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27. Pericyclic Reactions
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A chemical reaction in which concerted reorganization of bonding takes place throughout a
cyclic array of continuously bonded atoms.

It may be viewed as a reaction proceeding through a fully conjugated cyclic transition state.

The number of atoms in the cyclic array is usually six, but other numbers are also possible.

• Cycloaddition

• Electrocyclic reaction

• Sigmatropic rearrangement
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Pericyclic Reaction I: Cycloaddition Reaction

Two different 𝝿 bond-containing molecules react to form a cyclic compound.
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Pericyclic Reaction II: Electrocyclic Reaction

An intramolecular reaction in which a new 𝞂 bond is formed between the ends of a
conjugated 𝝿 system.

Electrocyclic reactions are reversible.
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Pericyclic Reaction III: Sigmatropic Rearrangements

A 𝞂 bond is broken in the reactant, a new 𝞂 bond is formed in the product, and the 𝝿 bonds
rearrange.
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Note

The electrocyclic reactions and sigmatropic rearrangements are intramolecular reactions

The cycloaddition reactions are usually intermolecular reactions

Common features among the three pericyclic reactions:

• are concerted reactions (single step)

• are highly stereoselective

• are not affected by catalysts
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Conservation of Orbital Symmetry Theory

Explains the relationship among the structure and configuration of the reactant, the
conditions (thermal or photochemical) under which the reaction takes place, and the
configuration of the products.

States that in-phase orbitals overlap in course of a pericyclic reaction.
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Conjugated π Systems
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Molecular Orbital Description of Ethane
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Four p atomic orbitals interact to give the four 𝝿 MOs of 1,3-butadiene

𝜓1 and 𝜓3 are symmetric MOs

𝜓2 and 𝜓4 are asymmetric MOs

The ground state HOMO and the excited HOMO have opposite
symmetry.

HOMO: Highest Occupied Molecular Orbital

LUMO: Lowest Unoccupied Molecular Orbital

There are frontier orbitals.
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Note

A MO is bonding if the number of bonding interactions is greater than the number of
nodes

A MO is antibonding if the number of bonding interactions is fewer than the number of
nodes

The normal electronic state of a molecule is known as its ground state

The ground state electron can be promoted from its HOMO to its LUMO by absorption of
light (excited state)

In a thermal reaction the reactant is in its ground state; in a photochemical reaction, the
reactant is in its excited state
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Molecular Orbital Description of 1,3,5-hexatriene
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I. Cycloaddition: Diels-Alder reaction

Conjugated dienes and alkenes combine to give substituted cyclohexenes. In this
transformation, known as Diels-Alder cycloaddition, the atoms at the ends of the diene
add to the alkene double bond, thereby closing a ring.

The Diels-Alder reaction is named for Otto Diels and Kurt Alder who received the Nobel
Prize in 1950 for their experiments.

When a mixture of 1,3-butadiene and ethene is heated in the gas phase, a remarkable
reaction takes place in which cyclohexene is formed by the simultaneous generation of two
new carbon–carbon bonds.
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six. The next section introduces a reaction that is made possible only because its transition 
state bene! ts from six-electron cyclic overlap.

In Summary Acyclic extended conjugated systems show increasing thermodynamic stability 
but also kinetic reactivity because of the many sites open to attack by reagents and the ease 
of formation of delocalized intermediates. In contrast, the cyclohexatriene benzene is 
unusually stable and unreactive.

14-8  A SPECIAL TRANSFORMATION OF CONJUGATED 
DIENES: DIELS-ALDER CYCLOADDITION

Conjugated double bonds participate in more than just the reactions typical of the alkenes, 
such as electrophilic addition. This section describes a process in which conjugated dienes 
and alkenes combine to give substituted cyclohexenes. In this transformation, known as 
Diels-Alder cycloaddition, the atoms at the ends of the diene add to the alkene double bond, 
thereby closing a ring. The new bonds form simultaneously and stereospeci! cally.

The cycloaddition of dienes to alkenes gives cyclohexenes
When a mixture of 1,3-butadiene and ethene is heated in the gas phase, a remarkable reac-
tion takes place in which cyclohexene is formed by the simultaneous generation of two new 
carbon–carbon bonds. This is the simplest example of the Diels-Alder* reaction, in which 
a conjugated diene adds to an alkene to yield cyclohexene derivatives. The Diels-Alder 
reaction is in turn a special case of the more general class of cycloaddition reactions
between ! systems, the products of which are called cycloadducts. In the Diels-Alder 
reaction, an assembly of four conjugated atoms containing four ! electrons reacts with a 
double bond containing two ! electrons. For that reason, the reaction is also referred to as 
a [4 1 2]cycloaddition. The four-carbon component is simply called diene, the alkene is 
labeled dienophile, “diene loving.”

