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Chapter 1 (Introduction) comprises a brief overview of the origins,

mechanism and scope of the Diels-Alder reaction. It deals with the three different Diels-

Alder reaction types and highlights the utilisation of the reaction in general terms for the

synthesis of aromatic and heteroaromatic ring systems. Particular attention has been

paid to the inverse electron-demand Diels-Alder reactions of nitrogen-containing

heterocycles, where aromatisation is brought about by the thermodynamically-driven

loss of molecular nitrogen, leading to both carbocyclic and heterocyclic ring systems.

Chapter 2 (Results and Discussion) develops the ideas formed in Chapter

1 to seek possible bis-dienes and bis-dienophiles for utilisation in polymer synthesis.

Attention has been concentrated on possible routes to bis-l,2,4-triazines and 1,2,4,5-

tetrazines, which are novel compounds, and on their possible use in both inter- and

intra-molecular Diels-Alder reactions.

A new method for the synthesis of bis-glyoxals involving the oxidation of the

corresponding diacetyl-aromatics using HBr/DMSO is the most reliable and is capable

of being scaled up without safety/environmental problems. The bis-glyoxals are then

readily convertible into 5,5'-linked bis-l,2,4-triazines which are potential bis-dienes for

Diels-Alder reactions. The attempted intermolecular reactions of the bis-triazines with a

range of diethynyl-aromatics have, however, proved unsuccessful so far. Attempts to

form bis-(o-ethynylphenols) for intramolecular Diels-Alder reactions after coupling to

bis-triazines have also been unsuccessful.

Several 5-(substituted phenyl)-1,2,4-triazines have also been formed, with the

intention of coupling these through the phenyl substituent to a central difunctional core.

Several 1,2,4,5-tetrazines have been formed with similar intent.

Chapter 3 (Experimental) details the synthetic procedures and the

Bibliography follows.
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Chapter One

Introduction

Polymers containing an "all aromatic" backbone are of considerable current

interest and importance for "high-performance" applications. The relative rigidity

imposed on the polymer chain by the aromatic units helps to produce materials which

possess high glass transition temperatures and/or melting points.

The high solvent resistance of some such materials can be ascribed to the chains

packing together more easily than in many aliphatic polymers, and the high thermal

stability of some of these materials results directly from the resistance of aromatic ring

systems to oxidation in general. For example, many aromatic polyesters have very high

levels of thermal stability and chemical resistance. These favourable characteristics,

however, are lessened by the extreme difficulties encountered in the processing of such

polymers, due to their very high melting points and/or low solubility in common

solvents.

This problem has been overcome for some polymers such as PEEK

(PolyEtherEtherKetone), commercially produced1 by reaction of hydroquinone (Fig.

1.1) with 4,4'-difluorobenzophenone in the presence of sodium and potassium

carbonates2. The reaction is facilitated by use of a high boiling dipolar aprotic solvent,

diphenyl sulphone (DPS), and a final reaction temperature of not less than 300°C, in

order to keep the polymer in solution until a sufficiently high molecular weight is

attained3.

The nature of any functional groups linking the aromatic units is of great

importance in determining polymer properties. For example, for high-temperature

applications the functional groups themselves should be resistant to oxidation.

Functional groups which are planar or linear will assist in the spatial close packing of
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the polymer chains, whereas groups which are tetrahedral, and thus more bulky, may

lead to the polymer being more susceptible to solvent uptake and therefore potentially a

weaker structural material. The susceptibility to solvent uptake may be a determining

factor in, for example, the ease of hydrolysis of some polyesters.

It is not surprising that most aromatic polymers are made from functionalised

monomers which already contain aromatic units, and the polymerisation step is a

functional group transformation (for example, the formation of an ester/amide). Even a

polymer such as PEEK is made by a nucleophilic aromatic substitution (Fig. 1.1).

HO-i\ //OH + F_^ // ^ // F + Na2/K2C°3
DPS

150-300°C

+ 2KF + C02+ H20

n

(1.1)

Another example of functional group transformation to effect a polymerisation

process is in the general formation of aromatic polyamides (also known as aramids),

which are used in the speciality fibre industry.

