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INTRODUCTION 

The Diels-Alder reaction of cycloalkenones and 1,3-dienes is, in 

principle, a simple method of construction of the basic skeleta of 

sesquiterpenes, diterpenes, steroids and alkaloids. This strategy of 

synthesis attracted the attention of research workers since 1935, 

especially because of the high stereospecificity of the reaction and the 

possibility of building polycyclic systems in two to three steps.’ A few 

octalones, of 

a,p-unsaturated cycloalkenones according to the approaches depicted in 

Scheme 1 .  The cycloadditibns, executed under thermal conditions (175-2800), 

occurred in low yield and most of the structures of the cycloadducts 

remained undetermined. 

hydrindanones and steroid ketones were prepared2 by the use 

The t960 discovery3 of Lewis acid catalysis increasing the reactivity 

regio- and diastereoselectivity, and yield of the Diels-Alder reaction, 

should have promoted a reinvestigation of the (4*2)-cycloaddition of 

2-cycloalkenones,but new annulation methods (e.g.,Robinson annulation) had 

superceded the Diels-Alder scheme of synthesis. Noreover,the results of the 
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FRINGUELLI, TATICCHI AND WENKERT 

Scheme 1 

first attempts to catalyze the cycloadditions of 2-cyclopentenone, P-cyclo- 

-hexenone and a few of their alkyl derivatives with alkyl-1,3-butadienes 

were not encouraging. 4 

However, this research area received new attention in the last decade 

as a consequence of the discovery of new functionalired dienes and the 

accurate investigation of the parameters involved in the cycloaddition 

process. Conjugated cycloalkenones (2-cycloalkenones) were preferred over 

nonconjugated ones in view of the increased dienophilicity of carbon-carbon 

double bonds conjugated to a carbonyl group. A rare example of a Diels- 

Alder reaction of nonconjugated cycloalkenones was that achieved between 

4-methyl-3-cyclohexenone and 3-carbomethoxy-2-pyrone (150° ,  24 h ,  25%) in 

the course of the total synthesis of the copaenes and ylangenes. 5 

The present review is devoted to the Diels-Alder reaction of 2-cyclo- 

-alkenones. 

I .  REACT 

2 -cyc 

VITY 

oalkenones are dienophiles of low reactivity and their 

134 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1
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Diels-Alder reaction usually required drastic thermal reaction conditions. 

The reaction usually is kinetically controlled and the adducts seldom 

give (4*2)-cycloreversion. Retro Diels-Alder reactions have been observed 

on heating the adducts of trans-2-cyclooctenone with cyclopentadiene and 

isoprene, 'la and on treating the formal adduct of 4-methyl-3-carbomethoxy- 

llb 2-cyclopentenone and cyclopentadiene with BP3.Et20 at room 

The coordination of the carbonyl function with Lewis acids increases 

the reactivity of dienophile as well as the yield (Scheme 2)6 and 

influences the cycloaddition selectivity too (see below). A systematic 

study' of the effect of specific reaction parameters has shown that 

ketone-catalyst conplexation is a key step, influencing dramatically the 

product yield. The catalysts generally used are AlC13, A1Br3, BP3.Et20, 

ZnC12, SnC14, and EtA1C12. Lanthanide shifts reagents CYb(f~d)~l have also 

been employed' in the presence of highly reactive or acidsensitive dienes. 

temperature. 

Scheme 2 

n 

0 

1 

2 

Reaction Conditions 

llO°C 228 h 

70OC 5 h A1Cl3 

185OC 72 h 

7Q°C 22 h A 

150°C 65 h 

25OC 15 h A 

c13 

c13 

Trans 

1 : l  

1.2:l 

9: 1 

9: 1 

Cis 

5 

1 : 1 . 7  

1:12 

Yield (%)  

29 

95 

1 1  

04 

15 

98 

The catalyst can, sometimes, induce epimerization of the primary c i s -  

adducts a t  theira-keto carbon centers (Scheae 2) and also can cause side 

reactions, as, for example, in the reaction of 2-cyclohexenone ( 1 ,  n = 1 ,  

R H) with 1-methoxybutadiene (1->2 and 1+3+4). 

The accepted, concerted mechanism of the reaction generally is not 
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FRINGUELLI, TATICCHI AND WENKERT 

1 

[MOO 

2 (R = H, Me) 

affected by the catalyst .9 An exception is the A1C13-catalyzed cyclo- 

-addition of 2-phenyl-2-cyclohexenone with butadiene,wherein a zwitterionic 

intermediate has been invoked to justify the formation of trans-fused 

c y c l o a d d ~ c t s . ~ ~  

Attempts to induce photochemically the Diels-Alder reaction of cyclic 

a,p-unsaturated enones are rare, and in cases where this process is 

observed, mixtures of (2+2) and (4+2) adducts are obtained. Thus 2-cyclo- 

hexenone and 2-cyclopentenone and a variety of dienes give principally the 

expected (2+2) photochemical cycloadducts; (4*2) adducts are observed in 

low yield only in the reactions with furan or cyclopentadiene.” The 

irradiation of cis-2-cycloheptenone and c~-2-cyclooctenone in the presence 

of isoprene or cyclopentadiene gives trans-fused Diels-Alder adducts in 

good yield. The true dienophiles appear to be the trans-enones that are 

formed in situ by ultraviolet cis-trans isomerization. ’la Under Lewis acid 

catalysis, the reaction of c>-Z-cyclooctenone and butadiene gives the cis- 

fused adduct, that is stable under the conditions employed. 12 

The reactivity of the cycloalkenone system depends on the ring size 

and the substituents. The reactivity order of unsubstituted ketones in the 

A1Cl3-catal;1zed cycloadditions with butadiene is: 2-cycloheptenone>2-cyclo- 

-pentenonei2-cyclohexenone.63 l 3  The only report on the Diels-Alder react ion 

of cyclobutenones concerns the cycloadditions of 4,4-dirnethylcyclobutenone 

with 1,3-diphenylisobenzofuran and cyclopentadiene.14 The dienophilicity of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1
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the 

superior to that of the six-membered analogue.14 

four membered ring in the reaction with cyclopentadiene appears to be 

Electron-withdrawing groups on the dienophile and electron-donating 

groups on the diene increase the rate of the cycloadditions, that 

sometimes occur without catalyst. Examples of these "normal" thermal Diels- 

Alder reactions are reported in the Scheae 3. 

