H* ion formed when
the electrons in one of the CH bonds in acetylene are given to the
carbon atom instead of being shared by the C and H atoms in this
bond.

H ® Q H L& 4
H>N.: H =C——H—>H>N—H+:C.——-=C—H

Using Acids and Bases to Understand Grignard Reagents

The discussion of acids and bases in the previous section helps
us understand the chemistry of the Grignard reagents. Grignard
reagents are made by reacting an alkyl bromide with magnesium metal
in diethyl ether.

Mg
CHsBr?p» CHSMgBr

An analogous reagent, known as an alkyllithium, can be
prepared by reacting the alkyl bromide with lithium metal in diethyl
ether.

EL,O0

In the course of these reactions the carbon atom is reduced from
the -2 to the —4 oxidation state. Whereas the starting material contains
a carbon atom with a partial positive charge, the carbon atom in the
products of these reactions carries a partial negative charge.
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CH,Li and CH;MgBr can therefore be thought of as a source
of the CH;™ ion.
CH,Li === CHy +Li’
The CH;™ ion is the conjugate base cf methane, which is the

weakest Brynsted acid in the table of Brynsted acids and their
conjugate bases.

CHy === CHy +H" K,=1x10""

The CH;™ ion is therefore the strongest Brynsted base in this
table.

Practice Problem I:

A graduate student once tried to run the following reaction to
prepare a Grignard reagent. Explain what he did wrong, why the yield
of the desired product was zero, and predict the product he obtained.

Mg

CH,CH,Br ——— CH,CH,MgBr
CH,CH,OH

Carbanion Attack at a Carbonyl Group

A subtle, but important, point must be made before we can
extend our understanding of acid-base chemistry to the reaction
between a Grignard or alkyllithium reagent and a carbonyl group.
The data in the table of Brynsted acids and their conjugate bases
reflect the strengths of common acids and bases when they act as
Bruymsted acids or bases. These data predict that methyllithium should
react with acetylene to form methane and an acetylide ion, for
example.

CH,Li + HC=CH ==CH, + Li" + {C=CH

! T

This reaction should occur because it converts the stronger of a
pair of Brynsted acids and the stronger of a pair of Brynsted bases
into a weaker acid and a weaker base.

CHys +HC==CH===CH, + sC=CH-

Stronger  Stronger Weaker Weaker
base acid acid base
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The reaction between a carbonyl and CH;Li or CH;MgBr, on
the other hand, involves attack by a CH;™ ion acting as a Lewis base
or nucleophile at the positive end of the carbony! group.

CH,
CH, |
CH;: /—\§0= O—CH,—C —0O
CH, H,

This raises an interesting question: Is the stronger of a pair of
Brynsted bases always the stronger of a pair of Lewis bases?
Unfortunately, the answer is no, it isn’t. At times, the stronger of a
pair of Brynsted bases is the weaker Lewis base or nucleophile. As
a rule, however, strong Brynsted bases are strong nucleophiles, and
weak Brynsted bases are weak nucleophiles.

Despite the enormous utility of the Grignard reagent in organic
chemistry, the exact mechanism of the reaction between these
reagents and a carbonyl is not known. There is reason to believe that
two molecules of the Grignard reagent are involved in this reaction.
The magnesium atom of one molecule of this reagent acts as a Lewis
acid that interacts with the oxygen atom of the carbonyl group. The
alkyl group of the other reagent then acts as a Lewis base, attacking
the positive end of the carbonyl.

O

PN

CH;—Mg—Br
In essence, this reaction involves the attack by a negatively
charged CH,™ion at the positively charged end of the carbonyl group.
When this happens, the pair of nonbonding electrons on the CH;
ion are used to from a C—<C bond. This, in turn, displaces the pair
of electrons in the bond onto the other end of the carbonyl group.
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:0:

CY
c — — C —
PG I J;
- H,
s CH,

The second molecule of the Grignard reagent, which binds at
the oxygen end of the carbonyl, isn’t consumed in the reaction. Its
function is simple. When it acts as a Lewis acid, binding to the oxygen
atom in the C = O double, it increases the polarity of this bond. By

making the bond more polar, it increases the rate at which the CH;~
ion attacks the positive end of the C = O bond.

In the following pages we are discussing ORGANIC NAME
REACTIONS:

ACETOACETIC-ESTER CONDENSATION
1) NaOEt (0] o)

o]
2/lLo/\ 2) H,0* /U\/[Lo/\

The Claisen Condensation between esters containing a-
hydrogens, promoted by a base such as sodium ethoxide, affords B-
ketoesters. The driving force is the formation of the stabilized anion
of the B-keto ester. If two different esters are used, an essentially
statistical mixture of all four products is generally obtained, and the
preparation does not have high synthetic utility.

However, if one of the ester partners has enolizable a-hydrogens
and the other does not (e.g., aromatic esters or carbonates), the mixed
reaction (or crossed Claisen) can be synthetically useful. If ketones
or nitriles are used as the donor in this condensation reaction, a -
diketone or a B-ketonitrile is obtained, respectively.

The use of stronger bases, e.g. sodium amide or sodium hydride
instead of sodium ethoxide, often increases the yield.

The intramolecular version is known as Dieckmann
Condensation.
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Mechanism

—_— + “OEt

M oET —E1OH | [Moa /Kﬁoa /1/?55]

ACETOACETIC ESTER SYNTHESIS
0O O

1. NaOEt
2.R'X

1. NaOEt
——-——-——’

1. NaOH -EtOH  1.NaOH l EtOH
2.H,80,, 125 °C | - CO, 2.H,50,, 125 °Cv - Co,
o)

o)
R)j\/ ? R/u\/ "
R"

When o-keto acetic acid is treated with one mole of a base, the
methylene group which is more acidic reacts with the base. And the
reaction with an alkylation reagent gives alkyl products attached to
methylene. When this reaction is repeated in the next step, the other
hydrogen can also react to a dialkyl product. The two alkylation
agents may be the same or different (R',R").

B-Keto esters tend to decarboxylate after hydrolysation to §-keto
carboxylic acid and heating to give one or two alkyl-substituted
ketones, respectively.
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(0] o) 0 o
2 NaCEt
—_—
R /U\/U\OEt L/U\)Loa]
Bx 0O O
, R
\/IJ\)LOEt

If two moles of a base are added in the first step, the hydrogen
of the more acidic methylene group, and in the next step the hydrogen
of the methy! group (ambident nucleophiles), reacts with the base.
The hydrogenated methyl group is, however, more acidic than the
hydrogenated methylene group. The reaction with alkylation agent
in the following step gives a product substituted at methyl group.
This can be synthetically used to prepare selectively ketones of
different types.

ACYLOIN CONDENSATION
(o]
-2 NaOCH,
2l eana 20O,
R OMe
o R o) R
>:_< 2 Na* ——Iiz—o——» H
R (o2 R OH

The bimolecular reductive coupling of carboxylic esters by
reaction with metallic sodium in an inert solvent under reflux gives
an a-hydroxyketone, which is known as an acyloin. This reaction is
favoured when R is an alkyl. With longer alkyl chains, higher boiling
solvents can be used. The intramolecular version of this reaction has
been used extensively to close rings of different sizes, e.g.
paracyclophanes or catenanes.

cooH Na  HO o
—_—
~COOH w01 oH

If the reaction is carried out in the presence of a proton donor,
such as alcohol, simple reduction of the ester to the alcohol takes
place (Bouveault-Blanc Reduction).

The Benzoin Condensation produces similar products, although
with aromatic substituents and under different conditions.
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When the acyloin condensation is carried out in the presence of
chlorotrimethylsilane, the enediolate intermediate is trapped as the
bis-silyl derivative. This can be isolated and subsequently is
hydrolysed under acidic condition to the acyloin, which gives a better
overall yield.

Mechanism

(o) 101 Na* 101 Na'
2 2Na* —» —_—

2 + 4
R OMe R \%vﬂ\/ OMe

o =
Na* S"%(zila‘ —NaOCH, Na' 'Q o —NaOCH,
——— ——— P
MeO A R OMe MeO R
\%/\ 0 Nao & QN
R

o 2N
a
C 2 Nl —
R R
A /,

Na® O 3- Na' H.0 O HO tautomerism
—_— — R -
RH —2 NaOH RB g T
Y O (0]
R ;:!
ALDER-ENE REACTION

EH , |Y| A or I H\IY
™ X lewis acid k/x

The four-electron system including an alkene n-bond and an
allylic C-H o-bond can participate in a pericyclic reaction in which
the double bond shifts and new C-H and C-C o-bonds are formed.
This allylic system reacts similarly to a diene in a Diels-Alder
Reaction, while in this case the other partner is called an enophile,

analogous to the dienophile in the Diels-Alder. The Alder-Ene
Reaction requires higher temperatures because of the higher

(
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activation energy and stereoelectronic requirement of breaking the
allylic C-H o-bond.

The enophile can also be an aldehyde, ketone or imine, in which
case B-hydroxy- or B-aminoolefins are obtained. These compounds
may be unstable under the reaction conditions, so that at elevated
temperature (>400°C) the reverse reaction takes place - the Retro-
Ene Reaction.

While mechanistically different, the Ene reaction can produce
a result similar to the Prins Reaction.

Mechanism
Diels-Alder Reaction Ene Reaction
Diene N\ Ene
< N
YiX Dienophile . Y=X Enophile

HOMO H HOMO

LUMO 8 ?/a LUMO

Also like the Diels-Alder, some Ene Reactions can be catalyzed
by Lewis Acids. Lewis-Acid catalyzed Ene Reactions are not
necessarily concerted (for example: Iron(Ill) Chloride Catalysis of
the Acetal-Ene Reaction).

ALDOL REACTION
o 0 OH R"
R R" \NaOH (cat)
—_—
2 or Acid (cat) R .
R R R

HI Rll
‘Aldol’ is an abbreviation of aldehyde and alcohol. When the
enolate of an aldehyde or a ketone reacts at the a-carbon with the
carbonyl of another molecule under basic or acidic conditions to
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obtain B-hydroxy aldehyde or ketone, this reaction is called Aldol
Reaction.

Mechanism

Base catalyzed:

o
H
H
H
/O\
Hy\
CH,
H -
i lo]]
0 10 HZO jk/u\
H
H /U\)J\ “OH CH,

Acid catalyzed
o H

H
s
N
‘H tlo _‘H B’
AN = — R
H™ “CH, H s H /g,
H
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Under conditions of kinetic control, the mixed Aldol Addition
can be used to prepare adducts that are otherwise difficult to obtain
selectively. This process begins with the irreversible generation of
the kinetic enolate, e.g. by employing a sterically hindered lithium
amide base such as LDA (lithium diisopropylamide). With an
unsymmetrically substituted ketone, such a non-nucleophilic,
sterically-demanding, strong base will abstract a proton from the least
hindered side. Proton transfer is avoided with lithium enolates at low
temperatures in ethereal solvents, so that addition of a second
carbonyl partner (ketone or aldehyde) will produce the desired aldotl
product.

or L G40
LDA Q - 80°C—(~40°C) _

H THF,~78 °C )
N—cHj
H

Y ot

+

QI:OI_ by ho OH O
)\/U\/ : /'\)J\/
ALDOL CONDENSATION
0 o ROH W
)K/R' Aldol J>>l’/
R —
Addition
Rl
-H,0 R R
—_—
A R 2
Rl

In some cases, the adducts obtained from the Aldol Addition
can easily be converted (in situ) to a,B-unsaturated carbonyl
compounds, either thermally or under acidic or basic catalysis. The
formation of the conjugated system is the driving force for this
spontaneous dehydration. Under a variety of protocols, the
condensation product can be obtained directly without isolation of
the aldol.
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The aldol condensation is the second step of the Robinson
Annulation.
Mechanism

Addition step is same as Aldol Addition
Base catalyzed condensation

0 406H o)
I K )l\/\
H;C )Bg\ .__(.)i’ H,C = CH,
g5 H,O

- OH
Acid catalyzed condensation :

H
L wbj 0
-H,Q
——>H
HSC/U\)\CHS H H CH3 _H.
0
H/u\/\ CH,
APPEL REACTION
:H CX,,PPh, X

R R X=Br, CI T R \p

The reaction of triphenylphosphine and tetrahalomethanes
(CCl,, CBr,) with alcohols is a ready method to convert an alcohol
to the corresponding alky! halide under mild conditions. The yields
are normally high.

This reaction is somewhat similar to the Mitsunobu Reaction,
where the combination of a phosphine, a diazo compound as a
coupling reagent, and a nucleophile are used to invert the
stereochemistry of an alcohol or displace it.

Mechanism

The reaction proceeds by activation of the triphenylphosphine
by reaction with the tetrahalomethane, followed by attack of the
alcohol oxygen at phosphorus to generate an oxyphosphonium
intermediate. The oxygen is then transformed into a leaving group,
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and an Sy2 displacement by halide takes place, proceeding with
inversion of conﬂguration if the carbon is asymmetric.

Ph PI/_\ \Df—ar + “ICBry ——»
3 B
Ph r HCB
WO 3

9T

SRS

ARBUZOV REACTION

O SN
EO 7 OFt o T
X >
! * B’\/”\ Et0%, OR
EtC

IIIQ:

OEt OR

The reaction of a trialkyl phosphate with an alkyl halide to
produce an alkyl phosphonate. The first step involves nucleophilic
attack by the phosphorus on the alkyl halide, followed by the halide
ion dealkylation of the resulting trialkoxyphosphonium salt.

This reaction sees extensive application in the preparation of
phosphonate esters for use in the Horner-Emmons Reaction.

Mechanism
/O\
E‘O\E,/OE—‘B\fd/lLOH gy ,-—I(OR ~ EtBr “

|
OFEt Et0 OF Etoo/
ARNDT-EISTERT SYNTHESIS
0 I O CHN, Q. N2 Ag'(cat)
R —% SOCg R _« 2Ny g (cat.)
H g ether F; HZO H OH
dioxane

The Arndt-Eistert Synthesis allows the formation of
homologated carboxylic acids or their derivatives by reaction of the
activated carboxylic acids with diazomethane and subsequent Wolff-
Rearrangement of the intermediate diazoketones in the presence of
nucleophiles such as water, alcohols, or amines.
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Mechanism

In the first step of this one-carbon homologation, the
diazomethane carbon is acylated by an acid chloride or mixed
anhydride, to give an a-diazoketone. The excess diazomethane can
be destroyed by addition of small amounts of acetic acid or vigourous
stirring. Most a-diazoketones are stable and can be isolated and
purified by column chromatography.

~ o
QY o -
R-V%\:CHZ—N+EN:-——~> ey e
| HH

O O
R <+«——>» R <«——>» R
—/<=N+_—.N@ EV _g_NtEN:

The key step of the Arndt-Eistert Homologation is the Wolff-
Rearrangement of the diazoketones to ketenes, which can be
accomplished thermally (over the range between r.t. and 750°C,
photochemically or by silver(I) catalysis. The reaction is conducted
in the presence of nucleophiles such as water (to yield carboxylic
acids), alcohols (to give alcohols) or amines (to give amides), to
capture the ketene intermediate and avoid the competing formation
of diketenes.

o N, Ag (cat.) [ /]\H:O‘H

nucleophile R/;—tg;'

Wolff Rearrangemgnt
R'NH,
R'OH

o (0]
v
R/_«O—R' NR
OH | tautomerism
[ " OH ]————> R,_(OH

The method is widely used nowadays for the synthesis of p-
amino acids. Peptides that contain f-amino acids feature a lower rate
of metabolic degradation and are therefore of interest for
pharmaceutical applications.
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AZO COUPLING

Azo coupling is the most widely used industrial reaction in the
production of dyes, lakes and pigments. Aromatic diazonium ions
acts as electrophiles in coupling reactions with activated aromatics
such as anilines or phenols. The substitution normally occurs at the
para position, except when this position is already occupied, in which
case ortho position is favoured. The pH of solution is quite important;
it must be mildly acidic or neutral, since no reaction takes place if
the pH is too low.

Mechanisxg
Na+ |0l Na® O
"
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BAEYER-VILLIGER OXIDATION

(o]
_PhGOOH _ ir
T CHCl, 67%
H202 \/\/\/O
\/\/\/lk BF, \g/
Ether 62%

The Baeyer-Villiger Oxidation is the oxidative cleavage of a
carbon-carbon bond adjacent to a carbonyl, which converts ketones
to esters and cyclic ketones to lactones. The Baeyer-Villiger can be
carried out with peracids, such as MCBPA, or with hydrogen peroxide
and a Lewis acid.

The regiospecificity of the reaction depends on the relative
migratory ability of the substituents attached to the carbonyl.
Substituents which are able to stabilize a positive charge migrate more
readily, so that the order of preference is: tert. alkyl > cyclohexyl >
sec. alkyl > phenyl > prim. alkyl > CH;. In some cases,
stereoelectronic or ring strain factors also affect the regiochemical
outcome.

The reaction of aldehydes preferably gives formates, but
sometimes only the liberated alcohol may be isolated due to the
solvolytic instability of the product formate under the reaction
conditions.

Mechanism

_BF; _BF
:ﬁ\\/—\ABF — 077
3
R R R)\Rn FH\R"

o , BF, BF
j\ “ } BFs AN i ’ H . i )
R" GI R _——1 R, _— R
, BF.
{C 8 o) .+ BF; —~RCOO o
Fa -
P e R EL = R
j\R R* + O \O//ILR'



46 Organic Reaction Mechanism

BAKER-VENKATARAMAN REARRANGEMENT

o]
' OH
/ \_o>—-R R R"
q P Base R
> \ 0] 0]
O Rn

The base-induced transfer of the ester acyl group in an o-acylated
phenol ester, which leads to a 1,3-diketone. This reaction is related
to the Claisen Condensation, and proceeds through the formation of
an enolate, followed by intramolecular acyl transfer.

Mechanism
10 10
Ph Ph
Oy iB Or
-C H/_\ , C < >
H "BH‘
10 H _or
10
>—Pn

-Or
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BALZ-SCHIEMANN REACTION

N -
||| F

NH,
HBF4
NaNO?_ @ s,oz,
70% HF/pyridine, NaNO,
The conversion of aryl amines to aryl fluorides via diazotisation
and subsequent thermal decomposition of the derived

tetrafluoroborates or hexafluorophosphates. The decomposition may
also be induced photochemically.

+ Np+ BFy

Mechanism
Same as Diazotisation.

The mechanism of the Balz-Schiemann reaction remains
obscure. A possible pathway is shown below:

QN‘EN + BF, ——>
_N2
+ F- BFy ——p F
BF,

BAMFORD-STEVENS REACTION

!
R N _h{ Base
¢ so, CHy ——>
R -H

Tosylhydrazones give alkenes upon treatment with strong bases.
This reaction is performed in two steps, where the intermediate diazo
compound may be isolated. Subsequent reaction with protic or aprotic
solvents strongly influences the outcome of the reaction.
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This reaction may be used to effect the overall transformation
of a ketone to an alkene.

If an organolithium is used as the base, the reaction follows
another mechanism without occurrence of carbenium ions and
carbenes.

Mechanism
H
NaO Me
\—(/ so2 CHy ——
- Na
-~ MeOH
N-NE
¢ o)
ANV in protic solvents N
-Ts w7 T
———3 R N
R in aprotic solvents

Carbenium ions are formed in protic solvents:

At

N N

//‘) N
R Veg R (+2

R' -8 R =N,
H
R' RI R
L— ¢t Ny
Ap™ HE W N R
-S$ SH
...and carbenes in aprotic solvents:
/N\
Y //
R N <J A R %
4y e
Rl

1,2-hydride shlft
N —_— [—
H H\/ R H
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BARTON DECARBOXYLATION

The radical decarboxylation of a Barton ester proceeds to the
corresponding alkane after treatment with tributyltin hydride or ¢-
butylmercaptan:

HO-N

JJ\ Bu,SnH
RCOOH ————> ——> R-H
DCC, DMAP AIBN

Barton ester

NaO-N

RCOCI > /U\ ’;;

Barton ester

t-Bu SH
- R-H
hv or A
An alternative possibility is the introduction of a substituent by

reaction with a suitable radical trapping agent:

ZCl
O:/\o’ I

N /U\ N Cly C-X
RCOOH » R o’ —eeeePp R—X
Barton ester S
=C|, Br

Mechanism

The initiation of the Barton Decarboxylation ( Bu,Sn-H ->
Bu,Sn’) is effected with a radical initiator, and as with the Barton-
McCombie Deoxygenation, the driving force for the reaction jtself
is the formation of the stable S-Sn bond.
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O =
+ N
J‘:[;\»/\ ;B /U\{O\- 5
AIBN s\
SnBu
HSnBu 3
8 -CO,
RH o~ BU3Sn - H . R - PySSnBU3

In addition, Barton esters can also be cleaved photolytically or
thermally:

0 g I hvora o |
v or
R)ngg-y ~ Rélzj“_){)} NS
S

Se
If an excess of a suitable radical trapping agent is present in the
reaction medium, substitution will occur; otherwise, radical
recombination takes place to give the pyridyl sulfide:

H—SnBu3
Re — + °SnBu3
7\

SnBu3

The Barton Decarboxylation offers several options for the
introduction of substituents - some examples are shown below:
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y H SPy Br I PhS
Trapping
Reagent  t-BuSH - BrCCI, CHI4(2 eq.) PhSSPh (2 eq.)
Solvent benzene benzene BrCCI; tolune tolune
t 15 min. 15 min. 15 min. 15 min. 15 min.
Yield 60 90 93 62 42
(% isol.)
COCI =

. NaO-N p trapping reagent, solveEt
+12eq. >
hn, reflux, 15-30 min

S
Y
Y:H, Spy, Ci,
Br, I, CH,S,
PhS, PhSe, OH
BARTON DEOXYGENATION

S BusSnH
R-OH ——p R\ /U\ 3  R-H
(@] R

R=Alkyl, R'=H, CH,, SCH3, OCH4Ph, OPH, Imidazolyl

A method for the deoxygenation of alcohols. The alcohol is first
converted to the thiocarbonyl derivative, and is then treated with
Bu,SnH. Once the radical chain has been initiated, attack on the
Bu,Sn carrier by sulphur initiates a decomposition yielding the alkyl
radical, for which Bu;SnH serves as hydrogen radical (H-) donor.
The driving force for the reaction is the formation of the very stable
S-Sn bonds.

Mechanism

AIBN
BuzSn-H —»  BugSne + °H

The catalytic cycle, in which low concentration of ‘SnBu, effects
the reaction:



52 Orgunic Reaction Mechanism

/\H/OMe
= o Ots \-—» O

SnBu3
BAYLIS-HILLMAN REACTION
o OH

DABCO
R/U\ ¥ Bwe ——— EWG
H

This coupling of an activated alkene derivative with an aldehyde
is catalyzed by a tertiary amine (for example: DABCO = 1,4-
Diazabicyclo[2.2.2]octane). Phosphines can also be used in this
reaction, and enantioselective reactions may be carried out if the
amine or phosphine catalyst is asymmetric.

N
N@ DABCO

Mechanism
OH O

Ph

o}
/U\n)L oo
Hﬁae+P
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A key step is the addition of the amine catalyst to the activated
alkene to form a stabilized nucleophilic anion. This in situ-generated
nucleophile then adds to the aldehyde. Subsequent elimination of
the catalyst leads to the observed products.

Other activating nitrogen nucleophiles may be suitable too and
DMAP and DBU are superior to DABCO in some cases:

p—— -

SR OTad
L (@

product of the addition of DBU and methylacrylate

For aryl aldehydes under polar, nonpolar, and protic conditions,
it has been determined that the rate-determining step is second-order
in aldehyde and first-order in DABCO and acrylate. On the basis of
this reaction rate data, Tyler McQuade recently proposed the
following mechanism involving the formation of a hemiacetal
intermediate: }

/_\/U\ Ol

H O -A,N
—_—
Ph _
Ph O
RaN.g
OH
Ph O O —_ Baylis-Hillman
product
-~
Ph O
BECKMANN REARRANGEMENT
Nt H,S0,(Cone) AN

N o

R- R (o] R
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An acid-induced rearrangement of oximes to give amides.

This reaction is related to the Hofmann and Schmidt Reactions
and the Curtius Rearrangement, in that an electropositive nitrogen is
formed that initiates an alkyl migration.

Mechanism H

OH
/N Ve , /é \
I H' N™™H

\ 4

Oximes generally have a high barrier to inversion, and
accordingly this reaction is envisioned to proceed by protonation of
the oxime hydroxyl, foliowed by migration of the alkyl substituent
“trans” to nitrogen. The N-O bond is simultaneously cleaved with
the expulsion of water, so that formation of a free nitrene is avoided.

Ch:
/N

N"—H

H,O NNy
—> >

Qz.
|
7
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BENZILIC ACID REARRANGEMENT

o
KOH
 —
H,O/EtOH oo K
100°C

1,2-Diketones undergo a rearrangement in the presence of strong
base to yield a-hydroxycarboxylic acids. The best yields are obtained
when the subject diketones do not have enolizable protons.

The reaction of a cyclic diketone leads to an interesting ring

contraction:
COOH

© COOH
(L, — X
0 OH
Ketoaldehydes do not react in the same manner, where a hydride

shift is preferred.

Mechanism

YO e
¥
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BENZOIN CONDENSATION

o) 0
)J\ m
H —_——P
92%
© H,O/EOH O OH  Benzoin

The Benzoin Condensation is a coupling reaction between two
aldehydes that allows the preparation of a-hydroxyketones. The first
methods were only suitable for the conversion of aromatic aldehydes.

Mechanism

Addition of the cyanide ion to create a cyanohydrin effects an
umpolung of the normal carbonyl charge affinity, and the electrophilic
aldehyde carbon becomes nucleophilic after deprotonation: A
thiazolium salt may also be used as the catalyst in this reaction.

101
o
A
= CN
H
OH
(0]
O CN
T —
— OH H

A strong base is now able to deprotonate at the former carbonyl

C-atom:
OH

OH = -
—OH 2

/&CN — R/ CN
H,0
_ OH OH
= P
<> CN €—> CN
\
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A second equivalent of aldehyde reacts with this carbanion;
elimination of the catalyst regenerates the carbonyl compound at the
end of the reaction:

OH
- —_— OH O
( j"\/vwﬁtg)
\O/ CN

101

H/\ or
sz> O >_ OH 4 O
e————
B
H,O CN
O CNoH 2 Q OH

L ——...._—Y
— O

BERGMAN CYCLOAROMATIZATION

Rll
R é R R™ CHD:
CHD
[ oo @
t D OR hn +
R R R"
% Rlll

The Bergman Cyclization (or Myers-Saito Cyclization) allows
the construction of substituted arenes through the thermal or
photochemical cycloaromatization of enediynes in the presence of a
He donor such as 1,4-cyclohexadiene.’
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Mechanism

The cyclization is induced thermally or photochemically. Most
cyclizations have a high activation energy barrier and therefore
temperatures around 200 °C are needed for the cycloaromatization.
The Bergman Cyclizaticn forms a 1,4-benzenediyl diradical - a highly
reactive species, that reacts with a He donor to give the corresponding
arenes.

R Z "
Sz == o —

: CHD - R
4-)
@)____;@ [ ——
CHD R R"
—_—
R R

The interest in the Bergman Cyclization was somewhat low,
due to its limited substrate scope and the availability of alternative
methods for the construction of substituted arenes. However, natural
products that contain the enediyne moiety have been discovered
recently, and these compounds have cytotoxic activity.

An example is calicheamicin, which is able to form the reactive
diradical species even under physiological conditions. Here, the
Bergman Cyclization is activated by a triggering reaction. A
distinguishing property of this diradical species is that it can effect a
dual-strand cleavage of DNA:
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0O

NHCO,Me

DNA

With the discovery of calicheamicin and similar natural products,
interest in the Bergman Cyclization has increased. Many enediynes
can now be viewed as potential anticancer drugs. Thus, the
development of Bergman Cyclization precursors that can undergo
cyclization at room temperature has attracted much attention. Now,
most publications on this topic deal with the parameters that control
the kinetics of the Bergman Cyclization.

For example, as shown by calicheamicin, cyclic enediynes have
a lower activation barrier than acyclic enediynes. As suggested by
Nicolaou in 1988, the distance between the acetylenic carbons that
form the covalent bond influences the rate of cyclization. Another
theory developed by Magnus and Snyder is based on the molecular
strain between ground state and transition state; this seems to be more
general, especially for strained cyclic systems. Often, as both the
distance and the strain are not known, the development of suitable
precursors remains difficult, as exemplified by the following
enediyne, in which a slight change leads to a cycloaromatization:

(o]
- -0,C \t
OH
e
N—>, HN =
-0,C
—_—



60 Organic Reaction Mechanism

In contrast to the Bergman Cyclization, the Myers-Saito
Cyclization of allenyl enynes exhibits a much lower activation
temperature while following a similar pathway:

‘/\R R 2 R
R P
14\ Dorhn
| 2. — -
/
R R R
R R
R R
CHD
_—
R
R R

Cyclic enyne allenes are also reactive. Neocarzinostatin is a
bacterial antibiotic that also shows antitumor activity. Here, the
occurrence of a Myers-Saito Cyclization sets the stage for the
cleavage of DNA:

RS{ O}\j

ArCO, 1l "0
\—\ — “‘.\j
SugarO

U

RS o)
S5 —>
ArCO, 1l "OH
— —

SugarO
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RSH > Q

N
( ~ Y
~ -
ArCO, -l o]
gj\—\ — "‘.\j
SugarQ
0

o)

N
.. —
"OH
///

RS
ArCO, -1[1[%@

SugarO

For synthetic purposes, organometallic reagents can be used to
generate a precursor to the Bergman Cyclization in which the metal
centre forms a part of the cumulated unsaturated system; these
cyclizations occur at relatively low temperatures. Here the cyclization
can be viewed as a Myers-Saito Cyclization that gives rise to a metal-
centreed radical:

A
CpRu(PMe,),Cl
NH,PF
\/\//\ 4 6°

CO,Me MeOH, 25°C

AN PMe,

N 4/
AU ~pMe,

COMe
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Cp PMe,
oJd

CHD RU ~pMe,
—_— _—
foore
< CO,Me

MeO,C
BIGINELLI REACTION
Ph on

- . EO,C H
Et0,C ™ "o H 2 N

. NH, | Iy

)T EtOH, D
' N
ve SO un 0 Me 0

H
This acid-catalyzed, three-component reaction between an
aldehyde, a {-ketoester and urea constitutes a rapid and facile synthesis
of dihydropyrimidones, which are interesting compounds with a
potential for pharmaceutical application.

Mechanism
" l Ph —'<H
Ph —< —_— +
0 / \[r H

i s °

Ph-CHO l o
0
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Ph Ph
Et0,C _H EtO.C
N NH
4_____-_.
-H,0
Me '|\l o 2 Me OHZNkO
H
8
5

The first step in the mechanism is believed to be the
condensation between the aldehyde and urea, with some similarities
to the Mannich Condensation. The iminium intermediate generated
acts as an electrophile for the nucleophilic addition of the ketoester
enol, and the ketone carbonyl of the resulting adduct undergoes
condensation with the urea NH, to give the cyclized product.