One such aramid, Kevlar (DuPont), is formed by the reaction of terephthaloyl

chloride and £-phenylenediamine (Fig. 1.2). This compound has the tensile strength of

steel4 (at 20% weight), and an added advantage in that it is virtually nonflammable. It

also has the added attraction of retention of its mechanical properties over a wide

temperature range for prolonged time periods.
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n ClOC COC1 + n H2N nh2

' r

H
N— + 2n HC1

n

(1.2)

There are very few recorded examples of polymers where the polymerisation

step actually involves the formation of an aromatic ring. This is scarcely surprising,

given the number of aromatic compounds available and the relative scarcity of general

methods for aromatic ring formation. However, the Diels-Alder reaction provides such

an opportunity, for both benzenoid and heterocyclic ring formation, and the objective of

this project is to explore the potential of the Diels-Alder reaction for the synthesis of

aromatic and heteroaromatic polymers.

The Diels-Alder reaction is one of the most widely utilised reactions in synthetic

organic chemistry. Although the thermal formation of 1:1 dimerisation products of

selected dienes was first reported in 19065, it was the following observations and

structural elucidation of 1:1 and 2:1 adducts derived from p-benzoquinone with selected

dienes by Otto Diels and Kurt Alder6 which brought the reaction to prominence. From

then it has grown to be one of the fundamental methods for carbocyclic and heterocyclic

ring formation^.

The reaction is a [jt4s + ji2s] thermal cycloaddition in which a conjugated diene

moiety [ji4s] undergoes a stereospecific addition reaction with another component,

called a dienophile [jt2s], most commonly an activated olefin or acetylene. Initial

studies on the reaction simply defined the regioselectivity and stereoselectivity

accompanying the thermal [ji4s + Jt2s] cycloaddition and this gave the basis for
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understanding of the reaction mechanism, which was seen to be a concerted

bimolecular process.

Extensive studies8-11 on this mechanism have shown that, while not all Diels-

Alder cycloadditions can be described in terms of one mechanism, the vast majority of

thermal cycloadditions can be assigned this symmetry-allowed one-step mechanism.

Once these important factors were understood, it was then possible to predict products

from the reaction process12.

b' Y
| + II ►

Z
d

(1.3)

Studies on the reactivity and selectivity have been used in tandem with Frontier

Molecular Orbital (FMO) theory8'13-lB to give the basis for subclassification of the

Diels-Alder reaction, and there have been three general reaction types classified19 which

are dependent on the three possible arrangements of the Highest Occupied Molecular

Orbital [HOMO] and the Lowest Unoccupied Molecular Orbital [LUMO] (Fig. 1.4).

These types are as follows:-

(1) Normal Diels-Alder reactions

b-a'"Y
I i

d'

I
,Z

(2) Neutral Diels-Alder reactions

(3) Inverse electron-demand Diels-Alder reactions.
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E D = Diene
A Dp = Dienophile

D Dp
L
U
M
O

Dp D Dp

H
O
M
O

Normal Inverse Neutral

(1.4)

In these reaction types, the reaction rate is dependent on the magnitude of the

lowest HOMO-LUMO energy separation that can be attained by the reacting diene/

dienophile20.

All factors that lessen the HOMO-LUMO distance increase the reaction rate due

to the smaller difference in energy between interacting FMO's, since the stabilisation of

the transition state is increased. There are two possible types of FMO interaction for the

Diels-Alder reaction: -

For normal Diels-Alder reactions the dominating molecular orbital interaction is

that of the HOMOdiene-FUMOdienophile (this is in accordance with the lowest
HOMO-LUMO energy separation). For inverse electron-demand Diels-Alder reactions

however, the controlling molecular orbital interaction is between the LUMOdiene-

HOMOdienophile ana f°r neutral Diels-Alder reactions, neither frontier orbital

separation dominates.