An alkyl group attached to C-2 of the 2-cycloalkenone lowers the 

Scheme 3 

9 Ac + 135O 10h 

67% 
c 

65% ' 55% 

2. GPh + & +  
95% 

.o 

AlCI- 180 15h 

9 3 t  

1. l l O o  3h 
_______) 

5% 

3-b NO2 k +& 
17a 

C02Me 

(fJ0 + 
1. S n C l  -3OO Sh 

4 
m 

2. H+/H o 65% 
2 

18 

23% 7 7% 

70X - 
145O 24h 

55% 
- 

50% 50% 
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FRINGUELLI, TATICCHI AND WENKERT 

reactivity of the dienophile, but the reaction succeeds in excellent yield 

under catalysis conditions.' On the contrary, a methyl group at C-3 

prevents the intermolecular cycloaddition, both under thermal and under 

catalysis conditions. Compounds S1', 67*21, 7'Ob and EZ2 are examples of 

unreactive dienophiles. Intramolecular cycloadditions of compounds whose 

2-cycloalkenone part is alkylated at C-3 generally occur (see below). 

5 6 R = M e  7 
= Morpholino 
= Pyrrolidino 

8 

The presence of a 2-keto group on the enone system causes Diels-Alder 

reactions of "inverse electron demand", with enol ethers and enamines, as 

for example,in the cycloaddition of 2-acetyl-2-cyclohexenone ( 1 ,  n = 1 ,  

R = Cone) with vinyl ethyl ether. l9 These adducts are useful f o r  the 

synthesis of secoiridoids and their analogs: 

- 
OE t 

2 5 O  24h 

75% 

9 5% 5% 

Distortion of the conjugated enone system from planarity increases t h e  

reactivity of the dienophile, and relief of the angle strain of the carbcn- 

carbon dct;b!e bond during cycloaddition, provides substantial driving 

force for the above mentioned reactions of  4,4-dimethylcyclobutenone, 

trans-2-cycloheptenone and trans-2-cyclooctenone. Other significant 

examples are the reactions of the bridgehead enones 9 studied by House and 
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9 (n = 1,2,3) 10 (72%) 11 (28%) 

coworkers.23 The double bond of the bicycloalkenones 9 becomes less twisted 

as the number of nethylene groups increases. 23b AS consequence only 9 

(n = 1 )  forms cyc1oadducts.with furan ( 2 3 O ,  12 h, 86%) with a prevalence of 

the z - a d d u c t  2-Cyclohexenone on the contrary fails to react with 

2-met hyl furan. 24 

1 I .  SELECTIVITY 

a. ROgiOSOlOCtiVity 

The regiOCheniCa1 outcome of the Diels-Alder reaction of l-cyclo- 

-alkenones with unsymmetrical dienes depends on the electronic nature of 

the substituents and their ring position. The selectivity of the 

cycloaddition is influenced dramatically by Lewis acids.6i16*25 

2-Substituted and 2,3-unsubstituted cycloalkenones 12 show high 

13 (para) 14 ( m e t a )  
~ = ~ , ~ e , C o p e ,  

SPh 

But, CMe=CH2 
12 

n=O, 1,2 l z e R l @  + 
n n 

15 (ortho) 16 ( m e t a )  
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FRINGUELLI, TATICCHI AND WENKERT 

regioselectivity in the Lewis acid catalyzed cycloadditions with isoprene 

and E-piperylene in favour of adduct types 13 and 15, respectively, in 

agreement with the "para-ortho" rule. l6, 18i25i28-31 The same behavior is 

observed in the cycloadditions with other 1 -  and 2-substituted butadienes 

bearing 1 -One,*- l9 1 - (CH2)4N02 ,33 2-OEt ,24*34 2-CH2SiHe3,35 
2-OSiHe336 and 2-OPOAr2 subst ituens. 37 The "para-ortho" rule is observed 

similarly in the reactions with di- and poly-substituted butadienes. Some 

examples are shown in Scheme 3. 

1 -NHC02Et, 32 

Exceptions are the 4,4-dimethyl-2-cyclohexenone and its 2-methyl 

derivative, which with isoprene give equal amounts of adduct types 13 and 

14 even in the presence of catalyst2' (Table 1). A complete "para" 

selectivity is also observed29 when the C-2 substituent is a carbonethoxy 

Table 1. Percentage of Para Adducts in the Lewis 

Acid Catalyzed Cycloadditions of Cyclohexenones and 

Cyclohexadienones with Isoprenea 

Dienophile R =  H He c o p e  

100 ( 2 8 )  

o(26) 

a) References in parentheses 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



DIELS-ALDER REACTIONS OF CYCLOALKENONES. A REVIEW 

group (Table 1 ) .  The Lewis acid-catalyzed cycloadditions of the 4,4-di- 

-methylated compounds with E-piperylene always are completely "ortho"- 

s e l e c t i ~ e . * ~ ~ ~ ~  5 , s -  and 6,6-dimethylcyclohexenones as well as 2,6,6-tri- 

-methylcycloheptenone show a high regioselectivity in the cycloaddition 

with isoprene and E-piperylene in the presence of A1Cl3 in favour of "para" 

and "ortho" adducts.6e25 The C-4 gem-dimethyl effect has been explained in 

terms of steric effects and secondary orbital interactions in the exo and 

e& transition  state^.^'^^^ These results are of theoretical and synthetic 

17 

18 19 

interest expecially when compared with those of analogous 4,4-dimethyl- 

-cyclohexadienones26 (Table 1 ) .  

