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THE USE OF THE DIELS-ALDER REACTION IN ASYMMETRIC SYNTHESIS

I. Introduction

The term asymmetric synthesis is applied to chemical reactions

which produce enantiomers in unequal amounts. In the extreme case

only one enantiomer is formed. This is hardly ever achieved in ordi-

nary chemical reactions. A racemic modification is always produced

in any synthesis of dissymmetric molecules, starting from either

symmetric molecules or a racemic modification and using no optically

active reagents or catalysts and no asymmetric physical influence.

In contrast, asymmetric syntheses are particularly effective in biol-

ogical systems. The reactions take place on enzyme surfaces, and

generally the stereoselectivity is for all intents and purposes 100%.

A chemical asymmetric synthesis that approaches the stereochemi-

cal efficiency of biological systems would be a significant achieve-

ment. In addition, the process could prove to be a valuable source

of chiral compounds of high optical purity. Desirable criteria for

a highly stereoselective asymmetric synthesis are:

1. Diastereomeric transition states should differ significantly

in free energy to guarantee product formation in greater than 99%

enantiomeric excess. Since the optical yield often depends on steric

considerations, the more rigid the transition state the easier it

would be to adjust this determining parameter to favor only one

transition state geometry.

2. The original chiral molecule should be either recoverable

(reversible reaction) or should act as a catalyst.

The well-known, reversible Diels-Alder reaction has the required

rigid transition state and is susceptible to catalysis. The reverse

reaction is favored by entropy considerations at higher temperature

and, in some cases, by electron delocalization. The scope and appli-

cation of the use of the Diels-Alder reaction, particularly with

spiro-[2.4]-4-heptadiene derivatives, in approaches to asymmetric

synthesis were explored, and the results are presented in the
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following pages.
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II. Historical

A number of highly stereoselective asymmetric syntheses have

been reported in the literature (1,2). The papers referenced are

not intended to be an exhaustive survey of asymmetric synthesis but

rather present some of the recent developments in the field.

Several excellent reviews of asymmetric synthesis have also been

written (3).

A recent example of a virtually complete asymmetric synthesis

is the preparation of (S)-(+)-atrolactic acid methyl ether reported

by Eliel (1). The synthesis, which proceeded in extremely high

(100%) optical yield, effected the separation of the chiral product

from the original inducing chiral center, and allowed in principle

for the recovery of the chiral auxiliary unit, is presented in

Scheme 1. The reaction sequence included two key highly stereoselec-

tive steps. Step A depends on the fact that electrophilic attack on

2-lithio salts of conformationally locked 1,3-oxathianes leads exclu-

sively to equatorially substituted products. Step B was an extremely

diastereoselective reaction of a Grignard reagent with a ketone, which

Scheme 1

Step A
1) Bu Li

C6H5CHO

C6H5 Step B

CH 'OH excess
3 \

CH3MgI
>95% 1) NaH

4 2) CH31

DMSO/TFAA
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0
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exemplifies a striking case of Cram's rule where the rigid (cyclic)

model applies (Scheme 2). Expansion of this method to the synthesis

of molecules having diverse functional groups has not been reported

Scheme 2
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Only partial asymmetric syntheses have been achieved with Diels-

Alder reactions (4). One system consisted of the reaction between

cyclopentadiene and optically active acrylic acid esters 9 (4a)

(Scheme 3). Even when several constitutionally distinct R* groups

were employed, the noncatalyzed cycloadditions never exceeded an

optical yield of 11%. However, the catalyzed transformations nor-

mally proceeded in significantly higher optical yield [up to 88% for

R* = (S)-(+)-2-(3,3-dimethyl)butyl, using boron trifluoride etherate

at -700].

Scheme 3

+ #00000-R*

0
9

L A H + enantiomers

enantiomers + R*OH

CH2OH

Another system consisted of the asymmetric Diels-Alder reaction

of (-)-dimenthyl fumarate (10) with 1,3-butadiene (4d) (Scheme 4).

Uncatalyzed reactions gave products varying between 0 and 3% enantio-

meric excess. With catalysis (titanium tetrachloride, stannic

chloride, aluminum chloride), the major enantiomer resulting from

lithium aluminum hydride reduction of the intermediate epimeric

esters 11 was (4R,5R)-(-)-trans-4,5-(dihydroxymethyl)-cyclohexene

(12), in enantiomeric excess varying between 27 and 78%.

Derivatives of spiro[2.4]-4,6-heptadiene similar to 13 are

promising chiral dienes for use in asymmetric reactions. Several

structural parameters in the diene and dienophile must be optimized



in order to ensure that only one transition state, and thus only

one isomeric product, is formed (Scheme 5).

Scheme 4

4-
Catalyst

ROOCH R g.(-)-menthyl

10 ,COOK
enantiomer

R
S

13 14

LAH

CH2OH

R,R-12
%CH2OH

enantiomer

6

1. The dienophile must be able to differentiate between the

two faces of the diene. Through proper choice of substituent A, the

dienophile should approach the diene only from the face opposite the

A functionality.
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2. The regiochemistry of adduct formation must be fixed. A

dienophile such as 14, where S = small substituent and L = large sub-

stituent, could theoretically use either of its faces in the Diels-

Alder process to yield 15 and 16. Simply by adjusting the sizes of

R and L, the rigid transition state leading to adduct 16 can be made

substantially higher in free energy than the transition state leading

to 15, due to nonbonding interactions between R and L. The product

15 will display only one C=S face that is susceptible to subsequent

chemical reaction. Alternatively, R,S, and L can be varied so as to

facilitate formation of only one adduct on account of electronic con-

siderations. This electronic effect is even more pronounced under

Lewis acid catalysts conditions.

3. The diene and dienophile must react to give exclusively

either the endo or exo Diels-Alder adduct.

The recovery of the chiral spiral compound 13 through a retro-

Dield-Alder reaction is another important feature of the proposed

asymmetric synthesis. This would provide a facile method of sepa-

rating the chiral product from the original inducing chiral molecule

and of regenerating the original chiral compound.

The above three.criteria and the reversibility of the Diels-

Alder reaction have been discussed to some extent in the literature.

The previous research will be presented in the context of how it

applies to a possible asymmetric synthesis using alkylspirodienes 13

in the Diels-Alder reaction.

Electronic and steric factors governing syn-anti isomerism in

the Diels-Alder reaction have been investigated by Williamson (5).

Pentachlorocyclopentadiene (17) gave bicycloheptene Diels-Alder

adducts with many dienophiles in which the predominant isomer had the

chlorine atom on the bridge unit anti to the double bond. The amount

of this isomer, which is disfavored on steric grounds, was increased

by the addition of Lewis acid catalysts (aluminum chloride, boron

trifluoride etherate, titanium tetrachloride) that could form a com-

plex with the dienophile (e.g. maleic anhydride, methyl acrylate,



acrylonitrile). The catalytic activity paralleled the Lewis acid

strength. The catalyzed and uncatalyzed reaction of pentachloro-

cyclopentadiene (17) and maleic anhydride gave predominantly the

anti-isomer 18 (Scheme 6). In order for maleic anhydride to give

Scheme 6

CI

H
CI

CI

CI CI
17 CI

---->

CI H
C

Cl
I

CI
0

CI

O

CI

0 0 0
18 19

90.8% uncatalyzed 9.2%

99% AICI
3

catalyzed 1%

8

90.8% of 18, it was necessary for the potential bridge chlorine atom

to be on the inside of the sandwich-like transition state 20 which

gave rise to the product. This is contrary to the expectation of

CI CI
H

CI Cl

O

0 /
20

the rule of steric approach control whereby the diene and dienophile

approach each other from their less hindered side (6,7,8). In

addition, there was a good correlation between the percent of anti-

7-chloro isomers and the dipole moments of the monosubstituted
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dienophiles-the higher the dipole moment of the dienophile the

greater the dipole interaction between the polar dienophile and the

polarizable bridge chlorine atom in the transition state. The corre-

lation between dienophile dipole moment and percent of anti-7-chloro

isomers supported the hypothesis that the prime factor governing syn-

anti isomerism in this system was an attractive interaction between

the diene and dienophile due to dipole-dipole, dipole-induced dipole,

and London-dispersion forces (9).

