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ALKYNE CYCLOADDITION REACTIONS

Abstract

This thesis is presented in eight chapters. Chap. One is a brief
introductory review on the cycloaddition reactions of dimethyl
acetylenedicarboxylate (DMAD), and Chap. Three is a review of the similar
reactions of the highly electron-deficient alkyne, hex-3-yne-2,5-dione
(diacetylacetylene) (DAA). An improved synthesis and the self-condensation
reactions of hex-3-yne-2,5-dione are described in Chap. Four; the oligomers
formed as a result of self-condensation of DAA are characterised, and their
chemistry studied, and they are compared with those derived from DMAD.
Cycloaddition reactions of DAA with various dienes are discussed in Chap. Five;
these reactions include a simple synthesis of o-diacetylbenzene via Diels-Alder
reaction of DAA with l-acetoxy-1,3-butadiene.

Chap. Two is a review of the literature claims for the preparation of
norborna-2,5-dien-7-ones. The comparative stabilities of the related norbornen-7-
one and norbornan-7-one systems are also discussed. Chap. Six describes the
attempted isolation of norborna-2,5-dien-7-one derivatives and the isolation and
characterisation of an unusually stable derivative, 9,14-diphenyl-9,14-dihydro-
dibenz[a,c]anthracene-9,14-methanone. X-ray diffraction data show that the
bridged-carbonyl group is protected by the phenyl groups on Cgy and C,4.

The synthesis of new 2-arylidene-1,3-dithioles, including the formation of
mono- and bis-1,3-dithioles, are discussed in Chap. Seven.

Experimental results are presented in Chap. Eight.
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CHAPTER ONE

Review of the Reactions of Dimethyl Acetylenedicarboxylate

1 Introduction

1.1 Alkyne Cycloadditions

In spite of the enormous amount of work devoted to cycloaddition
reactions, there is still scope for much more research to be carried out on them.
Cycloadditions are ring-closure reactions where the number of ¢ bonds increases
at the expense of the m bonds; the reactants combine in such a way that ¢ bonds
are formed but not broken and where no fragments of the molecules are
eliminated.

Cycloadditions can be classified according to the ring size of the
cycloadduct. For example, Diels-Alder reactions are [4+2]cycloadditions, since the
two reactants contribute four and two atoms, respectively,to the cycloadduct. One
can also classify cycloaddition reactions according to the number of electrons
involved. The Diels-Alder reaction now becomes a [4 m+2 w] process. In this
example the number of atoms is the same as the number of electrons in each
component, but this is not always so. For instance, in 1,3-dipolar cycloaddition
the 1,3-dipole has four m electrons distributed over three atoms. Thus according
to the first classification it is a [3+2] cycloaddition, and according to the second

a [4n+27] cycloaddition:!
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b,
4melectrons  __ / \ / b\
(e \/
\ ¥
2 & electrons ‘d ! 4

The term cycloaddition is not only limited to concerted reactions but

applies also to reactions that occur in a stepwise manner, via intermediates, but
so far many more concerted cycloadditions have been reported. In this review
only the cycloaddition reactions of the electron-deficient alkyne, dimethyl
acetylenedicarboxylate, will be considered; the review is not comprehensive but

examples have been chosen to illustrate the range of the known reactions.

1.2 1,3-Dipolar Cycloadditions

1,3-Dipolar cycloaddition reactions are an invaluable tool for the synthetic
chemist since they provide an excellent route to various five-membered
heterocyclic compounds. There are two components, namely the 1,3-dipole and
the dipolarophile which undergo cycloaddition to give a five- membered cyclic

system, as in the example shown:

Ph COOE!
+
1,3-Dipole Ph— C=N—20 / \
3 —————=- N
\ Me
Dipolarophile EtOOCC=CMe
CYCLOADDUCT

Some 1,3-dipolar systems can be written with triple bonds (b=N).

§=&9‘_C B aEb+—c
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Examples are:

+ /R

nitrile ylidles R—C=N—C
\R
. . . + -
nitrile oxides R—C=N—0

and azides

+ -
nitrilimines R—C=N—N—R
diazoalkanes N=N~—C
AN
R
+ -
N=N=-N—R

Certain 1,3-dipolar system have no such triple bonds (b=N, O, S).

a=— b—;

tifret——-
+45
Examples are :
R
1
azomethine ylides R\C¢§\_C/R
/
R \R
R
I
i R Ny =
nitrones \C Z +\O
/
R
R

N. -
azoxy compounds R—N‘/ +0

and sulphur diimides

The reactions of some

a=b—c
+

acetylenedicarboxylate (DMAD) will now be considered in more detail.

12

0
R N,
~ -
azomethine imines IC¢+\N—R
R
R
!
azimines R—N¢§\E_R
R 0
. \C/ +\6'/ R
carbonyl ylides \
R R
+
R—NZNf—r
of these 1,3-dipoles with dimethyl
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1.2.1 Diazo Compounds

The first cycloaddition of a diazo compound with DMAD (1) was carried
out exactly a century ago by Buchner.2 He subjected DMAD to cycloaddition
with methyl diazoacetate (2). The product that he obtained was trimethyl 1H-
pyrazole-3,4,5-tricarboxylate (4), which resulted from aromatisation of the initially
formed 3H-pyrazole (3).

+ -—
MeOOC~HC=N=N \
\ ) '] ——
2\ ; —|E N\ COOMe
EC=CE
1 E

w
& -

Where E = COOMe

At 130°C, 3,4,5,6-tetrachlorobenzene-2-diazo-1-oxide (5) underwent 1,3-
dipolar cycloaddition with DMAD (1) to form dimethyl 4,5,6,7-
tetrachlorobenzo[b]furan-2,3-dicarboxylate (7) in 48% yield.3 It is believed that
the ketocarbene (6), generated when 3,4,5,6-tetrachlorobenzene-2-diazo-1-oxide (5)
was heated, is the actual species which adds to the triple bond of DMAD to
form the product (7).

