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C H A P T E R 1 

INTRODUCTION 

1 . 1 . GENERAL 

The formation of an unsaturated six-membered ring com

pound through the addition of a conjugated double bond 

system to a double or triple bond (scheme 1.1) is known as 

the Diela Alder reaction. 

1.1. 

ι 
b' "e 

м M | 

ι • iïi — • ff fi 

Although such a cycloaddition has been described for 

the first time by Zincke and Günther in 1893, the names of 

Diela and Alder have been connected with this type of reaction 

due to the systematic and extensive work on this reaction by 

these authors. 

Since these earliest investigations, the Diels Alder 

reaction has been grown into one of the most valuable tools 
2 

in synthetic organic chemistry . It has a very broad scope 

and offers the possibility to introduce several asymmetric 

centres into the product in one synthetic step. Besides 
2 

all carbon systems , dienes and dienophiles containing 
2 3 heteroatoms ' have been used. The synthetic applicability 

of the Diels Alder reaction is further enhanced by its 

reversibility. This makes the addition suitable for the 

protection of double bonds, which opens routes to new 
4 

synthetic methods . Especially adducts obtained from cyclic 

dienes readily undergo retro-Diels Alder reactions . 

Together with the exploration of synthetic applications 

of the Diels Alder reaction, its mechanistic aspects have 

1 



been studied extensively. Reviews on the mechanism ' ' , 
7 8 

stereochemistry , reaction kinetics and the influence of 
g 

high pressure on the addition have been reported. 

1.2. DEVELOPMENT OF MECHANISTIC UNDERSTANDING 

The studies of Diels and Alder, followed by many other 

investigations have resulted in a series of mechanistic 
2 6 

aspects ' which characterize Diels Alder reactions as 

synchronous single-step processes. This differs from two-ste 

cycloadditions, proceeding either via a dipolar (zwitter-

ionic) intermediate or via a biradical. However, it is only 

in the last few years that a fundamental understanding of 

these criteria and a detailed insight into the reac

tion mechanism has unfolded. Several theoretical approaches 

are now available for a qualitative study of cycloaddition 

reactions. Among them, the Woodward Hoffmann theory of 

orbital symmetry and Fukui's Frontier Molecular Orbital 

theory are the most frequently used and most promising 

theories. 

In order to present a theoretical guide to the work 

described in this thesis, the application of Frontier 

Molecular Orbital theory to [4+2]-cycloadditions, recently 
12 13 

reviewed by Houk and Fleming , will be summarized in 

the next section, which includes other recent literature 

on this subject. 

Further it may serve as a theoretical rational which 

explains the following mechanistic aspects: 

2 6 

i . The "aia" prinoiple ' : The steric arrangement of 

substituents in both addends is preserved in the adduct 

groups which are ais or trans in the olefin remain 

ais or trans in the adduct. The addition is stereo-

specific. 
2 6 

i i . Diene conformation ' : Open-chain 1,3-dienes undergo 

[4+2]-cycloadditions only in their aisoid conformation. 

The reaction does not take place with dienes frozen 



in the traneoid conformation. 

cisoid 

2 б 

Solvent effects ' : In general, Diels Alder reactions 

are not or only slightly affected by change of the 

solvent. 
2 б 

Aativation parameters ' : Diels Alder reactions are 

accompanied by strong negative entropies of activation 
a¿ 8 9 

ASr and large negative volumes of activation ' , but 

only a small enthalpy of activation (ΔΗ < 25 kcal/mol) 

is required. Moreover, the observed values for AS are 

relatively constant (σα. -35 e.u.) independent of the 

rate and type of the Diels Alder reaction. 
2 б Isotope effects ' : Small inverse secondary isotope 

effects at both termini undergoing sr> -sp change 

(k^rk > 1) are found for Diels Alder reactions. 

2 6 

Regioseleativity ' : Diels Alder reactions of un-

symmetrically substituted dienes and dienophiles yield 

mixtures of possible regio-isomers, one of which usually 

predominates. 
1 3 

R R R 

.X 
іГ 

"ortho" "meta 

' t - г" - TX, · Xr" 
" p a r a " " m e t a " 

1-Substituted dienes yield "ortho" substituted compounds 

as the major product while 2-substituted dienes give 

3 



mainly "meta" products. The yield of the predominant 

isomer is increased by catalysis with Lewis acids. 

For disubstituted dienes, the regioselectivity 

mainly depends on the electronic properties of the 

substituents and the place of their attachment to the 

diene framework. 
2 6 

The "Aider endo rule"; stereochemistry ' : Additions 

of 1,2-disubstituted dienophiles generally proceed 

with the formation of the endo-isomer as the principle 

product. Assuming a "sandu-icV-like preorientation of 

the reactants, the endo-product arises from that 

orientation in which the larger substituent is under 

the plane of the diene. 

The preferred formation of the endo-isomer is further 

promoted by catalysis with Lewis-acids. 

2 6 

The "Alder-rule"; Reactivity ' : Three different types 
14 

of Diels Alder reactions have been defined according 

to the electronic properties of the diene and dienophi 

substituents. Normal [4+2]-cycloadditions are defined 

as reactions between electron-rich dienes and electron-

poor olefins. Their rates increase with increasing 

electron-donating properties of groups in the diene an 

with increasing electron-withdrawing properties of 

substituents in the dienophile (Alder rule), and by 

catalysis of Lewis acids. 

[4+2]-Cycloadditions between reactants with opposite 

electronic properties are defined as Diels Alder 

reactions with inverse e le оtron—demand, whereas reacti 

of dienes and dienophiles having intermediate electron 

character are labeled as neutral Diels Alder additions. 



The "normal"-type [4+2]-cycloadditions are the 

most frequently observed. Generally they proceed under 

much milder conditions than the other reaction types. 

ix. Retro-Diels Alder reactions : At elevated temperatures, 

the Diels Alder [4+2]-cycloadducts (especially cyclo-

pentadiene adducts) undergo cycloreversion, resulting in 

the starting diene and dlenophile. 

1.3. FRONTIER MOLECULAR ORBITAL TEEORlt AND DIELS ALOER 

REACTIONS 

The application of perturbation molecular orbital 

theory, as an approximate quantum mechanical method, to 

cycloaddition reactions forms the theoretical basis of 

Fukui's Frontier Molecular Orbital theory . This appears 

to be remarkably useful in rationalizing the whole set of 

general rules.and principles, given in the previous section 

as characteristic features of Diels-Alder reactions. 

The quantum mechanical approximations, which have led 
12 

to the F.M.O. theory, have been recently reviewed by Houk , 

and will not come up for discussion in this thesis. The 

application of the F.M.O. theory to Diels-Alder reactions 

will, however, be summarized in this section. 

1.3.1. Frontier Moleeular Orbital theory 

Perturbation theory predicts for the intermolecular 

interaction between a diene and a dienophile a net stabili

zation of the system as a consequence of the interactions 

between occupied molecular orbitals of the reactants with 

unoccupied molecular orbitals of their reaction partner. 

In order to simplify the mathematical treatment, less 

important contributions from orbitals with large energy 

differences (large separations) are neglected; the procedure 

is limited to the interaction of the frontier orbitals, 

viz. the Highest Occupied Molecular Orbitals (HOMO's) and 

Lowest Unoccupied Molecular Orbitals (LUMO's) (Figure 1.5). 

5 



1 5 

Diene Dienophile Diene Dienophile Diene Dienophile 

. . / | LUMO 

ΔΕ' ΔΕ ^ / ΔΕ-

ι * Л ^ 
Normal ΔΕ>ΔΕ· Neutral ΔΕ=ΔΕ' Inverse ΔΕ<ΔΕ' 

HOMO 

12 
With this simplification the stabilization energy is given 

by eqn. 1.1. In this equation E
H O M O

 and Етгт
МО

 a r e
 orbital 

^ ^ " _ d ( i n · -dltnophllt -. * dltnophllc dftne _ ' β 4 ' 1 ) 

HOMO" LUMO ~ HOMO ** LUMO ~ 

energies, Q is a term, correcting the denominator for the 

close proximity during the interaction, C. and C- are the 

coefficients of the relevant orbitals at the centres _i 

where new bonds are formed; the labels concern the relevant 

pair of interacting orbitals: A is used for the LUMO of 

the dienophile, A' for the HOMO of the dienophile, D for 

the HOMO of the diene and D' for the LUMO of the diene; 

0
Д
_. and ß'.Q are the resonance integrals for the overlap 

at the sites of interaction 

An alternative, but equivalent expression is obtained 

by application of the configuration interaction formalism 

In this model it is assumed that the ground state is 

stabilized by admixture with the charge transfer configura

tion, in which an electron is transferred from a donating 

HOMO to an accepting LUMO. The stabilization energy is given 

by a similar equation as 1.1, except that the orbital 

energies in the denominator are replaced by ionization 

potentials (IP) for E H O M O
, s and electron affinities (EA) 

f 0 r ELUMO,S· 

An additional simplification is possible for reactions 

with highly activated reaction partners (most of the known 

Diels Alder reactions), viz. when the cycloaddition concerns 

6 



the reaction of an electron-rich compound (D) and an 

electron-poor reactant (A) ("normal" reactions and reactions 

with"inverse electron-demand").In those cases the stabili

zation is mainly caused by the interaction of the donor-HOMO 

and acceptor-LUMO, which are much closer than the acceptor-

HOMO and donor-LUMO (see figure 1.5). Equation 1.1 reduces 

then to eqn. 1.2 or 1.3. 

[ ^ c x n j 2 [sc;c"n;0]
2 

Δ Ε = 2 - ^ j ( e q 1 2 ) or ΔΕ=2 ( e q 1 3 ) 
Еномо- E L U M O - Q I P

D - E A » - Q 

Q' is again a correction term, necessary to transform IP 

and EA-values found for free molecules in the gas phase to 

values in the transition state of the reaction. 

In order to use these equations in a quantitative 

consideration of reactivity, regioselectivity and stereo

selectivity of [4+2]-cycloaddition, numerical values of the 

parameters in the equations would have to be known. IP-

and EA-values can be obtained by experimental techniques, 

17 18 

e.g. photoelectron spectroscopy or polarography and 

others. Orbital coefficients have been reported for several, 

12 192021 

simply substituted ethenes and dienes ' ' (see tables 

1.1 and 1.2). They can be obtained by various approximate 

quantum mechanical methods (Hückel, CNDO/2, SCF), which 

lead, however, to substantial differences in the results. 

Values for 3 and Q are less accessible. Therefore, 

discussions on reactivity, regio- and stereoselectivity 

are generally based on a more qualitative application of 

the simplified equations 1.2 or 1.3. To that aim the 

following, general considerations, given by Fleming and 
12 22 Houk ' are used for the evaluation of the influence of 

substituents on the reacting π-systems: 

i . Conjugating substituents compress the frontier orbital 

separation of a reacting species (diene and dienophile); 

they lower the coefficients (C
1
) at the site of attachment 

both in the HOMO and in the LUMO (see e.g.: table 1.1: 

7 



R = C
6
H

5
). 

Electron-releasing substituents raise the levels of 

both frontier orbitals of a Tr-system, in general the 

HOMO-level more then the LUMO-level. They enlarge the 

relative magnitude of the coefficient С at the remote 

site in the HOMO and the nearby position in the LUMO 

1 2 1 4 

(compare С and С in table 1.1 and С and С in table 

1.2, e.g. for R = OMe, NMe
2
). 

Eleotron-withdrawing groups lower both frontier orbital 

energies. They reduce the relative magnitude of the 

coefficient at the remote site in the HOMO and the near! 

position in the LUMO, when they interact only induc

tively {e.g. CF
3
). Since most substituents of this type 

are at the same time electron-withdrawing and conjugati 

the LUMO-level is lowered more than the HOMO-

level/ the LUMO coefficient at the remote site is 

always relatively large in comparison with the coeffi

cient at C-l (see COOMe, CN, NO- in table 1.1), but 

the difference between the HOMO coefficients can be 

diminished (see CN and NOj in table 1.1) or even reverse 

In compounds with small LUMO polarization the polari-
23 

zation may be reversed by the approach of a reagent 

(methyl substituted dienophiles in "normal" Diels Alder 

reactions). 

Changes in the coefficients, which are caused by the 

introduction of substituents, are related to the change 
17 24 

in IP, effectuated by the substituents ' 

In qualitative considerations the resonance integral 

β is accepted to be constant in a series of related 

[4+2]-cycloadditions. 



Table 1.1: Absolute values of HOMO and LUMO coefficients for 

12 

some monosubstituted ethenes (CNDO/2). 
R C

 HOMO
 C

 HOMO
 C

 LUMO
 C

 LUMO 

H 

Cl 

С0
2
Ме 

CN 

NO
 2 

C
6

H
5 

Me 

OMe 

SMe 

NMe
2 

0.71 

0.30 

0.33 

0.49 

0.60 

0.32 

0.56 

0.39 

0.17 

0.20 

0.71 

0.44 

0.43 

0.60 

0.62 

0.49 

0.67 

0.61 

0.34 

0.50 

0.71 

0.54 

0.47 

0.54 

0.32 

0.33 

0.65 

0.72 

0.48 

0.69 

0.71 

0.67 

0.69 

0.66 

0.54 

0.48 

0.67 

0.66 

0.63 

0.62 

Table 1.2: Absolute values of HOMO coefficients for some 

l-substituted butadienes
19
'

20
'

21
 (CNDO/2) 

CI 

C0
2
Me 

C
6

H
5 

H 

Me 

OAc 

OMe 

NMe
n 

0.546 

0.485 

0.431 

0.600 

0.524 

0.444 

0.445 

0.403 

0.346 

0.397 

0.416 

0.371 

0.462 

0.475 

0.492 

0.494 

0.266 

0.311 

0.239 

0.371 

0.342 

0.288 

0.289 

0.249 

0.397 

0.463 

0.472 

0.600 

0.531 

0.487 

0.498 

0.464 

9 



1.3.2. The mechanism of \_4 + 2']-cyoloadditions 

According to the Woodward-Hoffmann rules and to Fukui' 

F.M.O. theory /'allowed" cycloadditions proceed via a four-

center transition state in which both new bonds have been 

formed partially (fig. 1.6). Both interactions,(C-l)-(C-l') 

{.C-b}-{C-2l\ contribute to the stabilization energy as ex

pressed in eqn. 1.3. 

ι 6 

*-*— ЛЕ=2—i (eq 13) 

-&. 

12 
Houk has calculated that reactions of a symmetrically 

substituted diene and an unsymmetrical dienophile might 

proceed via a two-center mechanism; his calculation reveals 

that the transition state of a four-center and a two-center 

process are equally stabilized when the relevant LUMO is 

extremely polarized, viz. C
1
 = 0.32, C

2
 = 0.95 or C

2
/C

1
 =^3. 

Comparable calculations should be valid for unsymmetrical 

substituted dienes. Experimental evidence for the occurrence 

of such dipolar Diels Alder reactions, proceeding via a 

stepwise mechanism is scarce 

1.3.3. Reactivity 

According to eqn. 1.2 the net stabilization energy ΔΕ 

depends on the frontier orbital energies. Highest stabiliza

tion is predicted for transition states formed from reactants 

with small frontier orbital separation. Since electron-

donating groups raise the HOMO energy (and lower IP) and 

electron-withdrawing substituents lower the LUMO energy 

(and increase EA) the presence of opposite substituents 

in the reactants will increase the Diels Alder reactivity, 

as is experimentally found (Alder rule). 

The largest increase in the cycloaddition rate will be 

10 



obtained when the electron-releasing substituent is present 
25 

in the reactant with the higher HOMO . Usually this is the 

more conjugated compound. This explains that "normal" Diels 

Alder reactions are the most frequently observed type. 

Increased reactivity under the influence of a Lewis 

acid catalyst can also be explained by this reactivity model. 

The catalyst will coordinate with the electron-poor reactant, 
12 

causing a further lowering of the LUMO energy . Increased 
orbital polarization, which also enlarges the addition rate, 

2fi 

is another effect of the catalyst 

The agreement between theory and experiment have in

duced several attempts to test very simple correlations 

between reactivity and energy parameters. It has appeared 
14 28 29 

that logarithms of addition rate constants к ' ' or 
27 

activation energies for appropriate series of Diels Alder 
reactions give good linear correlations with properly chosen 

26 —1 
energy parameters such as IP , (IP-EA) (ref. 24), EA or 
E^

r e d

2 9
, and ΔΕ (eqn. 1.2)

2 8
. 

1.3.4. Regioaelect-iv-ity 

The simplified eqn. 1.2 can also be used for the pre

diction of the preferred regio-isomer in Diels Alder reac

tions. The difference in stabilization energy for the forma

tion of various possible regio-isomers is mainly determined 

by the difference between the largest term in the equation 

for the distinct reaction, i.e. the term having the largest 

frontier orbital coefficients at interacting sites ' ' ' . 

From this consideration it follows that in "normal" Diels 

Alder reactions of 1-substituted dienes the bond-formation 

between C-4 of the diene and C-2' of the olefin, which 

leads to the"ortho"product (Fig. 1.3), does contribute much 

more to the stabilization, than the bond-formation between C-4 

and C-l' or C-l and C-2', which should lead to the "meta" 

product. Formation of "para" products from 2-substituted 

dienes can be explained by a similar reasoning. 

11 



Although bond formation between C-4 and C-2
1
 causes 

much more stabilization than the corresponding bond formatier 

between C-l and C-l' this does not imply that the cyclo

addition proceeds via a two-step mechanism. It just im

plicates that the progress of bond formation at the dif

ferent sites (C-4)-(0-2') and (C-l)-(C-l*) is unequal in 

32 
reactions of unsymmetrically substituted reactants . E.g. 

perturbation analyses of the reaction between 1-hydroxy-
33 

butadiene and acroleine and of the dimerisation of aero-
"ч IK 

lein revealed unequal bond lengths for the new bonds 

in the transition state.{(C-4)-(C-2 ' ) is shorter than (C-l)-(C-l 

Apparently the former bond is further developed (Яід. 1.7). 

1 7 

R 

1.3.5. Sveveoseleativity 

The encio-stereoselectivity in Diels Alder reactions 

has been attributed to attractive secondary orbital inter

actions
1 7
'

3 4
'

3 5
. In addition to the stabilizing H0M0-LUM0 

interactions leading to new bonds, additional stabilizing 

interactions between the remaining part of the diene and 

dienophile π-systems are possible in the enáo-transition 

state (fig. 1.8). 

1 θ 

# 't 
endo exo 

Applying second-order perturbation treatment to "normal" 

Diels Alder reactions, for which only donor-HOMO and 

acceptor-LUMO interactions have to be considered,the 

12 



difference between the stabilization energies of the endo-

and ea;o-transition state is given by eqn. 1.4. 

ΔΔΕ= ΔΕ.
η
,
0
 -ΔΕ,,,, 

en αο IMO 

_2[¿c;ĉ D. ¿с;с0
п-]

2
 _ ficsM2

 (eq1í) 

ΙΡ
0
-ΕΑ

Α
-α IP

0
-EA

A
-Q 

íiíhen б is equal for the formation of an endo- and exo-

product the sum of the coefficient product terms for the 

primary interactions is equal for both stereo-isomers. Thus, 

the difference in stabilization energy is only determined 

by secondary interrictions. 