Trost and Cory found that steric approach control was operative

in the Diels-Alder reaction of dimethylazodicarboxylate (22) and

diene 21 (10) (Scheme 7). The reaction produced the syn adduct 23

in 78% yield. The syn assignment was confirmed by the ultimate suc-

cess of the overall synthetic plan and by the independent generation

of related compounds in the anti series.

Scheme 7

21

O

CO2CH3 PhCNHCH2
CH2NHCPh I

III

CO2CH3

22

N ---CO2CH3
1

N

CO
2C

H3

23

Ginsberg (11) used propellanes as stereochemical models to

study the facial differentiation of dienes in the Diels-Alder reac-

tion (Scheme 8). When the tetraenic ether 24 was treated with the

very reactive dienophile 4-phenyl -1,2,4-triazoline-3,5-dione (25),

the unsymmetrical bis adduct 27 was formed. It was determined that

the initially formed mono adduct 26 was a result of attack from

below on the diene 24. The Diels-Alder reaction of the tetraenic

methylimide 28 and an equimolar amount of 25 gave the mono adduct

29, isolated in 93% yield. The second mole of dienophile gave two
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bis adducts, 30 and 31, in the ratio 3:1. The attach of 24 from

below could be attributed to the steric hindrance exerted by the

CH2O hydrogen atoms to attack from above. Although these hydrogens

Scheme 8

c6 H5
25

from
below

24

Nj
26 above

25

Me iMe0
0 0

28

25

f rom
above

27

30

3

do not exist in the methylimide 28, which was attacked from above,

the molecular shape of 28 is not all that different from 24.

Ginsberg explains this with a second-order stabilization by overlap

between the nitrogen lone pair orbitals of the dienophile double
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bond and the optimally situated orbitals of the carbonyl group that

favors attack from above. In the case of the tetraenic ether 24,

the electronic stabilization that could come from the ether-oxygen

lone pairs, which are not spatially disposed in the optimal manner

for overlap with the N=N double bond or nitrogen lone pairs, is

ineffectual, and the steric hindrance exerted by the CH2O hydrogens

predominates. The preference for the attack of 25 from above on the

two mono adducts 26 and 29 is due to steric considerations. Once a

boatlike structure exists in any of these compounds, it exerts much

more steric hindrance to attack from below than do two hydrogen atoms

from above.

The stereochemistry of the Diels-Alder reactions of isodicyclo-

pentadiene (32) with methyl acrylate and methyl propiolate has been

investigated by Kobuke (12). For these reactions two stereochemical

courses are conceivable, syn and anti, which may be so termed accord-

ing to the modes of attack from the ethano and methano sides of the

norbornane framework, respectively. Diels-Alder reactions of 32 with

methyl propiolate and methyl acrylate gave the syn isomers, 33 and

34, exclusively in yields of 84 and 77%, respectively (Scheme 9).

Scheme 9
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The high stereoselectivity of isodicyclopentadiene in favor of syn

addition is rather surprising in comparison to the preferential exo

addition of a wide variety of reagents to norbornadiene and its

homologues (13, 14). Two explanations were proposed for the

observed stereoselectivity. One is a greater steric attraction by

the ethano bridge which should stabilize the syn transition state.

The importance of steric attraction as well as dispersion forces has

been suggested in the determination of endo-exo selectivity in Diels-

Alder reactions of cyclopentadiene and norbornadiene (15). The role

of such a steric attraction has also been stressed for several other

types of reactions exhibiting contrathermodynamic stereoselectivities

(16). In the diene 32, the reaction center is removed by one more

carbon unit than in the norbonane framework. This would allow

steric attraction to outweigh steric repulsion, which should dimin-

ish more sharply with the increase in distance. The second explana-

tion is electronic in nature. A greater development of n orbitals

toward the exo side has been suggested to account for the exo pref-

erence of norbornene in chemical reactions (17). The relatively

unstable filled o orbitals of the norbornane skeleton would be so

high lying as to permit its mixing with the 7 orbital. The mixing

could bias the spread of the Tr orbital in space above and below the

cyclopentadiene plane of 32. Such a spatial asymmetry should pro-

bably favor the syn orientation of an attacking dienophile.

The regiochemistry of the Dield-Alder reaction, which must be

fixed when used in asymmetric synthesis, can be influenced by both

steric and electronic effects. Precent (8b) shows and theory (18,

19) predicts that cycloadditions of 1- and 2-substituted butadienes

(electron donating substituents), 36 and 38, and dienophiles with

electron withdrawing substituents 35 give predominately products of

the type 37 and 39, respectively (Scheme 10).

The cycloaddition reactions of trans-l-substituted butadienes

40 with acrylic acid derivatives 41 can give either the 1,2-

disubstituted cyclohexene derivative 42 or the 1,3-isomer 43



(Scheme 11). In every case the 1,2-isomer 42 was formed in larger

amounts than the 1,3-isomer 43 (20) (Table 1). The electronic

effect of the substituent R1 in the diene 40 seemed to have little

significance in the orientation of the adduct. Branching in the

substituents R
1
or R

2
favored formation of the 1,3-disubstituted

cyclohexene 43. The reactions of 1-substituted dienes with dieno-

philes containing a carbon-carbon triple bond followed the same

orientation rules as those with the double bond analogues (8b).

Scheme 10

Nu

li

N35 Nu

Nu

38

37

Dotted lines refer to an acetvlenic dienophile

Scheme 11

R1

R2 R3

40 41 42 43

13
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Table 1. Orientation in the reaction

40 with Unsymmetrical Dienophiles

R
1

R
2

R
3

of trans-1-Substituted Dienes

Yield (%) of
42 + 43

41

Temp. Ratio
(°C) 42:43

Electronic substituent effects

N(C H ) H CO2 C H 20 cis-42 only 94
2 5 2 2 5

CH
3

H CO
2
CH

3
20 18:1 64

C
6
H
5

H CO
2
CH

3
150 39:1 61

CO
2
H H CO

2
H 150 8.8:1 87

Steric effect of substituents in the diene

CH
3

H CO
2
CH

3
200 6.8:1 85

CH(CH
3

)
2

H CO
2
CH

3
200 5:1 60

C(CH
3

)

3
H CO

2
CH

3
200 4.1:1 76

Steric effect of a-substituent in the dienophile

C(CH
3

)
3

H CO
2
CH

3
200 4.1:1 76

C(CH
3

)

3
CH

3
CO

2
CH

3
200 2.6:1 75

C(CH
3

)
3

CH(CH
3

)
2

CO
2
CH

3
200 0.9:1 19

The cycloaddition reactions of 2-substituted butadienes 44 with

acrylic acid derivatives 45 can give either the 1,4-disubstituted

cyclohexene derivative 46 or the 1,3-isomer 47 (Scheme 12). The 1,4-

disubstituted cyclohexene 46 predominated as the electronic nature

of the substituent R
1
in the diene 44 had little effect on the

isomer ratio 46:47 (20,21) (Table 2). The steric factor was less

significant than in the case of 1-substituted butadienes. As with

1-substituted dienes, dienophiles containing triple bonds exhibited

the same orientation behavior as their double bond analogues (22).
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Scheme 12

44

Table 2. Orientation
with

R
1

45
H

46 47

Dienes 44

Yield (%) of
46 + 47

in the Reaction of 2-Substituted
Unsymmetrical Dienophiles 45

Temp. Ratio
R
2

(°C) 46:47

Electronic substituent effects

OC
2
H
5

CO
2
CH

3
160 46 only 50

CH
3

CO
2
CH

3
20 5.4:1 54

C
6
H
5

CO
2
CH

3
150 4.5:1 73

Cl CO
2
CH

3
160 46 only 60

CN COCH, 95 46 only 86

Steric effect of substituents in the diene

n-C
3
H
7

CO
2
CH

3
200 2.4:1 81

CH(CH
3

)
2

CO
2
CH

3
200 3.0:1 65

C(CH
3

)
3

CO
2
CH

3
200 3.5:1 47

In cycloaddition reactions with 1,3-disubstituted dienes 48 the

directing effects of R
1
and R

2
should be additive. The Diels-Alder

reaction of acrylic acid and 1,3-disubstituted diene 48 afforded the

predicted product 49 (23,24) (Scheme 13).