Diels-Alder Cycloaddition of Ethene and 1,3-Butadiene
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!(Four    electrons) !
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(Two    electrons)
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*Professor Otto P. H. Diels (1876–1954), University of Kiel, Germany, Nobel Prize 1950 (chemistry); 
Professor Kurt Alder (1902–1958), University of Köln, Germany, Nobel Prize 1950 (chemistry).

What makes a good Diels-Alder reaction? Reactivity of 
the diene and dienophile
The prototype reaction of butadiene and ethene actually does not work very well and gives 
only low yields of cyclohexene. It is much better to use an electron-poor alkene with an 
electron-rich diene. Substitution of the alkene with electron-attracting groups and of the diene 
with electron-donating groups therefore creates excellent reaction partners (see margins on 
this and the next page).

The tri" uoromethyl group, for example, is inductively (Section 8-3) electron attracting 
owing to its highly electronegative " uorine atoms. The presence of such a substituent 
enhances the Diels-Alder reactivity of an alkene. Conversely, alkyl groups are electron CH2C

F3C

H

P
f

i

3,3,3-Trifluoro-1-propene
(An electron-poor alkene)

ReactionRReaction

The Diels-Alder reaction is a special case of cycloaddition reactions between 𝝿 systems,
the products of which are called cycloadducts.

In the reaction, an assembly of four conjugated atoms containing four 𝝿 electrons reacts
with a double bond containing two 𝝿 electrons. Therefore, it is also referred to as a [4 + 2]
cycloaddition.

The four-carbon component is simply called diene, the alkene is labeled dienophile
(literally, diene loving molecule).
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Cycloadditions are classified according to the number of 𝝿 electrons that interact in the
reaction
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What makes a good Diels-Alder reaction? Reactivity of the diene and dienophile

The prototype reaction of butadiene and ethene actually does not work very well and gives
only low yields of cyclohexene.

Substitution of the alkene with electron-attracting groups and of the diene with electron-
donating groups therefore creates excellent reaction partners.

The trifluoromethyl group is inductively electron attracting owing to its highly electronegative
fluorine atoms. The presence of such a substituent enhances the Diels-Alder reactivity of an
alkene.

Conversely, alkyl groups are electron donating by induction and hyperconjugation; their
presence increases electron density and is beneficial to dienes in the Diels-Alder reaction.
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donating by induction (Section 11-3) and hyperconjugation (Sections 7-5 and 11-5); their 
presence increases electron density and is bene! cial to dienes in the Diels-Alder reaction. 
The electrostatic potential maps in the margins on this and the preceding page illustrate 
these effects. The double bond with the tri" uoromethyl substituent has less electron density 
(yellow) than the double bonds bearing methyl groups (red).

Other alkenes have substituents that interact with double bonds by resonance. For 
example, carbonyl-containing groups and nitriles are good electron acceptors by this effect. 
Double bonds bearing such substituents are electron poor because of the contribution of 
resonance forms that place a positive charge on an alkene carbon atom.
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Some examples of the trend in reactivity of dienophiles and dienes are
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2,3-Dimethyl-1,3-butadiene
(An electron-rich diene)

Exercise 14-16

Classify each of the following alkenes as electron poor or electron rich, relative to ethene. 
Explain your assignments.

(a) H2C CHCH2CH3P  (b)  (c) O

O

O

 (d) 

F

F

F

F

Exercise 14-17

The double bond in nitroethene, H2C P CHNO2, is electron poor, and that in methoxyethene, 
H2C P CHOCH3, is electron rich. Explain, using resonance structures.
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Other alkenes have substituents that interact with double bonds by resonance. Carbonyl-
containing groups and nitriles are good electron acceptors by this effect.

Double bonds bearing such substituents are electron poor because of the contribution of
resonance forms that place a positive charge on an alkene carbon atom.
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It is much better to use an electron-poor alkene with an electron-rich diene.

Some examples of the trend in reactivity of dienophiles and dienes are:
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Exercise 14-16

Classify each of the following alkenes as electron poor or electron rich, relative to ethene.
Explain your assignments.
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Examples of reaction partners that undergo efficient Diels-Alder cycloaddition are 2,3-
dimethyl-1,3-butadiene and propenal (acrolein).

The carbon–carbon double bond in the cycloadduct is electron rich and sterically hindered.
Thus, it does not react further with additional diene.

The parent 1,3-butadiene, without additional substituents, is electron rich enough to
undergo cycloadditions with electron-poor alkenes.
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Examples of reaction partners that undergo ef! cient Diels-Alder cycloaddition are 
2,3-dimethyl-1,3-butadiene and propenal (acrolein).

!

O

H H100°C, 3 h

BB
O
BBH3C

H3C

H3C

H3C
 2,3-Dimethyl- Propenal 90%
 1,3-butadiene (Acrolein) Diels-Alder cycloadduct

The carbon–carbon double bond in the cycloadduct is electron rich and sterically hindered. 
Thus, it does not react further with additional diene.

The parent 1,3-butadiene, without additional substituents, is electron rich enough to 
undergo cycloadditions with electron-poor alkenes.