Equation 1.4 rationalizes the frequently observed 

increase in selectivity with increase of reactivity, as high 

reactivity is generally related to a small value of the 

denominator (IP-EA or E ^ Q - E ^ Q ) . 

It is evident that such a consideration can only be 

used in a series of reactions between reactants with a 

comparable substitution pattern. Differences in steric 

hindrance can be a complicating factor, which might cause 

variations in the overlap at the interacting sites and 

consequently in the resonance integral (3
ДЕ)
) occurring in 

the numerator. Moreover, differences in activation volume 

Δ\τ for exo- and encfo-product formation point to unequal 

overlap in the transition states for these reactions, so 

that the terms for the primary interactions in eqn. 1.4 do 

not cancel completely. 

1.3.6. The resonance integral β 

In many discussions based on the application of eqn. 

1.2 it is assumed that the resonance integral ß is nearly 

constant in concerted cycloadditions, in which only C-C 
15 27 bonds are formed ' . This must be a rather rough 

37 approxamation, however. Sustmann recently showed, that 

for a series of equally substituted rigid 1,3-dienes 

having nearly equal ionization potentials, the logarithms 
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of the addition rate constants к ( measured for the reaction 

with tetracyanoethylene and maleic anhydride) linearly corre 

late with the (C-l)-(C-4)distance in the diene and with the 

square of the p-overlap integrals at the combining sites. 

This result illustrates that differences in reactivity will 

sometimes be due to variations in the resonance integral 

(ЕЗ
ДП
) which is related to the p-overlap integral 

With unsymmetrically substituted reactants the resonance 

integrals at the distinct interaction sites can also be un

equal as the distances of the new bonds can be different in 

the transition state, as discussed in the previous sec

tion. 

Lowering of the value of (З
дп
 can be supposed to be an 

important factor in the rationalisation of the well known 

fact that Diels Alder reactions are hampered by steric 

hindrance in the transition state . Reactions between 

highly substituted dienes and dienophiles require always 

severe reaction conditions. For reactions of highly sub

stituted dienes this may be (partly ) due to a preference 

for the disfavourable tvansoid conformation. For reactions 

of highly substituted olefins long distances in the tran

sition state and consequently low ß-values must be the main 

reason. 

The previous sections demonstrate that even without 

exact knowledge of the numerical values of IP, EA, 0
Д П
 and 

frontier orbital coefficients С , the F.M.O. theory is a very 

useful expedient in the estimation of reactivities and 

prediction of regio- and stereoselectivity in concerted 

[4 + 2]- cycloadditions. 

1.4. THE SCOPE OF THE PRESENT STUDY 

Most of the more fundamental investigations in the 

literature up to now have been concentrated on Diels Alder 

reactions of mono-substituted and cyclic buta-1,3-dienes 
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with highly activated mono- and disubstituted ethenes and 

with the highly activated tetracyanoethylene. 

The purpose of this investigation was to extend these 

mechanistic studies to Diels Alder reactions with double or 

triple substituted electron-rich dienes and to a large 

variety of activated olefins and carbonyl compounds as the 

electron-poor reaction partner. Substituent and solvent 

effects on the reactivity, the regio- and stereoselectivity 

and the mode of cycloaddition ([2+2]- versus [4+2]-and "normal" 

егзиз "invers" Diels Alder reactions) will be examined 

to gain more insight into the structure of the transition 

states for these cycloadditions. 

The choice of the reactions investigated was also deter

mined by the intention to study the synthetic utility of 

polyalkoxy-buta-1,3-dienes for the synthesis of highly 

substituted carbo- and heterocyclic compounds. 

As a first orientation on their reactivity/ the reac

tions of several electron-rich alkoxy substituted dienes 

with tetracyanoethylene will be described in chapter 2. 

The mode of addition, [2+2]- versus [4+2]-,and the possible 

occurrence of dipolar intermediates in a stepwise mechanism 

will be discussed. Some reactions with a-chloroacrylonitrile 

have also been studied to investigate the synthetic utility 

of this ketene analogue in Diels Alder reactions with hetero-

substituted buta-1,3-dienes. 

In chapter 3 reactions of trisubstituted electron-poor 

ethenes with several methoxybuta-1,3-dienes will be described. 

The regiochemistry and the role of secondary orbital over

lap in determining stereoselectivity is studied by variation 

of diene- and dienophile substituants. 

Chapter 4 describes kinetic investigations on the Diels 

Alder reactions of substituted (3, ß-dicyanostyrenes and 

methoxybuta-1,3-dienes. The reactions have been studied 

over a temperature interval of 30 C; the activation para

meters have been determined and substituent influences 

are analyzed. Solvent effects on the reactivity have been 
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determined in a series of solvents with different polarity. 

In chapter 5 the results of reactions of methoxybuta-

1,3-dienes with electron-poor 1,1-dicyanobuta-l,3-dienes 

are reported. The formation of cyclohexene derivatives 

deduced from the methoxybuta-1,3-dienes as the 4iT-compound 

and the 1,1-dicyanodiene as the 27r-compound will be ex

plained. The influence of steric and conformational factors 

is tested by the introduction of other substituents in both 

types of dienes. 

Because of their high reactivity, alkoxybuta-1,3-dienes 

are able to react with activated carbonyl compounds. Chapter 

6 reports on reactions of three different 1,1-dimethoxybuta-

1,3-dienes with activated carbonyl compounds yielding 5,6-

dihydropyrans. The subsequent hydrolysis of these 5,6-di-

hydropyrans is studied under various reaction conditions. 

This leads to a- and γ-pyrones or δ-hydroxy esters as the 

main product. 

Finally, in chapter 7 of this thesis, a review is given 

of the most important methods for synthesizing alkoxybuta-

1,3-dienes and their precursors. In some of these methods 

improvements of current procedures are given. 

C-NMR analysis is used as a measure for the polari

zation of the olefinic bonds in the electron-rich and 

electron-poor olefins used in the -chapters 3-5. Halfwave 

oxidation potentials have been measured for the electron-

rich dienes in order to estimate their ionization potentials. 
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(1973). 

27. G. Ahlgren, Tetrahedron Lett. 1979, 915. 

28. a. K.N. Houk and L.L. Munchausen, J. Am. Chem. Soc. 98, 

937 (1976). 

b. R.W. Hoffmann and J. Becherer, Tetrahedron 3£, 1193 

(1978) . 

c. K.N. Houk, Ace. Chem. Res. 8, 361 (1975). 

29. a. G. Desimoni, P.P. Righetti, E. Selva and G. Tacconi, 

Tetrahedron 33, 2829 (1977). 

18 



b. G. Desimoni, Α. Gamba, M. Monticelli, M. Nicola and 

G. Tacconi, J. Am. Chem. Soc. 9J3, 2947 (1976). 

30. T. Cohen, R.J. Ruffner, D.W. Shull, W.D. Daniewski, 

R.M. Ottenbrite and P. v. Alston, J. Org. Chem. 43, 

4052 (1978). 

31. I. Fleming, F.L. Gianni and T. Mah, Tetrahedron Lett. 

1976, 801. 

32. O. Eistenstein, J.M. Lefour and N.T. Ahn. Chem. Comm. 

1971, 696. 

33. a. A. Oliva, J.I. Fernández-Alonso and J. Bertrán, 

Tetrahedron 34, 2029 (1978). 

b. F. Mark and V. Bachler, Tetrahedron 33̂ / 2857 (1977). 

34. R. Hoffmann and R.B. Woodward, J. Am. Chem. Soc. 87, 

4388 (1965). 

35. T. Sugimoto, Y. Kobuke, J. Furukawa and T. Fueno, 

Tetrahedron Lett. 1976, 1587. 

36. S.K. Shakova and B.S. Elyanov, Izv. Akad. Nauk. S.S.S.R. 

Ser. Khim. 22̂ , 1461 (1973). 

37. R. Sustmann, M. Böhm and J. Sauer, Chem. Ber. 112, 883 

(1979) . 

19 



C H A P T E R 2 

REACTIONS OF ALKOXYBUTA-1,3-DIENES WITH TETRACYANOETHYLENE 

AND a-CHLOROACRYLONITRILE 

2.1. INTRODUCTION 

It is known from literature that buta-l,3-dienes, which 

are substituted at the C-l terminus with two alkyl or 
2 

two aryl groups , react under mild conditions with tetra-

cyanoethylene yielding [2+2]-cycloadducts. These [2+2]-

cycloadditions proceed regiospecific on the less substituted 

double bond of the diene. Further, it is known that the 

primary formed cyclobutanes can be converted into [4+2] -

cycloadducts at elevated temperatures. 

A plausible explanation for the rapid formation of 

cyclobutane derivatives from this type of 1,3-dienes is 

that 1,1-disubstituted buta-1,3-dienes will occur pref

erentially in the transoid conformation, which is not 

suitable for Diels Alder reactions. It has been pointed out 
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that this [2+2]-cycloaddition process proceeds via a di

polar intermediate, which undergoes rapid ring closure to 
л 

the cyclobutane derivative (scheme 2.1). 

The formation of cyclohexene derivatives has been 

ascribed to a rearrangenent of the [2+2]-cycloadducts at 

higher temperatures, yielding the thermodynamically more 

stable Diels Alder adducts. Some authors reported experi

mental arguments to support a rearrangement process via 

the dipolar intermediate, without complete cycloreversion 
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to the diene and dienophile^. 

Study of literature revealed, that this simple 

explanation for the primary formation of [2+2]-cycloadducts 

is not adequate enough to explain all experimental data. It 

was found for a series of alkyl substituted buta-1,3-dienes , 

that the tranaoid агз-penta-l,3-diene Ц) indeed does not 

yield a Diels Alder adduct at room temperature. However, 

another tranaoid diene, 4-methylpenta-l,3-diene (2) 

yields 11% of the Diels Alder adduct,while aie,trane-hexa-

2,4-diene (2) reacts slowly to yield 80% of the Diels Alder 

addition product. In addition, Gouesnard found that the 

Ets J MeO 

2 

preference for [2+2]-cycloadditions is not observed for 

a-£s-l-hetero-substituted buta-1,3-dienes which will be just 

as well mainly in the transoid conformation. Cis-l-ethyl-

thiobuta-l,3-diene (4J yielded a mixture of both [2+2]- and 

[4+2]-cycloaddition products, whereas c-is-l-methoxybuta-

1,3-diene (£[) reacted directly to the Diels Alder adduct. 

It was pointed out , that the dipolar intermediate (scheme 

2.1) in reactions of such dienes is substantially stabilized 

by the hetero-substituent and therefore should have a 

sufficiently long life-time to rotate around the central 

(C-2)-(C-31 bond of the diene moiety, giving the appropriate 

conformation for the formation of a six-membered ring. In 

a dipolar structure, however, this bond has considerable 

double bond character. Moreover, attempts to trap such 

dipolar intermediates were unsuccessful. 

With these considerations in mind, we started our 

investigations with cycloadditions of a series of methoxy-

buta-1,3-dienes (la-f) with tetracyanoethene. Some of these 

dienes will be chiefly transoid (l_a and \Ъ) , others will 
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be mainly aiaoid (1с_ and le), whereas some compounds 

depending on their occurrence as ais or trans isomer (Id 

and l_f) are cisoia, or transoid. Finally, we added l-(di-

ethylamino)-buta-l ,3-diene (Icj.) to the series of dienes 

because of its very high electron-density. 

To explore the synthetic applicability of the observed 

cycloaddition mode, we carried out some cycloadditions with 
7 8 

a-chloroacrylonitrile ' in stead of tetracyanoethylene. 

This a-chloroacrylonitrile is known as a ketene-analogue 

which reacts very regioselective. Therefore it can be used 

for the regioselective introduction of the -CI^-CO- function 

in cyclic systems. 

2.2. REACTIONS OF ALKOXYBUTA-1,3-DIENES AND TETRACYANOETHENE 

2.2.1. Results 

The methoxybuta-1,3-dienes (la-f) were mixed with 

TCNE at room temperature with benzene as the solvent (some 

experiments were done in methanol). The completion of the 

reaction was apparent from the disappearance of the yellow 

colour, caused by the donor-acceptor complex of TCNE and 

benzene . 

Thin layer chromatography of the crude reaction 

mixtures revealed that, in general, the reactions proceeded 

highly regioselective. In most cases only one product 

appeared to be formed which could be isolated in high yield 

(68-96%). Structural assignments based on elemental analysis 

and H-NMR spectra (table 2.1) revealed that all cyclo

additions had given [4+2]-cycloadducts. Experiments at О С 

in the NMR probe with CDC1, as the solvent, gave no in

dication for primary formation of [2+2]-adducts. 

Highest reactivity (reaction time ca 0.5 min) was ob

served with diene Іа̂  (supposed to be preferentially 

transoid) and 1c (preferentially cisoia), both of which 

yielded 95-96% of the cyclohexene derivative (¿J. Diene 
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le needed aa 5 min for complete conversion. 

In the reactions of the moderately reactive dienes lb 

and Id a transient dark green colour was observed when the 

compounds were mixed in benzene. Apparently a donor-acceptor 

complex was formed between the diene and TCNE. With V£ a 

similar dark green colour remained observable for about 10 

sec at room temperature and even oa 2 min.at -10oC. When 

these reactions were conducted in methanol or (deutero)-

chloroform the complexation showed up as a blue coloration. 

With the least electron-rich diene _le such complexation could 

not be observed in benzene; the yellow colour which appeared 

had to be ascribed to the complex of TCNE and the solvent. 

The yellow to orange coloration on mixing of ^e and TCNE 

in methanol or chloroform demonstrated, that also 

in this case formation of a donor-acceptor complex between 

the reagents takes place. 

The results with 1-diethylaminobuta-l,3-diene (lg) 

were less clear. It gave a dark red colour on addition of 

an equimolar amount of TCNE in different solvents (tetra-

hydrofuran, benzene, acetonitrile), which remained on reflux 

for 24 hours in benzene. The UV spectrum (λ_- = 531 nm) 
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and H-NMR spectrum did not change during reflux. Thin 

layer chromatography of the reaction mixture showed that 

no free diene _l£ had remained, but H-NMR and mass spectrum 

gave no decisive information about the structure of the 

adduct. The chemical shifts of the NEt» group in the product 

(δ: 1.48 and 3.75 ppm) are comparable with those found in 

Ν,Ν,Ν'fN'-tetraethylformamidinium Perchlorates , which 

suggests that the NEt, residue is bound to a carbon atom 

with very low electron density. In addition, strong upfield 

shifts and broad signals are observed for the dienyl protons. 

The structure might be comparable with that found for the 

complex of tetraaminoethene and tetracyanoethylene 

2 3 

/®ν-ΝΕί
2 

Interesting results were obtained with dienes Id and 

If when they were used as eis-trans mixtures. 

The H-NMR spectrum of a reaction mixture, containing 

aie and trans lu_ (50:50) and an equimolar amount of TCNE, 

recorded at -10
o
C immediately after the addition of TCNE, 

showed that only [4+2]-adducts were formed and that no 

[2+2]-adducts were present. 

Diene Ify used as a mixture of l-tvans-A-tvans and 

1-trane-A-ais isomers (80:20) gave at room temperature 

also only a [4+2]-cycloadduct. At lower temperatures (0°, 

-10°) and with TCNE in excess, formation of a side product 

was observed, which had a trarjs-vinylether group (δ: 6.58, 

d, IH, J = 12 Hz; 4.40-4.90, m, IH) and might have been a 

[2+2]-adduct in which TCNE had been added to the (C-3)-(C-4) 

bond of l_f. When these reaction mixtures were left at room 

temperature the NMR signals of the side-product disappeared 
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rapidly (aa 5 min). From the oily residues obtained after 

evaporation of the solvent only one cycloadduct could be 

isolated. Its structure must be as shown in figure 2.1: 

decoupling experiments gave coupling constants J - = 1.5 Hz 

and J,
 Ί
 = 3.9 Hz, and comparison of thes« 

12 1' 
äse results with 

3 reveals that H3 data of other cyclohexene derivatives 

is in a quasi-equatorial and Η in a quasi-axial position. 

This stereochemical structure suggests that the product has 

been formed from trans,trans-It (CH
3
 and OCH, are ais in the 

adduct). 

J,
 6
 .1 5 Hz 

jAljL 

A_ 
LA. 

J
r u
 -=7 6 Hz 

Figure 2.1: ^H-NMR spectrum and spin-decoupled spectra of 
adduct 2f. 

The trans-ais isomer of \f_ might have yielded a [2+2]-

cycloadduct, but this seems not to rearrange into a [4+2]-

adduct. Instead of two isomeric [4+2] -adducts, only one 

product (2fj was isolated after separation from polymeric 
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side products. 

2.2.2. Discussion 

A first important conclusion of these experiments is 

that the mode of cycloaddition of methoxybuta-1,3-dienes witl 

TCNE is much less dependent on their conformational prefer

ence than has been suggested for alkyl- and aryl butadienes, 

comparable reactions never yielded [2+2J-cycloaddition produc 

even the mainly transoid diene lb resulted rapidly and in 

high yield in a Diels Alder product. 

In the only instance in which some [2+2]-cycloaddition 

seemed to occur ( t r a n s , a i s - l f ) , it concerned a diene in whic; 

the preference for a transoid conformation was caused by a 

c-ia-methyl group, not by a c-is-nethoxy group (of. ais-ld) . 

An explanation might be that conformational preference 

caused by a CH30 group is less complete than that caused 

by the larger CH, group. 

Apparently, the presence of the strong electron-donatin 

CH30 group at C-l or C-3 of a diene leads to a strong increas 

of the reactivity in [4+2]-cycloadditions with the electron-

poor TCNE. The [2+2]-cycloadditions, even when they should 

be conformationally more attractive are fully suppressed. 

We found no indication that the [4+2]-cycloadditions 

proceed via dipolar intermediates. Trapping products of 

such intermediates and methanol, when used as the solvent, 

were not observed. 

An interesting point is the formation of charge trans

fer complexes between the electron-rich diene and electron-

poor olefin TCNE, apparent from the transient coloration 

on mixing (only with the very fast reacting dienes 1^ and 

1c this coloration was not observed). It is not clear from 

these experiments, whether such a complex is an 

intermediate in these cycloadditions. 
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2 . 3 . REACTIONS OF ALKOXJBUTA-l, 3-DIENES WITH ct-CHLOROACRYLO-

NITRILE 

2 . 3 . 1 . Resulte 

The neat methoxybuta-l ,.3-dienes (la-l£) were mixed 

with an excess of a-chloroacrylonitrile, and then heated 

at 60 C. Highest reactivity was again observed for dienes 

la and 1c (reaction times 5 and 8 hrs, respectively). 

Despite addition of hydroquinone as polymerization in

hibitor, dienes Ьг and l_f gave unmanageable polymers, 

whereas the yields of [4+2]-adducts in reactions of dienes 

lb and ^d were reduced by considerable polymerization of 

the starting compounds. 

2 « 

RH 

3 

Analysis of the crude reaction mixtures by
 1
H-NMR 

spectroscopy revealed that all [4+2]-additions proceed fully 

regiospecific. Butadienes la-Id yielded "ortho" adducts 

having the methoxy groups and the cyano group at neighbouring 

carbon atoms. Identification of the individual products 

was done by mass spectroscopy and structure assignments 

were based on H-NMR spectra. No satisfactory elemental 

analysis of the adducts could be obtained due to rapid 
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decomposition. The products must therefore be stored in a 

freezer at -25 С in tightly sealed flasks. 