Scheme 13

R1= CH3 ,R2C6H5
Rigr= C6H5 R2= CH3

49

COOH

H

16

Similar results have been obtained with methoxy- and/or tri-

methylsiloxy-1,3-disubstituted dienes 50 (25, 26). The cycloaddition

OR
1

2
= SiMe3 or Me

R20
R = SiMe3 or Me\

50

reactions of 1- and 2- methyl -1,3- bis(trimethylsiloxy) -1,3- butadienes,

(51) and (53), and methyl acrylate gave the predicted regioselective

adducts 52 and 54, respectively (25) (Scheme 14). The methyl sub-

stituent in the diene did not affect the regioselectivity.



Scheme 14

TMSO

COOMe

Me

OTMS

Me

OTMS

TMSO
53

COOMe

OTMS
54
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Houk has used the frontier molecular orbital approach to pre-

dict the regiochemistry of cycloaddition reactions for 1- and 2-

substituted butadienes and suitable dienophiles (18). Generalized

frontier orbital energies and coefficients of the major classes of

dienes and dienophiles were reported, based on experimental rather

than calculated quantities, where possible. The preferred Diels-

Alder regiochemistry was then predicted using the following

sequence:

1. Identify which HOMO/LUMO pair is closer in energy.

2. Using this HOMO/LUMO pair, match up the larger terminal

coefficient on one component with the larger on the other. The

larger coefficient on each addend will become bonded preferentially

in the transition state and thus determine the regiochemistry of

the adduct.

Lewis acid catalysts have promoted large rate accelerations for

Diels-Alder reactions with dienophiles activated by electron-with-

drawing groups such as carbonyl and cyano groups (27, 28, 29, 30, 31).
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The ability of Lewis acid catalysts to provide greater regiochemical

control in the Diels-Alder reactions with otherwise weakly directing

groups (cf. alkyl) on the diene can be of great synthetic utility

(29b, 30, 32). In the reaction of isoprene (55) with methyl

acrylate, the ratio of the 1,4-disubstituted product 56 to the 1,3-

disubstituted product 57 increased with the addition of anhydrous

aluminum chloride (Scheme 15). Inukai and Kojima showed by partial

rate factors that the change in isomer ratio in the presence of a

Lewis acid catalyst could not be explained by steric factors even

though the steric bulk of the acetyl group was increased by complex-

ation with the catalyst (29b).

Scheme 15

COOMe

55

.f
COOMe

56 57
30RT. and 120° 70

7-12°,A1C13 95 5

COOMe

The marked effect of Lewis acids on Diels-Alder reaction rates

and regioselectivity has been rationalized by the application of

frontier molecular orbital theory using generalized orbitals (33).

The predominant frontier orbital interaction in a Diels-Alder reac-

tion with electron-rich or conjugated dienes and electron-deficient

dienophiles involves the diene HOMO and the dienophile LUMO. Lewis

acid complexation lowers the dienophile LUMO energy to a large

extent and facilitates this interaction. The effect is the acceler-

ation by Lewis acids for reactions of dienes and dienophiles acti-

vated by one or more carbonyl or cyano groups. Lewis acid complexa-

tion also increases the difference in magnitudes of the LUMO

coefficients at atoms C
1
and C2 of the complexed dienophile compared
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to the non-complexed dienophile so that reactions of the former

should be considerably more regioselective than those of the latter.

The case of acrolein is just one of many examples that showed an

increased rate and regioselectivity (Figure 1).

2.5

-14.5

0

51
-.39

-.48

.48 -.58
.58

C
1

2
C
2

2
= 0.20

-.10 .41

-6.5
.55 -.72 9

-7.6 U -'
.66

.57

23.7 .08 0

23.2 '4`H

-.68

.32

.67 -.47

.49' .12_.61

C 12 C
2

2
= 0.30-0.43

Figure 1. Frontier orbital energies (eV and coefficients for
acrolein and protonated acrolein.

Danishefsky has found the cycloaddition reactions of 1- and 2-

oxygenated butadienes and trans-methyl S-nitroacrylate to be highly

regioselective with the regiochemistry being completely controlled

by the nitro group (34). Unfortunately, there was no corresponding

endo stereoselectivity. The results of the Diels-Alder reactions of

58 and the oxygenated butadienes are shown in Scheme 16.



Scheme 16
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61
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60
OSiMe3
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62
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Me3SiO 64 'COOMe
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Trost has reported that the regioselectivity of the Diels-Alder

reaction could be varied dramatically by the competing orienting

influences of sulfur and oxygen on thermal cycloadditions and the

effect of Lewis acids (35). The regiochemistry of thermal reactions

of dienes 65 and 66 was controlled by the arylthio group. For Lewis

acid catalyzed reactions (anhydrous magnesium bromide or boron tri-

fluoride etherate) with the same dienes, the directive effect of the

arylthio group could be either opposed or reinforced. The phenomena

were attributed to competing considerations of polar factors and odd

electron distribution.
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OAc
a)Ar=Ph
b)Ar7-10-Me0C6H4

SAr

SPh

OAc

66

21

Lewis acid catalysts have been used to control the orientational

dominance of dienophiles of the type 67, where E and E' are both

electron-withdrawing substituents (36). The relative directing

ability of E and E' was reversed by the addition of Lewis acids. An

orientation reversal in the Diels-Alder reaction of 2,6-dimethy1-1,4-

quinone (68) and toluquinone (69) to 1-substituted 1,3-butadienes and

to 1,2- and 1,3-dialkyl dienes was effected by the addition of a

Lewis acid catalyst (boron trifluoride etherate) (36a, 36b). The

results were explained by the preferential formation of a reactive

quinone-Lewis acid salt. Trans-4-oxobutenoate (70) also experienced

an orientation reversal upon the addition of anhydrous stannic chlo-

ride (36c). Preferential formation of a complex with the formyl group

was postulated to explain the regioselectivity reversal (36c).

67 68

0

0

69

r,COOMe
OJ

70

In a highly stereoselective asymmetric synthesis using the

Diels-Alder reaction, the product exclusively formed must be either
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the endo adduct or the exo adduct. Since the chiral spirodiene 13

has been proposed for possible use as the diene in asymmetric syn-

thesis, the discussion of endo-exo isomerism in the Diels-Alder

reaction will be limited to cyclopentadiene and cyclopentadiene

derivatives.

Alder and Stein recognized that the combination of cyclic dienes

and cyclic dienophiles generally gave the endo adduct, the so-called

Alder "endo" rule (37). The dienophile is added in such a way as to

give a "maximum concentration" of double bonds in the transition

state. According to Alder and Stein, this includes not only the

systems directly involved in the reaction, but also those of the

electron-withdrawing substituents on the dienophile and the electron-

donating substituents on the diene. The addition of maleic anhydride

to cyclopentadiene led almost exclusively to the endo adduct 71. The

thermodynamically more statle exo compound 72 was formed in yields of

less than 1.5% (38) (Scheme 17). Preferential or exclusive formation

of the endo adduct was also found in the Diels-Alder reactions of

cyclopentadiene and p-benzoquinone (8b), cyclopentene (39), and

cyclopropene (40), and in the thermal dimerization of cyclopenta-

diene (37).

Scheme 17

0

>98.5%
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The reaction of cyclopentadiene with cis-1,2-disubstituted

olefins 73 obeyed Alder's endo rule only partially (Scheme 18).

When X is C
6
H
5
-S02 or C

6
H
5
-CO, the endo adducts 74 are obtained

exclusively. However, in the reaction with the dimethyl ester or

dinitrile of maleic acid (i.e. X is CO
2
CH

3
or CN), the ratio of the

endo adduct 74 to the exo adduct 75 was approximately 3:1 (41).

Scheme 18

H

Monosubstituted olefins and cyclopentadiene generally react to

yield mixtures of isomers. Cyclopentadiene and methyl acrylate gave

endo isomer 76 and exo isomer 77 in the approximate ratio 76:24 (42).