B

160"C, 15 h
COCH2CH3

O

!

B
COCH2CH3

O

Ethyl propenoate
(Ethyl acrylate)

94%

Many typical dienes and dienophiles have common names, owing to their widespread 
use in synthesis (Table 14-1).

Table 14-1  Typical Dienes and Dienophiles in the Diels-Alder Reaction

Dienes

1,3-Butadiene
 

H3C

H3C
2,3-Dimethyl-
1,3-butadiene 

trans, trans-
2,4-Hexadiene

CH3

CH3

 
1,3-Cyclopentadiene

 
1,3-Cyclohexadiene

Dienophiles

NC

NC
Tetracyanoethene

CN

CN

 

H

H
cis-1,2-Dicyanoethene

CN

CN

 

H

H
Dimethyl cis-2-butenedioate

(Dimethyl maleate)

CO2CH3

CO2CH3

 

H

Dimethyl trans-2-butenedioate
(Dimethyl fumarate)

CO2CH3

HCH3O2C

O

O
2-Butenedioic anhydride

(Maleic anhydride)

O

 

CO2CH3

CO2CH3

C

C

Dimethyl butynedioate
(Dimethyl acetylene-

dicarboxylate)

A

A

c

 

Propenal
(Acrolein)

H2C CHCH

O

P
B

 

Methyl propenoate
(Methyl acrylate)

H2C CHCOCH3

O

P
B
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Exercise 14-18

Formulate the products of [4 + 2]cycloaddition of tetracyanoethene with (a) 1,3-butadiene;
(b) cyclopentadiene; (c) 1,2-dimethylenecyclohexane.
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1,2-Dimethylenecyclohexane

Exercise 14-18

Formulate the products of [4 1 2]cycloaddition of tetracyanoethene with

(a) 1,3-butadiene; (b) cyclopentadiene; (c) 1,2-dimethylenecyclohexane (see margin).

The Diels-Alder reaction is concerted
The Diels-Alder reaction takes place in one step. Both new carbon–carbon single bonds 
and the new ! bond form simultaneously, just as the three ! bonds in the starting materi-
als break. As mentioned earlier (Section 6-4), one-step reactions, in which bond breaking 
happens at the same time as bond making, are concerted. The concerted nature of this 
transformation can be depicted in either of two ways: by a dotted circle, representing the 
six delocalized ! electrons, or by electron-pushing arrows. Just as six-electron cyclic overlap 

Can you imagine replacing all the copper wire in our electri-
cal power lines and appliances with an organic polymer? A 
giant step toward achieving this goal was made in the late 
1970s by Heeger, MacDiarmid, and Shirakawa,* for which 
they received the Nobel Prize in 2000. They synthesized a 
polymeric form of ethyne (acetylene) that conducts electric-
ity as metals do. This discovery caused a fundamental 
change in how organic polymers (“plastics”) were viewed. 
Indeed, normal plastics are used to insulate and protect us 
from electrical currents.

What is so special about polyethyne (polyacetylene)? For 
a material to be conductive, it has to have electrons that are 
free to move and sustain a current, instead of being localized, 
as in most organic compounds. In this chapter, we have seen 
how such delocalization is attained by linking sp2 hybridized 
carbon atoms in a growing chain: conjugated polyenes. We 
have also learned how a positive charge, a single electron, or 
a negative charge can “spread out” along the ! network, not 

REAL LIFE: MATERIALS 14-1 Organic Polyenes Conduct Electricity

unlike a molecular wire. Polyacetylene has such a polymeric 
structure, but the electrons are still too rigid to move with the 
facility required for conductivity. To achieve this goal, the 
electronic frame is “activated” by either removing electrons 
(oxidation) or adding them (reduction), a transformation 
called doping. The electron hole (positive charge) or electron 
pair (negative charge) delocalize over the polyenic structure 
in much the same way as that shown for extended allylic 
chains in Section 14-6. In the original breakthrough experi-
ment, polyacetylene, made from acetylene by transition 
metal-catalyzed polymerization (see Section 12-15), was 
doped with iodine, resulting in a spectacular 10-million-fold 
increase in conductivity. Later re! nement improved this 
! gure to 1011, essentially organic copper!

*Professor Alan J. Heeger (b. 1936), University of California at Santa 
Barbara, California; Professor Alan G. MacDiarmid (1927–2007), 
University of Pennsylvania, Philadelphia, Pennsylvania; Professor 
Hideki Shirakawa (b. 1936), University of Tsukuba, Japan.

!

!

!