The stereochemistry of the reactions has not been 

investigated since the mixtures of exo and endo isomers 

could not be separated. 

Hydrolysis of the Cl-C-CN moiety in the adducts 3̂  

into carbonyl functions under basic conditions as reported i 
7 8 

literature ' resulted in phenol derivatives in 40-50% yield 

when KOH-DMSO was used and in 67-80% when the improved 
Q 

method reported by Evans et al. was followed. 

2 5. 

RAH 

Na2S 

EtOH 
KOH 

¿ R 2 

H W H 

RH 

2.3.2. Dieaueaion 

For Diels Alder reactions between unsymmetrlcal 

reactants the F.M.O. theory (chapter 1) predicts the 

formation of "ortho" adducts for 1-substituted buta-1,3-

dienes. The magnitude of the orbital coefficients (Сд, C
D 

in equation 1.3) at the reaction sites in the reactant 

frontier molecular Orbitals (HOMO of the dienes and LUMO 

of the dienophile) have been shown to determine the 

re^io-selectivity. The highest HOMO-coefficients (C ) for 

the dienes (la-d) which undergo the Diels Alder reaction, 

may be expected at the C-4 carbon, whereas in the dienophile 

the largest LUMO coefficient (Сд) will be found for the 

unsubstituted C-2' carbon (table 1.1; chapter 1). Thus, 

the generally observed high ге^го-selectivity in the 

reactions with a-chloroacrylonitrile can be explained. 
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2.4. EXPERIMENTAL 

Generat for ahaptere 2, 3, 5-7 

Proton magnetic resonance spectra were traced with a 

Varían T-60 apparatus using solutions in CDCl3. Decoupling 

experiments were performed on a Bruker W.H.-90. Chemical 

shifts are given as δ-values relative to tetramethylsilane 

as an internal standard. Mass spectra were obtained with a 

double focussing Varían Associates SM1-B mass spectrometer. 

Infra-red spectra were measured with a Perkin Elmer 257 

spectrophotometer and UV spectra were measured on a Cary-15 

spectrophotometer. Carbon-13-magnetic resonance spectra 

were recored with a Bruker W.P.-60 apparatus and referenced 

internally to the solvent (CDC1·,) or tetramethylsilane 

when deuterated aceton was used as the solvent. Melting 

points are uncorrected. 

General procedure for the synthesis of 4,4,5, 5-tetraoyano-

alkoxy-oyelohexenes (2) (table 2.1) 

3 Mmol of tetracyanoethylene was dissolved in 20 ml of 

benzene (or methanol) and 3 mmol of the appropriate diene 

Ц) was added dropwise at room temperature. After the time 

indicated in table 2.1 the solvent was evaporated in vacuo 

and the residual product crystallized from carbon tetra

chloride. TLC analysis of the crude products with ethyl 

acetate-hexane (1:1) as the eluent showed the formation 

of one product in all reactions. 

Application of this method to 1-diethylaminobuta-l,3-

diene (l£) and TCNE and refluxing of the mixture for 24 hrs 

lead to a dark coloured product. NMR: only the well 

resolved signals for the NEt
2
 group could be assigned: 

δ = 1.48 (t, 6H) and 3.75 (g, 4H); m/e: parent peak at 73 

(HNEt
2
); m/e: 128 (TCNE). 
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Reaot-іопв of dienee Id-e with tetracyanoethene at О С and -10 

0.6 Mmol of tetracyanoethene was dissolved in 1 ml CDCl-, 

in an NMR-probe and cooled to the desired temperature. 

Similarly 0.5 mmol of the appropriate diene was dissolved 

in 0.5 ml of CDCl^f cooled and mixed with the dienophile 

solution in the NMR-probe. The spectra of the reaction 

mixtures were traced immediately after the disappearance 

of the blue colour of the donor-acceptor complex and showed 

that diene ld yielded directly the [4+2]-adduct (NMR data in 

table 2.1), whereas the NMR spectrum of the reaction 

mixture of If contained also signals which could be ascribed 

to a [2+2]-cycloadduct: δ = 6.58 (d, J = 12 Hz, IH), 

4.40-4.90 (m, IH), 3.52 (s, 3H). 

General procedure for the synthesis of 4-chloro-4-cyano-

alkoxyoyalohexenes {У) (table 2.2) 

0.02 Mol of ot-chloroacrylonitrile and 0.02 mol of the 

diene were mixed at room temperature and heated at 60 С for 

the time indicated in table 2.2. Distillation under reduced 

pressure yielded the pure adducts 3_ as oils. 

Hydrolysis of 4-ahloro~4-ayanoalkoxyayclohexenes (.3) 

Proçedure_l: 0.01 Mol of З̂  w a s
 dissolved in 20 ml of dimethyl 

sulfoxide. A hot solution of 2 g of potassium hydroxide in 

5 ml of water was added and the resulting mixture was stirred 

overnight at room temperature, after which the mixture was 

poured into 50 ml of water, neutralized with dilute hydrogen 

chloride and extracted with ether. The extract was dried 

over anhydrous sodium sulphate, filtered and evaporated 

in vaauo. The oily residue contained generally 40-50% of the 

phenolic product 5 and 40-50% of unreacted starting 

compounds (according to NMR). 

?Е22§<ІУЕё_2 '· The yield of the phenol derivatives 5̂  was im

proved to 70-80% when hydrolysis was performed in the presence 
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of 3 g of sodium sulfide. O.Ol Mol of 3 and 1.5 g of po

tassium hydroxide were refluxed for 4 h in 25 ml of ethanol. 

After evaporation of most of the solvent the residue was poured 

into 50 ml of water and worked up as described in procedure 

1 (the hydrolysis with sodium sulfide has to be carried 

out in the hood because of the unpleasant smell of inter

mediate sulfur compounds!). 
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Table 2.1: 4,4,5,5-tetracyanoalkoxycyclohexene3 (2J 

R 1 

OCHj 

OCIIj 

^ 

Η 

Η 

R J 

Η 

СНз 

R 4 

I! 

Η 

r e a c t . t i m e 

m i n u t e s 

5 

5 

y i e l d m . p . 

% 

96 

9 5 

0 C 

113 

l i t i 4 : 

112.5-114 

106 

mass s p e c t r a 

C 1 1 H 8 N 4 0 

m/e:212(M) 

ІвІ(М-ОСНз) 

C 1 2 . l 1 0 N 4 O 

С 

Η 

Ν 

С 

e lem. 

c a l e . 

62.26 

3.80 

26.40 

63.71 

a n a l . 

found 

62.55 

3.94 

26.48 

63.00 

NMR, i (ppm) 

3 . 1 0 ( m , 2 H ) ; 3 . 7 4 ( s , 3 H ) , · 

4 .40(m,lH),-5.90(m,2H); 

( l l t í 4 : 3 . 5 0 ; 3 . 9 0 ; 4 . 9 0 ; 
6.10) 

1 . 8 S ( S , 3 H ) ; 2 . 9 5 ( s , 2 H ) ; 

m/e:226(M) Η 4.46 4.80 3.62(s,ЗН) ; 4.42(m,IH); 

195(M-OCH
3
) Ν 24.76 24.60 5.62(m,lH) 

10 68 124 C
1 2
H

1 0
N

4
O С 63.71 63.50 1.60(d,ЗН) ; 3.10(m,IH) ; 

m/e:226(M) H 4.46 4.47 3.67(s,ЗН); 4.33(d,IH); 

19S<M-OCH
3
) Ν 24.76 24.80 5.94(m,2H) 

Ο,,ΗοΜ,Ο С 62.26 62.10 3.10(m,4H);3.57(s,3H); 

118 4 

m/e:212(M) H 3.80 3.80 4.64(t
>
lH) 

N 26.40 26.26 

96 137 C
1 2
H

1 C |
N

4
0

2
 С 59.50 58.91 3 . 25 (m, 2H) ι 3 . 65 (s , 6Η) ¡ 

m/e:242(M) Η 4.16 4.25 6.05(з,2Н) 

93 158 C
13
H

12
N

4
0

:
j С 57.35 57.40 3. 48 (s , ЗН) ; 3 . 60 (s, ЗН) : 

m/e:272(M) H 4.44 4.42 3.75(s,3H); 4.50(m,IH)¡ 

241(M-OCH3) Ν 20.58 20.57 5.9S(m,2H) 



Table 2.2: 4-chloro-4-cyano-alkoxycyclohexenes (_3Ï 

R1 

OCHj 

осн
3 

OCHj 

R
2 

H 

H 

осн
3 

R
3 

H 

CHj 

H 

R
4 

H 

H 

H 

react. 

days 

3 

1 

1 

time yield 

% 

85 

88 

96 

Ь.ρ./mm 

UO/6 

86/1 

94/1 

Hg mass spectra 

C
B

H
1 0

C 1 N O 

m/e:171,173(M) 

C
9
H

12
C1N0 

m/e:185,187(M) 

C
9
H

1 2
C1N0

2 

m/e:201,203(M) 

1.93-2 

(m,lH) 

1.73(3, 

(s,3H) 

2.03-2 

<s,3H): 

NMR, S (ppm) 

.60(111,4H) j3.54(s,3H) ,-3 

;5.43-5.93(m,2H) 

,3H);1.97-2.65(in,4H);3. 

!3.78(m
/
lH)i5.37(m,lH) 

.70(m,4H);3.33(s,3H);3 

;5.27-6.10(m,2H) 

,83 

.52 

.50 

OCH
3
 0CH

3
 H OCH3 3 78 110/1 C

1 0
H

1 4
ClNO

3
 2.15-2.85(m,2H); 3.35(s,3H); 3.40 

m/e:200,202 (s,3H); 3.50(s,3H); 3.95(m,IH); 

(M-OCH
3
) 5.40-6.10(m,2H) 
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C H A P T E R 3 

REGIO- AND STEREOSELECTIVITY IN DIELS ALDER REACTIONS 

OF ALKOXYBUTA-l,3-DIENES WITH 3-CYANOSTYRENES 

3.1. INTRODUCTION 

As stated in chapter 1, the observed variations in 

chemical reactivity and the regio- and stereoselectivity 

of [4+2]-cycloadditions are readily explained by the F.M.O. 

theory. Λ large number of recent studies has been devoted 
1 — 26 

to these subjects. Especially reactions of substituted 

dienes and dienophiles, in which only substituents in one 

of the reactants are varied/ have been investigated ' ' ' 

These cycloaddition reactions are explained very accurately 

by this theory, because only one or two of the variables 

which determine the extent of stabilization energy ΔΕ are 

altered. 2 

ΔΕ=2—
!
 (eq 13) 

IP
0
-EA

4
-0 

However, additional experimental and quantum mechanical 

research seems to be necessary to create a simple general 

model which explains all mechanistic aspects of [4+2]-

cycloadditions. Notwithstanding the success of the F.M.O. 

., 8,10,17 .. 14 .. . ..,, „ 

theory , some authors suppose that still some 

other factor" equally determines the selectivity of [4+2] -

cycloadditions. Therefore, we studied the reactions of 

highly substituted alkoxybuta-1,3-dienes and cyanostyrenes. 

The solvent and substituent effects on the regio- and 

stereoselectivity of these Diels Alder reactions will be 

described in this chapter. Another point of discussion is 

again the possible occurrence of an intermediate dipolar 

species in [4+2] -cycloadditions between asymmetrically 

substituted reagents, as has been proposed in the Diels 

Alder reaction with "inverse electron-demand" between 

2 8 

1,l-dicyano-2-(cyclohexenyl)-ethene and 1-dialkylamino-
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cyclohexene (scheme 3.1) 

з 1 

CN 

С Ν 

OR 

OR(H) 
NC С 

Χ - [ « . Г ) . 

3.2. REACTIONS OF ALKOXYBUTA-1,3-DIEMES AND CYANOETHENES 

3.2.1. Results 

The alkoxybuta-1,3-dienes (la-g) were heated with the 

activated ethejies (2a-e) at 65
0
C in acetonitrile as the 

solvent. Polymerisation in reactions of monoalkoxybutadienes 

was suppressed by the addition of a trace of hydroquinone. 

The cycloadditions of the di- and trimethoxybutadienes (la 

and b) were performed in an atmosphere of dry nitrogen. In 

most cases high yields of [4+2]-cycloadducts (90-100%) 

were obtained. Highest reactivity was observed with dienes 

la and lc_ (complete conversion in aa· 1 day); l_f needed 8 

days to give 20% conversion with dienophile 2c. Thin layer 

chromatography of the crude reaction mixtures revealed that 

all reactions proceeded fully regiospecific: butadiene J^ re

sulted in the "para adduct" (1,4-substitution of OMe and CN in 

the adduct), all other butadienes only resulted in "ortho adducts" 

having the MeO-groups and CN at neighbouring carbon atoms 

(scheme 3.2). 

Butadiene le/unsubstituted at the terminal carbon 

atoms, and ^a having two equal substituents at C-l only yiel

ded a single (racemic) product, as expected. The other 

butadienes, monosubstituted at one or both terminal carbon 

atoms gave a mixture of endo (У) and exo adducts Μ ) , both 

of them as racemates. 
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3 2 

R3-

R1 

J^R* 

R* 

ι 

1 a R 1 = 

1b R ^ 

Iç R1 = 

ld R1 = 

Ie R3= 

X ^ C N 

II 
H ^ 

2 

R2= OMe, R 3=R 4 = H. 

R2= R4=OMe, R3 = H 

OMe,R 3 = Me , R2= R4 = 

O M e , R 2 = R 3 = RA=H 

OMe.R1 =R 2 = R4 = H 

Δ 
»• 

Η 

R ^ 1 

3 cis (ei 

2a X = CN 

2b X=CN 

2c X=CN 

2d X=CN 

X 
f CN 

r-H 
Y 

ndo) 

. Y: 

. Y: 

.Y: 

,Y: 

2e X =COOEt. Y 

R 2 R 1 

R«H 

4 trans 

= p - N 0 2 C 6 H 4 -

= с 6 н 5 -

=р-СНзО с 6 н 4 -

= cyclo - CgH^ -

= с 6 н 5 -

CN 

' x 
- Y 

H 

<?!?.) 

И R1 = OMe. R A =Me .R 2 = R 3 = H 

lg R1 = О Е І . Р 3 = 0 5 і М е э Я 2 = Р Л = Н 

The diastereomers were separated by column chromatography 

to determine the product ratio (table 3.1). Identification 

of the individual products was done by elemental analysis 

and mass spectroscopy. 

Table 3.1: Product ratio endo (3):exo [4) of [4+2]-cyclo
additions between methoxybutadienes Ц) and 
cyanoethenes (2) in acetonitrile

a
. 

\ o l e f 

d i e n e s . 

l b 

i £ 
I d 

I f 

ia 

i n 

2a 

55:45 

68:32 

71:29 

82:18 

2a i n 

methanol 

55:45 

68:32 

72:28 

84:16 

2a i n 

d ioxan 

55:45 

68:32 

71:29 

82:18 

2b 

55:45 

68:32 

71:29 

82:18 

6 2 : 3 8 b 

2c 

55:45 

68:32 

71:29 

2d 

57:43 

78:22 

100:0 

100:0 

2e 

0:100 

32:68 

30:70 

0:100 

a: The estimated error is σα. 1.5%. 

b: Determined by H-NMR analysis; estimated error σα. 2%. 
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The structural assignments were based on -̂H-NMR measurements 

(tables in the Experimental Parti· Decoupling experiments 

on compounds 3d and 4d and simulation with successive 

1 2 1 

iteration of the H ,H -decoupled H-NMR spectra of the 4-spin 
3 5 6 6 ' 

systems H ,H ,H and H gave coupling constants Jj -, = 2.4 
Hz; J

c
 , = 11.1 Hz and J,- ,, = 5.1 Hz for isomer 3d (figure 
э, о э , b — 

3.1J, for the corresponding isomer 4d (figure 3.2), J- - = 

4.6 Hz; J,. e = 6.3 Hz and J,. -, = 9.8 Hz. 

J L 

J 

JM' 

A 
к 

ü№L«w 
Figure 3.1: H-NMR spectrum and spin-decoupled spectra of 

adduct 3d {endo). 
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jilt 

Λ д^ 
Figure 3.2:

 1
H-NMR spectrum and spin-decoupled spectra of 
adduct 4d (exo). 

Comparison of these results with data of other cyclohexene 

derivatives ' reveals that H must be in a quasi axial 

position in 3d, and in a quasi equatorial position in 4d, 

whereas the aromatic residue is in an equatorial position 

in both isomers. Therefore, 3d is the endo, £d the exo 

product. Similar reasoning was used for the structure 

assignments of the products from Д̂а with other dienophiles 

and from the dienes ley l̂f and lg. 
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С6"5 н 6 

H J 

C H 3 0 ^ у ОСНз 

C N J t . = 45Hz 

H' н ' 

Figure 3.3: Ĥ-NMR spectrmn and spin-decoupled spectra of 
addùct 3b (endo). 

CN 

СНзО 

и^ 

OCH, c6rt6 3 

A 

и 

Figure 3.4: ^H-NMR spectrum and spin-decoupled spectra of 
adduct 4b (exo). 

39 



For the adducts from the trimethoxybutadiene (_lb) and 

2b the isomer 3b (figure 3.3) gave J,
 c
 = 4.5 Hz and 

J- , = 4.5 Hz, whereas the coupling constants of ^b (figure 

3.4) were J. , = 2.1 Hz and J,-
 с
 = 10.2 Hz. In this case 

I/O ' 6 

the quasi equatorial position of H in 3b and its quasi 

axial position in 4b, in combination with the equatorial 

position of the aryl residue in both isomers, identify 3b 

as the endo and 4b as the exo isomer. Identification of 

other cycloaddition products from JJD was done similarly. 

By conducting the reactions in the NMR probe product 

ratio's could be followed during the conversion by measuring 

the intensities of the protons adjacent to the methoxy 

group (H in products from .lç,d,f and ^; H in products 

from 1Ы. In all cases the ratio appeared to be constant, 

indicating that the product composition is kinetically 

determined. 

In order to study possible solvent effects dn the 

product ratio the cycloadditions of 2a. were also performed 

in methanol and dioxan. In the former series adducts of a 

possible intermediate 1,6-dipolar species with the solvent 

could never be detected among the products. 

3.2.2. Oiaouasion 

For Diels Alder reactions between unsymmetrical reac-
1-4 

tants,frontier orbital theory (chapter 1) predicts the 

formation of "ortho" adducts from 1-substituted dienes and 

"para" adducts from 2-substituted dienes. The magnitude 

of the orbital coefficients at the reaction sites in the 

reactant molecular orbitals (HOMO of the diene and LUMO of 

the dienophile) and the symmetries of these orbitals have 

been shown to possess a prominent significance in deter

mining the extent of stabilisation of the interacting 

systems ' ' ' . In our series the highest electron 

density in the HOMO's of the dienes may be expected at C-4 

in the 1-substituted and at C-l in the 2-substituted com-
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pounds ' ' ' . In the dienophiles the highest LUMO co

efficient is always on C-2.This explains the observed regio-

specificity. 