The endo:exo product ratio with acrylonitrile and cyclopentadiene

was 60:40 (43). Alder's endo rule was not pronounced in these cases.

The introduction of a methyl, phenyl, or chloro substituent into the

a or 13 position of the acrylate can strongly influence the stereo-

chemical course of these Diels-Alder reactions (21, 44, 45).

COOMe

76 77

H

COOMe
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In the study of Diels-Alder reactions of methyl substituted

dienophiles 78 with cyclopentadiene, it was found that the methyl

group showed a greater tendency toward endo orientation than most of

the electron-withdrawing substituents Y. The result was the prefer-

ential formation of exo Y adducts 79 over endo Y adducts 80 (15)

(Scheme 19). Evidence was reported that the attractive van der

Waals forces between the methyl group in the dienophile and the

unsaturated center of cyclopentadiene played a significant role in

the stabilization of the exo Y transition state. Houk has provided

evidence lending support to the alternate conclusion that steric

repulsion is the controlling factor in determining endo-exo orienta-

tion with methyl substituted dienes and dienophiles (46).

Scheme 19

78
Y = CN, CO2CH3, COCH3, CHO, CO2H

1 2
R3R , R , R = H, CH3 (2H and 1 CH3 per dienophile)

79 80 Y

Interesting solvent effects on the stereochemistry of the

addition of acrylates to cyclopentadiene have been reported by

Berson (45). The proportion of the endo isomer 76 increased with

the polarity of the solvent. It was suggested that since the acti-

vated complex leading to 76 has a higher dipole moment than that

leading to 77, the former should be more strongly favored by an

increase in solvating power of the solvent.

Lewis acid catalysts have been found to drastically change the

endo:exo ratio in Diels-Alder reactions. At 0° in dichloromethane,

76 and 77 were formed in the approximate ratio 80:20. The reaction
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gave a 95:5 mixture when catalyzed by Lewis acids (10-mole % of

aluminum chloride etherate, boron trifluoride etherate, stannic

chloride, or titanium tetrachloride). Practically pure 76 was

formed at -70° in the presence of aluminum chloride etherate or

boron trifluoride etherate (47). Similar results were obtained in

the addition reactions of methyl methacrylate, methyl crotonate, and

maleic esters to cyclopentadiene (48).

The increased stereoselectivity (endo:exo ratio) of the Diels-

Alder reactions has been explained in terms of frontier molecular

orbital theory (33). As shown in Figure 2, the diene HOMO-dienophile

LUMO secondary orbital interaction between the carbonyl carbon and

the diene C-2 is greatly increased in coordinated carbonyl compounds

because the coefficient at the carbonyl carbon becomes very large in

the latter species. This tighter transition state in the catalyzed

reaction, resulting from the greatly increased secondary orbital

interaction and possible conformational changes in the complexed

dienophile, could be a cause of the dramatic increase in the extent

of asymmetric induction in Diels-Alder reactions of chiral dieno-

philes with dienes upon addition of Lewis acids (3a, 4d).

0

(a) (b)

Figure 2. Diene HOMO-dienophile LUMO interactions in endo transition
states with (a)acrolein and (b)protonated acrolein

Recovery of the original chiral inducing spiral compound 13 and

separation of the chiral product could be effected by a reverse
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Diels-Alder reaction, a reaction that has been reviewed by Kwart and

King (49). One interesting retrodiene reaction is the decomposition

of the adduct of cyclohexadiene with acetylenic dienophiles to give

an olefin and an aromatic compound. Acetylene dicarboxylic ester

(82) and a-phellandrene (81) were allowed to react for two hours at

200° to give 4-methylphtalic ester 83 and 3-methyl-l-butene (84)

(50) (Scheme 20).

Scheme 20

COOEt

ilt
c 200°

COOEt
81 82 .11=1111.

V

o
COOEt

83

COOEt

COOEt
.11111.
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The retrodiene reaction in Scheme 20 could be rationalized by

implicating the driving force of the formation of a resonance stabi-

lized molecule 83. Spiro[2.4]-4,6-heptadiene (85) has been postu-

lated to have partial aromatic character in the 5-membered ring stem-

ming from a 71- complex 86 that may contribute as much as 15% to the

total electronic structure of 85 (51). This postulate was based on

the substantial downfield shift of the cyclopropyl protons from that

predicted by comparison to other spiral cyclopropyl compounds. Chiral

spiral compound 13 could have this same partial aromatic character

that would facilitate the desired reverse Diels-Alder reaction.

85 86
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III. Results and Discussion

Spirodienes similar to 13 have been proposed for use in highly

stereoselective asymmetric synthesis employing the Diels-Alder

reaction. The necessary facial differentiation of the diene by the

dienophile was initially explored with model dienes 52. The syn-

thetic route to these model dienes is described.

13

A= alkyl

52

Dimethyloxosulfonium methylide (87) is a nucleophilic species

that reacts with the carbonyl function of aromatic and nonconjugated

aldehydes and ketones to form oxiranes and with a,8- unsaturated

ketones which are Michael receptors to form cyclopropyl ketones (52).

The oxysulfurane 87 reacts with 4-tert-butylcyclohexane to give pre-

dominantly, if not exclusively, the epoxide 89 containing an equator-

ial carbon-carbon bond (52, 53, 54, 55)(Scheme 21). This suggests

that the addition of the ylid 87 to a carbonyl function is

reversible. The equilibration of the betaine 88 before epoxide

formation favors the larger substituent in the equatorial position

unless this arrangement is opposed by hindrance from neighboring

substituents (55).

It is known that 6,6-dialkylfulvenes 90 possess a dipole moment

of approximately 1.4 D (56). The specific reduction of the exocyclic

double bond of fulvenes by lithium aluminum hydride is also known

(57). This specificity can be attributed to the formation of the

aromatic cyclopentadiene ion 91 by delivery of the hydride ion to
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C-6 (58)(Scheme 22). Protonation of this ion during workup usually

gives a mixture of tautomeric substituted cyclopentadienes (59, 60).

It would thus seem reasonable to predict that a nucleophile would

probably attack C-6 of 6,6-dialkylfulvene 90 to form, at least

initially, an aromatic cyclopentadienide ion 92.

Scheme 21

0
II THE refluxN.

(CH3)2S=CH2

87 88

Scheme 22

C

1
CH2 +

89

92

DMSO
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Since 6,6-dialkylfulvenes are susceptible to nucleophilic

attack at C-6, it seemed possible that the preparation of model

alklyspirodienes 52 could be accomplished by the reaction of

dimethyloxosulfonium methylide and 6,6-dialkylfulvenes 90 as

described in Scheme 23. Nucleophilic attack at C-6 can give the

aromatic cyclopentadienide ion 93. In addition, the displacement of

dimethyl sulfoxide by formation of a three-membered ring is favored

kinetically over formation of a four-, five-, or six-membered

ring (61).

Scheme 23

90

I I

0

(CH3)2S=CH2

R

A series of spirodienes 94 was conveniently prepared by the

reaction sequence in Scheme 23. The 6,6-dialkylfulvenes 90 were

synthesized by the method of Freiesleben (62)(Table 3)(Scheme 24).

In a typical preparation, 6,6-dimethylfulvene was easily prepared

by the condensation reaction of freshly distilled cyclopentadiene

and acetone in excess 40% aqueous methylamine at room temperature

for 40 minutes.

Scheme 24

1.6 equiv.

R 40% aq. MeNH?
90

+ H2O



Table 3. Preparation of 6,6-Dialkylfulvenes by Condensation of
Cyclopentadiene and Dialkylketones

Reaction Starting Time Reaction Product

No. Material (min.) Temp.

31

% Yield

1

2 4(-0

3

40 Room
Temp.

40 Room
Temp.

40 Room
Temp.

95

96

97

35

75

51

The sulfur ylid 87 was prepared by the method of Corey and Chay-

kovsky (52)(Scheme 25). Methyl iodide and dimethyl sulfoxide were

heated at reflux for three days to give the solid trimethyloxosulfon-

ium iodide in 60% yield. Dimethyloxosulfonium methylide (87) was

prepared in situ by slow addition of dimethyl sulfoxide to a stirred

solid mixture of trimethyloxosulfonium iodide and sodium hydride

which had been washed with petroleum ether.

