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Acetylene is a poor dienophile reacting only with difficulty either thermally with dienes to give
products derived from (4 + 2)-cycloaddition or photochemically with olefins to form
(2 + 2)-cycloaddition products. I-’ Nonetheless many compounds formally derived from acetylene
cycloadditions are useful intermediates and/or interesting molecules. In fact, as represented in
Scheme 1, cyclobutene, 1 ,Ccyclohexadiene and bicyclo[4.1 .O]hept-3-ene may be regarded as formal
cycloaddition products of acetylene to ethylene, 1,3-  and 1 ,Cbutadiene respectively.

Of particular interest is the synthesis of molecules derived from the cycloaddition of acetylene
to cyclic 1,3-dienes (Scheme 2). The forced configuration imposed by the polycyclic skeleton results
in interactions between the orbitals of the l+diene, causing these systems to exhibit peculiar
behaviour and reactivity. An example is given by the photochemical intramolecular
(2 + 2)-cycloaddition of norbornadiene (1) (n = 1 in Scheme 2) to the strained quadricyclane (2).
This reaction is being actively investigated as a way of solar energy storage since quadricyclane
may be catalytically reverted back to norbornadiene with evolution of heat.’

Another important characteristic of monocyclic or polycyclic 1,Cdienes is the so called
di-z-methane or Zimmermann rearrangement.’ This process may be in competition with the afore
mentioned intramolecular (2 + 2)-cycloaddition,  depending on the structural characteristic of the
given molecule. As illustrated in Scheme 3 for a bicyclic diene this rearrangement affords vinyl-
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cyclopropanes 3 through postulated diradical intermediates. This photorearrangement remains a
fertile field of mechanistic studies.

Polycyclic 1,4-dienes are also good hgands for transition metals and a large number of studies
in this field has appeared in the literature. This property is also related to the geometry of the two
double bonds in the molecule. Some of the complexes show antitumoral activity.

The addition of electrophiles to the double bonds of these polycyclic systems usually occurs with
skeletal modification. Wagner-Meerwein rearrangement of the intermediate carbocation can be
competitive with the formation of the unrearranged product (4) and the nortricyclane type product
(6) (Scheme 4).
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Scheme 4.
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Furthermore the synthesis of individually important molecules such as those illustrated in
Scheme 5 entails at least one step in which an acetylene has been introduced in a cycloaddition
reaction.

On the other hand cyclobutenes and bicyclo[4.1 .O]hept-3-enes, formally derived by (2 + 2) and
homo (4 + 2) additions of acetylene to an olefin or a l,Cdiene,  are equally important. An example
is given by the oxa-di-n-methane rearrangement of systems such as 16 (Scheme 6) that can be
obtained through cycloaddition of an acetylene synthon to a cyclic enone (several examples are
reported in the following sections). The tricyclic systems thus obtainable have a ketone group which
can be subjected to further modification. Cyclobutenes are also useful starting materials for the
preparation of cyclic 1,3-dienes  via the route shown in Scheme 7.

As anticipated, since acetylene itself is practically unreactive in cycloaddition, a variety of
acetylene equivalents in cycloaddition reactions have been devised by several authors. Reasons for
these synthetic efforts lie also in part on the safety hazard of handling gaseous acetylene at the high
reaction temperatures and pressures that are normally required. A good acetylene equivalent can
be defined as a reactive dienophile whose adducts can be readily converted to olefins. This concept
is illustrated for a 1,3-diene in Scheme 8.

The available methods for the insertion of an ethylenic bridge by cycloaddition reactions are
reviewed and the effectiveness and limitations of each procedure evaluated to give an overview on
the methodologies available to meet this synthetic challenge.

Significative examples where the adduct between 1,fdienes and the acetylene equivalent is
reduced to a saturated (substituted) cyclohexane and then eliminated to a cyclohexene (Scheme 8)
will be also discussed. In this case the acetylene synthon is actually an ethylenic one but the
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Scheme 8.

unsaturation has been introduced with the dienophile. However, as shown in Scheme 8, the crucial
step is the introduction of an acetylene equivalent.

As in most of the cases the conversion of the initially obtained product to the “formal acetylene
cycloadduct” amounts to the creation of an unsaturated centre, two types of acetylene adducts
must be considered. In one case (type A) no reactive double bonds are present in the vicinity of
the forming olefinic bond, while in the other (type B) a 1,Cdiene is being formed. As will become
clear later, while it is relatively easy to synthesize molecules of type A, many more difficulties may
be encountered in the preparation of dienes of type B. Indeed thermolytic procedures for

q  bLzb A5/
type A molecules type B dienes

preparing dienes of type B are in general of little use since the retro Diels-Alder process is often
the predominant reaction path. Furthermore the formation of lactones is frequently observed when
the elimination step deals with endo carboxylic acids. These facts limit the number of mild and
effective acetylene synthons and make more valuable those which are able to afford type B dienes.
The present review will give them special emphasis.

The layout of the sequence of reagents was dictated in general by the method of removal of
the functionalized groups leading to the formation of the carbon-rbon double bond. Thus,
reagents necessitating oxidative processes are followed by those in which no change in net oxidation
state is observed and then by those in which a reductive treatment is necessary. However, since
in many instances this formulation cannot be observed, priority was given to the type of synthon.

CYCXOADDITION  OF ACETYLENE
A few examples of acetylene cycloaddition will be discussed in this section mostly to define the

limit of reactivity of the parent molecule. However, it has to be pointed out that most chemical
laboratories lack the sophisticated equipment required to work under the forcing conditions
needed, if the necessary safety requirements are obeyed. Nonetheless procedures involving gaseous
acetylene are of importance in industrial processes for the preparation of large amounts of special
chemicals.

Norbornadiene (1) can be obtained in 64% yield via (4 + 2)-cycloaddition  of acetylene to
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cyclopentadiene at 280-300” and 10-12 atm. lo These drastic conditions are effective also for the
preparation of the methyl substituted norbornadienes 18 and 19.”

Q\ I R
R'

HCICH R&b- R'
/

(eq. 1)

R=H R'=Me
R=Me R'=H

18 R=H R'=Me
1 9  R=Me R'=H

Non-cyclic dienes show a lower reactivity towards acetylene and a metal catalyst is necessary.
These reactions have been already discussed in several reviews’-’ and we shall present here only
a few representative examples. Acetylene and 1,3-butadiene afford, in the presence of a catalyst,
the tricyclic hydrocarbon 20” (eqn 2).

Ni/PPh3
AlEt

+  2  HClCH -
ca.60%

(eq. 2)

20

Also homo-(4 + 2)-cycloadditions have been reported and sometimes the structure of the products
depends upon the nature of the catalyst. For example, acetylene with norbornadiene mediated by
Co(acac)3/Et2AlCl/bis(1,2-diphenylphosphino)ethane  produces deltacyclene (11)13  while 21 is ob-
tained when Ni(Co)Z(PPh3)z 22 is used.14

6\
21 23

Cyclohexadiene, the higher homologue of cyclopentadiene, but not as reactive, marks the
borderline of reactivity of acetylene with cyclic dienes. In fact it does not cycloadd with acetylene,
preferring to dimerize to the tricyclic hydrocarbon 23. In this case the conjugated double bond of
cyclohexadiene is a stronger dienophile  than acetylene. The cycloaddition can however be
promoted by y-radiation,‘5 to afford the (2 + 2)- and the (4 + 2)-cycloaddition  products 24 and 25
(eqn 3).

00 Y-rays /

cn
+

\ Lb/
(eq. 3)

24 (27.5%) 25 (1.5%)

Photochemical (2 + 2)-cycloadditions  of acetylene are indeed possible but they are almost
exclusively limited to cyclic enones. A pertinent example is the formation of 26 reported by Murata
et aLI6 which is a key step for the preparation of the interesting ketone 27 (eqn 4).

.,4 + F+ hv &JO A’2o3x & (eq. 4)

AcO
26

OAc
27
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Propellane 28 has been prepared by this direct route and has been used in cycloreversion studies
by Maier17 (eqn 5).

Br
hv 0

HCECHc
77%

(eq. 5)

28

The effect on the norcaradiene-cycloheptatriene equilibrium caused by the introduction of a
cyclobutadiene in 29 has been recently studied.‘* The required starting material was made available
by photochemical cycloaddition of acetylene to the homoquinone 30 (eqn 6).

30 29

The interesting hydrocarbon pterodactyladiene 13 was prepared by Martin” through double
addition of maleic anhydride to acetylene and subsequent manipulation of the adduct (eqn 7).

0 0 0

i” + - - (eq. 7)
CH

210 c 0 Da 0 gJ+Q?

0 0 0
13

A rare example of cycloaddition of acetylene to a differently activated double bond has been
reported by Ghosez et al. (eqn fQ20 Other similar reactions have been reported by the Ghosez
group.

>cMe,p Cl

MX HC=CH d
l&e2  X-

I
MX = AgBF4 77%

= ZnC12 80%

(eq. 8)

A class of acetylene equivalents that must be included in the section of the parent one is that
of the silyl derivatives.2’ These acetylenes should not have much different reactivity toward
cycloaddition but they are much safer and easier to handle. Some examples of cycloaddition of
silyl derivatives have been reported= (eqn 9).