The lower reactivity of the 1,4-disubstituted dienes 

(lb and 1̂ ) compared to the dienes without a 0-4 substituent, 

and the high reactivity of la (with an additional MeO group 

at C-l) and l£ (with an additional Me group at C-3) may be al

so explained in terms of frontier orbital interaction. In 

the former case the HOMO coefficient at C-4 is lowered, in 

the latter case it is increased, resulting in an altered 

stabilization of the transition state. 

As appears fpom Table 3.1 the endo isomer is the prin

ciple product in all reactions of the dienes (I) with di-
D 

cyanoethene derivatives (2a-d). Recently, Houk proposed 

that this stereo-selectivity depends on secondary orbital 

overlap and on the ionisation potential of the dienes, but he 

also mentioned the large role of steric hindrance. In our 

case secondary orbital overlap at C-2 must be almost equal 

for both CN-functions in the ethenes 2a-d. Therefore, stereo

selectivity should be determined by secondary interactions 
14 

between the substituent Y in 2_ and C-3 in 1̂. However, Fleming 
recently pointed out the unlikeliness of important secondary 

overlap at this position as a consequence of the small HOMO 

coefficient on C-3of the diene. We demonstrated the absence 

of this type of interactions in our series in two ways. 

Variation of the para-substituent {of. ref. 32) in the aryl 

group (2a-c) is without any influence on the product ratio, 

while on replacement of the aryl group by a cyclohexyl 

group (2d) the ewdo-selectivity is at least equal (lb), and 

mostly higher (lc,d and f). The remarkably high stereo

selectivity in the reactions with 2d suggests that the main 
33 

determining factor is of steric nature . This points to 

a transition state formed by an approach of diene and 

dienophile in non-parallel planes as sketched in figure 3.5; 

the value of the angle α will vary in differing cycloadditions. 

In such a transition state the large substituent at C-2' (Aryl 
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ί ι ι \ plane of diene 

Ή - Η · \ plane of dienophile 

fi* 

Figure 3.5: Non-parallel plane approach of diene and dienophile. 

or cyclohexyl) points away from the region of primary overlap 

yielding the en¿o-product. S.C.F, calculations on the cyclo-
18 2 2 

addition of ethylene and butadiene ' and the small tran-
34 

sition state volume of such reactions support this re
presentation. Several [4+2]-cycloadditions conducted under 
u· u 35,36,37 , . . , , ,,...*. 35,37 

high pressure show higher ercdo-selectivity on 

increasing pressure, demonstrating that the transition 

state volume in enáo-formation is smaller than in exo-

forraation. 
Replacement of the cyano group, trans to the aromatic 
3 8 

ring in 2b, by a carboethoxy group (2e) leads to reversal 

of the stereoselectivity. This effect cannot well be 

ascribed to the larger steric requirements of the carbo

ethoxy group in comparison with the cyano group, because 

the a ".do-position of the former implies the ea;o-position 

of the aryl residue at C~2'.Apparently, secondary overlap 

at this side contributes considerably to the stereoselec-
39 

tivity found . This is in agreement with the larger HOMO 

coefficients on C-2.So, it seems that the stereoselectivity 

of Diels Alder reactions between highly substituted reac-

tants depends on the balance between secondary overlap, 

which can stabilize the transition state, on one side, 

and steric requirements of substituants, which may de

stabilize the transition state, mainly on the other side. 

This idea suffices for a qualitative interpretation of all 

our results. Relatively small, quantitative differences 

in stereoselectivity within each series with the same dieno

phile may be due to different lengths between the new bonds 

(С^-СС-г
1
) and (C-D-iC-l') in the transition state of the 
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reaction. 

The absence of reaction products, formed by the addi

tion of methanol to intermediate dipolar species, in the 

reactions of 2a in this solvent is a strong argument that 

the cycloadditions are concerted reactions. The concerted-

hess is further supported by the very small kinetic solvent 

effects which will be described in chapter 4. 

Finally, the absence of any solvent effect on the 

product ratio in cycloadditions of 2a_ with l_a,b,c: and f (see 

table 3.1) demonstrates that the polarity of the exo and 

endo transition state must be rather equal. This is in con-
40 

trast with an earlier report on different dipole-dipole 

interactions observed for the reaction of cyclopentadiene 

with α,0-unsaturated esters in varying solvents. 

The approach of diene and dienophile in non-parallel 

planes and the preferred entfo-position of large dienophile 
14 

substituents offers the answer to Fleming's "unknown factor" 

question (scheme 3.3). Secondary orbital overlap between the 

p-orbital at the diene C-3 carbon and dienophile substituents 

is disfavoured due to a small HOMO coefficient at this 

diene C-3 carbon. 

However, bond formation between fumaroylchloride and 

1-methoxycyclohexa-l,3-diene will be more advanced at the 

unsubstituted C-4 carbon of the diene. In the transition 

state, the acid chloride function at that binding site 

(0-2' in the dienophile) will then be found in the 

sterically favoured enJo-position. 
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OCH, 
cocí 

ClOC 

/ l /OCHj 

COCI 
72'/. 

* 
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С І С Ч з 

/ Ç ^ C O C l 

28% 

3.3. EXPERIMENTAL 

The alkoxybuta-1,3-dienes (la-g) and cyanoethenes were 
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prepared as described in chapter 7. Physical data for the 

different products were obtained as described in chapter 2. 

1 2 

Simulation and iteration experiments of the H ,H -

decoupled H-NMR spectra for compounds 3d and 4d were per

formed on a Bruker W.D.-60 apparatus. 

Simulation data: 

Frequencies (Hz) 

3d 4d 

Coupling constants (Hz) 

3d 4d 

H 395.507 

295.166 

251.600 

222.600 

371.777 

320.477 

234.377 

244.377 

3,6 

3,6' 

3,5 

5,6 

5,6' 

6,6' 

2.6 

2.4 

0.4 

11.3 

5.08 

19.0 

0.0 

0.5 

0.0 

6.05 

10.34 

19.0 

,6' 

Results after three iterations! 

Frequencies (Hz) 

,6' 

3d 

395.485 

294.308 

252.574 

222.037 

4d 

371.813 

319.234 

231.720 

246.102 

3,6 

3,6' 

3,5 

5,6 

5,6' 

6,6' 

Coupling constants (Hz) 

3d 4d 

2, 

2. 

0. 

11. 

5. 

18. 

0 

0 

0 

6 

9 

18 

Procedure for the preparation of the cyclohexene derivatives 

3 and 4 

3 Mmol of a cyanoethene (2j and 3 mmol of a diene (I) 

were dissolved in 10 ml of acetonitrile (methanol, dioxan 

for the solvent dependent experiments) and heated at 65 С 

for the time indicated in the tables 2-6. The solution was 

evaporated in vacuo and the isomers 3 and 4 were separated 

by column chromatography on silica, using ethyl acetate-

hexane (1:5) as the eluent. The product mixture from 
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l-ethoxy-3-trimethylsilyloxy-l,3-butadiene (1д) and dicyano-

styrene (2b) could not be separated because of decomposition 

on silica. The -NMR spectrum of the mixture was: δ = 0.28 

(s, 9H); 2.30 (t, ЗН); 2.10-4.05 (m, 5H); 4.28 (m, 0.38H, 

4£) ; 4.45 (m, 0.62H, 3^); 4.85 (m, 0.62H, 3£); 5.00 (m, 

0.38H, 4£); 7.20 (m, 5H). 
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OD Table 3.2: 4,4-dicyano-5-(p-nitrophenyl)-alkoxycyclohexenes (3 and 4) 

react . 
time y i e l d πι.p. elemental anal. 
(days) isomer (2+i> f c ) mass-spectra c a l e . found NMR, 5 (ppm) 

2 3 166 С HJJNJOJ С 63.60 63.63 2.25-3.20(m,2H); 3.30-3.65 

m/e:283(M) H 4.63 4.69 (m,IH); 3.68(s,3H);4.40 

252(M-OCH3) N 14.63 14.93 (m,IH); 5.60-6.20(m,2H); 

7.90(AB,4H) 
96% 

2 4 153 C 1 5 H n N 3 0 3 С 63.60 63.53 2.55-2.90 (m, 2H) ; 3.55-3.90 

m/e:283(M) H 4.63 4.70 (m,lH);3.65(s,3H);4.23 

N14.83 14.73 (m,IH); 5.95-6.20(m,2H); 

7.95(AB,4H) 

88« 

С 64.64 65.07 1.85(3,3H];2.10-3.10 

m/e:297(M) H 5.09 5.45 (m,2H);3.35-3.65(ш,IH); 

266(M-OCH
3
) N14.13 14.28 3 . 70 (s , 3H) ; 4 . 45 (m, IH) ,-

5. 55 (m, Ш,-7. 95 (AB, 4H) 

127 C
1 6
H

1 5
N

3
0

3
 С 64.64 65.19 1.90(s,3H); 2.10-3.10 

m/e:297(M) H 5.09 5.46 (m,2H); 3.65(s,3H); 

266(M-OCH
3
) N 14.13 13.90 3.60-3.95(m,IH); 4.25 

(m,lH);5.80(m,lH); 

7.95(AB,4H) 

861 

178 С .H.-NjOj С 64.64 64.61 1.08(d,ЗН);2.50-3.05 

m/e:297(M) H 5.09 5.18 (m,IH);3.55-3.80(m,IH); 

N14.13 14.10 3.65(s,3H) ,-4.35(111, IH) ; 

5.60-6. 20 (m, 2H); 7. 90 (AB, 4H) 

142 С ^ Ч ^ з О з С 64.64 64.78 0.95 ld,3HÌ ;Z.50-3. 55 (m,211) ; 

in/e:297(M) H 5.09 5.19 3.60 (s,3H) ;4 .15 (m, IH) ; 

N14.13 14.10 5.65-6.25(m,2H);7.85 

(АВ.4НІ 



Table 3.2 (continued) 

H H ОСН. H 4 92% 139 

ОСН
3
 ОСН

3
 H H 1 95% 145 

OCHj OCH
3
 H OCHj 2 3 158 

94% 

OCH
3
 OCHj H OCH

3
 2 4 146 

C
15

H
13

N
3

0
3 С 63.60 63.41 2.2S-3.20(in,2H) ;3.00 

m/e:283(M) H 4.63 4.73 (d,2H);Э.30-3.60(га,IH); 

N14.83 14.69 3.62(s,3H);4.68(t,lH); 

7.80(AB,4H) 

C
16

H
15

N
3

0
4 С 61.34 61.11 2.50-2.90(m,2H); 3.45 

ln/e:313(M) H 4.83 5.07 (s , 3H) ; 3. 50-3 .80 (m, IH) ; 

282(M-OMe) N 13.41 13.36 3.65(s,3H);5.60-6.30 

(m,2H);7.90(AB,4H) 

C
1 7
H

1 7
N

3
0

5
 С 59.47 59.05 3.20(s,3H); 3.45(s,3H); 

m/e:343(M) H 4.99 4.97 3.65(9,ЭН); 3.65-4.10 

312(M-OHe) N 12.24 12.13 (m, 2H) ; 5. 75-6 .4 5 (m, 211) ; 

7.95(AB,4H) 

C 1 7 H 1 7 N 3 0 5 С 59.47 59.56 3 . 2 5 ( s , 3 H ) ¡ 3 . 5 0 ( s , 3 H ) ; 

m/e:343(M) H 4.99 5.1Θ 3 . 6 2 ( s , 3 H ) ; 3 . 3 0 - 3 . 7 5 

312(M-OMe) N 1 2 . 2 4 11.88 (m, IH) ,· 4 . 30-4 . 60 (m, IH) ; 

5.70-6.40(m,2H);7.90(AB,4H) 



(Л 
О Table 3 . 3 : 4,4-dicyano-5-phenyl-a lkoxycyclohexenes (3 and 4) 

react. 
time yield π.p. elemental anal. 
(days) Isomer {3*±) l°C) mass-spectra cale. found NMR, i ippm) 

94% 

С 7 5 . 6 1 7 5 . 3 2 2 . 2 0 - 3 . 1 0 ( m , 2 Н ) , - 3 . 1 0 - 3 . 4 5 

m / e : 2 3 8 ( M ) Η 5 . 9 2 5 . 9 3 ( m , I H ) ; 3 . 6 4 ( s r 3 H ) ; 4 . 3 7 

207(M-OMe) N 1 1 . 7 6 1 1 . 6 7 ( m , I H ) ; 5 . 5 8 - 6 . 2 5 ( m , 2 H ) ; 

7 . 4 5 ( m , 5 H ) 

1 4 2 C 1 5 H 1 4 N 2 0 С 7 5 . 6 1 7 5 . 4 5 2 . 3 5 - 3 . 00 (ni,2H) ; 3 . 3 5 - 3 . 78 

m / e : 2 3 8 ( M ) H 5 . 9 2 6 . 0 5 ( m , I H ) ; 3 . 6 2 ( s , 3 H ) ; 4 . 1 3 

207(M-OMe) N 1 1 . 7 6 1 1 . 6 6 ( m , I H ) ; 5 . 8 4 - 6 . 3 6 ( m , 2 H ) ; 

7 . 3 8 ( m , 5 H ) 

С 7t.16 76.10 1.75(3,3H);2.30-3.10(m,2H); 

m/ei252(M) H 1.39 6.63 3.10-3.45(m,IH); 3.60(s,ЭН); 

221(M-OMe) N i:.10 11.23 4.28(m,lH);5.40(lil,lH); 

7.28(m,5H) 

93 С 6 H 1 6 N 2 0 С 7 6 . 1 6 7 6 . 5 1 1 . 8 0 ( s . 3 H ) ; 2 . 2 5 - 2 . 6 5 ( m , 2 H ) ; 

m / e : 2 5 2 ( M ) H 6 . 3 9 7 . 0 2 3 . 5 7 ( s , Э Н ) ; 3 . 3 0 - 3 . 7 6 ( m , I H ) ; 

221(M-OMe) N 1 1 . 1 0 1 0 . 5 3 4 . 0 7 ( m , I H ) ; 5 . 6 3 ( m , I H ) ; 

7 . 3 3 ( r a , 5 H ) 

88% 

1 5 9 C 1 6 H 1 6 N 2 0 С 7 6 . 1 6 7 6 . 2 1 1 . 0 3 ( d , 3 H ) ; 2 . 3 5 - 2 . 9 5 ( m , I H ) ; 

m / e : 2 5 2 ( M ) H 6 . 3 9 6 . 4 5 3 . 3 0 - 3 . 6 0 ( m , I H ) ; 3 . 6 5 ( s , 3 H ) ; 

221(M-OMe) N 1 1 . 1 0 1 1 . 0 3 4 . 2 7 ( m , I H ) ; 5 . 6 0 - 6 . 0 0 ( m , 2 H ) ; 

7 . 3 0 ( m , S H ) 

o i l C 1 6 H 1 6 N 2 0 С 7 6 . 1 6 7 6 . 1 9 0 . 9 5 ( d , 3 H ) ; 2 . 6 0 - 3 . 5 0 ( m , 2 H ) ; 

m / e : 2 5 2 ( M ) H 6 . 3 9 6 . 4 4 3 . 5 7 ( s , 3 H ) ; 4 . 0 0 ( m , l H ) ; 

221(M-OMe) N 1 1 . 1 0 1 1 . 0 8 5 . 7 0 - 6 . 0 0 ( m , 2 H ) ; 7 . 2 5 ( m , 5 H ) 



Table Э.Э (continued) 

H H OCH
3
 H 4 89% oil 

ОСН. ОСН. H H 1 98% 139 

OCH
3
 OCHj H OCH

3
 2 3 127 

98% 

OCHj OCHj H OCH
3
 2 ± 120 

C
15

H
14

N
2

0
 2.45-3.45(m,5H);3.56(s,3H),· 

m/e:23e,1085 4.57(t,lH);7.36(m,SH) 

(M)(theor. 

238,1106) 

C
16

H
16

N
2

0
2 С 71.62 71.63 2.26-3.04(m,2H); 3.43(s,3H); 

m/e:268(M) H 6.01 "6.07 3.48-3.70(m,IH); 3.62(s,3H); 

237(M-OMe) N10.44 10.31 5.66-6.26(m,2H);7.40(m,5H) 

C
1 7
H

1 8
N

2
0

3
 С 68.44 68.39 3.10(s,3H); 3.41(з,4H); 

m/e:298(M) H 6.08 6.39 3.64(s,3H); 3.82(m,IH); 

267(M-OMe) N 9.39 9.23 5.78-6.44(m,2H); 7.50(m,5H) 

C
17

H
18

N
2

0
3 С 68.44 67.85 3 .18 (s, 3H) ,- 3.44 (s, ЭН) , 

m/e:298(M) H 6.08 6.29 3.60(s,4H);4.45(m,IH); 

267(M-OMe) N 9.39 9.18 5.73-6.36(m,2H);7.45(m,5H) 

Ul 



го Table 3.4: 4,4-dicyano-5-(p-methoxyphenyl)-alkoxycyclohexenea (3 and О 

react. 
time 
(days) 

yield 
(3 + 4) 

m.p. 
(

0
C) mass-spectra 

elemental anal. 
cale. found NMR, 6 (ppm) 

94« 

129
 c

i 6
H
1 6

N
2

0
2 С 71.62 71.55 2.10-3.10(m,2H); 3.10-3.45 

ra/e:268(M) H 6.01 6.08 (m,IH);3.65(s,ЭН)ι 3.80 

237(М-ОМе) Ν 10.44 10.38 (s,3H);4.40(m,IH); 5.40-6.30 

(m,2H);7.15(AB,4H) 

127 C 1 6 H 1 6 N 2 0 2 С 71.62 71.62 2.35-2.80(m,2H) ; 3 . 2 8 - 3 . 7 5 

m/e:268(M) H 6.01 6.08 ( m , I H ) ; 3 . 6 0 ( s , 3 H ) ; 3 .80 

237(M-OMe) N 1 0 . 4 4 10.50 (s#3H) ;4 .12 (m, IH) ,-5.70-6. 30 

(m,2K);7.10(AB,4H) 

CH, 

96% 

oil C
1 7
H

l g
N

2
0

2
 С 72.32 71.76 1.75(s,3H); 1.90-3.10(m,2H)! 

m/e:282(M) H 6.43 6.39 3.10-3.40(m,lH);3.55(s,3H); 

251(M-OMe) N 9.92 9.59 3.75(s,3H);4.28(m,IH); 

5.40(m,lH);7.05(AB,4H) 

97 C
1 7
H

i e
N

2
0

2
 С 72.32 72.23 1.85(s,3H); 2.35-2.75(m,2H) ¡ 

m/e:282(M) H 6.43 6.71 3.50-3.70(ra,IH)¡3.55(s,3H); 

251(M-OMe) N 9.92 9.85 3.80(s,3H)¡4.10(га,IH); 

5.65(m,lH);7.05(AB,4H) 

OCH, 85« oil 

m/e:268,1226 

(H)(theor. 