HHHH

HHHH

trans-Polyacetylene Conducting polyacetylene

!1e

"

"

"

Oxidation
(doping)

The black, shiny, fl exible foil of polyacetylene 
(polyethyne) made by polymerization of gaseous 
ethyne.
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The frontier molecular orbitals of both reactants must be considered:
the HOMO and LUMO



24

Frontier Orbital Analysis of a [4 + 2] Cycloaddition Reaction
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Diene contributes electrons from its HOMO

Dienophile receives electrons in its LUMO

Symmetry-Allowed Reaction
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[2 + 2] Cycloaddition Reaction
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“Forbidden” Cycloaddition

[2 + 2] cycloaddition of two ethylene molecules to form cyclobutene has anti-bonding
overlap of HOMO and LUMO
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Photochemical Induction

Absorption of correct energy photon will promote an electron to an energy level that was
previously unoccupied.
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[2 + 2] Cycloaddition

Photochemically allowed, but thermally forbidden.
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1024 chapter 30 orbitals and organic chemistry: pericyclic reactions

A cyclobutane

Strained,
no reaction

Alkene 2:
Ground-state
LUMO

Alkene 1:
Ground-state
HOMO

Antarafacial

(a) Thermal reaction

Alkene 2:
Ground-state
LUMO

Alkene 1:
Excited-state
HOMO

Suprafacial

(b) Photochemical reaction

The photochemical [2 ! 2] cycloaddition reaction occurs smoothly, par-
ticularly with !,"-unsaturated carbonyl compounds, and represents one of 
the best methods known for synthesizing cyclobutane rings. For example:

+

2-Cyclohexenone 2-Methylpropene (40%)

OO

h!

H

H

Thermal and photochemical cycloaddition reactions always take place 
with opposite stereochemistry. As with electrocyclic reactions, we can catego-
rize cycloadditions according to the total number of electron pairs (double 
bonds) involved in the rearrangement. Thus, a thermal [4 ! 2] Diels–Alder 
reaction between a diene and a dienophile involves an odd number (three) of 
electron pairs and takes place by a suprafacial pathway. A thermal [2 ! 2] reac-
tion between two alkenes involves an even number (two) of electron pairs and 
must take place by an antarafacial pathway. For photochemical cyclizations, 
these selectivities are reversed. These general rules are given in TABLE 30-2.

Electron pairs (double bonds) Thermal reaction Photochemical reaction

Even number Antarafacial Suprafacial

Odd number Suprafacial Antarafacial

TABLE 30-2 Stereochemical Rules for Cycloaddition Reactions

FIGURE 30-10 (a) Interaction 
of a ground-state HOMO and 
a ground-state LUMO in a 
potential [2 ! 2] cycloaddition 
does not occur thermally because 
the antarafacial geometry is 
too strained. (b) Interaction 
of an excited-state HOMO 
and a ground-state LUMO 
in a photochemical [2 ! 2] 
cycloaddition reaction is less 
strained, however, and occurs with 
suprafacial geometry.
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The Diels-Alder reaction is concerted with a cyclic flow of electrons.

The Diels-Alder reaction takes place in one step. Both new carbon–carbon single bonds
and the new 𝝿 bond form simultaneously, just as the three 𝝿 bonds in the starting materials
break.

One-step reactions, in which bond breaking happens at the same time as bond making,
are concerted. The concerted nature of this transformation can be depicted in either of two
ways: by a dotted circle, representing the six delocalized 𝝿 electrons, or by electron-
pushing arrows.

Just as six-electron cyclic overlap stabilizes benzene, the Diels-Alder process benefits
from the presence of such an array in its transition state.
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stabilizes benzene (Section 14-7), the Diels-Alder process bene! ts from the presence of 
such an array in its transition state.

Two Pictures of the Transition State of the Diels-Alder Reaction

or

Dotted-line
picture

Electron-pushing
picture

Six-membered
ring

‡

New C–C bond

New C–C bond

An orbital representation (Figure 14-9) clearly shows bond formation by overlap of the 
p orbitals of the dienophile with the terminal p orbitals of the diene. While these four 
carbons rehybridize to sp3, the remaining two internal diene p orbitals give rise to the new 
! bond.

Mechanism

Apart from these applications in electronics, conducting 
polymers can be made to “light up” when excited by an 
electric ! eld, a phenomenon called electroluminescence that 
has gained enormous utility in the form of organic light-
emitting diodes (OLEDs). Simply put, such organic materials 
can be viewed as organic light “bulbs.” They are relatively 
light and " exible and encompass a broad spectrum of colors. 
Because organic polymers are, in principle, readily processed 
into any shape or form, they provide novel, " exible displays, 
such as books, luminous cloth, and wall decorations. The 
future, indeed, looks bright! These bright colors are thanks to OLEDs.