(eq. 9)

X=H 87%
= Cl 93%
= F polymers

As expected the trichlorosilyl derivative is more reactive. However the adduct was not
protodesilyated to norbornadiene. The doubly-substituted silylacetylene 31 has proved useful in the
following cycloadditionsz3  (eqn 10).
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6 Ye3
/

(CH2)n + !

SiMe
3

X = CH or N 31

The reaction, as in the case of the parent acetylene, is catalyzed by a cobalt complex. The same
reaction works with cyan0 derivatives with the ultimate formation of pyridines.24

Disilylacetylene 31 has also been successfully photochemically cycloadded to a number of
enone-type alkenes.25,26  The maleic anhydride adduct was further transformed into the polycyclic
anhydride 32.27  Photoexcitation in an argon matrix at 10 K did not afford tetrahedrane (eqn 11)
but cyclobutadiene instead.

h4e3Si 0
E 1 Ohv

Me,Si 0
kz 0

0
- F-

Me35
0 Mei ? 0

K
0 &

@
(eq. 11)

0
32

a,~-UNSATURATED DICARBOXYLIC ACIDS AND DERIVATIVES

Maleic anhydride is one of the most widely used dienophiles owing to its high C=C reactivity
given by the cis-locked conformation and by its thermal stability that allows reactions also at high
temperature; Indeed most dienes have been added to maleic anhydride.= The cycloadducts can be
hydrolyzed to the corresponding cis-dicarboxylic acids under standard hydrolysis conditions. Since
the diacid is usually poorly soluble in aqueous solvents, a base-acid sequence affords crystalline
products in high yields.

Obviously the dicarboxylic compounds correspond to the cycloaddition product of maleic acid
to the same diene; however maleic anhydride is generally used in preference in standard synthetic
procedures both for the higher reactivity and for the low solubility of maleic acid in the standard
solvents used for Diels-Alder reactions. The selected examples reported here are subdivided
according to the methods of decarboxylation; hence decarboxylative procedures dealing with
diacids may refer to adducts obtained by both methods. Furthermore since no special stereo-
selectivity is observed in the decarboxylation, the adducts obtained from fumaric acid cycloaddition
are also included in this section.

The already high reactivity of cQI-unsaturated  dicarboxylic acid and derivatives can be further
improved by complexation with Lewis acids such as AlCl,. It follows that this class of compounds
presents one of the highest reactivity in cycloaddition so that they may define the limit of reactivity
of a diene. Unfortunately, as will become apparent later, there are limitations in the subsequent
transformation of the adducts to dienes. This explains why substantial efforts to find easier and
more effective methods of decarboxylation have been expended by several laboratories recently.

(a) Direct decarboxylation of maleic anhydride cycloadducts
Thermolysis. Thermal decarboxylation rarely gives good results unless particularly stable

products are to be formed. This is especially the case of the synthesis of aromatic compounds, but
since the Diels-Alder reaction does not lead directly to aromatic molecules, dehydrogenating
catalysts are often helpful.

Indeed compounds of type 33 (eqn 12) decarboxylate with easeB as shown also by the following
representative examples3S3’ (eqn 13,14).  Another interesting example is given by the photochemical
cycloaddition of dibromomaleic anhydride 36 to N-phenyl pyrrole 3732  (eqn 15).

Photolysis. Photoelimination of CO, and CO is a possible, but relatively unexploited, procedure
for the formation of the required double bond from maleic anhydride cycloadducts. A represen-
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-T 093 (eq. 131
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Pd/C 03: c (eq. 14)

TV
35

36 37 38

tative example is given by the matrix isolation of cyclobutadienes33 as shown in eqn (16). This topic
has been reviewed by Maier.34

(eq. 16)

With lead dioxide. The original method reported by Doering et ~1.~~  has proved successful
only for some saturated cycloadducts of type A (eqn 17). The same authors later reported
difficulties in reproducing the results and a specially prepared PbO, was needed to give consistent
yields of about 19%.36  This method has been used only in a few other cases as for example in the
synthesis of aposantene (42) which was obtained in 15% yield.37

0 Pb02

R490 -T- (eq. 17) ;
R

0 c&20%

41 R = H, OMe, C02Me
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It is likely that the high temperatures required for the reaction promote retro-Diels-Alder
processes rather than the desired decarboxylation in type B dienes. This was confirmed by the
observation by Hine er al. who were unsuccessful in the preparation of 25 from 43 via the planned
sequence illustrated in eqn 1fL3’

4 m2

/ O’;J
0

0
43

0!,e,0 O- J 25

With lead tetraacetate (LTA). This widely used synthetic methodology is usually applied to the
dicarboxylic acids (see later), however, some example are reported in which the maleic anhydride
cycloadduct is subjected to oxidation directly. Van Tamelen and Carty9 obtained Dewar-benzene
for the first time by this procedure (eqn 19).

0

0
hv
-

0
m 0

0
44

LTA
-

20%

(eq. 19)

Yields were usually low and only the exo isomer underwent decarboxylation. In fact the van
Tamelen exo-anhydride 44, obtained through an internal (2 + 2)-cycloaddition process yielded
Dewar benzene whereas the Criegee endo-anhydride 45, obtained from cycloaddition of maleic
anhydride to the cyclobutadiene derived from 46, did not decarboxylate in the lead tetraacetate
reaction” (eqn 20). The endo position of the anhydride ring favours in these cases lactonization
with the oppositely placed double bond giving 47.

fit + )$I - $j$ LTA_ $$fR (eq. 20)

46 0
R = H, Me 45 47

An atypical example is that of the maleic anhydride cycloadduct of benzene 48. This double
adduct, that is obtained photochemically through the reaction reported in eqn (21), decarboxylates
even better as the dianhydride than as the tetracarboxylic acid.4* As pointed out by the same
authors, the product obtained corresponds to the maleic anhydride cycloadduct of cy-
clooctatetraene.

01; 5
[

0/040\
0

MA_ OS -!I!& G (eq. 21)

48 49

From this and the previous examples it seems that the oxidative decarboxylation affects  only
anhydrides bonded to a four membered ring while it is uneffective  with those bonded to larger rings.
This statement has, however, to be tested by a larger number of examples.

With organometailic complexes. The most effective direct transformation of maleic anhydride
cycloadducts into the corresponding olefin is best achieved by the use of the nickel complex
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Ni(CO),(PPh,),  22. The potentiality of this decarboxylative procedure in the preparation of formal
acetylene adducts through addition of maleic anhydride was first realized by Trost.” This method
has subsequently found application in several synthetic processes. In the original procedure both
the oxa- and the thia-anhydride have been tested and a slight advantage for the latter was noticed.
For example norbornene was obtained either from 50 or from 51 (eqn 22).

4

22

0 X0

ds/
(eq.  22)

5 0  x=0 53%
5 1  x=s 56%

The reaction is rather limited in monocyclic systems because secondary products are also
formed, sometimes in predominant yield, as illustrated in the following examples (eqn 23).

0a0 22 ()+o+o
b

28% (eq.  23)

1%

An early application of this method was the regiospecific synthesis of benzonorbornadienes43
that took advantage of the ability of maleic anhydride.to react even with indenes, trapping the iso-
indene present in small amount at high temperature. It should be pointed out that maleic
anhydride or (E)- 1,2-bis(phenylsulfonyl)ethylene (see later) are the only dienophiles capable of
reacting in this way with indenes. The synthesis is illustrated in eqn 24. Yields are fairly good
especially considering that other decarboxylative methods work very poorly. GrunewaldU was able
to optimize this reaction to 91% yield in the preparation of the bridgehead substituted norbornene

R= OMe R’=R”= H

R=R”= H R’= OMe
R=R”= H R’= OMes
R=R’= H R”= OMe

52

Ni(CO),(PPh3)2 22 is also effective for the synthesis of the Nenitzescu hydrocarbon 9 (the formal
addition product of acetylene with the valence isomer of cyclooctatetraene) that can be obtained
in two steps in cu 70% yield.” As shown in eq. 25, hydrocarbon 9 can be used in a rather convenient
synthesis of barralene 7. An-overall yield of 24% starting from cyclooctatetraene has been
reported.45

0 ,-, 2% h9 - 9- ‘hs -co hu b (eq.25)

-0: CI 7

overall 21%
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A synthesis of the homo-snoutene 53 devised by de MeijereNP7  makes use of this method (eqn
26). Also in this case the reported yields are quite good. 53 was then photorearranged to
homo-triquinacene 54 in a reaction similar to the rearrangement of snoutene to triquinacene (see
later).

A recent example that demonstrates the efficiency of this method is the one reported by Murata
et al.” The cycloadduct of maleic anhydride with acepleiadiene 55 was decarboxylated in practically
quantitative yield. The adduct was then transformed in several subsequent steps to the desired
molecule 56, which has been used for electron delocalization studies (eqn 27).

55 0
56

The present methodology, however, cannot be applied in all cases. For example, it has been
reported that 57 failed to give the corresponding olefin and the lead tetraacetate method had tobe
used, with the production of 58 in 28% yield4’ (eqn 28).