A high or total preference for adduct types 14 and 16 is observed when 

strong electron-withdrawing substituents, such as the NOp group, are 

attached to C-3 of the cyclohexenone ring'" (17+18*19; 17+20). Treatment 

of the adducts with diazabicyclo(4.3.0)non-5-ene (DNB)'7a or with Bu3SnH 17b 

effects a,p -enone 

(20+22) or saturated keto unit (20321), respectively. 

rapid conversion of the p-nitrocarbonyl system into an 

b. Diastereoselectivity 

The diastereoisomeriss of the Diels-Alder reaction is determined by two 

spatial orientations of the reactants known as endo-exo and syn-anti 

addition modes (Schema 4 ) .  
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attached 

addi t ion 

to 

s e  

2-Cycloalkenones give usually e n d o - a d d i t i ~ n . ~ ~ * ~ ~ * ~ ’  When, however a 

methyl group or an oxygenated function, such as a carbomethoxy group are 

C-2 or a gem-dimethyl group-is present in the ring, e x -  

ther predominant or exclusive. 18a i 3 8 1 3 9 1 4 0  as for example, in 

I 
R1 

Scheme 4 

endo- addi t ion - 

syn-addition - 

;d - exo-addi t ion 

anti-addition 

the high e-diastereoselectivity of the reaction of 4,4-dimethyl- 

-cyclobutenone (23) with ~yclopentadiene’~ and the cycloaddit ions of some 

2-cyclohexenones with E-piperylene and cyclopentadiene (Tables 2 and 3) 

BF 2 5 O  3h 
3 

ti 

23 

Similarly, the reaction of 2-carbomethoxy-4,4-dimethylcyclopentenone w i t h  

1-(a-acetoxy-vinyl)-cyclopent-1-ene (Scheme 3, entry 1)  gives a 4 5 : 5 5  

mixture of e z  and endo adducts under thermal conditions and a high e x -  

diastereoselectivity ( 9 7 % )  in the presence of a Lewis acid catalyst (A1C13, 

- 7 8 O - > 2 S o ,  6 h, 62%).15 
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These deviations from endo preference have been explained by invoking 

steric interact ions, electronic effects, and secondary orbital 

interactions. 18a*38-40 The problem is complicated by the interplay of many 

factors including the site of the ring and the type of diene. Thus, the 

2-methylcyclopentenone (1,n = 0, R = Re) reacts42 with vinylcyclohexenes 24 

Table 2. Percentage of Ea-Addition of the Catalyzed 

Diols-Alder Reactions of 2-Substituted 2-Cyclohexenonos 

with E-Piperylene and Cyclopentadiene 

Table 3. Percentage of EB-Addition of the Catalyzed 

Diels-Alder Reactions of Geminaldimethylated-2-Cyclo- 

hexenones with E-Pi perylene and Cyclopentadienea 

R=H 

R=He 

R=H 

R=He 

97 

97 

99 

97 

78 

95 

60 

79 

29 

42 
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(R = H, OSiHe2But) to give e a  adducts 25 (R = H, OSiHe2But), uhereas the 

cycloaddition of 2-methylcyclohexenone (1, n = 1 ,  R = Re) uith l-(a-tri- 

1 24 25 (endo) 26 (exo) 

methylsilyloxyviny1)cyclohex-I-ene ( 2 4 ,  R = OSiHe3) gave only e x  adduct 

26 (R = OSiHe3) .43 Again, 2-methylcyclopentenone and 2,6,6-trimethyl- 

-cycloheptenone afforded only e z  adducts in the A1C13-catalyzed Diels- 

-Alder reaction uith E-piperylene,6 whereas 2-methylcyclohexenone gave 70% 

of e- addition. 38 

The endo-exo diastereoselectivity in intramolecular Diels-Alder 

reactions depends on the configuration of diene and the length of the chain 

betueen diene and dienophile. Compounds such as 27 (Scheme 5 ) ,  possessing 

Scheme 5 

Endo Addition 

0 
27 

Exo Addition 

27 o \ i  0 

Endo Addition a&- p 1 ;  

0 0- 
28 
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an E-diene unit, give e a  and exo addition, but for a diene with 2 con- 

figuration (e&, 28) only e s  addition is possible. The conversion of 

chiral 2-amide 29 into lactam 30, executed in model studies directed to the 

synthesis of cytochalasin C, serves as illustration of this strategy.44 

The 9n-anti diastereoselectivity VG-facial stereoselectivity) has been 

studied in detail in the catalyzed cycloaddition of a variety of 

alkyl-substituted 2-cyclohexenones with butadiene, isoprene and 

E-piperylene.28n30*4S The results (some of them illustrated in Table 4) 

have revealed that the preferential syn- or anti- addition to flexible 

dienophiles cannot be predicted merely on the basis of consideration of 

Table 4. Percentage of A&-Diastereoselectivity i n  the 

Catalyzed Diels-Alder Reactions of 4- and 5-Substituted 

2-Cyclohe~enones~ 

D i ene 

55 67 100 9gb 92 97 

90 91 100 97 92 91 
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steric factors (k, by determining the more sterically hindered face), 

but also involves consideration of the conformational equilibrium, the 

conformational reactivity of the dienophile, and the stereoelectronic 

control of the transition state. 45 

111 .  SYNTHESIS 

a. Bicycloalhenones 

Bicyclic systems such as hydrindanones, octalones and hydro- 

benzosuberones are used frequently as starting materials for synthesis of 

natural products. Construction of some intermediates by Diels-Alder 

reactions of simple 2-cycloalkenones with a variety of dienes and 

subsequent elaboration of the adducts are illustrated in Schemes 6 - 8 .  

Scheme 6 

''ZMo CH Br 0 

m-CPBA - 
60% 822 822 72% a-- (Ref -47) ( R e f . 1 6 )  

( R e f . 6 )  (Ref .6 )  

For example, the transformation of hydrobenzosuberone 31, (Scheme 9 )  

available in 

the synthesis of diacid 33, which represents the "7-epi-bottom half" of 

the antibiotic aglycon of chlorothricolide. 

in large quantitys0, into dienone 32 provides a key compound 

51 

The lack of reactivity of 3-methyl-2-cycloalkenones both in thermal 

and catalyzed intermolecular Diels-Alder reactions precludes the 
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Scheae 7 

\& SAr 

A 3 7 ,  30%; B8, 32%; C4', 42%; Dlaa, 45%; E', 92%; 

P35, 70%; G32, 88%; 85%. 