268,1212) 

2.20-3.45(m,5H);3.50(s,3H); 

3.75(s,3H);4.50(t,lH); 

6.95(AB,4H) 

OCH, 90% С 68.44 67.92 2.70 (m,2H) ,-3.40 (s,4H) ; 

m/e:298(M) H 6.08 6.09 3.55(s,3H);3.80(s,3H); 

267(M-OMe) N 9.39 9.25 5.93(ra,2H)»7.10(AB,4H) 



Table Э.4 (continued) 

92« 

oil C
i e
H

2 0
N

2
O

4
 С SS.84 65.39 3.18(з,ЗН);3.42(s,ЭН); 

m/e:328(M) H 6.14 6.Об 3.64 (э,ЗН) ; 3.82 (s, ЗН) ,-

297(М-ОСН
3
) Μ β.53 8.45 3.30-4.00(m,2Η); 5.70-6.45 

(m,2H);7.20(АВ,4Н) 

oil C
1 8
H

2 0
N

2
O

4
 С 65.84 65.26 3.18(s,ЗН)13.40(з,ЗН); 

m/e: 328 (M). H 6.14 6.30 3.58 (s,3H) іЗ.вО (s,3H) ; 

297(M-OCH
3
) N 8.53 8.16 3.10-3.80(m,IH) ,-4.25-4.55 

(πι,ΙΗ) ;5.70-6.35(m,2H) ; 

7.15(AB,4H) 



(Л 
ib. 

Table 3.5: 4,4-dlcyano-5-cyclohexyl-alkoxycyclohexenes (3 and 4) 

react. 
. time yield π.p. elemental anal. 

R {days) Isomer í2+i.í í0c' mass-spectra cale. found NMR, δ (ppm) 

91* 132 C
1 5
H

2 0
N

2
O С 73.74 73.49 0.90-2.40(m,14H); 3.58 

m/e:244(M) H 6.25 β.45 (s,ЗН); 4.13(m,IH); 5.38-6.08 

213(M-OMe) Ν 11.47 11.32 lm,2H) 

96% 

86 C
1 6
H

2 2
N

2
0 С 74.38 74.37 0.90-2.40(m,17H); 3.58 

m/e:258(M) H 8.58 8.66 (s,ЗН);4.12(m,IH);5.2Θ 

227(M-OMe) Ν 10.84 10.85 (m,IH) 

94 С
1 6
Н

2 2
Н

2
0 С 74.38 74.41 0.90-2.45(m,17Н);3.50 

m/e:258(M) H 8.58 8.65 (s,ЗН);4.00(d,IH);5.50 

227(M-OMe) N '0.84 10.84 (m,lH) 

84» 110 C
1 6
H

2 2
N

2
0 С 7".38 74.43 0.90-3.00(m,16H); 3.60 

m/e:258(M) H 6.58 8.62 (s,3H); 4.13(m,IH); 5.65 

243(M-Me) N 10.84 10.80 (m,2H) 

90» oil C
1 5
H

2 0
N

2
O 0.90-2.45(m,14H);2.75 

m/e:244,1587 (m,2H); 3.55(s,3H); 4.40 

(M)(theor. (t,lH) 

244,1576) 

98* 154 C
1 6
H

2 2
N

2
0

2
 С 70.04 69.57 0.90-2.40(m,14H);3.35 

m/e:274(M) H 8.08 8.13 (s,3H);3.60(s,3H); 5.80 

243(M-OMe) N 10.21 10.11 (m,2H) 



Table Э.5 (continued) 

OCHj OCHj H OCH
3
 4 3 98 

98» 

OCH
3
 OCHj H OCHj 4 4 108 

C
1 7
H

2 4
N

2
0

3
 С 67.08 66.75 1.00-2.50(га,12H); 3.35 

m/e:273 H 7.95 7.92 (s,ЗН);3.45(s,ЗН); 3.65 

(М-ОМе) N 9.20 9.18 (s,3H);3.в0(t,lH); 

5.70-6.50(m,2Н) 

C 1 7 H 2 4 N 2 0 3 С 67.08 66.78 0.90-2.50(m,12Н); 3.40 

m/e:273 H 7.95 7.98 (s ,6H); 3 . 6 0 ( s , З Н ) ; 4.05 

(M-Otle) Ν 9.20 9.18 (m, IH) ; 5 .60-6.30 (m, 2Н) 

σι 
іл 



Table 3.6: 4-cyano-4-oarboethoxy-4-phenyl-alkoxycyclohexenea (3 and i) 

react. 
tine yield ro.p. elemental anal. 
(days) isomer Π+£) ( С) mass-spectra cale. found NMR, 6 (ppm) 

3 3 81 C
1 7
H

1 9
N0

3
 С 71.56 71.54 0.80(t,3H); 2.10-3.10(m,2H); 

m/e:285(M) H 6.71 6.68 3.10-3.40(m,IH); 3.40(s,ЗН); 

240(M-OC
2
H

S
) Ν 4.91 4.93 3.80(q,2H);4.40(m,IH); 

5.75(m,2H);7.20(s,5H) 
96* 

3 4 87 C
1 7
H

1 9
N0

3
 С 71.56 71.58 1.16(t,3H); 2.30-2.70(m,2H); 

т/е:2в5(М) H 6.71 6.76 3.40 (s, 3H) ; 3.40-4 . 30 (ln,4H) ; 

N 4.91 4.91 5.95(m,2H); 6.90-7.50(m,5H) 

95
 c

1
e

H
21

N 0
3 С 72.22 71.80 0.85(t,ЗН); 1.80(s,ЭН); 

m/e:299(M) H 7.07 7.05 2.00-2.85(m,2H); 3.35(s,3H); 

N 4.68 4.70 3.00-3.40(m,lH);3.85(q,2H); 

4.38(m,lH);5.45(s,lH); 

7.20(s,5H) 

С 72.22 72.21 1.15(t,ЭН); 1.80(s,ЗН); 

in/e:299(M) H 7.07 7.07 2 . 00-2 .90 (m, 2H) ;3 .35 (s ,3H) ; 

N 4.68 4.69 3.40-4.30(m,4H);5.65(m,lH); 

7.00-7.60(m,5H) 

90% 112 C
1 8
H

2 1
N0

3
 С 72.22 71.48 0.90(d,ЗН) ; 1.15(t,ЗН); 

m/e:299(M) H 7.07 6.91 2.30-3.00(m,IH); 3.45(s,ЭН); 

N 4.68 4.71 3.40-3.eOfm.lH) ;4.05(1,211); 

4.50(m,lH);5.90(m,2H); 

7.10-7.60(m,5H) 



Table 3.6 (continued) 

85% o i l 

•11/6:285,1361 

(M)(theor. 

285,1365) 

0.85(t,3H)j2.00-3.00(ra,2H); 

3.10-3.50(m,IH))2.85(d,2H); 

3.50(s,3H);3.e5(q,2H); 

4.60(t,lH);7.20(m,5H) 

91% С 68.55 67.97 0.90(t,3H); 2.55(m,2H); 

m/e:315(M) H 6.71 6.62 3.35(s,6H); 3.67(m,ЗН); 

284(M-OCH,) Ν 4.44 4.41 5.95(m,2Н); 7.30(m,5Н) 

94% 123 C
i g
H

2 3
N0

5
 С 66.07 65.97 0.90(t,3H); 3.10(s,ЗН); 

m/e:314 H 6.71 6.74 3.35(s,3H);3.40(s,ЗН); 

(Н-ОСН
э
) Ν 4.06 4.08 3.65(d,IH) ; 3.90(q,2H); 

4.35(m,IH);6.05(m,2H); 

7.00-7.60(ra,5H) 



C H A P T E R 4 

INVESTIGATIONS INTO THE MECHANISM OF [4+2]-CYCLOADDITIONS 

BETWEEN ALKOXYBUTA-l,3-DIENES AND В,ß-DICYANOSTYRENES 

4.1. INTRODUCTION 

In the previous chapter, reactions of electron-rich 

alkoxybuta-1,3-dienes with a series of substituted cyano-

ethenes have been described. The observed regio and stereo 

selectivity in these [4+2]-cycloadditions could readily 

be explained in terms of Fukui's Frontier Molecular Orbital 

theory, assuming that the additions proceed via a four-
1 2 3 

center transition state (chapter 1) ' ' . 

As stated in chapter 1, [4+2]-cycloadditions might 

also proceed via a [l+l] two-center transition state, in 

which bond formation starts at one of the terminal carbon 

atoms of the reactants, resulting in a dipolar species as 

an intermediate on the reaction path. 

According to F.M.O. theory , formation of such a di

polar intermediate only can be expected when the amount of 

stabilization energy ΔΕ (eq. 1.3) for an open [l + l]-process 

^ С д С Х ]
2 

ΔΕ = 2 (eq13) 

IP - EA-Q 
D A 

should be equal or larger than that for the concerted [4+2]-

process (scheme 4.1). 
41 

1 

X 

X 
[1.1] 
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The conditions for this [l + l]-reaction mechanism might 

be fulfilled when either one of the reaction partners or 

both of them are asymmetrically substituted, causing large 

polarizations of the frontier molecular orbitals which 

participate in the interaction of the two reagents. This 

polarization might result in large differences in atomic 

orbital coefficients (C^ and C^) at the sites of interaction: 

СІ; and C^ for the diene-HOMO (c}:«cZ.) and C^ and C^ for 

the dienophile-LUMO (crj
 < <
C

A
 ) in the "normal" type Diels 

Alder reaction. Analysis of equation 1.3 reveals that the 

stabilization energy ΔΕ for a [l+lj-process only can be 

higher than that for the [4+2]-process when in addition to 

such strong polarization also 0^ for the [l+ll interaction 

is higher. 

As discussed in chapter 3, we did not find, however, 

any indication for the occurrence of such dipolar species 

in our reactions of asymmetrically substituted alkoxybuta-

1,3-dienes and 3/ß-dicyanostyrenes. Performing the cyclo

additions in methanol we only obtained [4+2]-cycloadducts; 

the absence of products, formed by reaction of methanol with 

an intermediate dipolar species in the reactions of para-

nitro-ß, (3-dicyanostyrene, is a strong argument against the 

occurrence of such dipolar intermediates. Additional support 

for the concertedness of the mechanism is given by the 

constant value of the exo/endo-ratio at constant temperature 

(650C) in reactions of an appropriate diene with a series of 

substituted BiB-dicyanostyrenes (chapters 3 and 5) and by 

the formation of the thermodynamically less favourable 

encfo-product as the major cycloadduct. 

After we had obtained a rather detailed knowledge of 

the structure of the transition state (previous chapter), 

which is apparently achieved by an approach of diene and 

dienophile in non-parallel planes, we intended to obtain 

more information on the position of this transition state 

along the reaction coordinate. Therefore we have studied 

the reaction kinetics of five methoxybuta-1,3-dienes (la-e), 
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differing in electron-donating power as well as substitution 

pattern, with ring substituted 3,ß-dicyanostyrenes (2a-j). 

Moreover, solvent and temperature effects on the cyclo-

addition rate constants were measured for reactions of 

para-nitro-3,ß-dicyanostyrene (2a) with these dienes. 

д 2 

R
1 

^
 R
 II F¿VH 

R4 

Hv 

R3' 

3! 

R2R1 

-Λ 
V 

R H 
:is (e 

CN 
f CN 
l—H 

-Ar 

ndo) 

la R 1 = R 2 = OMe, R 3 = R 4 = H 

lb R 1 = R 2 = Р*=ОМв, R3 = H 

1c Р ^ О М е . р З г М е , R 2 = RA = 

Id R1 = O M e . R 2 = R 3 = R4 = H 

le R 3 = O M e . R 1 = R 2 = RA = H 

H 

н^ 

R3' 

R 2 ^ 
\ R CN 

^ 

Í 
• / CN 
^ н 

Ar 
H 

4 transtexo) 

2f 

2J 

ih 
2ι 

2) 

Ar = 

Ar = 

Ar = 

Ar = 

Ar = 

m- -CHjOtyv 

C 6 H 5 -

П-

P-

P -

Naftyl-

• C H 3 C 6 H 4 -

. с н э о с Л 

2a Ar= p - N 0 2 C 6 H 4 -

2b Ar = m - N 0 2 C 6 H A -

2c Ar= m - Br C-H,-
— о *t 

2d Ar= p- BrC,H -
• D M 

2e Ar = p- Cl CgH^-

4.2. GENERAL· REMARKS 

4.2.1. Кгпеіго ехргеввгоп 

Preliminary experiments revealed that the addition of 

alkoxybuta-l,3-dienes (la-e) to the ring substituted 

3,ß-dicyanostyrenes (2a-j) in acetonitrile as a solvent 

is first order in diene and first order in dienophile, as 

could be expected for a reaction, which can be formulated 

by the simple equation: 
k2 Diene (D) + Styrene (A) » Product (P) 

So, the reaction rate is represented by the following rate 

equation: 

Integration of this equation results in the second order 

rate expression: 
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(A
0
-X)D

0 

In -г—т̂  г = k
0
.t 

V
D
o V

D
o-

x) 2 

in which A
0
,D

0
 are the concentrations of styrene and diene 

at time t = 0, and χ is the concentration of the cyclo-

adduct at time t. 

4.2.2. The influenae of molecular-oom-plex formation 

The interpretation of experimental kinetic parameters 

for Diels Alder reactions is sometimes complicated by 

remarkably strong interactions between the reactants, which 
4 

lead to the formation of molecular-complexes . The reaction 

should then be formulated by the equation: 

k
l k, 

i. A + D < • A.D ^ Ρ 

-1 

when the molecular-complex A.D arises as an intermediate 

on the reaction path along which the product Ρ is formed;or 

k
-l k

2 

i i . A.D < . ' A + D =-» Ρ 
K
l 

when the molecular-complex A.D is formed in an independent 

process. 

Using the steady state approximation, it can be shown that 

in both schemes the cycloaddition is described by the same 

second order rate equation as given previously, but that 

in the former case the apparent rate constant is a composed 

magnitude. 

Process i . 

- Ü - K J A H D ] -k.jA.D] 

- ^ ^ = k . j A . D ] + k2[A.D] - k j A ] [D] = 0 
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Elimination of [A-D] gives¡ 

dA _ 1 2 
d t k . j + k 2 

[А] И 

or , in case of fas t e q u i l i b r a t i o n (k . ^ k j ) * 

- ^ = k 2 K [ A ] [ D ] (4.1) 

Process ii. 

- з і = k2 M И + k i W M - k - i [A-DJ 

However, when the complexation equil ibrium i s not r e a l l y 
dis turbed by the conversion. 

- % ° = k_1[A.D] - К Д А Ш = 0 

Thus: 

- Ü - k 2 [ A ] [ D ] (4.2) 

In both cases , however, [A] and [D] are no longer equal to 
[AQ-X] and [DQ-X] , r e spec t ive ly , because pa r t of the reagents 
i s consumed in the formation of the complex A.D. When 
the diene component (D) should be used in large excess as 
in our experiments (D>>A), so tha t D i s nearly constant 
(DQ) , the r a t e equations (4.1) and (4.2) should have to be 
corrected as follows: 

M free - M add - K M f r e J D o ] 
г л M add 

О Г Lufres - ÏÏKlD^] 
This leads to the expressions (4.3) and (4.4) for the 
processes i. and гг., r e s p e c t i v e l y . 

- Ш. = ΪΏφ3τΜ [ο] ( 4 · 3 ) 

- Ц - Г Р І І Б Т М М (4.4) 
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Miller and Kiselev have used these equations and the 

variation of the complex-constants (K) with temperature to 

prove that a molecular complex is indeed an intermediate on 

the reaction path (process г.) for the Diels Alder reaction 

of 9,10-dimethylanthracene with tetracyanoethylene. 

In our experiments we observed a transient yellow to 

orange color when working with high reactant concentrations 

(0.5 mol/1). However, using low concentrations, to permit 

UV spectroscopy, we could not detect a charge transfer band. 

When the formation of molecular-complexes should lower the 

effective reagent concentrations significantly in the Diels 

Alder reactions of alkoxybuta-1,3-dienes (la-e) with 3,(5-

dicyanostyrenes (2a-j), the optical densities of the starting 

styrene solutions should be higher than those measured for 

the same styrene solutions in the presence of a butadiene. 

Extrapolation of the optical densities (ε.) measured for 

the reaction mixtures to zero time, revealed, however, no 

significant deviations for the optical densities at zero 

time (e«). This was found for all dienes which have been 

investigated, so that the formation of a molecular-complex, 

although being a probable intermediate state on the reaction 

coordinate, cannot have much influence on the effective 

concentrations used in our kinetic experiments. Therefore, 

the kinetic expression (4.1) has been used in the analysis 

of our measurements. 

4.2.3. Sources of errore 

Reaction temperatures have been measured at the end of 

a series of extinction measurements. The accuracy was 

about 0.2°. 

All solutions were prepared at 25 C. No corrections 

were made for the decrease in buta-1,3-diene and dicyano-

styrene concentrations at higher temperatures. 

The addition reactions were followed within the range 

of 20-90% conversion. The addition rate constants were 
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calculated from y-t plots (see experimental part) by the 

method of least squares. 95% Confidence limits of the rate 

constants were determined according to standard procedures. 

For very fast reactions, e.g. 1,1-dimethoxybuta-l,3-

diene (la) with highly activated 0,3-dicyanostyrenes (2a-c) 

a substantial error is introduced by relatively long sampling 

times. 

Conclusively, the sampling technique used in the 

kinetic measurements must be regarded as the most important 

source of errors in the cycloaddition rate constants. 

4.2.4. The influenae of polymerization and oxidation of 
the dienea during the réaction 

In preliminary experiments we measured the cycloaddition 

rate constants without precautions to minimize oxidation 

and polymerization of the reactive electron-rich buta-1,3-

dienes. 

Polymerization of the starting materials was observed 

as an important side reaction in cycloadditions of the 

least reactive 1-methoxybuta-l ,3-diene (jLd) and 2-methoxy-

buta-1,3-diene (le). Addition of a trace of hydroquinone 

to the stock-solutions of both comppunds inhibited this 

polymerization process, so that reproducible rate constants 

could be measured. 

Oxidation of the starting diene only was found for 

the very reactive 1,1-dimethoxybuta-l,3-diene (la). Good 

results were obtained when a trace of diphenylamine was 

added to the solutions of the diene in the appropriate 

solvents and new stock-solutions were prepared before every 

kinetic run. 
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4.3. RESULTS 

4.3.1. Cyaloaddition vate constants 

The observed cycloaddition rate constants (k = 

к . + к, ) of the Diels Alder reactions of the five 
сгэ trans 

methoxybuta-l,3-dienes (1_) to the ring substituted 0,3-

dicyanostyrenes (2) are listed in the tables 4.1-4.5, 

together with their 95% confidence limits. 

Butadiene and Styrene concentrations in the 

reaction mixture at zero time in moles/litre. 

Cycloaddition rate constants expressed in litre 

mol sec with 95% confidence limits. 

4.3.2. üammett plots 

As can be seen from the tables 4.1-4.5, in all cases 

electron-withdrawing substituents accelerate the cyclo

addition whereas electron-donating substituents retard it. 

The cycloaddition rate constants further depend on the 

structure of the butadiene; the reactivity of the five 

methoxybuta-1,3-dienes decreases in the order: 

1,1-dimethoxy-(la) > l-methoxy-3-methyl-(lc) > 1,1,4-tri-

methoxy-(lb) > l-methoxy-(ld) > 2-methoxybutadiene-(le) 

The rate constants for the reactions of individual 

dienes (la-e) with the series of dienophiles (2) correlate 

satisfactorily with σ -substituent constants . The Hammett 

relations are given in the figures 4.1-4.5. 