Ci + _ cl _ Cl E
Cl N=N
~Na c . 1 c
————— . ——— \
130°C
CI Cl O CI Y
Cl Cl Cl
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The initial cycloadduct, 3H-pyrazole (9), formed as a result of reaction
between 2-diazocyclopentanone (8) and DMAD (1), underwent an [1,5] acyl shift
to nitrogen to form dimethyl 4,5-dihydro-7(6H)-oxopyrazolo[1,5-a]pyridine-2,3-
dicarboxylate (10) (86%).4

E

E
Et,O E / \N
Ny = [1,5] acyl shift N
1 N‘N
o}

(0]
9 10

8

Even bicyclic diazo compounds such as diazocamphor (11) undergo 1,3-
dipolar cycloaddition; in refluxing benzene cycloaddition of (11) with DMAD (1)
was followed by a [1,5] acyl shift to afford (12) in 73% yield.5

Me Me M

e Me
Me 0 Me 0
1
N
Nt \ N
11 \ /
\N- 12
E E

2-Diazocyclododecanone - (13) underwent a similar cycloaddition and

rearranged to give the bicyclic product (15) in 89% yield.6
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- . 0
0 abs.Et,0 o]
(CH) 2 (CH), N.
30°C N (CHz)m/( Ny
g —
N -
NN 3<4h, +1 = \ |
E E

The diazoquinone (16) reacts with the triazolindione (17) and the resultant
product eliminates nitrogen readily to form a 1,3-dipole (18) which is trapped
by DMAD (1) to form the spiropyrazoline (19) as the cycloaddition product
(65%).

o}
R N R 0o N .
>=N2 + |l N—Ph ——s >—N: g °
R 16 N R * I N—Ph —— ]r
N>~ N—Ph
17 O \ N

The highly functionalised pyrazole (21) (88%) was obtained by DMAD
(1) undergoing cycloaddition with the diazo group present in diazoacetyl azide
(20).8 Pyrazole (21) is an interesting synthetic intermediate since it could be
converted into a range of compounds, e.g. (22) and (23) by modification of the

substituents and by cycloaddition of the acyl azide.
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N= C '—-—" HN
CON3
20

CON;
E / N
E |
= N\\
23 N
HN\ E
22
N/ CONH,

1.2.2 Azides

Slightly less than a century ago Michael synthesised dimethyl 1-
phenyltriazole-4,5-dicarboxylate (25) when he cycloadded phenyl azide (24) to

DMAD (1),? thus uncovering a facile route to substituted triazoles, which has

since been used very widely.10

E
E
1 =
Ph—N=N=N ——» PhH—N
24 =N
25

N3 N3
26

N3 N >\|/
1 \N/N N/
.1 :ik

28
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o-Diazidobenzene (26) underwent 1,3-dipolar cycloaddition twice with
DMAD (1) to afford the bis-triazole (28) (65%).11 None of the intermediate
monoadduct (27) was reported to have been isolated.

Interestingly, o-azidoaniline (29) was found to undergo not only the
normal cycloaddition but also Michael addition to give the anilinofumarate (30)
in 43% yield.11 Not much was said about this enamine (30) by the authors,
though it could prove to be a useful synthetic intermediate; for example when
treated with tetracyclone (31),12 compounds (32) and (33)
could be formed.

— Ph

- H Ph1
NH Ph Ph NH g Ph

. Ph

N, *

/ =N NN
Ph /
= Ph =
31

30 _

/ 0
Ph
Ph NH
+
32 \
E Ph

Ph

1,8-Diazidonaphthalene (34) underwent cycloaddition twice with DMAD (1)

in a similar manner to 1,2-diazidobenzene; it gave the bis-adduct (36) in 89%

yield when treated with DMAD (1) at room temperature for 14
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days.13 The intermediacy of the monoadduct (35) was postulated but it was not

isolated.

However when 1,8-diazidonaphthalene (34) was treated with ethyl
propiolate (37) for 24 h at room temperature, it afforded the intermediate
monoadducts (38) and (39) in 48% and 17% yield respectively.13

These were then individually treated with excess of diethyl
acetylenedicarboxylate (40) at room temperture for 14 days to afford the bis-
adducts (41) and (42) in 68% and 61% yield respectively.]3 No parallel set of

experiments were carried out with DMAD itself.

N R
Ns M \ / R! R?
N3 N
H-C=CCOOEt 2
37 R 3g|coor| H
34
Et0OOCC=CCOOEt
Et00C N 40
N\ N‘/N 1
N 7 R
\ /7 / R R
N N
EtOOC 41| COOEt] H

R2
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Depending on the nature of the solvent employed, it was observed that
4-azidopyridine 1-oxide (43) underwent 1,3-dipolar cycloaddition with DMAD
either at the azido group or the ring.!* When 4-azidopyridine 1-oxide (43) was
heated at 80'C with DMAD in benzene, the sole product isolated in 7% yield
was the 1,2,3-triazole (44).When 4-azido-pyridine 1-oxide (43) and DMAD were
stirred overnight in methanol 7-azido -2,3-dioxo-pyrazolo[2,1-a]pyridine (46) was
obtained in 5% yield.

N\ /

43

Methyl 7-azido-2,3-dioxopyrazole{2,1-a]pyridine-4-carboxylate (46) is the resuit of 1,3-dipolar
cycloaddition of DMAD to the pyridine-N-oxide ring, followed by a [1,5]-H
shift and elimination of methanol. This reaction is considered to be worthy of
reinvestigation, especially in view of the very low yields of the products

isolated.

N3_©§_6 |

43
N3
=
I — MeOH
N\,—E

48
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Compound (46) could form tetracyclic compound (48) if treated with o-
phenylene diamine (47). This could undergo further reactions, for example 1,3-
cycloaddition with alkynes.