0
(eq. 28)

In conclusion this method, when applicable, represents the best synthetic procedure for the
transformation of maleic anhydride cycloadducts. The main limitations in its application are
related to the high reaction temperature (ca 200”) which often causes the formation of side products
of retro-Diels-Alder processes.

With anodic processes. Electrochemical methods are usually applied to the dicarboxylic acids
in aqueous solutions of triethylamine or pyridine, but in only a few cases has the maleic anhydride
cycloadduct been used directly.

An example of this procedure is the preparation of the Dewar benzene 59 used for subsequent
electrochemical studies.B The synthesis is illustrated in eqn (29) starting from the deuterated
a -pyrone 60.

60

MA
““1

hv
(eq. 29)

The electrochemical oxidation yields are often satisfactory, in spite of the harshness of the
reaction conditions. The related anhydride 61, however, does not afford on electrochemical
oxidation the corresponding diene but the lactone 6251 (eqn 30).
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61
6 2  R =  C02Me  R’= t-Bu

R= t-Bu- R’= CO$.k

A synthesis of bicyclo[3.2.2]dienes52 (eqn 31) is also relevant. It should be noticed that only
carboxylic acid derivatives or (E)- 1,2-bis(phenylsulfonyl)ethylene are dienophiles strong enough

0 M A

\/ -

e
4060%

overall

(eq. 31)

63

to react with cycloheptadienes. As reported in the same paper, this procedure has proved useful
also for the synthesis of the interesting ketones 6466.

64 65 66 67

Improvement in the preparation of these dienes and additional examples using Ni(CO),(PPh,),
22 as decarboxylating agent with yields up to 92-97x  has been described.” It is to be noted that
the higher homologue of 63, i.e. 67, had to be prepared through alternative routes due to the
unreactivity of 1,3-cyclooctadiene with most of the c--C dienophiles.

Triene 68 may be prepared starting from ketone 66 but a more direct method has been reported
as illustrated in eqn 32.” Triene 68 corresponds to the (4 + 2)-cycloaddition product of acetylene

69 68

to the tropilidene form of cycloheptatriene. Ketone 71 was prepared via oxa-di-x-methane
rearrangement of diene 72 efficiently obtainable from the anhydride 73 with this technique”*” (eqn
33).

&= &o$+ h’_

70 73 O

(eq. 33)I
hr
-
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(b) Decarboxylation of fwnaric  and maleic acid cycloadducts
As previously discussed cis-dicarboxylic acid adducts  are derived from the addition of a maleic

acid derivative such as the ester or maleic anhydride itself followed by hydrolysis, while a fumaric
acid adduct is prepared from fumaric acid itself or its diester followed by hydrolysis.

With potassium ferricyanide. The oxidative decarboxylation that makes use of this reagent
appears to be limited to the synthesis of polyphenyls (eqn 34). Fieser and Haddadin” reinvestigated
this strategy and reviewed the literature of pertinent work.

P h P h P h P h Ph

?Ph i’h Ph Ph Ph

E=-C02Et

With lead tetraacetate. To overcome the difficulties and low yields obtained with the lead
dioxide procedure of Doering,  Grob et a1.59@’ published a method in 1958 based on the use of lead
tetraacetate as oxidant with much improved yields. This method later found wide application to a
large number of decarboxylationP  of which the more significant are mentioned here. The lead
tetraacetate procedure cannot be applied to the synthesis of type B dienes from endodicarboxylic
acids since lactones are usually obtained instead of decarboxylated products. For example, if the
diacid 74 is treated with lead tetraacetate under the usual decarboxylative conditions, the dilactone
75 is obtained rather than norbornadiene 1. 62*63 The occurrence of this reaction is probably due
to the electrophilic interaction of the lead acetate with the double bond and subsequent ring closure
(eqn 35).

& LTA

COOH >90%

- 4

‘0 -
COOH 0

74
75

(eq. 35)

With the [2.2.2] systems the reaction is also feasible, and it is observed in low yields. Nenitzescu
has reported that the synthesis of tricyclic hydrocarbon 964 and barrelene 765 can be accomplished
by lead tetraacetate decarboxylation. It seems likely that the geometry of the molecule in the [2.2.2]
system is such that the two double bonds are a little further apart so that the possibility of
interaction of the carboxylic groups with the double bond is weaker. Because of the fairly low yields
and the availability of several alternative methods, the preparation of either 9 or 7 via thisprocedure
is not useful.

One of the most interesting approaches to barrelene 7 is that proposed by Jefford.% His
procedure is based on the transformation of the diketone 76, prepared for the first time by Grob6’
and later with improved yields by de Meijere,@’ from the in xe pensive hydroquinone as shown in
eqn (36). In two subsequent steps, described later, 76 is converted into barrelene 7 in 11% yield.

The benzohomologue of barrelene, the hydrocarbon 79, was prepared in a similar way from
/?-naphthol@‘* (eqn 37). However, y&Ids of 80 are poor due to the concomitant formation of a
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lactone in the decarboxylative step. The more direct approach to 79 through direct decarboxylation
of the maleic anhydride adduct of naphthalene,73 has not yet been reported although it appears
to be a reasonable approach. Alternative syntheses of 79 have been reported.74

The next higher benzo-homologue, dibenzobarrelene 82, which corresponds to the acetylene
adduct to anthracene, can also be prepared through a similar route using the maleic anhydride
cycloadduct of anthracene 83sg~69” (eqn 38).

83 81 82

These latter cases corresponds to type A dienes. Examples in which this technique has been used
to prepare type B dienes are more unusual. An interesting example is that illustrated in eqn (39),
in which the outlined sequence has been applied for the synthesis of the levopimaric acid-acetylene
cycloadduct in one of the early stages of the synthesis of more complex natural products. Two
research groups reported almost simultaneously the same reaction. Some minor discrepancies may
be due to small differences in the reaction conditions and could be. regarded as evidence of the
temperamental nature of the reaction. Zalkow and Brannon” reported the formation of only the
lactone 84 and the diene 85 starting from 86 while Ayer and McDonald76  observed the formation
of four products (eqn 39). The fhst authors reported also the synthesis of the related compound
89. Similarly ketones 99” were synthesized in studies related to the synthesis of atisine. A further

Ref. 75

r -

COOMe

86 L
Ref. 76

(-J&f+ ($jko
cm 8 5 EOOMe 8 4

kq 39)

84+85+&+ ($J:
6% 10% .&Me

3
11% COCNe  6%

87 88

application of this procedure to the synthesis of the natural product aphidicolin has recently been
reported. This makes use of the formal acetylene adduct 91.“’

A more in depth study on the potentiality of the maleic anhydride-lead tetraacetate decar-
boxylation sequence is that pursued by Wolinsky and CimarustP” who carefully scrutinized the
best conditions for the decarboxylative step. They could determine that oxygen, which is
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$@ &J g &j@

89
gO, 77b

91

detrimental in monodecarboxylations,‘* is helpful in bisdecarboxylations, considerably improving
the yields. The reactions investigated included, among others, maleic anhydride addition to cyclic
1,3-diketones in the presence of isopropenyl acetate (eqn 40). As represented in detail in eqn (40)
for dimedone. the related olefins shown below have also been prepared in yields of ca X&70%.@

93 R=R'= H
R=H R'=Me
R=i-propenyl_

R’= H

R=R'= H R"= Me
R=R'=Me R"=H
R= H R’=R”= Me
R=R’=R”=  Me
R=R’= Me R”=OAc

R=R”= H R’=Me
’R=R’ =Me R”=H

R=R ’ =R”= Me

Some other examples of the synthesis of type A olefins obtained in this way
The method is also suitable for the synthesis of bicyclo[3.2.2]nonadienes ~i3.*~

R’
0&/

R=OAc R’=H
R=Me R’=i-Pr-

are shown below.

Ref. 80a Ref. 80b.c Ref. 81a Ref. 81b Ref. 70 Ref. 81~ 0

Acetylenedicarboxylates are also useful acetylene equivalents since their adducts  can be
transformed into the same adducts  derived from the addition of maleic acid. An interesting example
is provided by the preparation by Schleyer and Leones3 of substituted deltacyclenes, employed for
the generation of the corresponding cation (eqn 41).

E=-COOMe 95
96 97

98
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By the same route, these authors also obtained deltacyclenone 98, the alcohols 99 and the
pentacyclic ether 100. The same procedure has later been applied by Russells for the preparation
of the parent hydrocarbon 11.

The synthesis of other interesting hydrocarbons, for example basketene 12 and snoutene 10,
have also been achieved via this route. Basketene, in fact, was first synthesized by Masamune” in
the following way (eqn 42). Snoutene has been obtained by Paquettes6**’ and Dauber?’ via a
structural modification of 103 mediated by silver ion (eqn 43).

(eq. 42)

It should be noted that snoutene corresponds to the cycloaddition product of acetylene to semi-
bullvalene (eqn 44). Snoutene 10 can also be converted, albeit in low yield, to triquinacene 104.*9

@ -
c a’ 7 - c%J (eq. 44)

i-’
I :

10 104

Basketene 101 may react further with maleic anhydride to give the set of products described in eqn
(45).90

(eq. 45)

Anhydride 105 can be transformed by lead tetraacetate decarboxylation into the caged
hydrocarbon 106. It is assumed that the other anhydrides of eqn (45) did not give the corresponding
hydrocarbons.

