Cycloaddition Reactions 1a

Heterocycle formation through cycloaddition reactions

Cycloadditions provide unsaturated or partially saturated (hetero)cycles with well-defined substitution
patterns and often with high stereocontrol. For example the Diels-Alder reaction has many examples
that form heterocyclic as well as carbocyclic ring systems.
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1,3-Dipoles and [3+2] cycloaddition reactions 1b

This half of the lecture course is about [3+2] cycloaddition reactions which form 5-membered ring
heterocyclic systems, in an analogous way to the [4+2 ]Diels-Alder process which forms 6-
membered rings. Both are 4n + 2n processes. The reactive partners in this reaction and 1,3-dipoles
and dipolarophiles (c.f. diene and dienophile in the Diels-Alder reaction).
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1,3-Dipoles

1,3-Dipoles (dipoles) vary in stability greatly. Some can be isolated and stored, others are
relatively stable, but are usually made the same day as their use. Others are so unstable that
are generated and reacted in situ. There are two general classes of dipole sometimes
referred to as sp2 and sp hybridised dipoles.
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Frontier molecular orbitals 3a

The reaction between dipoles and dipolarophiles fit the following general profile:

(a) Itis currently accepted that cycloadditions are concerted processes - i.e. they have
no distinct intermediates, but the bond formation may be asynchronous.

(b) The reaction rates are not influenced much by solvent polarity indicating little
change in polarity between reactants and transition state.

(c) Rates of reaction between dipoles and dipolarophiles vary considerably. This can be

explained by Frontier Molecular Orbital Theory, which considers the interaction between
molecular orbitals of the dipole and dipolarophile.
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Frontier molecular orbital interactions 4a

The most important interactions are those between the Lowest Unoccupied Molecular Orbital
(LUMO) of one reactant and the Highest Occupied Molecular Orbital (HOMO) of the other
reactant. Possible combinations are with HOMO gjy01e-LUMO gipolarophile (TYP€ 1) and LUMO gjpgle-
HOMO gipotarophile (Type H1). Which interaction is dominant depends on the difference in energies
between the relevant pairs of orbital. The closer in energy the two overlapping orbitals are then
the more important the interaction is. If the energy gap between the two combination is similar,
both are important and the interaction is referred to as Type Il.
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Rate of reaction and regioselectivity 5a

The dominant interaction depends on the difference in energies between the relevant pairs of
orbitals. The closer in energy the two overlapping orbitals are then the more important the
interaction is and a faster reaction takes place. Consider the reaction between diazomethane and
an electron rich alkene and an electron deficient alkene. Can we predict which dipolarophile is

more reactive towards the diazoalkane dipole?
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An unsymmetrical dipolarophile may give two possible regioisomers depending on the orientation of
the dipole in attacking the dipolarophile.
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Regioselectivity 6a

Again the molecular orbitals involved in the dominant interaction are involved in determining
the regiochemistry, but there can a significant steric factor involved depending on the
substituents on dipole and / or dipolarophile.
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MeO,C....,\

LUMO dipolarophile
Me

The best overlap of orbitals is between those of similar size.

The orbital coefficients are linked with the electron density on particular atoms at either end of the
dipole and dipolarophile.

Stereoselectivity 6b

As cycloaddition reactions are concerted, the geometry of double bond in the dipolarophile is key to
determining the relative stereochemistry in the cycloadduct. (E)-Alkenes always give anti isomers,
whereas (Z)- alkenes always give the syn product. Thus, the reaction is said to be stereospecific.
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Ozonolysis

7a

1,3-dipolar and retro 1,3-dipolar cycloadditions
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Mechanism according to Rudolf Criegee
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Preparation of nitrile oxides
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Unstable a-chlorooximes readily lose HCI to produce nitrile oxides
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N-chlorosuccinimide - good general reagent, commonly used

PhCH,NMej ICl4 - and example of more fancy, new reagents
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Preparation of nitrile oxides

Mukaiyama-Hoshino Procedure

The dehydration of nitroalkanes using, for example an isocyanate, produces nitrile oxides
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Dimerisation of nitrile oxides