6,7-Diphenyltetrazolo[1,5-a]pyrazine (49) underwent reaction with DMAD
when heated at 70°C in chloroform for 15h to give the simple product of
cycloaddition (50) (15%) to the open azido form of (49).13

P N,
P N X
| + ECECE —0 & |
W 7NN
Ph -
Ph N N" Ny
50 =
49 E)\<

\
N== NI
E

1.2.3 Nitrile Oxides

One of the most important routes leading to the formation of isoxazoles
is the 1,3-dipolar cycloaddition of alkynes to nitrile oxides. Since this reaction
has been extensively reviewed10it will not be treated in detail here.

Benzonitrile oxide (52) generated in situ, reacts with DMAD (1) to form
the isoxazole (53) (72%).17

Ph

E
Ph=C=N—OH EiN + — . EC=CE
| ——[ Ph—C=N—0 | — \
Cl g <’
E
No
53

DMAD undergoes an analogous reaction with the nitrile oxide (85) to
afford the isoxazole (56) (33%). The authors have also observed that the nature
of the product formed in this reaction depends on the order of addition of the

reactants, to give either isoxazole (56) or the vinyl iodide (57).18
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H-C=N—OH , EC=CE 28N \c=c<

1 W

42%)

E

Oxalonitrile bis-N-oxide (58) underwent cycloaddition readily with DMAD
to afford the bis-adduct (59).1

It was also observed that both phenylacetylene (60) and diphenylacetylene
(61) underwent 1,3-dipolar cycloaddition with oxalonitrile bis-N-oxide (58). The
cycloadducts (62) and (63) thus formed then underwent dimerization to afford

the furoxans (64) and (65).1° This type of reaction was not observed with

DMAD.
— +
O—N=(C R
Dimerisation
-+ _*r = PhC=CR N/: ; _—
O—N=C —C=N—0 \0 Ph
58 60 R=H
61 R=Ph

62 R=H
63 R=Ph
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1.2.4 Azomethine Ylides

3-Pyrrolines can be synthesised by the addition of azomethine ylides to
the triple bond of alkynes. Azomethine ylides are usually unstable and are
generated in situ. Azomethine ylides (66) and (67) have been isolated.20

O

/,ﬁ'/

66 E E
67
The imine (68) rearranged thermally when refluxed in methanol, to afford
the azomethine ylide (67) which underwent 1,3-dipolar cycloaddition with DMAD
to afford the spiropyrroline (69) (92%). On hydrolysis this affords the
spiropyrroline (70) (83%), which gave methyl tri(methoxycarbonyl)-pyrrole-2-
butyrate (71) (89%) on refluxing in methanol with phosphoric acid.2! The
formation of compound (71) is believed to proceed by the elimination of HCN

from (70) followed by [1,5]acyl shift and the cleavage of the amide bond.

o)
EN] A, MeOH (
— 67

E EC=CE

NY 1

CN

68
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DMAD (1) reacts with cis-2,3-diphenylaziridine (72) to form dimethyl 2~
[1-(2,3-diphenylaziridinyl)]-maleate (73) (85%) but with trans-2-phenyl-3-
benzoylaziridine (74), pyrrole (75) was obtained in 80% yield.22

EC"" CE v

H N ——>
i >—<
H
PhCO, A EC= CE
o L -———>
H N “Ph / \
I PhCO

74

DMAD (1) reacts with cis and trans aziridine (76) and (77) to form
pyrrole (78) and pyrroline (79). On heating with selenium dioxide at 200°C,
pyrroline (79) is converted into pyrrole (78).22

—- - PhCO Ph
PhC H \
Hu‘ '.Ph —_— H
N .
|
CeHn1
77
E
PhCO

CeH11
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Oxazolium-5-olates (81), otherwise known as "miinchnones," behave as
masked azomethine ylides. Their synthetic potential is exemplified by the
formation of (82) in 76% yield when proline (80) is heated with DMAD (1) and

acetic anhydride at 130°C; presumably the oxazolium-5-olate (81) is the

intermediate.23
O L
COOH [- 0
- N,
NH 1
————— N)\ Me > \ / Me
+
-CO,
80 E E
- 81 - 82

The Reissert salt (84) generated in situ from 2-benzoyl-1,2-dihydro-
isoquinaldonitrile (83) reacts with DMAD (1) to form the isoquinoline (85) in
90% yield.24

S HBF, N BF” X
Ne _Ph — N{__Ph N
CN O 0 84 o
83

Quinoline Reissert compounds underwent 1,3-dipolar cycloaddition less
satisfactorily than the isoquinolines. This was illustrated when the quinalonitrile

(86) was treated as above, to give the quinoline (88) in poor yield.24
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1
x
N ZHNCQ. N
— -
COPh P’ O 88 /o
86 87 a0%) E

1.2.5 Azomethine Imines

Alkynes react with azomethine imines to give 3-pyrazolines which

usually undergo spontaneous aromatisation to pyrazoles.

R

R R
R} — 2,3
- RC=CR R! RR” R_~A
$ N—R! ————= N-R? — N-R*
R2 N/ R2 N/ —_— /
] I.(:; N

R3 R}

Sydnones (89) are azo imines which react with DMAD (1) to afford
pyrazoles and carbon dioxide.?

————
. N —-COo
N—R [ o 2 N
R 89 E ) E
- 90 91
R R'| Yield
of 91

Ph H 92%

PhCHz | H| 93%

Ph Me| 100%
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1-Alkylbenzimidazolium-3-imines (92) reacts with DMAD (1) to form the
primary cycloadducts (93); these lead to the formation of the ring opened
pyrazole (95) (pathway b), rather than formation of pyrazolo[1,5-a]benzimidazole
derivative (94) by pathway a. The driving force for the ring opening reaction,
pathway b, was considered to be the relief in strain of the [6.5.5] fused ring

system.26

Rl

|
N Rr2
N
> |— E
/ N |
N+ \
) N
/ E
H -
93 \patiway b
1

Rl
1|\1 % NHR
O: E pathway <j( R?
= a
N?t( X—E
94 N= E 95 \

N—
E

R! R? | Yicld %

Mc| H 57%

Et| H 33%

Me Me 28%

Et Me 28%

Similarly, 8-methyldibenzo-[1,3a,6a]-triazapentalene (96) reacts with
DMAD (1) to give cycloaddition products.2” The nature of the cycloadduct
depends on the experimental conditions. Here the dibenzotriazapentalene system

appears to behave partly as a cyclic azomethine imine, to give the expected



27
ALKYNE CYCLOADDITION REACTIONS

adduct (97) in 60% yield. Another product was also isolated and this was
claimed to be (98) (32%) formed as a result of a Michael addition reaction of
(96) to DMAD. This product is worthy of reinvestigation. Compound (96) reacts
with DMAD in refluxing dichloromethane for 12 h to form a 1:2-adduct (99)

(60%), whose structure was not confirmed by the authors.