The synthesis of the formal cycloadducts of benzene to naphthalene 107 and 108 has been
achieved through lead tetraacetate decarboxylation of 109.91
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The lead tetraacetate decarboxylation is not stereospecific as shown by Corey” and subsequen-
tly confirmed by Wolinsky69” (eqn 46). Wolfe93  in this context, studied the bisdecarboxylation of

- 82 -
18% 29%

(eq.  46)

deuterated cyclohexadienes, and reported that the trans isomer (obtained via_
cycloaddition/hydrolysis  of fumaroyl dichloride) is more efficiently transformed than the cis isomer
(eqn 47).

R
CD2 D D D D D D

I R= H
LTA R = D  R’=H

R=R’=H
R=Ph  R’=D

(eq. 47)

In a related example, the trans adduct 111 was subjected to lead tetraacetate decarboxylation
in the synthesis of hydrocarbon 112% (eqn 48).

H- !m DFC COCl

-a
COCl

69%

84%

-a

COOMe

COOMe
(eq.  48)

I

OH-/H+
60%

LTA OOH

Yz

112 111 COOH
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It should be noted that the cistrans isomerization from 113 makes trans isomers available from
maleic anhydride cycloadducts.

In addition to the more classical (4 + 2)-cycloadditions the present procedure is also of great
utility in the preparation of cyclobutenes via (2 + 2)-cycloaddition reactions. For example this
method has been used for a convenient preparation of pleiadiene 14%~~~ (eqn 49). Similarly the
related molecules 115 and 116 have been synthesized.”

With anodicprocesses. The following procedure is perhaps the most efficient route for preparing
type B dienes, although it requires equipment which is not always available in organic chemistry
laboratories.g8 The method is an extension of the Kolbe electrolytic decarboxylation. Its application
to dicarboxylic acids derived from cycloaddition of maleic anhydride or derivatives, was reported
almost simultaneously by three laboratories.gp-1o1 Plieninger* carefully studied the electrochemical
conditions for transforming the dicarboxylic acid 117 into the unsaturated compound 80. The latter
was subsequently transformed into more complex molecules.

R= N02.  H 1 1 7  R’=R’=O
R’=R’=- 0-(CH&-O-

At about the same time van Tamelen et al.‘OO  and Dauben et aLlo’ reported the synthesis of a
number of dienes via this route. In every case the yields of unsaturated product were far better
than those previously reported by other methods.

cis-endo 1%1°1 48%1°1 R=H cis-endo cis-endo 37% 101

trans 7% 101
40%1°1 35%loo  ; 36%‘O’

R=H trans 45% 101 trans 53%1°1

cis-exo 15%
101

R=CN cis-endo 48% 101

R=COCEt  cis-endo 40% 101
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The electrolysis is usually conducted in aqueous pyridine in the presence of triethylamine. The
conditions are however very drastic. Potentials of cu 100 V with initial current intensities of cu
1 amp have to be maintained for many hours and the heat evolved must be carefully eliminated
by efficient cooling. Furthermore, and this is perhaps the most serious drawback of the method,
the reaction cannot be carried out in a large scale.

It was later discovered that addition of a small amount of 4-t-butylcatechol  increases the yield
of diene from 30 to 60% in the decarboxylation of 118’02  (eqn 51).

Eh e E
0

65 % - &/
0 E

0

(eq. 51)

118 E=-COOMe

A further improvement was obtained by replacing the usual solvent system for this reaction
with acetonitrile, water, pyridine or triethylamine. In this way the reaction time was decreased
from 12 to 2 h.“’

An interesting later application of this technique is represented by the synthesis of the
hydrocarbon 119 obtained through addition of dimethyl acetylenedicarboxylate and subsequent
manipulation of one of the resulting adductsro3*rM (eqn 52).

120

E=-COOMe
(eq. 52)

l.OH-/H+4 E
2.e-

46.5%
119

The other adduct 121 was used later, also by Paquette, in the synthesis of dodecahedrane.‘05
Its decarboxylation to the very interesting but probably very unstable hydrocarbon 123 has not
been reported (eqn 53).

1 2 2  +jB] -@ -

Another recent application of this procedure has been reported by Gompper’M  for the
preparation of the barrelene derivatives 124-126 (eqn 54). Attempts at the preparation of
2-azabicyclo[2.2.2]octatriene 126 with lead dioxide, lead tetraacetate, or anodic oxidation all
failed.‘07

The 2-oxa  analogue, 3-oxo-2-oxabicyclo[2.2.2]octa-5,7-diene  (127),  is much more unstable. After
intense investigation Plieninger’O* reached the conclusion that if it does exist, it is unstable above
0”. His attempts ranged from anodic odixation to the t-butylperester decomposition either thermally
or photochemically (eqn 55).
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R, O
clpHAN -

T O 40s, i!l--
R 0

H

/ - / 6%%

126

Decarboxylation by this method is also effective in the preparation of 7-substituted  aza-
norbornenes 129’@ (eqn .56). The 2-azasulfonylnorbomadiene 131 has been prepared by

-4 L & (eq.56)

129

125

0

?f

COOH
124 R= Bz

0

85

HN

OOH
COOH

(eq. 54)

0
0IIe R

,--+--- &Q
R

(eq. 55)

128

R=-CO$Bu
R=-COOH,  etc.

127

‘E

130 E=-COOH

R=-Bz

R=-COOEt

i -Tos

R=-COOEt

R=-Tos

R= H

R= Me

Prinzbach”” by the ingenious synthesis illustrated in eqn (57). It served as a method to prepare
azepine 133 through the quadricyclane 132. Furthermore compounds of type 8, 25, 134 and 135
were prepared by anodic decarboxylation and their IP”’ and NMR spectran2  recorded.

E=-COOMe
E’=-COOH
R = - T o s

132 133

(eq. 57)
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Cydobutenes  are also efficiently obtained through this route. Some examples of cyclobutenes
derived by electrochemical decarboxylation of the corresponding diacids obtained through the
maleic anhydride procedure are illustrated.

136

X=Y=H or ha1

With low valent copper and quinoline. Procedures involving copper as metal or low valent salts
and oxides at high temperatures in quinoline have often found application for those systems able
to survive the drastic conditions that have to be employed. It follows that examples are mainly
found in the synthesis of aromatic rings through decarboxylation of phthalic acid derivatives. The
following citations are illustrative.

Dihydro-5,8-indeno(2,1-c)fluorene  140 has been prepared via the use of maleic anhydride as the
acetylene synthon following the route outlined in eqn (58). I” The crucial decarboxylation was
performed with copper chromite in quinoline.

overall 8.2% 140

The very highly sterically congested 1,2,3,4-tetratertbutylbenzene  has recently been prepared by
Krebs’16 with a clever procedure that started from the stable cyclobutadiene 141 and made use of
methyl propiolate as the acetylene synthon. Copper powder was sufficient  for the decarboxylative
step.

R=-Me
R=-H (48%)

64% 63%

Dimethyl acetylenedicarboxylate has been used by Paquette”’ as a reagent for the benzo-
annulation of ketones. Via the sequence represented in eqn (60) for o-(n-propyl)ethyl benzene. The
interesting hydrocarbons 142-144 have similarly been prepared using copper powder in quinoline
in the decarboxylation step.

E=-COOMe 141

142 143 144
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The interesting ring system of the amine 145 has been achieved by the Boekelheide group”* as
shown in eqn (61). The formation of the cycloadduct from pyrrocoline and dimethyl acety-
lenedicarboxylate is unexpected on the basis of orbital symmetry considerations. The related
compound 146 was similarly obtainedn8’ but, in this case diphenyl ether was used instead of
quinoline in the decarboxylative step.

E=-COOMe 145 146

Figeys’19  prepared the dibenzobarrelenes 147 bearing substituents sensitive to other eliminative
procedures in high yields by the treatment of the unsaturated dicarboxylic acid with copper in
quinoline (eqn 62). This method has been recently appliedrM to the synthesis of the tetramethyl

,E’

147 R= Cl
82 R=H

derivative 148, in a key step for the preparation of the presumed planar eight-membered ring
hydrocarbon 149 (eqn 63).

@I$ - & - @ teq- 63)
148 149

With cupric oxide. PaquetteI” devised a method for the decarboxylation of vicinal diacids that
makes use of CuO in quinoline. This method gives improved yields in the decarboxylation of the
following adducts.  However, the use of the high temperatures (the necessity of using quinoline as

E=-COOH

solvent is significant) makes this method useless for type B dienes or for compounds that may
undergo alternative processes. Some compounds in which this procedure cannot be applied are the
dicarboxylic acids derived from 69, 83 as well as others.

With t-butylperoxide decomposition. The method proposed by Masamuner” has not found
many applications despite the promising results reported in the initial communication. The basic
idea was to use the known decomposition of t-butyl peroxyesters into carbon dioxide and t-butyl
alcohol (eqn 64).

t-Bud! -+@3&-B” J- #- +  2C02  +  Pt-BuOH_ (eq. 64)
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Norbomene and cyclohexene have been prepared according to the sequence illustrated in eqn
(65) in 34 and 38% yields, respectively. However basketene could not be prepared in pure form

&COOH  2.  t-B&OH
( e q . 6 5 ) ;  0

CGOH  -
38%

in this way since partial isomerization to the Nenitzescu hydrocarbon occurred, owing to the high
temperatures required.