Scheme 8 
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FRINGUELLI, TATICCHI AND WENKERT 

Sche8e 9 

AlCl 7 3 X  hY 952 
3 

( R e f . 6 )  ( R e f .  111) 

preparation of bicycloalkenones with the angular methyl group in 1 , 3 -  

positional relationship with the keto function. A 4-acetoxy group on the 

dienophile allows a resolution of the problem.52 Thus, enone 34 undergoes 

B 0 

r 
31 32 33 

reaction with butadiene 5 2  to give a mixture o t  adducts 35. The latter can 

be converted into the cis-octalone 36 in good yield. Base-induced 

isomerization of the product gives trans ketone 37. 

The t-butylated bicyclic adducts 38 and 3 9 ,  easily prepared by 

($= p--p7p OA c 0 0 

OA c 

34 35 36 37 
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catalyzed Diels-Alder reaction of 4- and 5-t-butyl-2-cyclohexenone and 

butadiene, isoprene and E-piperylene, were important in the area of 

confornat i onal analysis . 2a 9 30 

38 R, R =H.Me 1 39 R, Rl =H, Me 

b. Sesquiterpenes 

In recent years, numerous key compounds in the synthesis of natural 

sesquiterpenes have been prepared by Diels-Alder reactions of P-cyclo- 

alkenones. A survey is reported in Table 5 and some cycloadditions are 

discussed briefly. 

A l l  three chiral centers in the cadinene skeleton (Table 5 ,  entries 1 

and 2) are constructed by taking advantage of the high anti-para 

selectivity of the Diels-Alder reaction of 4-alkylated 2-cyclohexenones, 

with isoprene3’, and the acid epimerization at the ring junction of the 

initial cis-fused adduct. Asymmetric syntheses are achieved by using 

(-)-cryptone (41) as dienophile. 

The ketoesters 43 are good starting materials to prepare 4a-methyl- 

-1-octalones such as 37 and 50 that, as observed previously, are not 

accessible by direct Diels-Alder reaction of 3-methyl-2-cyclohexenones. The 

face-selectivity of the cycloaddition of 43 (R = He) with butadiene (Table 

5 ,  entry 4) depends markedly on the presence of the catalyst. Torii, et 

a1.” found only 51 and 52 (100% anti-addition) in the thermal ( 1 6 0 O )  

cycloaddition and converted 52 into 50, which was subsequently used to 

synthetize the (*)-dehydrofukinone. Piers and Hall 20b reported that equal 

amount of 52 and 53 (antilsyn = 1 )  are obtained, when the reaction 

is catalyzed by A1Cl3, in agreement with the behaviour of 4-methyl- and 

4-acetoxy-2-cyc ohexenone. 30i52 The last authors found the 52->SO 
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FRINGUELLI. TATICCHI AND WENKERT 

Table 5. Synthesis of Sesquiterpenes by Diels-Alder Reactions of 

2-Cycloalhenones 

P 

R:OEt .  C H  SiMc 
2 3  

5 .  r 6 b  

p 
A 

P 

toR1 

(: ) y 2 i  -Cad nene 

(: )fl-Cadinene 

( + )  &-Cadinene 

(:)U-Himachalene 

(*)/?-Himachalene 

35,53 

53 

34,35 
54 

27 

2 7  

(:)Dchydrofukinone 55 

R,= CH20H P-Costol 56 

R,= CHO a - C o s t a l  55 

(-)Khusimone 5 7  
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Table 5. (continued) 

Ketone Adduct Sesquiterpene Ref. 

6. 
OP(0Et )* 0 

45 

7. % d %h0 
46 

(-1 47 

I 

48 
dSiMeg 

HO m 
OH 
f H  p OR 

x \  
0 9  

( 2  ) Petasi t olone 

(*)Chamaecynone 

(+)Coriolin 

X = O , R = H  

(:)Corioiin B 

X =!-OH,Q-H 

R = CO(CH2)61!e 

(+)Oxosilphinene 

58 

59 

31,60 

61 

6 2  

49 - ........................................................................... 

conversion unattractive and prepared the octalone by an alternate route. 

The c;ic!oaddition of 44 with isoprenes7 (Table 5 ,  entry 5 )  also 

illustrates the influence of experimental conditions on the diastereofacial 

selectivity. Contrary to the high anti-selectivity of 5-alkyl-2- 

cyclohexenones, the ketoester 44 gives a sgn-anti selectivity strongly 

15 1 
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FRINGUELLI, TATICCHI AND WENKERT 

dependent on the type and equivalents of catalyst, the reaction time, and 

the complexation time. W i t h  0.1 equivalents of SnCl,, 4.5 hrs. of 

5 0  51 52  53 

complexation time, 1 1  equivalents of isoprene and a reaction time of 

48 hrs. at room temperature, only anti addition was observed and the adduct 
(Table 5, entry 5) was subsequently converted to (-)-khusimone. 

The optically active carvone ( 4 7 ) ,  a naturally occurring 5-alkylated 

2-cyclohexenone, gives selectively anti-cycloadditions and allows the 

c o n s t r u ~ t i o n ~ ' ~ ~ ~  of the 1,4-methyl-isopropyl cis-relationship in the 

eudesmane series (Table 5, entry 8 ) .  