Organic Conductors and Applications

Poly(p-phenylene vinylene)
(Electroluminescent displays,

such as in mobile phones)

S
S S

S S

Polythiophene
(Field-effect transistors,

such as in supermarket checkouts;
antistatic, such as in photographic film)

H
N

N
H

H
N

Polyaniline
(Conductor; electromagnetic shielding of

electronic circuits; antistatic, such as in carpets)

N
H

N
H

H
N

H
N

Polypyrrole
(Electrolyte; screen coating;

sensing devices)

Because of its sensitivity to air and moisture, poly-
acetylene is dif! cult to use in practical applications. 
However, the idea of using extended ! systems to impart 
organic conductivity can be exploited with a range of 

materials, all of which have proven utility. Many of these 
contain especially stabilized cyclic 6-!-electron units, 
such as benzene (Section 15-2), pyrrole, and thiophene 
(Section 25-4).
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An orbital representation clearly shows bond formation by overlap of the p orbitals of the
dienophile with the terminal p orbitals of the diene. While these four carbons rehybridize to
sp3, the remaining two internal diene p orbitals give rise to the new 𝝿 bond.
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The mechanism of the Diels-Alder reaction requires that both ends of the diene point 
in the same direction to be able to reach the dienophile carbons simultaneously. This means 
that the diene has to adopt the energetically slightly less favorable s-cis conformation, 
relative to the more stable s-trans form (Figure 14-6).

s-trans s-cis
(Reacting

conformation)

Slightly
unfavorable

CH3CH3

  

H3C

s-trans s-cis
(Reacting

conformation)

More
unfavorable CH3

H
Particularly
pronounced

steric hindrance

This necessity affects the rates of the cycloaddition: When the s-cis form is particularly 
hindered or impossible, the reaction slows down or does not occur. Conversely, when the 
diene is constrained to s-cis, the transformation is accelerated.

Unreactive Dienes

   

Particularly Reactive Dienes

The Diels-Alder reaction is stereospecifi c
As a consequence of the concerted mechanism, the Diels-Alder reaction is stereospeci! c. 
For example, reaction of 1,3-butadiene with dimethyl cis-2-butenedioate (dimethyl maleate, 
a cis alkene) gives dimethyl cis-4-cyclohexene-1,2-dicarboxylate. The stereochemistry at 
the original double bond of the dienophile is retained in the product. In the complementary 

Will be a
! bond

Diene
(1,3-Butadiene)

Dienophile
(Ethene)

Will be a
! bond

Will be a
full " bond

CH2

HC

HC

Cycloadduct
(Cyclohexene)

Full ! bond

Full
! bond

sp3

sp3

sp3

sp3

Full " bond

HC

C

CH2

CH2

CH2

H2C

CH2

CH2

H2C

HC

Figure 14-9 Orbital representation of the Diels-Alder reaction between 1,3-butadiene and ethene. 
The two p orbitals at C1 and C4 of 1,3-butadiene and the two p orbitals of ethene interact, as the 
reacting carbons rehybridize to sp3 to maximize overlap in the two resulting new single bonds. 
At the same time, " overlap between the two p orbitals on C2 and C3 of the diene increases to 
create a full double bond.
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The mechanism of the Diels-Alder reaction requires that both ends of the diene point in the
same direction to be able to reach the dienophile carbons simultaneously. This means that
the diene has to adopt the energetically slightly less favorable s-cis conformation, relative to
the more stable s-trans form.

This necessity affects the rates of the cycloaddition: When the s-cis form is particularly
hindered or impossible, the reaction slows down or does not occur. Conversely, when the
diene is constrained to s-cis, the transformation is accelerated.
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reacting carbons rehybridize to sp3 to maximize overlap in the two resulting new single bonds. 
At the same time, " overlap between the two p orbitals on C2 and C3 of the diene increases to 
create a full double bond.
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The mechanism of the Diels-Alder reaction requires that both ends of the diene point 
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relative to the more stable s-trans form (Figure 14-6).
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3 kcal mol21 (12.5 kJ mol21) less stable than the s-trans conformation because of the steric 
interference between the two hydrogens on the inside of the diene unit.*

*The s-cis conformation is very close in energy to a nonplanar conformation in which the two double 
bonds are gauche (Section 2-9). Whether the s-cis or the gauche conformation is more stable remains a 
subject of controversy.

! bond

! bond
Weak ! overlap

H

H

H

H

H
1.09 Å

∆H° = −2.8 kcal mol−1 (−12 kJ mol−1) 

1.47 Å
1.34 Å

122.9°

H H

HH

H
119.5°

H H

s-cis Conformation: less stable

H

BA

H

H H
H

H
s-trans Conformation: more stable

Figure 14-6 (A) The structure of 
1,3-butadiene. The central bond 
is shorter than that in an alkane 
(1.54 Å for the central C–C bond 
in butane). The p orbitals aligned 
perpendicularly to the molecular 
plane form a contiguous interact-
ing array. (B) 1,3-Butadiene can 
exist in two planar conformations. 
The s-cis form shows steric hin-
drance because of the proximity 
of the two “inside” hydrogens 
highlighted in red.

Exercise 14-10

The dissociation energy of the central C–H bond in 1,4-pentadiene is only 77 kcal mol21. Explain. 
(Hint: See Sections 14-1 and 14-2 and draw the product of H atom abstraction.)