Me
N
\N/ + EC=CE CHzClz \
I:I_ cat H2$O4
96 / E
97
CH,Cl;,
12h

[1,2,4]Triazolo[1,5-a]pyrimidinium-2-olates (100) react with DMAD in
refluxing xylene for 24 h to give rise to pyridine derivatives (103). The 3-methyl
derivative (100a) underwent a 1,3-dipolar cycloaddition with DMAD to form the
cycloadduct (101a) which underwent a hetero Diels-Alder reaction with DMAD,
followed by fragmentation of the pyrimidine and triazole rings of the adduct to
afford the carboxamide (103a) in 62% yield.28
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1

Rl
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P + EC=CE
Rl T ————
2
100 R

a R'=H, R>=Me
b R!=R%= Me

The trimethyl derivative (100b) underwent an entirely similar sequence of
reactions when treated with DMAD.

Reductive cyclisation of the thiazole (104) gave the azomethine imine
(105) which underwent cycloaddition with DMAD to afford the 1:2-adduct,
dihydroindazole (107), in 82% yield.2%

COOEt
/
S
NO;, N/ —
P(OEt); _N—-y#
104 B
— 105
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N-Iminothiazolium ylide (109), generated in situ by the action of
triethylamine on 3-aminothiazolium mesitylsulphonate (108), reacted with DMAD
to form the pyrazole (111) and not the diazepine (112).30:31

MesSO; s H E N/
O =1 | O |-
N"’ El3N N
NH2 NH N E \ S
108 |
109
110 111
s. H E .
w7
N
\
Ne— E
E
S HE
/> EC=CE @:
113
E E E E
/N [
Raney -Nickel N
/ E N/N N/
E -S
S
115 116

DMAD is said to undergo an analogous reaction with the azomethine
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imine (113), generated similarly, to form the diazepine (114).3132Based on the
work of Potts just cited, the structure of the product (114) must be
questionable, and a more likely structure, by analogy, would be (115). This could
be investigated by desulphurisation of (115), which would presumably give the
N-phenyl compound (116).

1.2.6 Azimines and Azoxy Compounds

These potential 1,3-dipoles have as yet been much less investigated. 1,3-
Dipolar cycloaddition reactions of azimines are less well known, probably
because azimines have not been known for very long (since 1970), and the
initial 1,3-dipolar adducts of azimines have three saturated contiguous nitrogen
atoms and the instability of this type of species could lead to various secondary

reactions.

O _F—coom: O cooe O
A II'I‘Lr —_— If . E N
O : N4 | e N—F
. \ _ /
’ E
117 E E
— 118 -
, 1
E=coopr '!?

Benzo[c]cinnolinium N-ethoxycarbonylimide (117) gave the product (119)
(90%) when treated with DMAD (1); the DMAD has become inserted into the
N-N bond. The most probable intermediate here is the 1,3-dipolar cycloadduct
(118) which has undergone electrocyclic ring opening due to the weak nitrogen-
nitrogen bond.33 The product (119), an extended 1,3-dipole, undergoes further
reaction with DMAD, reacting as a 1,5-dipole.

Depending on the experimental conditions either the triazepine (120)
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(47%) or the diazocine (121) (67%) was formed.34 Compound (121) is said to
be formed as a result of compound (120) undergoing rearrangement via the

highly stabilised diradical formed by homolysis of the N-N bond.
B Et ]

Et
Me
m EC=CE ~
N NE N{N
123 ] )_\(NE
123 E

CHMe B / CHMe B
Me Me
C. O
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The cinnoline 2-imide (122) underwent a 1,3-cycloaddition with DMAD to
form the imine (124) (22%) and enamine (125) (60%). Their formation is
explained by the ring opening of the initial azimine cycloadduct (123) followed
by hydrogen migration from the 4-ethyl group.3’

i O T
0
‘ N, N
I 1 ' E
~ N -_— AN
nitrobenzene,
190°C,3h E
126
127

E \\\\\\
Illlii . E
N)§( 1 O
l O e ﬁ‘
= NN
E
E (T
129 128

The azoxy structure of benzo[c]cinnoline N-oxide (126) is much less

reactive as a 1,3-dipole. It required heating in nitrobenzene at 190°C for reaction
to occur with DMAD. The cycloaddition was followed by electrocyclic ring
opening to form the azomethine imine (128) in very low yield (2%); yield
attributed to side reactions occurring under the vigorous cycloaddition
conditions.36

The azomethine imine (128) could also have undergone a 1,5-dipolar
cycloaddition with DMAD (1) to form compound (129), but this was not
reported by the authors.
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1.2.7 Carbonyl Ylides

Carbonyl ylides are much less stable and are generated in situ. The
treatment of 2,3-diphenylindenone oxide (130) with DMAD afforded the
cycloadduct (132). This strongly suggests the probability of 1,3-diphenyl-2-
benzopyrylium-4-oxide (131) being formed in equilibrium with (130) and
reacting with DMAD as a 1,3-dipole.37 This is an example of an acylcarbonyl

ylide undergoing 1,3-dipolar cycloaddition.

% ] Ph 7 ph /-
0] \O +
) EC=CE ! E
Ph F
0 Ph Ph
LY o)
130
- 131 — 132

Mesoionic, 6 arenes, 1,3-oxathiolylium-4-olates, for example (135), are
prepared in situ from thiocarbonyloxyacetic acids and can be trapped by [3+2]
cycloaddition which then leads to the formation of substituted furans.