The Diels-Alder reaction coupled with the opening of the six-membered 

cyclo- 

olin6' 

d the 

ring can be used in lieu of the Michael reaction. An example of this 

addition-degradation sequence exists in the synthesis of (:)-tor 

(Table 5, entry 9). The direct Richael reaction of 48 fails to yie 

I* 0 

b" 0 4 54  

-p 0 

4 5 6  

55 57  

A : PhSeC1; H202; LiMe B : 03; Cr03; Ba(OH)*; P ~ ( O A C ) ~  
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key intermediate 54 because the reaction leads to the introduction of an 

acetonyl group to the junction carbon. The synthesis of 54 was achieved by 

Diels-Alder reaction of 48 with E-1-methyl-2-trimethylsilyloxybutadiene and 

degradation of the allylic alcohol 55. The syn-addition of the diene 

relative to the junction hydrogen of 48 is expected, since the anti 
addition would result in an energetically prohibitive trans fusion of the 

two five-membered rings. The regioselectivity of the cycloaddition is 

determined both by the directing effect of the diene methyl group, which 

usually predominates over the 2-heterosubstituent and by the a-methyl- 

-cyclopenthenonic system. Aldolization-dehydration of 54 affords 56, which 

then is converted in a few steps into (:)-coriolin (57) and (:)-coriolin B 

(Table 5 ,  entry 9 ) .  

The key step in the synthesis of the angular tricyclopentenoid 

sesquiterpene ( z )  -3-0xosilphinene~~ (Table 5, entry 10) is the 

intramolecular Diels-Alder reaction of sulphenyltriene 49. I t  is 

interesting to observe that 49 is an example of a reactive 3-alkylated 

2-cycloalkenone. The cycloaddition occurs through an =-transition state, 

and the adduct has all four contiguous chiral centers with the required 

stereochemistry. The cycloadduct is then converted into the natural product 

contraction of the six-membered ring. 

c. Alkaloids 

The anti-diastereoselectivity of the Diels-Alder reaction of 5-alkyl-2- 

cyclohexenones with butadiene and its alkyl derivatives (Table 4) has been 

used profitably for the preparation of key intermediates in the synthesis 

of as ( *  ) - 1 ucidul ine, 63 (: ) - fawcet t i mi ne , 64 ( 2  ) -8-deoxy- 
~ e r r a t i n i n e , ~ ~  and (.)-dendrobine. 65 

a1 kaloids such 

The two fused six-membered carbocyclic rings and the required con- 

figuration of three chiral centers of the natural alkaloid, (*)-luciduline 

(63), were achieved63 by the catalyzed Diels-Alder reaction of 

(+)-5-methyl-2-cyclohexenone (58) and butadiene. Lewis acid promoted 

epimerization of the cis adduct, which was removed from the equilibrium 
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4 

61% 
H 

(+) 58 59 60 

62 61 

mixture 59 by selective transformation into the oxime 60. The heterocyclic 

ring was constructed by a selective intramolecular N-alkenylnitrone 

addition (61 3 6 2 ) .  

Scheme 10 

OBn 0 Bn 

c - ’““p 
b 

6 56‘= ! 
The key intermediate 64 in the syntheses of the Lypocodium alkaloids, 

(.)-faucettimine (65) and (*)-8-deoxyserratinine (66), was prepared stereo- 

selectively64a by the two routes illustrated in the Scheme 10. A multi-step 
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DIELS-ALDER REACTIONS OF CYCLOALKENONES. A REVIEW 

sequence converts 64 into 65 and 66. 

The molecular skeleton of dendrobine (69)  was constructed6' by a s f x -  

step synthesis from octalone 68, that was obtained by a catalyzed cyclo- 

addition of carvotanacetone ( 6 7 )  and butadiene. 

d. Quassinoids 

Quassinoids are highly oxygenated naturally occurring triterpenes, 

whose potent antileukemic activity has stimulated recently biogenetic and 

synthetic interest. These compounds have complex stereostructures, and the 

Diels-Alder reactions of 2-cycloalkenones wi t h  suitable dienes, o f f e r  

elegant, short synthetic approaches. 

The key intermediate in the synthesis of (:)-quassin (74, R = 0 )  

OM. on 

74 75 73 
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(:)-neoquassin (74, R =B-OH,H) and (z)-castelanolide (75) is the tetra- 

cyclic compound 73, whose chiral centers (with the exception of C - 9 )  have 

the required c ~ n f i g u r a t i o n . ~ ~ ~ ~ ~  Lactone 73 is the result of anti-endo- 

-ortho-selective cycloaddition (A1C13, 30 h ,  PhH, 40%) of octalone 70 

(R = He) and diene 71 (R = Et) and of the stereoselective reduction of the 

7-keto group of 72, followed by a lactonization reaction. The required 

configuration of C - 9  was achieved after the 11-keto group was introduced. 

Quassin (74, R = 0) and neoquassin (74, R =B-OH,H) were obtained from 

70 (R = Re) with an overall yield of ca. 3-4%.In aqueous medium, the rate 

of the Diels-Alder reaction of formyloctalone 70 (R = CHO) and diene 

carboxylic acid 71 (R = H) or carboxylate 71 (R = Na) is strongly enhanced 

and significant es-addition is observed.68 

An alternate stereoselective method f o r  the construction of  the 

quassinoid ring system is the intramolecular Diels-Alder reaction of a 

o-quinodimethide 77, formed by a conrotatory ring-opening o f  the benzo- 

76 77 18 

c 
0 &- li 0 - 

79 80 

cyclobutane system 76.69 The cycloaddition occurs through the =-addition. 

The tetracyclic ketone 78 was converted into the quassinoid intermediate 

80, the chiral centers of which have the same stereochemistry as those of 

klaineanone ( 7 9 ) .  The behaviour of 77 shows again the different reactivity 
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of 3-alkyl-2-cycloalkenones in inter- and intra-molecular Diels-Alder 

reactions (compare 5-8, 49 and 77). 

e. Polycycllc Precursors 

The hydrophenanthrene system is present in naturally occurring 

compounds, such as diterpenes and steroids, and functionalized 

hydrophenanthrones are suitable synthetic precursors. The preparation of 

Scheme 1 1  

Q 

43 (exo-addit ion) 71 (endo-anti-addition) 

some of them by (4*2)-cycloaddition reactions of 2-cycloalkenones is 

illustrated in Scheme 1 1 .  The versatility of this approach is shown by the 

fact that the proper choice of diene and dienophile will lead to 

N02 .-* 1. A l C l  3 70° &? 
2. Ar-NCO 

- 0  
A H  

1 (n = 1, R = H) 81 

functional ized intermediates displaying stereochenical 701 7' 

A hydrophenanthrene system coupled vith an isoxazoiine ring is prepared 
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eutM*2s'8 6 

N02 6 
-&Q 

1. 1200 

2. n-Bu I F  64% 
4 

82 (endo-para-addition) 

1100 
_____.) 