In an earlier paper Prinzbach 123  had used the di-t-butylperoxide decomposition in the synthesis
of pentacyclo[4.3.0.02~4.03~8.0’~7Jnonane  (150). The synthesis started with the cycloaddition of
acetylenedicarboxylic acid to norbornadiene giving 151 which by photochemical cycloaddition
furnishes the cyclopropane derivative 151. This was decarboxylated as shown in eqn (66) 150
corresponds to the double homoaddition product of acetylene to norbornadiene.

151 E=-CCQH

=-COOMe

=-CO&Bu

In this context, the radical decarboxylations studied by Bartonlz4 offer further reaction
possibilities.

With miscellaneous methods. There are scattered reports in the literature on alternative methods
that cannot be placed in the categories discussed thus far.

For example the diene 80 was obtained through the sequence outlined below (eqn 67).12’ This
method entails dediazodecarboxylation of the diazonium salt derived from 152. This route does
not appear to have been applied in other synthetic sequences probably because of the easy incursion
of side reactions.

Another decarboxylative method of limited application makes use of LiBr in HMPAlz6  (eqn
68). It has been used for the preparation of 153.

(eq. 68)

153
E=-COOMe

Recent work by Rees and Gilchrist12’ leads to the ring system of 154 through the following
reaction sequence (eqn 69). Similarly the alcohol 155 has been reported.*28
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R=E=-COOMe
=-CH2OH

=-CHO

ACRYLIC ACIDS AND DERIVATIVES
Acrylic acid derivatives are largely used as acetylenic synthons because their adducts can be

degraded to olefins by standard chemical transformations. Despite the presence of only one electron
withdrawing group this class of compounds usually presents a high reactivity that can be even
enhanced by the use of Lewis acids as catalysts. lzg The only drawback of the present approach is
the number of steps necessary for the elimination.

One of the first applications is that reported by Grob13’ for the synthesis of
bicyclo[2.2.2]octa-2.6-diene (25). The ethyl acrylate adduct to 1,3-cyclohexadiene was, through
Curtius rearrangement transformed into the amine 156 which, via Cope or Hofmann elimination
gave the desired hydrocarbon 25. Alternatively a phenyllithium procedure is also reported (eqn 70).

COOEt/0 If\ R-
overall

R=-COOEt
=-COOH
=-COCI
=-COMe
=-NC0
=-NHCQOMe

57.6%

1%: R=R’=H
R=H R'=Cl
R=R'=Me

25

cope 55%

Hofmann 40%

PhLi 70%

Other slight modifications of this reaction sequence have since appeared.131 The amine
intermediate 156 can also be conveniently prepared in two steps by cycloaddition of nitroethylene
to 1,3-cyclohexadiene followed by reduction with iron and acetic acid.‘32

The completely unsaturated analogue of 25, that is barrelene 7, was for the first time prepared
by this route by Zimmerman and Paufler. 133 The synthesis entailed double addition of methyl
acrylate to a-pyrone 60, hydrazinolysis, diazotization and Hofmann elimination.

Alternatively the same authors proposed a sequence based on the addition of methyl vinyl
ketone and subsequent transformation of the adduct (eqn 71). The overall yields of the two
procedures are similar.

60 E=-COOMe
=-CONHNH2

=-NH3C1

R=-COMe
=-NHCOMe
=-NH 2

=-NMe31 =- NMe31

It is worthy of note that intensive attempts at the preparation of the barrelene 157 starting from
the a-pyrone 158 through the cycloadducts 159 and 160 were uniformly unrewarding.‘34  The
preparation of 7 from the readily available 16113’ has not been reported.
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160 R=-COOEt
=-COOMe

157 161

Homobarrejene 8 was also for the first time synthesized in a very similar way.13” In this case
acrylonitrile was used as the dienophile. It adds to cycloheptatriene in 44% yield. The sequence
of reactions illustrated in eqn (72) was then necessary to lead to the desired product. The relatively
high temperature necessary for the Hofmann elimination, however caused partial rearrangement
of 8 to the isomeric hydrocarbon 162. It is important to notice that this hydrocarbon, as well as
the lower homologue barrelene, gives photochemically, through a di-x -methane rearrangement, the
fluxional molecule barbaralane. Similarly the higher homologue bicyclo[4.2.2]decatetraene affords
bullvalene on irradiation.

0 + f” 44%_ aR - & + & (eq. 72)

R=-CN R=-NHMe

=-COOH
=-NMe31

=-CHO
=-NMe30H

=-NHCOOMe

Two different methods for the conversion of the nitrile 163, obtained through homo-
Diels-Alder cycloaddition of acrylonitrile to norbornadiene have been reported’37 (eqn 73).

R
route a: 22% hv

11 - 150
route b: 32%

(eq. 73);

163 164

Route a: R=-CN c -CONH2
c -NHMe c -NMe30H  - 11

Route b: R=-CN - -COOH  -O -0~0~~ a 11

The authors prefer the second route for its simplicity and yield. The lower homologue 164 has
also been prepared13’ but via a route that does not involve acetylene synthons. It corresponds to
the homo-cycloadduct of acetylene to Dewar benzene.

The acrylate route followed by Cope or Hofmann elimination can be also used for the synthesis
of norbornadiene.“’ Although the parent molecule is commercially available, this procedure may
be useful when substituted norbornadienes are desired.

An example that shows the potential of this method is represented by the synthesis of the
norbornadiene derivative 165. Its synthesis was not successful with the one reported for 166.
However, as in the preceding example, either Cope or Hofmann elimination furnished the diene
165 in poor yieldlM (eqn 74).

The synthesis of bicyclic dienes with a bridging unit of more than two carbons is somewhat
limited by the low reactivity of monocyclic dienes with more than six carbon atoms. Acrylic acid
derivatives are among the few dienophiles which do react with dienes of this class as for example
cycloheptadiene. Bicyclo[3.2.2]nonadiene 63 was in fact synthesized from the adduct 167 through
the sequence outlined below with some modification over the previous procedures to enhance the
yields. I41
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8\I + f’““~ gR - & (eq. 74); 2

165 166
R=-COOMe

=-CONHNH2

=-NHCOOMe

=-NHMe

Cope 2086

Hofmann D%

=-Nhk2

A recently proposed route to the Nenitzescu hydrocarbon 9 makes use14* of acryloyl chloride
as dienophile because of the higher electron withdrawing ability of the chlorine atom and the
consequent higher reactivity.

A- R --c 63
%-

R 9

167 R =-COOEt

=-CONHNH2

=-NHCOOMe

=-NHUe

=-NMe2

=-NMe$

168 R=-COCl

=-NC0
=-NH2

=-NMe2

=-NMe20

/3-Halogenoacrylic acids 169 are, on the contrary, a group of acetylene synthons whose adducts
can be easily transformed into the olefinic compound by simple treatment with alkali. Roth’43
reported for example the synthesis of the following compounds obtained through cycloaddition of
170.

169 170 19' 171 172

As usual endo-adducts are useless in this context since they lead to lactones. No problems are
encountered in the elimination of 173 to form the type A olefin 82.1U  Yields are, however, poor.

base or

4-24%
(eq. 751

The development of cis- and trans-j?-haloacryloyl  chlorides as acetylene equivalents has been
extensively studied in Coates’ laboratory. 14’ These reagents take advantage of the powerful
activating effect of the acid halide functionality and of the relatively mild reductive fragmentation
of the resulting /I-halocarbonylchloride adducts with (PPh,),Ni(CO),  or with various forms of zinc
(eqn 76).
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X

2611

m + r - & - &  (eq.76)
X

X= Hal

The best results are obtained with the inorganic complex (17-93x yield). Among the cases
studied they reported the formation of acetylene adducts  via the following synthetic intermediates
(176178).

coxRI xa
176 177 178

+

X

ox
& X

cox

A route using /I-chloroacrylic  acid as the synthetic equivalent of acetylene was used for the
preparation of 3,3,6,6-d,-cyclohexadiene in 45% overall yields.‘&

ENOL ETHER DERIVATIVES

This category includes dienophiles of type 17!I-181.  They react, as is well known, very poorly
with typical dienes but are very reactive with inverse electron demand dienes such as 182. Their

179 180 181

adducts eliminate with some difficulty in bicyclic systems. The cases in which they can be utilized
are those where energy gain is achieved through, for example, aromatization.

Indeed, Sauer14’ obtained good results with the Diels-Alder reaction of the tetrazene 182 (eqn
77). Similar results were obtained using 3,6_diphenyltetrazene.

COOMe

COOMe
182

R=-OEt
=-OAc

COOMe1- 3-N2 N ’
I (eq. 77)

-RH 8,

COOMe

An application of the thioanalogue 180 in a cyclobutene synthesis was reported by Kelly and
McNutt.‘” The complete sequence is shown in eqn (78). The cyclobutenone has also been
cycloadded to form 183 and 184.