As seen previously, the rates of reaction of a dipole with dipolarophiles may vary greatly. If
the reaction with the dipolarophile is slow then the dipole may dimerize instead.
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The dimerization is a [3+2] reaction in which one
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3 — dipolarophile. Mesityl nitrile oxide is a stable nitrile
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Reactions of nitrile oxides 9a

Reactions with alkynes and alkenes
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Cycloaddition with a terminal alkene
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Some reactions of isoxazoles 10a

Ring opening of isoxazoles

When C3 substituent is H
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Reduction of isoxazolines

Reduction of isoxazolines can be achieved with a variety of reducing agents, but the reactions
can yield very different products.
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Isoxazolines as precursors of aldol products 11a

Traditional aldol route to B-hydroxyketones

Crossed condensations may be a problem, e.g. using weaker bases such as NaOEt, but with modern
methods and strong bases regioselectivity is controlled easily. Stereoselectivity is more difficult to
control, though there are well developed modern methods which may counter this.
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Nitrile oxide route to 3-hydroxyketones

Ring opening of isoxazolines gives an alternative route to p-hydroxyketones. Stereoselectivity
can be controlled in such cycloadditions if pure alkene isomers are available.
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Regiocontrol not stereocontrol limits applications 11b

Although stereoselectivity can be controlled easily, regioselectivity can be less predicatable.
This may require isomer separation at either the isoxazoline or aldol product stage
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Nitrones 12a

An N-substituted hydroxylamine may be formed by reduction of organo nitro compounds. This can
condense with aldehydes or ketones to form nitrones. This is in some ways similar to the formation
of enamines from secondary amines. The possible nitrone isomers may be interconverted via the N-
hydroxy enamine tautomer and so a single nitrone isomer may be formed selectively.
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Irrespective of the sterochemistry of the nitrone, whether a mixture or a single isomer, the

sterochemistry of the dipolarophile is carried over into the product. The relative sterochemistry at
C3 is dependent on both the nitrone sterochemistry and how the two components approach each
other in the transition state.
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Nitrones, as 1,3-dipoles go, are relatively stable. Aliphatic nitrones, likenitrile oxides, can
however undergo slow dimerisation.
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Stereoselectivity in nitrone cycloadditions 13a

Three stereocentres (*) are formed so a maximum of 2" isomers may be expected (n = number of
chiral centres) for each regioisomer. However in this illustration the cis ring junction is formed due to
the cis dipolarophile stereochemistry (remember the reaction is concerted).
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Endo or exo attack on the alkene may occur; the exo adduct more stable, so preferred, unless
steric factors result in the transition state having a higher energy than the endo approach (thus a
matter of kinetics vs thermodynamics).
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Stereoselectivity in nitrone cycloadditions 13b
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for example with R—N + N
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The syn : anti dipole ratio may be 1:0, 1:1 or 0:1 (or anywhere in between). Due to the presence of
the exocyclic chiral centre and cis ring junction a total of four sterecisomers may be produced.

enantiomeric pairs

H CH,R!
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Stereoselectivity in nitrone cycloadditons (cont.) 14a

The reaction is always a concerted syn addition to dipolarophile, so the relative stereochemistry
at C-4 and C-5 is always determined by the geometric relationship of the substituents on the
alkene.

Syn and anti isomers of dipole (stability and therefore proportion of each depends on steric
considerations, hydrogen bonding etc.) can lead to diasterecisomeric products depending on
approach of dipole and dipolarophile.

Exo [ endo approach of dipolarophile needs to be considered. Secondary orbital interactions are
not relevant, as in Diels-Alder reactions, but steric interactions are important.

The exo adduct is the more stable product.

of the alkene.
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(the dipole is adding to the top face of the dipolarophile in this diagram)
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Reactions of nitrones 15a

In these examples the dipole is shown adding to the top face of the dipolarophile to produce
the steroisomer shown.
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the bulkier the two alkyl groups are the
greater preference for the syn nitrone is.
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in such systems only the cis
fused bicyclic product is formed.

Reactions of nitrones 15b
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H T —_—
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-H20 exo attack)

H The dimethyl acetal is hydrolysed to (product from
the aldehyde using aqueous acid and exo attack)
this then condenses with the

hydroxylamine in the same flask.