И, И 

k
min'

 k
' 

k
max 
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Table 4.1: Rate constants for the cycloaddition of 1,1-dimethoxybuta-l,3-dienes (la) 
with ring-substituted β,0-dicyanostyrenes (2j. 

substituent 

para-nitro 

meta-nitro 

meta-bromo 

para-bromo 

para-chloro 

unsubstituted 

para-methyl 

para-methoxy 

solvent 

acetonitrile 

1,2-dichloroethane 

chlorobenzene 

dioxan 

acetonitrile 

Τ
 0
C 

64 

55 

45 

35 

55 

55 

55 

64 

64 

64 

64 

64 

64 

64 

M io
1 

0.308 

0.405 

0.405 

0.405 

0.270 

0.288 

0.280 

0.246 

0.147 

0.365 

0.369 

0.265 

0.736 

1.840 

[s] IO
3 

5.02 

6.18 

6.18 

6.18 

4.52 

6.52 

5.77 

5.52 

6.30 

8.15 

8.06 

7.04 

8.37 

9.60 

k
m i n ·

1 0 2 

23.30 

8.38 

6.83 

3.17 

11.07 

6.67 

4.03 

20.05 

8.07 

7.05 

5.11 

3.88 

1.88 

0.57 

k.10
2 

24.68 

11.49 

7.29 

3.43 

12.08 

6.84 

4.32 

21.81 

11.05 

7.83 

6.44 

4.77 

2.13 

0.95 

•w1 0' 
26.16 

14.61 

7.75 

3.69 

13.08 

7.02 

4.60 

23.56 

14.03 

8.61 

7.77 

5.13 

2.38 

1.33 



Table 4.2: Rate constants for the cycloaddition of 1,1,4-trimethoxybuta-l,3-diene (lb) 
with ring substituted β,3

_
dicyanostyrenes {2). 

substituent solvent Τ 0 C [в] [s].icr Kir,'10' 
min 

к.10" к ш а х · 1 0 " 

p a r a - n i t r o a c e t o n i t r i l e 

1,2-dichloroethane 

chlorobenzene 

dioxan 

meta-bromo acetonitrile 

para-chloro 

meta-methoxy 

unsubstituted 

ß-naftyl 

para-methyl 

para-methoxy 

64 

55 

45 

35 

55 

55 

55 

64 

64 

64 

64 

64 

64 

64 

0.157 

0.176 

0.176 

0.176 

0.225 

0.230 

0.164 

0.157 

0.157 

0.157 

0.157 

0.157 

0.157 

0.157 

6.73 

6.92 

6.92 

6.92 

9.42 

8.91 

8.81 

6.76 

8.22 

5.44 

4.95 

5.38 

4.57 

8.90 

11.40 

7.17 

3.43 

1.29 

4.50 

1.31 

0.90 

3.15 

0.96 

0.70 

0.50 

0.46 

0.19 

0.043 

12.76 

7.60 

3.75 

1.61 

4.75 

1.45 

1.00 

3.31 

1.14 

0.76 

0.53 

0.49 

0.20 

0.049 

14.12 

8.03 

4.06 

1.94 

5.00 

1.58 

1.10 

3.47 

1.32 

0.81 

0.56 

0.51 

0.21 

0.055 
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Table 4.3: Rate constants for the cycloaddition of l-methoxy-3-methylbuta-l,3-diene (1c) 
with ring substituted β,3-dicyanostyrenes (2). 

substituent s o l v e n t Τ 0 C [в] [s].icr к . . I O " min к . I Q - lt лотах 

p a r a - n i t r o 

me ta—nitro 

meta—bromo 

para-chloro 

unsubstituted 

para-methyl 

para-methoxy 

acetonitrile 

1,2-dichloroethane 

chlorobenzene 

dioxan 

acetonitrile 

64 

55 

45 

35 

55 

55 

55 

64 

64 

64 

64 

55 

45 

35 

64 

64 

55 

45 

35 

0.251 

0.251 

0.251 

0.251 

0.257 

0.254 

0.295 

0.251 

0.251 

0.251 

0.251 

0.251 

1.215 

1.215 

0.251 

0.251 

0.251 

1.985 

1.985 

8.13 

8.13 

8.13 

8.13 

8.96 

8.69 

7.98 

8.14 

7.87 

7.74 

7.97 

7.97 

7.97 

7.97 

7.27 

8.27 

8.27 

8.27 

8.27 

32.46 

26.27 

16.97 

9.68 

27.35 

17.34 

11.10 

23.82 

15.68 

6.64 

3.77 

2.08 

1.27 

0.61 

1.74 

0.53 

0.36 

0.15 

0.077 

35.51 

27.65 

17.71 

10.45 

29.45 

17.66 

11.44 

33.24 

18.49 

6.68 

3.84 

2.24 

1.30 

0.63 

1.94 

0.57 

0.37 

0.16 

0.079 

38.57 

29.03 

18.45 

11.22 

31.55 

17.98 

11.78 

42.67 

21.29 

6.73 

3.91 

2.40 

1.34 

0.65 

2.14 

0.61 

0.37 

0.17 

0.08 



Table 4.4: Rate constants for the cycloaddition 1-methoxybuta-l,3-diene (ld) 
with ring substituted ß, ß-dicyanostyrenes (2̂ ) 

substituent 

para-nitro 

meta-nitro 

meta-bromo 

para-chloro 

unsubstituted 

S-naftyl 

para-methyl 

para-methoxy 

solvent 

acetonitrile 

dioxan 

acetonitrile 

Τ
 0
C 

64 

55 

45 

35 

55 

64 

64 

64 

64 

64 

64 

64 

[Bj 

0.301 

0.301 

0.301 

0.301 

0.309 

0.258 

0.258 

0.352 

0.352 

0.352 

0.352 

0.258 

[S].10
3 

8.56 

8.56 

8.56 

8.56 

7.38 

8.14 

6.00 

7.21 

8.33 

6.76 

5.76 

8.36 

k
m i n ·

1 0 3 

min 

1.70 

1.06 

0.61 

0.20 

0.66 

1.11 

0.71 

0.53 

0.56 

0.48 

0.40 

0.20 

k.10
3 

1.73 

'1.09 

0.64 

0.26 

0.71 

1.19 

0.80 

0.56 

0.58 

0.49 

0.41 

0.21 

к .IO
3 

max 

1.76 

1.11 

0.69 

0.32 

0.76 

1.23 

0.89 

0.59 

0.60 

0.50 

0.42 

0.22 
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-j Table 4.5: Rate constants for the addition of 2-methoxy-buta-l,3-diene (le) 
0 with ring substituted B, fî-dicyanostyrenes (2). 

substituent solvent Τ
 0
C [в] [sl.lO

3
 к , .10 к.10 к .10 

L J L ' min max 

para-nitro acetonitrile 

meta-nitro 

meta-bromo 

para-chloro 

unsubstituted 

para-methyl 

para-methoxy 

64 

55 

45 

35 

64 

64 

64 

64 

64 

64 

1.028 

1.028 

1.028 

1.028 

1.028 

1.028 

1.028 

1.028 

1.028 

1.028 

6.18 

6.18 

6.18 

6.18 

8.74 

5.11 

7.21 

7.59 

6.12 

6.68 

7.32 

4.45 

2.70 

1.30 

5.47 

2.76 

2.21 

1.61 

1.04 

0.51 

7.71 

4.55 

2.84 

1.38 

5.84 

3.24 

2.76 

1.79 

1.34 

0.68 

8.12 

4.65 

2.97 

1.46 

6.22 

3.73 

3.30 

1.96 

1.79 

0.85 
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Figure 4.1: Hammett 
plot for the cyclo
addition of 1,1-di-
methoxybuta-1,3-diene 
(la) with 3,ß-dicyano-
styrenes (2) at 640C 
in acetonitrile. 

/ 
с ρ- OCH

3 

Figure 4.2: Hammett 
plot for the cyclo
addition of 1,1,-4-tri-
methoxybuta-1,3-diene 
(lb) with 3,ß-dicyano-

_, styrènes (2) at 640C 
-0 6 -0 4 oe ioa in acetonitrile. 
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Figure 4.3: Hammett 
plot for the cyclo-
addition of 1-methoxy-
3-methylbuta-l,3-diene 
(le) with ß,3-dicyano-
styrenes (2) at 640C 
in acetonitrile. 
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Figure 4.4: Hammett 
plot for the cyclo-
addition of 1-methoxy-
buta-l,3-diene (ld) 
with β,β-dicyano-
styrenes (2) at 64

0
C 

m acetonitrile. 
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Figure 4.5: Hammatt 
plot for the cyclo
addition of 2-methoxy-
buta-l,3-diene (le) 
with ¡3, ß-dicyano-
styrenes (2̂ ) at 640C 
in acetonitrile. 

Table 4.6: p-valiies calculated from the Hammett lines in 
figures 4.1-4.5. 

substituted 

buta-1,3-diene 
m m max 

l,l-dimethoxy-(lal 0. 5 0.93 1.02 0.996 

1,1,4-trimethoxy-(Ibi 1.43 1.57 1.71 0.996 

l-methoxy-3-methyl-(lel 1.06 1.20 1.35 0.995 

l-methoxy-(ldl 0.45 0.54 0.63 0.988 

2-methoxy-(le) 0.55 0.65 0.76 0.990 

r = correlation coefficient 

ρ . = 95% confidence limits of ρ 
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4.3.3. Aotivation parameters 

From the expressions log к = log A - E /2.303 RT and 

In(=) = " /RT + (
AS
 /R + In

 R
/Nh), the frequency factors 

-1 -1 
log A in liter mole sec ; the activation energies E in 

=i 
kcal/mole; the activation enthalpy ΔίΓ in kcal/mole and the 

activation entropy ÄS in e.u. for the addition of para-nitro-

¡3,0-dicyanostyrene (2a) to the dienes la-le and of para

me thoxy-0, ß-dicyanostyrene (2¿) and unsubstituted ß,ß-di-

cyanostyrene (2çf) to diene 1c have been calculated by the 

method of least squares. The values of these quantities 

together with their 95% confidence limits have been listed 

in table 4.7. 

Table 4.7: Activation parameters for the reaction of ring 
substituted β,0-dicyanostyrenes with dienes la-e 
in acetonitrile. 

b u t a d i e n e 
+ s t y r e n e 

l o 9 A m a x 
l o g A 

l o g A m i n 

a max 
E a 

a min 
r 

- A s L t 
-AS?5 

,min 

max 
ДН^ 

Δ Ηίΐη 
г 

l a 
2a 

8 . 8 9 

8.16 

7 . 4 3 

1 8 . 2 1 

13.56 

8 . 9 2 

0,994 

3 7 . 8 8 

2 3 . з е 

8 . 8 3 

1 7 . 6 0 

12.91 

8 . 24 

0.993 

l b 

ia 

8 . 8 9 

?. 74 

6 . 5 8 

1 6 . 5 2 

и.ai 
1 3 . 1 1 

0,999 

3 0 . 7 2 

2 5 . 2 9 

1 9 . 8 5 

1 5 . 9 2 

14. 17 

1 2 . 4 2 

0.999 

l e 
2_a 

5 . 8 9 

4.31 

2 . 7 3 

1 1 . 1 7 

8.84 

6 . 5 1 

0,996 

4 8 . 3 4 

40.97 

3 3 . 6 0 

1 0 . 5 7 

8. 20 

5 . 8 2 

0.996 

l e 
2g 

6 . 3 5 

5.86 

5 . 3 6 

1 3 . 4 8 

12. 75 

1 2 . 0 2 

0,999 

3 6 . 2 4 

33.88 

3 1 . 5 2 

1 2 . 8 7 

12.11 

1 1 . 3 5 

0.999 

l e 

il 

8 . 9 0 

6.16 

3 . 4 2 

1 8 . 5 1 

14.47 

1 0 . 4 2 

0,996 

4 4 . 9 6 

32.48 

1 9 . 9 9 

1 7 . 8 4 

ί 3 . β 2 

9 . 8 1 

0.996 

l d 
2a 

8 . 4 9 

5.94 

3 . 3 9 

1 7 . 1 3 

13.37 

9 . 6 2 

0,996 

4 5 . 4 0 

33.49 

2 1 . 5 9 

1 6 . 5 7 

12. 73 

8 . 9 0 

0.995 

l e 
2a 

5 . 7 9 

4. 70 

3 . 6 1 

1 3 . 6 5 

12.05 

1 0 . 4 4 

0,999 

4 4 . 2 9 

39.17 

3 4 . 0 3 

1 3 . 0 6 

11.40 

9 . 7 5 

0.999 
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4.3.4. Solvent effects 

As can be seen from the tables 4.1-4.4 the solvent 

effects on the rate of addition of para-nitro-β,ß-dicyano-

styrene (2al to the methoxybuta-l, 3-dienes (.la-d) are small. 

In connection with the insolubility of thisstyrene derivative 

in hexane or cyclohexane, dioxan has been chosen as a suitable 

solvent with a low value for the solvent parameters Ε , 
ε—1 8 

- . and 6. Acetonitrile has been chosen as an aprotic 
solvent with a high value for these parameters ; к . . . ., / 

^
 c

 acetonitrile 
k-, ratio's are given in table 4.8. 
dioxan ^ 

Table 4.8: Solvent effects on the cycloaddition of methoxy
buta-l , 3-dienes (la-d) with para-nitro-ß,ß-di-
cyanostyrene (2a). 

buta-1,3-diene к . . . · · , / к
 і

. -
і
. - , / 

acetonitrile acetonitrile 
к к * 
dioxan hexane 

l/l-dimethoxy-íla) 5.71 12a 

1,1,4-trimethoxy-(lb) 7.60 20b 

l-methoxy-3-methyl-(le) 2.42 

l-methoxy-ddl 1.54 

*the values for к . .. ., /к, have been estimated 
acetonitrile hexane 

by extrapolation from plots for log k-values found versus 
α 

solvent parameters . The values for diene 1c and là have 

been omitted; they are very small. 

a: Using E_-solvent parameters, a linear plot of log к 

and E
T
-values is found (correlation coefficient r = 0.993). 

From this plot the estimated k-value for the reaction in 
-2 -1 -1 

hexane is calculated: к ̂  2.03 χ 10 mol 1 sec 
b: the same procedure was applied to the log k-values for 

1,1,4-trinethoxybutadiene (r = 0.983), and ̂ hexane ^ 

0.38 χ 10 mol 1 sec was calculated. 
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4.4. DISCUSSION 

In the introduction of this chapter we argued that the 

reactions of the methoxybutadienes (la-e) with the various 

ring-substituted dicyanostyrenes (2a-j) are concerted [4+2]-

cycloadditions. The very low solvent effects, found in all 

cases studied, can now be added to the arguments against 

the alternative dipolar mechanism. The values for 

к . .. .
η
 /к, , always below 20, are several orders 

acetomtrile' hexane •* 
of magnitude lower than those found for cycloadditions, 

9 
which had been proven to occur га dipolar intermediates . 

The reaction-rate ratios in acetonitrile and hexane, 

although small, are always larger than 1. This indicates 

that the transition state is polar; there is a larger 

increase of solvation in polar solvents, when going from 

the strongly polarized parent olefin (chapter 7) to the 

transition state, than in apolar solvents.A more profound 

discussion of the solvent effects is, however, not possible. 

The concerted character of the reactions implies a 

simple energy profile as given in figure 4.6. 

E a -RT 

Diene 

» 
Dienophile 

TS 

• 

ΔΗ 

V 
Product 

гсдсіюг coordinai« 

Figure 4.6: Energy diagram 
for the cycloaddition of 
methoxybutadienes with di
cyanostyrenes . 
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In this scheme the occurrence or otherwise of a charge 

transfer complex as an intermediate species has been left 

out of consideration. There is experimental evidence, that 

the reactants used do form such complexes. Moreover, it 

is reasonable to suppose that they arise in the first stage 

of the cycloadditions, г.e. along the reaction coordinate 

and not in an independent reaction, because of the similar, 

"sandwich"-like structure, which is known for CT-complexes 
12 

as well as for the TS of dels Alder reactions . In view 

of the relatively loose structure of charge-transfer com

plexes, their entropy of activation must be low, and as a 

consequence of the relatively large distance between the 

components in a CT complex (ca. 3 A for planar molecules), 

their energy of activation must be low. When considering the 

formation of such complexes in our cycloadditions, it seems 

quite sure that it preceeds the transition state; the charge 

transfer complex must be m fast equilibrium with the 

reactants and the equilibration represents a pre-equilibrium 

of the cycloaddition. 

All reactions studied show second order kinetics, as 
12 

expected and as found for many other Diels Alder reactions 

k-Values, belonging to the rate equation — -rr = ^[A]|DJ 

and found for reactions of a special diene and the whole 

series of dicyanostyrenes always show linear Hammett plots 

with postive p-values, when σ -substituent constants are 

used. This combination of a positive ьіоре and linear 

correlation between log к and σ (not σ or σ ) is at first 

sight remarkable. Positive p-values indicate an increased 

electron density (negative charge) in the transition 

state, whereas σ -values have to be used, when mesomenc 

interaction is present in the transition state between 

donating substituents and a positively charged reaction 

centre. The explanation is that the olefins used are them

selves strongly polarized , having a large positive 

charge at C-l'. In the interaction with the nucleophilic 

electron-donating diene rat first instance negative charge 
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flows into the olefin. The strong polarization of the 

electrophilic olefin is, however, maintained, so that C-l' 

remains a positively charged centre. 

A discussion of the sign and especially the 

,ОСЬЦ magnitude of p-values can also be given (and 

>\p possibly better) by application of the F.M.O. 

(ΡΥ'~'<0
Ν
 theory

1
'

2
'

3
 (chapter 1). 

.' ^CN From that theory it can be supposed that 

any relationship will exist between the 

activation energy E or log к and the stabilization energy 
a 

ΔΕ, formulated in the introduction of this thesis by the 

general equation 1.1. 
^[c'oCXJ

2
 stcUXJ

2 

ΔΕ= 2- • 2 eq 4.1. 
I P

D
- E A

A
- Q ІРд - E A

D
- Q 

In this equation ionisation potentials (l
p

D
)
 a r

e used 

for energies of HOMO's and electron affinities (EA ) for 

LUMO energies. The index D concerns the diene component, 

which needs not to be the nucleophilic reactant, A concerns 

the olefin(in the general case not necessarily the electro

philic partner). 

Literature data reveal, that in some cases E
=
 is 
a 

linearly related to ΔΕ (see e.g. reference 14: E = αΔΕ); 

in other cases the relationship is, however, represented 

by curved lines 

Several investigaters found good linear relation

ships between log к and I_ (in series with a constant 
16 

electrophilic olefine and a variable nucleophilic diene) 

Sustmann has given a general treatment in which the 

numerator in eq. 4.1 does not vary much by the introduction 

of substituents in one of the components. The influence 

of substituents is mainly effected by variations of the de

nominators. In that approxination eq. 4.1 can be read as 

eq. 4.2. С С' 
ΔΕ= 2 . 2 eq4 2. 