BIRCH REDUCTION

© Na/NH,
ROH
The Birch Reduction offers access to substituted 1,4-

cyclohexadienes.

Mechanism i

¥ .- . ROH
—_ _—
H -RO"
H H
(T e ROH
— —
H H - RO
H H

The question of why the 1,3-diene is not formed, even though
it would be more stable through conjugation, can be rationalized with
a simple mnemonic. When viewed in valence bond terms, electron-
electron repulsions in the radical anion will preferentially have the
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nonbonding electrons separated as much as possible, in a 1,4-
relationship.

This question can also be answered by considering the
mesomeric structures of the dienyl carbanion:

1% L2 2.1
2 > 2@/}_ <> 1@2
171 11 I 1

The numbers, which stand for the number of bonds, can be
averaged and compared with the 1,3- and the 1,4-diene. The structure
on the left is the average of all mesomers depicted above followed
by 1,3 and 1,4-diene:

113 1173 1 2 IPY!
171 171 171

The difference between the dienyl carbanion and 1,3-diene in
absolute numbers is 2, and between the dienyl carbanion and 1,4-
diene is 4/3. The comparison with the least change in electron
distribution will be preferred.

Reactions of arenes with +I- and +M-substituents lead to the
products with the most highly substituted double bonds:

OMe OMe
Li, NH,
P
EtOH
Na, NH,
T
EtOH

The effect of electron-withdrawing substituents on the Birch
Reduction varies. For example, the reaction of benzoic acid leads to
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2,5-cyclohexadienecarboxylic acid, which can be rationalized on the
basis of the carboxylic acid stabilizing an adjacent anion:

COOH COOH
Na, NH;

EtOH

Alkene double bonds are only reduced if they are conjugated
with the arene, and occasionally isolated terminal alkenes will be

reduced.
Na, NI—[3
EtOH

BLANC REACTION

H CH,CI
~ ZnCl,
+ ¥=0, + HO i + H,0
H

This reaction, which is comparable to a Friedel-Crafts
Alkylation, is useful for the preparation of chloromethylated arenes
(for example, the Merrifield resin based on polystyrene) from the
parent arene with formaldehyde, HCl, and ZnCl,.

Mechanism

The Lewis acid ZnCl, effects formation of an oxonium ion
which is reactive in electrophilic aromatic substitution. The
intermediate zinc alkoxide reacts with the arene to form the
chloromethylated product and zinc oxides:
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_ZnCl, ’0 ”—ZHC‘z
O™ —
H

+

10~ ZnCl Cl
— O — O~
HCI ZnOHCI
When the concentration (or, effective concentration in the case

of polymer residues) is high, the formation of side products due to a
second addition are observed:

Q—/Cl ZnCl
+
- HCl

BOUVEAULT-BLANC REDUCTION

OH ,
R/U\OR' Et OH R—/ + R'OH

This method is an inexpensive substitute for LAH reductions
of csters in industrial production, and was the only alternative prior
to the development of the metal hydride reducing agents. This
dissolving metal reduction is also related to the Birch Reduction.

Mechanisin

Sodium serves as single electron reducing agent and EtOH is
the proton donor. If no proton donor is available, dimerization will
take place, as the Acyloin Condensation.

A

VAN ——

0) 0 tO1 EtOH OH

G s o Ee

R RI R RI - Eto R RI
0 OH OH
P
R”TR -~ EO  RTR
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BROWN HYDROBORATION
R’ R” HBRZ HR' .:R” EEL]
J— >
H R~ R,B H

The syn-addition of hydroboranes to alkenes occurs with
predictable selectivity, wherein the boron adds preferentially to the
least hindered carbon. This selectivity is enhanced if sterically
demanding boranes are used.

R Rpw  NeoH R Rpo
RB H H,0, HO H

Coupling the hydroboration with a subsequent oxidation of the
new formed borane yields anti-Markovnikov alcohols. The
hydroboration/oxidation sequence constitutes a powerful method for
the regio- and stereoselective synthesis of aicohols.

The product boranes may also be used as starting materials for
other reactions, such as Suzuki Couplings.

Mechanism

The selectivity of the first addition of borane can be relatively

low:
H
H/\Q—HH
- H
/_>— + BHy —»

rac.

HzB"‘H

. 3 H — 't H

rac.
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— H““BEH
) SN
rac,>_—§_

rac.
The subsequent additions are more selective as the steric bulk

increases, and anti-Markovnikov selectivity predominates in the end:

e G G0
la SN A

Oxidation with hydrogen peroxide Ieads to alcohols:
H0, + OH

A'&»,o
d ! Jr

i
H,0/NaOH

. BOR)y —————>  3ROH + NaBO,

Sterically demanding boranes offer enhanced selectivity. One
example of a sterically demanding borane (9-BBN) is generated by
the double addition of borane to 1,5-cyclooctadiene:
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+ BH, —» HB:g
9-BBN

9-Borabicyclo[3.3.1]nonane

9BBN = H,0,

+
. NaOH
| >99:1
HO
OH
+
HO
rac HO
rac.
9-BBN H,0,
" NaOH
OH
OH
rac.
HO
+ +
>99:1
HO

The reactivity and selectivity of the borane reagent may be
modified through the use of borane-Lewis base complexes.

BUCHERER-BERGS REACTION

A multi-component reaction between a ketone, potassium
cyanide and ammonium carbonate, which leads to the formation of
hydantoins.
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H
R KCN,(NH,),CO, OsN_FK
’ 472 3
O=< — YN Z:R
RI
H

A pre-formed cyanohydrin can react with ammonium carbonate
to give the same product:

H
HO_ON (NH,),CO O N UK
>L 472 3 > % R
N
H "o

R’ R
Mechanism
R
0=( + KCN + (NH,),CO; NC>( + K(NH,),CO;, + NH;,
R’
R CN - HZO /\—_-.Cb
W+ NH,
R’ OH

R
R’ H/;{/go = 0 — R'>gli\£ H

The Bucherer-Bergs Reaction is equivalent to the Strecker

arbamoylamino acids which form amino acids by treatment with
acid or with a suitable enzyme:

0%%2‘; i

N

H O rac.

O NH,
BUCHWALD-HARTWIG CROSS COUPLING REACTION
PdCl, (dppf) (cat.)

N
@—x + HNR ——2OBY__ QNHR'
R dioxane R

100° C
R = Alkyl, CN, COR, ... R’ =Alkyl, Aryl
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Palladium-catalyzed synthesis of aryl amines. Starting materials
are aryl halides or pseudohalides (for example triflates) and primary
or secondary amines.

Pd(OAc), (cat.)
Ar-X + HO-Ar ligand > Ar’O\Ar'
K,PO,
X:ClLBr toluene, 100°C

The synthesis of aryl ethers and especially diaryl ethers has
recently received much attention as an alternative to the Ullmann
Ether Synthesis.

Newer catalysts and methods offer a broad spectrum of
interesting conversions.

Mechanism
[
AMNHR [Pd(dpph)]
reductive
& hydnde elimination oxidative addition
elimination

K= (g o ‘af\’

\
PhP NHR P
HOBu
NaGtBu
PhP A
\, /"
HANR C Pd

CADIOT-CHODKIEWICZ COUPLING

R R’

H + Br

CuCl
Base

=———MR’

The copper(l)-catalyzed coupling of a terminal alkyne and an
alkynyl halide offers access to unsymmetrical bisacetylenes.
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Mechanism
8 = = —_—
R:H_B”_=R_=—7T>R__Cu X —=——R
X X ,X oxidative addition
‘\ R—=—Cy
R=—="F « reductive elimination \
R
CANNIZZARO REACTION

2 ?\OMe gom %\j\
0“H

This redox disproportionation of non—enollzable aldehydes to
carboxylic acids and alcohols is conducted in concentrated base.

a-Keto aldehydes give the product of an intramolecular
disproportionation in excellent yields

O O OH
Ran Sl >—"<

Mechanism

9w 5.

An interesting variant, the Crossed Canmuaro Reaction, uses
formaldehyde as reducing agent:

2\, CHO 30% NaOH CH,0H
| + HC=0 ———p + HCOOH
N

At the present time, various oxidizing and reducing agents can
be used to carry out such conversions (with higher yields), so that
today the Cannizzaro Reaction has limited synthetic utility except
for the abovementioned conversion of a-keto aldehydes.

\0\
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The Cannizzaro Reaction should be kept in mind as a source of
potential side products when aldehydes are treated under basic
conditions.

CHAN-LAM COUPLING

Cu(OAc), Y. Y :NR', 0,8,
T > Ar” R NCOR’
CH,CL,, r.t.

7 NSO,R’

This reaction allows aryl carbon-heteroatom bond formation via
an oxidative coupling of arylboronic acids, stannanes or siloxanes
with N-H or O-H containing compounds in air. Substrates include
phenols, amines, anilines, amides, imides, ureas, carbamates, and
sulfonamides. The reaction is induced by a stoichiometric amount
of copper(ll) or a catalytic amount of copper catalyst which is
reoxidized by atmospheric oxygen.

Ar-B(OH), + HY-R

The Chan-Lam Coupling may be conducted at room temperature
in air, which gives it a certain advantage over the Buchwald-Hartwig
Cross Coupling.

Mechanism
CU(OAC)'z
pyridine —
Ar-0I11 - »  pyridinium acetate
coordination /
deprotonation
L L
\/Cu/
ArO” “OAc
transmetalation | “ArB(0OB),”
.. liLL o) L. ILL
\/Cu/ —_— s \/C -
ArO” SAr T A0 DAr
reductive
—cy elimination /7 (0
Ar-0
\

Arf
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The reaction with a stoichiometric amount of copper(ll) is also
facilitated by oxygen, because reductive elimination from a
copper(11l) species is faster.

CLAISEN REARRANGEMENT
—_—
‘\/ X

The aliphatic Claisen Rearrangement is a [3,3]-sigmatropic
rearrangement in which an allyl vinyl ether is converted thermally to
an unsaturated carbonyl compound.

The aromatic Claisen Rearrangement is accompanied by a
rearomatization:

0 o OH ¢

The etherification of alcohols or phenols and their subsequent
Claisen Rearrangement under thermal conditions makes possible an
extension of the carbon chain of the molecule.

Mechanism

The Claisen Rearrangement may be viewed as the oxa-variant
of the Cope Rearrangement:

Mechanism of the Cope Rearrangement

— P _—
. N~ N /
F Noo N
R R
=
=
™
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Mechanism of the Claisen Rearrangement

_ PR —_—
_ s ey

02
———
=

L x>

The reaction proceeds preferably via a chair transition state.
Chiral, enantiomerically enriched starting materials give products of
high optical purity.

R’S R-q
”9 Rq
OJ\/R A R&F e Lo R
)\/\ - :“0""--:7R — ©
R 2 R R’ R ™ R’
R” . R"
/K/R”’ A RV L R™
0 y — 3 0R 0
R*/) R” RN

A boat transition state is also possible, and can lead to side
products:

\ R,” Y R”'
0 __A_..> N O

R/k//\Rv R ™ R

The aromatic Claisen Rearrangement is followed by a
rearomatization:

g 40 g OH
A, -
L — O

R"




76 Organic Reaction Mechanism

When the ortho-position is substituted, rearomatization cannot
take place. The allyl group must first undergo a Cope Rearrangement
to the para-position before tautomerization is possible.

(0] OH
o 0
s
H = Z

All Claisen Rearrangement reactions described to date require
temperatures of > 100 °C if uncatalyzed. The observation that electron
withdrawing groups at C-1 of the vinyl moiety exert a positive
influence on the reaction rate and the yield has led to the development
of the following variations:

Ireland-Claisen Rearrangement
0 OSiR, OSiR,
. —78° 55¢
O)J\ I.LLDA,-78°C A _55°C o

v 2. Me,SiCl |\/ o
O
HO )W

Eschenmoser-Claisen Rearrangement
MeO OMe

NR,

OH NR, @
a2

v —2MeOH

Johnson-Claisen Rearrangement

o)
— A~
R,N =

RBZ)R [ OR |

OH < OR 0

v —2ROH @@ ROW
CLEMMENSEN REDUCTION

j)\ Zn (Hg) Ii
R R HCL A

R R’
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The Clemmensen Reduction allows the deoxygenation of
aldehydes or ketones, to produce the corresponding hydrocarbon.

The substrate must be stable to strong acid. The Clemmensen
Reduction is complementary to the Wolff-Kishner Reduction, which
is run under strongly basic conditions. Acid-labile molecules should
be reduced by the Wolff-Kishner protocol.

Mechanism

The reduction takes place at the surface of the zinc catalyst. In
this reaction, alcohols are not postulated as intermediates, because
subjection of the corresponding alcohols to these same reaction
conditions does not lead to alkanes. The following proposal employs
the intermediacy of zinc carbenoids to rationalize the mechanism of
the Clemmensen Reduction:

R FB\
0 . .
@j o R Zn0 RT R
71— s—T7 1) S— ——/ ) S—
H
R__KR + R ' + HH
J—"> Y Y =
-7n R R’
—/ 1) S— —Zn+—
CLEMMENSEN REDUCTION

The Clemmensen Reduction allows the deoxygenation of
aldehydes or ketones, to produce the corresponding hydrocarbon.

The substrate must be stable to strong acid. The Clemmensen
Reduction is complementary to the Wolff-Kishner Reduction, which
is run under strongly basic conditions. Acid-labile molecules shouid
be reduced by the Wolff-Kishner protocol.

Mechanism

The reduction takes place at the surface of the zinc catalyst. In
this reaction, alcohols are not postulated as intermediates, because
subjection of the corresponding alcohols to these same reaction
conditions does not lead to alkanes. The following proposal employs
the intermediacy of zinc carbenoids to rationalize the mechanism of
the Clemmensen Reduction:



78

Organic Reaction Mechanism

R R
o O)\ . :
X o R 70 R\n/R
Z1 — —in_ —7 )
R_R _w*y RN R H HH
" e L
— 7 1) — — 7, +— —Zn R R’
n
COPE ELIMINATION
HOO, , “\C}{O
., e tt H3C CH3
T, ——
H N CH Ph  Ph

o” “cH,

N-Oxides give alkenes via a syn-elimination under heating. This
reaction obeys Hofmann’s Rule.

Mechanism
HOO /," . ‘\\\\CHO H O Hoo 74, ,\“‘CHO
B L IR ~Ph
H N, H NiCH
‘ ICHO _O/ ‘ 0
CH, CH,
Hy0,, .\n‘CHo H.C CH
o % 3 H,C,, . OH
PR, T o
v CHo Ph Ph CH
6 Vo, 3
COREY-BAKSHI-SHIBATA REDUCTION
O
CBS- ~N-p’
\ OH
/lk Catalyst R"” o H R>R'
R” R BH,.THF RR' R"=H,Alkyl

The enantioselective reduction of ketones using borane and a
chiral oxazaborolidine as catalyst (CBS Catalyst). Usually, MeCBS
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is used (R>’ = Me, but selectivity may be increased by varying this
substituent).

Mechanism

The mechanism depicted portrays the rationale for the
enantioselectivity and high reaction rates, which are influenced only
by the CBS catalyst. This catalyst is a combination of both a Lewis
acid and a chiral auxiliary!

BH,. THF

H Phpp ﬂ HPh
P
s
R

COREY-CHAYKOVSKY REACTION

The reaction of sulfur ylides with carbonyl compounds such as
ketones or the related imines leads to the corresponding epoxides or
aziridines.

Corey-Chaykovsky Epoxidation

Nee § %y

/ R "R’ DMSO R "R’
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Corey-Chaykovsky Aziridination
\ NH NH
S v
/ R™ "R DMSO R”™ "R’
The reaction of sulfur ylides with enones gives cyclopropanes.

Corey-Chaykovsky Cyclopropanation
(0]

o
NQ
S= + R ———» R
d |~ pwmso

Rl RI
Mechanism

The ylides are generated in situ by the deprotonation of
sulfonium halides with strong bases.

I, I© NaH Il
S DMSO S\

H
H }t\ ]
\t | ‘B qHz
S

|
+
<~ B |.SL /éx

Dimethyloxosulfonium methylide - known as the Corey-
Chaykovsky Reagent - is a valuable alternative to dimethylsulfonium
methylide and can be generated from trimethylsulfoxonium iodide.

Higher substituted ylides can be generated selectively if one
substituent is preferably deprotonated over the others, for example
when the negative charge is stabilized or the environment is sterically
less demanding;

+ -
S — =8
ph/;r )/j NeOH  PK ;:l

Such ylides are able to transfer more than just a methylene group,
and enantioselective induction can be observed if the ylide is chiral:
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{BuOH/H,0

O 5
wdl, =S o, PhAPh

Ph ee: 9296
dr: 93:7
The ylide initially acts as a nucleophile toward the carbonyl
compound. The resulting oxygen anion then reacts as an
intramolecular nucleophile toward the now electrophilic ylide carbon,
which bears a sulfonium cation as a good leaving group:

N\
h ) - N OF
S\o/? Ph /§)~(/l\ Ph

> A+ se

The reaction of the Corey-Chaykovsky Reagent with enones is
a 1,4-addition that is followed by ring closure to give a cyclopropane:

/ (6} ra
o) (o) 1O
"+ > /|Sl+ £ 1)
“T~e [ Ph

9 0
—_—— 1l
V/ILPh BN

As sulfides are readily alkylated, it is even possible to use them
catalytically. Such methods can give very interesting results when
expensive chiral sulfides are used for the generation of chiral
epoxides.

O R,S BnBr
Ar* " ph
ArCHO

+ —
R,S” “Ph Br g § > ph

NaBr + H,0 NaOH
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With phosphorus ylides as used for the Wittig Reaction, the
phosphorus atom forms a strong double bond with oxygen. This leads
the mechanism in a different direction, to effect olefination instead
of epoxidation through intermediate oxaphosphetanes.

COREY-FUCHS REACTION

,?L Ph Cbr, l o _LBuli |||
R™H R 20,0

This two step methodology allows the preparation of termmal
alkynes by one-carbon homologation of an aldehyde. The first step
is comparable to a Wittig Reaction, and leads to a dibromoalkene.
Treatment with a lithium base (BuLi, LDA) generates a bromoalkyne
intermediate via dehydrohalogenation, which undergoes metal-
halogen exchange under the reaction conditions and yields the
terminal alkyne upon work-up.

A modification of the Corey-Fuchs Reaction involves the
reaction of the intermediate alkynyllithium with an electrophile prior
to aqueous work-up, giving a chain extension product:

Br Br

O .
Ph,P, Cbr, 1. BuLi E
)L l + /
R H R 2.E R
Mechanism

In the formation of the ylide from CBr,, two equivalents of
triphenylphosphine are used. One equivalent forms the, ylidé' while
the other acts as reducing agent and bromine scavenger. -

Br:c“—Br‘ﬁ\npphS — Br3ci/;rjA PPh,
+ _
——>»  Br;,C-PPh; + Br

Br + N
Br—yzPPh; + Br >
Br / \
\/ IPPh, Br,PPh,
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Br Br 4
):PPh3 > D_PPIB
Br Br

The addition of the ylide to the aldehyde:

-+
N\ O\ PPh
(e) Br \ 3

t-/u\ﬂ\ PPh, =— H b —>
H® "R Br R Br 29

O PPh, Br _Br

s~ L
H R BrBr — OPPh, R H

Reaction of the dibromoalkene with BuLi:

BE/TEBNU / BuMLj

- BuH
R H -LiBr
A Li H
Br H,O
- - BuB 2
PNTE N G
+ R H R
R Li
COREY-KIM OXIDATION
j’i{ DMS,NCS._  EtN /[01\
R R’ R R’

The Corey-Kim Oxidation allows the synthesis of aldehydes and
ketones from primary alcohols and secondary alcohols, respectively.

Mechanism

Dimethylchlorosulphonium ion is generated in situ from NCS
and DMS:

0 0

/S L+ —
N-Cl + HC —_—> S + N
B H,C”" "CH,
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The following steps are comparable to the Swern Oxidation:

RI
R’ Cl
>—OH N gt ——Ha ">—O\S/CH3
R” H,C” " ~CH, R T+
CH,
H CH, H "CH,
I Base +
S N
}}{%o’ e, -H  RI7 o7 cw,

5/\- CH R’
Iy 2 S
R’ |2 gt I R”>=O + O

R O AC H,

COREY-SEEBACH REACTION

i E+ HgO o
@EIN | EN @RI
R><H THF, - 36°C R><Li R><E 2 R™E

The Corey-Seebach Reaction (or Seebach Umpolung) uses
lithiated 1,3-dithianes as nucleophilic acylating agents.
Mechanism

The Corey-Seebach Reaction allows a reversal of the normal
reactivity of acyl carbon atoms, which combine only with
nucleophiles. The German term “Umpolung” is widely used for this
inversion of reactivity.

o) HS /\/\SH
R~ M  Lewis Acid (cat.) g

S

S
o<

H
normal reactivity:
o

R)LH Nu:
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BuLi (\l E+ K\ HgO O

—— s _s|—>s__s ———=>
THE,-30°C | - >< < HO/THE g7
1

masked acyl anion
B
E+
RO
A

The lithiated 1,3-dithiane can be viewed as an masked acyl anion
that is able to react with various electrophiles.

r

The acidity difference of hydrogen atoms adjacent to divalent
sulfur compared to oxygen stems from the greater polarizability of
sulfur and the longer C-S-bond length; d-orbitals are not involved.
Ir: most cases treatment of dithianes with #-BuLi at temperatures of
-30 °C is sufficient for the preparation of the lithio-derivatives. With
pK, values of approximately 30, lithiated dithianes can react with
aldehydes or ketones, epoxides and acid derivatives, but also with
alkyl halides without competing elimination reactions.

S
<:s><::' - RJOL

Co s C&"” — &‘m
H THF 30°C § Ll

Umpolung offers access to a wide range of products, especially
1,2-diketones and a-hydroxy ketones, products that cannot be
obtained using the normal reactivity.

Among the other thioacetals that could be used for Umpolung,
metallated dithiolanes undergo fragmentation and disproportionate
to ethene and dithiocarboxylates:
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S Og
SN[ W
R s

1.3-Dithianes are readily prepared from aldehydes (for an
overview, see 1,3-dithianes as protecting group) and offer high
stability towards acids and bases. Therefore, use of the S,S-acetal
unit is especially useful in multistep synthesis. A crucial step is the
hydrolysis of §,S-acetals, the difficulty of which is due to the excellent
nucleophilicity of sulfur.

S, r 0
CSXR' + H0 R M+ HS~"sH

R’

Only irreversible removal of the dithiol or of the solvolysis
products can push the equilibrium to the right. Methods of choice
are transacetalization to a highly reactive carbonyl derivative,
alkylation to sulfide, oxidation of the thiol and formation of metal
thiolates, for which mercury(Il) salts are frequently used.

COREY-WINTER OLEFIN SYNTHESIS

HO OH S

R R’ Cl Ci H
R R’
(MeO),P _
n R/ = \R, + (MeO),PS + CO,

Conversion of 1,2-diols to alkenes. The cyclic thiocarbonate is
available from reaction of the diol with thiophosgene or
thiocarbonyldiimidazole, and reacts with added trimethylphosphite
via a syn-elimination to the alkene.

st /NN —> ] 7
(MeO),P R’

— R/_—;/ + (MeO);PS + CO,
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Mechanism

It is assumed that the reaction proceeds with attack of phosphite
on sulphur leading to a carbene, which may react with a second
equivalent of phosphite during the cycloreversion that splits out
carbon dioxide and yields the product alkene.

I \U—s IP (OMe), —_

I ~ (MeO),P
—_—
P(OMe)3

I IP(OMe)3 KE
h 1>(0Me)3 —
J * N(OM@ SUCL
R’ -0 ’ _COZ RIJ

CRIEGEE MECHANISM

H R’ o, 0-0 NaBH, OH

>__<—— ——3 H R — 2 5 o\
CHZCIZ R>(O R’ R OH + R')\R”

H R’ o, PPh O (0]
E H 3
=0 e B e o o
H R’ 0, 0-0 H,0 0 o
H R’ 22 +
R R” CHZCIZ R>(O kR" RJKOH Rr/lLRn

Ozonolysis allows the cleavage of alkene double bonds by
reaction with ozone. Depending on the work up, different products
may be isolated: reductive work-up gives either alcohols or carbonyl
compounds, while oxidative work-up leads to carboxylic acids or
ketones.

Mechanism

The mechanism was suggested by Criegee and has been recently
revisited using 170-NMR Spectroscopy by the Berger Group.
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First step is a 1,3-dipolar cycloaddition of ozone to the alkene
leading to the primary ozonide (molozonide, 1,2,3-trioxolane, or
Criegee intermediate) which decomposes to give a carbonyl oxide
and a carbonyl compound:

’\o(O\‘o\, o /\\:?+
) — + '
ncgto)‘ — TRR HJ\R R

) ) \
>= ™~ (:\9/030\' VORI
R R . N — ! * I/lL "
HRMR;{ gy ROOR
The carbonyl oxides are similar to ozone in being 1,3-dipolar
compounds, and undergo 1,3-dipolar cycloaddition to the carbonyl
compounds with the reverse regiochemistry, leading to a mixture of
three possible secondary ozonides (1,2,4-trioxolanes):

R”
Rn
'\ -0,
R' Ru \\ +, R N
+ W — o\ﬂo
\()/ Rr Ru R”R'

H
- ﬁ/o
m\ . R \O
R\é&_»(l)l — 5 O\'<

X7 R H RH

These secondary ozonides are more stable than primary
ozonides. Even if the peroxy bridge is shielded by steric demanding
groups leading to isolable products, they should not be isolated from
an unmodified ozonolysis, because still more explosive side products
(tetroxanes) may have been formed:
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/—bk\rR”

0.+ KRR 0-0

O\ i O/ 4 R'>< ><R'
| " R"
Rr/kRn R” R 0-0

As endoperoxides are investigated as antimalarial compounds,
more selective methods have been developed for their preparation
(for example the Griesbaum Coozonolysis). The Criegee mechanism
is valid for reactions in hydrocarbons, CH,Cl,, or other non-
interactive solvents. Alcohols react with the carbonyl oxide to give
hydroperoxy hemiacetals:

N
/—/' \ I’ ’O\H
" R,/kRn
R \OMe

The synthetic value lies in the way the complex mixtures of
intermediates can be worked up to give a defined composition of
products and a clean conversion of all peroxide species. The three
main possibilities are given above, along with examples for the
reagents used.

CROSS METATHESIS
Cat .

. Ro_
THe=cE, YR

The transalkylidenation of two terminal alkenes under release
of ethene, catalyzed by ruthenium carbenoids (Grubbs Catalyst).
Statistically, the reaction can lead to three possible pairs of geometric
isomers, i.e. £/Z pairs for two homocouplings and the cross-coupling
(R-CH=CH-R, R’-CH=CH-R’, and R-CH=CH-R’) - a total of 6
products.

Rz + v

The selectivity of this reaction is currently undergoing further
study, but various examples exist in which two alkenes with different
reactivity give the cross-coupled product with excellent yields and
excellent selectivity.
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Mechanism
Same as Olefin Metathesis ( or Grubbs Reaction).

CURTIUS REARRAN GEMENT

JL — 4 5 RoN==
-N,

The Curtlus Rearrangement is the thermal decomposition of
carboxylic azides to produce an isocyanate. These intermediates may
be isolated, or their corresponding reaction or hydrolysis products
may be obtained.

The reaction sequence - including subsequent- reaction with
water which leads to amines - is named the Curtius Reaction. This
reaction is similar to the Schmidt Reaction with acids, differing in
that the acyl azide in the present case is prepared from the acyl halide
and an azide salt.

0

A H,0
———>» R-N=O —» R-Nh,
R”°N; -N -Co,
Mechanism
Preparation of azides:
ey - < .
FXg W NN - NaCl w2 WNGN R/u_\\Ti—NENI
Decomposition:

O
A
Ne ———» R-N=2=O0
R&lfr\_x_l—fl?im -N,

Reaction with water to the unstable carbamic acid derivative
which will undergo spontaneous decarboxylation:

/\/0\ o
H” ™H tautomerization R )L

3

—~N=== »
R N5 [0} \E O ———»

A;PJL@»'/}ZN R L JR-NH
-CO, S

carbamic acid
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Isocyanates are versatile starting materials:

o)
R
o R'OH \NJ\OR’
A H
M) ——~— R-N==0
RN, -N RN 0
2
. -

Isocyanates are also of high interest as monomers for
polymerization work and in the derivatisation of biomacromolecules.

DAKIN REACTION

—_— OH + .
R R’ NaOH R R’ )LOH

The Dakin Reaction allows the preparation of phenols from aryl
aldehydes or aryl ketones via oxidation with hydrogen peroxide in
the presence of base. The aryl formate or alkanoate formed as an
intermediate is subsequently saponified to yield the substituted phenol
product.

Ortho or para +M substituents (NH,, OH) favour this reaction.

Mechanism

Same as Baeyer-Villiger Oxidation for the oxidation step.
DARZENS CONDENSATION

KOtBu
\H'L OR tBuOH Aco R

R R’ RII

The Darzens Reaction is the condensation of a carbonyl
compound with an a-halo ester in the presence of a base to form an
a,p-epoxy ester.

Mechanism

After deprotonation, the a-halo ester adds to the carbonyl
compound to give syn and anti diastereomers:
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AN -
0 OtBu oF
cl 0 Et/~ tBuOH Cl\/\o Et

HH
~0 o)

2 e I
_—_—) + g
CI\O/U\O EJ 7o) \/'\I)LO Et  “OEt

\/[g syn (i anti ¢
v H

In the subsequent step, an intramolecular Sy2 reaction forms
the epoxide:

lO \\_ - o)
OEt -l
(CI trans

anti

Q
fﬁ\v OE | O
l’ll

cis

Typically, the cis:trans ratio of the epoxide formation lies
between 1:1 and 1:2.

In the past, Darzens methodology was primarily used for the
synthesis of aldehydes and ketones, as a homologation reaction
without any consideration of stereocontrol in the epoxide formation.
For this sequence, saponification of the a,B-epoxy ester followed by
decarboxylation gives the substituted carbonyl compound:

O N
A B S8,
CO,Et (2) HCI -CO,
OH

A~ _>/\)?\H
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o
()NaOH_ g \l/lL
4 Rv,,co Et (2)HCI R”
RI

Darzens methodology for the construction of epoxides can also
be used for a-halo carbonyl compounds, or similar compounds that
can undergo deprotonation and bear electron-withdrawing groups.
In addition, the reaction can be carried out with diazoacetate, where
N, is the leaving group, or with a sulphur ylide with SR, as the leaving
group.