For example, carboxylic acid (133) was treated with dicyclohexylcarbodi-
imide (134) in refluxing benzene for 2h to give the 1,3-oxathiolylium-4-olates
(135) which is a carbonyl ylide and adds to DMAD (1) to form the
cycloadduct (136) which loses COS to form the furan (137) (67%).38
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The bicyclic compound (138) is in thermal equilibrium with the
mesoionic carbonyl ylide (139) and dimethyl fumarate (140), its dissociation
being favoured by high temperatures. The carbonyl ylide (139) so generated is
trapped by DMAD (1) to form (141) which undergoes a retro Diels-Alder

reaction to form the substituted furan (142) quam:itativcly.39
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1.2.8 Some Sulphur Containing 1,3-Dipoles

One common sulphur containing 1,3-dipole is the nitrile sulphide,
R-C=N*S". These can be generated as shown.40:41:42

[ Ph—Cc=N—3s
147
i /\
0 N
Ph yd
N0’ 146 S

Dimethyl 3-phenylisothiazole-4,5-dicarboxylate (149) was obtained as the
result of a 1,3-dipolar cycloaddition between DMAD (1) and benzonitrile-N-
sulphide (147). The highly reactive benzonitrile-N-sulphide (147) was generated
in situ by subjecting N-benzyliminosulphurdifluoride (148) to thermolysis at

elevated temperature. 43

X omr
PhH;C—N=S ———[Ph—c=N—s] .
148 F
149

The addition of substituted anhydro-4-hydroxy-thiazolium hydroxides (150)
to DMAD (1) led to unstable adducts (151) which rearranged differently
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according to the nature of the substituents, as shown.44.45

D=

| -S
R N. ,O
. Zay
E  ReRrlzAr,
152 R%=H

5-Phenyl-1,2-dithiole-3-thione (154) reacts with DMAD (1) to form
dimethyl 2-thiophenacylidene-1,3-dithiole-4,5-dicarboxylate (155) (43%) and
tetramethyl 6-phenylthiopyran-4-spiro-2'-(1,3-dithiole)-2,3,4',5'-tetracarboxylate
(156) (44%). Compound (156) is obtained in 93% yield when dimethyl 2-
thiophenacylidene-1,3-dithiole-4,5-dicarboxylate (155) in refluxing benzene is
treated with DMAD (1).46

E
S S E E
S/ S 3 \ 1 S E
1 h P
P
—( —— s gd S I
nzene. —
’ S
o H RT 155 Ph H E
154

156

DMAD (1) adds across the 1,3-related S atoms and it reacts with the
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intermediate in a Diels-Alder fashion. 1,2-Benzodithiole-3-thione (157) reacts with
DMAD (1) to form the analogous spiro compound (159) almost quantitatively.46
In this example the 1:1 adduct (158) was not isolated, presumably because of its

much greater reactivity.

S
s~ E E E
S S S S E
1 \ 1
157
158
159

1.2.9 Related 1,3-Dipolar Cycloadditions

N,N'-bis-3-Oxapentamethyleneformamidiniumdithiocarboxylate (160a) and
N,N'-bis-pentamethyleneformamidiniumthiocarboxylate (160b) underwent a kind
of 1,3-dipolar cycloaddition with DMAD (1) to form 2-(dimorpholinomethylen)-
1,3-dithiole-4,5-dicarboxylate (161a) and 2-(dipiperidinomethylen)-1,3-dithiole-4,5-
dicarboxylate (161b) in (96%) and (92%) respectively.4”

E
/\\. s /\ C=<Sj\
X = — X
/0 W) SN
161

160
160a, 161a X=0
160b, 161b X= CH,

Mercapto-N-arylformimidoylimidazolium (162) readily underwent a similar
type of 1,3-cycloaddition in refluxing THF with DMAD (1) to form the

unsaturated spiroheterocyclic system (163) in 79% yield.48
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Similarly DMAD reacts with (164) to form (165) (79%) which in turn
is converted into (166) by a Diels-Alder reaction of DMAD.49

%@%J\ [}»/*Q

165

J:>Z—<

166
OMe

1.3 1,4-Dipolar Cycloadditions

The name 1,4-dipolar cycloaddition was coined in 1965 for a molecule
a-b-c-d where 'a' is electron deficient and 'd' has at least one free electron

pair.0 The 1,4-dipole reacts with dipolarophiles to form a 6-membered ring.

c\d— e c\d/c

1,4-Dipoles with an electron sextet undergo internal or external octet
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stabilisation;; internal stabilisation occurs if ‘b’ has a free electron pair.
+ .o - + -
a——b—C~—d <-—» a=—b—0~—d

Huisgen50

noted that 1,4-dipoles and their cycloadditions are not as
similar to those of 1,3-dipoles as first appears. In contrast to the 1,3-dipoles, the
electrophilic and nucleophilic centres in the 1,4-dipoles are localised and this
causes definite mechanistic differences.

Since 1,4-dipoles cannot rearrange into mesomeric sextet forms, no double
bond can form between 'b' and 'c. A double bond here would make 1,4-
dipoles like a 1,3-diene which would undergo Diels-Alder reactions.

1,4-Dipolar addition is different from the cyclic electron flow of the
Diels-Alder reaction. Electrons cannot migrate in a cyclic manner if 'c' is a
tetrahedral centre.