Scheme 25

0 0
fl

CH
3
I + (CH

3
)
2

-7=S0 reflux
(CH

3
)
3

(CH
3

)

2
S=CH

2
+ H

2
f+ NaI

The model spirodienes 94 were prepared following the procedure

of Corey (52) for the preparation of epoxides. The 6,6-dialkylful-

venes were added dropwise neat (or in a tetrahydrofuran/dimethylsul-

foxide solution, if a solid) at room temperature to the dimethyl-

oxosulfonium methylide which was prepared in situ. The reaction

mixtures were stirred at room temperature for 15 minutes and at 55

to 60° for one hour before work-up. The results of the syntheses

are presented in Table 4.
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Table 4. Preparation of Alkylspirodienes from 6,6-Dialkylfulvenes
and Dimethyloxosulfonium Methylide

Reaction Starting
No. Material

Product Yield

4

5

6

98

100

43

46

64

The conformation of dispiro[4.0.5.1]-1,3-dodecadiene derivatives

is critical to the successful use of alkylspirodienes in asymmetric

synthesis. The cyclohexane ring can assume a chair conformation in

both 99a and 99b, which are present in a dynamic equilibrium. How-

ever, conformer 99a can exercise much more steric control of the

approach of a dienophile than can conformer 99b, due to the axial

hydrogens situated above the diene face. In fact, conformer 99b

would have little value in asymmetric synthesis because its lack of

effective steric bulk in the region above the diene curtails its

ability to effect facial differentiation of the diene. Generation

of conformers similar to 99a is thus imperative in a successful

asymmetric synthesis involving alkylspirodienes.

The alkylspirodiene 100 was assigned the cis-configuration on

the basis of NMR spectral analysis and the ultimate success in the

facial differentiation of 100 by dienophiles. The tert-butyl and

cyclopropyl protons of 100 have distinct singlets at 60.77 and 0.90,

respectively. Different chemical shifts would be expected for the
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cyclopropyl and tert-butyl protons for the cis-configuration 100 and

the trans-configuration 101. The environment of the cyclopropyl pro-

tons should be especially different in the two configurations. The

NMR spectral data supports the conclusion that only one configuration

was present, and the ability of 100 to successfully effect facial

differentiation by a dienophile lends support to the conclusion that

the cis-configuration is the one that was formed.

99a

101

99 b
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A mechanism to explain the preferential formation of the cis-

configuration is shown in Scheme 26. Attack of fulvene 97 by

dimethyloxosulfonium methylide is a reversible process which allows

for the formation of the most stable intermediate 102, in which the

sulfur moiety occupies an equatorial position. Irreversible cyclo-

propane ring formation by the nucleophilic displacement of dimethyl

sulfoxide would then lead to the preferential generation of the

cis-configuration 100. The preference of the tert-butyl group to be

equatorially situated locks the cyclohexane ring into the conforma-

tion that best blocks dienophilic attack on the face over which it

sits. Alternatively, the tert-butyl group locks the trans-config-

uration into a conformation less desirable for effecting facial

differentiation.

Scheme 26

0
(CFQ) S=CH2

2 .
97

100
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The spirodiene 98 had been previously prepared by Zimmerman (63)

using the procedure of Moss (64). Photolysis of diazocyclopenta-

diene in the presence of isobutylene generated 1,1-dimethylspiro[2.4]-

4,6-heptadiene. This reaction sequence shown in Scheme 27 is a

possible alternate route for the synthesis of alkylspirodienes.

Scheme 27

by

R7NR
14

The aspect of facial differentiation of a diene by a dienophile

was probed in the Diels-Alder reaction of maleic anhydride and p-ben-

zoquinone and a series of alkylspirodienes, 98, 99, and 100. Wilcox

and Craig found that the Diels-Alder reactions of cyclopentadiene,

spiro[2.4]-4,6-heptadiene, and spiro[4.4]-1,3-nonadiene with maleic

anhydride or methyl acrylate all gave exclusively the endo-adduct

(65). The endo-configuration for the Diels-Alder adduct of maleic

anhydride and spiro[2.4]-4,6-heptadiene has been confirmed by X-ray

cryatallography (66). The cycloaddition reaction of spiro[3.4]-5,7-

octadiene and maleic anhydride also gave the endo-adduct (67, 68).

It seems most likely that the endo-adduct would result from the

Diels-Alder reactions of the alkylspirodienes and maleic anhydride

or p-benzoquinone. The general procedure for the cycloaddition of

maleic anhydride and alkylspirodienes involved stirring the reactants

in reagent grade chloroform at room temperature. After rotary evap-

oration of chloroform, the crude product was recrystallized. The

results of the syntheses are summarized in Table 5.
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Table 5. Preparation of the Diels-Alder Adduct of Maleic Anhydride
and Alkylspirodienes

Reaction Time
Alkylspirodiene Temp. Product

No. (hours)
Yield

(%)

7 98 Room 2

Temp.

8 99 Room 20

Temp.

9

0
104 59

w

A*.
100 Room 24 105 96 (Crude)

Temp.

O

Maleic anhydride can add to alkylspirodienes to give two pos-

sible Diels-Alder adducts, the syn-isomer 106 and the anti-isomer

107 (Scheme 28). If steric control is operative, the approach of

the dienophile, maleic anhydride, will be most hindered by the

sterically bulky R groups that can effectively protect the diene

face over which they are situated. The greater the protecting

ability of the R substituents the greater the syn:anti ratio



(106:107) should be.

Scheme 28 R Ha

a

94

H

0 0
syn -106 ant i-107
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Integration of key protons in the NMR spectra of the adducts was

the basis on which the syn:anti ratio for the Diels-Alder reactions of

maleic anhydride and the series of alkylspirodienes, 98, 99, and 100,

was calculated (Scheme 28)(Table 6). It was assumed that the cyclo-

propyl protons, Ha and Ha', and the bridge protons, Hb and Hip', have

different chemical shifts in the syn-isomer 106 and the anti-isomer

107, respectively. The chemical shift of protons Ha' was assigned to

be downfield with respect to that of protons H
a
on the basis of NMR

studies of 7-syn and 7-anti proton absorptions in norbornenes (69).

For the Diels-Alder adduct 103 of 1,1-dimethylspiro-[2.4]-4,6-hepta-

diene and maleic anhydride, proton H
a

' gave the expected singlet at

6 0.42 downfield from the singlet at 6 0.34 corresponding to Proton

H. The syn-anti ratio, calculated by the integration of H
a

and H
a

',

was 53:47, which indicated slight facial differentiation. With dispi-

ral compounds 99 and 100, the cyclohexane ring and 4-tert-cyclohexane

ring were much more effective in blocking one face of the alkylspiro-

diene from attack by a dienophile. Using the same assignment conven-

tion for protons H
a

and H
a

the calculated syn-anti ratios for 104 and

105 were 71:29 and syn-only, respectively. Syn-anti ratios can alter-

natively be calculated using the bridge proton multiplets, Hb and HID'.
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Assignment of the downfield multiplet to protons H
b

(anti-isomer)

gave calculated syn-anti ratios that were consistent with those

obtained using protons H
a

and H
a

'. Both methods lend support to the

conclusion that the tert-butylcyclohexyl group effectively blocks

one face of the alkylspirodiene 100 from dienophilic attack.

Table 6. NMR Determination of the Syn-Anti Ratio for Diels-Alder
Adducts of Alkylspirodienes and Maleic Anhydride

Chemical Shifts
d(CHC1

3
or CDC1

3
)

Syn-Anti Ratios

Adduct H
a
(s) H

a
' (s) H

b
(m) H

b
1(m) H

a
:H

a
' Hb:Hb'

103 0.34 0.42 3.67-3.74 3.54-3.61 53:47 57:43

104 0.25 0.34 3.66-3.74 3.56-3.62 75:25 71:29

105 0.36 3.67-3.74 syn-only

The NMR spectral data do not conclusively prove that the syn-

configuration is the one diastereomer formed in the Diels-Alder

reaction of alkylspirodiene 105 and maleic anhydride. The possibil-

ity exists for van der Waals attraction between the tert-butylcyclo-

hexyl group and the incoming dienophile. This would result in a

steering effect and thus preferential formation of the anti-adduct.