The !-electronic structure of 1,3-butadiene may be described by constructing four 
molecular orbitals out of the four p atomic orbitals (Figure 14-7).

+ − −+

− + +−

E

Three nodes

Antibonding
molecular
orbitals

!4!4

Two nodes !3!3

One node !2!2

No nodes !1!1

+

−

−

+

+

−

−

+

+

−

+

−

−

+

−

+

+

−

+

−

+

−

+

−

Bonding
molecular
orbitals

Figure 14-7 A !-molecular-
orbital description of 1,3-butadiene. 
Its four electrons are placed into 
the two lowest ! (bonding) 
orbitals, !1 and !2.

Recall: Mixing four p orbitals 
generates four new molecular 
orbitals.
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The Diels-Alder reaction is stereospecific.

As a consequence of the concerted mechanism, the stereochemistry at the original
double bond of the dienophile is retained in the product. The reaction is a syn addition.
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reaction, dimethyl trans-2-butenedioate (dimethyl fumarate, a trans alkene) gives the 
trans adduct.

In the Diels-Alder Reaction, 
the Stereochemistry of the Dienophile Is Retained

H

Dimethyl cis-2-butenedioate
(Dimethyl maleate)
(Cis starting material)

Dimethyl cis-4-cyclohexene-1,2-dicarboxylate
(Cis product)

H COCH3
150–160°C, 20 h

O

O
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B

B

CO2CH3

CO2CH3

H

H

68%

/
∑
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H

Dimethyl trans-2-butenedioate
(Dimethyl fumarate)

(Trans starting material)

Dimethyl trans-4-cyclohexene-1,2-dicarboxylate
(Trans product)

H COCH3
200–205°C, 3.5 h

O

O

H3COC

B

B CO2CH3

H

95%

CO2CH3

H

/
∑

/∑

Similarly, the stereochemistry of the diene also is retained. Note that the cycloadducts 
depicted here contain stereocenters and may be either meso or chiral. However, since we 
begin with achiral starting materials, the ensuing products, when chiral, are formed as 
racemates via two equal-energy transition states (see, for example, Sections 5-7 and 12-5). 
In other words, the stereospeci! city exhibited by the Diels-Alder process refers to relative, 
not absolute, stereochemistry. As always, we are depicting only one enantiomer of a chiral 
(but racemic) product, as in the case of the cycloadditions of dimethyl trans-2-butenedioate 
(above) and cis,trans-2,4-hexadiene (below).

CH3

In the Diels-Alder Reaction,
the Stereochemistry of the Diene Is Retained

H
H

CH3
trans,trans-2,4-Hexadiene Tetracyanoethene

(Both methyls “outside”) (Methyls end up cis)

NC CN

NC CN

CH3H

CH3H

CN

CN

CN

CN!

/∑
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CH3

H

H

CH3
cis, trans-2,4-Hexadiene

(One methyl “inside”;
one methyl “outside”)

(Methyls end up trans)

H3C H

CH3H

CN

CN

CN

CN!

/∑

/∑

NC CN

NC CN

Model Building

Model Building
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Similarly, the stereochemistry of the diene also is retained. Note that the cycloadducts
depicted here contain stereocenters and may be either meso or chiral.

Since we begin with achiral starting materials, the products are formed as racemates (via
two equal-energy transition states). As always, we are depicting only one enantiomer of a
chiral (but racemic) product.
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Exercise 14-20

Add structures of the missing starting materials to the following Diels-Alder reaction
schemes.
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Diels-Alder cycloadditions follow the endo rule
The Diels-Alder reaction is highly stereocontrolled, not only with respect to the substitution 
pattern of the original double bonds, but also with respect to the orientation of the starting 
materials relative to each other. Consider the reaction of 1,3-cyclopentadiene with dimethyl 
cis-2-butenedioate. Two products are conceivable, one in which the two ester substituents 
on the bicyclic frame are on the same side (cis) as the methylene bridge, the other in which 
they are on the side opposite (trans) from the bridge. The ! rst is called the exo adduct, the 
second the endo adduct (exo, Greek, outside; endo, Greek, within). The terms refer to the 
position of groups in bridged systems. Exo substituents are placed cis with respect to 
the shorter bridge; endo substituents are positioned trans to this bridge. In general, in an 
exo addition, the substituents on the dienophile point away from the diene. Conversely, in 
an endo addition they point toward the diene.

Solved Exercise 14-19 Working with the Concepts: Diels-Alder Reactions

Draw the product of the following Diels-Alder cycloaddition:

H3C CN

H3C NC

! ?

Strategy
In dealing with problems that feature Diels-Alder reactions, it is useful to remind yourself of the 
spatial approach of diene and dienophile, ideally using molecular models. Once you feel comfort-
able with visualizing how the reactants align in the transition state, you can practice drawing it.