In the following specific substitution pattern, the outcome of
the reaction depends on the energy of the transition states of the
addition, the rotation and the ring closure, as described by Aggarwal.
Although explanations for the diastereoselectivity have been given,
the enantioselectivity that is induced by the camphor-derived
sulphonium group is not yet fully understood:

0
o)
1.25 eq. dr o} 2.5 eq. KOH
——r e
;&/o o, + w AR~ EoH R™ T “CONE,
N BR —50 or~20°C,48 h trans cis > 20:1

Another concept for highly diastereoselective and
enantioselective transformations was developed by Arai:

catalyst:
1.5 eq. fe) 0.1 eq. catalyst o
2 eq. LiOH~ H,0 8
o . Hk eq ) 0 N
A Tmowe > e e
R _
H 60-134h 8 CF,

In this system, the chiral phase transfer catalyst (PTC) is able
to recognize one aldolate selectively. There is an equilibrium between
syn- and anti-aldolates via retro-aldol addition, and the formation of
a stable, chelated lithium salt blocks the non-catalyzed subsequent
reaction from yielding the epoxide product:

oLi 0 oLi O
0 H

Cl\)LPh \ \(oi‘(k j/oti_/(l)l\ph PTC

cl a
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The following aza-Darzens reaction, in which a preformed
lithium o-bromoenolate reacts with a sulphinimine to give an
aziridine, features a six-membered transition state that accounts for
the high diastereoselectivity:

o Me OMe Ph "
P R
s C L
PN Br  OLi IN= o
N“ R T Teec > | 0T ry ——
\R Ar7™O

The development of enantioselective methods remains
challenging. In principle, any of the methods that are used for
stereoselective aldol additions can also be tested in the Darzens
Reaction, as the first step is an aldol addition.

DESS-MARTIN OXIDATION

A OAc
OH cO N |I/O Ac
e ——
(0]

9Ac

0 I\

o+ Cl:«o + 2AcOH
0

The Dess-Martin Periodinane (DMP), a hypervalent iodine
compound, offers selective and very mild oxidation of alcohols to
aldehydes or ketones.

The oxidation is performed in dichloromethane or chloroform
at room temperature, and is usually complete within 0.5 - 2 hours.
Products are easily separated from the iodo-compound byproduct after
basic work-up.
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Mechanism
R R
OAc OH )(
AcO 0
\I/ Ac Ac O
O R \|/O
-—AcOH
O
R R
0" %> H OAc
AcO q}- N 0
) — o +
\ O -
ORI R
o}
DIAZOTISATION
N
NH, We
NaNO,, HX
H,0,0°C
R R

The nitrosation of primary aromatic amines with nitrous acid
(generated in situ from sodium nitrite and a strong acid, such as
hydrochloric acid, sulfuric acid, or HBF,) leads to diazonium salts,
which can be isolated if the counterion is non-nucleophilic.

Diazonium salts are important intermediates for the preparation
of halides, and azo compounds. Diazonium salts can react as
pseudohalide-type electrophiles, and can therefore be used in specific
protocols for the Heck Reaction or Suzuki Coupling.

The intermediates resulting from the diazotization of primary,
aliphatic amines are unstable; they are rapidly converted into
carbocations after loss of nitrogen, and yield products derived from
substitution, elimination or rearrangement processes.
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Mechanism
O W HTY O H Ly v BO, N-o
=0 =0 N-
NG =0
NH, + "N @—N\
HH
£ A

+ +_ + ~ +_ N
I;\I;NI > Nin'H =N=N} «—>+ =N=N,

DIECKMANN CONDENSATION

0

COOEt
_NaOEt _H;0
R/\/coom é/“\

The base-catalyzed intramolecular condensation of a diester. The
Dieckmann Condensation works well to produce 5- or 6-membered
cyclic i-keto esters, and is usually effected with sodium alkoxide in
alcoholic solvent.

The yields are good if the product has an enolizable proton;
otherwise, the reverse reaction (cleavage with ring scission) can
compete.

Mechanism

Same as The mechanism is similar to the Claisen Condensation.
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DIELS-ALDER REACTION

i =— O
= O

The [4+2]-cycloaddition of a conjugated diene and a dienophile
(an alkene or alkyne), an electrocyclic reaction that involves the 4 n-
electrons of the diene and 2 n-electrons of the dienophile. The driving
force of the reaction is the formation of new o-bonds, which are
energetically more stable than the n-bonds.

In the case of an alkynyl dienophile, the initial adduct can still
react as a dienophile if not too sterically hindered. In addition, either
the diene or the dienophile can be substituted with cumulated double
bonds, such as substituted allenes.

With its broad scope and simplicity of operation, the Diels-Alder
is the most powerful synthetic method for unsaturated six-membered
rings.

A variant is the hetero-Diels-Alder, in which either the diene or
the dienophile contains a heteroatom, most often nitrogen or oxygen.
This alternative constitutes a powerful synthesis of six-membered
ring heterocycles.

Mechanism

\+|Y——A—> O’Y
or

Overlap of the molecular orbitals (MOs) is required:
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e g
R R R
v

Overlap between the highest occupied MO of the diene (HOMO)
and the lowest unoccipied MO of the dienophile (LUMO) is
thermally allowed in the Diels Alder Reaction, provided the orbitals
are of similar energy. The reaction is facilitated by electron-
withdrawing groups on the dienophile, since this will lower the energy
of the LUMO. Good dienophiles often bear one or two of the
following substituents: CHO, COR, COOR, CN, C=C, Ph, or
halogen. The diene component should be as electron-rich as possible.

5

There are “inverse demand” Diels Alder Reactions that involve
the overlap of the HOMO of the dienophile with the unoccupied MO
of the diene. This alternative scenario for the reaction is favoured by
electron-donating groups on the dienophile and an electron-poor
diene.

E

1

The reaction is diastereoselective.

o — 84
A

Y 9‘9

HOMO ‘:H'—

35

CH,

— &
COOH
COOH __,
Z

HOOC COOH
CH,
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CO,Me
CO,Me
Z |l —
NS CO,Me - CO,Me
~ MeO,C wCO,Me
N | —
~ CO,Me CO,Me
P MeO,C ACO,Me
. | —
~ CO,Me CO,Me

Cyclic dienes give stereoisomeric products. The endo product
is usually favoured by kinetic control due to secondary orbital

interactions.
H H ﬂb H endo
CHO
rac.

OHC
H
¥\
A
g H > CHO exo
CHO H g

DIRECTED ORTHO METALATION

DMG DMG DMG
O = =X
—RH
Li E

The reaction of an alkyllithium compound with an arene bearing
a “Directed Metalation Group” (DMG) normally leads to an ortho-
metalated intermediate. Good DMG’s are strong complexing or
chelating groups that have the effect of increasing the kinetic acidity
of protons in the ortho-position.
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The ortho-metalated intermediate can be reacted with a variety
of electrophiles, after which the DMG can be retained if desired,
converted to a different functional group; or in some cases removed.

Mechanism
O’>< 4 0"><
o N\
N N:\V CH,l N
L ~BuH I |/
H W\ ! CH,

The DMG does not necessarily have to be inert:

O e O " e @(Lﬁ

N.
CH;,l % H,0 H%
(o] .0
CH, Li

Strong DMGs: -CON'R, ~-CONR,, -N"COR, -NCO,R
0]

'ﬁ\\’]v —~OCONR, ~OMOM
-SO;R
-CH = NR -SO,NR,
-CN ~-S0,tBu
moderate ~CF,4 -NR,
-NC
—-OMe
-F
-Cl
weak -CH,O" -O
-CC -S-

Ph
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DOEBNER MODIFICATION

O O 0 ( NH 0 O
+ )
EtO /U\/U\o Et R/lLH BGXZO‘ EtO)l)/tLO Et

R
—2EtOH |H;0
-CO, A

O O 0] C
HOMOH ’ R/U\ R—//_< OH

The condensation of carbon acid compounds with aldehydes to
afford a,B-unsaturated compounds.

The Doebner Modification (or Knoevenagel Condensation),
which is possible in the presence of carboxylic acid groups, includes
a pyridine-induced decarboxylation.

Mechanism

An enol intermediate is formed initially:

H
Lo 0 - N
H, H
H

Io\ '(')" / » IOI A \
to)j\‘y/eo Et <> Eto)lﬁfu\o Ft ¢—> Eto’l\l/IL
H

This enol reacts with the aldehyde, and the resulting aldol
undergoes subsequent base-induced elimination:

o o R o5 o H
o i a@

EtO - OEt H EtO OEt H
H DS H -
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o o
Ho N: > o o
P % EtO OEt
10 H H ¢ -
T N /OH
H

R
H R

A reasonable variation of the mechanism, in which piperidine
acts as organocatalyst, involves the corresponding iminium
intermediate as the acceptor:

)ﬁ/‘( + Hp'
‘>/’ U &“20 - B
cxo)%om
H
B: A R ‘O b
0 0 B: 0o 0
EtO OEt L0 OEt -HB EO OEt

The Doebner-Modification in refluxing pyridine effects
concerted decarboxylation and elimination:

HB™+ EtO

- OH o)
EGLINTON REACTION
Cu(OAc),
2 R———H ——» R——==R
pyridine

The Eglinton Reaction is an oxidative coupling of terminal
alkynes, and allows the synthesis of symmetric or cyclic bisacetylenes
via reaction of the terminal alkyne with a stoichiometric amount of a
copper(Il) salt in pyridine.
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Mechanism
R—=—=—H + B » R—— + BH
R——=I + CuOAc ——» R —=—=—Cu + OAc”
R——Cu + Cu(OAc), —» R—=+ + 2uOAc
2 R—=- > R—————=——-R

ESCHWEILER-CLARKE REACTION

RON-H + CH,=0 —Ij%)-}-l—» R,N-CH; + H,0
2

This reaction allows the preparation of tertiary methylamines
from secondary amines via treatment with formaldehyde in the
presence of formic acid. The formate anion acts as hydride donor to
reduce the imine or iminium salt, so that the overall process is a
reductive amination. The formation of quaternary amines is not
possible.

Mechanism
R H H H\‘ /O\;/\ + +
“NZ S R +HU/-H
\/ Q N S
R H R’ H
R I1O-H H H
\. s ~ HCOOH R ig-H -H,0 R
M Seos P == ¥
R™ H R’ HH R’ H
ey
R_H o —Co,
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ESTER PYROLYSIS

6TH 300°C OH '
Hads T e
\0 H o .

Ester Pyrolysis is a syn-elimination yielding an alkene, similar
to the Cope Elimination, for which i-hydrogens are needed. The
carboxylic acid corresponding to the ester is a byproduct.The cyclic
transition state can only be achieved if the steric environment is not
too demanding.

FISCHER-SPEIER ESTERIFICATION

0O H or LA (cat.) )OL
+ ROH = = + H,0
RJLOH R” “OR’ 2

The Lewis or Brynstedt acid-catalyzed esterification of
carboxylic acids with alcohols to give esters is a typical reaction in
which the products and reactants are in equilibrium.

The equilibrium may be influenced by either removing one
product from the reaction mixture (for example, removal of the water
by azeotropic distillation or absorption by molecular sieves) or by
employing an excess of one reactant.

Mechanism
o H H~6mo:R,

R™ "OH R~ “OH R% OH
/k\ H tautomerism C:k.%‘,H
R OQ < R 0\ +\H

H /.F\R' RI P ard

HCE —H' o
M+ B0 ===+ HO

R~ TOR’ R™ "OR'
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Addition of a proton (e.g.: p-TsOH, H,SO,) or a Lewis acid
leads to a more reactive electrophile. Nucleophilic attack of the
alcohol gives a tetrahedral intermediate in which there are two
equivalent hydroxyl groups. One of these hydroxyl groups is
eliminated after a proton shift (tautomerism) to give water and the
ester.

Alternative reactions employ coupling reagents such as DCC
(Steglich Esterification), preformed esters (transesterification),
carboxylic acid chlorides or anhydrides. These reactions avoid the
production of water. Another pathway for the production of esters is
the formation of a carboxylate anion, which then reacts as a
nucleophile with an electrophile (similar reactions can be found here).
Esters may also be produced by oxidations, namely by the Baeyer-
Villiger oxidation and oxidative esterifications.

FAVOURSKII REACTION
9 NaoH 0 Na
A —
)

The rearrangement of cyclopropanones, often obtained as
intermediates from the base-catalyzed reaction of a-halo ketones,
leading to carboxylic acids and derivatives.

Mechanism

ol X OR O+ _OR 0. .°"

— — X — X
CH, CH,

Esters are obtained if alkoxide bases are used:
3 (8] OR O OR
R OR

o 50— I, e Y

CH, —RO CH,

A direct converslon from a-halo ketones is possible:
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J%/Hz Sy

HO OH

Ko A
o5,

Ring—contraction'

0
i C —cry RO” (kat) OR
—ROH “RoH

o

FINKELSTEIN REACTION
N MX' S
ﬁ_— !
R X MX R X

Treatment of a primary alkyl halide or pseudohalide with an
alkali metal halide (e.g. KF, KI) leads to replacement of the halogen
via an Sy2 Reaction.

X _/-\iii-i
X

R

Mechanism

The equilibrium position of the reaction depends on the
nucleophilicity of the anion, whether a good leaving group is present,
and whether one anion is better stabilized than the other in a given
solvent. For example, reactions with KF will thus lead cleanly to
fluoroalkanes, because fluoride is such a poor leaving group due to
the stability of the C-F bond.
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OMs 5¢g. MX, 100°C % MX t(min) yield (%, isol
CH,CN (5% H,0), KF 90 9

[bmin] [BF,] CsF 20 95
Kl 30 95
Kbr 30 9%
Kl 15 9%

In general, the reaction is run with an excess of the metal halide.
The use of metal salts that have a high lattice energy require the
addition of a crown ether.

The equilibrium position of the reaction also depends on the
solubility of the metal salt in the solvent used. Thus, the substitution
of bromo- and chloroalkanes with KI in acetone leads cleanly to the
desired iodoalkane products, since KCI and KBr are insoluble in
acetone and are consequently removed from the equilibrium:

Kl
R Cl ~~, + KCl

—_ »
Aceton, ]l_ R™ 1 RS

FISCHER INDOLE SYNTHESIS

R'
K/R ZnCl,
SRSl Ga
N N
N/
H H
The conversion of aryl hydrazones to indoles; requires elevated
temperatures and the addition of Brynsted or Lewis acids. For

example a milder conversion when N-trifluoroacetyl enehydrazines
are used as substrates.

Mechanism
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FRIEDEL-CRAFTS ACYLATION

6] O
O A, O
X R R

X =Cl or RCOO
This electrophilic aromatic substitution atlows the synthesis of
monoacylated products from the reaction between arenes and acyl
chlorides or anhydrides. The products are deactivated, and do not
undergo a second substitution. Normally, a stoichiometric amount
of the Lewis acid catalyst is required, because both the substrate and
the product form complexes.

The Friedel-Crafts Alkylation may give polyalkylated products,
so the Friedel-Crafts Acylation is a valuable alternative. The acylated
products may easily be converted to the corresponding alkanes via
Clemmensen Reduction or Wolff-Kishner Reduction.

O
H,NNH, KOH @/\/\
—_—— —p
Mechanism
S — AIClL RN =
(0) AlCY, .{O/ 3 (‘)+ [e)
et 2 — —ee | I -
R/U\X R)I\SX = [R - 1|z 4+ TAICLX
7\
O
I3
ct — R H —_—
{
R +
o o _AICK
R | N, o+ H / \ . '
Z TAICLX HX
R _AICY, . _AICI,
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CAICH
I 3
+Q )

! 4 H,0 N ]
R/‘\@ - HZOl. R)‘\© + TAIOH), (, + gy * 3c1(aq')

FRIEDEL-CRAFTS ALKYLATION

R

FeCl, (cat)

+ R-X —m
() wx IS Oy

This Lewis acid-catalyzed electrophilic aromatic substitution
allows the synthesis of alkylated products via the reaction of arenes
with alkyl halides or alkenes. Since alkyl substituents activate the
arene substrate, polyalkylation may occur. A valuable, two-step
alternative is Friedel-Crafts Acylation followed by a carbonyl
reduction.

Mechanism

H
5 R
Q/—?_ix/ — FCBT3 —_— g\ + FCBI'3X—
H
F e — O
+ FeBr,X > + FeBr;+ HX
+

Using alkenes:

O Wosamw — I wa
H -
+ AlCl, —> ©—< + HCl + AlCK

FRIEDLAENDER SYNTHESIS

0 R’
R2 3 2 N R3
+ R 4 ——
K, 1.
NH, IR N R

1R
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The starting materials for this quinoline synthesis are o-
aminoaryl aldehydes or ketones and a ketone possessing an a-
methylene group. After an initial amino-ketone condensation, the
intermediate undergoes base- or acid-catalyzed cyclocondensation
to produce a quinoline derivative.

Mechanism
2
R Rz
R’ 3
@ﬁ S L he
4
IR NH, — 077"r NH,0” > R*
IR
R2 R2
~ _R° G
" R E—
T Q/ R 41;] R
IR 2 IR 71 O
H
2
R R'
~ —_— N
FRIES REARRANGEMENT

O (0] .
@/ Y Acid
_—
R
OH OH
( I R T R Ji ]
O (0]

The Fries Rearrangement enables the preparation of acyl
phenols.

Mechanism

The reaction is catalyzed by Brynsted or Lewis acids such as
HF,AXC], BF,, TiCl, or SnCl,. The acids are used in excess of the
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stoichiometric amount, especially the Lewis acids, since they form
complexes with both the starting materials and products.

AlCl “AICl,

A

/0\51 AC o &
/ <> —_—
1= @F* 1

The complex can dissociate to form an acylium ion. Depending
on the solvent, an ion pair can form, and the ionic species can react
with each other within the solvent cage. However, reaction with a
more distant molecule is also possibie:

“AlCl, +

‘AlCh o o
+6% & o 0, il
oY e
R R
After hydrolysis, the product is liberated.
'AlCl1

Co' AlCl; H,0 OH
—_—
RO
0

The reaction is ortho,para—selectlve so that, for example, the
site of acylation can be regulated by the choice of temperature. Only
sterically unhindered arenes are suitable substrates, since substituents
will interfere with this reaction.

The requirement for equimolar quantities of the catalyst, the
corrosive and toxic conditions (HF), and the violent reaction of the
catalyst with water have prompted the development of newer
protocols. Zeolites have proven to be unsuitable, since they are
deactivated, but strong acids, such as sulfonic acids, provide a
reasonable alternative.

An additional option for inducing a Fries Rearrangement is
photochemical excitation, but this method is only feasible in the
laboratory:

0._.0 [¢]
©/ Y hv g i
— (———P + C
R s
R
O
o@j \n/©/
. . . R
R B rearomatization

¢}
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FUKUYAMA COUPLING
O PdCl, (PPh,), (cat) 0
/U\ + R'Znl = >
R SEt toluene R™ "R’

The palladium-catalyzed coupling of organozinc compounds
with thioesters to form ketones. This reaction tolerates a variety of
functional groups due to the low reactivity of the organozinc reagents.

Mechanism

Oxidative addition of the thioester is followed by transmetalation
from the zinc compound. Reductive elimination leads to the coupled
product.

0] O
JL “Pd” JL
R "R’ 7/ R” “SEt
0] (0]
i
RJL P(d ) R’ RJLPd“—SEt
(ii)
EtSZnl R'Znl
FUKUYAMA REDUCTION

The conversion of carboxylic acids to aldehydes is normally
conducted in two steps by reduction of the acids or their derivatives
to the corresponding alcohols fallowed by mild oxidation.

o Et,SiH,Pd/C(cat) @

N J

R” “SEt acetone ~ R”“H

The Fukuyama Reduction allows the convenient and selective
reduction of thioesters, which are easily prepared from the
corresponding carboxylic acids, for example by the Steglich
Esterification.
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Mechanism

Compared to other direct reductions of carboxylic acids or
carboxylic acid derivates such as using DIBAL-H or Rosenmund
conditions, the Fukuyama Reduction is a mild alternative, offering
outstanding functional group tolerance.

An initial oxidative addition of Pd(0) to the C(spz)-S bond is
followed by transmetallation of the resultant acylpalladium species
with Et;SiH. Reductive elimination from the acylpalladium hydride
leads to the desired aldehyde.

G T
Pd H Pd SEt
(ii)

Et,Si—SEt  E4Si-H
On the basis of this mechanism, it was surmised that substitution
of Et;SiH by an appropriate organometallic reagent would provide
access to ketones. Extensive screening of various transition metal
catalysts and organometallic reagents have revealed suitable
conditions, which are currently used in the Fukuyama-Coupling.
GABRIEL SYNTHESIS

0]

R-X +K'N —

0
Q
_N;:Q —> R-NH,
o}
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Potassium phthalimide is a "NH,-synthon which allows the
preparation of primary amines by reaction with alkyl halides. After
alkylation, the phthalimid is not nucleophile and does not react
anymore. Product is cleaved by reaction with base or hydrazine,
which leads to a stable cyclic product.

Mechanism
o7
NH—%;C%:\KMQ:((MKH ik
v
\0\ \0,
P % or o
. R N\ - R . K
N K —— N~ > N «—> N
O | O O O
O O O ar
Cleavage:
O\ O Na'
R 5 NaoH o R
N—<R' S o HZN—<R
O O Na+
O
l H,NNH, NH R
> I~ HZN—<
N R
(0]
GEWALD REACTION
RNy
[ + N + S
RJ\/R \\/U\ OR" 8
HN— S~ R’
\_/
O R

ORN
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The Gewald Reaction is a synthesis of 2-aminothiophenes via a
multi-component condensation between suifur, an a-methylene
carbonyl compound and an a-cyanoester.

Mechanism

First step in the process is a Knoevenagel Condensation, but
the remainder of the sequence is not known in detail:

0] _N
0 O 4 -HO RO
| ' + // ""2_> I
RJ\/R OR"’U\/ R
+ R
0 S
HN- S\ R’
”SII Rno N— 2 \
s, Py = J
R 0 R
R, OR”
GLASER COUPLING
Cu(l) — Cat
2 R——=——H » R——=—R
Base, O,

The Glaser Coupling (or Hay Coupling) is a synthesis of
symmetric or cyclic bisacetylenes via a coupling reaction of terminal
alkynes. Mechanistically, the reaction is similar to the Eglinton
Reaction; the difference being the use of catalytic copper(I), which
is reoxidized in the catalytic cycle by oxygen in the reaction medium.

The related Hay Coupling has several advantages as compared
with the Glaser Coupling. The copper-TMEDA complex used is
soluble in a wider range of solvents, so that the reaction is more
versatile.

CuCl - TMEDA (cat)
0, -

A valuable alternative is the Cadiot-Chodkiewicz Coupling

which allows the preparation of asymmetric bisacetylenes.

2 R—==

—————=R
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GRIESBAUM COOZONOLYSIS
R Rll' O
R'>=I\{0Me+ o =<R" pentane / CH, Cl2 R’ >( 7<Rm

The Griesbaum Coozonolysis allows the preparatlon of defined,
tetrasubsituted ozonides (1,2,4-trioxolanes) by the reaction of O-
methy! oximes with a carbonyl compound in the presence of ozone.
In contrast to their traditional role as intermediates in oxidative alkene
cleavage, 1,2,4-trioxolanes with bulky substituents are isolable and
relatively stable compounds.

, The selective synthesis of substituted 1,2,4-trioxolanes has
drawn considerable interest following indications that this heterocycle
confers potent pharmacologic activity such as in the antimalarial area.

Mechanism

The unmodified ozonolysis of an unsymmetrical alkene
produces the intermediate carbonyl compounds and carbonyl oxides
nonselectively; these can then react with each other to give a statistical
mixture of 1,2,4-trioxolanes.

R R"”
Al SO0k Ay R <R
et

ll“_‘LII 1

R R"

o"’ + 0 and o o
R I SR

R

A coozonolysxs (two compounds in presence of ozone) is
possible if one precursor generates the carbonyl oxide in situ that
then reacts with the second compound - the carbonyl. N-Methyl
oximes have been found to be ideal precursors, because they readily
react as dipolarophiles in a 1,3-dipolar cycloaddition with ozone. A
retro-1,3-dipolar cycloaddition then leads to the formation of the
carbonyl oxide and methyl nitrite:

LAY
R OV R
3 0 ) > + N,OM
=N 3 5 G —_ =0" +
( %ﬂ R O .

R’ OMe Me 0]
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The 1,3-dipolar cycloaddition of the carbonyl oxide with the
carbonyl compound gives tetrasubsituted ozonides:
R>_ N
._...0 O "
, \ - R R
R ORIH —_— Rl>g O7<Rnl
+ O=< -
RI!
If no carbonyl compound is added, 1,2,4,5-tetraoxanes might
be isolated through dimerization of the carbonyl oxide:

2 R>=N B R)=0+ — R)(O_OXR'
R OMe R 0 R R

0-0
GRIGNARD REACTION
/O\
N
+
-/, \ MgX

o H,0 HO
X A~

The Grignard Reaction is the addition of an organomagnesium
halide (Grignard reagent) to a ketone or aldehyde, to form a tertiary
or secondary alcohol, respectively. The reaction with formaldehyde
leads to a primary alcohol.

Grignard Reagents are also used in the following important
reactions: The addition of an excess of a Grignard reagent to an ester
or lactone gives a tertiary alcohol in which two alkyl groups are the
same, and the addition of a Grignard reagent to a nitrile produces an
unsymmetrical ketone via a metalloimine intermediate.

Mechanism

While the reaction is generally thought to proceed through a
nucleophilic addition mechanism, sterically hindered substrates may
react according to an SET (single electron transfer) mechanism:
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+
\ﬁ)\&_/ \/I(_)LMgX
' 7 \_/4'\/

o MeX oI
H,0
» |t —— Lo\

With sterically hindered ketones the following side products are
received:

The Grignard reagent can act as base, with deprotonation
yielding an enolate intermediate. After work up, the starting ketone
is recovered.

l/,MgBr

0 0 ()
H,C—-MgB H,0
f vy A e
- 4

A reduction can also take place, in which a hydride is delivered
from the B-carbon of the Grignard reagent to the carbonyl! carbon
via a cyclic six-membered transition state.

Yy -
+

Br

Additional reactions of Grignard Reagents:
With carboxylic acid chlorides:
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Esters are less reactive than the intermediate ketones, therefore
the reaction is only suitable for synthesis of tertiary alcohols using
an excess of Grignard Reagent:

MgBr /(l)l\ H,0 OH
2 + _— 1 Ciph
©/ H,C 0N H,C Ph

With nitriles:

7

/\ N - MgBr (0]
R'>- MgB g H,0

R—=N 5 rA 22, rA

R’ R’
With CO, (by adding dry ice to the reaction mixture):

/O\ O\ - H o /()\
R@'H —> R4 Mx 2 r A4
IO N OH
4
With oxiranes:
o) _Ho

ANMgBr * AN

HALOFORM REACTION

o)
1) I,, NaOH
()2 a OH + CHI,
(2)H;

This reaction has been used in qualitative analysis to indicate
the presence of a methyl ketone. The product iodoform is yellow
and has a characteristic odour. The reaction has some synthetic utility
in the oxidative demethylation of methyl ketones if the other
substituent on the carbonyl groups bears no enolizable a-protons.

Mechanism

The reaction readily proceeds to completion because of the
acidifying effect of the halogen substituents.
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1 or
H OH x{ _H - 5
Hy H
0 ior
N -
H OH x{ _H >
b —— —l_
H i 1
P _
Ior
N |-
H _(_)H_\ N l_ »
Fy I
X0 o)
I -l
Cl —> OH
OH

HANTZSCH DIHYDROPYRIDINE (PYRIDINE)
SYNTHESIS

O 0
R-CHO + 2 + NH,
Rl)l\/”\ OR"
R
R"00C COOR"
EE—— |
R’ N R’
H

This reaction allows the preparation of dihydropyridine
derivatives by condensation of an aldehyde with two equivalents of
a P-ketoester in the presence of ammonia. Subsequent oxidation (or
dehydrogenation) gives pyridine-3,5-dicarboxylates, which may also
be decarboxylated to yield the corresponding pyridines.
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R
R"00C COOR" g, R"00C__A__COOR"
|| — |

NS
RONTR R ONTR
H
R
1. KOH y
2.Ca0, A o |
RN R

Mechanism

The reaction can be visualized as proceeding through a
Knoevenagel Condensation product as a key intermediate:

R O
o o o0 ~H,0
R-CHO + = Ie} OR"’
RvMOR" |
R

A second key intermediate is an ester enamine, which is
produced by condensation of the second equivalent of the B-ketoester
with ammonia:

o o -H,0 NH, O
+ INH, Sa———— ~
R’ OR" R’ OR"

Further condensation between these two fragments gives the
dihydropyridine derivative:

OR" R OR" OR" R OR"
0 0 NH
_ 0 ] 0 _3:___\
R 0\ HZE\) R R Q\/ N 7 R NH4
- +}'I{}‘l
OR" OR" OR"” R OR" OR" OR”

)r‘jfk _ N

O\N
H
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][Tautomerism
OR” R OR” OR" R OR"
0 O NH,
——
—
R7COW” R NH,
H
OR'R  OR” "R OR" R
NH NH,  ROOC COOR"
0 0 ;—.:__—__—‘3 0 0 _ | ‘
! NH
RONR NH, R (' R 3 R g R
HECK REACTION
Br 0
NG N
o)
Pd - Cat NS o~
—_—

The palladium-catalyzed C-C coupling between aryl halides or
vinyl halides and activated alkenes in the presence of a base is referred
as the “Heck Reaction”. Recent developments in the catalysts and
reaction conditions have resulted in a much broader range of donors
and acceptors being amenable to the Heck Reaction.

One of the benefits of the Heck Reaction is its outstanding trans
selectivity.
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Mechanism
HBr/ Base
Basc
0 (I) reductive
PPh; elimination
7 H-Pd@r
PPh,
(0]
— \
Ph f Ph,
H-Pd—Br
PPh,P  n-Komplex
B-H\ elimination
\
o]
0 PPh,

)
H /f{d —Br
PPh,
H

Pd - ¢ intermediate

123

Br
]

Pd —
M
PPhy oxidative addition
P,
I%d"— Br
PPh,

HELL-VOLHARD-ZELINSKY REACTION

R >coon t Bn

— H,PO,

PPh,P g complex
Br
P (cat)
+ HBr
R/l\ COOH

Treatment with bromine and a catalytic amount of phosphorus
leads to the selective a-bromination of carboxylic acids.

Mechanism

Phosphorus reacts with bromine to give phosphorus tribromide,
and in the first step this converts the carboxylic acid into an acyl

bromide.
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3/2Br, + P —> PBr,

0O O
3 + PBry, ——» 3 H,PO
R \)LOH ’ R\/U\Br e

An acyl bromide can readily exist in the enol form, and this
tautomer is rapidly brominated at the a-carbon. The monobrominated
compound is much less nucleophilic, so the reaction stops at this
stage. This acyl intermediate compound can undergo bromide
exchange with unreacted carboxylic acid via the anhydride, which
allows the catalytic cycle to continue until the conversion is complete.

O PA /H O
10 — HBr
R — L
Br R{/BF—BF Br
Br
Br

i,
S

Br

HENRY REACTION
NO, 0 OH

J\ N /U\ ?ase (cat.) O,N YkR”

R’ 1t
R H” R e

The Henry Reaction is a base-catalyzed C-C bond-forming
reaction between nitroalkanes and aldehydes or ketones. It is similar
to the Aldol Addition, and also referred to as the Nitro Aldol
Reaction.