[l]HOMOdiene"FUMOdienophile

[2]LUMOdiene-HOMOdienophile
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E W = electron-withdrawing group
D = electron-donating group>=<: A~Vd

L
U
M
O

>=^w

H
O
M
O

(1.5)

This reactivity can be explained on the basis of the energy changes that

substituents cause on the molecular orbitals of both the diene and the dienophile. It is

seen that the energies of both the HOMO and LUMO molecular orbitals are lowered

when electron-withdrawing substituents are present, as opposed to an increase in their

energies when there are electron-donating substituents attached (Fig. 1.5).

As can be seen (Fig. 1.6), for the normal Diels-Alder reaction, electron-

donating substituents on the diene increase the reaction rate, whereas electron-

withdrawing substituents retard the reaction progress. Electron-withdrawing sustituents

on the dienophile increase the reaction rate but electron-donating groups retard the

reaction rate.

For the inverse electron-demand reaction (Fig. 1.7) it is seen that the electronic

effects are the opposite of those of the normal Diels-Alder reaction, with electron-

withdrawing groups on the diene enhancing the reaction rate, while electron-donating

groups hinder the reaction. For the dienophile, however, electron-withdrawing groups

will retard the reaction, whilst electron-donating groups will enhance the reaction

rate21.
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L
U
M
O

E
11

H
O
M
O

Normal electron demand Diels-Alder reaction

Dienophile

W = electron-withdrawing group
D = electron-donating group

AE'

(1.6)

L
U
M
O

H
O
M
O

Inverse electron demand Diels-Alder reaction

Diene

W = electron-withdrawing group
D = Electron-donating group

(1-7)

Dienophile

Thus it can be stated that the normal [HOMOdiene-controlled] Diels-Alder

reaction employs an electron-rich diene (increased energy of the HOMOdiene) and an

electron-deficient dienophile (decreased LUMOdienophile energy), whereas the inverse
electron-demand [LUMOdiene-controIled] Diels-Alder reaction utilises an electron-



8

deficient diene (decreased LUMOdiene energy) and an electron-rich dienophile

(increased HOMOdienophile energy). In the neutral Diels-Alder reaction both frontier
orbital interactions are involved22 (HOMO-LUMO-controlled).

The Diels-Alder reaction is a reversible cycloaddition reaction, and as such

involves an equilibrium between starting materials (diene/dienophile) and products

(adducts). The retro-Diels-Alder reaction may be brought about simply by heating the

adduct and/or removing one of the original components (e.g. by distillation).

For an essentially irreversible reaction to occur, there has to be a driving force

to favour product formation, and one possible method for this is by expulsion of a

small molecule from the initial cycloadduct. If this expulsion leads to the formation of a

stable system, for example an aromatic ring, then the driving force is considerably

increased. In this connection, much research has been done on tetraphenylcyclopenta-

dienone ('tetracyclone') (Fig. 1.8) and other cyclopentadienones23.

Certain cyclopentadienones can undergo a Diels-Alder dimerisation reaction

(Fig. 1.9) in which one molecule acts as diene and the other as dienophile23. The

equilibrium position depends on attached substituents and two products are possible, a

non-dissociating dimer or a dissociating dimer, the rule being that the more bulky the

substituents, the more likely the dissociating dimer is formed as steric contraints lower

the dissociation energy. Certain non-dissociating dimers have been heated and the

reaction is not one of dissociation but of expulsion of carbon monoxide to give a fused

ring product. As previously stated, the limiting factor for this dimeric association is the
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bulkiness of the substituents on the cyclopentadiene ring, with the extreme case existing

of monomelic cyclopentadienones having very bulky substituents24.

+ O

(1.9)

Use of heat in the reaction of certain monomeric cyclopentadienones with

alkenes can lead to the formation of stable aromatic compounds (Fig. 1.10). In such

reactions, dihydrobenzenes have been isolated, and it is thus reasonable to state that the

reaction involves the initial formation of a bridged carbonyl compound; then the

expulsion of carbon monoxide25'26 (Fig. 1.10-[1]) leads to the dihydro compound with

subsequent elimination (Fig 1.10-[2]) yielding the fully aromatised product. The

formation of the aromatic system can also, for some reactions, be a 'one-pot' reaction,

where no intermediate is isolated (Fig. 1.10-[3]).