Solution
• Using Figure 14-9 as a guide, draw, in perspective, the two components of the reaction before 

cycloaddition.
• Complete your drawing by moving the six participating electrons appropriately to generate the 

two new ! bonds and the new " bond.
• If your drawing looks distorted, straighten it out to a regular cyclohexene ring, adding the sub-

stituents, including their relative stereochemistry.

H3C

H3C

CN

NC

H3C

H3C

CN

CN

CN

NC

H3C

H3C

]

~

Exercise 14-20 Try It Yourself

Add structures of the missing starting materials to the following Diels-Alder reaction schemes.

(a) 

H3C

H3C

! ?

CN

CN

H3C

H3C

]

-
 (b) !

H3C

CH3

CH3
% F

F

F

F
??

^

Exercise 14-21

cis,trans-2,4-Hexadiene reacts very sluggishly in [4 1 2]cycloadditions; the trans,trans isomer does 
so much more rapidly. Explain. [Hint: The Diels-Alder reaction requires the s-cis arrangement of 
the diene (Figure 14-9, and see Figure 14-6).]
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Diels-Alder cycloadditions follow the endo rule.

The Diels-Alder reaction is highly stereocontrolled, not only with respect to the
substitution of the double bonds, but also the orientation of the starting materials relative
to each other.

Consider the reaction of 1,3-cyclopentadiene with dimethyl cis-2-butenedioate. Two
products are conceivable: (i) the two ester substituents on the bicyclic frame are on the
same side (cis) as the methylene bridge, (ii) they are on the side opposite (trans).

The first is called the exo adduct, the second the endo adduct (exo, Greek, outside;
endo, Greek, within). The terms refer to the position of groups in bridged systems.

Exo substituents are placed cis with respect to the shorter bridge; endo substituents are
positioned trans to this bridge.

In general, in an exo addition, the substituents on the dienophile point away from the
diene. Conversely, in an endo addition they point toward the diene.
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Exo and Endo Cycloadditions to Cyclopentadiene
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H
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The Diels-Alder reaction usually proceeds with endo selectivity, that is, the product in 
which the activating electron-withdrawing group of the dienophile is located in the endo 
position is formed faster than the alternative exo isomer. This occurs even though the exo 
product is often more stable than its endo counterpart. This observation is referred to as the 
endo rule. The preference for endo cycloaddition has its origin in a variety of steric and 
electronic in! uences on the transition state of the reaction. Although the endo transition 
state is only slightly lower in energy, this is suf" cient to control the outcome of most Diels-
Alder reactions we shall encounter. Mixtures may ensue in the case of highly substituted 
systems or when several different activating substituents are present.
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Model Building
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The Diels-Alder reaction usually proceeds with endo selectivity, that is, the product in
which the activating electron-withdrawing group of the dienophile is located in the endo
position is formed faster than the alternative exo isomer.

This occurs even though the exo product is often more stable than its endo counterpart.

This observation is referred to as the endo rule. The preference for endo cycloaddition
has its origin in a variety of steric and electronic influences on the transition state of the
reaction.

Although the endo transition state is only slightly lower in energy, this is sufficient to
control the outcome of most Diels-Alder reactions.

Mixtures may ensue in the case of highly substituted systems or when several different
activating substituents are present.
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The p orbitals of the electron-withdrawing groups on the dienophile have a secondary
overlap with the p orbitals of C2 and C3 in the diene.
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The Diels-Alder reaction usually proceeds with endo selectivity, that is, the product in 
which the activating electron-withdrawing group of the dienophile is located in the endo 
position is formed faster than the alternative exo isomer. This occurs even though the exo 
product is often more stable than its endo counterpart. This observation is referred to as the 
endo rule. The preference for endo cycloaddition has its origin in a variety of steric and 
electronic in! uences on the transition state of the reaction. Although the endo transition 
state is only slightly lower in energy, this is suf" cient to control the outcome of most Diels-
Alder reactions we shall encounter. Mixtures may ensue in the case of highly substituted 
systems or when several different activating substituents are present.
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As an aid to keeping track of the substituents and where they are going, we can use the
general labels “o” (for outside) and “i” (for inside) for the two possible stereochemical
orientations of groups attached to the end of the diene.

We then label the substituents on the dienophile with respect to their orientation in the
transition state of the reaction as either endo or exo.

The structure of the expected product with all substituents in place shows that “o” is always
cis to “endo.”

6071 4 - 8  D i e l s - A l d e r  C y c l o a d d i t i o n C H A P T E R  1 4

stereodrawings. However, it does not replace a thorough understanding of the principles 
that led to it!

o

C

¥&

*
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i

i
!

endo

endo

exo

exo

i o
exo

endo

oi
o ! “outside”
 i ! “inside”

~

)

~ )exo
endo

Solved Exercise 14-22 Working with the Concepts: The Endo Rule

Draw the product of the reaction of trans,trans-2,4-hexadiene with methyl propenoate (show the 
stereochemistry clearly).