If acidic protons are available (i.e. when R = H), the products
tend to eliminate water to give nitroalkenes. Therefore, only small
amounts of base should be used if the isolation of the -hydroxy nitro-
compounds is desired.



Organic Reaction Mechanism 125

Mechanism
0. C- D. O-

N7 Base \O\\NLO/

___..?
RJ\H —~H-Base /1\‘ ,
R’ R R
NO,
o N Sr
{ OH
OZN RH 02N R”
R R’ R R
HIYAMA COUPLING
Pd (cat.
R-X + R'Si-R —o() | ¢ g
F- or base

R"Si: (RO);Si, Mes_F,Si

The Hiyama Coupling is the palladium-catalyzed C-C bond
formation between aryl, alkenyl, or alkyl halides or pseudohalides
and organosilanes. This reaction is comparable to the Suzuki
Coupling and also requires an activating agent such as fluoride ion
or a base.

Mechanism

Crucial for the success of the Hiyama Coupling is the
polarization of the Si-C bond. Activation of the silane with base or
fluoride ions (TASF, TBAF) leading to a pentavalent silicon
compound is a first necessary step.

R~R" L,Pd X-R
. oxidative addition
reductive
elimination
t L

L
R-Pd-L R—Pd-X
R Lof
ESSFR' *NBu, <—— R,Si~R'+ Bu,NF

; F
trans-cis transmetalation
1somerization I|’

R-Pd-R' F,
L l;_—;,Sn-x NBu,

F
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However, the reaction rate is also increased by using silanes
with R” groups such as fluoro or alkoxy instead of alkyl. In fact,
there are only a few successful examples of coupling reactions using
trimethylsilane derivatives.

Another approach uses silacyclobutanes. These small-ring
silanes offer enhanced Lewis acidity because angle strain is released
when the silicon transitions from tetrahedral to pentavalent, which
favours the activation.

I\ 109° r190°
i Rl ~ P
A GRE s pald | S

tetrahedral  [79° F trigonal bipyramidal

Lewis acidity enhanced by strain release

Organosilanes are stable and easily prepared compounds with
low toxicity. With the many improvements in the reaction conditions
that have been reported, the Hiyama Coupling has become an
interesting alternative to the Suzuki Coupling that offers a comparable
scope of conversions. On the other hand, the broad commercial
availability of boronic acids and boronates currently makes the Suzuki
Coupling the more convenient choice.

HOFMANN ELIMINATION

NHZ 1 CH31 \/\

\)\ 2. Ag0, 0,08 N
Sometimes referred to as the Hofmann Degradation. This
elimination reaction of alkyl trimethyl amines proceeds with anti-

stereochemistry, and is generally suitable for producing alkenes with
one or two substituents. The reaction follows the Hofmann Rule.

Mechanism

H </ H \ I
3HIC €T —NE-

AN T

SN
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1~ ~a
>N

H « _~0H
HOFMANN’S RULE
<:>( ~OH A
—_— +
“N(CH,), < > < >
99 % 1%
*N(CH,)
3)3 A
—_—
\)\ ~“OH ~ \//f

95 % 5%
Hofmann’s Rule implies that steric effects have the greatest
influence on the outcome of the Hofmann or similar eliminations.
The loss of the B-hydrogen occurs preferably from the most
unhindered (least substituted) position [-CH; > -CH,-R > -CH(R,)].
The product alkene with fewer substitutents will predominate.

Ester Pyrolysis also obeys this preference, and the Hofmann
Rule is generally followed whenever a reaction passes through a
cyclic transition state.

0 OH
) — )
a ~
B

Hofmann’s Rule is valid for all intramolecular eliminations and
for the Hofmann Elimination. Most bimolecular eliminations will
follow Saytzeff’s Rule.

HOSOMI-SAKURAI REACTION
O OH

b : 1. lewis acid b
+ € SiMe, 277277y
R/u\ R LAY 2.H,0 R E)\C/\ .
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o b 1. lewis
+ C SiMe, __acid /\/|\/LL
R’\/U\R' 7Y 210 a7
NR” b . 1. lewis acid NHR”b
/U\ + C/\/SIM% - '
R™ R a 2.H,0 R
OR' OR’

b : 1. lewis acid b
/l\ .+ € /\/SlMe3 —_——
R”OR© = 3 2.H,0 R’l\c/\

R
0 b . 1. lewis acid b
A+ ¢ A _ SiMe, Llewisacid o
R R 1 2.H,0 ¢ a

OH
0] .. 0]
b : 1. lewis acid b
+ € SiMe; - =727
R Lo v Ay 2.H,0 RJ\C/\a

The Hosomi Sakurai Reaction involves the Lewis acid-promoted
allylation of various electrophiles with allyltrimethysilane. Activation
by Lewis acids is critical for an efficient allylation to take place.

Mechanism
_ 10-TiCl,
o x’()’ml‘ % SiMe, _
+ TiCl, ——» + -3 Ph
ph/@(i Yo Ph/\)\ +
SiMe,
10-TiCl, 15 -Ticl,

Ph /_L Ph‘d o _<:<\ 4<:§
+
SiMe,

Note: Silicon stabilizes B carbocations (p effect)

Only catalytic amounts of Lewis acid are needed in the newer
protocols. Note the use of allylsilyl chlorides instead of
allyltrimethylsilane:
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MX

“halophilic
promoter”
&
M-~V

\S[ &
A X
\S / 1@ and/or
I pxmct© 5 ,\s{?"
R N\F XM-Cl 1
B i AN
RCHO
HUISGEN CYCLOADDITION
VAN [2
T n . ey
A
/A R” R" R’
R’ '
/N A .
@ ﬁ A R\A/ \AH
of + || —2—s _
R/A R" RH RI

129

The Huisgen Cycloaddition (or 1,3-Dipolar Cycloaddition) is
the reaction of a dipolarophile with a 1,3-dipolar compound that leads
to 5-membered (hetero)cycles. Examples of dipolarophiles are
alkenes and alkynes and molecules that possess related heteroatom
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functional groups (such as carbonyls and nitriles). 1,3-Dipolar
compounds contain one or more heteroatoms and can be described
as having at least one mesomeric structure that represents a charged
dipole.

Nitril oxides: R——:—Nt(:)l- <« R-—C+=N—(_—_)|_
Azides: R-N=NENS <«—> R-N=NENI

Diazoalkanes: R—HE:NENI <> R—I(_:I =N§N‘f

Examples of linear, propargyl-allenyl-type dipoles
: 5t oF
Ozone: IQ”O‘\OT > _(O;OQQI
An example of an allyi-type dipole is Ozonolysis

Mechanism

5
R~\¥
RI/
2 n-electrons of the dipolarophile and 4 electrons of the dipolar
compound participate in a concerted, pericyclic shift. The addition
is stereoconservative (suprafacial), and the reaction is therefore a
P, +4] cycloaddition similar to the Diels-Alder Reaction. Attention:
many authors still use “[2+3] cycloaddition”, which counts the
number of involved atoms but does not follow IUPAC

recommendations. [UPAC recommends the use of “(2+3)” for the
number of involved atoms instead.

R\\ 3N
o

r

A condition for such a reaction to take place is a certain
similarity of the interacting HOMO and LUMO orbitals, depending
on the relative orbital energies of both the dipolarophile and the
dipole. Electron-withdrawing groups on the dipolarophile normally
favour an interaction of the LUMO of the dipolarophile with the
HOMO of the dipole that leads to the formation of the new bonds,
whereas electron donating groups on the dipolarophile normally
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favour the inverse of this interaction. Diazomethane as an electron-
rich dipolar compound therefore rapidly reacts with electron-poor
alkenes, such as acrylates. Relative reactivity patterns may be found
in the literature.

The regioselectivity of the reaction depends on electronic and
steric effects and is somewhat predictable. For example, the addition
of alkynes to azides, which is an interesting reaction for the generation
of 1,2,3-triazole libraries by the simple reaction of two molecules
leads to regioisomers:

/,N N
I L T AL R &)
’ PhO — 1.6:1 PhO
The reaction has been modified to a more regioselective, copper-
catalyzed stepwise process by the Sharpless group, which is no longer
a classic Huisgen Cycloaddition. Another approach prefers the use
of a directing electron withdrawing group, which is removable later:

- b EWG N
N—N=N N\ N
EWG R W -HEWG ,E N
BT g N ¢ > R
R 1, 3-dipolar \ 1
cycloaddition R’ R

In summary, the 1,3-dipolar cycloaddition allows the production
of various 5-membered heterocycles. Many reactions can be
performed with high regioselectivity and even enantioselective
transformations of prochiral substrates.

HUNSDIECKER REACTION
O
)I\ l?rz R—-Br + AgBr + CO,
R” SO~ Ag+ cql,

The silver(I) salts of carboxylic acids react with halogens to give
unstable intermediates which readily decarboxylate thermally to yield
alkyl halides. The reaction is believed to involve homolysis of the
C-C bond and a radical chain mechanism.

Mechanism

o)

)OI\ + ABrI;’ /([)L 5 — M v
R \\/'Ag —Agbr R™ QO R o’

N7/
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0 ~CO,

s )

0 0
Re+ M B —— romr M
R \O/ R N7
IRELAND-CLAISEN REARRANGEMENT
o) OSiR,

A 1.Lpa,-78c s5°C
? 2.Me;SiCl O& '
L~ N

OSiR,

0]
© HOW

A

This gentle variant of the Claisen Rearrangement employs the
allyl ester of a carboxylic acid instead of an allyl vinyl ether. The
ester is converted to its silyl-stabilized enolate (silyl ketene acetal),
which rearranges at temperatures below 100 °C.

The immediate product of the rearrangement, a carboxylic acid
silyl ester, cannot be isolated and is hydrolyzed during workup. The
Ireland-Claisen Rearrangement thus offers ready access to chain-
extended carboxylic acids.

Mechanism

As with the Claisen Rearrangement, the Ireland modification
also proceeds with a high degree of stereoselectivity:

OSiMe; _ R OH
0" AR A RYTF " L R
R F R | Me;,SiO R \Y R’
OSiMe3 OH
N R"” R”
0% A 07
A A
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An advantage of the Ireland-Claisen Rearrangement is the option
of controlling the enolate geometry through the judicious choice of
solvent:

Q 1. LDA, - 78°C OS‘Mes
OJ\/ THF/HMPT
————
2. Me,SiCl
K/\ e3> |\/\

0 1.LDA, - 78°C OSiMe;,
O/u\/ _.T_HF_____> )\\
|\/\ 2. Me,SiCl
& /

0 1.LDA, - 78°C OS'Mes
o )K/ THE/HMPT o \
—_——
U 2. Me,SiCl u
y ~

OSiMe
1. LDA, — 78°C 3
==
K) 2. Me;SiCl
/

IWANOW REACTION (IVANOV REACTION)
0
o MgBr
+ H
o~ MgBr

OH O

Ivanov Reagents are carboxylate enolates (enediolates, or
carboxylic acid dianions) derived from phenyl acetic acid or
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substituted analogs, and react with aldehydes to give f-hydroxy acids,
similar to the Aldol Addition.

The stereoselectivity can be explained with the Zimmerman-
Traxler Model, which predicts a six-membered cyclic transition state
leading to excellent stereoselectivity for anti-substituted products.

Mechanism

OH RMgBr o MgBr
m B 2 RH ©/\O( MgBr
o e H oMgBr
o ot —| e
?

H
0
H omgBr + H
——p Pn o—MeBr Ao OH
Ph o
H J

HO
x o +MgBr o
. + co, —»>
O MgBr (o)
HO

o¥§

o M N

m gBr ©/ \0 g OH
0 MgBr

JACOBSEN-KATSUKI EPOXIDATION

Mn-salen
aq. NaOCl . catalyst: "
R R’ Mn-salen catalyst R R Y
\=/ CH,C, Hadu o’c',‘o
R : Ar, alkenyl,
alkynyl, atkyl R’ : alkyl (bulky group) S, 8)
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The Jacobsen Epoxidation allows the enantioselective formation
of epoxides from various cis-substituted olefins by using a chiral Mn-
salen catalyst and a stoichiometric oxidant such as bleach.

Compared to the Sharpless Epoxidation, the Jacobsen
Epoxidation allows a broader substrate scope for the transformation:
good substrates are conjugated cis-olefins or alkyl-substituted cis-
olefins bearing one bulky alkyl group.

Mechanism

A simplified catalytic cycle shows the formation of an Mn(V)-
oxo complex. L could be a counterion or an amine N-oxide ligand,
the addition of which has a slight beneficial effect on
enantioselectivity, reaction rate and product yield:

0O
R R’
NaCl \—/
L
NaOCl R A
a
L

Discussions of the mechanism of the oxygen transfer to the
double bond have led to controversy. Depending on the substrate
and additives, the formation of side products with trans
stereochemistry points to a radical mechanism, whereas alkyl-
substituted olefins stereoselectively give only cis products via a
concerted mechanism.

The suggested formation of manganaoxetanes receives support
from calculations on a theoretical level, and from experiments
reported by Katsuki using derivatives of the Jacobsen catalyst.
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-/ v
7 | — Y
i O cis

R R R’
(R — p > R
/ Mn-0 \ O trans
R R R’
Q _—
Mn R O cis

Two different models exist for the approach of the substrate, which help
to explain the stereoselectivity of the nearby flat catalyst.

R K
\=/

\/R'

—-Nu,—

In a simple model, steric repulsion accounts for rate differences
and lowered selectivity:

Rl R R R”
\\ / \ :I R' \\ ,I Rl
o il e

However, Jacobsen was able to show that, after addition of a
pyridirie N-oxide derivative, trisubstituted alkenes are in fact excellent
substrates. The dissymmetry of the chiral salen ligand can effectively
orient the radical selectivity:
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Ph
M
5 ¢ Ph Me
o —| \/
/ 0 90 % ee
Ph Me 5,5) main enantiomer
\—=/
)
\ Ph™™ O
’ —_—
OH "_'[e/;- PR Me
(S, S)
Me
5
Ph \:r Ph Me Ph
o —— N
Ph
88 % ee
Me _ Ph @.9) main enantiomer
PH b
Me” =3 P h, Q
V4 ,
0“ P_h/;.. Me  ph

S, S)
Many oxene, nitrene and carbene transfer reactions using well-
designed chiral first- and second-generation metallosalen complexes
as catalysts.

JULIA-LYTHGOE OLEFINATION
This multistep synthesis enables the preparation of (E)-alkenes.

The addition of a phenylsulfonyl carbanion to an aldehyde or
ketone leads to an intermediate alcohol, which is esterified in situ.
The reductive elimination with sodium amalgam to furnish the alkene
takes place in a second step.

Ph 1. BuLi AcO Na (H R’

- ! a

RS —2.R'CHO I _Ph (Hg) l J
I/ \

o 3Ac0 Ac,0 MeOH
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The Julia-Kociensky Olefination is an alternative procedure,
which leads to the olefin in one step.

*AQ + R'CHO __ﬁ‘ic_._» R/\/ + R/\
RI

Mechanism

The acetoxysulfone synthesis produces diastereomers:

1. O)
oh . Li /U\ OAc OAc
R~ Buli _Ph _P_I__R__» R R, R/k_,R
oo -BuH S 2. Ac,O :
00 "2 SO,Ph SO,Ph
-LiOAc rac. rac.

A first possible mechanism proceeds through a planar radical
that can rotate freely about the C-C bond. Both diastereomers would
thus pass through the same radical intermediate, which can be used
to explain the (E)-selectivity.

H [ —-——> Rr
g T™H i
OAc OAc

HI & \ \H\
-Lz-b H H’ __..__> u
OAc

Even though the carbanion is not configurationally or
conformationally stable, it will prefer an arrangement with the R-
groups further apart that will later lead to the (E)-alkene:

Ph Ph
1
) :ﬁ‘mm M E é_OM - Phson
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H R’ H R
R H
OAC /> . HOAC
1
H ROAc
¢ R\/\R,
R
R

Keck demonstrated in 1995 that when the sodium amalgam
reaction is run in MeOD as solvent, deuterium is incorporated into
the product, in contrast to the absence of incorporation seen in the
Sml, reduction. Thus, the mechanism proposed above is completely
consistent with the Sml, reduction (M = Sml,).

Deuterium Incorporation in Reductions of Acetoxy Sulfones Reaction conditions E:Z Deuterium incorpn (%)
8 eq. Smi,, THF
$SO,Ph ) : 23:1 0
: DMPU, CD,0D. 60 min
Ph /\)\/P h —> p W h ,
OAc SNaHg NalPO, o o

THF/CD,0D (4:1)
The classical Julia Olefination with sodium amalgam might
possibly proceed via an initial elimination to an alkenyl sulfone,

which would then undergo homolytic cleavage involving single
electron transfer.

HOMe

/—\ Na Ph (\
H H R’ -OMe / Sz
1057 Gone 3

Ph, ONa R "Na N

&R -PhSO,Na a N R MeOH

o%_ /0, K J, 9= ) (
RHH R H R H

- MeO R
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Since the cis- and trans-vinyl radicals can equilibrate at this stage
and the frans-radical is the more stable of the two, both diastereomeric
acetoxy sulfones would still lead selectively to the same product.

'}:f . %( 5 Z §_< _MeOH ,=,R'

H - MeO R

Cis trans
A disadvantage of the Julia Olefination is its low tolerance for
reducible functional groups. The (E)-selectivity is generally good to
very good for alkenes with a low degree of substitution, while the
selectivity improves as a function of increased branching in the
substitutents.

KABACHNIK-FIELDS REACTION

O (I)' NHR"OR'"
RJKR, + R'NH, + 1 P~OR"” —> R& 1;/aOR'"
OR'II O

This three-component coupling of a carbonyl, an amine and a
hydrophosphoryl compound leads to a-aminophosphonates. The
Kabachnik-Fields Reaction is very important in drug discovery
research for generating peptidomimetic compeunds.

Early protocols were limited to simple starting materials (for
example aldehydes) but newer methods permit reactions to take place
even with sterically demanding starting materials.

Mechanism

The pathway of the Kabachnik-Fields reaction depends on the
nature of the substrates. The amine and hydrophosphoryl compound
form a complex in which either one of the partners may react with
the carbonyl compound. Often, the basicity of the amine determines
the reaction pathway. Weakly basic amines such as anilines, which
can act as proton donors, favour the formation ¢f an imine, whereas
alkylamines such as cyclohexylamines do not form imines:

H3_ph 0
({3/ "N™" pacHO ('3 . Ho P OR"—
R™ 0 - H H 0 ) OR'""'// “H PhJ OR’ n/ Y
RI IO OR \Ph
0 9 NH,
B 5t PhCHO | pivg—P Ph 4 —» OR"
R0y -\ R"G 1 “HO0  OR" Y
R"'O0 OH Cy
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If additional catalysts are used, both acids and bases can have a
positive influence on the reaction rate. Sometimes, the chemical yield
and the diastereoselectivity of the formation of a-aminophosphonates
are higher in two-component systems using preformed imines. In this
case, due to the phosphonate <-> phosphite tautomerism, the addition
to the imine could occur by either a four- or five-membered transition
state:

R R"
R 0 =N R R"”
¥ w R==N
t ”r |l
phosphonate a \ R
OR"'
" R4\P'/’OR"’
R " '
Y=N AN R5
=N
" ’ 7
R O\ > /OH R ) R'ﬁ-\ /
RO RO _}) (’\/H
phosphite R0 ©

A more detailed discussion of the mechanism of the Kabachnik-
Fields reaction, its synthetic potential and the biplogical activity of
the a-aminophosphonates.

An interesting recent publication of an enantioselective
transformation using quinine as an organocatalyst suggests the
following transition state:

o)
5 [1]
A s [ -P~OEt
N / v OFt H™ "DEt
L OEt
"Wr phosphite phosphonate
form form

As this example shows a high degree of complexity, one can
imagine that the design of an enantioselective three-component
reaction would be somewhat more difficult, and it is clear that some
basic investigation into the stereocontrol of the Kabachnik-Fields
reaction is still needed.
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KOCHI REACTION
o)

Pb(OAC),
—_—
OH LiCl

cl
\r CO, +LiPb(OAc); + CH,COOH

The Kochi Reaction is a one-carbon oxidative degradation of
carboxylic acids, and is a valuable alternative to the Hunsdiecker
Reaction. A Pb(IV) reagent is the oxidant, and this reaction is suitable
for synthesis of secondary and tertiary chlorides.

KOLBE ELECTROLYSIS
> K =2 2,
-2C0,

R R —>» R-R

The electrochemical oxidative decarboxylation of carboxylic
acid salts that leads to radicals, which dimerize. It is best applied to
the synthesis of symmetrical dimers, but in some cases can be used
with a mixture of two carboxylic acids to furnish unsymmetrical
dimers.

Mechanism

The formation of side products depends on the ease of the
follow-up oxidation which leads to carbenium ions, and their
subsequent rearrangement:

H H H H
Q0 _.- s e + +
vatteallvabloalos
o]
+

z8. RCOOH:i.‘H,, Wlol_m MeOH /-H"
RCOO- 0
O O O
} 1% PO
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KOLBE NITRILE SYNTHESIS

A
Ny+ KON ———» o "N
RT X pmso RO CN
The reaction of primary aliphatic halides and alkali metal

cyanides - the Kolbe Nitrile Synthesis - gives nitriles in good yields.

Mechanism

The Kolbe Nitrile Synthesis is a typical Sy2 reaction, which
runs best in polar aprotic soivents (DMSO, acetone):

K+

A /\
IN=CI + R/Jg‘ x> RN
Primary alkylating agents work best, while secondary bromides
and chlorides react in moderate yields to give the desired nitriles.
Tertiary halides mainly undergo side reactions, one of which is the
E2 elimination:

K+ H g
/7 Ay A
—_— + HCN

=CT +
INEC] Pllic DMSO
iC Br

Cyanide is an ambident nucleophile, and can also react on
nitrogen to yield isonitriles.

M+

N -
TC=NI + R/\[)-(* x> R/\Nscr

According the HSAB principles, the carbon centre is more basic
and more nucleophilic. When protic solvents are used, the resulting
greater solvation of this carbon centre is thought to favour the
competing reaction at the weaker nitrogen centre. A similar rationale
explains why the more covalent cyanide salts such as silver cyanides
and cuprous cyanides also give isonitriles as main product.

As the isonitriles are rapidly hydrolyzed to amines and formic
acid, an extraction step with hydrochloric acid is normally sufficient
in practice to remove these impurities from a desired nitrile product.
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KOLBE-SCHMITT REACTION

OH ) NaOH OH

CO, COOH
—

2)HY

A base-promoted carboxylation of phenols that allows the
synthesis of salicylic acid derivatives.

Mechanism

™
2. '6‘ /O\ 0
O H‘\ H
@ —Ol-L <+—> <>
H

Na
~ _ K =
' \\0 X/ ’__\\AH
_/ Q"‘ - -+

—-H
OH O OH O
- i )
0 — ©/U\ou
KUMADA COUPLING
Ni(dp pb) Cl, or
> R'-R
RX + RMgX Pd(PPh,),

R = Aryl, Vinyl, Alkyl
R'=Aryl, Vinyl X=CI>Br>1

The Kumada Coupling was the first Pd or Ni-catalyzed cross
coupling reaction, developed in 1972.
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The coupling of Grignard reagents with alkyl, vinyl or aryl
halides under Ni-catalysis provides an economic transformation, but
the reaction is limited to halide partners that do not react with
organomagnesium compounds. One example is in the industrial-scale
production of styrene derivatives, and the Kumada Coupling is the
method of choice for the low-cost synthesis of unsymmetrical biaryls.

The advantage of this reaction is the direct coupling of Grignard
reagents, which avoids additional reaction steps such as the
conversion of Grignard reagents to zinc compounds for the starting
materials in the Negishi Coupling.

Mechanism

R -R NiL,
R'X
reductive oxidative addition
elimination
\ L
L-N-R R'-Ni-X
R L
RMgX
trans / cis
isomerization sransmetalation
L
R-Ni-R MgX,
}
L
LAWESSON’S REAGENT
S
PN
MeO PP OMe
0 lS' S S
> JL R R", OR",

R R’ R” "R NHR"
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Lawesson’s Reagent is a mild and convenient thionating agent
for ketones. esters, and amides that allows the preparation of
thioketones, thioesters and thioamides in good yields.

Reactions using the comparable reagent P,S,, normally need
higher temperatures and a large excess of the thionating agent.

Mechanism

Lawesson’s Reagent in solution is in equilibrium with a more
reactive dithiophosphine ylide:

I
S
MeO—@-"' \IO—OMe A MeO—@—P «r MeO—@—
N

The reaction with a carbonyl gives rise to a thiaoxaphosphetane
intermediate:

McO -@—@ f/—\ 0=(R’ — Mo _Q-ISV”_R' _O’S‘('R

The driving force is the formation of a stable P=0O bond in a
cycloreversion step that resembles a portion of the mechanism known
for the Wittig Reaction:

R -
SNLR o0 R
) g4 — O oK
S o R

Reactions of ketones, amides, lactams and lactones are normally
faster than reactions of esters. Esters are unreactive depending on
the reaction conditions, which allows selective transformations:

0 COMe 3 eq. Lawesson’s reagent CO,Me
Ph toluene
MW 150 W, 6 min S )
0 open vessel 71% (isol)

LEUCKART THIOPHENOL REACTION

N,CI kS. ORrR S_ _OR
N 2
: M — hig
% S S
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S_ _OR
©/ hig Base ©/
S
S\[r OR
oY = O

The Leuckart Thiophenol Reaction allows the preparation of
thiophenols and corresponding thioethers from anilines or their
corresponding diazonium salts. The first step is the reaction of an
aryl diazonium salt with a potassium alkyl xanthate to give an aryl

xanthate, which affords an aryl mercaptan upon basic hydrolysis or
an aryl thioether upon warming.

LUCHE REDUCTION
0 OH

NaBH,, CeCl,
MeOH ”

The selective 1,2-reduction of enones with sodium borohydride
is achieved in combination with CeCl,.

Mechanism

CeCl, is a selective Lewis acid catalyst for the methanolysis of
sodium borohydride. The resulting reagents, various sodium
methoxyborohydrides, are harder reducing agents and therefore effect
an 1,2-reduction with higher selectivity.

CeCl, (cat.
NaBH, + nMeOH scat) NaBH,, (OMe), + nH,

Furthermore, CeCl; activates methanol.

MeO (H)

OH
MeO (H)
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MALONIC ESTER SYNTHESIS
O O
EtO/u\/u\OEt
l NaOEt
l RX
O O , O O
‘ NaOEt RX
EtO Ot ——— > —> EtO)S(“\OEt
R R R
HCl (conc) |- 2 EtOH HCl (conc) |- 2 EtOH
115°C |- CO, 115°C |- CO,
0
9 R
R
HO ’u\/ HO /u\)/
R

Malonic esters are more acidic than simple esters, so that
alkylations can be carried out via enolate formation promoted by
relatively mild bases such as sodium alkoxide, and subsequent
alkylation with halides. An excess of ester must be used to prevent
dialkylated products. Carboxylic acids may optionally be obtained
after hydrolysis and decarboxylation.

Intramolecular dialkylation can lead to interesting products such
as cyclobutanes:

Tg,, e
EtO OEt g

O o 1. KOH
2. HCI (conc)
EtO QOEt —» OH
-2 EtOH
- C02
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MANNICH REACTION

H ‘0 R
¥=GQ + RNH + R\)J\ _ R’
H R
RN
This multi-component condensation of a nonenolizable
aldehyde, a primary or secondary amine and an enolizable carbonyl
compound affords aminomethylated products. The iminium derivative
of the aldehyde is the acceptor in the reaction.

The involvement of the Mannich Reaction has been proposed
in many biosynthetic pathways, especially for alkaloids.

Mechanism

H R (o M
\ ’+ +H /-H
){@\N—R = &\R P
H H Ha ™,

Heg H n
0 R
S—B b Bk R -HO H H\+;1
A A TR 0 Nl e
H R HE R H R H R
o - 3 o
- R
g = |"\Ar > R>(1LR.
HH H H
J
g R
/
e
H R
/O\
R
Rl
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MARKOVNIKOV’S RULE
R’ R” R’ r
HX ’ RS "
) — ( > HWR
H R'” H X

Markovnikov Rule predicts the regiochemistry of HX addition
to unsymmetrically substituted alkenes.

The halide component of HX bonds preferentially at the more
highly substituted carbon, whereas the hydrogen prefers the carbon
which already contains more hydrogens.

Anti-Markovnikov

R’ R HBr HR'.‘ :R R
>— ( —— ~—
H R cat. AIBN Br H

Some reactions do not follow Markovnikov’s Rule, and anti-
Markovnikov products are isolated. This is a feature for example of
radical induced additions of HX and of Hydroboration.

Mechanism

The proton adds first to the carbon-carbon double bond. The
carbon bearing more substituents forms a more stable carbenium ion;
attack of bromide ion follows in a second step:

Markovnikov
= e TR Ry S w0
H R™ H H Br H R"

or

Radical reactions require an initiation step. In this example, a
bromo radical is formed.

(ﬁ
N f_/\"
\\ %—\ A > 2 N\\ - _2H Br » 2 «Br
N \\N -N,

N

N
-2 \\\/H

The reversal of the regiochemistry of addition is the result of
the reversal of the order in which the two components add to the
alkene. Radical addition leads to the formation of the more stable
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radical, which reacts with HBr to give product and a new bromo
radical:

Anti-Markovnikov

R _ﬂ{\f\ Rrﬁ——f\ we K K H%J“\

H R A R
t |

MCMURRY REACTION

TiCl, / THE
2 o0 ——
3K
<:>—_—<:> + TiO, + 3KCl

This reductive coupling involves two steps. The coupling is
induced by single electron transfer to the carbonyl groups from alkali
metal, followed by deoxygenation of the 1,2-diol with low-valent
iitanium to yield the alkene.

The McMurry Reaction works well to produce symmetric
products or rings:

0 TiCl,
\/\n/\/\)K/\ Zn—_Cy
=
THF
0 -TiO,

Mechanism

TiCl, + K— Ti"' +KCl+2CI:
3KCl <__—>‘
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MEERWEIN-PONNDORF-VERLEY REDUCTION

RO
OH 0 AI(OR)3 0 OH
‘R)\R2+ 3RJ\R lR’}g/\{‘}K R2 ! 3R)\R4
‘ PP MPV
The aluminium-catalyzed hydride shlft from the a-carbon of an
alcohol component to the carbonyl carbon of a second component,
which proceeds via a six-membered transition state, is referred to as
the Meerwein-Ponndorf-Verley Reduction (MPV) or the Oppenauer
Oxidation, depending on which component is the desired product. If
the alcohol is the desired product, the reaction is viewed as the
Meerwein-Ponndorf-Verley Reduction.

Isopropanol is useful as a hydride donor because the resulting
acetone may be continuously removed from the reaction mixture by
distillation.

Grignard Reagents will sometimes yield the result of an MPV
reduction if the carbonyl carbon is too hindered for nucleophilic
addition.