51% 

MOO 

8 3 ( me ta-addi tion ) 

by a (4+2)+(3+2) triannelation process C 1 ,  (n = 1 ,  I? = H)3811." The 

heterocyclic ring is a versatile functional array, making this tetracyclic 

system a possible precursor for quassinoids, steroids, and diterpenoids. 

The BCD ring sequence (e_g,, 82) o r  the complete skeleton of a 

steroidal compound ( e A ,  83) is built by the use 2-cyclopentenones 

and vinylcyclohexenes.'5~17ai42 --addition is preferred, contrary to 

the observation for 2-methyl-2-cyclohexenone (Scheme 1 1 )  and the 

regioselectivity is controlled by the substituent on the dienophile. 

84  85 86 I 602 

bti 
88  87 
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Compounds with the bridgehead double bond are frequently in the field 

of diterpenes and alkaloids and the Diels-Alder reaction of 2-cycio- 

-alkenones can be applied profitably for preparation of key precursors. 

Ketone 86, prepared by syn (to the methane bridge)-e= addition of enone 84 

with vinylcyclohexene 85, is converted easily to dienedione 87. The latter 

ketone has the required stereochemistry and the appropriate functionality 

to be converted into corymbol Another example is the anti (to the 

cyclobutane) addition of (*)-ketoester 89 to butadiene. Adduct 90 allows 

( + I  8 9 (+I90 ' (+I91 
I 

HO 

HO" 0@LMe / 

+ -  - - -  -̂.. \ 

(-1 92 

the preparation of the ethyleneketal 91, uhich is an attractive 

intermediate for a stereo- and enantioselective synthesis of (-)-morphine 

(92) . 73 
Diels-Alder reactions of 2-cycloalkenones have been also used to 

prepare linear, fused ring systems (e&, hydronaphthacanes and hydro- 

159 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



FRINGUELLI, TATICCHI AND WENKERT 

fluorenes). In a general approach directed to the synthesis of the 

anthracyclinoid, pillaromicinone, the key intermediate 95 was prepared by 

taking advantage of the (to H-4a)-stereoselectivity of the ( 4 * 2 ) -  

-cycloaddition reaction (93->94) and the directing effect of the sulfide 

group of the diene. 74 

RQ--p R1 RmRl 0 

0 
96 9 7  98 

R = H, OMe R = H, CO Me 
1 2 

Hydroflurenones 96 are gibberellin precursors and have been prepared 75 

by Diels-Alder reactions of the indenone ketals 98 with butadiene and acid- 

catalyzed deprotection of the carbonyl group or by cycloaddition of 

indenones 97 generated in situ by acid treatment of 98. 

Synthetic applications involving intramolecular Diels-Alder reactions 

of 2-cycloalkenones are infrequent. An example is the cyclization of 

ZE-diene 99, which proceeds with endo-stereospecificity i c f .  29->30) to 

afford l Q Q B  a cytochalasin C precursor. 76 

Acknov1edgment.- F.F. and A . T .  thank the Consiglio Nazionale delle 

Ricerche (C.N.R. Roma 1 and Minister0 della Pubblica Istruzione ( I I . P . 1 .  

Rona) for financial support. 

160 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



DIELS-ALDER REACTIONS OF CYCLOALKENONES. A REVIEW 

REFERENCES 

1 .  R .  Robinson and J. Walker, J.Chea.Soc., 1530 (1935). 

2. E. Dane and K. Eder, Ann., 539,  207 (1939); Y .  Bockenuller, U . S .  pat., 

2, 179,809, C.A., 34, 1823 (7) (1940); A. I l .  Gaddis and L. Y .  Butz, 

J.Am.Chem.Soc., 69, 1203 (1947); I .  N. Nazarov, L. I .  Shnonina and 

I .  V. Torgov, Izvesr-Akad. Nauk S.S.S.R. 0tdel.Khim. Nauk, 1074 

(1953), C.A., 49, 2452 g (1955) ; 1.1. Nazarov and G.P. Kugatova, ibid. 

480 (19551, C.A., 50, 6405 h (1956) ; P. D. Bartlett and G .  F. Woods, 

J.An.Chen.Soc., 62, 2933 (1940); U. Nudenberg and L. Y .  But,?, ibid., 

65, 1436 (1943). 

3. P. Yates and P. Eaton, J.Am.Chem.Soc., 82, 4436 (1960). 

4. a) H. W. Thompson and D. G. Ilelillo, ibid., 92, 3218 (1970); 

b) T. Harayama, H. Cho and Y .  Inubuschi, Tetrahedron Lett.,2693 (1975); 

c) T. Harayama, H. Cho, I l .  Ohtani and Y. Inabushi, Chen.Pharm.Bull.Jpn., 

22, 2784 (1974). 

5 .  E. J. Corey and D. S. Watt, J.Am.Chem.Soc., 95, 2303 (1973). 

6. F. Fringuelli, P. Pizzo, A. Taticchi, T.D.J. Halls and E. Wenkert, 

J.Org.Chen., 47, 5056 (1982). 

7. F. Fringuelli, P. Pizzo, A. Taticchi and E. Uenkert, ibid., 48, 2802 

(1983). 

8. F. Fringuelli, L. Hinuti, L. Radics, A. Taticcsi and E. Yenbert, ibid., 

53, 4607 (1988). 

9. a) K. L. Uilliamson and Y. F. Li Hsu, J.dm.Chem.Soc., 92, 7385 (1970); 

b) K. N .  Houk, Acc.Chem.Res., 8, 361 (1975). 

10. T. S. Cantrell, J.Qrg.Chem., 39, 3063 (1974). 

11. a) H. Shinozaki, S .  Arai and lT. Tada, BuIl.Chem.Soc.Jpn., 49, 821 

(1976); b )  A. P. Uarchand and V. Vidyasagar, J.Org.Chem., 53, 4412 

(1988). 