Further examples have also been reported in the literature in which vinylsuEdes have been
added but the resulting cycloadducts were not transformed into the corresponding olefins. This is,
however, a potentially very convenient method for the preparation of the corresponding un-
saturated compounds. Other dienophiles of this type are discussed in the following paragraphs.
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0
SMe DMSO

quinoline
(eq. 78)

183 ih 184

SR

185149

0

ETX

1861W

THROUGH FORMAL CWLOADDITION OF RRTRNJZ
The following procedures deal .with cycloaddition of a ketene followed by modification of the

ketene cycloadduct to the corresponding olefm. If a (4 + 2) cycloaddition is desired a masked ketene
has to be used since ketene itself preferably adds in a (2 + 2) fashion with 1,3-dienes. Since a recent
reviewr5’ on ketene synthons is available, this part of the problem will be only briefly discussed.

This strategy can be summarised as follows (Scheme 9).

Scheme 9.

There are several ways to convert a ketone into the corresponding alkene by classical chemical
reactions. The problem is whether they are feasible for the actual molecules in question.

One of the first reported cycloadditions of a ketene synthon is once again due to Alder et al.,
who used vinyl acetate. 15’ Although they could prepare the corresponding alcohol, they were not
interested in the dehydration step. Indeed the sequence passing through the alcohol as well as its
obvious modifications like those via the acetate or tosylate were little used. A rare example in which
a modified Chugaev method have been successfully employed is in the preparation of barrelene
devised by de Meijerers3  and illustrated below with overall yields of 20% (eqn 79).

JeffordlH  reported. the preparation of the same compound, but using the Bamford-Stevens
reaction for the transformation of the diketone 76 (eqn 79).

Using the same starting material GomppeP prepared the barrelenone 188, with a similar
procedure (eqn 80) or via other routes (eqn 81,82).
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0
R C N

COOH \

0
0 R=-Cl  or-OAc

\
188 (eq. 81)15’

/

E=-COOMe

E

+

40

20% 0

(eq. 82)l%

Martin”’ succeeded in the preparation of 7-isopropylidenenorbornadiene 189, which presents
a high degree of cyclic homoconjugation, by DMSO/t-BuOK  treatment of the tosylate 190 (eqn
83).

15-20 %
190 189

The parent diene 191 was, however, prepared through a different route (eqn 84) which
does not involve acetylene synthons. ‘58 Its high degree of polarization has been compared to

X= H
x= 0
X= OH

X= OH
= o
= Me
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that of cycloheptafulvalene. The norbornadienes 166, 192 and 193 and the derived quadricyclanes
have also been reported.‘59

The method of choice to convert a formal ketene synthon to an acetylene synthon is that based
on the reaction of the tosylhydrazone with an alkyllithium reagent.‘@’ If the sodium salt is used, this
method may lead to the formation of side products if there are saturated carbons in the vicinity
of the double bond which is being formed. This diversion is due to the possibility of an insertion
reaction involving the intermediate carbene. For example, bicyclo[2.2.2]octa-2,6-diene 25is not
obtained through the decomposition of the tosylhydrazone sodium salt of 195 in synthetic useful
yields. As reported by Grob16” the reaction gives mainly the tricyclic hydrocarbon 20. The lithium
salt gives instead a 67% yield of the diene 25. 161b The alcohol 194 dehydrates in the gas
chromatograph giving the bicyclo[2.2.2]octa-2,5-diene 25.i6ia

0 +  fCoMe_ AR -Ax - /j$ +  2 5

R=-OCOMe 93 x= 0 89%
1% =-OH 195 =-NNHTs  89%

20
(eq.  85)

7,7-Dimethylnorbornadiene 1% and 7-spirocyclobutane norbornadiene 197 have been syn-
thesised by Jefford16*  and de Meijere’63 respectively as shown in eqn (86). Since the authors chose
this methodology to produce these molecules starting from precious starting dienes, this method
is clearly one of the higher yielding procedures.

R R

6\  I +  yyc’- &zl _ zx -c x (eq.  86)

x= 0
Y = - C N  or -CoCl = NNHTs 1% R=R=&f&%

197 R=R=fCH,j3  6%

De Meijereibl  proposed a synthesis of the homo-barrelene 8 through the route of eqn (87); 8
was then cyclopropanated to the bis- and tris-homo-barrelenes l!NM@O,  compounds that show an
unexpected bridgehead reactivity.

X
-8 - + + (eq.  87)

x= 0 198 199
= NNHTs 200

Ha1P5 used acrylonitrile as homo-Diels-Alder dienophile and Freeman and BalP used the
product in the synthesis of deltacyclene 11 (eqn 88).

‘Recently the chiral hydrocarbons l* and 25* have been synthesized via the tosylhydrazone
route.16’ Their synthesis, however, did not utilize an acetylene synthon. It would be of great interest
to have a chiral acetylene synthon available but studies of this objective are not available in the
literature.
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1 6 3  .3_
N NaOH
1-

DMSO

X - 1 1 (eq.  88)

Lb R

1*

201 x= 0
= NNHTs

As R

25+

R= D, Me

The most important applications of this method are in the synthesis of cyclobutenes, as ketenes
undergo mainly (2 + 2)-cycloadditions.

Dichloroketene, formed in situ by different methods, is one of the widely used ketenes. A recent
review exhaustively covers this topic. 16* A representative example is that of Meinwald’6g who
prepared the tetracyclic compound 202 by this procedure (eqn 89).

x= 0 95% 202 203
= NNHTs  76%

The complexity and the strain of the molecule 202 are an indication of the mildness of the
method and clearly emphasizes its potential. The related octavalene 203 is not obtainable by ring
opening of 202, and it has been synthesized by Christ1 and Lang”’ only very recently.

An example in which the mesylate elimination was used is that reported by Grimme for the
synthesfs  of the Diels-Alder self-adduct of benzene 204”’ and the benzen~naphthalene  adduct.“*
The entire sequence for the benzene dimer is reported in eqn (90).

R’ R”
Cl R

9 - z-
R&l R’=R”=O
R=H R’ =R”=O
R=R’=H  R”=OH
R= R’ = H R’LOMes

264

Although not yet reported in the literature, the potentially interesting molecule 205 could be
prepared starting from the ketone 206 obtained through the dichloroketene addition to spi-
rocyclopentadiene.‘73

206 x= 0
=NNHTs 205

(eq. 91)
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THIlEE  MEMBERED RING  REAGENTS

Compounds of type 207-210  might act as acetylene equivalents, if after cycloaddition, they can
expel the functional fragment in form of a stable molecule. Indeed they all possess the attributes

K
0

\s/:: \s/
6%

207 208 209 210

to be strong dienophiles, such as activation of the double bond by electron withdrawing groups
and ring strain. A necessary requirement is that the unsaturated reagent loses the stable fragment
less readily than the adduct. The limitation of these reagents are determined by the diffi6ulty  of
preparation and low stability of the three membered ring heterocycle and hence the scope of the
reaction is limited. A rare example is shown in eqn (92).“’

Ph 0

0 - (eq. 92)

Ph
IBF Ph

0 211

VINYLENR  CARBONATE AND DERIVATIVES
This method has attracted the interest of chemists after the Corey-Winter synthesis of olefins

starting from vi&al diols through the corresponding thionocarbonate.‘75

OH

OH

0
- 0 S

0 - II (eq.  93)

After this first report a number of alternatives to the triphenylphosphine method have been
reported.‘76

The present strategy makes use mainly of vinylene carbonate as an acetylene synthon because
of its rather high reactivity.“’One of the very first reports which covers the complete sequence is
that by Daub et aL”* who applied their method based on Fe(CO),  to reduce the thionocarbonates
212 and 213 (eqn 94). The yields for 8 have been subsequently optimized and the detailed procedure
reported.179

7%
- 8 2 (eq. 94)

212 x=0
=s

Cycloaddition of vinylene carbonate to cyclooctatetraene affords the intersting cycloadduct 214
that can be converted to the olefin 215 through this procedure’80 (eqn 95)Thermolysis of the
polycyclic triene 215 gives the two interesting C&Hn hydrocarbons 216 and 217.

- j$ - ? + .d? (eq-g5)
“-6
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The adduct 214 undergoes an interesting photochemical rearrangement to the carbonates 218
which can be converted to the corresponding oletiic hydrocarbons.‘B’ These may be pyrolyzed to
219; 219e on further photocyclization generates the caged hydrocarbon 220 (eqn 96).

214 -

218a

220 219c 219b

218b

& + %-J (eq. 96)
/

/

219a *

Anderson and Deweyla2 reported for the fist time the synthesis and the use of the derivatives
221 and 222183 as acetylene synthons. Differently substituted vinylethers are also available by similar
procedures.‘84

Except for these examples only a few other cases have been reported on the use of this class
of compounds as acetylene synthons in (4 + 2)cycloaddition.  Among them may be included the
report by Prinzbach’85 on the synthesis of oxanorbomadiene 223, a valuable precursor of oxepine
224, through the oxa-quadricyclane  225 (eqn 97). The corresponding thii-analogue  of 223, on the
other hand, is not yet knownu6

225 224

This class of compounds is of great utility for the preparation of cyclobutenes via photo-
chemical cycloaddition. The spirocyclobutene 226 was, for instance, prepared via this route as
shown in eqn (98). Is7 Similarly the other differently substituted cyclobutenes 227 have been
reported.‘88*‘89  On the other hand, the related adducts 228-230  of vinylene carbonate to hydro-
carbons have not yet been used as precursors of the corresponding hydrocarbons.‘gO

y + fJ=O - 4fJo - 4-J (eq.  98); ‘+J
226 227

R=R’=H,  Me
R=H R=Me,  Et. i-Pr,-

t-Em-



2618 OTWUNO  DE LUCCI-II  and GIORGIO  MODENA

228 229 230

The adduct between acetylene and vinylene carbonate has been utilized to prepare cy-
clobutadienes 231 .rgl The dideutero analogue 232 was synthesized by Carpenterrg2 in a study aimed
at defining the conformation of cyclobutadienes in solution.