MICHAELADDITION
EWG EWG
( + EWG Base (cat)
EWG > EWG
Michael Michael EWG
donor acceptor

The 1,4-addition (or conjugate addition) of resonance-stabilized
carbanions. The Michael Addition is thermodynamically controlled;
the reaction donors are active methylenes such as malonates and
nitroalkanes, and the acceptors are activated olefins such as a,p-
unsaturated carbonyl compounds.

Examples:
O O O O 0O O
{E8
Mom PN EtOJ\/N‘O"
donors
N N

O,N__NO,

X _#

ZCN  ZTCOR  # ~COOR acceptors
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Mechanism

H H

oL@ N EtOH
4 - Et
i O
Et0 ‘\oit/% =_— ™ ,0\/

H
EtOH
EtOOC -EtO
COOEt
oH 0
armaer—
—_—
Et00C \/@ EtOOCYé
COOEt COOEt
MITSUNOBU REACTION
0
Ho)f R"COOH DEAD Y
§ L gy —_— S
R™ R PPh, X w
R” R
HQ H DEAD H N,
§ + NH X
R R, PPh3 R Rr

The Mitsunobu Reaction allows the conversion of primary and
secondary alcohols to esters, phenyl ethers, thioethers and various
other compounds. The nucleophile employed should be acidic, since
one of the reagents (DEAD, diethylazodicarboxylate) must be
protonated during the course of the reaction to prevent from side
reactions.

Suitable nitrogen nucleophiles include phthalimide or hydrogen
azide; subsequent hydrolysis or selective reduction makes the
corresponding amines accessible.
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Mechanism

The triphenylphosphine combines with DEAD to generate a
phosphonium intermediate that binds to the alcohol oxygen, activating
it as a leaving group. Substitution by the carboxylate, mercaptyl, or
other nucleophile completes the process.

0 .
+
_/\, Ot p},‘p\ /COZEt (:‘0, ( ) Ph,p* /COzEt

Pp ¢ NN, —— NN AS—— NN
EtO,C E0,C Et0,C H
o
OFt X COsEt
o PhP*  COEt OEt ph, w4
PE S T T
R H EOC H :\j CO,Et
H
OEt ’ OEt
CO,Et
o . +'/+\.I_ N | -EIOCNHNHCOEt O
- - —— T -
/ . 0
\ BoC H z
K php ’ K e

The reaction proceeds with clean inversion, which makes the
Mitsunobu Reaction with secondary alcohols a powerful method for
the inversion of stereogenic centres in natural product synthesis.

OEt
o OEt o
s <O, -0 = PPh, R >_©
R PPh, K
Side Reaction:
OEt OEtO
o >\0Et
-mN\
R — O =PPh, R =<NH
(0]
| Et ’
€O, OEt

New protocols have been developed which allow better removal
of side products and/or the conversion of more basic nucleophiles.
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MIYAURA BORYLATION REACTION

PdCl, (dppf) (cat.)
KOAc ‘.3’{<
@ j: B-K :C dioxane or DMSO B-o
X: Br, |, OTf 80°C R©/

The Miyaura borylation reaction enables the synthesis of

boronates by cross-coupling of bis(pinacolato)diboron (B,pin,) with
aryl halides and vinyl halides.

R
X A, _ PdCl, (PPhy), — 2 PPh, (cat.) Q\(‘) R
R"” + B,pin, > B. =
A RY

KO Ph, toluene, 50°C o~
X:Br, 1, OTf R

Borylated products derived from B,pin, allow normal work up
including chromatographic purification and are stable towards air.
Pinacol esters are difficult to hydrolyze, but they may serve as
coupling partners in the Suzuki Coupling and similar reactions
without prior hydrolysis.

Mechanism
i (0
. Ph,P-PdpPh, Ar—1
0 aB \A 1
T teductive S
elimination oxidative addition

j i (mp Phy Ar
PPh,

PhyP-Pd—PPh,
. . Q)
trans / cis | isomerization

Ar OAc

Ph,P- Pd(“)PPh3

o0 ,'\r ~1
Ph3P-§'d(ﬁ}’Ph3
OAc
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Crucial for the success of the borylation reaction is the choice
of an appropriate base, as strong activation of the product enables
the competing Suzuki Coupling. The use of KOAc and KOPh is
actually the result of a screening of different reaction conditions by
the Miyaura group.

The starting material bis(pinacolato)diboron is a poor Lewis acid
and 'B-NMR of KOAc and B,bin, in DMSO-d6 shows no evidence
of the coordination of the acetoxy anion to a boron atom leading to
a tetrahedral activated species. However, the formation of an
(acetato)palladium(ll) complex after the oxidative addition of the
halide influences the reaction rate of the transmetalation step. The
Pd-O bond, which consists of a hard Lewis base with a soft Lewis
acid, is more reactive than a Pd-X (X=Br, 1) bond. In addition, the
high oxophilicity of boron has to be considered as a driving force
for the transmetalation step, which involves an acetato ligand.

The mild reaction conditions allow the preparation of boronates
which are not accessible via lithium or Grignard intermediates
followed by borylation. The use of HBPin instead of B,Pin, allows
similar reactions in large scale synthesis, and also tolerates various
reducible functional groups, although side products may arise due
to dehalogenation of the aryl halide.

MODIFIED JULIA OLEFINATION

The Modified Julia Olefination (or Julia-Kocienski Olefination)
enables the preparation of alkenes from benzothiazol-2-yl sulfones
and aldehydes in a single step:

)
. Base R’ R/\l
+ R'CHO — =228 5 p R+
A~ .
R ”s\\/gxl R
O O
The Julia-Kochienski Olefination - a further refinement of the

Modified Julia Olefination - offers very good E-selectivity.

N-N .
PN L L KN(SiMe;), ,
R’\s/LN' + RCHO ————25p R

>

00 Ph
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Mechanism

The initial addition of the sulfonyl anion to the aldehyde is
reversible:

QS QA L’/—‘JL Q Q,\\I

// \\ l, \\
anu

Whether the anti or syn intermediate is generated can be
influenced to some extent by the choice of reaction conditions:

= -

SO,BT

Y CLi| T/ R

s .
RQ?Slr)%% " Li
H

A chelate will form with small counterions (Li) and in apolar
solvents, leading to a closed transition state.

BT—S SO,BT
e "N
K

With larger counterions (K) and polar solvents, an open
transition state becomes possible.

The intermediates that form react further to give £- and Z-
isomers of the alkene:

N R\ _4OLi Q it
ﬂ\ I _— S o S%VEJJU -——l-—>
S ,,S\\ R

00

s

[
=S =S
RS RO,
HR R

H
57 ; ‘ ; S
Y
0)=N __, =N _ gil (o< % R
A0 RO = N W 0BT . =
r%7 H 08" HR' R
H H
HR -sR
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S’ R I‘
7S Ro.’.s o 05 0’
\(’%\R’ R
pH H
9L
S S S
PRI S S SIE
a§- R £ .
2 Hefapr 08
H -sh
oo

A mechanistically related nucleophilic addition of the sulfonyl
carbanion to a second equivalent of the BT sulfone leads to a side
product.

N*tQ R
\
o) 5 NJQ s>—<'ss_&=n
OO 0 — s
s 0 Li o
R

Since the reaction with the aldehyde occurs faster, it is best to
carry out this reaction under “Barbier-like conditions”: in general,
the base is added to a mixture of the aldehyde and sulfone.

The benzothiazolyl group (BT) can play several roles: in one, it
enables a ' more or less strongly pronounced complexation that
influences the selectivity; on the other hard, it can also undergo
nucleophilic substitution at the carbon attached to the sulfonyl group,
which then becomes a leaving group. Other (hetero)cyclic substituents
can assume these roles, and offer somewhat different selectivity:

N =N N N
ot O W
Ph A\

BT Py PT TBT

Specifically, the pyridinyl sulfone exhibits high Z-selectivity,
while the 1-phenyl-1H-tetrazol-5-yl sulfone (PT-SO,R) gives
somewhat better E-selectivity than the BT sulfones. The reason for
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this is the sterically demanding phenyl group, which favours the
following transition state:

The 1-phenyl-1H-tetrazol-5-yl sulfones do not have a tendency
to self-condense, so they can first be deprotonated with base and then
reacted with the aldehyde. This makes possible a far milder reaction
process, including reactions with base-sensitive aldehydes.

The following Table shows the selectivity and yields for BT
and PT sulfones in various solvents, where they are first metalated
with various bases and then reacted with an aldehyde.

SOZHet: " ll\}e:?%?’ggz —):‘ :I:PC 30 min R” R’ i N N—N\
kl’R 2;01 Sea. R"CHOl: 0o 78°C.3h \/\Rr ©:SH N‘NH
~— L., 0.N. BT . PT Ph

In contrast to the classical Julia Olefination, the Modified Julia
Olefination offers the possibility of saving one or two synthesis steps.
In addition, there are fewer problems with scale-up than with the
classical variant. The E/Z-selectivity can be controlled by varying
the sulfonyl group, solvent and base.

Solvent T(°C) M  Benzothiazole (BT) Phenylttetrazole(PT)
Yield (%, GC)E:Z (GC)  Yield (%, GC) E:Z (GC)

SO.Het Li 8 40:60 55 57:43
2 PiMe -78 Na 29 51:49 80 59:41
K 15 47:53 13 64:36

Li 7 43:57 76 73:27

AUNUCHO B0 =78 Na 17 53:47 90 57:43
K 68 51:49 30 72:28

Li 42 60:40 97 75:25

THF -1 Na 0 - 89 76:24

K 24 55:45 7 86:14

Li 3 55:45 95 77:23

DME -60 Na 27 77:23 92 86:14

K 6 75:25 7 94:6
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In contrast to the classical Julia Olefination, the Modified Julia
Olefination offers the possibility of saving one or two synthesis steps.
In addition, there are fewer problems with scale-up than with the
classical variant. The E/Z-selectivity can be controlled by varying
the sulfonyl group, solvent and base.

MUKAIYAMA ALDOL ADDITION

OTMS 0 TiCl, (Kat) (0] OTMS
4
+ 2 ————— 1 2
RV& R’U\H CH,Cl,, - 78°C RM R
0O OH
H,0
R

The use of silyl enol ethers as an enolate equivalent in Lewis
acid-catalyzed aldol additions. The trimethylsilyl group is thought
of as a sterically demanding hydrogen equivalent that activates the
enol and traps the aldol hydroxyl.

Mechanism

| O’ SiMe,
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The open transition state is preferred, but the outcome of the
reaction (syn/anti) depends on the size of substituents and on the
Lewis acid. New modified protocols allow syn- or anti-selective
transformations and even the selective preparation of enantiomers.

Transition-state for syn-selective transformations:

OSiMe, oA o .
[N 0 LA Me JUH H7XR " 2 Rl
Z R ,J\H —_— R —_— M -
R
Me R OsiMe, Ao SN
r -#
0 o’ LA T P
0§iMe, LA HORR e
H 1
Me \%R' * RZ/U\H — N:; & —_— MeH = R R
MeSIO TR | RN OO
NAZAROV CYCLIZATION
0 (@)

AIC,
—————

I I cHa,

R R’ K R

The Nazarov Cyclization allows the synthesis of
cyclopentenones from divinyl ketones.
Mechanism

The reaction is catalyzed by strong Lewis or Brynstedt acids,
and one or more equivalents of the Lewis acid are normally necessary:

q . | ") "y o Hi
+
AT IR AT A,
R ' R ' R % RTOTw R '

The regioselectivity of the cyclization is quite low if the side
chains have a similar degree of substitution.

K b Ao Hagt 0
-H+ __lit_\ H ) —-Ht
7 —_— + S = ] =
* . H
R R R F R R R R R R

!
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H\G H \I H\& H s+ o
|
-1t H+ H+
’ H r
R” +7R K® R R R R R R

Nazarov reactions with more highly substituted substrates
generate the product having the double bond with the highest degree
of substitution:

O 0]

R’ AlCl, R

I ]I\R CH,CL, ’
R o R R"

Electron-donating and -withdrawing substituents can polarize

the conjugated system in the Nazarov Reaction, which facilitates the

cyclization and gives better regioselectivity:

vinyl nucleophile

0

l 0 SLA
EDG EWG  Lewis 0 EDG\é,EWG
b’ BT EDG\é,EWG —
EDG: electron-donating group

EWG: el -withdrawi
vinyl electrophile electron-withdrawing group

= 00 0
+ 2mc % Cu (OT
° 8—8‘“ OMe 6 Cu (0T, » 0 oM
I - 5+I CI(CH,),Cl, 55°C, 2 h e
R

R =c-Hex R 99% (isol.)

\ / regioselective
elimination

LA LA
09 0o
(o) *0,
Siatndoces
H HR H HR
Another approach uses silicon’s ability to stabilize B-

carbocations (B-effect). In addition, the TMS group behaves like a
proton and is removed after nucleophilic activation:
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o 0
gr L0 caFeCly
l CH2C12
SiMe; - 30— 25°C 84% (isol.)
\ 0 /
iMe; X

A limiting factor is also the stereoselectivity. As the substituents
a to the keto group are prone to racemization using strong Lewis or
Brynstedt acids due to equilibria involving proton transfer, the

diastereoselectivity is often low:

o]
O AlCl
. CH,C12
r.t., 5 min
AlCl3
CH2C12 88 %
r.t., 40 min isol.

A more detailed look at the mode of the cyclization reveals that
4 7 electrons are involved in a conrotatory mechanism, but any
diastereoselectivity involving the new forined ¢ bond is lost after

elimination of the proton'

The Nazarov Cyclization is a rare example of a Lewis acid-
catalyzed 4-n conrotatory electrocyclic reaction. Asymmetric
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induction could be achieved if a chiral Lewis acid were able to control
the direction of the conrotatory closure. However, only a few such
reactions have been reported. Common drawbacks are low
enantioselectivity and the use of nearly stoichiometric amounts of
the chiral Lewis acids, which must still be overcome.

0
N H R’ L 90
t-Bu
‘>‘B EuN H) —-—»Ri 7 NE,
t-Bu ) R R

2
R Reproduced by permission
of the Am. Chem. Soc.

The catalyst shown below to the right induces an asymmetric
proton transfer, which generates the stereogenic centre a to the keto
group:

O catalyst: X
(0] P
[ :H\"/R 0.1 eq. catalyst oné Op/(réquor,
. — '—-N...
MeCN, MS 3 & R $
X" x- CH, 0 (°Corrt,05-3h X &‘ (OTf)y
(added slowly)

NEF REACTION

NO, 1) base 0
L S A
R R’ 2)acid R R’
NO, Ox. /(l)L

R R’

—_—

NO, Ox. (0]
/k; RJLOH

The conversion of nitro compounds into carbonyls is known as
the Nef Reaction. Various methodologies have been developed, but
the most important is the standard procedure: a preformed nitronate
salt is poured into strong aqueous acid (pH < 1). Some oxidative
variations have also found wide application, and some reductive
methods have even been developed.
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Mechanism

Nitroalkanes are relatively strong carbon acids, and
deprotonation leads to the nitronate salt. The hydrolysis of this
intermediate must take place in strong acid, to prevent the formation
of side products such as oximes or hydroxynitroso compounds:

‘or ‘0= + ’/‘_—\"
o - R ‘O-H H RO O

>=NI —_—— =N —_— >= — il
v + \\_ t + \\_ R’ +\O\_H
\7 N7 \N7
R ,/0-H R
R N _——=> )0 H' +HO + HNO
HO; H\O-H R

The procedure using the commercial reagent Oxone is
mechanistically interesting:

I- 73y - (/oY N
R ‘0 H- R ‘o-H H R,/o-n\,o\H

L O L EI, N
=ML . N , N
N7 \()/ R \()/ H
R, '0-H R
U )=0 H* +H,0 + HNO
HO; H.\O-H R

The reductive method leads to oximes, which may be hydrolyzed
to the corresponding carbonyl compound. Ti(Ill) serves to reduce
the N-O bond, and titanium’s strong affinity towards oxygen
facilitates the hydrolysis to complete the conversion:

-O\L ,0 ‘B 'O\N;O' T -O‘NQOT'CIZ N,OH 0
R Rl R Rr R Rr R R: R R
NEGISHI COUPLING

Ni(PPh;), or

—» R-R
CL,Pd(PPh,), + 2(i-Bu),AlH

RX + R'ZnX

R = alkenyl, aryl, allyl, benzyl, propargyl
R’ = alkenyl, aryl, alkynyl, alkyl, benzyl, allyl
The Negishi Coupling was the first reaction that allowed the
preparation of unsymmetrical biaryls in good yields. The versatile
nickel- or palladium-catalyzed coupling of organozinc compounds
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with various halides (aryl, vinyl, benzyl, or allyl) has broad scope,
and is not restricted to the formation of biaryls.

Mechanism

R -R NiL,
R'X
reductive n-2L oxidative addition
elimination
L L
i
L"Pld“R R,—!id— X
R L
RZnX
trans / cis
isomerization metalation
¥
R’ — lI)d_ R anz
L
NOZAKI-HIYAMA COUPLING

o .
QL + R=X + 20X, ———>

OCrX, H,0 OH
—_—i
R)\ R’ i Cr(OH)XZ R/l\ R’

This coupling between halides and aldehydes is a chromium-
induced redox reaction. A key advantage is the high chemoselectivity
toward aldehydes. A disadvantage is the use of excess toxic chromium
salts.

Newer methods allow the use of catalytic amounts chromium(II),
which is regenerated by reduction with manganese or via
electrochemical reduction.
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Mechanism

. —~ ¥

2CrX, CrX,

OCrX,

CrX, H20
| + RCHO ——» C r(OH)Xz

Catalyzed Reaction:

X CrX,
e
2 CrX, CrX, OCrX,

CrX,
R
MnX,
Mn

R Me, SiX

NUCLEOPHILIC SUBSTITUTION (S_1S,2)

Nu: = + /FX — Nqu + X

Nucleophilic substitution is the reaction of an electron pair donor
(the nucleophile, Nu) with an electron pair acceptor (the electrophile).
An sp>-hybridized electrophile must have a leaving group (X) in order
for the reaction to take place.
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Mechanism

The term Sy2 means that two molecules are involved in the

actual transition state:
R’
— Nu /kan + X
R™ R

The departure of the leaving group occurs simultaneously with
the backside attack by the nucleophile. The Sy2 reaction thus leads
to a predictable configuration of the stereocentre - it proceeds with
inversion (reversal of the configuration).

Nu: ~

In the Sy 1 reaction, a planar carbenium ion is formed first, which
then reacts further with the nucleophile. Since the nucleophile is free
to attack from either side, this reaction is associated with
racemization.

R’
R W™
R’

In both reactions, the nucleophile competes with the leaving
group. Because of this, one must realise what properties a leaving
group should have, and what constitutes a good nucleophile. For this
reason, it is worthwhile to know which factors will determine whether
a reaction follows an Sy1 or S\2 pathway.

Very good leaving groups, such as triflate, tosylate and mesylate,
stabilize an incipient negative charge. The delocalization of this
charge is reflected in the fact that these ions are not considered to be
nucleophilic.
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o)
- 1 triflate
Nu: + R“(g",s:'CFs ——
) ’o? "o )
R-Nu + } 10-8-CF; ——= = ﬁ -CF, &=—= o—l—CF
9/ o JG
A very good
o leaving group
i
R-0- s.@- tosyla
it
(0]
9
R-0- ﬁ—CH3 mesyla
0o
Rl good
l;::g: halide leaving group

Hydroxide and alkoxide ions are not good leaving groups;

however, they can be activated by means of Lewis or Brynsted acids.
H' ;
R-OH ——» R-b D, R-Nu+ HO
H

Epoxides are an exception, since they relieve their ring strain
when they undergo nucleophilic substitution, with activation by acid
being optional:

N
Nuf” or — » "\_ HO _\—on

Triflate, tosylate and mesylate are the anions of strong acids.
The weak conjugate bases are poor nucleophiles. Nucleophilicity
increases in parallel with the base strength. Thus, amines, alcohols
and alkoxides are very good nucleophiles. Base strength is a rough
measure of how reactive the nonbonding electron pair is; thus, it is
not necessary for a nucleophile to be anionic.

Under substitution conditions, amines proceed all the way to
form quaternary salts, which makes it difficult to control the extent
of the reaction.
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+
~ Mel o+ |
SNTO T, Ne—

l 7\

However, as a nucleophile’s base strength and steric hindrance
increase, its basicity tends to be accentuated. If there are abstractable
protons at the f-position of the electrophile, an elimination pathway
can compete with the nucleophilic substitution.

An additional factor that plays a role is the character of the
solvent. Increasing stabilization of the nucleophile by the solvent
results in decreasing reactivity. Thus, polar protic solvents will
stabilize the chloride and bromide ions through the formation of
hydrogen bonds to these smaller anions. lodide is a comparatively
better nucleophile in these solvents. The reverse behaviour
predominates in aprotic polar media.

The solvent also plays an important role in determining which
pathway the reaction will take, Sy1 versus Sy 2. It may safely be
assumed that a primary-substituted leaving group will follow an S22
pathway in any case, since the formation of the corresponding
unstable primary carbenium ion is disfavoured. Reaction by the Sy1
pathway is highly probable for compounds with tertiary substitution,
since the corresponding tertiary carbenium ion is stabilized thtough
hyperconjugation:

+
\/\X __.__..>>< ~ + X
X ?
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The better the solvent stabilizes the ions, the more probable that
the reaction will follow an Sy;1 pathway (e.g., in polar protic solvents
such as water/acetone). The more highly substituted is the incipient
carbenium ion, the more probable that the reaction will follow an
S\ pathway. The more unreactive the nucleophile, the more probable
it becomes that a reaction with secondary and tertiary electrophiles
will follow an Sy 1 pathway. A weaker nucleophile is not as effective
in the backside attack, since this location is sterically shielded,
especially in the case of tertiary substrates. Carbenium ions are planar
and therefore less sterically hindered, and are naturally more reactive
as electrophiles than the uncharged parent compound.

The hydrolysis of fert-butyl chloride is a typical Sy1 reaction:

+

cl ¢ /_;fO?H A OH
)< —_— }]\ e H—9>< —_— %\
-Ci

OLEFIN METATHESIS

Olefin Metathesis (Grubbs Reaction) allows the exchange of
substituents between different olefins - a transalkylidenation.

R' RII

R' " \ . .
Cat
j+ [ == -+
R R” R ‘R
This reaction was first used in petroleum reformation for the
synthesis of higher olefins (Shell higher olefin process - SHOP), with
nickel catalysts under high pressure and high temperatures.
Nowadays, even polyenes with MW > 250,000 are produced
industrially in this way.

Synthetically useful, high-yield procedures for lab use include
ring closure between terminal vinyl groups, cross metathesis - the
intermolecular reaction of terminal vinyl groups - and ring opening
of strained alkenes. When molecules with terminal vinyl groups are
used, the equilibrium can be driven by the ready removal of the
product ethene from the reaction mixture. Ring opening metathesis
can employ an excess of a second alkene (for example ethene), but
can also be conducted as a homo- or co-polymerization reaction. The
driving force in this case is the loss of ring strain.
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All of these applications have been made possible by the
development of new homogeneous catalysts. Shown below are some
of these catalysts, which tolerate more functional groups and are more
stable and easy to handle. .

Grubbs Schrock

P
Cl '(Ci)"'/Ph
[ . ——
ary’
P(Cy); 1

-~ N
FyC I
Ph O M;=
P(Cy), F,C J %Ph
] —/‘:<
Cl'h-.Ru— . )
CIv| Ph CF,
P(Cy); 2 CF, 3

The Schrock catalysts are more active ‘and are useful in the
conversion of sterically demanding substrates, while the Grubbs
catalysts tolerate a wide variety-of functional groups.

The second generation Grubbs catalysts are even more stable
and more active than the original versions. Some of these are depicted:

S

Activity: 2< 1b<4<5 S
M\ M I\
L MesN Mes MesN\H‘J Mes Mest}l Mes
i Cle.. Clo. Cle.
C'Jélgy\}’h c1'1§“‘2 Ci=Rv ¢-Rus
iPrO X _iPrO O
la-c iPrO
2X=H
3X=Br Q

\ ) ™\
acL=PCy, bcL=MesN  NMes cL=MesN_  NMes

Mechanism

Initiation:
Y

M:—_/ M Y M
R, i =" , L J + E
H , R'Q R R'

R
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Catalytic Cycle:

Chauvin Mechanism

Ru , / — '1‘ "
M ! : R R
RI Rll R' & - \R'
Rl'
M ( M=
) Rl‘ - 'RI
R
I )> MH
ek |
OPPENAUER OXIDATION
,OR
OH O AOR) ) OH
OPP MPV

The alumimum-catalyzed hydride shlft from the a-carbon of an
alcohol component to the carbonyl carbon of a second component,
which proceeds over a six-membered transition state, is named
Meerwein-Ponndorf-Verley-Reduction (MPV) or Oppenauer
Oxidation (OPP) depending on the isolated product. If aldehydes or
ketones are the desired products, the reaction is viewed as the
Oppenauer Oxidation.

Non-enolizable ketones with a relatively low reduction potential,
such as benzophenone, can serve as the carbonyl component used as
the hydride acceptor in this oxidation.
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OVERMAN REARRANGEMENT

Cl,C—=N CCl, xylene CCl,
reflux
NH

cat. NaH /K
R/'\%\R' THF /?\VNi{R or pacl, /O\)\
R " MeCN, 50°C R R’
The Overman Rearrangement allows the conversion of readily
available allylic alcohols into allylic amines by a two-step synthesis
involving the rearrangement of an allylic trichloroacetimidate to an
allylic trichloroacetamide with clean 1,3-transposition of the alkenyl
moiety.
Allylic amines are useful precursor of a variety of nitrogen-

containing molecules, such as alkaloids, antibiotics and unnatural
amino acids.

Mechanism

The deprotonated alcohol ads to trichloroacetonitrile to give a
trichloroacetimidate anion. As this latter intermediate can readily
deprotonate the starting alcohol, only a catalytic amount of a strong
base is needed.

cal ccl

H _ @/\_ 3 5
o ) ClLC—=EN
0 NeH 1 € .()/K ] O/KNH

RJ\//‘R' -1 R’k%\R’ /'\/_\ 7N Aoy
R R"OH R"0® R R

The formation of the allylic amine can involve a thermal [3,3]-
sigmatropic rearrangement - comparable to the Claisen
Rearrangement - that prefers to proceed via a chair-like transition
state:

R" , ccl,

R
C—* HN ~
)\\Q\rI‘{ ___A__.) } O. :7!{ e O NH
R Tt Cl,C R/\/'\ R’

Alternatively, the rearrangement can be induced by a transition
metal catalyst such as Pd(II) or Hg(1l):

R

' 5 b
s - 5
o’L\N‘R pdt., R .1))§$ R Q?O’L.N & _-PdL, J\N'Rs
/'\(\ 1 J\% 3R 1
3RTYFR r! R
R2 2 :51 2R de T ad de -

Some chiral transition metal catalysts bind with face-selectivity
toward the substrate, which enables the enantioselective conversion
of prochiral starting materials:
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cCl  cop.ct: Cpg>?
)\O 5 mol-% COP-CI_ \
HN CH.CL, HY
R/\) rt. or 38°C. 18h R AF ]

The detailed explanation of the reaction mechanism and the
stereoselection induced by transition metal catalysts along with some
early examples of Pd-catalyzed chiral conversions.

OXY-COPE REARRANGEMENT

The Cope Rearrangement is the thermal isomerization of a 1,5-
diene leading to a regioisomeric 1.5-diene. The main product is the
thermodynamicaily more stable regioisomer. The Oxy-Cope has a
hydroxyl substituent on an sp 3-hybridized carbon of the starting
isomer.

R A RZ#
—
v >

The driving force for the neutral or anionic Oxy-Cope
Rearrangement is that the product is an enol or enolate (resp.), which
can tautomerize to the corresponding carbonyl compound. This
product will not equilibrate back to the other regioisomer.

O HO (0]
A S
Y =

The Oxy-Cope Rearrangemem proceeds at a much faster rate
when the starting alcohol is deprotonated, e.g. with KH. The reaction
is then up to 10!7 times faster. and may be conducted at room
temperature. Aqueous work up then gives the carbonyl compound.

O
= KIl © S
— —_—
= =
O O AL
~
~ <
. NS
—
Y N\
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Mechanism

R R R
< \ § ———
Z \\_7 u

R S A R~
e
2 §

Two transition states are possible, and the outcome of the
reaction can be predicted on the basis of the most favourable overlap
of the orbitals of the double bond, as influenced by stereoelectronic
factors:

PAAL-KNORR FURAN SYNTHESIS
(O0) o)

Reg e Mo RO
R’ R’

The acid-catalyzed cyclization of 1,4-dicarbonyl compounds
known as the Paal-Knorr synthesis is one of the most important
methods for the preparation of furans. As many methods for the
synthesis of 1,4-diones have recently been developed, the synthetic

utility of the Paal-Knorr reaction has improved.

Mechanism
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A comparison of the cyclizations of meso- and dl-3,4-diethyl-
2,5-hexanediones showed that these compounds cyclize at unequal
rates, and that the stereochemical configuration of unchanged dione
is preserved during the reaction. These findings are at odds with the
commonly accepted mechanism that involves the ring closure of a
rapidly formed monoenol.

o -1t
}-llat " Et H Et"  Et
The rate of acid-catalyzed enolization is known not to be very
sensitive to the structure of the ketone. Since the rate-determining
step would be the same for both substrates, the differences in the
reaction rate cannot be explained by this mechanism.

A mechanism in which the substituents would interfere
differently in the rate-determining step is chown below. The ease of
achieving a suitable conformation for the cyclization is not the same
for both molecules:

+ H

P \ P
0 6 Ht 0 slow v "HZO \S-—z/
—_ s -
B et HE E
° 6 6
PN L AT e KI
Et -E( El

A more detailed descrlptlon can be found in the work by
Amarath and Amarath, and references cited therein.
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PAAL-KNORR PYRROLE SYNTHESIS

O O il'
R 4 R" R’ R R
12\' Y NH, U
R R

The Paal-Knorr Pyrrole Synthesis is the condensation of a 1,4-
dicarbonyl compound with an excess of a priinary amine or ammonia
1o give a pyrrole.

The rezaction can be conducted under neutral or weakly acidic
conditions. Addition of a weak acid such as acetic acid accelerates
the reaction. but the use of amine/ammonium hydrochleride salts or
reactions at pH < 3 lead to furans as main products.

Mechanism
O 0 . O 0
1
Y Et H
meso d, 1

Amarath has shown that meso- and d/-3,4-diethyl-2,5-
hexanediones cyclize at unequal rates, and that the stereochemical
configuration of the unchanged dione is preserved during the reaction.
Any mechanism that involves the formation of an enamine before
the rate-determining step - the cyclization - must be ruled out.