12. K .  Sakan and D. A. Smith, Tetrahedron Lett., 25, 2081 (1084). 

13. F. Fringuelli, F. Pi:zo, A. Taticchi and E .  Uenkert, Synthetic Comm., 9, 

391 (1979). 

14. T. R .  Kelly and R. U. McNutt, Tetrahedron Lett., 285 (1975). 

161 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



FRINGUELLI, TATICCHI AND WENKJZRT 

15. D. Caine, C. R. Harr 

16. S. Knapp, R. Lis and 

17. a) E. J. Corey and H 

b) N .  Ono, H. niyake 

18. 

19. 

20. 

21. 

2 2 .  

23. 

24. 

2 5 .  

son and D. G. VanDerveer, ibid., 24, 1353 (1983). 

P. Ilichna, J.Org.Chen., 46, 624 (1981). 

Estreicher, Tetrahedron Lett., 22, 603 (1981). 

A. Kamimura and A. Kaji, J.Chem.Soc. Perkin 

Trans I ,  1929 (1Y87). 

a) H.-J. Liu, T. K. Ngooi and E. N. C. Broune, Can.J.Chen.,66, 3143 

(1988); b) J. D. Das, 2 .  Valenta, H.-J. Liu and T. K. Ngooi, ibid., 62 

481 (1984). 

B. B. Snider, Tetrahedron Lett., 21, 1133 (1980). 

a) S. Torii, T. Kunitomi and T. Okamoto, Bull.Chem.Soc.Jpn., 47, 2349 

(1974); b) E. Piers and T. W .  Hall, Can.J.Chem., 58, 26!3 (1980). 

M .  Forchiassin, G. Pitacco, C. Russo and E.Valentin, Gazr.Chim.Ital., 

112, 335 (1982). 

I .  Nagakura, H. Ogata, II. Ueno and Y .  Kitahara, Bull.Chem.Soc.Jpn., 48, 

2995 (1975). 

a) H. 0. House, R. J. Outcalt, J. L. Haack and D. VanDerveer, J.Org. 

Chem., 48, 1654 11983) and references cited therein; b )  H. 0. House, 

R. F. Sieloff, T. V. Lee and n. B. DeTar, ibid., 45, 1800 (1980); 
c) H. 0. House, R. F. Sieloff and D. VanDerveer, ibid., 46, 4639 

(1981); d) H. 0. House, E. 9. De Tar, R. F. Sieloff and D. VanDerveer, 

ibid., 45, 3545 (1980). 

H. 0. House, LI. F. Gannon, R .  S. Ro and D. J. Wluha, J.Am.Chem.Soc.,82, 

1463 (1960). 

E. C. Angell, F. Fringuelli, L. Einuti, F. Pizto, A. Taticchi and 

E. Yenkert, J.Org.Chem., 51, 5177 (1986). 

26. a)  F. Fringuelli, L. Hinuti, F. Pizzo, A .  Taticchi. T. D. J. Ha 

E. Wenkert, J.Org.Chem., 48, 1810 (1983); b) H . - J .  Liu and 

E. N. C. Srowne, Can.J.Chem., 65, 1262 (1987). 

2 7 .  a) F .  ?r:r.~uelli, F. Fizzo, A .  Taticchi and L .  Wenkert, Synrher 

Comm., 16, T C 5  (?986); b 

59, 601 (1981). 

28. E. C. Angell, F. Fringue 

1s and 

P 

H.-J.Liu and E. N. C.Browne, Can.J.Chem., 

l i ,  T. D. J. Halls, F. Pizto, B. Porter, 

162 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



DIELS-ALDER REACTIONS OF CYCLOALKENONES. A REVIEW 

A .  Taticchi, A .  P. Tourris and E. Yenkert, J.Org.Chen., 50 ,  4691 

(1985). 

29. H.-J. Liu, E. N. C. Browna and s. Y .  Chew, Can.J.Chen., 66, 2345 

(1988). 

30.  E. C. Angell, F. Fringuellj, L. ninuti, F. Pizro, B. Porter, A .  Taticchi 

and E. Wenkert, J.Org.Chem., 50, 4686 (1985). 

31. E. C. Angell, F. Fringuelli, F. Pizzo, B. Porter, A. Taticchi and 

E. Yenkert, ibid., 50, 4696 (1985). 

32. L. E. Overnan, R. L. Freerks, C. B. Petty, L. A .  Clizbe, R. K. Ono, 

G. F. Taylor and P .  J. Jessup, J.An.Chen.Soc., 103, 2816 (1981). 

33. A .  P. Kozikowski, K. Hiraga, J. P. Springer, B. C. Wang and 2 .  B. Xu, 

ibid., 106, 1845 (1984). 

34. U. D. Softer and G. E. Gunay, Tetrahedron Lett., 1355 (1965). 

35. H. Sakurai, A .  Hosoni, A. Saito, K. Sasaki, H. Iguchi, J.I.Sasaki and 

Y. Araki, Tetrahedron, 39, 883 (1983).  

36. H.-J. Lju and T. K. Ngooi, Synth.Com., 12, 715 (1982). 

37. T. Calogeropoulou and D. F. Wiemer, J.Org.Chen., 53, 2295 (1988).  

38.  E. C. Angell, P. Pringuelli, L. Ainuti, F. Pizro, B. Porter, A .  Taticchi 

and E. Yenkert, ibid., 51 2649 (1986).  

39. J. Das, A. Kakushima, 2 .  Valenta, K. Jankooski and R. Luce, 

Can.J.Chen., 62, 411 (1984).  

40. E. C .  Angell, F. Fringuelli, A. Guo, L. Ilinuti, A .  Taticchi and 

E. Wenkert, J.Org.Chem., 53, 4325 (1988).  

4 1 .  F. Fringuelli, H. Guo, L. Ainuti, F. Pirro, A. Taticchi and E. Wenkert, 

ibid., 54, 710 (1989). 

4 2 .  R. E. Ireland and Y. J. Thompson, ibid., 44, 3583 (1979).  