Additional evidence for the formation of syn-adducts was revealed by

the attempted diimide reductions of the Diels-Alder adducts 108 and

110 (Scheme 29). Considerable reduction of the strained olefin unit

occured in the reaction of the Diels-Alder adduct 108 with diimide.

A new singlet appeared in the olefin region 0.26 ppm downfield from

the cyclohexendione vinyl protons that was attributed to the cyclo-

hexendione vinyl protons in the monoreduced compound 109. Under the

same reaction conditions, no diimide reduction of Diels-Alder adduct

110 was found to occur. Presumably the steric bulk of the tert-butyl-

cyclohexyl group in syn-configuration 110 effectively hindered the

approach of the reducing agent and thus prevented reduction. This

confirms the formation of the syn-adduct for the Diels-Alder reaction

of tert-butylcyclohexylspirodiene 105 and maleic anhydride or
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p-benzoquinone and. thus the steric blocking effect of the tert-butyl-

cyclohexyl group.

Scheme 29

H

Me0H
+

KO2C\N=N'CO2
AcOH

KO2C CO2

Me0H
N. R.

AcOH

The recovery of the original chiral molecule through a reversi-

ble reaction is a desirable criteria in an asymmetric synthesis. The

Diels-Alder adduct 110 of spiro[2.4]-4,6-heptadiene and p-benzoqui-

none was easily formed at room temperature (Scheme 30). When the

adduct was pyrolyzed at 170° under high vacuum, the distinctively

yellow p-benzoquinone sublimed onto the vacuum apparatus walls and

a material which proved to be principally spiro[2.4]-4,6-heptadiene,

as determined by NNR spectroscopy, was collected in the cold trap.

The ability of the spirodiene to be regenerated in the retro-Diels-

Alder reaction is a promising sign that alkylspirodienes can be used

effectively as the chiral inducing agent in asymmetric synthesis.



Presumably the reversal can be attributed to the partial aromatic

character of spiro[2.4]-4,6-heptadienes (51).

Scheme 30

rt.

17'0°

5 min
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An attempt was made to study the regiochemistry of the Diels-

Alder reaction with the model compound 4,6-di(trimethylsiloxy)spiro-

[2.4]-4,6-heptadiene (115). It was hoped that the siloxyspirodiene

would react in the predicted manner with 2-cyclopentenone to give

Diels-Alder adduct 116. The proposed synthesis of the model com-

pound and its reaction with 2-cyclopentenone is presented in Scheme

31. Spirodienes similar to compound 122, capable of controlling both

regiochemistry and facial attack, could conceivably be prepared using

this route.

Spiro[2.4]-4,6-heptadiene (111) was treated with one equivalent

of commercial peracetic acid following the procedure of Crandall (70)

to obtain a 30% yield of spiro[2.4]-6-hepten-4-one (112). The

expected monoepoxy compound was not obtained. Subsequent treatment

with one equivalent of m-chloroperbenzoic acid using the general pro-

cedure of Paquette (71) for preparation of epoxides gave 6,7-epoxy-

spiro[2.4]-heptane-4-one in 42% yield whose NMR spectrum agreed with

the spectrum of the compound prepared by an alternate route (72).

Attempts to form the diketone 114 by pyrolysis or treatment with

boron trifluoride etherate were unsuccessful.
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The formation of 113 can be attributed to the acid-catalyzed

ring opening of epoxyspiro compound 117 (Scheme 32). In the ring

opening step, the allylic carbonium ion 118 is apparently formed

preferentially over the cyclopropylcarbinyl carbonium ion 120. In

the NMR spectrum, the methylene protons gave a multiplet at 63.86 to

3.96 which is consistent with allylic protons adjacent to a carbonyl

group. A singlet at 61.96 indicated the possible presence of

unsaturated ketones, 119 and 121, as slight (approximately 5%)

impurities. A carbonyl absorption at 1740 cm-1 further dispelled

the formation of an a,S-unsaturated ketone as 2-cyclopentenone has a

carbonyl stretch at 1700 cm
-1

(73). The vinyl region also gave



proton absorptions dissimilar to those for 2-cyclopentenone. The

vinyl protons in 2-cyclopentenone differ in chemical shift by 1.5

ppm (74) while those in compound 113 differed only by 0.4 ppm.

Scheme 32
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IV. Experimental

General Laboratory Procedures and Conditions

All temperatures are uncorrected. Nuclear magnetic resonance

(NMR) spectra were obtained on Varian EM-360 (60 MHz) and Varian HA-

100 spectrometers. Unless otherwise specified, tetramethylsilane was

used as an internal reference, and the following abbreviations were

used: s = singlet, d = doublet, t = triplet, q = quartet, m = multi-

plet, and J = coupling constant in Hertz. Low resolution mass

spectra were obtained from an Atlas CH7 instrument using a 70 eV

excitation potential. Infrared (IR) spectra were obtained on a

Perkin-Elmer 137 sodium chloride spectrophotometer.

Gas-liquid chromatography (GLC) analyses were carried out on a

Varian 920 (thermal conductivity detector, using 1/4 in. columns).

The chromatograms were recorded by either a Linear Instruments 445

recorder or a Sargent-Welch XKR recorder.

All elementary analyses of analytical samples were performed by

Galbraith Laboratories, Inc. (Galbraith Laboratories, Inc., P.O. Box

4187, Knoxville, Tennessee).

6,6-Dimethylfulvene (95)

The procedure of Freiesleben was followed (62). To a solution

of 60 g (1.03 mole) of acetone and 124.2 g (1.60 mole) of 40%

aqueous methylamine was added 66.1 g (1.00 mole) of freshly distilled

cyclopentadiene. The exothermic reaction was stirred for 40 minutes,

during which time an organic oily layer appeared. The two layers

were separated and the organic layer was washed with water, dried

over anhydrous magnesium sulfate, and filtered. Simple vacuum

distillation of the resultant filtrate yielded 37.3 g (0.35 mole,

35 %) of an orange viscous liquid, 6,6-dimethylfulvene, b.p. 70-71°

(40 mm); NMR (CC1
4

) 6 2.11 (s, 6H), 6.11 (s, 4H).
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5-Cyclohexylidene-1,3-cyclopentadiene (96)

The general procedure of Freisleben (62) was followed to prepare

the compound 96 originally prepared by Kable (75). To a solution of

98.7 g (1.01 mole) of cyclohexanone and 124.2 g (1.60 mole) of 40%

aqueous methylamine was added 66.1 g (1.00 mole) of freshly distilled

cyclopentadiene. The exothermic reaction was stirred for 40 minutes,

during which time an orange emulsion formed. The reaction mixture

was extracted with 75 mL portions of ether until the ether layer had

little orange color. The ether layers were combined, washed with

saturated aqueous sodium chloride, dried over anhydrous magnesium

sulfate, and filtered. After rotary evaporation of the filtrate, the

resultant liquid was simply distilled, b.p. 53° (0.25 mm), to yield

115 g of distillate. GLC analysis of the distillate using an SE-30

column (20 % SE-30 on Chromosorb P, 1/4 in X 3 ft.) at 160° showed

the distillate to contain approximately four percent cyclohexanone

impurity. The approximate yield of 5- cyclohexylidene -1,3- cyclopenta-

diene was thus 110 g (0.75 mole, 75 %); NMR (CC14) 6 1.35-1.87 (m,

6H), 2.41-2.69 (m, 4H), 6.29-6.49 (m, 4H).