\

/

Y
/

[2] -YZ

-CO, -YZ

[3]

(1.10)

With alkynes, a similar reaction pattern is observed (Fig. 1.11). Again, the

formation of a bridged carbonyl intermediate is possible, with carbon monoxide

expulsion giving the aromatic ring directly. The main advantage of using alkynes is that

there is direct formation of the aromatic compounds, without the need for dihydro
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intermediates, and reaction conditions are generally milder than for the corresponding

reactions with alkenes27.

R,
R

R

O +

Ra

r6

R<

-CO

3 R4 R,

(1.11)

-CO

A specific example of this is the reaction of benzyne with substituted

tetracyclones (Fig. 1.12), and studies28 have shown that electron-donating substituents

on the diene enhance the reaction yield.

R

O +
-COif^l

R = H, OCH^, N(CH3)2

(1.12) R

Heterocyclic ring formation is also possible using tetracyclone, as the reaction

with nitriles has shown29, with substituted pyridines being produced (Fig. 1.13), but

reaction conditions are markedly more severe than for acetylenic reactions, with

temperatures in excess of 300°C needed for prolonged periods.
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O + Ar-C=N
-CO

(1.13)

Ph
I

p\A
-I i
/

Ph Y
Ph

It was also seen that additional electron-withdrawing substituents on the nitrile

accelerated the reaction. Reaction rates of tetracyclone with subtituted nitriles/alkynes

have been examined29'30 (determined by cessation of carbon monoxide production) and

it was found that electron-withdrawing substituents on the dienophile accelerate the

reaction. Thus, reactions undergone by substituted tetracyclones to form carbocyclic

and heterocyclic systems appear to be normal electron demand Diels-Alder reactions.

These Diels-Alder reactions are not only used with carbocyclic starting

materials, as shown by related reactions using a-pyrones. Both dienic and dienophilic

nature may be displayed by a-pyrones, with the latter case predominating if an

additional electron-withdrawing substituent31 (Fig. 1.14) is present, resulting in the

role of the a-pyrone in the reaction being primarily that of an electron-deficient

dienophile (normal Diels-Alder reaction).

Me02C
+

"O-Ao

(1.14)

C00Mc

aoO O

The most important Diels-Alder reaction of a-pyrones is their utilisation as dienes with

various dienophiles. For olefinic reactions (Fig. 1.15), bridged adducts are initially

formed (Fig. 1.15[1J), with subsequent carbon dioxide expulsion upon heating (Fig.

1.15[2]) yielding dihydrobenzenoid systems32.
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O

+

o o

X = O, NPh

heat

nr

o

o.

'IX --o

-X
o

XM-
140°C, -C02

[2]

(1.15)

This reaction method can also be extended to reactions with alkynes (as in

tetracyclone reactions), with one step aromatic ring formation/carbon dioxide expulsion

(Fig. 1.16) being possible under less severe conditions33'34. Indeed, amongst the

known bicyclic adducts with endo bridges, the monoadducts of a-pyrones are the least

stable upon heating, with decomposition of certain adducts at temperatures as low as

60°C and only in rare instances can they withstand heating above 130-140°C.

OH

C6H6,80°C,30hrs
-CO,

C02Me

•o-V3

COzMe OH

C02Me
MeO 9 C q

C6H6, 215'C, 4 hrs

O

(1.16)

-CO,

COzMe

C02Me
C02Me

C09Me

Again, electron-withdrawing groups on the dienophile and electron-donating

groups on the diene enhance the reaction progress, giving rise to normal electron

demand Diels-Alder reactions. The main difference between the reactions of substituted

tetracyclones and a-pyrones is the nature of the molecule expelled. In the former case it

is carbon monoxide, whereas in the latter case it is carbon dioxide.
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Another important example of utilisation of Diels-Alder reactions for conversion

from heterocyclic systems to stable aromatic compounds are reactions of pyridazines

with various dienophiles. Dienophiles which have been extensively studied are

substituted alkenes33 and ynamines36. For reaction with substituted alkenes, for

example using l-methoxy-l-(dimethylamino)ethylene as the dienophile, it is seen that

the bridged cycloadduct is initially formed (Fig. 1.17), with cycloaddition occurring

across the C-3/C-6 position of the 1,2-diazine nucleus. Expulsion of molecular nitrogen

from the bicycloadduct followed by elimination of methanol/dimethylamine results in

formation of the aromatic system.