Strategy
First, we draw the structures of the two reagents, trans,trans-2,4-hexadiene and methyl propenoate. 
Next, to get the stereochemistry of the product right, we need to line up the reagents as in the 
transition state picture in Figure 14-9, one above the other. The ester function of the dienophile 
is, according to the endo rule, expected to be positioned endo.

Solution
• Following the prescribed steps gives us

H3CO2C H3CO2C

%

CH3

CO2CH3

CH3

`

O

^

`

/∑
CH3

H3C

H

H

H
H

H

H

H3C

H3C

• We can check the result, using our general schematic formalism on top of this page. For this 
purpose, we label all substituents in the reagents: The two methyl groups in the diene are 
located “outside” and therefore are designated “o.” The ester function in the dienophile is 
labeled endo. Plugging in these labeled groups into our generalized product structure con! rms 
our solution.

o

endo

endo

o

CH3O2C

`
^

`

CH3

CH3

o

o

!

Exercise 14-23 Try It Yourself

Predict the products of the following reactions (show the stereochemistry clearly): (a) trans-1,3-
pentadiene with 2-butenedioic anhydride (maleic anhydride); (b) 1,3-cyclopentadiene 
with dimethyl trans-2-butenedioate (dimethyl fumarate).
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Predicting the Product When Both Reagents are Unsymmetrically Substituted
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Regiospecificity/Regioselectivity

The 6-membered ring product of the Diels-Alder reaction will have electron-donating (D) and
electron-withdrawing (W) groups in the position of 1,2- or 1,4- but not 1,3-.
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Chemoselectivity
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Exercise 14-24

The Diels-Alder reaction can also occur in an intramolecular fashion. Draw the two
transition states leading to products in the following reaction.
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In Summary The Diels-Alder reaction is a concerted cycloaddition that proceeds best 
between electron-rich 1,3-dienes and electron-poor dienophiles to furnish cyclohexenes. It 
is stereospeci! c with respect to the stereochemistry of the double bonds and with respect 
to the arrangements of the substituents on diene and dienophile: It follows the endo rule.

Exercise 14-24

The Diels-Alder reaction can also occur in an intramolecular fashion. Draw the two transition 
states leading to products in the following reaction.

COCH3

180°C, 5 h
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14-9 ELECTROCYCLIC REACTIONS

The Diels-Alder reaction couples the ends of two separate ! systems. Can rings be formed 
by the linkage of the termini of a single conjugated di-, tri-, or polyene? Yes, and this sec-
tion will describe the conditions under which such ring closures (and their reverse), called 
electrocyclic reactions, take place. Cycloadditions and electrocyclic reactions belong to a 
class of transformations called pericyclic (peri, Greek, around), because they exhibit tran-
sition states with a cyclic array of nuclei and electrons.

Electrocyclic transformations are driven by heat or light
Let us consider ! rst the conversion of 1,3-butadiene into cyclobutene. This process is endo-
thermic because of ring strain. Indeed, the reverse reaction, ring opening of cyclobutene, occurs 
readily upon heating. However, ring closure of cis-1,3,5-hexatriene to 1,3-cyclohexadiene is 
exothermic and takes place thermally. Is it possible to drive these transformations in the 
thermally disfavored directions?

We know that in a thermal reaction this is a dif! cult task, because equilibrium is 
governed by thermodynamics (Section 2-1). However, the problem can be surmounted in 
some cases by using light, so-called photochemical reactions. In these, absorption of a 
photon by the starting material excites the molecule into a higher energy state. We have 
seen how such absorptions form the basis for spectroscopy (Section 10-2; see also Section 
14-11). Molecules can relax from such excited states to furnish thermodynamically less 
stable products than starting material(s). We shall not deal with the details of photochem-
istry in this text, but we do note that it allows electrocyclic reaction equilibria to be driven 
in the energetically unfavorable direction. Therefore, irradiation of 1,3-cyclohexadiene 
with light of appropriate frequency will cause its conversion to its triene isomer. Simi-
larly, irradiation of 1,3-butadiene effects ring closure to cyclobutene.

Electrocyclic Reactions

CH2 ∆

hvCH2

cis-1,3,5-Hexatriene

CH2 ∆H° ! "14.5 kcal mol"1 ("60.7 kJ mol"1)
Ring closure to six-membered ring is exothermicCH2

1,3-Cyclohexadiene

CH2

CH2
CH2

CH2

∆H° ! "9.7 kcal mol"1 ("40.6 kJ mol"1)
Ring opening of four-membered ring is exothermic

∆

hv

Cyclobutene 1,3-Butadiene

Photochemical reactions are used 
increasingly in “green” technology. 
This reactor on the roof of Com-
plutense University of Madrid is 
used for water disinfection. A 
polymer-supported dye absorbs 
sunlight to convert oxygen to a 
more reactive state (“singlet 
oxygen”), which destroys harm-
ful bacteria in water (picture 
courtesy of Professor Guillermo 
Orellana, UCM).