Most of the known examples which are classified as 1,4-dipolar

compounds have not been isolated, but are generated in situ from a nucleophile

a=b and an electrophile c=d.
a=b + c=d—+—m a=f)—c—a<:j:*5—5-—c—a

DMAD reacts with pyridine to form tetramethyl 9aH-benzo[a]pyridine-
1,2,3,4,-tetracarboxylate (168). This tetra-ester underwent a [1,5] sigmatropic shift
rapidly to form the 4H-isomer (169). The stability of compound (169) was
attributed to delocalisation of the nitrogen lone pair of electrons into the ester

groups.5 1
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iso -
Phenylisocyanate (171) does not react withAquino]ine (170), but it reacts

with the 1,4-dipole formed by the addition of DMAD (1) to the mixture.>2

N N
+ ECECE ——
ZN 1 = + N_ JE
(

170 H
_ 172 E |
PhNCO 171
ether
x
N
NG LE
H
174 N.
ph”” E
o)

Isoquinoline (170) reacts with DMAD (1) to form tetramethyl 11bH-
benzo[a]quinoline-1,2,3,4-tetracarboxylate (173) in the absence of
phenylisocyanate (171) but in its presence the 1,4-dipole is intercepted to form

dimethyl 2-oxo-1-phenyl-1,11b-dihydro-2H-pyrimido[2,1-a]isoquinoline-3,4-
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dicarboxylate (174) 46% yield.
1.4 Diels-Alder Reactions

Activated triple bonds are good dienophiles which react readily with

dienes. The general diene synthesis may then be represented as follows:0

el —— i I
0 (o]

e m\e/

7~

This reaction has formed the basis of very many useful ring syntheses,

and some of those involving DMAD will be described here.

1.4.1 Synthesis of Substituted Furans

Furfural (175) underwent Diels-Alder reaction with DMAD (1). The initial
cycloadduct (176) was subjected to hydrogenation, followed by pyrolysis to
afford dimethyl 2-formylfuran-3,4-dicarboxylate (178) in poor yield, accompanied
by the evolution of ethylene.53 Compound (178) is formed as the result of the

bicyclic compound (177) undergoing a retro Diels-Alder (Alder-Rickert) reaction

on heating.
E
E E E
1 ——
[/ \S = A 2/ \g + CoHgq

o~ CHO E E o~ CHO

7

175 CHO CHO 178

176 177
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A more convenient synthesis of substituted furans is the cycloaddition of
DMAD (1) to oxazoles.

5-Methyl-4-phenyl oxazole (179) reacts with DMAD (1) to form the
cycloadduct (180) which undergoes retro Diels-Alder reaction to form benzonitrile
and dimethyl furan-3,4-dicarboxylate (181) (69%). Tetramethyl 1-methyl-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2,3,5,6-tetracarboxylate (182) was also obtained
in 10% yield as a result of compound (181) undergoing further Diels-Alder
reaction with the DMAD.>*

p i E] E E
N 1, Atoluene, -PhCN
/ e A
———m -
Me o 13h Ph o MeE 5
179 Me
! 181 Me
180 182

1.4.2 Synthesis of Substituted Benzenes

Aromatic rings are made available by the Diels-Alder reaction of DMAD

(1) with cyclic dienes, followed by subsequent elimination of stable molecules.

Dimethyl 3,4,5-triphenylphthalate (185) is formed when DMAD is refluxed

in xylene with 4,5,6-triphenylpyrone (183), by the loss of carbon dioxide from

the initial cycloadduct (184).55

- - Ph
Ph F o Ph E Ph
+EC=CE —_—
A 1
Ph A, Ph E Ph E
xylene
Ph Ph J E
183 n
184 185
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DMAD underwent a Diels-Alder reaction with the dimethyl ketal (186).
Various substituted benzenes were obtained by varying the experimental
conditions, as shown.3 DMAD also reacted with the‘ ethylene ketal (190) to form
the benzene derivative (192) in 88% yield.%

a I cl
: B . Cl
OR cl E E
+ EC=CE C
] — OR i
Cl OR OR —
ci ci E| kL. « E
igg R=Me | i J R -cr,cuy- COOCH,CH, CI
R= -CH,CHy"- .
20 187 R=Me 192
191 R= -CH,CHy-
R;Ohgsc R=Me
145°C,

-MeCl

Cl Cl
C E C E

188 +
Cl E Cl E
E

cl 188

189

Ratio of 188:189 = 4:1

3-Hydroxyphthalic acid (195) was prepared by hydrolysis of the Diels-
Alder adduct dimethyl 3-acetoxybenzene-1,2-dicarboxylate (194), obtained when
DMAD is treated with trans,trans-1,4-diacetoxybutadiene (193).57

OAc OAc oH
— E COOH
+ EC=CE — —_—
\
1 E COOH
OAc 194 195

193
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1.4.3 Synthesis of Substituted Pyridines

1-Dimethylamino-3-methyl-2-azabutadiene (197) obtained by thermal
isomerisation. of 2-dimethylamino-3,3-dimethyl-1-azirine (196), underwent facile
cycloaddition to DMAD (1) followed by loss of dimethylamine to afford
dimethyl 2-methylpyridine-4,5-dicarboxylate (199) (47%).58 |

)v—NMez —_— | | -NI-IM ez ]
340°C, =20°C N.
0.1 Torr E
NMe; NMe;

197 198

The synthesis of pyridines by the addition of bis-imines to DMAD (1)
proceeds in the same fashion, where the alkyne reacts with the tautomeric
azadiene form.

3-Imino-1-cyclohexylimino- 1-phenyl-2-methyl-3-(4-methylphenyl)propane
(200) underwent Diels-Alder reaction with DMAD (1). This is followed by the
loss of amine to form the substituted pyridine (202).59:60

— 1 =
Ph—C=NR! Ph—C~NHR! : Ph_ NHR
, , il R2 E
— —| R2—C
o =l T | Y
E
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) 201
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1.4.4 Synthesis of Substituted Carbazoles

1-Methylpyrano[3,4-blindol-3-one (203) underwent Diels-Alder reaction
when refluxed for 3h in bromobenzene with DMAD (1) to afford dimethyl 1-
methyl-9H-carbazole-2,3-dicarboxylate (205) (81%). The initially formed
cycloadduct (204) was not isolated as it spontaneously aromatises to form (205)

with evolution of carbon dioxide.®!