43. G. A. Kraus and P. Gottschalk, ibid., 49, 1153 (1984).  

44. S .  G .  Pyne, A. J. Hensel and P. L. Fuchs, J.An.Chem.Soc., 104, 5719 

(1982).  

4 5 .  E. C.Angel1, F. Fringuelli, F. Pi:zo, B. Porter, A .  Taticchi and 

E. Yenkert, J.Org.Chen., 51, 2642 (1986). 

46. T. Harayana, H. Cho, U. Ohtani and Y .  Inubushi, Chea.Pharn.Bull., 22, 

163 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



FRINGUELLI, TATICCHI AND WENKERT 

2784 (1Y74). 

47. T. V .  Lee and J. Toczek, J.Chen.Soc.Chen.Comnun., 968 (1982). 

48. a) S. Danishefsky, T. Kitahara, C. F. Yan and J. Rorris, J.Am.Chem. 

SOC., 101, 6906 (1979); b) S. Danishefsky, C. F. Yan, R. K. Singh, 

R. B. Gammill, P. !I. RcCurry Jr., N. 

101, 7001 (1979). 

49. B. R. Trost, Y. C. Vladuchick and A .  

(1980). 

SO. R. E. Ire 

(1979). 

51. R. E. Ire 

4863 (198 

and, P. A. Aristoff and C 

and, W. J. Thompson, G. H. 

) .  

52. E. C.Angel1, P. Fringuelli, F. Pirro 

E. Wenkert, ibid., 54, 1217 (1989). 

53. F. Fringuelli, P. Pizzo, A. Taticchi 

B. Porter and E. Wenkert, ibid., 50, 

54. R.D. Soffer and L.A. Burk, Tetrahedr 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

Fritsch and J. Clardy, ibid., 

J. Bridges, ibid., 102, 3554 

F. Hoyng, J.Org.Chem., 44, 4318 

Srouji and R. Etter, ibid., 46, 

L. minuti, A .  Taticchi and 

V. F. Ferreira, E. L. nichelotti, 

890 (1985). 

n Lett., 211 (1970). 

S. Torii, T. Inokuchi and T.Yamafuji, Bull.Chem.Soc.Jpn., 52, 2640 

(1979). 

S. Torii, T. Inokuchi, ibid., 53, 2642 (1980). 

K. Sakurai, T. Kitahara and K. mori, Tetrahedron, 44, 6581 (1988). 

H.-J. Liu and T. KO Ngooi, Can.J.Chem, 62, 2676 (1984). 

T. Harayama, H. C ’ l o ,  Y. Inubushi, Chem.Pharrn.Bull., 26, 1201 (1978). 

a) T. Harayama, H. Cho, Y. Inubushi, Tetrahedron Lett., 2693 

(1975); bf T. Harayama, H. Cho, Y. Inubushi, Chern.Pharrn.Bull., 25, 

2273 (1977). 

a) S. Danishefsky, R. Zamboni, n .  Kahn and S. J. Etheredge, J.Am. 
Chen.Soc., 102, 2097 (1980); ibid, 103, 3460 (1981); b) S. Danishefsky 

and R. Zamboni, Tetrahedron Lett., 21, 3439 (1980); c) S. Danishefsky 

and PI. Kahn, ibid., 22, 489 (1981). 

R. Ihara, A .  Kauaguchi, H .  Ueda, ?I. Chihiro, K. Futumoto and 

T. Kametani, J.Chem.Soc.Perkin Trans I ,  1331 (1987). 

164 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



DIELS-ALDER REACTIONS OF CYCLOALKENONES. A REVIEW 

63. Y .  Oppolrer and 1. Petrzilka, Helv.Chin.Acta, 61, 2755 (1978). 

64. a) T. Harayana, U. Takatani and Y .  Inubushi, Proceedings of 22nd 

Symposium on the Chemistry of Natural Products, Pukuoka, 78 (1979); 

Chem.Pharm.8~11. 28, 2394 (1980); b) The keto carbinolamine structure 

a_ is in equilibriun with a negligible amount of its ring-chain tautomer 

b; C. H. Heathcock, K. U. Smith and T. A. Blumenkopf, J.Am.Chen.Soc., 

108, 5022 (1986). 

Kawasaki and T. Kaneko, Tetrahedron Lett., 4859 (1970). 

S. Ferrino and G. Vidari, J.Am.Chea.Soc., 102, 7586 

Grieco, G. Vidari and S. Ferrino, Tetrahedron Lett., 

c) G. Vidari, S. Ferrino and P. A. Grieco, J.Am.Chem. 

65. K. Yamamoto, I .  

66. a) P. A. Grieco 

(1980); b) P. A 

21, 1619 (1980) 

SOC., 106, 3539 (1984). 

67. P. A .  Grieco, R. Lis, S. Ferrino and T. Y .  Jav, J.Org.Chem., 49 

(1984). 

68. P. A. Grieco, P .  Garner and 2. He, Tetrahedron Lett., 24, 1897 

2342 

1983). 

69. K. Fukumoto, II. Chihiro, II. Ihara, T. Kametani and T. Honda, J.Chem. 

Soc.Perkin Trans I ,  2569 (1983). 

70. T. Cohen and 2. Kosarych, J.Org.Chem., 47, 4005 (19821. 

71. E. C. Angell, F. Fringuelli, F. Pirro, A. Taticchi and E. Wenkert, 

ibid., 53, 1424 (1988). 

72. G.  A. Kraus and Y .  S. Hon, ibid., 51, 116 (1986). 

73. D. L. Boger, H. D. Hullican, H. R. Hellberg and U. Patel, ibid., 

50, 1904 (1985). 

74. 8. II. Trosr, C. G. Caldwell, E. Murayama and D. Heissler, ibid. 48, 

3252 (1983). 

75. H. C. House and Id. C. IcDaniel, ibid., 42, 2155 (1977). 

76. S. G. Pyne, D. C. Spellmeyer, S. Chen and P. L. Fuchs, J.Am.Chem.Soc., 

104, 5729 (1982). 

(Received July 17,1989; in revised form October 25,1989) 

165 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1