IP
D
-EA

4
-Q IP

A
 -EAc-Q 
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When E (or log к) is linearly related to ΔΕ, the relation-
Si 

ship between E and I_ (or E
 = <г<г

) will be represented by 

the sum of two hyperbolic functions (full line in figure 4.7) 

IP or EA 

Figure 4.7 

From this relationship the sign of the p-value can be read 
3 17 

for all types of Diels Alder reactions ' 

In normal Diels Alder reactions (D = nucleophilic, 

A = electrophilic) the first term in the equation is much 

larger than the second term; experimental data are found in 

the right part of the curved line in figure 4.7. The main 

orbital interaction is represented as in figure 4.8. 

Generally donating substituents 

,,
E
 LUMO-A increase HOMO and LUMO energies, 

whereas electron-accepting sub

stituents lower both of them. In 

HOMO-D|| / normal Diels Alder reactions the 

introduction of donating sub-

Figure 4.8 stituents in D,in reactions with 

a constant component A, and equally the introduction of 

accepting substituents in A,in reactions with a constant 

component D,will reduce the energy gap between the inter

acting orbitals and lead to higher log k-values; will 

then be positive, as indeed is found in our series. 

In Diels Alder reactions with reversed electron demand 

a similar reasoning leads to the opposite conclusion. The 

energies of the main interacting orbitals are now as in 
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figure 4.9 (the experimental results will be found in the 

left part of figure 4.7). 

Faster reactions can be expected 

LUMO-D o n introduction of donating 

substituents, in A (the olefin) 

with constant D, and on intro-

||·' duction of accepting substituents 

in D (the diene). These reactions 
y " will give negative p-values. 

Finally, Diels Alder reactions between "neutral" 

reactants (both only slightly polarized) will be found in 

the middle part of figure 4.7. Both terms in eg. 4.2 do 

not differ much in magnitude. In this case curved Hammett 
18 plots can be expected, because the introduction of 

donating as well as accepting substituents in A or D, letting 

the reaction partner unvaried, leads to increased reaction 

rates; both types of substitution enlarge one or the other 

term of eq. 4.2; both types reduce the energy gap between 

those orbitals, whose interaction becomes predominating 

just under the influence of the substitution applied. 

These conclusions which are in agreement with general 

experimental evidence about all types of Diels Alder 

reactions ' demonstrate that the application of the 

F.M.O. theory to the analysis of kinetic data concerning 

Diels Alder reactions at least is as valuable as application 

of the Hammett relationship. 

The Hammett relation gives insight into the mechanism 

of chemical reactions by providing information about 

variations in the charge density during the course from 

the starting compounds to the transition state. In real 

"no mechanism" reactions, however, the sign of variation 

of charge density itself may vary under the influence of 

substituents. In those cases F.M.O. theory is more funda

mental. 

In a similar way F.M.O. theory is a good expedient 

in discussing variations in the magnitude of p-values 
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which is observed in our results with different buta

dienes (p = 1.59 for reactions of lb; 0.54 for reactions 

of Id). 

Extending the reasoning, just given, it can be expected 

that variations of the LUMO energy by the introduction of 

substituents in A will have much larger effects on log к 

when the energy gap ΔΕ between the interacting Orbitals is 

small (figure 4.10) than in cases where the energy gap ΔΕ 

is large (figure 4.10). 

In our series p-values decrease in the 

. ^-.—'•— j*« order \Ъ_ > le > la > Іе̂  > l_d, e.g. 

ΔΕ ι / LUMO-acceptor from trisubstituted via disubstituted 

1 / to monosubstituted dienes, which is 

HOMO-donor in general accordance with expectation. 

Figure 4.10 Only the difference between the p-values 

for l£ and ^а (¿c > laj is not quite as expected because 

the presence of two methoxy groups (in la) will reduce the 

energy gap ΔΕ more than the presence of a methoxy and a 

methyl group (in le). A possible reason for this deviation 

will be discussed below. 

The large differences between AS'-values (or log A 

factors) in series with various donor components (la-e) 

suggest that the stage along the reaction coordinate at 

which the transition state is reached, varies with the 

donor-component (butadiene) used. Small negative AS'-values 

indicate a rather loose transition state, which is more 

"olefin"-like and reached at an early stage; large negative 

AS*-values belong to more fixed, "product"-like transition 

states, which are reached relatively late. 

According to F.M.O. theory the latter should be ex

pected for highly activated donors (e.g. lb) , which cause 

a small energy gap between the interacting orbitals. 

Transfer of charge is then facile, causing relatively 

strong bond formation in the transition state, which must 

be more "product"-like. Olefin-like transition states 
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might be anticipated in cases with a large energy gap ΔΕ. 

These expectations are only partly in accordance with 

our results: Δ3^ is more negative for lb than for l̂a, and 

more negative for Ic^ than for JU3 and 1«!, although the 

difference between 1<¿ and J_e is rather small. 

For the whole series, however, the expected order is 

ld'\,lj5<lc<la<.lb whereas the order la < lb < Id < le 

< 1c is found. This result demonstrates that other factors 

than only orbital-overlap stabilization is of influence. 

We think that these other factors concern the different 

conformational properties of the dienes used and the dif

ferent steric relations in the transtion state of reactions 

of variously substituted dienes. 

With dienes, which occur predominantly in a transoid 

conformation (1^ and IJa) reaching of the transition state 

only is possible after conversion into the less stable cisoia 

conformation. The corresponding conformation energy contri

butes to the activation energy. This contribution is much 

lower for reactions of a diene with equally stable cisoia 

and transoid conformations (Id.) . The required conformation 

energy is negligible in reactions of dienes which are pre

dominantly oisoid (IJ: and ĵ e) . 

In a similar way strongly substituted dienes (l_b and 

la) have to overcome more steric repulsion than mono-

substituted dienes (Id and _le) in order to reach the 

transition state. 

These factors cause that with highly substituted and 

mainly transoid dienes (1¿ and lb) the intermediate state 

with highest energy (the transition state) will be a stage 

where conformational changes are complete and steric 

repulsion has partly been overcome, but overlap stabilization 

and bond formation are still restricted; Vo and lâ  reach 

the transition state earlier than expected from F.M.O. 

theory; the transition state in their reactions is more 

"olefin"-like; Δ5 -values are small. 
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Possibly these effects also explain that the p-value 

of the mainly oisoid diene U: is larger than that of the 

more activated, but also more transoid diene l_a·
 F o r

 the 

latter compound the transition state is reached at an early 

stage, in which overlap stabilization is of relatively 

minor importance; substituent influences on the stabili

zation energy then also are of minor importance, resulting 

in a low p-value. 

The conformational and steric influences are to some 

extent also apparent in the different values of E
=
 (or ΔΗ^) 

a 

with varying dienes. 

As a general trend it might be expected that E will 

be lower for the more activated dienes (l_a and lb) , because 

these might give strong bond formation in the transition 

state. In fact, we found highest E -values for l̂a and lb, 

a 

apparently because these transoid and strongly substituted 

dienes reach the transition state much earlier than expected; 

relatively much conformation and repulsion energy is 

required and overlap stabilization is small. 

The lowest value of E
=
 is found for 1c, disubstituted 

and consequently well activated but mainly oisoid. 
It is clear that in a comparison of E -values for a 

cl 

series of reactions with the same diene (̂ с) and various 

dicyanostyrenes (2¿,2,j.) conformational and steric factors 

are not of importance, because they are constant factors. 

It appears from table 4.7 that in this series E= increases 
a 

in the order 2a < ̂ £ < 2i_ as expected. The reaction with 

the smallest energy gap (̂c with 2a) has the largest value 

for -Δ3*; that with the largest energy gap (l& with 22) has 

the lowest value for -Δ3 . This again illustrates that a 

decrease in stabilization caused by a decrease in orbital 

interaction results in a more "olefin"-like transition 

state. 
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4.5. EXPERIMENTAL 

Materials 

The cycloaddition reactions were carried out using 

acetomtrile, dioxan, chlorobenzene and 1,2-dichloroethane 

as solvents. 

Acetomtrile was dried over calcium chloride and 

distilled from phosphorus pentoxide. 

Dioxan was dried over calcium hydride and distilled. 

Chlorobenzene and 1,2-dichloroethane were dried over 

molecular sieves 4 A and distilled. 

The ether used for quenching of the reactions was 

distilled before use and stored over calcium hydride. 

The dienes and dienophiles were prepared as described 

in chapter 7. 

Measuring procedure "*"""' > < 

Samples of both olefins were accurately weighed into 

50 ml volumetric flasks and dissolved m the appropriate 

solvent. 4 Ml of the styrene solution was pipetted into 

the side arm of a 25 ml reaction vessel, and 4 ml of the 

butadiene solution was pipetted in the reaction vessel. 

The reaction flask was placed in a thermostated bath and 

brought to the desired temperature. Then the reactants 

were mixed and at appropriate time intervals 0,5 ml of the 

reaction mixture, sampled with a 500 μΙ-Brand-pipet, was 

diluted to 50 ml with ether. The extinctions of this solution 

was measured at a wavelength, where the adduct had "zero" 

absorbance and the absorbance of the measured compound 

(the dicyanostyrene) is high. (λ__ was used for all di-

cyanostyrenes (table 4.9) except for the nitro derivative 2b 

which was measured at 295 nm). 

The rate constants were calculated grafically by 

fitting the experimental results into the appropriate 

pseudo-first order rate equation, 
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In — — 2 = к[Butadiene]t 

using a least-square fit program. 

Table 4.9: Wavelengths used for the kinetic runs. 

styrène substituent λ nm 

max 

2a 

2b 

2c 

2d 

2e 

2f 

2S 

2h 

2i 

21 

p-N0
2 

m-N0
2 

m-Br 

p-Ér 

p-Cl 

т-ОСНз 

Η 

e-naftyl 

P-CH3 

P-OCH3 

305 

289* 

297 

318 

316 

305 

304 

328 

320 

344 

"measured at λ = 295 ran. 
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C H A P T E R 5 

REGIO- AND STEREOSELECTIVITY IN REACTIONS OF ALKOXYBUTA-1,3-

DIENES AND KETENEACETALS WITH 1,1-DICYANOBUTA-l,3-DIENES 

5.1. INTRODUCTION 

Diels Alder reactions have been divided into cyclo

additions with "normal", "inverse" or "neutral electron-

demand" depending upon the electronic properties of the 

subetituents in diene and dienophile . 

5 1 

-еф · -X-« и »φ« 
R i D o n o r . X = Acceptor „Normal" Diels - Alder 

R= Acceptor . X = Donor „ I n v e r s e " D i e l s - Alder 

Reactions of electron-rich 1,3-dienes are defined as 

"normal" Diels Alder reactions; most [4+2]-cycloadditions 

reported in literature belong to this class. Additions 

of electron-rich dienophiles, e.g. enolethers and enamines , 

to electron-poor 1,3-dienes are defined as "inverse" [4+2]-

cycloadditions, while the label "neutral" is used for 

reactions of dienes and dienophiles containing substituents 

with intermediate electronic properties (aryl or alkyl 

substituents)
 4
'

5
'

6
'

7
. 

Recently Ooms reported the [2+2]-cycloadditions of 

tetramethoxyethene and 1,l-dicyano-4-arylbuta-l,3-dienes 

yielding vinylcyclobutane derivatives (scheme 5.2). 
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This formation of [2+2]-adducts instead of [4+2]-adducts 

via a Diels Alder reaction with "inverse electron-demand" 

has been attributed to steric and conformational factors. 

In the previous chapters (2-4) reactions of alkoxy-

buta-1,3-dienes with electron-poor ethenes have been described. 

The dienes were found to react under mild conditions with 

dienophiles containing two electron-withdrawing substituents, 

vis.: a-chloroacrylonitrile, tetracyanoethene (chapter 2); 

ß-cyanostyrenes (chapters 3 and 4). In this chapter reac

tions of alkoxybuta-1,3-dienes and 1,1-dicyanobuta-l,3-dienes 

will be described; the regio- and stereoselectivity of the 

reactions have been studied and the conformational factors 
g 

mentioned by Ooms will be inquired in more detail. 

5.2. REACTIONS OF ALK0XÏBUTA-1,3-DIENES AND 1,1-DICYAN0-4-

PHENXLBUTA-1л3-DIENES 

5.2.1. Results 

The methoxybuta-l,3-dienes (la-f) were mixed with the 

activated diene (2a) at 65
0
C in dry acetonitrile as the 

solvent. Polymerization in reactions of monomethoxybutadienes 

was suppressed by the addition of a trace of hydroquinone. 

The cycloadditions of the di- and trimethoxybutadienes (la 

and ^b) were performed in an atmosphere of dry nitrogen. 

In most cases high yields of [4+2]-cycloadducts (86-96%) were 

obtained. Highest reactivity was observed with dienes la 

and Iĉ  (reaction times αα· 2 days) . Diene l_f was the least 

reactive diene in the series needing 10 days for complete 

conversion into the cycloadducts. Thin layer chromatography 

of the crude reaction mixtures revealed that all reactions, 

proceeded fully regiospecific on the cyano-substituted 

(C-ll-(C-2)olefinic bond of diene 2a. Butadiene ̂ e yielded the 

"para" adduct (1,4-substitution of OMe and CN in the adduct), 

all other butadienes only yielded "ortho" adducts, having the 

MeO-groups and CN at neighbouring carbon atoms. 
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NC CN 

H CcH 6 π 5 

R2R1 

RÍQ 

CN 
f CN 

I—H 

3cis (endo) 

H R*„A r 

1 2a IçisÇendç) Al lans (exq) 

la R1* R2= OMe, Ρ 3 = Ρ 4 = H 

]b R1 = R 2 = R 4 = O M e . R3 =H 

le R1 = OMe,R 3 = Me , R 2 = R A = H 

ld R1s O M e , R 2 = R 3 = R A = H 

le R3= OMe.R1 = R 2 = R4 = H 

И R1 = O M e . R A = M e , R 2 = R 3 = H 

Butadiene ¿e, unsubstituted at the terminal atoms, and la 

having two equal substituents at C-l only yielded a single 

product, as expected. The other butadienes (IbtCtd and f), 

monosubstituted at terminal carbon atoms gave a mixture 

of endo (3) and exo (4) adducts, both of them as racemates. 

The diastereomers were separated by column chromatography 

to determine the product ratio (table 5.1). Identification 

of the individual products was done by elemental analysis 

and mass spectroscopy. 

Table 5.1: Product ratio endo (3):exo (4̂  in cycloadditions 
between methoxybutadienes (1_) and cyanobutadiene ( 

alkox^rdiene 

lb 1c Id If 
cyanodiene 

2a 55:45 68:32 71:29 82:18 

a: The estimated error is σα. 1.5%. 

The structural assignments were based on H-NMR measurements 

(table 5.2 in the Experimental Part). Decoupling exper

iments (figure 5.1) on 3d (from Id and 2a) gave coupling 

constants J- , = 2.8 Hz; J
c
 , = 4,11 Hz and J

c
 ,, = ^5.0 Hz; 

¿,J D,b 3,0 
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for the corresponding isomer 4d (figure 5.2),
 J
2 3

 = 4
·

4 H z
' 

J
c
 ^ = ^6.0 Hz and J

c
 ,, = ^10 Hz was found. 

Э 1 Ь Э / о 

5* 

3 С i-'ί*. 

Figure 5.1: H-NMR spectrum and spin-decoupled spectra of 
adduct 3d {endo}. 
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ι J 

Figure 5.2: -̂H-NMR spectrum and spin-decoupled spectra of 
adduct 4d (exo\. 

Comparison of these results with data of other cyclohexene 

derivatives (chapters 2 and 3 and literature cited there) 

reveals that Η must be in a quasi-axial position in 3d 

and in a quasi-equatorial position in 4d, while the 

styryl residue is in an equatorial position in both isomers. 

Therefore, 3d is the endo, 4d the exo product. Similar 
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reasoning was used for the structure assignments of the 

products from diene 2a with the monomethoxydienes 1c and If. 

For the adducts from 1,1,4-trimethoxybuta-l,3-diene (lb) 

and diene 2a, the isomer 3b (figure 5.3) gave J. - = 3.9 Hz 
1 / D 

and J
c
 , = 5.1 Hz, while the coupling constants of 4b 

(figure 5.4) were J, , = 1.8 Hz and J
c
 ,- = 9.3 Hz. In this 

I,D 'β 

case the quasi equatorial position of H in 3b and its 

quasi-axial position in 4b in combination with the equatorial 

position of the styryl residue in both isomers, identify 

3b as the endo and 4b as the exo-isomer. 

C H 3 0 « / Ч і н б 

C H 3 0 ^ Ц / ОСНз 
CN 

H" H' H' , H ¿ 

Figure 5.3: ^H-NMR spectrum of 3b {endo) 
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CN 

Figure 5.4: -̂H-NMR spectrum of £b (exo) . 

By conducting the reactions in the NMR probe, product 

ratio's could be followed during the conversion by measuring 

the intensities of the protons adjacent to a methoxy group 

(H in products from lc,d and f and Η in products from lb). 

In all cases the ratio appeared to be constant, indicating 

that the product composition is kinetically determined. 

5.2.2. Disousaion 

A priori, additions of alkoxybuta-1,3-dienes Ц) to 

dicyanodiene (2a) might proceed in eight different ways 

as illustrated in scheme 5.4. Besides four different [2+2]-

cycloadditions four distinct [4+2]-adducts are possible, 

producing divinylcyclobutane and vinylcyclohexene derivatives 

respectively. The suggested regioselectivity resulting in 

"head to head" additions (scheme 5.4) may be expected since 

the interacting orbitals (HOMO's for dienes la-f and LUMO's 
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for diene 2a) will be polarized to give the highest orbital 

coefficients at their C-2 and C-4 carbon atoms. 

Actually, however, high selectivity is observed in the 

cycloadditions of dienes la-f with 2a. They proceed as 

Diels Alder reactions,leading only to [4+2]-cycloadducts 

in which the elëctron-rich diene Ц) is present as the 

4Tr-component and the (C-l)-(C-2) bond of 2a as the 2Tr-part. 

This mode of addition is rather surprising on steric grounds;the 

(С-1)-(С-2). bond in 2a is trisubstituted, and it is known 

that Diels Alder reactions are hampered when crowding occurs 
g 

in the transition state . According to F.M.O. theory the 

remarkable regioselectivity should be expected when the 

LUMO-coefficient on C-2 of the electron-poor dicyanobuta-

diene 2a is higher than on C-4. The analysis of C-NMR 

spectra of a series 1,l-dìcyano-4-arylbuta-l,3-dienes, having 

various substituents in the aromatic ring, suggests that 

this is the case (chapter 7). The :L3C-shifts of C-l and C-3 

correlate with о -substituent constants, pointing to alter-
95 



nating charge densities along the conjugated framework 

and strong polarization of the double bonds. The chemical 

shifts for the C-l carbons are close to the carbanion 

shift region, while the C-4 carbons are correspondingly 

deshielded. CNDO/2 calculations of charge densities in 

a similar system have shown that they correlate linearly 

With C-shift values. Against this background our data 

demonstrate that the charge distribution in the dicyano-

ethene moiety of j2a is rather equal to that in ß,0-di-
11 12 cyanostyrenes ' : especially the (C-l)-(C-2) double bond 

is highly polarized. Analogous polarizations,caused by 

substituents in an olefinic system, have been found for 

orbital polarizations in cyano substituted ethenes 

Unfortunately, no direct calculations of F.O.-LUMO co

efficients in 1,1-dicyanobuta-l,3-dienes are available. 