0 0 T 0 o}
)5__‘/“\ - = /%_)\ .
¢ NI, ¢ . R
R R : i N Oﬂﬁ,R T
~ —5_1/
o 0 o ok
[ R R R
RO / R
NiL S
R R :

KR

[f the ring is formed from an imine that is generated from a
primary amine, a charged imnionium ion must be an intermediate.
Amarath tried to stabilize or destabilize the immonium ion with
different arvl groups as substituents:
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Me ,
) Y

HO N

o R 0 Ar N

N
m /‘ /

NH, Ar , v

Y RHMe R T HO N

Y:0Me.NO.. H

stabilisation: Me OMe 0 \1e
Ar

The use of ammonia should give an uncharged intermediate and
is therefore less affected by the choice of substitutents. The
substituents also influence the basicity of the imine, with the nitro
group leading to a more basic nucleophile. The rates of cyclization
have been compared using ammonia and methylamine. The nitro
group has in every situation had a positive effect on the reaction rate.
The methoxy group has a negative effect on the cyclization rate in
each case. Comparison of the relative reaction rates of all substrates
(R: H, Me) showed no specific stabilization/destabilization effect for
a possible mechanism involving an immonium ion.

A mechanism that accounts for the influence of different
substitution patterns (meso, dl) and explains the influence of a p-
nitrophenyl group making a nucleophile more reactive (although not
as the imine) includes the cyclization of a hemiacetal which is
followed by different dehydration steps:

R’

o Q , O TN OH 0 N R
B S U ¢ TNOH [ no |
NH, Ar 1
R R &

R

R \ R R
R
N -uzo HO N HO HO
DY )5_Z< ﬁ
R R

A more detailed description can be found in the work by
Amarath, and references cited therein.
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PAAL-KNORR THIOPHENE SYNTHESIS

Q‘ — \Q/ “§”: H,S/HCI/H,0, P,S,,,

R’ R’ Lawesson’s reagent

The Paal-Knorr Thiophene Synthesis allows the generation of
thiophenes by condensation of a 1,4-dicarbonyl compound in the
presence of an excess of a source of sulfur such as phosphorous
pentasulfide or Lawesson’s reagent.

Attention: some toxic H,S is formed as a side product regardless
of the sulfur source.

Mechanism

Reagents such as phosphorus pentasulfide or Lawesson’s
reagent act as sulfurizing agents as well as dehydrating agents,
allowing a reaction pathway that could lead first to the formation of
furans. This hypothesis was tested by Foye by treatment of different
1,4-dicarbonyl compounds and the corresponding possible furan
intermediates (such as acetonylacetone and 2,5-dimethylfuran) with
phosphorus pentasulfide. Using the same reaction conditions, the
differences in the yields of 2,5-dimethylthiophene excludes the
possibility that a predominant reaction pathway could lead through
furan intermediateS’

_<_>— P4SIO \070%
l. PAS10 S
O = U

Foye suggested the following reaction pathway:

RUR R—(_)—R = O(‘ \Czk" -H0 R\O/R’

The occurrence of a bis-thioketone mtermedxate is assumed to
be possible but not necessary

0] O “Qe S S R S "
e e —
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The reaction mechanism still needs further elucidation before
it is fully understood.

PASSERINI REACTION
0 0 ﬁ
+ + —_—
R' )L Ru an)J\OH 1;1
RI 17"
O Rl R” Rnu

|
Rlu/u\o>kn/ NJ H

This three-component reaction between a carboxylic acid, a
carbonyl compound such as a ketone or aldehyde, and an isocyanide,
offers direct access to a-hydroxy carboxamides.

Mechanism

The Passerini Reaction proceeds rapidly if the reaction is
performed in aprotic solvents at room temperature. High yields are
obtained with high concentrations of the starting materials in the
reaction mixture.

From these findings, it is assumed that the Passerini Reaction
does not follow an ionic pathway. Hydrogen bonding is believed to
play a crucial role in the formation of the presumed cyclic transition
state for this reaction.

O H\0

O O

td
—— 1
R g R"'/IKOH D R#‘O/J\R
G;ﬁ

oo c
1l — e
R’)\O/ R bl] T — Ru (l: O <~
R R ];\,
H-0 . R
0 R R' Ru R'rv
' O
D) >k'rm
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PATERNO-BUCHI REACTION
o) H
/U\ + jl/\ hv

ja gy
+

The photochemical [2+2] cycloaddition of a carbonyl with an
olefin to give an oxetane.

Mechanism

The possible transitions (C=0) are shown below:
%

A 8
v\ n—»n*
hv |m— 1" n

Once the carbonyl ground state has been photoexcited, either a

singlet or triplet state may be formed:

singlet state triplet state

n,w*-transition
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Either type of transition (n,n* and z,n*) and electronic state
(singlet. triplet) may participate in the first stage of this reaction,
which is rationalized by invoking diradical intermediates:

0
Ao L A ﬁ( K
Breaking of the new o-bonds requires more energy, and the

reverse reaction is not possible using same light frequency.

PAUSON-KHAND REACTION

Re=— _H + =\ CO,(CO)g or
- R’ CO + Cat.

0 O
R
Rﬁw + ij
RV

The Pauson-Khand Reaction is a [2+2+1] cycloaddition of an
alkyne, an alkene and carbon monoxide.

Mechanism

\\Crk-—-*{} {i i& {i

The following mechamsm is postulated, although only the stable
alkyne Co,(CO), complex has been isolated.

The stereochemistry of the complexation of the alkene at cobalt
is guided by steric repulsions between the R and R’ groups, so that
isomers 1 and 2 are favoured.

co /CO
CO~—~C0—Co —Co __:_C_Q__.s CO CO '—CO /CO €O .

co” A “co co” ./ﬁ_\/ R
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The insertion of the alkene is followed by insertion of carbon
monoxide and reductive elimination of one Co unit:

o co Cco
Co / _CO +CO / €O

co >C0 —_Cco — Cco -;CO ——CQ—CO =
R’ \
R R R

Dissociation of the second Co unit gives the resulting
cyclopentenone product:

€O co
\ 7 ,
oc © S CO R R
~C0,(CO
oc ~N CO »(CO)s O
oc”
R R
PECHMANN CONDENSATION
0.0
O 3, e, OO
E0 AN g

R

The Pechmann Condensation ( or Coumarin Synthesis) allows
the synthesis of coumarins by reaction of phenols with B-keto esters.

Mechanism

The reaction is conducted with a strong Brynstedt acid

©,0H‘ e 9 _EoH O \((o I zr_'

as methanesulfonic acid or a Lewis acid such as AICI;. The acid catalyses
transesterification as well as keto-enol tautomerisation:

0\ + ,()\ —H+ (;\ o\ H+
H W | | —
R OH R OH
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A Michael Addition leads to the formation of the coumarin
skeleton. This addition is followed by rearomatisation:

~

A 1

R+O -H

Subsequent acid-induced elimination of water gives the product:

OH 0 R Ry R
1
+ + ' _—
rl-B~ R2 P\ R Ny Rl% r2
R
PETASIS REACTION
+ + ! _
Rl B« Rz)L R3 R4/N\ H RI/E R2
3 4
I,B\OH“” R J\n/ TNy T Rl/&ZCOOH
O

The Petasis Reaction is a multicomponent reaction (MCR) that
enables the preparation of amines and their derivatives such as a-
amino acids.

The reaction is also referred to as the Boronic Acid Mannich
Reaction, since it proceeds via an imine with the organic ligand of
the boronic acid acting as the nucleophile, similar to the role of the
enolizable ketone component in the original Mannich Reaction.

Mechanism

As in the classical reaction that it resembles, the Petasis Reaction
also involves a large number of ix:{lerdependent equilibrium steps,
some of them identical to those in the Mannich Reaction.
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o ]}5 R\NIR R\+ R "g—B’OH
+ —
RGNy, = R2 %ar 5ol 2 )\ 3 f

Little is known with certainty in connection with the key step
that involves the nucleophilic addition of the organic ligand from
the boronate to the imine. One proposal is that the transfer is actually
intramolecular, and takes place via the adduct pictured above:

4 5
R4\+ RS HO _OH R \N/R IN R]

—B-
—_ «— |2 W
P R-—)g,\!.{-OH
Rz)\Rs ] R )Y{"R ) E Ol

Regardless of how it does take place, the fact that this addition
is irreversible certainly imparts a clear advantage. In the classical
Mannich, the reversibility of the final step limits the number of cases
where the yields are synthetically useful. By comparison, the Boronic
Acid Mannich Reaction permits a much broader scope of conversions
to be carried out.

The direct reaction with glyoxylic acid merits particular mention,
since it leads to interesting, unnatural a-amino acids in a single step,
while avoiding the appearance of toxic byproducts such as seen with
the Strecker Synthesis.

o 0 3 Sy

R
OH I
R! B\OH H/u\‘r + RZ’N‘H ’ Rl/l\COOH
6]

This reaction can be carried out with secondary amines, sterically
hindered primary amines, hydrazines or anilines in dichloromethane
at room temperature. The range of potential nucleophilic partners
includes alkenylboronic acids, and electroneutral as well as electron-
rich (hetero-)arylboronic acids. The conversion of electron-poor
boronic acids can be effected at elevated temperatures (MW) in
suitable solvents.
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PETERSON OLEFINATION

R4
! OH 2R 3
2 b R
I > R%_g 3 \=(
i 3 4
RSi 4R IR R
The Peterson Reaction allows the preparation of alkenes from
a-silylcarbanions. The intermediate B-hydroxy silane may be isolated,
and the elimination step - the Peterson Elimination - can be performed
later. As the outcome of acid or base-induced elimination is different,
the Peterson Olefination offers the possibility of improving the yield
of the desired alkene stereoisomer by careful separation of the two

diastereomeric B-hydroxy silanes and subsequently performing two
different eliminations.

Mechanism

In the first step of the Peterson Olefination, addition of the
silylcarbanion to a carbonyl compound and subsequent aqueous work
up leads to diastereomeric adducts.

SiMe, o) Me,Si OMgBr Me;Si OMgBr
T~ A
Pr H

Pr MgBr Pr "H Pr ‘
H H Pr b T
Me,Si OMgBr Me;,Si OH
—_— . + o 3
NH,CI (sat. Pr ‘H ' g
{Cl (sat) H Pr ey b

Some of these reactions are stereoselective and may be
rationalized with simple models: The reaction of benzaldehyde and
a silylcarbanion gives the threo-product if the silyl group is small.
This implies that in the transition state, the two sterically demanding
groups are anti. As the silyl group becomes more sterically demanding
than trimethylsilyl, the selectivity shifts towards the erythro-isomer.
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Ph i
,,4’ y _ SlR,///
R,Si et Rsi, 0 PhwmeteH RSi 07
—_ - .
. H-‘%—‘*Ph Ph’}_‘*Ph
“g[ é‘\\\H Ph H 10997y WH H H
- th 0= eryth
Ph reo Ph Tythro
Acidic hydrolysis proceeds via an anti-elimination:
Me,Si
3 OH H,S0, H H

1, —ee —
Pr ) ( H,0, THF > (
a PrH 2V Pr

7,
OH
H\ (\ /
i H

Me,Si y.Pr

Pr"§ g

H +0H2
In contrast, the base-catalyzed elimination may proceed via a
1,3-shift of the silyl group after deprotonation, or with the formation
of a pentacoordinate 1,2-oxasiletanide that subsequently undergoes

cycloreversion:
Me,Si OH KH H pr

Pr

pd b T X
H Pr Pr H

"\ /]

Me 381 0— OSiMe3
Pr H——>Pr-"7, EH

Pr H Pr

Me3Si‘f—‘ o Me;Si -0

> el V'a T > p P {H
H Pr H Pr

The use of a-silyl organomagnesium compounds is helpful for
the isolation of the intermediate B-hydroxysilanes, because
magnesium strongly binds with oxygen, making the immediate
elimination impossible. If excess organolithium or lithium amide base
is used to generate the a-silyl carbanion, this base can effect the

deprotonation as well, and since the lithium-oxygen bond is not as
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strong as magnesium-oxygen, the reaction leads directly to the alkene.
Some reactions proceed with good diastereoselectivity, so the direct
conversion can be an attractive option.

PINACOL COUPLING REACTION

pinacol 40 %

This reaction involves the reductive homo-coupling of a
carbonyl compound to produce a symmetrically substituted 1,2-diol.
The first step is single electron transfer of the carbony! bond, which
generates radical ion intermediates that couple via carbon-carbon
bond formation to give a 1,2-diol. The example depicted above shows
the preparation of pinacol itself.

Pinacol and other highly substituted 1,2-diols tend to undergo
dehydration with rearrangement under acid-catalysis.

PINACOL REARRANGEMENT
HO OH 0
> ‘: H,S0, (aq) L
oy Ul — H2 0 » ey
pinacol

In the conversion that gave its name to this reaction, the acid-
catalyzed elimination of water from pinacol gives z-butyl methy!
ketone.

Mechanism

This reaction occurs with a variety of fully substituted 1,2-diols,
and can be understood to involve the formation of a carbenium ion
intermediate that subsequently undergoes a rearrangement. The first
generated intermediate, an a-hydroxycarbenium ion, rearranges
through a 1,2-alkyl shift to produce the carbonyl compound. If two
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of the substituents form a ring, the Pinacol Rearrangement can
constitute a ring-expansion or ring-contraction reaction.
H

HO 1O—H 2y HO \+—H _H,0 HO
— A=

l,' A »
]

C

HQ H-0Y, ; H-Q
]Ef\ — fFX H
\+ . + ~

HgO H 10, :
= X

PINNER REACTION
+ —
HOl NH, Cl
R—=N » R
R'OH OR
+
NH, CI” k.co NH
R—4 ——» RrRA
OR OR

The Pinner Reaction is the partial solvolysis of a nitrile to yield
an iminoether. Treatment of the nitrile with gaseous HCl in a mixture
of anhydrous chloroform and an alcohol produces the imino ether
hydrochloride. These salts are known as Pinner Salts, and may react
further with various nucleophiles.

Mechanism
+ —
HCl + _1 MeOH NH, CI
R—N ———>» | R—=N-H (I —_—)
OMe
+ —_—
HCl [ + _] EtOH NH, Ci
R—=N —-7-" R—=N-H (I ———» R
OEt
+ _ + _
NH, Cl NH, NH, Cl
x4

R
OMe MeOH NH,
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+
NH, CI'” po 0
R—4 —2—> R4
OEt OEt
NH, CI”
Cl S
2 H,S
R —= rA
OEt N OEt
\_/
PREVOST REACTION
R R™ PhCO,Ag, 1, PhOC R:R,,, koH HO R
R’ r  benzene I}(, 0,cPh H,0 f}{ OH

The Prevost Reaction allows the synthesis of anti-diols from
alkenes by the addition of iodine followed by nucleophilic
displacement with benzoate in the absence of water. Hydrolysis of
the intermediate diester gives the desired diol.The Woodward
Modification of the Prevost Reaction gives syn-diols.

Mechanism

The initial addition of iodine leads to a cyclic iodonium ion,
which is opened through nucleophilic substitution by benzoate anion:

R RI" l _(T
> —
R RH -_—

A neighbouring-group participation mechanism prevents the
immediate nucleophilic substitution of iodine by a second equivalent
of benzoate that would lead to a syn-substituted product. Instead, a
cyclic benzoxonium ion intermediate is formed:

R Rlu R Rur

’ . E R'I ’ ', = RI’
Rn,— ( Rs'i_'(
0L ¢ «—— 0 . Q <«— .
Ph Ph

Opening of this intermediate by a second addition of benzoate
gives the anti-substituted dibenzoate:
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Rimi RKegR” ) R  0,CPh
*f—(:' 0,CPh RaG 2
10 __Oh — 7 '-."R"
Y PhO,C R”
Ph

Hydrolysis then delivers the diol.

In the Woodward-Modification, added water decomposes the
above benzoxonium intermediate directly to a syn-substituted diol.

The use of expensive silver salts, the requirement for a
stoichiometric amount of molecular halogen, and the formation of a
relatively large amount of organic and inorganic wastes are definite
drawbacks to this reaction. Sudalai recently reported on catalytic
versions of both the Prevost Reaction and the Woodward-
Modification.

2 LiBr
Phl (O Ac) [O]
Phl + 2 LiOAc2
OAc
RI [O] Brz
2B
Ac
AcOH
RN
B
O + Br~ b r

0
R/k'/R'
L /\ACOH
Q9" "0

R/k/R,

BR
The proper choice of stoichiometric oxidant allows either syn-
or anti-selective dihydroxylations. NalO, as the oxidizing agent
generates H,O as a side product of the oxidation and therefore enables
the Woodward Reaction to take place.
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High-valent iodine reagents are still relatively expensive, and
the identification of a less costly stoichiometric oxidant would be a
significant improvement for this process.

PRILEZHAEYV REACTION
RI

R R'"CO3H O
o 'Rl
H RH le_\(u

The epoxidation of an alkene with peracid to give an oxirane.
The commercial available mCPBA is a widely used reagent for this
conversion, while magnesium mono-perphthalate and peracetic acid
are also employed.

Mechanism

Peracids tend to adopt an intramolecularly hydrogen-bonded
conformation in solution, and the high degree of polarisation results
in an electrophilic oxygen atom that is able to add to alkenes.

o
H
670-0
cl §" 8 MCPBA

Hydrogen peroxide in combination with various additional
catalysts may also be used in these epoxidations.

The transition state, in which oxygen is added and the proton is
shifted simultaneously, resembles a butterfly and is known as the
“Butterﬂy Mechanism™:
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PRINS REACTION

The Prins Reaction is the acid-catalyzed of addition aldehydes
to alkenes, and gives different products depending on the reaction
conditions. It can be thought of conceptually as the addition of the
elements of the gem-diol carbonyl hydrate of the aldehyde across
the double bond.

0 I 0”0
+ —>
An excess of aldehyde and temperatures < 70 °C lead to the

formation of acetals. When one equivalent of aldehyde is used and
temperatures are > 70 °C diols or allylic alcohols may be isolated.

o Jl H OH
_—
H A H R H,0 RJ\/\OH

o + OH
H
o+ I B, s~
H H R H,0
Although the mechanism is different, a Prins allylic alcohol
product is equivalent to the result of an Ene Reaction.

Mechanism
’O‘/\‘H+ H\l " A3 H-5, .
H JLH H A H H JU\R LA
H‘G H,0 OH
N — >
{ A, -H 1o R
H~6
/
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PSCHORR REACTION

Y
=
Ses™
O s (0

~BF,
Y =-CH = CH-, -O-, -§—, -S0-,...

The Pschorr Reaction allows the preparation of biaryl tricyclics
by intramolecular substitution of one arene by an aryl radical. This
radical is generated in situ from an aryl diazonium salt by copper
catalysis. Although excess copper salts are used, the yield is normally
moderate.

Alternative one-electron donors that are more soluble have
recently been discovered. The reported method leads to improved
yields in a shorter reaction time.

Mechanism
Cu (0) Cu(1)

CLO % Cd

Cu(l) Cu (0)

——>“ &%

REFORMATSKY REACTION

0

Br\/ll\o/\+Zn+

1) toluene, OH o
Et,0 ~

-_._’-_._)
2) H,0 0

The formation of ester-stabilized organozinc reagents and their
addition to carbonyl compounds
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Mechanism

Organozinc compounds are prepared from a-halogenesters in
the same manner as Grignard Reagents. This reaction is possible due
to the stability of esters against organozincs. Due to the very low
basicity of zinc enolates, there is hardly any competition from proton
transfer, and the scope of carbonyl addition partners is quite broad.
In presence of ketones or aldehydes, the organozinc compounds react
as the nucleophilic partner in an addition to give B-hydroxy esters.

v

Zn—0O O
N
L7
O O--- %n
Br

An ester-stabilized organozinc reagent

RING CLOSING METATHESIS (RCM)

= Cat
N -H,C= Cﬁz

The Ring-Closing Metathesis (RCM) allows synthesis of 5- up
to 30-membered cyclic alkenes. The E/Z-selectivity depends on the
ring strain.

The Ru-catalysts used tolerate a variety of functional groups,
but normally the molecule must have polar side chains that are able
to build a template for the catalyst. The modern Second Generation
Grubb’s Catalysts are more versatile.

Mechanism

The key intermediate is a metallacyclobutane, which can
undergo cycloreversion either towards products or back to starting
materials. When the olefins of the substrate are terminal, the driving
force for RCM is the removal of ethene from the reaction mixture.

R
R M
~ \=pm A R
-5 ——»E/\i*r:/
N 7 N
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Chauvin's Mechanism

M =CH,

Cw
H,C = Ch,
K:A CiM
RING OPENING METATHESIS
(POLYMERIZATION) - ROM(P)

1% Ph

P(Cy); —
0@ CI K l'{u':/_—<Ph ‘

Clv¥|
+ P(Cy), . o=
Hex

ﬁ : Il 63%

Strained rings may be opened by a ruthenium carbene-catalyzed
reaction with a second alkene following the mechanism of the Cross
Metathesis. The driving force is the relief of ring strain. As the
products contain terminal vinyl groups, further reactions of the Cross
Metathesis variety may occur. Therefore, the reaction conditions must
be optimized to favour the desired product.

Hex

\

Strain rings may be opened by a ruthenium carbene-catalyzed
reaction with a second alkene following the mechanisms of the Cross
Metathesis. Driving force is the relief of ring strain. As the products
contain terminal vinyl groups, further reactions of the Cross
Metathesis variety may occur. Therefore, the reaction conditions must
be optimized to favour the desired product.
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In absence of excess of a second reaction partner, polymerization
occurs (ROMP):

e dy — O
100

The reverse reaction the Ring Closing Metathesis is a valuable
synthesis tool for preparing from 5- up to 30-membered rings.

Mechanism
Same as Olefin Metathesis.

RITTER REACTION

0O
H,SO, H,0
+ = > >
b=+ e I
— H,S0, H,O Jol\

The acid-induced nucleophilic addition of a nitrile to a
carbenium ion, followed by hydrolysis to the corresponding amide.

Mechanism

Any substrate capable of generating a stable carbenium ion is a
suitable starting material; primary alcohols do not react under these
conditions, with exception of benzylic alcohols:

_/\+ A
»—O\\ __i._> 0]
H

\

H

|0
H+
CH, —» +>—

The carbenium ion adds to the nitrile nitrogen to give a nitrilium
ion intermediate, which undergoes hydrolysis to the corresponding
amide upon aqueous work-up.
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+ /_?,0\\”
)(NNE—R D ——— }N:—R «—> N=—R | ———
b i N_O H' N_,O
N o = | Ny =
FH \r —_—
Pyt S i — iy

ROBINSON ANNULATION

OMe kol KOH (cat).

The Robmson Annulation is a useful reactlon for the formation
of six-membered rings in polycyclic compounds, such as steroids. It
combines two reactions: the Michael Addition and the Aldol
Condensation

Mechanism

The first step in the process is the Michael Addition to an a,f-
unsaturated ketone, such as methyl vinyl ketone:

OMe OMe OMe
"HO
—2
-H,0 -
< / . (3 0
H
|
0

The newly formed enolate intermediate must first tautomerize
for the conversion to continue:

OMe Me OMe
‘O -H,0 "OH
(6] - 2Y o] [e]
- OH -H,0
|
O 0 -

The subsequent cyclization via Aldol Addition is followed by a
condensation to form a six-membered ring enone:
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OMe

OMe
S -H,0
10 ‘/Q _ ')
- OH
O .
" /OH (kat) ‘
" e 1O
0]

The Robinson Annulation can also proceed under acidic
catalysis, with the entire process occurring in one pot, as shown
below. The use of a precursor of the a,B-unsaturated ketone, such as
a B-chloroketone, can reduce the steady-state concentration of enone
and decrease the side reaction of polymerization.

poE=eok
o HSO,

PhH
55%

Cl

L

o)
_— “(b)
o) NpSO,H O
PhH

64 %
ROSENMUND REDUCTION

o
j\ H,P/BISO,
S h—
c g ° HCl

5+

R
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The catalytic hydrogenation of acid chlorides allows the
formation of aldehydes.

Mechanism
O y.opd/Bso, H,, Pd/ BaSO, OH  H,, Pd/BasO,
N, R)’\ + HCL r—~ ~CH,
R7 I H 2HCH —-HC!
o}
HO
Poa
o}

i R)LCI 19 1
R/“\OH -_— R)l\ )LR R)L 0 R
The Pd catalyst must be poisoned, for example with BaSO,,
because the untreated catalyst is too reactive and will give some
overreduction. Some of the side products can be avoided if the
reaction is conducted in strictly anhydrous solvents.

ROSENMUND-VON BRAUN REACTION

Ar-X+CuCN A -
—mF—P Ar—-CN

Aryl nitriles can be prepared by the cyanation of aryl halides

with an excess of copper(l) cyanide in a polar high-boiling solvent

such as DMF, nitrobenzene, or pyridine at reflux temperature.

Mechanism

The mechanism probably involves the formation of a Cu(IIl)
species through oxidative addition of the aryl halide. Subsequent
reductive elimination then leads to the product:

Ar— X+ Cl-CN oxidative 'l}r reductive elimination _ Ar—CN
r=aril- addition NC’Cu*X - CuX "

The excess of copper cyanide and the use of a polar, high-boiling
point solvent makes the purification of the products difficult. In
addition, elevated temperatures (up to 200°C) lower the functional
group tolerance. The use of alkali metal cyanides or cyanation
reagents such as cyanohydrins, a catalytic amount of copper(I) iodide
and kalium iodide, allows a mild, catalytic cyanation of various aryl
bromides.
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0.1 eq. Cul, 0.2 eq. Kl

! eq. MeHN NHMe

1.2 eq. NaCN
toluene, 110 or 130°C, 24 h

If aryl iodides, sodium cyanide and copper(I) iodide are used, a
simple mechanism similar to that of an Ullmann-type reaction can
be proposed:

Ar—Br » Ar-—-CN

] NaCN
Ar— C{x
_ ! Nal
AR —1 oxidative
addition

Cul - 'Ar-—({u

1
reductive

elimination
Ar—CN

Reactions with aryl bromides and added alkali metal iodides
involve additional equilibria in which aryl bromides give the more
reactive aryl iodides:

Ar-1

reductive elimination |joxidative addition
- Cul +Cul

Ar —Cu

KBror NaBr NaCN
Kl or Nal

Ar-—c\u Ar—Cu

oxidative
addmon reductive
elimination

Ar-Br Ar CN
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The formation of a copper(lll) species and the use of
cyanohydrins.

RUBOTTOM OXIDATION
o SiRs o
g _L.mCPBA "
R 2.H,0 R OH
R’ ’ RH

The synthesis of a-hydroxy ketones is achieved by reaction of
silyl enol ethers with mCPBA, with subsequent rearrangement.
Aqueous work up or reaction with TBAF (fluoride ions) gives the
desired product after desilylation

Mechanism

The enol ether double bond is epoxidized by the peracid. Relief
of the epoxide ring strain drives the rearrangement with migration
of the silyl group to give the silylated a-hydroxy ketone product.

2SR, SiR . SiR,
0 CPBA o ’0\3 ' o
RI/S/ R"' _[n‘:——"—_‘> R,xi\ —_— R,ﬂ\ﬁ !
R’l' R"'
R'I R" Rll
70
IB’SiRJ Hzo o e
— R g > R’&OH
R" R,'
SANDMEYER REACTION
NH, NAD'S X
HX, NaNO
2 CuX
0°C 60-100°C
R R R

X =CN,Br, Cl, SO;H
The substitution of an aromatic amino group is possible via
preparation of its diazonium salt and subsequent displacement with
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a nucleophile (Cl-, I-, CN-, RS-, HO-). Many Sandmeyer Reactions
proceed under copper(I) catalysis, while the Sandmeyer-type reactions
with thiols, water and potassium iodide don’t require catalysis.

SR
N, y@

The Sandmeyer Reaction is a very important transformation in

aromatic chemistry, because it can result in some substitution patterns
that are not achievable by direct substitution.

Fluorination is possible by using the related Schiemann
Reaction.

Mechanism

e + Cu2+ — ot
SAYTZEFF’S RULE

H
B Lo _"\=< _\_<
+
b‘< B0, K* 5
\_/ 1% 29 %
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Saytzeff Rule implies that base-induced eliminations (E2) will
lead predominantly to the olefin in which the double bond is more
highly substituted, i.e. that the product distribution will be controiled
by thermodynamics.

’ Ho—k

H_H 28 % 72 %

The use of sterically hindered bases raises the activation energy
barrier for the pathway to the product predicted by Saytzeff’s Rule.
Thus, a sterically hindered base will preferentially react with the least
hindered protons, and the product distribution will be controlled by
kinetics.

SCHLOSSER MODIFICATION

0 +PPh,

v Pon T

leg. oH—{. K 0={ R
> > /___/

RI

LiX 1. eq. PhLi

The Schlosser Modification of the Wittig Reaction allows the
selective formation of E-alkenes through the use of excess lithium
salts during the addition step of the ylide and subsequent
deprotonation/protonation steps.

Mechanism

Lithium salts effect, that the intermediate betaines do not react
further. These lithiobetaines which are quite stable may be
deprotonated. Deprotonation is equal to the lost of one stereogenic
centre. Use of a steric hindered proton donator then leads to the trans
lithiobetaine. The reaction takes “normal” course, if lithium is
exchanged by potassium.
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l:h Ph Ph
. Ph PN - | __Ph
JO—pP < (¢) Ph \\P+' Ph O—p <
Ph PRSI, + — Ph
. R'“ “H Z R <
R R trans H R’ R s
l Lix l Lix
Ph l?h N
. leph F_ oz SteP _
Li —P Ph Li O P ph X
RY R trans Lithiobetaine R’ R i

\Nj‘i /hLi
Ph

.. 1y Ph
Lo -

P\ph X~
R’ A R cis Oxidoylide
1 eq. OH—@
Iih
Ao +_.Ph
Li" O P<Ph X~
R’ k trans
ll(+ o'—é
I"h
- Ph
-~
‘ )fﬂp\ Ph
R’ ;R trans
R
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SCHMIDT REACTION
1 My p
R/U\OH H,SO, 2
0 NH No H
N, &> RN+ RTY
R H H,SO, o
o)
HN o)
L 7>
R R H,S80, R NHR
OH HN, R R
Lo s =
RR R H,SO, R
R
—_— R HN, R) (
> N\

The acid-catalysed reaction of hydrogen azide with electrophiles,
such as carbonyl compounds, tertiary alcohols or alkenes. After a
rearrangement and extrusion of N,, amines, nitriles, amides or imines
are produced.

Mechanism

Reaction of carboxylic acids gives acyl azides, which rearrange
to isocyanates, and these may be hydrolyzed to carbamic acid or
solvolysed to carbamates. Decarboxylation leads to amines.

0! H+ + NH. o -N,
R—‘( -:W R-C:O; > —:OT *—3-> Ré\l —
O T AN
- H”
+=O\ 0 \ HO? 0\ \/O-

P 7 /! HO H +>= 7 -H o -Co,
N RN HEA 7 —> R-NH,
A} N R-N ’

H h Y R R>{

H
isocyanate carbamic acid

The reaction with a ketone gives an azidohydrin intermediate,
which rearranges to form an amide:
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N + H P
0 H' | 07 0 HN,
/[]\ — | «—> )\ —_
R R R R R+ R
~.H H __H
O N - L
| H+ 0] _H+ R "N2

R
+ LR HO HO /  tautomerization Y ,R
R—=N _—’ —N -_— >—N\
-H* R R H

Alkenes are able to undergo addition of HN, as with any HX
reagent, and the resulting alkyl azide can rearrange to form an imine:

R

Rm+ N N - RH+R W N

M= Hien = H H\
R}I{Kv R UCR

R R R R R N—R

Tertiary alcohols give substitution by azide via a carbenium ion,
and the resulting alkyl azide can rearrange to form an imine.