5-(4-tert-Butylcyclohexylidene)-1,3-cyclopentadiene (97)

The general procedure of Freiesleben was followed (62). To a

solution of 27.07 g (0.175 mole) of 4-tert-butylcyclohexanone and

23.07 g (0.297 mole) of 40 % aqueous methylamine was added 11.59 g

(0.175 mole) of freshly distilled cyclopentadiene with stirring. The

solution immediately turned yellow. The reaction was allowed to pro-

ceed for 45 minutes and then 100 mL of distilled water was added to

the resultant yellow solid. The solid was broken up and the slurry

stirred. The slurry was extracted five times with 100 mL portions of

ether. The addition of saturated aqueous sodium chloride helped to

break up any emulsions formed during the extractions. The ether

layers were combined, washed with saturated aqueous sodium chloride,

filtered, and rotary evaporated. The resultant yellow solid was re-

crystallized in ethanol/water to yield 17.95 g (0.089 mole, 51 %) of
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5-(4-tert-butylcyclohexylidene)-1,3-cyclopentadiene, m.p. 85 -86 °;

NMR (CC1
4
) (5 0.91 (s, 9H), 1.25-1.38 (m, 3H), 1.92-2.26 (m, 4H),

2.97-3.22 (m, 2H), 6.40 (s, 4H); mass spectrum m/e 202.

Anal. Calcd for C15H22: C, 89.04; H, 10.96. Found: C, 89.02; H,

11.03.

Trimethyloxosulfonium Iodide

The procedure of Kuhn and Trischmann was followed (76). A solu-

tion of 74 g (0.94 mole) of dimethyl sulfoxide (distilled from cal-

cium hydride) and 57 g (0.40 mole) of iodomethane was refluxed under

nitrogen for three days, during which time a solid precipitated. The

precipitate was filtered in a Buchner funnel, washed with chloroform,

dried, and found to weigh 64.5 g. Recrystallization from water gave

colorless crystals which were crushed and dried in a vacuum desic-

cator over calcium chloride. The yield of the product was 52.8 g

(0.24 mole, 60 %).

1,1-Dimethylspiro[2.4]-4,6-heptadiene (98)

The general procedure of Corey and Chaykovsky was followed for

the preparation of dimethyloxosulfonium methylide (52). Sodium

hydride (5.04 g, 0.105 mole, 50 % mineral oil dispersion) was washed

three times with low boiling reagent petroleum ether under a nitrogen

atmosphere. The system was evacuated to remove the last traces of

petroleum ether and refilled with a nitrogen atmosphere. Trimethyl-

oxosulfonium iodide (22.01 g, 0.10 mole) was added. The reaction

vessel was cooled to 0° and 100 mL of dimethyl sulfoxide (distilled

from calcium hydride) was added slowly with stirring via a constant

pressure addition funnel. Vigorous evolution of hydrogen gas

ensued. After five minutes at 0°, the reaction vessel was allowed

to warm to room temperature and stirred for 40 minutes. At this

point, the formation of a milky solution of dimethyloxosulfonium

methylide was complete. To the reaction mixture was then added with

stirring 9.56 g (0.090 mole) of 6,6-dimethylfulvene. The reaction

mixture was stirred for two hours and cooled to room temperature.



46

After 300 mL of water were added, the reaction mixture was extracted

three times with 100 mL portions of ether. The ether layers were

combined, washed with 75 mL of saturated aqueous sodium chloride,

dried over anhydrous magnesium sulfate, filtered, and then rotary

evaporated. The remaining liquid was simply distilled to give 4.67 g

(39 mmole, 43 %) of 1,1-dimethylspiro[2.4]-4,6-heptadiene, b.p. 60°

(30 mm); NMR (CC14) 6 1,37 (s, 6H), 1.61 (s, 2H), 6.06-6.42 (m, 4H,

vinyl AA'BB'). Anal. Calcd for C9H12:C, 89.93: H, 10.07. Found:

C, 90.07; H, 10.09

Dispiro[4.0.5.1]-1,3-dodecadiene (99)

The general procedure of Corey and Chaykovsky was followed for

the preparation of dimethyloxosulfonium methylide. Sodium hydride

(3.70 g, 77 mmole, 50 % mineral oil dispersion), trimethyloxosulfon-

ium iodide (15.41 g, 70 mmole), and dimethyl sulfoxide (70 mL,

distilled from calcium hydride) were used. To the milky white solu-

tion of dimethyloxosulfonium methylide was added with stirring under

a nitrogen atmosphere 8.19 g (0.056 mole) of 5-cyclohexylidene-1,3-

cyclopentadiene. The reaction mixture was stirred at room tempera-

ture for 15 minutes, warmed to 55-60° for one hour, cooled to room

temperature, diluted with 200 mL of water, and extracted with 70 mL

portions of ether until the ether layer was colorless. The ether

layers were combined, washed with 75 mL of saturated aqueous sodium

chloride, and dried over anhydrous magnesium sulfate. After removal

of the drying agent by filtration, the ether was removed by simple

distillation. The remaining liquid was purified through a silica gel

column and then distilled to give 4.14 g (26 mmole, 46 %) of a clear

yellow liquid, dispiro[4.0.5.1]-1,3-dodecadiene, b.p. 48° (0.3 mm);

NMR (CC1
4

) 6 1.18-1.85 (m, 12H), 6.20-6.58 (m, 4H, vinyl AA'BB').

9-tert-Butyldispiro[4.0.5.1]-1,3-dodecadiene (100)

The general procedure of Corey and Chaykovsky was followed for

the preparation of dimethyloxosulfonium methylide (52). Sodium
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hydride (6.00 g, 125 mmole, 50 % mineral oil dispersion), trimethyl-

oxosulfonium iodide (25.0 g, 114 mmole), and dimethyl sulfoxide

(100 mL, distilled from calcium hydride) were used. To the milky

white solution of dimethyloxosulfonium methylide was added under a

nitrogen atmosphere with stirring a solution of 11.78 g (58 mmole) of

5-(4-tert-butylcyclohexylidene)-1,3-cyclopentadiene in 45 mL of tetra-

hydrofuran and 30 mL of dimethyl sulfoxide. The reaction mixture was

stirred at room temperature for 15 minutes, warmed to 55-60° for one

hour, cooled to room temperature, diluted with 300 mL of water, and

extracted with 70 mL portions of ether until the ether layer was

colorless. The ether layers were combined, washed with 75 mL of

saturated aqueous sodium chloride, and dried over magnesium sulfate.

After suction filtration through Celite, the ether was removed by

rotary evaporation. The crude residue was found to be 9-tert-butyl-

dispiro-[4.0.5.1]-1,3-dodecadiene (8.1 g, 37 mmole, 64 %). The

product was recrystallized in ethanol/water to give an off-white

solid, m.p. 70-75°; NMR (CC14) (5 0.63-0.95 (m, 11H), 1.49-1.87

(m, 9H), 6.06-6.45 (m, 4H, vinyl AA'BB'); mass spectrum m/e 216.

Diels-Alder Adduct (103) of Maleic Anhydride and 1,1-Dimethylspiro-

[2.4]-4,6-heptadiene

Maleic anhydride (0.230 g, 2.35 mmole) and 1,1-dimethylspiro-

[2.4]-4,6-heptadiene (0.284 g, 2.36 mmole) were stirred in 6 mL of

reagent chloroform under a nitrogen atmosphere for two hours. After

rotary evaporation to remove the chloroform, the resultant product

was a white solid, the Diels-Alder adduct (0.499g, 2.29 mmole, 97 %).

The product was recrystallized in ethanol/water to give a white

solid, m.p. 100-110°; NMR (CHC13)8[0.34 (s), 0.42 (s), (2H, syn:anti

ratio 53:47)], 1.08 (s, 6H), 3.06-3.20 (m, 2H), [3.54-3.61 (m),

3.67-3.74 (m), (2H, syn:anti ratio 53:47)], 6.36-6.45 (m, 2H);

mass spectrum m/e 218.



48

Diels-Alder Adduct (104) of Maleic Anhydride and Dispiro[4.0.5.1]-

1,3-dodecadiene

Maleic anhydride (0.157 g, 1.60 mmole) and dispiro[4.0.5.1]-1,3-

dodecadiene (0.258 g, 1.61 mmole) were stirred in 6 mL of reagent

chloroform under a nitrogen atmosphere for 20 hours. After rotary

evaporation to remove the chloroform, the crude product was recrys-

tallized in ethanol/water to give 0.244 g (0.946 mmole, 59 %) of a

slightly yellow solid, the Diels-Alder adduct, m.p. 139-146°; NMR 6

(CDC1
3

) [0.25 (s), 0.34 (s), (2H, syn:anti ratio 75:25)], 1.02-1.80

(m, 10H), 3.06-3.20 (m, 2H), [3.56-3.62 (m), 3.66-3.74 (m), (2H,

syn:anti ratio 71:29)], 6.36-6.48 (m, 2H); mass spectrum m/e 258.