H 1 —_ H -
0O E
Z A, 3h,
~° Br_@
1 Y :
H Me H
Me
203 L -
204

205

1-Methylpyrido[3,4-b]indol-3-one (206) reacts with DMAD (1) in
refluxing bromobenzene to form dimethyl 1-methyl-3-ox0-2,3,4,9-tetrahydro-1H-
1,4-ethenopyrido[3,4-blindole-10,11-dicarboxylate (207) (7%) and dimethyl-9H-
carbazole-2,3-dicarboxylate (205) (46%). Here the more stable initial cycloadduct

(207) was isolated in low yields.62
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1.4.5 Domino Diels-Alder Reactions

Another development in the Diels-Alder reaction is the "Domino" Diels-
Alder reaction. In these, one Diels-Alder reaction triggers off another within the
molecule.

When DMAD (1) was added to 9,10-dihydrofulvalene (208) in THF at
-78°C, four products (210-213) were obtained. 9,10-Dihydrofulvalene (208) can
rearrange before undergoing Diels-Alder reaction with DMAD (1). The rearranged
product (209) itself is capable of undergoing Diels-Alder with DMAD. This
accounts for the formation of the major and the minor products. Compounds
(210) and (211) were obtained in 58% and 41% yield respectively, and

compounds (212) and (213) were obtained as a mixture in 4% yield.63
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Another example of Domino Diels-Alder reaction is the reaction that
occurred between [2.2]furanophane (214) and DMAD (1). The resultant
cycloadduct (215) underwent a [2+4] cycloaddition to form the product (216)
(71%).64 When compound (216) was heated at a higher temperature, it

underwent a retro Diels-Alder reaction to give furanophane (214).

' 1 L3
By oS

215 216

214

When [2.2](9,10)anthraceno(2,5)-furanophane (217) was reacted with
DMAD it afforded the Domino Diels-Alder adduct (218) in 36% yield.65

OO -0 01

217 218
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1.5.0 Higher Order Cycloadditions

We have seen many examples of 1,3-dipolar reactions, and examples of
1,4-dipolar reactions. In principle, any 1,3-dipole which is conjugated with
further unsaturated centres, could undergo higher order (1, n)-cycloaddition and
several of these are now known.66

Aziridine (219) reacted with DMAD (1) to form oxazepine (221) (89%).
The proposed mechanism involves a 1,5-cycloaddition of DMAD to the

intermediate acyl azomethine ylide (220).67

COOEt
Me H Me /N +
Me — M
Ac —~— Me e
I thermal

COOEt ring opening
220 COOEl

221

A 1,7-dipolar cycloaddition reaction between diazocyclopentadiene (222)

and DMAD (1), followed by H-tautomerism, gave the fused pyridazine (224).98

N H
. N\N Z SN
* = ——
s ——I L, e
H
E
E
222 223 224 (13%)

The tricyclic ring systems (227), (228) and (229) were obtained in low
to moderate yields when DMAD (1) was treated with the mono-aza (225) and

diaza-azulenes (226) respectively.69
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COOEt 14 % 2%
H 30 % 14 %
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These reactions were considered as 1,8-dipolar cycloadditions.

The expected 1,3-dipolar cycloaddition between DMAD (1) and the
naphthothiadiazine (230) did not occur; instead the product (232) was isolated in
low yield (6%). Compound (230) was considered to have undergone a 1,11-
dipolar cycloaddition to form the initial cycloadduct (231) which underwent

aromatisation to the isolated product (232).34

— S -
N/\N N/\N

230

231 232
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1.6 Crisscross Additions

A 1,3-diene with no formal charges can have at centre 'c' an unshared
electron pair. Rotation of the b-c bond through 90° until the © plane of the
double bond c=d is perpendicular to the a-b-c plane gives rise to an allyl
anion type system. During cycloaddition to e=f there is charge migration which
transfers electronic charge from 'a' and 'c' to centre 'b'. Thereby creating a 1,
3-dipole b-c-d (233) as a 1:1 adduct which can undergo further cycloaddition
with dipolarophile g=h that is either identical to or different from e=f.70

- N
b d /- =h
a” \/ a/b\+ g=h a/b\ |
— | d | c/d
+ e~ —
e=f e\t/
233

The "crisscross" reaction or the (1,3-2,4)-addition was first described in
1917.71a Azomethine imine (236) was postulated as the key intermediate in these

crisscross reactions.’1b

R
_ R, R
R A=B B\%
235 / R
R /N\/\ Al — NP
Y R >(N' + 235 YN—B
R R R R 'R
234 236 237

For example, benzophenone azine (238) in refluxing acetonitrile underwent
addition to DMAD (1) to form the conjugated azine (240) in 82% yield via the
crisscross adduct (239) which had undergone electrocyclic ring opening twice to

form (240).72
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Azo alkenes react with enamines to form azomethine imines which
undergo the crisscross reaction.”3 An example which illustrates this is the
reaction between the azo compound (241) and enamine (242). The labile but
isolable azomethine imine (243) reacts with DMAD (1) to form the crisscross

cycloadducts (244) in good yield.”3

- NR; N
N NR
4 2422 243 \X \x
)l( 241 244
242 a b

241 X

a COO'Bu NR, [b Q

b Tosyl 1 !