CR
UI
CR

R
hv Elk0

R

NaFe(CO)b  ‘&j (eq. 99)

R Fe(C0)3

2 3 1 :  R=H 232 :  R=D

The halo-substituted vinylene carbonates have better cycloaddition properties, especially in
photochemical processes. A fairly large number of cycloadducts are indeed availablerg3  but rarely,
to date, have they been transformed to the corresponding olefins.

Several other procedures for the formation of olefins from vicinal diols have been reported so
that the step involving the transformation to the thionocarbonate can be avoided. A very recent
one is that reported by Sharmalg4 with the use of chlorotrimethylsilane and sodium iodide. The
Sharma paper reports a list of precedent methodologies for accomplishing this conversion. Other
methods are available.rg5

NORBORNADIENJt  AND QUADRICYCLANE
For a limited number of cases norbornadiene and quadricyclane can be classified as acetylene

synthons. This reaction mode is very similar to the previously discussed examples but in these cases
the departing molecule is cyclopentadiene, through a retro-Diels-Alder process. The pathway is
illustrated in Scheme 10.

Scheme 10.

The fhst to achieve this strategy recognizing its potential as acetylene synthon, was Mac-
Kenzie.‘% The following equation shows one of his findings (eqn 100).

0

APh ‘/ +l
4

The use of this interesting approach has found some applications especially for those
compounds that can be made through processes mediated by metals. No cases are reported in which
the norbornadiene has been introduced thermally although the reaction is reasonably feasible with
reactive dienes. Much more prone to cycloaddition is quadricyclane. For example it has been
cleverly employed by MarW9’ in a synthesis of dimethylene-cyclobutene 233 (eqn 101). Similarly
the other cyclobutanones 234 and 235 have been prepared.rB
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0a0

235

I TsCl ( eq .  101)

a, a g&\
234 233 236

One of the early examples of the use of nonbornadiene as acetylene synthon has been reported
by CannelLLW  He used the norbornadiene dimer 237 and thermolyzed it to get a mixture of the
two hydrocarbons 238 and 161 which were both unknown at that time. Similarly he obtained
deltacyclene 11 from the pyrolysis of the isomeric norbornadiene dimer 239 (eqn 102).

2 1 _  + +y teq- lo2’

k&P + 161

I v

11

The synthesis of hydrocarbon 11 through the same sequence was simultaneously reported by
Katz”O Deltacyclene prepared in 100 g quantities by a slight modification of this method served
as the starting material for a number of related molecules including 240,241 and some deuterated
analogues.“’ The solvolysis of the brosylate of 241 is 1010-10’2  times faSter  compared with that of
the corresponding 7-norbornyl  deriyative because of the neighbouring group participatioll of the
anti-cyclopropane rings.

240 241

This reaction sequence did find some application for synthesis of more complex molecules as
in the case of 242202  (eqn 103).

V

-&
\ (eq. 103)

242
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This synthetic sequence, however, does not provide a useful route for the preparation of
dibenzobarrelene 82. In fact thermal transformation of the adducts 243 obtainable either from
quadricyclane or from norbornadiene gives mixtures of the desired molecule 82 and anthracene203V204
(eqn 104). /4I7f2\ L m+t32 (eq. 104)

243

The products of 1,3-dipolar cycloaddition to norbornadiene are often valuable precursors of
five-membered heterocycles. Two examples are those with diphenylmtriliminezo5  and fulminic
acidm6 244 and 245. The first decomposes at 135” to give the pyrazoline 246, the second at 140-160”
to give isooxazole 247. Both processes proceed with yields greater than 90%. The two heterocyclic
products correspond with a 1,3-dipolar cycloaddition to acetylene. Related to these reactions are
many others which have already been reviewed.2o7

Ph
PhyCl 1 _

N
‘NHPh

Et3N i

/Ph (eq.  105)

244 Ph
246

N
‘OH Et3 N

245 247 90%

(eq. 106)

HALOGENATED OLEFINS
Compounds of the type 248 are tidely used as acetylene synthons since the adducts are easily

converted in high yields to the corresponding olefins by several standard methods.
The cycloaddition of halogenated olefins to dienes has been widely investigated by Alder et al.

However, they did not investigate the further dehalogenation step to the corresponding olefin.208
This step was studied later on by Hine et aL3’ who obtained the desired diene 1 by the use of
Mg/MgI,. The weaker NaI in acetone proved to be uneffective in these systems (eqn 107).

&Cl - 1-
k&7

Cl (eq. 107)

Cl
249 250

This strategy, however, as illustrated in the same paper, did not allow the synthesis of the higher
homologous bicyclo[2.2.2]octa~2,6-diene  25, because dichloroethyiene does not cycloadd to cy-
clohexadiene. Another route to introduce halogens into the previously constructed skeleton had
to be used, as illustrated in eqn (108).
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The product 251 of cyclopentadiene addition to 249 (arising in the cycloaddition of dichlo-
roethylene to cyclopentadiene) has been dehalogenated (eqn 109) in a study intended to define the
stereochemistry of addition of norbornadiene to cyclopentadiene.Mg

249 8 &&-+y - & (eq. 109)

251

One of the best methods available for the preparation of the important dibenzobarrelene 82
is that described by CristolZLo The preparation involves dehalogenation of the dichloroethylene
adduct to anthracene 252. In this synthesis, Zn/Cu couple’” appears to be the reagent of choice
in the dehalogenation step (eqn 110). A study has also been made by the Quast grou~“~ for the
preparation of substituted dibenzobarrelenes which have been used in electrochemical studies.

252
R=R’=H
R=H  R’= OMe(88%)
R=R’=OMe  (58%)

Zn/Cu Na/i-PrOH
98% - -
77% 88%
53% 48%

(eq.  110)

The applicability of these synthetic methods is seriously limited by the drastic conditions
required for the cycloaddition of these poorly reactive olefins. In fact the preparation of the
molecules thus far discussed requires thick-walled sealed tubes or autoclaves at temperatures as
high as 180-200” for several hours with the inevitable formation of by-products.

An example in which the limitations of this approach are evident is that of the reaction with
S-substituted cyclopentadienes. In fact while Alder et u1.213*2’4 succeeded in the synthesis of the
norbornadiene 166, Wilcox et ~1.‘~’ could not extend this procedure to the synthesis of the higher
homologue 165.

It has to be pointed out that, whereas dehalogenation is reasonably facile in these systems,
dehydrohalogenation seems to be a much more difficult task. Especially unreactive are bornyl
chlorides 253 and 254. For the preparation of the corresponding unsaturated compounds 255 and
256 specific reagents had to be devised.2’5

The use of halogenated olefins for the preparation of cyclobutenes through photochemical
cycloaddition of dihalogenoethylenes is much more generalz16~217 and examples of such methodology
are often appearing in the literature. As in the case of the parent molecule, acetylene, the most
common cases concern cycloaddition to enones.

For instance Murata et al.“’ very recently introduced dichloroethylene photochemically in a
key step for theipreparation ofid-methoxyazulvakne 257 and 6-methoxy Dewar azulene 2S82186  as
illustrated in eqn (111). The procedure has been applied by the same authors to prepare the
benzo-homologues 259 and 260.218c
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260

(eq. 111)

257 CiMCY

In another case, this sequence was used for the preparation of the propellane 261.“’ Acid
treatment gave 262 (eqn 112).

0

0 0

I - & - &

H+ 0
(eq. 112)

261 262

The interesting propellane 263 has been prepared by Tsuji et al.=’ The key step in the
preparation is the cycloaddition of dichloroethylene to 264 (eqn 113). A similar route has very

0E 110 - 4 / o” - 4 / / (eq. 113)

0 0
264 265

recently been reported for the preparation of the paracyclophane
deformed benzene ring.***

263

266 that contains a highly

(Q (eq.114)

266
COOMe

This methodology provides a simple route for the synthesis of cyclobutenes as illustrated in
eqns (115, 1 16).u2*w

$ _  @yl +  %l - f-y f&7)  feq. 1 1 5 )

Cl
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1

C&-0 60 (eq. 116)

Very recently the synthesis of Dewar-anthracene through the elegant sequence of eqn (I 17) has
been reported by Grimme. 224  Chloroethylene too, can be used in this type of reaction as shown

2 6 5  -

Fe(C0)3

/t!PJP ’
0

I (eq. 117)

by the preparation of 267.~2’ In this specific example KOH/triethyleneglycol  has been used in the
dehydrohalogenating step (eqn 118). A similar synthesis has been reported for R = C02H.Z26

KOHflEGv- (eq. 118)

60% R
R= H. COOH 267

The presence of the enone moiety is not necessary as shown by the next example (eqn 119) in
which vinyl bromide was added to 260. 227  This synthetic sequence is also an useful tool for the

ca. 50%

preparation of cyclobutadienes. In the sequence illustrated in eqn (119) NaFe(CO), functions both
as dehalogenating and as complexing agent of the unstable product 26PB (eqn 120).