NHOH




Nitrile imides 16a

Dehydrohalogenation of an a-chlorohydrazone generates a nitrile imide, in an analogous way to
formation of a nitrile oxide by dehydrohalogenation of an «-chlorooxime.
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cf. Japp-Klingeman indole synthesis v Ar

Azomethine imides 16b

Azomethine imides are "sp2 bent" dipoles like ozone and nitrones. As such the formation of the dipole
may not be highly stereoselective.

The NH in hydrazonium salts may be readily lost.
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H H | |
R2—N—N—R' cat H* RZ\N _NH " RE_ _Ng

+ - ® _ Ne
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0 4
R R R R4
hydrazonium salt | _
R R4

Heating a hydrazone can result in a 1,2-proton shift, especially if R4 is an electron withdrawing group.
Such dipoles may be trapped in situ.

1 — —
| R

H +
—N—~R1 cat H NH
HoN—N—R N~ heat H No

—_— - N

-H,0
0] 1,2 proton

R R* i
)L shift R R
hydrazone

R R*




Reactions of nitrile imides
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In the dehydrohalogenation the carbonate acts as a base and the silver ion assists loss of the
chloride by acting as a halophilic Lewis acid.
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Reactions of azomethine imides
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- H,0 Né ©
CH3CH2 H

11-37%
17b
R
CO,CH,Ph
H H Me\ N

R R
—_ » o .
trans CH3CH2\ \ anti
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Different isomers may be produced depending on the approach of dipole
and dipolarophile (also conformation of dipole - one example shown)
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Air oxidation of the product pyrazolidine or pyrazoline may occur if the C-NH
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unit bears a C-Ar substituent.
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Synthesis and reactions of azides 18a

Azides can be made from diazonium salts. Aryl diazonium salts are quite stable, but not alkyl
variants and so this method can be used for aryl azides only. Alkyl azides can be made from alkyl
halides via Sy2 subsitution wth the azide anion. However alkyl azides are potentially explosive
especially if heated.

E— NaNOz E— E—
HCI ® NaN; ® 9
\ / NH2 —_— \ / N2 Cl| o \ / N=N=N
| <5°C | |
R R R
DIAZONIUM SALT ARYL AZIDE
NaN3
® O
R-CH,-Br —’S 5 R-CH,—N=N=N NaBr
N
ALKYL AZIDE
Cycloaddition with an alkyne produces a triazole. )
® © 1 N3
Ph—N=—=N=—=N Ph—N""y
o — AN/ 1,2,3-triazole
MeO,C—C=C—CO,Me MeO,C CO,Me
18b
Ph N
Ph\N/ \N
\ —
CH3 Ph™" ] <H
H CH;
_® o 80 °C anti
Ph—N=N==N 4,5-dihydro-1,2,3-triazoles
(triazolines)
N
Ph\N/ \N stereospecific
/:\ > (and regioselective
PH CH, e il in this case)
Ph  CH;
syn
® © Phe
 N—N— ~ AN
Ph—N==N=N  ggoc N~ °N AAcOH  Ph—_ N\

=0

O—Ac B | 1,2,3-triazole

Vinyl acetate (liquid) acts as dipolarophile and then the adduct spontaneously syn eliminates acetic
acid. The product is the same as if ethyne (gas) had been used.



Reactions of azides: heterodipolarophiles 19a

Intermolecular reaction

hydrazoic acid formed in situ

NH,CI ® ©
Ar — N=—N=—
R NaN; H—N=—N—/N
4 N\
N
\ / Ar\C/ \N
H3C C=N o > \ //
100 °C, 7h or HN—N
p-waves, 0.25h
5-aryltetrazole
' N )
\ // \ ; tetrazoles are bioisosteres of
N—N O-.....-” carboxylic acids
H/ |-|/

A bioisostere is a compound resulting from the exchange of an atom or of a group of atoms
with another, broadly similar, atom or group of atoms. The objective of a bioisosteric
replacement is to create a new compound with similar biological properties to the parent

compound. The bioisosteric replacement may be physicochemically or topologically based.
. J