SCHOTTEN-BAUMANN REACTION

O O
R—{ + pN-r NEOH, g g

Cl N-R’
H

The use of added base to drive the equilibrium in the formation
of amides from amines and acid chlorides.

The acylation of amines with carboxylic acid chlorides leads to
the production of one equivalent acid, which will form a salt with
unreacted amine and diminish the yield. The addition of an additional
equivalent of base to neutralise this acid is a way to optimise the
conditions. Normally, aqueous base is slowly added to the reaction
mixture.
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In general, the use of biphasic aqueous basic conditions is often
named “Schotten-Baumann conditions”.

Mechanism
9 o o
i - +
R sHN-p — > RA, — R4 +H
H
HN-R 4+ ——> HNR —-—0150—>
2
o
R4
Cl
SHAPIRO REACTION

H 2 MelLi I
— ||
H

The Shapiro Reaction, a variation on the Bamford-Stevens
Reaction, is the base-induced reaction of tosylhydrazones to afford
alkenes. This reaction is carried out with two equivalents of an
organolithium compound.

Mechanism

The advantage of the Shapiro over Bamford-Stevens Reaction
is, that the resulting dianion does not tend to rearrange, which can
occur with intermediate carbenes and carbenium ions. However, the
Shapiro reaction does not lead to high stereoselectivity between the

E-/Z-isomers.

/NsN/T s N _Ts AN \d f B
H MeLi, MeL1 - -Ts$
H Z
N!I:I}- \ H* H
|l - — | — |
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SHARPLESS DIHYDROXYLATION
AD-mix-f

l HO OH

AD-mix-p R'H’R
/ s R, M
Am R R H\R

SH-- M
T HO OH
AD-mix-a
The Sharpless Dihydroxylation or Bishydroxylation is used in
the enantioselective preparation of 1,2-diols from prochiral olefins.
This procedure is performed with an osmium catalyst and a
stoichiometric oxidant [e.g. K;Fe(CN), or N-methylmorpholine oxide
(NMO)]; it is carried out in a buffered solution to ensure a stable
pH, since the reaction proceeds more rapidly under slightly basic
conditions. Enantioselectivity is achieved through the addition of
enantiomerically-enriched chiral ligands [(DHQD),PHAL,
(DHQ),PHAL or their derivatives]. These reagents are also available
as stable, prepackaged mixtures (AD-mix a and AD-mix B, AD =
asymmetric dihydroxylation) for either enantiopreference.
Ad-mix-:
K,0s0,(OH),(cat), K,CO;, K,Fe(CN),, (DHQD),PHAL (cat):

Ad-mix-a
K,0s0,(OH),(cat), K,CO;, K;Fe(CN),, (DHQ),PHAL (cat):
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Mechanism

The ligand accelerates the reaction and transfers the chiral
information.

R
. R
o4
5) -0 O l® \D 0 OIS
0 —— 30530 —» 3¢ 0 ——
’ INR, 07 077 051  OH
RR R R N
Os(VII} Os(Vil 0s(V1) R’R, ‘g Osvh)

After the dihydroxylated product is released from the complex
through hydrolysis, reoxidation of the metal takes place - sodium
chlorite is used in this example, which can regenerate two equivalents
of the catalyst.

If the olefin concentration is too high, a second equivalent of
the substrate might bind to the catalytic centre in the absence of the
chiral ligand, and undergo a dihydroxylation. This side reaction will
decrease the enantioselectivity.

There has been some speculation regarding the actual addition
step, for which experimental data suggest the possible involvement
of two separate steps. Thus, the question arises during these
discussions of whether the key step takes place via an initial [3+2]-
addition, or by a [2+2]-addition followed by expansion of the
metallacycle.

J@:‘o&o _a R—Q«g, 0

——> 0-0s=0
/
R O
(0]
/}\\ O [342] (\ ?
JI—-\A ’495\\0 —_— —05
R o o

Quantum chemical calculations have shown an initial [3+2]-
addition of the OsO, to be energetically more favourable. However,
this energy difference is substantially smaller in the related Re(VII)
oxide additions.
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SHARPLESS EPOXIDATION
Si
(S/S)-diethy! tartrate
(-)-DET
O
R’ ! tr
R';< R
/ OH
Ti(OCH(CH,),),
OOH
\ R' [ "e
R
o OH
Re
(R/R)-diethyl tartrate
(+)-DET

The Sharpless Epoxidation allows the enantioselective
epoxidation of prochiral allylic alcohols. The asymmetric induction
is achieved by adding an enantiomerically enriched tartrate derivative.

Mechanism

The oxidant for the epoxidation is fers-Butyl hydroperoxide. The
reaction is catalyzed by Ti(OiPr),, which binds the hydroperoxide,
the allylic alcohol group, and the asymmetric tartrate ligand via
oxygen atoms (putative transition state depicted below).
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SIMMONS-SMITH REACTION

Zn
I + CH,}, T

This reaction affords the cyclopropanation of olefins.

Mechanism

Ultrasonication improves the rate of formation of these
organozinc compounds, as with many organometallic reactions
occurring at a surface.

2CHyl, + 2 Zn —» 2|CHyZn| = (ICHy),Zn + Znl,

The mechanism has not been fully clarified, but pure carbenes
can be excluded, and a metal carbenoid is likely to be involved. The
following results may be interpreted to indicate a possible
complexation of the active species by hydroxy groups leading to
reaction on the same face as this substituent. This would only be
possible if an organozinc reagent is present.

OH — OH
@‘ C H2 12 Cu Zn @A

OH
cH, OH
CH,],
O &<z’ | 0
0 \) i \)
Y 76 %
SONOGASHIRA COUPLING

Ph,P),PdCl
X+ =k —ch = R
Cul, R,N

This coupling of terminal alkynes with aryl or vinyl halides is
performed with a palladium catalyst, a copper(I) cocatalyst, and an
amine base. Typically, the reaction requires anhydrous and anaerobic
conditions, but newer procedures have been developed where these
restrictions are not important.
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R' RI
X Pd(PPhy), = R
w_ Y + = > o Y
R Cul EtNH =~ R
RIN R’”
Mechanism
R'—=-R
PdL,
'rec.iuct.ive RX
climination (n-2)L oxidative additon
ll( L
R—==—Fhd1L R-Pd-X
L
transmetalation Cu—= R
trans/ cis R NR";HX
isomerization L—Pd-L
I CuX
R
R'N'H + I=p
k
R",ﬂ E— g
STAUDINGER SYNTHESIS
O nr O R",
b Y s X
- I - R
PR R CHCL,0°C R7™N,,

The formal [2+2]-cycloaddition of imines to ketenes forms B-
lactams.

Mechanism

Both the ketene and the imine are molecules that can act as either
nucleophiles or electrophiles. In the first step, the imine adds to the
ketene as a nucleophile. The subsequent cycloaddition delivers the
B-lactam:
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The zwitterionic intermediate undergoes an electrocyclic
conrotatory ring closure to give the B-lactam ring. In general, (£)-
imines lead preferentially to cis-B-lactams. Ab initio calculations have
shown a correlation between stereochemistry of the lactam closure
and the donor/acceptor character of the substituents. If R is
electrodonating, the conrotatory closure via an “outward rotation”
that produces a cis-stereochemistry is preferred by ~10 kcal/mol,
whereas electron-withdrawing groups favour an “inward”-rotation:

H Rl"' RI'
| A}EN H i
T —oer — My —
(4] Rm / R" R

endo inward trans

H R"l
ti{.-N 7 ok Ayt — );1
1w/ e YL '

Rm outwa.rd

At lower temperatures, a catalytic version involves the use of
non-nucleophilic imines and the Umpolung of the ketene substrate
using tertiary amines or other suitable nucleophiles, making the ketene
nucleophilic:

&° )
NS " o] Tos
N 6|) RN 1os R\/Kl%u R Nu® _ Nu: ’
\jl\ ——— R’ —— N %O — R
. - R"
R TR R" . Tos R* Tos R

This reversed reactivity mode allows the use of chiral
nucleophilic catalysts for enantioselective induction.

Diphenylketene is quite stable, but other ketenes readily
polymerise and must be prepared immediately before the reaction.
Ketenes can also be formed in situ in the presence of the imine by a
light- or heat-induced Wolff-Rearrangement:
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o o o0 =
N” hv N
) —
RN, Y

Using the reversed mode strategy, the reaction of acid chlorides
with a tertiary amine in the presence of a proton sponge readily
produces ketenes:

o R3N AN 0o

RyN: 7+
R'
l@
MezN;'
o B 80

R;N could be an expensive chiral amine catalyst such as a
chinchona alkaloid, whereas the proton sponge is used
stoichiometrically. For achiral reactions, NEt; can serve both
functions. The subsequent reaction follows the pathway known from
the reverse mode reactions, with the catalyst recovered unchanged:

&9° 9
R'. 2L ® @D O _Tos
NR, , NR; _NR N
} 3 —— R —
N
N@ R’ RH

R"” /Tyu/’ros R” Tos

A general overview about advances in the catalytic, asymmetric
synthesis of B-lactams can be found in an article written by Thomas
Lectka, whereas a publication by Claudic Palomo discusses reactions
of acyl chlorides with imines, including diastereoselectivites and
mechanistic insights of the ring closure leading to cis or trans
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substituted P-lactams and asymmetric induction from the ketene
component. The influence of solvents and additives and the pathways
of ketene generations and addition modes on the stereoselectivity.

STAUDINGER REACTION
R R Ph ,
LT H,0 i
RN, -N R”N° L Fh R” "NH,

Azides may be converted to amines by hydrogenation, but
another possibility is the Staudinger Reaction, which is a very mild
azide reduction. As there are a variety of methods for preparing azides
readily, the Staudinger Reaction makes it possible to use "N; as an -
NH, synthon.

Mechanism

Triphenylphosphine reacts with the azide to generate a
phosphazide, which loses N, to form an iminophosphorane. Aqueous
work up leads to the amine and the very stable phosphine oxide.

4 Ph R N N
R\HJM\PGP!! — N _apeh, —>
R Ph K 7

- +
“/N~PPh, ‘N=PPh

L] ~N, 3 H,0 NH,
R\(gl:l;gm —_— [R—<R’ > R—(R' } - . )\R’ + O=PPh,
R

STAUDINGER REACTION

: R Ph :

R PPh, . H,0 R

LT G LT\

R Ny -N, N i)hPh NH,

Azides may be converted to amines by hydrogenation, but
another possibility is the Staudinger Reaction, which is a very mild
azide reduction. As there are a variety of methods for preparing azides
readily, the Staudinger Reaction makes it possible to use "N; as an -
NH, synthon.

Mechanism

Triphenylphosphine reacts with the azide to generate a
phosphazide, which loses N, to form an iminophosphorane. Aqueous
work up leads to the amine and the very stable phosphine oxide.
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\(NWN’/\ *P-Ph — >—N/JPPh,

N"N - + A
-N, N-PPh, N=PPh 40 NH,
R N_PPh —> R~ «— R — )\ + 0=PPh,
~& &t R R
RY
STAUDINGER SYNTHESIS
O e O "
R an{
_—
" 1’ °
R R CH,CL, 0°C ~ R7 N,

The formal [2+2]-cycloaddition of imines to ketenes forms f-
lactams.

Mechanism

Both the ketene and the imine are molecules that can act as either
nucleophiles or electrophiles. In the first step, the imine adds to the
ketene as a nucleophile. The subsequent cycloaddition delivers the
B-lactam:

,R,.. \‘i"oleN o. _mw
R’ N
/t , I~ - oL ,

R™ R R" R" R’ R

The zwitterionic intermediate undergoes an electrocyclic
conrotatory ring closure to give the B-lactam ring. In general, (£)-
imines lead preferentially to cis-B-lactams. Ab initio calculations have
shown a correlation between stereochemistry of the lactam closure
and the donor/acceptor character of the substituents. If R is
electrodonating, the conrotatory closure via an “outward rotation”
that produces a cis-stereochemistry is preferred by ~10 kcal/mol,
whereas electron-withdrawing groups favour an “inward”-rotation:

H R R
H' R R"YH R
[AonZ) —oots™ — ~sr — r
o] Lo
endo R mward

RT—I R R R R"
R R . R
A sxH Ny H ind
S o — Ay —
exo R outward cis
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At lower temperatures, a catalytic version involves the use of
non-nucleophilic imines (for example tosylated imines) and the
Umpolung of the ketene substrate using tertiary amines or other
suitable nucleophiles, making the ketene nucleophilic:

N Ol) R R \i?\Nu %é?‘@ ~Nu: N
Rl

R R + R” /\N Jos

This reversed reactivity mode allows the use of chiral
nucleophilic catalysts for enantioselective induction.

Diphenylketene is quite stable, but other ketenes readily
polymerise and must be prepared immediately before the reaction.
Ketenes can also be formed in situ in the presence of the imine by a
light- or heat-induced Wolff-Rearrangement:

R rer O ,R”'
IO NRT by N
+ | —
RN, R

N / 5
% — 1

Using the reversed mode strategy, the reaction of acid chlorides

with a tertiary amine in the presence of a proton sponge readily
produces ketenes:

Cl /YO

O o _
CIm RN O ‘0o
e o= Y < ]’
Rr R’ H Rv
O
cl
\/ O
MCZN [+
2 Y,
R;N could be an expensive chiral amine catalyst such as a
chinchona alkaloid, whereas the proton sponge is used
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stoichiometrically. For achiral reactions, NEt; can serve both
functions. The subsequent reaction follows the pathway known from
the reverse mode reactions, with the catalyst recovered unchanged:

5 ~
<& 5
' ) ® Te) Tos
R \/\NR?' R NR3 - NR3 j:-{
X :@ R’ R

R" /\KI.\;I,TOS R’
A general overview about advances in the catalytic, asymmetric
synthesis of $-lactams can be found in an article written by Thomas
Lectka, whereas a publication by Claudio Palomo discusses reactions
of acyl chlorides with imines, including diastereoselectivites and
mechanistic insights of the ring closure leading to cis or trans
substituted B-lactams and asymmetric induction from the ketene
component. The influence of solvents and additives and the pathways
of ketene generations and addition modes on the stereoselectivity.

STEGLICH ESTERIFICATION
0] (0]
J_  + ROH bee __, JL
R® OH DMAP(cat) R” “OR’

The Steglich Esterification is a mild reaction, which allows the
conversion of sterically demanding and acid labile substrates. It’s
one of the convenient methods for the formation of ters-butyl esters
because -BuOH tends to form carbocations and isobutene after a

subsequent elimination under the conditions employed in the Fischer
Esterification.

Tos

Mechanism

DCC (dicyciohexylcarbodiimide) and the carboxylic acid are
able to form an O-acylisourea intermediate, which offers reactivity
similar to the corresponding carboxylic acid anhydride:
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The alcohol may now add to the activated carboxylic acid to
form the stable dicyclohexylurea (DHU) and the ester:

In practice, the reaction with carboxylic acids, DCC and amines
leads to amides without problems, while the addition of approximately
5 mol-% DMAP is crucial for the efficient formation of esters.

- /
DMAP
4-N, N-dimethylaminopyridine
N-Acylureas, which may be quantitatively isolated in the absence
of any nucleophile, are the side products of an acyl migration that

takes place slowly. Strong nucleophiles such as amines react readily
with the O-acylisourea and therefore need no additives:

hete
O O

N fast
R'NH, DHU + R'NHCOR

Xlov:
ROH

DHU + R'OOCR
A common explanation of the DMAP acceleration suggests that
DMAP, as a stronger nucleophile than the alcohol, reacts with the
O-acylisourea leading to a reactive amide (“active ester”). This
intermediate cannot form intramolecular side products but reacts
rapidly with alcohols. DMAP acts as an acyl transfer reagent in this
way, and subsequent reaction with the alcohol gives the ester.
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Q/\
Q 5 ¥ 'ND_’\ ‘ O\, <§/ DM::RH* j)LOR'

STETTER REACTION

0 c o
t
- R-CHO + \/U\ 2, R/“\/Y

O

The Stetter Reaction is a 1,4-addition (conjugate addition) of
an aldehyde to an a,B-unsaturated compound, catalyzed by cyanide
or a thiazolium salt. This reaction competes with the corresponding
1,2-addition, which is the Benzoin Condensation. However, the
Benzoin-Condensation is reversible, and since the Stetter Reaction
leads to more stable products, the main product will be derived from
1,4-addition.

Some of the possible products are: 1,4-diketones, 4-

ketocarboxylic acids and the corresponding nitriles.
0]

CHO NaCN
a
™ e 2,
DMF

Mechanism

The cyanide ion effects an umpolung of the normal carbonyl
charge affinity, and the electrophilic aldehyde carbon becomes
nucleophilic after deprotonation

4\'0\ T101
S La— A,

This in situ generated nucleophlle reacts with the unsaturated

compound:

OH u R 2 OH :
-/x = & = /l\l/\r R ce——
R™ cN N
R’ H R 10!
101
’ -“CN ” R"

R N R ————— R

QCN tautomerization

OH R O
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The thiazolium salts may be converted into ylides by
deprotonation. These ylides are comparable to the cyanide adducts
in their ability to catalyze the Stetter Reaction effectively.

He R ‘ HC R
D5 SN &

3 Vo

HO(CH,), s)\ H NEt, NFt s HO(CH,), S)"

H.C R Heo R
~y ¢ o
HO(CH,), HO(CH,), S
R H

STILLE COUPLING

— Cat
R'-X + RSnBu, —9=S* , R-R + XSnBy,

The Stille Coupling is a versatile C-C bond forming reaction
between stannanes and halides or pseudohalides, with very few
limitations on the R-groups. Well-elaborated methods allow the
preparation of differen. products from all of the combinations of
halides and stannanes depicted below. The main drawback is the
toxicity of the tin compounds used, and their low polarity, which
makes them poorly soluble in water. Stannanes are stable, but boronic
acids and their derivatives undergo much the same chemistry in what
is known as the Suzuki Coupling. Improvements in the Suzuki
Coupling may soon lead to the same versatility without the drawbacks
of using tin compounds.

Convenient electrophiles and stannanes:

R CO,R H - SnR, R’ SnR,
R\/K/X /J\x (X=Br, 1)
R” (X =Cl, Br) 5 j/‘\s Ar—=SnR,
Ar X R /U\C]
{(X=ClLBr) R AN SIR,
Ar—X R \ka ﬁ)\/S"R’

(X=Br1) R" (X=1.0Tf Hynii Gy SnR,
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Mechanism
R=R’ PdL,
RX
reductive n-2L oxidative addition
elimination
L L
R=pd-L R—Pd-X
I
R’ L
RISI‘R"3
trans/cis
isomerization ransmetalation
; XSnR"
R—Pd-R’ R
L
STRECKER SYNTHESIS
0 H
JI NH/HON NH,
R —> )v CN
H R
H rac
NH,
R” & ~“COOH

im0 / H,0 M o

The Strecker Synthesis is a preparation of a-aminonitriles, which
are versatile intermediates for the synthesis of amino acids via
hydrolysis of the nitrile.

Mechanism .

The reaction is promoted by acid, and HCN must be supplied
or generated in situ from cyanide salts - in the latter case, one
equivalent of acid is consumed in the reaction.

NH,Cl + NaCN === NH; + HCN + NaCl
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The first step is probably the condensation of ammonia with
the aldehyde to form an imine:

H
:lot/\ﬁ" Ao H\Gl N, B -H e TN
—— .——————\
—_— | <> ‘————
R)\H R /gNH] R/INNH2

R™ "H

H ._H +
o -Ho R -H R
Ty, == = = H=x
R H 2 H H H
The cyanide adds as a nucleophile to the imine carbon,
generating the a-aminonitrile:

R 4 . H
=0 | Yol s >'—/\ NS
H H H H rac.

This product may optlonally be hydrolysed to the corresponding
a-aminoacid:

~\ <\ < _—
H H H H
i Hed
H-O" ) H~0
‘j’\l}z_ln ~HY 4ht “NJ&}}-N'H " R 4
~,
2N N == N =
g“ d o “ i i bII;JH TH
H
+
H~Q' 0, VA
a M I8
W N & )\H) |
| H H H H H
H H
N /A
g R H 1
N
Nyt N + NH, —> Ho)k( 2+ NHY
\
; R rac.
SUZUKI COUPLING

Ohsom - w1y
R
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2eqK,CO;aq.

3 mol- % Pd(PPhy); @_@
benzene, A - -—/7"R

The Suzuki Coupling, which is the palladium-catalysed cross
coupling between organoboronic acid and halides. Recent catalyst
and methods developments have broadened the possible applications
enormously, so that the scope of the reaction partners is not restricted
to aryls, but includes alkyls, alkenyls and alkynyls. Potassium
trifluoroborates and organcboranes or boronate esters may be used
in place of boronic acids. Some pseudohalides (for example triflates)
may also be used as coupling partners.

Mechanism

One difference between the Suzuki mechanism and that of the
Stille Coupling is that the boronic acid must be activated, for example
with base. This activation of the boron atom enhances the polarisation
of the organic ligand, and facilitates transmetallation. If starting
materials are substituted with base Iabile groups (for example esters),
powdered KF effects this activation while leaving base labile groups
unaffected.

Ar' - Ar

Pd(0) ArX
Ar' — P4(II)-Ar .:cﬁ—x
B(OH), NaOH
Ar — Pd(I1)-OH
OH aX :

Ar’—}'?_—OH
OH

X=Br1
NaOH

Ar'B(OH),

In part due to the stability, ease of preparation and low toxicity
of the boronic acid compounds, there is currently widespread interest
in applications of the Suzuki Coupling, with new developments and
refinements being reported constantly.
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SWERN OXIDATION
\ O O
R I. /S: 0O + R
>— OH ¢ _a, >=0
R 2.NR; R’

The Swern Oxidation of alcohols avoids the use of toxic metals
such as chromium, and can be carried out under very mild conditions.
This reaction allows the preparation of aldehydes and ketones from
primary and secondary alcohols, resp. Aldehydes do not react further
to give carboxylic acids. A drawback is the production of the
malodorous side product dimethyl sulphide.

Mechanism

Dimethylchlorosulphonium ion is generated in situ from DMSO
and oxalyl chloride.

\ ] | a._o |
S:O\, U + I _ —— + R
STea cl sL., +C0,-CO+Ci
/ S Koo -7~ 2

The reaction with an alcohol at -78°C leads to an
alkoxysulphonium ion:
|+ —HCl |,
ROH + /S‘Cl — RO,S\
Deprotonation of this intermediate gives a sulphur ylide, which
undergoes intramolecular deprotonation via a five-membered ring
transition state and fragmentation to yield the product and DMS
(odour!):

H CH, H ~CH,

14 Base "
R'% ,S\ + R’ /S\
R" O CH3 -H R"” 0 CH3

If the temperature is not kept near -78°C, mixed thioacetals may
result:

H ,gC'HZ H
+ ———
S\ '
R%\ (arCH3 Rﬁko/\s/

RII RI(
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TAMAO-KUMADA OXIDATION

R Kbr, CH,COOOH R
Y=SiR,Ph — —» )=OH
R : CH,COOH R

Fleming (-Tamao) Oxidation
R KF, H,0 R
Y- SiX, 22 5  )=OH
R’ KHCO;MeOH R’
(Fleming-) Tamao (-Kumada) Oxidation

Parallel procedures for the oxidation of silyl groups to hydroxy
groups were developed by Fleming and Tamao. The conversion of a
dimethylphenylsilyl group, which involves a specific reaction
mechanism, was pioneered by Fleming.

Mechanism

Silyl groups, which are non-polar electropositive groups without
lone pairs, tolerate many chemical reactions that would not be
possible in presence of hydroxy groups. The Fleming-Tamao
Oxidation permits silyl groups to be used as “masked hydroxy
groups”, which has found broad application in total syntheses. In
addition, enantioselective hydrosilylation of alkenes followed by
Fleming-Tamao oxidation allows the preparation of chiral alcohols.

The first step of the Fleming Oxidation is the removal of the
phenyl group in which the very stable phenylsilane group is converted
into a more reactive halosilane after electrophilic aromatic
substitution:

b 8
R Q/;___) R st _ﬂ.} >—-Si\
Y HLX >Kt/ s

RS\ R X
The removal may be done as separate step followed by the
addition of the oxidation reagents or in one of the more convenient
one-pot procedures. The phenyl group can also be activated through
bromination using excess bromine or a bromide source leading to
phenyl bromide as by-product.

The displacement of the halide by peracetic acid leads to an
intermediate that rearranges to give a silanol. Protic work-up gives
the desired alcohol:
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g N
R X - RN/l O ~ OAc
.__.._____.> o S{ y__ —_——
R’ |O\O/u\ 19
A i(OMe),X
~gdi~ CH.COOH . SHOMeLX o voH
R O !
Y —= Y R

R’

The Tamao Oxidation uses the more reactive fluoro- or
chlorosilanes (RSiMe X(2 2 in which the silicon is a stronger Lewis
acid and shows more metallic character than the substrates used in
the Fleming oxidation. Further activation by a fluoride ion then leads
to a pentavalent intermediate which is able to bind hydrogen peroxide.
The transition state is also stabilized through hydrogen bonding
between fluorine and hydrogen:

17 F—H -
Fo _F Lo w0t 19100
Rt — > R-SiNg ——> c1;—<§—/c‘) H
\
) o ¢l
-H,0 R Q .- work up
—»  §ix]” ———> ROH

Strained siletanes may also be used in the Tamao Oxidation
instead of halosilanes; these intermediates offer a comparable Lewis
acidity because coordination of the fluoride ion releases angle strain.

1N 109° . Me F , o ) 90°
/SD' CS"R ME;‘ E il
tetrahedral {797 trigonal bipyramidal
Lewis acidity enhanced by strain release
TEBBE OLEFINATION

Cp,TiCl, + AIMe; ———> Cp,Ti{ lAl

pyridine (cat)
—_—

Cp,Ti = CH,(?
—Me,AlCI P11 = CH,(7)
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The Tebbe Reagent is a metal carbenoid prepared from the
dimetallomethylene species derived by the reaction of trimethyl
aluminium with titanocene dichloride; this reagent exhibits carbenoid
behaviour after the addition of a catalytic amount of pyridine. The
Tebbe Reagent reacts with various carbonyl partners to give the
product of methylenation:

O . CH
Cp,Ti=CH, 2
R-( ._2._...____> R—(
H H
Aldehydes to alkenes
O . CH
Cp,Ti =CH, 2
R A RO
R R
Ketones to alkenes
O Cp.Ti = CH,
p,Ti = CH.
R—« ._2_____3.> R—q
OR OR
Esters to enol ethers
O . _ CH
Cp,Ti =CH 2
R __.q —2 3 R —-«
NR, NR,
Amides to enamines
Mechanism
szTi = CH2
)R Cp,Ti i
0=<Y —_ P2 (II)%.,R —~—— Cpli=0 + YJ\R
Y
Y =H, R, OR, NR,
Cp,Ti < CH,
\R ., o ——  CICpJTi /[L
0= O—yrR 0" R

Cl Cl



Organic Reaction Mechanism 231

TISHCHENKO REACTION
o) 0
R AI(OR"), N N
2 \‘)LH > \‘/U\ 0/\1/
R’ R’ R’

The Tishchenko Reaction is a disproportionation reaction that
allows the preparation of esters from two equivalents of an aldehyde.

Mechanism

The aluminium alkoxide acts as a Lewis acid to coordinate with
one molecule of the aldehyde, and to facilitate the addition of a second
equivalent of aldehyde, generating a hemiacetal intermediate:

fljl\/\é%l(om Ko MO

0
R7H /& J+\

~AIOR"),

K):Al(omj I,O:AI(OR');
R -I— H — > R—|—H
H H

This species undergoes an intramolecular 1,3-hydride shift that
results in the production of the aluminium-coordinated ester.

HAIOR);
R—H  TAIOR), ?
I I — AN N
0¥ R 0”7 "R
T
H

A potential side reaction is the involvement of one of the
alkoxide groups from the catalyst:

)OL AKOR", o ~Al(OR"), O’AI(OR,)Z
R™ “H . ;'\ > /‘vOR'
R H R
_AI(OR?, Rt
/‘L _RCHO ll>—0\7lu(_om2 0 ,
RATOR ——> gl b —> M gt RCHOAIOR)
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This can be minimised, if the reaction is conducted at low
temperatures and low catalyst loadings.

TSUJI-TROST REACTION
— Pd(PPh ) .
Hat s =Ny _(TJFS)ACE—L Nu— __ NuH:EWG._EWG
X: OAC, Br, s LL R’SH, R'Nh,,
OCOMe  —HX ArOH, ...

The Tsuji-Trost Reaction (or Trost Allylation) is the palladium-
catalyzed allylation of nucleophiles such as active methylenes,
enolates, amines and phenols with allylic compounds such as allyl
acetates and allyl bromides.

Mechanism

The coordination of the Pd(0)-catalyst to the double tond forms
an 12 n-allyl complex. An oxidative addition, during which the
leaving group is expelled, gives an n? n-allyl complex. This step is

- also called ionization:

IT oxidative {J +
coordination IALX =X
N n-allyl

Depending on the strength of the nucleophile, the reaction can
take two different pathways. Soft nucleophiles, such as those derived
from conjugate acids with a pKa < 25, normally add directly to the
allyl moiety, whereas hard nucleophiles first attack the metal centre,
followed by reductive elimination to give the allylation product:

soft nucleophiles: L L 0 .
i+ _ lé ) decomplexation Nu
et —_— IL—P B __/
: —Nu - PdL.
n r-allyl "Nu

reductive

hard nucleophiles: Nu elimination

L L
(D}, % \ - Nu
L= — (I)p, S———

m/ L &// -PdL, =/

3 -
nr-allyl "Ny

These two mechanistic modes have an impact on the

development of asymmetric variants of the Tsuji-Trost Reaction.

Nonsymmetric allyl substrates normally undergo substitution at
the least hindered allylic position, with a selectivity that depends on
the size of the nucleophile:
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Nu
_ Pd°
OAc

Sterically unhindered nucleophiles such as phenol give the more
branched product.