R,
R-

R

N McO

.N Me2N
H

OMe -No

NMe-

R,
Ri (OMe)

R2V^\NMe2 - MeOH/HNMe

(1.17)

An exception to this general scheme is in the reaction of ynamines with electron-

deficient pyridazines, with two modes of cycloaddition possible (Fig. 1.18), the first

being addition across C-3/C-6[A] which leads to formation of substituted aromatic

systems by elimination of molecular nitrogen. Alternatively, the route of addition can be

across N-1/C-4[B] of the diazine nucleus, which upon expulsion of a nitrile leads to

substituted pyridine systems.

These cycloaddition modes and the regiospecificity are seen to be strongly

dependent on the number and position of electron-withdrawing substituents present on

the diazine nucleus, with each distinct substituent pattern only having one reaction

product36'5. It is noted that the reactions occurring are inverse electron-demand Diels-

Alder reactions, with electron-deficient dienes and electron-rich dienophiles involved.
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Ri
N

R,

R2.

r3

N

N

R,

^X/NE'2

Me -RjCN

(1.18)

Use of the other two diazine systems, namely the pyrimidines (1,3-diazines)

and the pyrazines (1,4-diazines) as dienes in Diels-Alder reactions has been studied,

with the formation of various substituted pyridines for both systems. For the 1,3-

diazine systems, addition of electron-withdrawing substituents to the pyrimidine

nucleus accelerates the rate and ease of reaction with electron-rich dienophiles (Figs.

1.19 and 1.20) in inverse electron-demand cycloaddition reactions.

Me

NEt2

Again the regioselectivity and mode of cycloaddition observed (across C-2/C-5

(Fig 1.19)37 or N-l/C-4 (Fig. 1.20)38) are dependent on the number and position of
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diene substituents and the nature of the dienophile (i.e. alkyne/alkene). In Figure 1.19,

it is observed that there is a strong preference for the nucleophilic carbon of the

ynamine to be attached to C-2 of the pyrimidine nucleus [B] unless there are adequate

electron-withdrawing substituents attached for sufficient reduction of the electron

density at C-5 [A].

Ro

N'
.R,

R,^n^R4

OMe
f

OMe

R

A
i

MeO n' •

Me0ZK/^Rj
R2 r3

(1.20)

-RjCN

OMe

However, insertion of two (or three) electron-donating groups into the pyrimidine

nucleus at C-2, C-4 (and C-6) allows the pyrimidines to undergo normal electron demand

Diels-Alder reactions with electron-deficient alkynes41 (Fig. 1.21).

CQ2Me
r2> r3

n<Yn
Rt

R2.

N

C02Me

(1.21)

,C02Me

"

C02Me

Ri

For pyrazines, an inverse electron-demand Diels-Alder reaction can occur by

reaction of electron-deficient 1,4-diazines with l-(diethylamino)propyne (Fig. 1.22),

giving rise to substituted pyridines40. Figure 1.22 shows four of the eight possible

pyridines formed, the other four having the methyl and diethylamino positions

reversed. As before, both the reaction rate and the regioselectivity observed are dictated

by the number and position of electron-withdrawing groups on the pyrazine nucleus.

There is only one observed mode of cycloaddition (across C-2/C-5) for these

compounds, but it is seen that there are several possibilities for the substituent on the

nitrile expelled from the molecule. Alternatively, electron-rich pyrazines can react with

electron-deficient and strained dienophiles in a normal electron-demand Diels-Alder



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 