Hexafluoroacetone azine (245) reacts with 1-ethoxypropyne (246) to form
the azomethine imine (247) which undergoes reaction with DMAD (1) to the
crisscross cycloadduct (248) (52%).74
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1.7 Summary

Cycloaddition reactions of the important electron-deficient alkyne, dimethyl
acetylenedicarboxylate (1), to various selected systems have been briefly reviewed.
The cycloaddition reactions of DMAD (1) to 1,3-dipoles, 1,4-dipoles, and dienes

are seen to provide a wide range of synthetically useful processes.
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CHAPTER TWO
Norbornadien-7-ones
2.1 Introduction

The chemistry of bicyclo[2.2.1]hept-2,5-dien-7-ones was briefly reviewed
in 1967 by Yankelevich.”> The bicyclo[2.2.2]hept-2,5-dien-7-ones, obtained as a
result of Diels-Alder reactions between cyclopentadienones and alkynes, are
usually unstable and the product undergoes extrusion of carbon monoxide to
form an aromatic product. The decarbonylation of (249) to give a substituted
benzene is an example of a cheletropic reaction which is predicted to occur by

a disrotatory mode if fragmentation follows a linear path.”®

R! R! - R!
2 [ 2
R R R R2 R
0 RC=CR —Co
—_ B ——

R R* R? R R’ R

R4 4

- - R
249

Chemists have been trying to isolate these initial Diels-Alder adducts for
the past fifty years. Many have reported the isolation of the adducts, but their
results were later found to be incorrect. Many have tried and failed to isolate the
parent norbornadien-7-one (250). It has been reported recently that norbornadien-
7-one (250), formed by photolysis of (251), can be isolated in an argon matrix
at —81°C.77 Compound (252) when treated with N-phenyltriazolinedione (253)
gave the adduct (254) which was converted into the azo compound (255).

Compound (255) on photolysis gave norbornadien-7-one (250). Compound (250)
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was also prepared in an analogous sequence starting from compound (256).78
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2)CuCl,
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OAc 254
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256 |
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. ﬁ. Ih»-— gﬂj

The iron tricarbonyl complex (259) of norbornadien-7-one was

synthesised and characterised. It is stable below 0°C and the carbonyl group

behaves as a normal ketone;79 some of its reactions are illustrated.
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Compound (261), with one of the destabilising double bonds replaced by
a cyclopropane ring, was isolable. It had a half-life of 10 min at 30°C.80 It is
definitely more stable than the parent norbornadien-7-one (250) and the iron

tricarbonyl complexed norbornadien-7-one (259).

o
) (T
Ph
COOH
’ Ph Ph

261 263
262

Compounds (262) and (263) were two of the earliest bridged adducts
claimed to have been isolated, but these were later found to be incorrect.

The first authentic bridged adduct to be isolated was 2,3,5,6-
dibenzonorbornadien-7-one (264), but this was not fully characterised as it
extruded carbon monoxide very readily to afford anthracene (265).8! Recently
mono- and di-nitro derivatives of compound (264) have been synthesised and

isolated and found to be somewhat more stable than (264) itself.82
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RO==

Another bridged adduct (266) was characterised but found to be stable
only below —40°C.83

Ph N/<
:

266 R=p-MeCgHy

267a R=R=Ph, 268
b R,R =-CH=CH-CH=CH-

The isolation of compounds (267) and (268) has been claimed but
whether these compounds were actually isolated is highly questionable, in view
of experimental inconsistencies in the papers®4-86 (see Chap.6 for discussion of

this work).

N R!
>s
/4
269 Rl= R2= Me
270R'=R:=Et

271 R!= Ph, R%= Me
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However, compounds (269), (270) and (271) have very recently been

isolated, fully characterised, and found to be stable at room temperature.87

2.2 Stability

The instability of norbornadien-7-one (250) has been greatly debated in
the literature. It was found to have a similar framework to norbornan-7-one

(272) and the C;-C;-C, angle, 6, is ca. 96-97° in both cases.”

\7 ©

6 2

sV 4 N5
272

Norbornan-7-one (272) is stable even though it is a strained ketone.
Introduction of a double bond changes the stability and norbormen-7-one (273)

lies in between compounds (250) and (272) as far as stability is concerned.88
o) 0
\Bﬁ Bﬁ B\ N
272 273 250

Ready thermal and photochemical decarbonylation of compound (273) supports
the fact that compound (273) is less stable than (272).
Factors invoked in order to rationalise the ready decarbonylation of

compounds (250) and (273) are:
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a) relief of strain
b) stabilisation of excited intermediates
c) formation of thermodynamically stable products
and d) repulsive interaction of the m-orbitals of the olefinic bonds

and the carbonyl bond.

== [0-O

The mono-ene (273) is more stable than diene (250) because in the

former this repulsive interaction is partly overcome by the bending of the
bridged carbonyl towards the saturated Cs-C¢ bond; in the case of the latter this
is not possible.

Unstable organic molecules with ©t electrons can sometimes be stabilised
and isolated as ligands on a transition metal into the system. A classic example

is the stable cyclobutadiene-iron tricarbonyl complex (274).

h

Fe(CO)s

274

Tricarbonyl(norbornadien-7-one)iron (259) was found to be more stable
than norbornadien-7-one (250). This is attributed to the fact that the electron
density on the olefinic bonds is reduced due to the "forward-backward" =
bonding postulated for transition metal complexes. Reduction in electron density

on the olefinic bonds means reduction in the unfavourable ®t cloud interaction
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and this in turn means that complex (259) is rendered much more stable than
the uncomplexed compound (250).79

The stability of complex (259) might also be due to other factors.
Concerted loss of carbon monoxide from the norbornadienones is allowed by
disrotatory transformation, but the analogous transformation might be not possible
for compound (259) as a result of metal-olefin bonding.79

The decarbonylation of a series of cyclopropane fused norbornanes has

been studied.3?
(o) (0]
(o) (o)
| Cl
261 275§ 276 277
C\ C\
278 279 280

The ease of decarbonylation of these, and related compounds was found to
decrease in the order:

(261) > (275) > (273) > (276) > (277) > (279) > (280), (272), (278)

The decarbonylation of the endo isomer (261) proceeds via a concerted
mechanism involving participation of the C)-C(4) cyclopropane bond while the
exo isomer (276) decarbonylates via a non-concerted mechanism involving no

stabilisation of the transition state by the cyclopropane bond.39
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In the endo ketone (261) the orbitals forming the cyclopropane bent bond
between C, and C, are ideally situated for interaction and subsequent m-bond
formation with the developing = orbitals at C, and Cs. The geometry of the
cyclopropane ring in exo ketones does not allow overlap of C,-C4 bond orbitals
with the developing m-orbitals thus here only the C¢-C, m bond is involved in

the decarbonylation. %0

In the norbornadienone (250), ben<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>