X Nu

Similar reactions can be conducted using catalysts based on
molybdenum or iridium. These reactions offer - as an alternative to
the Tsuji-Trost Reaction - access to branched regioisomers:

mol-% [(COD)IrCl}, Ligand:
2 mol-% Ligand

PENH,/THF (1:1)],50°C, 20 min 0‘ ‘NP>__
PPN 12eq. 1 mol-% Catalyst JNiR/ 0}’—T§m
R OCOOMe + pNw, ~ THE1L05-12h . R 1-Np
UGIREACTION
R
Ly —
+ |
R~ H R . /kH
R C o
N’ [
R R X
R H R OH

O R I;I
R 0]

The Ugi four-component condensation (U-4CC) between an
aldehyde, an amine, a carboxylic acid and an isocyanide allows the
rapid preparation of a-aminoacyl amide derivatives. The Ugi Reaction
products can exemplify a wide variety of substitution patterns, and
constitute peptidomimetics that have potential pharmaceutical
applications. This reaction is thus very important for generating
compound libraries for screening purposes.
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Mechanism

The mechanism is believed to involve a prior formation of an
imine by condensation of the amine with the aldehyde, followed by
addition of the carboxylic acid oxygen and the imino carbon across
the isocyanide carbon; the resulting acylated isoamide rearranges by
acyl transfer to generate the final product.

NH, N~
A+ =
R H R R H
R H. R
N’ o] N (0]
door A s A
R”H R” TOH R H R 0~
H T, 0
i+ % J o R
Cx t _
i R O
R
N /
R N-R
0. _R
Y
N O
R
ULLMANN REACTION

R A R
2 ®—I+2Cu———> +2Cu|
R

There are two different transformations referred as the Ullmann
Reaction. The “classic” Ullmann Reaction is the synthesis of
syminetric biaryls via copper-catalyzed coupling. The “Ulimann-type”
Reactions include copper-catalyzed Nucleophilic Aromatic
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Substitution between various nucleophiles (e.g. substituted
phenoxides) with aryl halides. The most common of these is the
Ullmann Ether Synthesis.

Cu(l) cat
X + HNg —m—mmm» Nu
base

HNu= NHR’, HOAT, HSR, ...
Mechanism

Biaryls are available through coupling of the aryl halide with
an excess of copper at elevated temperatures (200 °C). The active
species is a copper(l)-compound which undergoes oxidative addition
with the second equivalent of halide, followed by reductive
elimination and the formation of the aryl-aryl carbon bond

oxxdatnve : 1
| + Cu u |
addmon
P oudauve Cu reductwe + Cul
u addmon (j O elimination ul

The organocopper intermediate can be generated at a more

moderate 70 °C using a novel thiophenecarboxylate reagent. The
reaction otherwise follows the same reaction path as above.

Cu-—s Qw-—s )1( $A\
X + @—Cu + 0
0

Another possibility is the use of Cu(]) for the oxidative coupling
of aryllithium compounds at low temperatures. This method can also
be used to generate asymmetric biaryls, after addition of the
appropriate halide.

Q_Li +ocul ML Q_Cu

Ullmann-type reactions proceed through a catalytic cycle, and
in one mechanism the copper is postulated to undergo oxidation to
Cu(1Il). As some Cu(l1l) salts have been prepared.
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+ —
_ Nu
Ar—Nu CuX M
reductive oy —
elimination \%4M X
Cu~Nu
Ar\ /
u
Ar—-X
Nu

oxidative addition

Ar— Hnu + base
reductive \%" Base HX
elimination
Cu—Nu
Ar
\Cu
Ar-X
N

oxidative addition

UPJOHN DIHYDROXYLATION

R R” 0s0,(cat),NMo HO ~ OH
————) -

Y acetone / H,0 Rﬁ, li',Bm

The Upjohn Dihydroxylation allows the syn-selective
preparation of 1,2-diols from alkenes by the use of OsO, as a catalyst
and a stoichiometric amount of an oxidant such as NMO (N-methyl
morpholine-N-Oxide).

Mechanism

The toxic and volatile OsO, can also be prepared in situ by the
oxidation of K,0s0,(OH), with NMO. NMO is also the cooxidant
that enables the use of a catalytic amount of OsO,, because this
reagent is able to reoxidize an Os(VI) species to an Os(VIII) species:
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2 H,0
0&4 R’
[(Vi)
(0] =,/05-0
o RJYOH
RTY

R’ R
0\ I,O (VI)(l?
~Os (vt _
0 06’95

ey
@

The key step is the cycloaddition of OsO, to the olefin. There
has been some speculation regarding the actual addition step, for
which experimental data suggest the possible involvement of two
separate steps. Thus, the question arises during these discussions of
whether the key step takes place via an initial (3+2)-addition (1,3-
dipolar cycloaddition), or by a (2+2)-addition followed by expansion
of the metallacycle.

RI
R /}\\ ,p (3 +2) RJ\O
F~ S, ———> .
R \O 0—05=O
il
R’ o R’
j/\ pe) 2+2) R%l 0O R (8]
> Os, — i
\., o7 o 0-Qs=0

Quantum chemical calculations have shown an initial (3+2)-
addition of OsOy, to be energetically more favourable. However, this
energy difference is substantially smaller in the related Re(VII) oxide
additions.

Tertiary amines such as DMAP and pyridine accelerate the
addition reaction.
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R R .
A g ,
:)\) f’O o\(})“1 0] R R’
= L 0 &
omQ/NR1 0%t o202 \‘ e OH,
R,fI{ R}:';R v
N
Os (VIID) Os (VIIT) 0s (VI) RER Os(vVD

The use of chiral amines enables enantioselective conversions,
such as (DHQ),-PHAL and (DHQD),-PHAL in the Sharpless
Dihydroxylation.

VILSMEIER-HAACK REACTION
\ O 1. POCI
N@ o LI
/ /N— 2.H,0

\ o H
N + N
/ H

The Vilsmeier Reaction allows the formylation of electron-rich
arenes.
Mechanism

The formylating agent, also known as the Vilsmeyer-Haack
Reagent, is formed in situ from DMF and phosphorus oxychlorid:

o
{l
-~ -\ - a
ol ——~0 [
1
HY v P — > uta -
N Cl
/ /N—
Cl POZCIZ— Cl POZCIZ—
+
HJ\\T{ > H)\I\III/

An electrophilic aromatic substitution leads to a-chloro amines,
which are rapidly hydrolyzed during work up to give the aldehyde:
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Cl H

cl
S S
> —_—
O e Oy
+
-H S H,0 S
\ / T/~I/ ~Me,NH,CI \ / H
WACKER-TSUJI OXIDATION
PdCl, (cat) o

H,C=CH >
2 * CuCl, (cat), Oy, H,0 /LH

The Wacker Oxidation is an industrial process, which allows
the synthesis of ethanal from ethene by palladium-catalyzed oxidation
with oxygen. Copper serves as redox cocatalyst.

PdCl, (cat) 0o
1 eq. CuCl, O,, DMF /H,0 R/U\

The lab scale modification - the Wacker-Tsuji Oxidation - is
useful for the synthesis of various ketones.

R

Mechanism
2HCI +0.5 O:X 2 CuCl L,PdCl, N
H,0
2CuCy, complexation
L.Pd
+ m
HCl reductive elimination cl rL ClPd e | 5+
R
L,PdHCI
3
H” o\H
0 hydride shift HQ
L

R, L,CIPd .
H L =ligand
HOL (solvent)
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The mechanism is typical of palladium olefin chemistry, and
water serves as the oxygen source; the reduced palladium is
reoxidized by Cu(Il) and ultimately by atmospheric oxygen.

WEINREB KETONE SYNTHESIS
o

cr H\ H
o+ Nt ~2HCI O
R ~CI H,C™ “OMe base OMe
N
o MgCl / CH,
|

JL + N ROMgCl  Weinreb

OR

R H,C~ ~OMe amide

The reaction of esters and carboxylic acid chlorides with
organolithium and organomagnesium compounds does not lead to
ketones in high yields, because the intermediate ketones are still
highly reactive toward the organometallic reagent. However, after
derivatisation to the corresponding Weinreb Amide, reaction with
organometallics does give the desired ketones, as the initial adduct
is stabilized and doesn’t undergo further reaction.

H
I.R'Li H |

+ /N\
/ 2.H,0/H H;C” “oMe
)j\ ,OMe
"y

CH,
l.RMgX+ J \\1’
2.H,0/H R” R H;C” “OMe
Mechanism
MgX
0 0  LRM
Wng —_— — LRMX "?R'
R” Ry ~MCX p™p ZHZO/H R
R
MgX
0 0 LRM
G — ¥ R L
R” OR oR -ROMX p™™p 2HO/H R
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With the usual reaction of organometallic reagents with acid
derivatives (ester or acid chloride), the starting materials can add two
equivalents of organometallic compound. The ketone generated after
the first addition is quite reactive, and there is quite no selectivity
between it and the starting acid derivative:

The organometallic adducts of Weinreb Amides are able to form
stable chelates, and do not regenerate an electrophilic carbonyl group
in situ for further reaction:

0 O:"“l;i+
M . 3
1\II,O e BuLi N’OMe
CH, Bu 'CH3

Aqueous work up liberates the ketone from this chelate:

o'——L_i+ OH

0
3 R . e
: }f,OMe HO/H Oa)\v,om H,0/H B ,OMe
CH, CH, CH,
WENKER-SYNTHESIS
1
1H RS R
RN N4 LHSO, N
2R‘)" \ 2.NaOH  2R"J RS

This reaction sequence allows the preparation of aziridines from
1,2-amino alcohols.

Mechanism

After preparation of sulphonate salt, a second deprotonation step
effects the ring closure:

H 5 5 R
1 )
RN R4 hgso, -NH2 R _NeOH R R N
2R'}——‘(R —_— ZR" —_— 2R RS
3R OH 3R 0S0; 080, R4
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WILLGERODT-KINDLER REACTION

H,),S,
- (NH,), §, NH,
H,0

The Willgerodt Reaction allows the synthesis of amides from
aryl ketones under the influence of a secondary amine and a thiating
agent. The mechanism involves the formation of an enamine which
undergoes thiation, and the carbonyl group migrates to the end of
the chain via a cascade of thio-substituted iminium-aziridinium
rearrangements.

(NH4)2 Sx
H,0

> NH,

The Kindler Modification is more convenient:

0

+ 8 + HN 0O
_/

130°C, 3h (\O

TOH mN\)

Hydrolysis of the thioamide provides the amide.

Mechanism
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WILUIAMSON SYNTHESIS

OH
+
S ETIo s
\/Br O\/
—KBr 0

This method is suitable for the preparation of a wide variety of

unsymmetric ethers. The nucleophilic substitution of halides with
alkoxides leads to the desired products.

If the halides are sterically demanding and there are accessible
protons in the B-position, the alkoxide will act as a base, and side
products derived from elimination are isolated instead.

Mechanism
o Gk AR A~
+ Kk —» —_—
O/ -%H, U -KBr U

H

OH Ol \f\/ .
Br
+K ——> § —— NN
~%H, -KBr



244 Organic Reaction Mechanism
WITTIG-HORNER REACTION

0 Lr
0 _
I BuLi ch>| O
EtO - — an
EtOl OR BuH Et%t&‘)lp\\H]\ OR
H
i o 0
e
% R,/U\H COOR
\|P ————
EQ = \\(lL R ———> /=~
S CLO0 R s0—s0%
EtO” TR
OEt

The reaction of aldehydes or ketones with stabilized phosphorus
ylides (phosphonate carbanions) leads to olefins with excellent £-
selectivity.

Mechanism

The reaction mechanism is similar to the mechanism of the
Wittig Reaction. The stereochemistry is set by steric approach control,
where the antiperiplanar approach of the carbanion to the carbon of
the carbony! group is favoured when the smaller aldehydic hydrogen
eclipses the bulky phosphoranyl moiety. This places the ester group
syn to the aldehyde R group, but the incipient alkene assumes an £-
orientation of these groups after rotation to form the oxaphosphetane.
As the lithium counterion does not interfere with oxaphosphetane
formation, use of BuLi is possible, but NaH and NaOMe are also
suitable bases for forming the ylide. The resulting phosphate
byproduct is readily separated from the desired produgts by simply
washing with water.

-+ + s
‘\,0\ Li Li Li

0 = / \
oF 0 o o
i -BuH 1 “«—> 1] “——p i
Et0*% P R  —aii ’ P P P
e Buli Et(E) 7 OR E'%:o‘ & “or Et(gm( OR
I\
Li+ Li+ +
(L?)T To o}

; |
EQ .-(;;P\\./u\ Et0*¢, OrR —> EtOmp
1!

\K/t‘o Etoz‘l E10” | Ql/i\OR
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4
o o
I 1O Ll COOR
EtO . OR |
R L
10 EtO™ '
¢ . ~ol R
R rac. -~
WITTIG REACTION
R R, R
\P Base R\P’R ~p-R
X Hgk )<R J\
R” ” H R”
H Ylide
o RY ptR /‘/ R\P _R

/,QR

The Wittig Reaction allows the preparation of an alkene by the
reaction of an aldehyde or ketone with the ylide generated from a
phosphonium salt. The geometry of the resulting alkene depends on
the reactivity of the ylide. If R is Ph, then he ylide is stabilized and
is not as reactive as when R = alkyl. Stabilized ylides give (E)-alkenes
whereas non-stabilized ylides lead to (Z)-alkenes.

Mechanism

Addition of the ylide to the carbonyl is postulated to lead first
to the zwitterionic intermediate betaine, which would then close to
form a four-membered cyclic intermediate, an oxaphosphetane. The
existence of the betaine hasn’t been fully established, although its
intermediacy plays an important role in the Schlosser Modification.
Betaines may be stabilized by lithium salts leading to side products;
therefore, suitable bases in the Wittig Reaction are for example: NaH,
NaOMe, NEt;).

Ph " T eh
to Ph<yp+Ph -0 ¥erh o-pZ
e /E = P — Ph

R H R” R} R’I (?) R, ”

The driving force is the formation of a very stable phosphine
oxide:
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Ph
sl o
Ph ———> == + 0= P\’
R’ ’” R’ Ph

Reactive ylides give rapid reaction and subsequent rapid ring
opening to give the (Z)-alkene:

R i h
N . Ph
Q Rp-R fast \O—P_
+ (A Ph
R’ H H//k R” ~
R’ R cis
slow l
}l’h
- Ph
O — -
\ P \Ph
R’ R” trans

[1,2]-WITTIG REARRANGEMENT
RI
, BuLi H,0"
R0 _R > 3 >—OH
THF R
—78°C—»rit.
The [1,2]-Wittig Rearrangement is the base-promoted reaction
of ethers to yield secondary or tertiary alcohols.

Mechanism

Compared to the [2,3]-Wittig Rearrangement, the [1,2]-
rearrangement has received little attention because of the somewhat
limited substrate scope and moderate yields.

The [1,2]-Wittig Rearrangement is a carbanion rearrangement
that proceeds via a radical dissociation-recombination mechanism.
The lithiated intermediate forms a ketyl radical and a carbon radical,
which give an alcoholate after fast recombination within the solvent
cage:
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—
ROD

R/\O‘

. Li _r\
ROBL, ] (e —— g Ao

Despite its radical character, the integrity of the two radical
stereocentres is retained to an appreciable extent, with retention of
configuration at the migrating carbon and inversion at the lithium-
bearing centre:

L R Li R” R ‘j‘: N R”
R/‘\o/kk'_—’ “l;)\o"l‘k'_> 1'“ R —> "(l)i\“'

Regioselectivity and ease of reaction are determined by the
substituents. The R-groups must be able to stabilize either an anion
for the lithiation step, or a radical to facilitate the migration step. For

- example benzyl groups are able to stabilize both the anionic charge
and the radical. Tertiary alkyl groups are able to stabilize radicals,
and the combination with a benzyl group thus gives an ideal substrate:

BuLi Li . . Ph
N0 — o A oA T moLit S —>
Ph 07 ph Ph” 0L
. Li
BuLi . .
—_— Pal .
Ph/\o > PhJ\O’F Ph7OLI * F > Y
Ph” OLi

Some other very suitable substrates have been reported; for
example, O-glycosides can be selectively converted in high yields to
the C-glycosides:

0 R 1.5 -3 eq. BuLi HOL R
o (~ 1.5 M in hexane) _ o)
R’ THF, - 78°C, 10 — 30 min R’
OPG —78°C  —50°C or 0°C, 40 — 120 min OPG

For allyl-substituted substrates, the [2,3]-rearrangement
competes with [1,2]-rearrangement. Normally in these cases, the
[1,2]-rearrangement is only a source of side products. Keeping the
temperature as low as possible avoids contamination with these [1,2]-
rearrangement products;
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H.O* OH
- a . X}
BuLi PR NoLt NN T PhJ\y\
Ph /\0/\¢\ 1,2]

\ ' OH
2.3] j 4-I7 - Mo, oh S
Ph” O A

The -regioselectivity can be better controlled if a-
alkoxystannanes are used as substrates. This modification is named
the “Wittig-Still Rearrangement”. Here, the intermediate
organolithium compound is produced through transmetallation:

SnBuy BuLl Li Ph
\/'\ ~~ph THF,- THF, - 78°C. \/ko’\ph \10}1

The Wittig-Still Rearrangement is also a suitable starting point
for performing mechanistic studies about the stereospecificity of this
process, and Maleczka and Feng have reported on the stereochemical
outcome of the [1,2]-Wittig Rearrangement.

( 90 % inversion
Bu,Sn, H J\ BuLi %
d () l,
\/(0 ph THF,—78°C h

¥
\- 98 % retention

LlO H
"\ — \/Q)OL ﬂLPh ﬂ'\Ph

They found that the “normal” stereochemical tendency can be
overcome by specific intramolecular chelation effects:

Bu,Sn H Fh BuLi HO H O’k HQ H Q’k
P i 0+ \)Y:\’O

—_—
0 o \ﬁ\/
(¢} \ﬁ ) Ph Ph
retention inversion

10 % THF / Hexanes : 70 : 30
THF:28:72
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Similar reactions can be performed using the less toxic a-
alkoxysilanes as starting materials:

25 eq. MeLi [.2]-
O/\\\ A inE0) i\ wittig /Ok\/& (';ﬁ eils(ci)l)
0, 3
P siMe,  THEr.on  fph/ PR RH 3
iMe, 15

[2,3]-WITTIG REARRANGEMENT

o/ﬁ BuLi _ Hot  OH
R/l I THF, - 78°C g RM

The [2,3]-Wittig Rearrangement allows the synthesis of
homoallylic alcohols by the base-induced rearrangement of allyl
ethers at low temperatures.

Mechanism

The [2,3]-Wittig Rearrangement is a [2,3]-sigmatropic reaction,
a thermal isomerization that proceeds through a six-electron, five-
membered cyclic transition state. A general scheme for [2,3}-
sigmatropic reactions is given here:

M — v

[2,3]-Sigmatropic reactions encompass a vast number of
synthetically useful variants in terms of both the atom pair involved
(X, Y) and the electronic state (Y: anions, non-bonding electron pairs,
ylides).

The transformation of deprotonated allyl ethers into homoallylic
alcohols is the [2,3]-sigmatropic version of the [1,2]-Wittig
Rearrangement, and is therefore termed [2,3]-Wittig Rearrangement:

oLi
BuLl
VS o >
PO e :@ Ph)\H - ”')W/\

These [2,3]-rearrangements feature regioselective carbon-carbon
bond formation with allylic transposition of the oxygen, generation
of specific olefin geometries and transfer of chirality. A discussion
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of the mechanism, scope and limitations, stereochemical control and
synthetic applications.

The concerted [2,3]-shift competes with the [1,2]-shift in many

cases:
. . HO* OH
Blll oL + NN —— —> PP

o NN (L

}‘Q?—»i’o; 1§
o N

The product ratio varies as a function of the temperature and
structural environment. The [2,3]-Wittig Rearrangement should be
conducted at a low temperature to avoid contamination by the [1,2]-
product.

The reaction rate depends on the energy gap between HOMO
(anion) and LUMO (allyl). Roughly speaking, the less stable the
carbanion, the faster the rearrangement.

'R’
R g NP g DEIDA /I

For the Thio-[2,3]-Wittig Rearrangement, Nakai reported the
following relative reaction rates: R = Ph > CO,Li > CN > CO,Et >
COMe, and for R’ = Ph > H > CH,. Reactions in this series were
conducted at temperatures of from -80 °C to +60 °C.

The scope of the [2,3]-Wittig Rearrangement is mainly defined
by the availability of methods for generating carbanions at
temperatures low enough to minimize the occurrence of the [1,2]-
rearrangement. Tin-lithium exchange, for example, allows the
selective preparation of extremely unstable carbanions in a reaction
known as the [2,3]-Wittig-Still rearrangement:

R R
YT e N
0] —_— o) _—
b B OH

SnBu, Li
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[2,3]-Wittig Rearrangements of propargyl ethers can afford
allenic alcohols, but the scope is relatively limited and the process is
not general.

OH

BuLi 7
Z O/\ — %
/ NS T85°C . //

R
R R

Terminal alkynyl groups, for example, are deprotonated; the use
of a second equivalent of base allows the generation of 1,2-
rearrangement products via dianion intermediates.

Many diastereoselective rearrangements have been reported and
chirality transfer with the generation of new stereocentres can be
explained by models for the transition state based on an envelope
conformation. The two putative pathways are shown below:

_ -
R R’
, V/ @(\ —_— e
\ R oy E
o) RLior L o, H _
N LDA " -
/ e——
70 —_— R’
, Rou 2z
R
_endo i

A strong preference for E products has been confirmed by
numerous experiments.

An originally chiral carbon becomes a planar sp? centre in the
course of the rearrangement of some asymmetric substrates, while
simultaneously new chiral centres are generated at an originally sp?
centre and the anionic carbon:

R’Ne R, ,
R = €
h IR HO" "R
R H H

Properly designed strategies based on the [2,3]-Wittig
Rearrangement are powerful tools for asymmetric synthesis as
exemplified by the many examples presented.
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WOHL-ZIEGLER REACTION
]E%r
O
radical initiator H
Br [

or hv

— + 0. N 0
s

The bromination of allylic positions with N-bromosuccinimide
(NBS) follows a radical pathway.

Mechanism

It is very important to keep the concentration of Br, and HBr
low to prevent side reactions derived from simple ionic addition with
the alkene. These reagents are therefore generated in situ from NBS.
The catalytically active species is Br,, which is almost always present
in NBS samples (red colour).

A radical initiator (UV, AIBN) is needed for the homolytic bond
cleavage of Br,:

Br—Br-—»Bro e Br

) — )

The allylic position is favoured for hydrogen abstraction,
because the resulting radical intermediate is resonance stabilized: 0

o) T O
Regeneration of Br,:

+
e ;
N6 HBr O N O + Brz

X T X
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Bromination:

O/\f_\_B_. o

Bromination is favoured to occur at the more highly substituted
position, because the corresponding intermediate radicals are better
stabilized.

™
SN NBS

—_—y
(PhCO,), Br 60 %

CCl, is the solvent of choice, because NBS is poorly soluble
and resulting succinimide is insoluble and floats at the surface. This
keeps the concentration of reagents low and is a signal that the
reaction is finished.

However, environmental concerns have all but eliminated the
use of CCly, and its replacement, CH,Cl,, is being restricted as well.
Many other solvents are reactive toward NBS, and are thus unsuitable,
but acetonitrile can be used to good effect.

WOLFF-KISHNER REDUCTION

NNH2
H,NNH, |
—_—

0]

The reduction of aldehydes and ketones to alkanes.
Condensation of the carbonyl compound with hydrazine forms the
hydrazone, and treatment with base induces the reduction of the
carbon coupled with oxidation of the hydrazine to gaseous nitrogen,
to yield the corresponding alkane.
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The Clemmensen Reduction can effect a similar conversion
under strongly acidic conditions, and is useful if the starting material
is base-labile.

Mechanism
H
|
rleHA——\
HNNH, l "OH
—_—
— —

\ ,N¢N\
i~ | 2O,
T e

HiN// H"\ ,ﬁ|

‘OH -N,

—_ —>

- HH

C H,0

LR VN —27
-~ OH

WOLFF REARRANGEMENT
o)

N, Ag+(cat.) or hv R o

R R’ R’
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The Wolff Rearrangement allows the generation of ketenes from
a-diazoketones. Normally, these ketenes are not isolated, due to their
high reactivity to form diketenes.

Wolff rearrangements that are conducted in the presence of
nucleophiles generate derivatives of carboxylic acids, and in the
presence of unsaturated compounds can undergo [2+2]
cycloadditions.

R o)

R y R'>_/<Nu
Y——0
¥ b‘ R'\R\[_(O

A-B
The formation of a-diazoketones from carboxylic acids (via the
acyl chloride or an anhydride) and the subsequent Wolff
Rearrangement in the presence of nucleophiles results in a one-carbon
homologation of carboxylic acids. This reaction sequence.

Mechanism

a-Diazoketones undergo the Wolff Rearrangement thermally in
the range between room temperature and 750 °C in gas phase
pyrolysis. Due to competing reactions at elevated temperatures, the
photochemical and metal-catalyzed variants that feature a
significantly lowered reaction temperature are often preferred.

Nitrogen extrusion and the 1,2-shift can occur either in a
concerted manner or stepwise via a carbene intermediate:
stepwise:

0 0 0 R
R + — ! 4 ___>—N’ R —_— 0
=N=N"Q O)rNaN: N Wana
R R R’
carbene
concerted: 0
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Silver ion catalysis fails with sterically hindered substrates,
pointing to the requisite formation of a substrate complex with the
ion. In these cases, photochemical excitation is the method of choice.

The solvent can affect the course of the reaction. If Wolff-
Rearrangements are conducted in MeOH as solvent, the occurrence
of side products derived from an O-H insertion point to the
intermediacy of carbenes:

concerted Ph R: Ph, Me

The course of the reaction and the migratory preferences can
depend on the conditions (thermal, photochemical, metal ion
catalysis) of the reaction. Analysis of the product distribution helps
to determine different degrees of concertedness or the migratory
aptitude of the group that rearranges. If R is phenyl, the main product
comes from the rearrangement, whereas the methyl group gives more
of the insertion side product.

The reactions of 2-diazo-1,3-diones also help to determine the
migratory aptitude:
o 0

ad xS, MCOMR . PhJH)L
N, R: Me, H, OR’

In a photolysis, methyl is preferred for rearrangement, whereas
under thermolysis conditions the phenyl substituent migrates
preferentially. Hydrogen always exceeds the migratory aptitude of
phenyl groups. The alkoxy group in aryl or alkyl 2-
diazoketocarboxylates never migrates.

WOODWARD REACTION

14

R R” AgOAc,L, HO gt H R KOH R%I)__E-R’”
R R AcOH OH HZO HO OH
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The Woodward Reaction (or Woodward cis-Hydroxylation)
allows the synthesis of syn-diols from alkenes by the addition of
iodine followed by nucleophilic displacement with acetate in the
presence of water. Hydrolysis of the intermediate ester gives the
desired diol. The Prevost Reaction gives anti-diols.

Mechanism

Similar to the Prevost Reaction, initial addition of iodine leads
*0 a cyclic iodonium ion, that is opened through nucleophilic
substitution by acetate anion:

Ag ~— 1 'II ,
R )——(‘{
R4 o
R’ R

R R RI’I "

'R-. zaR” R’'a__zaR
Riay—* ~—

In contrast to the course of the Prevost Reaction, water appears
to add readily as a nucleophile to the partially positive carbon atom

of the intermediate. The cyclic orthoacetate is then cleaved to a
monoacylated diol:

R”, R R%. R R R”
R R + Rag + . R” 'z aR”
;’:gk mﬁi’ﬁﬂi’g—oou“kﬁ
Yo ¥ ™
o-H 0-H

The desired diol can be isolated after hydrolysis. Woodward
noted, that his modification of the Prevost reaction offers the opposite
facial selectivity as compared to oxidations with OsO, in the
hydroxylation of synthetic steroid intermediates. Here, the steric
approach factors first direct the stereochemistry of the iodination,
which is followed by hydroxylation from the opposite face, whereas
0sOy leads to the isomeric cis-diol by direct attack from the most
accessible face.
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OH
AgOAc, 1, H,0 o+
> o ey

AcOH ’ OH

0 0
\_OSO‘_> 0507 —
“0 “OH

(s}

In a recent modification described by Sudalai, NaIO4 acts both
as the stoichiometric oxidant and as a source of water:

2 LiBr
NalQ, +2AcOH [0]
K}Nalo3 +2 LiOAc + H,0
Ac
L R /> Br, R/\,R’
R <
2Br
OH
Br~
H2O ,
RTR
+ Br~ Br
+
R
/k f AcOH
\ 070
R R
H [O] = NalO, or NalO,
Br
WURTZ REACTION
2R-X+2Na

——>» 2R-R+2NaX
The Wurtz Coupling is one of the oldest organic reactions, and
produces the simple dimer derived from two equivalents of alkyl
halide. The intramolecular version of the reaction has also found
application in the preparation of strained ring compounds:
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Br—<>—C1 +2Na ———> A + 2 NaX

Using two different alkyl halides will lead to an approximately
statistical mixture of products. A more selective unsymmetric
modification is possible if starting materials have different rates of
reactivity.

Mechanism
R-X + 2 Na —>» R Na© + Nax

R Nat + R-é' —————3» R-R + NaX

Side products:

/""

HH -~
R’—CH,-CH, R,)Q,Jj' —Br 5 RCH,CH, + RCH=CH,

WURTZ-FITTIG REACTION

O—Br + CHyl + 2 Na

This reaction allows the alkylation of aryl halides. The more
reactive alkyl halide forms an organosodium first, and this reacts as
a nucleophile with an aryl halide as the electrophile. Excess alkyl
halide and sodium may be used if the symmetric coupled alkanes
formed as a side product may be separated readily.

Mechanism
Same as Wurtz Reaction.

YAMAGUCHI ESTERIFICATION

. o cl R’OH
o, o NEt, O O  DMAP o
R/u\‘OH + “THF » R)L o)k Ar toluene = g OR’

t Cl Cl r.t. reflux
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The Yamaguchi Esterification allows the mild synthesis of
highly functionalized esters. After formation of a mixed anhydride
between the Yamaguchi Reagent (2,4,6-trichlorobenzoyl chloride)
and the carboxylic acid, the volatiles are removed and the reaction
of the anhydride with an alcohol in presence of a stoichiometric
amount of DMAP generates the desired ester.

Mechanism

Addition of the carboxylate to the carboxylic acid chloride forms
the mixed anhydride:

Cl) Ar 0o o0
1 NEt, 1 L) 1
R” “OH-H+ NEy r"~g®  -CH R” ~O” TAr

DMAP is an acyl transfer reagent that reacts regioselectively at
the less hindered carbonyl site:

~00CAr

Oy R O R OYR O R
R Q) D)

DMARP is a stronger nucleophile than the alcohol. The newly
formed intermediate is less hindered, the acyl group is still polarized
and DMAP is a good leaving group, all of which enable a fast reaction
with the alcohol.

H’O‘R

-H / DMAP RO JLR

PN
In reactions with aliphatic carboxylic acids, there is no need for
a two step-procedure. It has been shown, that slight reactivity
differences in this case can even lead to the formation of the
symmetric aliphatic anhydrides, as shown in the following reaction
pathway:



~
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Ar Cl
Ar/lLOH
0 0
0
R/lLO R R'OH

The assumption is that aliphatic carboxylates are better
nucleophiles than either aromatic carboxylates or alcohols. However,
the aliphatic anhydride is also more electrophilic towards DMAP (not
shown in the scheme) or the alcohol than is the aromatic carbonyl of
the mixed anhydride produced in situ.
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