0 Cl
Cl

G I(
Cl l.hv C w COOMe

xl
-a

COOMe

0 + NaFe(C0)4

Cl Cl 2 .  H30+ 4 COOMeCl ‘i>
(eq. 120)

COOMe
0 1

3 .  CH2N2
Fe(C0J3

269

SULFUR-CONTAINING OLEmNS

A modern and most promising method for the generation of the acetylene synthon in a
cycloaddition reaction is the one that employs a sulfur substituted olefin with different oxidation
state at sulfur. Obviously a sulfone presents a higher electron withdrawing ability than a sulfoxide
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but as usually happens for any acetylene synthon, the easier the cycloaddition the more difficult
is the elimination. This is indeed the case of vinyl sulfoxides and sulfones. For example phenyl vinyl
sulfoxide 270 would be a very useful reagent since it usually loses PhSOH very readily. Hence it
would be possible to heat the reagent at a certain temperature in which 270 cycloadds and at the
same time undergoes elimination. In this way vinyl sulfoxide is actually an acetylene equivalent
since it does in one step what acetylene itself would do. Paquetteug first realized its potential and
demonstrated it in a number of cases. A typical example is the preparation of dibenzobarrelene
82 (eqn 121).

1 -PhSOH
- 8 2 (eq.  121)

83%

However, the scope of the method was limited because only the more reactive dienes can be
used and many others are often too unreactive, including for example 1,3-cyclohexadiene which
does not react under the conditions reported.230  The higher reactivity of the related vinyl sulfonez3’
is of little help since the transformation of the adduct to the corresponding olefin is very difficult.232
Partial or total reduction to the more useful sulfoxide or sulfide are also very difficult.233
Nonetheless vinyl sulfone has been used as ethylene synthon, since the reductive transformation
of the sulfone to the corresponding hydrocarbon is feasible. ~3’ Conceptually, however, multistep
routes to convert the saturated sulfones to olefins are possible since ways have been published to
convert them into ketones and hence following the already seen procedures (see preceding sections)
it is possible to use vinyl sulfone as an acetylene synthon. For example Little reported a method
based on the use of molybdenum peroxide.” The procedure cannot, however, be used in the
presence of sensitive functional groups.

An acetylene synthon that could obviate these difficulties is tolylethynylsulfone 271 proposed
by Whitham. 235 In fact the higher reactivity in Diels-Alder reactions associated with the sulfone
moiety could be used because the derived unsaturated adducts are amenable to reductive
elimination.236  Unfortunately the reactivity is not very high, because what is gained by the higher
electron withdrawing ability of the sulfone is lost by the scarce dienophilic reactivity of the triple
bond. The dienes synthesized in this way are reported below including the dihydroindane 272.

So To1

I2 DR Rm

271 272

P

Ph

It=-S02ToI,  H sa SiMe
3

An example that well illustrates the potential of this method is the achievement by Vogelz3’ of
the synthesis of 7_azanorbornadiene,  via the sequence of eqn (122).

x NYE
0 271
\I -

E=-COOMe

Tos=-SO~TOI

- _

NHE N /H

-A& --Lb (eq.  122)

274 273

This particular molecule could not be prepared using other acetylene equivalents so this
represents an excellent example in which sulfonylated olefins  are superior. The only previously
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reported example of azanorbornadiene was by Prinzbach. “O Although not yet reported, this reagent
may also be used for the synthesis of substituted polycyclic systems because vinylsulfones in the
presence of nickel salts couple with Grignard reagents in a stereospecific way.=*

The dienophilic properties of vinylic and acetylenic sulfones have been extensively studied.239
In particular it was observed that fluorinated sulfonyl analogues are more reactive dienophiles
than aryl derivatives.240 It is also worth mentioning the very high reactivity of
trifluoromethylvinylsulfones 275 and 276. 24’-243  Several groups have studied in this area in view of
the wide importance in organic synthesis of the sulfonyl groupM  but none of the obtained
cycloadducts has yet been manipulated in the context of the present article.

C-SO2R
III If S02C4F9
C-H

275  R-CF3, C4FV 276

The potentiality of this class of reagents is apparent from the following equation (eqn 123) in
which it is shown that triflones eliminate spontaneously from the adduct 277.

0 Ph
(eq. 123)

277

Another method following this line has been recently reported by PaquetteM  who proposed the
silyl sulfone 278. Although its synthetic utility is greater than that of the previously reported
synthons, the reactivity is still rather low and its use is limited to reactive dienes such as those shown
in eqns (124-125).

(eq. 124)

v&Og _ s _ &i&
(eq.  125)

R= H, D

However this acetylene synthon is adaptable to the synthesis of the mono and di-deutero
acetylene cycloadducts and for higher homologues. Lately the same author reported a number of
cycloadditions to an isomer of isodicyclopentadiene 279 .247 This isomer can be captured only by
poorly reactive dienophiles since the more reactive dienophiles cycloaddto the thermodynamically
more stable isomer. On these bases the tested dienophiles are considered weak.

A considerable advantage over the aforementioned sulfur containing olefins is provided by the
use of cisdiphenylsulfonylethylene 281. In this molecule the olet?n is doubly activated. Although
its dienophilic reactivity was reported by several authors,u8 281 has never been used as an acetylene
synthon because of the lack of an easy route to form olefins from its adducts.  Recently we

249reported that sodium amalgam in methanol buffered with sodium dihydrogenphosphate is an
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X=-S02Ph  Y=-SiMe
3

X=Y = Cl

X,Y=-SOPh;.  H

X.Y=-S02Ph,  H

efficient method for transforming /3-disulfonyl  compounds into olefins in high yields. Through this
route we have synthesized the following dienes in two steps.

r S02Ph

iO2 Ph

281

b2Ph 40 Ph &SO Ph
S02Ph

I

S02:h

I

S02P2h

1 (65%) 25 (69%) 9 (60%)

Recently we have also succeeded in the preparation of the adducts of norbornadiene and
quadricyclane and hence of the corresponding olefins 11 and 238. The present procedure is
particularly effective for the synthesis of 238 which, by the other reported routes, is obtained only
in low yields and as a mixture of isomeric hydrocarbons.‘99

The isomer-k (E)-diphenylsulfonylethylene,250 as is frequently observed in Diels-Alder reac-
tions,25’ is even more reactive; it adds efficiently to the rather inert dienes listed below. No reaction
was observed with (Z)-diphenylsulphonylethylene. Disulphonyl ethylenes have dienophilic reac-
tivity as high as that of maleic anhydride, one of the best acetylene synthon so far available, and
they also provide the further advantage of requiring a reductive step rather than an oxidative step
for the generation of the olefins. An example in which the advantages of these dienophiles is
demonstrated is in the ene-addition of 281 to jC?-pinene and the subsequent transformation of the
adduct.  This sequence corresponds to the formal ene-reaction of acetylene with the substrate.

63 9
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(E)-281 appears to be the only acetylene equivalent able to perform such a synthetic sequence (eqn
127).

+  (EK281 -Z &YJ Z ,  * (eq. 127)

MISCJZLMVEOUS  AND SPECULATIVE REAGENTS

A number of other dienophiles, which could be considered as possible acetylene synthons, are
available from the literature. Some of them are worth a mention, although they have not yet been
used for reactions within the scope of this review.

For example aldehydes have been used to activate dienophiles.z2 Speculative but not unreason-
able is the possible decarbonylation of the adducts mediated by metals.253

Olefins of type 282-284  should also show some dienophilic reactivity, due to the electron-
withdrawing substituent and the extremely easy Hofmann elimination. Depending on the solubility
of the reagent this type of compounds might also be employed in two-phase Diels-Alder processes
with the dual function of reagent and of phase transfer,catalyst.2”

282 283 284

Furthermore a number of reagents, whose cycloadditive properties has already been tested, are
amenable to speculative but not unreasonable chemical transformations with ultimate formation
of a double bond. As an example 1,3diacetyl-4-imidazolin-2-one  (285) has been reacted thermally
in (4 + 2)-255  and photochemically in (2 + 2)-cycloadditions256 to yield (among others) 286-288.

d *=
R AC

0
0 R td

>
0

N
‘AC

R N
W C

285 286 x= Cl 287 288

These compounds have been degraded with ease to the corresponding diamino derivatives,256  which
on  WO:-  oxidation257 might afford diazetidines whose denitrogenation is a well established
process.25*

A number of other possible acetylene synthons for which it is legitimate to propose a future
application on the basis of recently discovered elimination routes from saturated analogues may
be:259

S02Ph

Another interesting possibility that has been little studied is the need to discover synthons for
alkynes additional to the parent acetylene. In view of the steric factors that may arise, the starting
point will always be an acetylene synthon where it might be possible to attach appendages and
functional groups. Furthermore the discovery of a chiral acetylene synthon would be of interest
and the synthetic utility of this approach could be an important. future development.
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