Diels-Alder Adduct 105 of Maleic Anhydride and 9-tert-Butyldispiro-

[4.0.5.1]-1,3-dodecadiene

Maleic anhydride (0.45 g, 4.6 mmole) and 9-tert-butyldispiro-

[4.0.5.1]-1,3-dodecadiene were stirred in 12 mL of reagent chloro-

form under a nitrogen atmosphere for 24 hours. After rotary evapo-

ration to remove the chloroform, the resultant product was 1.39 g

(4.4 mmole, 96 %) of a yellow solid, the Diels-Alder adduct. The

crude product was recrystallized in ethanol/water to give a white

powder, m.p. 169-179° (decomposes); NMR (CDC13) 5 0.34 (s, 2H), 0.78-

1.73 (m, 18H), 3.04-3.15 (m, 2H), 3.67-3.74 (m, 2H), 6.38-6.44

(m, 2H); mass spectrum m/e 314.

Diels-Alder Adduct (108) of Spiro[2.4]-4,6-heptadiene and

p-Benzoquinone

To 15 mL of reagent chloroform was added 2.8 g (30 mmole) of

spiro[2.4]-4,6-heptadiene and 3.2 g (30 mmole) of p-benzoquinone.

The reaction was stirred at room temperature for a period of three

hours. Most of the solvent was removed by use of a rotary evapora-

tor and the crude product was recrystallized from ca. 50 mL of

absolute ethanol. Isolation of 5.2 g (26 mmole, 87 %) of light

yellow crystals resulted from the recrystallization and atmospheric
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drying; m.p. 104-109°; NMR (CC14) (5 0.46-0.66 (m, 4H), 2.82-2.94

(m, 2H), 3.28-3.37 (m, 2H), 6.08-6.19 (m, 2H),6.53 (s, 2H). All

information was consistent with the formation of the Diels-Alder

adduct.

Pyrolysis of the Diels-Alder Adduct (108) of Spiro[2.4]-4,6-

heptadiene and p-Benzoquinone

Approximately 2 g of the adduct 108 was added to 20 mL of Dow

Corning 704 diffusion pump oil. A simple vacuum transfer apparatus

was assembled which permitted trapping of all volatile substances

while the oil was heated to 170° for five minutes under high vacuum.

Much of the p-benzoquinone sublimed onto the walls of the vacuum

transfer apparatus. The material collected in the cold trap proved

to be principally spiro[2.4]-4,6-heptadiene as determined by NMR

spectroscopy.

Diels-Alder Adduct (110) of 9-tert- Butyldispiro[4.0.5.1]-1,3-

dodecadiene and p-Benzoquinone

To five mL of reagent chloroform was added 0.54 g (2.5 mmole) of

9-tert-butyldispiro[4.0.5.1]-1,3-dodecadiene and 0.27 g (2.5 mmole)

of benzoquinone. The entire flask was wrapped with aluminum foil and

was allowed to sit undisturbed at room temperature for 24 hours. Most

of the solvent was removed by means of a rotary evaporator and the

remaining solid material was recrystallized from ca. 60 mL of hot

absolute ethanol. After cooling, the solution relinquished a very

light yellow solid which was isolated by filtration and dried in the

air. This material, m.p. 195-198 (decomposes), weighed 480 mg and

provided an NMR spectrum expected for the Diels-Alder adduct; NMR

(CC1
4

) (5

3.02-3.16

(s, 2H).

0.60

(m,

(s,

2H),

2H), 0.78

3.24-3.38

(s,

(m,

9H),

2H),

0.84-1.72

6.13-6.19

(m,

(m,

9H),

2H), 6.47
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Reaction of the Diels-Alder Adduct (108) with Diimide

The reaction was conducted in the same fashion as similar reduc-

tions reported in the literature (77) and involved the addition of

360 mg (6 mmole) of acetic acid dissolved in five mL of absolute

methanol to a mixture of 582 mg (3 mmole) of dipotassium azodicar-

boxylate and 400 mg (2 mmole) of Diels-Alder adduct 108 in 25 mL of

absolute methanol. The flask contents never rose above 0° and ether

was used for extraction purposes. A dark semi-solid remained follow-

ing removal of solvent by means of a rotary evaporator. The material

was dissolved in a minimal quantity of CDC1
3
and provided an NMR

spectrum in the vinyl region which indicated considerable reduction

of the strained olefin unit. A new singlet appeared in the olefin

region 0.26 ppm downfield from the cyclonexendione vinyl protons

in the Diels-Alder adduct 108. This singlet was attributed to the

cyclohexendione vinyl protons in the monoreduced compound 109.

Reaction of Diels-Alder Adduct (110) with Diimide

This reaction was conducted in the same fashion as that des-

cribed for adduct 108 with the exception that the solvent consisted

of ten mL of methanol and 20 mL of chloroform. The chloroform was

necessary to dissolve adduct 110. The NMR spectrum of the crude

product revealed very little, if any, reduction of adduct 110. The

vinyl region was virtually identical to that of the pure adduct 110.

Preparation of Spiro[2.4]-6-hepten-4-one

The general procedure of Crandall (70) was followed for the

preparation of spiro[2.4]-6-hepten-4-one. To an ice-cold, mechan-

ically stirred mixture of 120.3 g (1.24 mole) of spiro-[2.4]-4-6-

heptadiene, prepared by the method of Wilcox and Craig (65), and

600 g of powdered, anhydrous sodium carbonate in 1500 mL of methyl-

ene chloride was added dropwise 235 g (1.24 mole) of 40 % peracetic

acid which had been pretreated with 8 g of sodium acetate. The

mixture was stirred at room temperature until a negative test was

obtained with moist starch-iodide paper. The solid salts were
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removed by suction filtration and washed well with additional sol-

vent. The filtrate was dried over anhydrous magnesium sulfate.

After removal of the drying agent by filtration, the solvent was

distilled through a long Vigreaux column. The residue was frac-

tionally distilled through a distilling head equipped with a short

Vigreaux column to give 39.63 g (0.36 mole, 30 %) of spiro[2.4]-6-

hepten-4-one; b.p. 38° (4.2 mm); NMR (CC14) 6 0.98-1.28 (m, 4H),

1.96 (s, small impurity), 2.86-2.96 (m, 2H), 5.73-5.86 (m, 2H),

6.00-6.15 (m, 2H); IR (neat) 3110, 3050, 2930, 1740, 1625, 1590,

1440, 1370, 1290, 1280, 1120, 1070, 1020, 975, 950, 885, 815, 770,

700 (cm 1).

Preparation of 6,7-Epoxyspiro[2.4]-heptane-4-one

The general procedure of Paquette (70) was followed for the

preparation of epoxides. Over a period of two hours 40.0 g (0.197

mole) of 85 % assay m-chloroperbenzoic acid dissolved in 500 mL

of chloroform was added with vigorous stirring to 20.76 (0.192 mole)

of spiro[2.4]-6-hepten-4-one. The mixture was heated at reflux for

three hours and kept overnight. After the reaction vessel had

cooled in an ice bath, the precipitated m-chlorobenzoic acid was

removed by filtration. The organic layer was washed with 25 mL of

20 % aqueous sodium bisulfite, three 100 mL portions of 10

aqueous sodium bicarbonate, and 100 mL of saturated aqueous sodium

chloride, in that order. The organic layer was dried over anhydrous

magnesium sulfate, filtered, and distilled to remove solvent. The

remaining liquid was distilled to afford 10.0 g (81 mole, 42 %) of

6,7-epoxyspiro[2.4]-heptane-4-one; b.p 80-100°; NMR (CC14) (5 0.94-

1.24 (m, 4H), 2.40-2.58 (m, 2H), 3.32-3.42 (d, J = 4 Hz, 1H), 3.76-

3.86 (m, 1H).
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