Comparison, however, of CNDO/2 data on 1-substituted 

4-phenyl-l,3-dienes ' revealed almost constant values 

for their LUMO coefficients on the C-3 and C-4 carbons 

{oa. 0.35-0.40 and 0.40-0.45, respectively). This rather 

constant LUMO polarization in the styryl moiety of 4-phenyl-

buta-1,3-dienes offers the possibility to estimate co

efficient values for the dicyanoethene part of diene 2a; 

treatment of the styryl residue as a conjugating substituent 
13 attached to vinylidenecyanide gives values of approximately 

0.50 at C-l and 0.55-0.60 at C-2. Indeed, the highest 

coefficient is found at C-2 in this way, in accordance with 

the observed regioselectivity. 

The absence of "inverse" cycloadditions, in which 2â  

operates as the diene, might be ascribed to conformational 

factors for dienes Ic-f, which will partly occur in the 

аізоіа form, while 2a will be mainly in the transoid 

conformation; this explanation does not hold, however, in 

the case of the reactions of lâ  and lb with diene 2a. In 

those cases all compounds are transoid. Moreover, both 

reaction partners will have the highest frontier atomic 

orbital coefficients at C-2. In a frontier orbital con-
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trolled reaction leading to products 2 and £, the transition 

state stabilisation according equation 1.3 for the inter

action between sites C-4 and €-2' should be higher than for 

interaction between sites (0-4') and (C-2) (the (C-D-fC-l') 

interaction is common in both alternative addition modes). 

[2c;c;n;0]
2 

ΔΕ = 2 (eq.13) 
IP - EA-Q 

Unfortunately, no exact data of the frontier orbital co

efficients are available to control this supposition. 

The stereoselectivity (endo'.exo ratio) in the cyclo

addition of compounds lb,c,d and £ (table 5.1) shows a 

similar preference for the formation of the endo-product 

as was found in the cycloadditions of methoxybuta-1,3-dienes 

and 8-cyanostyrenes (chapter 3). As was pointed out pre

viously the stereoselectivity is mainly determined by 

differences in crowding in the transition states of possible 

products, at least when secondary orbital overlap of dieno-

phile substituants and the C-2 orbital of the diene cannot play 

a role. The approach of the reactants (figure 5.5) can be 

described by the same model as used in section 3.2.2. 

Variations in the bond lengths of the newly formed bonds 

(C-4)«(C-2
I
) and (C-l)-(C-l') in the transition state are 

probably responsible for the quantitative differences in 

the endoiexo ratio's of different dienes (lb,c,d and f). 

i . \ plane of diene 

\ plane of dienophile 

Figure 5.5: Non-parallel plane approach of diene and 
dienophile 
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5.3. REACTIONS OF ALKOXYBUTA-1, 3-DIENES WITH 1,1-DICYANO-

2, 4-DIPHEtìlLBVTA-ls 3-DIENE 

Results obtained with the "normal" Diels Alder reactions, 

which have been described in section 5.2.1. suggest that 

the choice of several modes of addition between two dienes 

is dependent on the magnitude of HOMO and LUMO coefficients 

on relevant carbon atoms in the diene systems. This factor 

seems to be more important than steric factors which are, 

however, of influence in the stereoselectivity of the 

reaction. The importance of the conformations of the 

reaction components remained less clear. In some cases 

(reactions of Ic-f) the formation of a product via the 

"normal" reaction is in accordance with the different 

conformational preferences of the components, but the absence 

of products of an "inverse" reaction in cases, where both 

components are mainly transoid can not well be related to 

a large influence of conformational factors. 

As a further contribution to the analysis of the 

relative weight of the various influences (F.O. coefficients, 

steric relations, preference conformation) we investigated 

cycloaddition's of the compounds (la-f) with 1,1-dicyano-

2,4-diphenylbuta-l,3-diene (2b). 

5.3.1. Reaulta 

Methoxybuta-l,3-dienes (la-f) were mixed with the 

activated diene 2b in dry acetonitrile as the solvent and 

heated at 65 C. Under experimental conditions equal to that 

described for the cycloadditions of 2¿ (section 5.2.1.) 

[4+2]-cycloadditions were observed for 1,1,4-trimethoxy-

buta-1,3-diene (Va) and l-methoxy-3-methylbuta-l,3-diene 

(¿c). Other, less reactive, monomethoxybuta-1,3-dienes 

(Id-f) failed to react while 1,1-dimethoxybuta-l,3-diene 

(la) only yielded polymeric products. 

Diene _lb reacted in aa. 4 days with diene 2b yielding 

the cycloadduct 5̂  (scheme 5.5) as the sole [4 + 2]-adduct 
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besides polymeric compounds. It was obtained in pure form 

5 5 

CH30V 

C H 3 0 

I t 

Γ"3. 
чн 

CN 

C g H ^ C N 

C 6 H 5 

2b 

Д 

NC CN и 

^ Η 5 H н Х С Н з 

5 exo(trans) 

in 67% yield by column chromatographic separation from the 

polymeric side products and identified by elemental 

analysis and mass spectroscopy. The methoxyvinylcyclohexene 

structure of 5 was assigned by means of H-NMR spectroscopy 

(figure 5.6). Decoupling experiments revealed coupling 

constants J, - = 2.9 Hz and J- , = 9.8 Hz, pointing to 
11 о э, b 

Figure 5.6: iH-NMR spectrum and decoupled spectra for 
adduct J5. 

с с 

ti'ans-diaxial positions for protons H and H ; the product 

is the trans or eœo-adduct. 

The reaction of diene 1c with diene 2b was completed 

in aa. 3 days giving a mixture of isomeric adducts 6_ and 
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7 (scheme 5.6) in 96% yield. Separation of the mixture 

5 6 

OCH3 
н \ ^ н 

снг " 
H 

NC 

I 
H ' 

,CN 

Г" 
Ч с л 

д 

1с 2Ь 

H ОСНзХ 

H H 

6 гхо (trans) 

NC CN 

сн,о н Ύ 

СН: •M;0 6"5 

H H 

7 endo (cis) 

by column chromatography revealed the presence of 6̂  (69%) 

and ]_ (31%) (estimated error 1.5%). Their structures were 

determined by elemental analysis, mass spectroscopy and 

H-NMR analysis. From decoupling experiments we found 

coupling constants J
?
 _ = 4.4 Hz; J-. , = 4.0 Hz and 

J. ,. = 13 Hz for adduct 6 (figure 5.7) and J
0
 , = —1.5 Hz; 

J 

J? Ρ" 

Н=СНз^
и
6 

CHjO Y^Ph
 H 

JU 

7 6 5 4 Э 2 Sppm 

Figure 5.7: -̂H-NMR spectrum and spin-decoupled spectra 

of adduct £ (exo). 
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Figure 5.8: ^H-NMR spectrum and spin-decoupled spectra 
of adduct 2 (endoi . 

J
3 4
 = ^11 Hz and J

4 5
 = ^12 Hz for adduct ]_ (figure 5.Θ). 

These results point to equatorial positions of the phenyl 

and dicyanostyryl residues in both adducts, while proton 

H must be in a pseudo equatorial position in 6_ and in 

the pseudo axial position in 2 (similarly to the ß-cyano-

styrene adducts in chapter 3, exotendo isomers are defined 

with respect to the position of the 5-phenyl group in the 

transition state). 

5.3.2. Diaaueaion 

As stated in the introduction to section 5.3., the 

phenyl group at C-2 in diene 2b at the same time favours 

the oisoid conformation and decreases the LUMO coefficient. 
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For that reason, a cycloaddition mode different from the 

one observed for diene 2a (section 5.2.1.) may be expected. 

The observed reactivity of 2b with lb (scheme 5.5) 

can be explained as follows. Apart from the phenyl group at 

C-2/ diene 2b has the same substitution pattern as diene 

lb; two substituents at C-l and one at the C-4 terminus. 

So, it is likely that diene 2b will be more in the агзо-id 

conformation and will be more apt to enter the reaction as 

the 4iT-component. The reason for its regioselective addition 

to the keteneacetal moiety of diene Va may be similar to 

that mentioned in section 5.2.2. Probably, the highest 

HOMO coefficient will be found on the C-2 carbon of diene 

lb, which will than react on the keteneacetal part. The 

observed еяо-selectivity will be discussed in the next 

section that deals with reactions of diene 2b with non-

conjugated keteneacetals. 

The reaction of l-methoxy-3-methylbuta-l,3-diene (1c) 

with 1,l-dicyano-2,4-diphenylbuta-l,3-diene (2b) again 

demonstrates the important role played by diene conformation. 

In this reaction between dienes which both tend to the 

cieoid form, compound 1c will be more in the oisoid con

formation due to the absence of a aie-substituent at the 

terminal C-l carbon (C-l in diene 2b is substituted with 

two cyano groups and diene l£ bears only one methoxy func

tion) . Furthermore, diene 1c has the larger frontier orbital 

coefficient at the unsubstituted C-4 carbon. Therefore, 

1c is favoured as 4TT-component in this Diels Alder reaction. 

The regioselective addition of diene l£ to the (C-3)-

(C-4) bond of diene 2b may be attributed to the smaller 

coefficient at C-2 for diene 2b (compared with 2a) due to 

additional conjugation. Moreover, crowding around the 

(C-l)-(C-2) bond of 2b may diminish the stabilization energy 

ΔΕ for the cycloaddition of ¿c on that bond. 

The stereoselectivity (exoiendo ratio = 68:32) in the 

cycloaddition of compound 1c with 2b shows an equal priority 

for the formation of the еяо-product as was found for cyclo-
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additions of methoxybuta-1,3-dienes and ß-cyano-0-carbo-

ethoxystyrene (chapter 3). It was there suggested that 

secondary overlap between dienophile substituents and the 

C-2 orbital of the diene may play an important role in 

determining stereoselectivity. In this case secondary 

overlap of the 3/S-dicyanostyryl moiety of diene 2b and 

the C-2 orbital of diene l£ probably determines the 

exo-selectivity. 

5.4. REACTIONS OF KETENEACETALS AND 1, 1-DICYAN0-2,4-DI-

PHENXLBUTA-l,3-DIENE 

The formation of [2+2]-adducts from tetramethoxy-
Q 

ethene 8b and dicyanobuta-1,3-dienes ¿a has been attributed 

to conformational factors. Therefore, it might be expected 

that dicyanodiphenyldiene 2b should react in a [4+2]-manner 

due to its eilsoid-conformation, crowding around the 

(C-l)-(C-2) double bond and the smaller diene LUMO coefficient 

at the C-2 carbon compared with C-2 of diene 2a/ might also 

contribute to this mode of cycloaddition. We have tested 
1 2 this supposition by reactions of two keteneacetals R R С = 

C(OMe)
2
 (R

1
 = Me, R

2
 = H, а; R

1
 = R

2
 = OMe, 8b) with 

diene 2b. In addition we have determined the exoxendo ratio 

for the product obtained from keteneacetal 8a in order to 

gainmore insight into the observed high exo-selectivity in 

the analogous reaction with diene 1Ъ_ (section 5.3.). 

5.4.1. Results 

1,1-Dimethoxypropene-l (8a) and tetramethoxyethene (8b) 

were mixed with diene 2b in acetonitrile as the solvent 

and heated at 65
0
C. Dimethoxypropene (8a) yielded in aa-

4 days a mixture of isomeric [4+2J-cycloadducts in 76% yield. 

The exo (9a) and endo (10a) isomers were separated by 

column chromatography (endoxexo = 15:85) and their structures 

identified by H-NMR and mass spectroscopy. Dimethoxy

propene (8a) only yielded "ortho" adducts having CN-functions 
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on the carbon neighbouring the MeO-substituted carbon. 

No traces of other regio-isomers have been found. 

5 7 
CN 

K^ J< CH,0. .OCH, 
Il -±~ 

NC CN 
\ .OCH, 

¿Ο/ 
с 6 н 5 н 

9а схо (trans) 

11 R ' S R ^ O M « 

NC CN 

V s - T i N ' OCH 

Η с6н5 

10a endo (eis) 

с
6
н

5 

2b eaR
1
=Me,R

2
=H 

Ь R'S R2
= OM« 

The structural assignments of compounds 9a and 10a 

were based on their H-NMR spectra (Experimental Part). 

These spectra revealed coupling constants J, , = 2.8 Hz and 

J- , = ' Э Hz for adduct 9a and J, , = 2.1 Hz and J
c
 - = 

5/6 — 1,6 5,6 

5.0 Hz for the corresponding isomer 10a. It is obvious from 

these data that H must be in a quasi equatorial position 

in both isomers. H is in an axial position in ̂ a and in an 

equatorial OMe position in 10a. Therefore, 9â  is the exo 

and 10a the endo. 

CH30 

NCY-PÍÍ= 
NC 

=ιί. ν 
CH 

10a endo (: 

Η 6 

'S 
3 
zCIS) 

Η" 

9a exo (=trans) 

Tetramethoxyethene (8b) reacted with diene 2b in ea. 

5 days forming only one [4+2]-adduct (ДЛ) in 68% yield. 

Considerable polymerisation of the starting compounds was 

observed. The structure of the adduct was established by 

the usual procedure. 

5.4.2. Оіасиаэіоп 

As expected no [2+2]-adducts have been found in the 

reactions of diene 2b and keteneacetals 8a-b. All possible 
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factors make diene 2b more suitable for [4+2]» than for 

[2+2]-cycloadditions to electron-rich olefins. 

The lower reactivity of tetramethoxyethene 8b compared 

to dimethoxypropene 8a stipulates the retarding influence 
9 

of strong crowding in the transition state . 

The almost stereospecific formation of the exo-adducts 

9a and 5 (section 5.3.) seems rather unexpected using our 

"reactant approach-model" (chapter 3) since the large 

substituent at the 0-2' carbon atoms in the keteneacetals 

(8a and lb) would prefer the endo position in the transition 

state. It seems reasonable, however, that the phenyl group 

at C-2 in diene 2b is turned out of the plane formed by 

the 1,3-dienyl framework. This introduces crowding in the 

transition state to enáo-adducts which is diminished in the 

ex<?-transition state. 
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5.5. EXPERIMENTAL 

The alkoxy-1,3-butadienes (la-f), alkoxyethenes (8a-b) 

and 1,1-dicyano-l,3-butadienes (2a-b) were prepared as 

described in chapter 7. Physical data were determined by 

the general procedures described in chapter 2. 

General procedure for the preparation of the cyclohexene 

derivatives 2-l and 9-10 

3 Mmol of a cyanobutadiene 2 and 3 mmol of a diene 

1̂  or ethene 8 dissolved in 10 ml of acetonitrile were heated 

at 65 C; for the time indicated in table 5.2 for adducts 

2 and 4_, for the time indicated below for adducts 5-2 and 

9-10. The solvent was evaporated in vacuo and the mixture 

of isomers separated on silica, using ethyl acetate-hexane 

(1:5) as the eluent. Physical data for compounds ¿ and 4 

are summarized in table 5.2. 

2,6-Dipheny1-3,2-diayano-4, 4-dimethoxy-S-(2-methoxyethenyl)-

ayolohexene {5) 

Yield: 67%; m.p.: 168 dec.0C; reaction time: 4 days; NMR: 

δ = 2.89-3.08 (m, IH); 3.44 (s, ЗН); 3.49 (s, ЗН); 3.62 

(s, ЗН); 3.40-3.65 (m, IH); 4.56-4.79 (dd, IH); 6.02 (d, 

J = 12.6 Hz, IH); 6.18 (d, J = 2.9 Hz, IH); 7.00-7.64 (m, 

10H); mass spectrum recorded at 120
o
C gave parent peaks 

at m/e 144 (diene lb) and at m/e 256 (diene 2b). 

Anal, caled, for
 C
25

H
24

N
2

0
3

: C l 4
·

9 8
?
 H
 6·°

4
ΐ N 7.00 

found: С 74.85; Η 6.02; Ν 6.96 

l-Methyl-2-methoxy-4-($t $-dieyano-a.-8tyryl)-5-phenyloyclo-

hexene {6) 

Yield: total yield 6 + 7. = 96%; percentage 6: 69%; reaction 

time: 3 days; m.p.: 132
0
C;

 1
H-NMR: 6 = 1.76 (s, 3H); 

1.82-2.49 (m, 2H); 3.08-3.49 (m, IH); 3.49 (s, 3H); 

3.68-3.89 (dd, IH); 4.25 (m, IH); 5.88 (m, IH); 6.45-6.77 

106 



(Л, 2H); 6.92-7.42 (m, 8H); m/e: 354 (M), 339 (M-CH3), 

323 (M-OCH3ì. 

Anal, caled, for C24H22N20 : С 81.33; H 6.26; Ν 7.90 

found:C 81.39; H 6.21; N 7.84 
13
C-NMR/ assigned signals at 22.8 (CH

3
), 56.9 (С

3
), 78.1 

(0СН
э
), 87.5 (=Ç(CN)2), 112.6 (CN), 119.0 (С

2
), 143.0 (С

1
), 

183.6 (C=C(CN)
2
); unassigned signals at: 38.4, 41.2, 51.7, 

126.1, 126.8, 127.9, 128.3, 129.0, 129.3, 130.1, 135.5, 

139.3. 

l-Methyl-3-methoxy-4-(&, S-dieyanostyryD-S-phenylayolo-

hexene (Ί) 

Yield: total yield 1_ + 6 = 96%; percentage T_ = 31%; m.p. : 

oil;
 1
H-NMR: δ = 1.72 (s, ЗН); 1.92-2.51 (m, 2H); 2.84-3.44 

(m, IH); 3.44 (s, ЗН); 3.44-3.88 (m, IH); 4.16-4.47 (m, IH), 

5.53-5.73 (m, IH)» 6.76-7.00 (m, 2Η); 7.00-7.50 (m, 8Н). 

C
24

H
22

N
2

0
'
 in/e!

'
 3 5 4 ( M )

'
 3 3 9

 W
- 0 1

^
1
'
 3 2 3

 (
м
-
осн
з)'· 

1
 C-NMR: assigned signals at 22.4 (CH

3
), 55.1 (С ), 77.9 

(ОСН
3
), 112.1 and 112.6 (CN), 120.1 (С

2
), 141.2 (С

1
), 182.3 

(C=C(CN)
2
); unassigned signals at: 40.6, 43.2, 53.5, 127.4, 

128.3, 128.8, 130.3, 135.6 and 136.8. 

2,6-*Diphenyl-3j2-diayano-4y4-dimethoxy-S-methylcyalohexene 

(9a) 

Yield: total yield 9a + 10a = 76%, percentage 9a = 85%; 

reaction time: 4 days; m.p.: 114
0
C;

 1
H-NMR: δ = 1.10 (d, 

3H); 2.27-2.93 (m, IH); 3.43 (dd, IH, Jg
 б
 = 9 Hz, J

1 6
 = 

2.8 Hz); 6.10 (d, IH, J, , = 2.8 Hz); 7.07-7.67 (m, 10H). 
1,0 

m/e: 358 (Μ), 327 (M-OCH
3
). 

Anal, caled, for C
2 3
H

2 2
N

2
0

2
: С 77.07; Η 6.19; Ν 7.82 

found: С 76.99; Η 6.17; Ν 7.76 

2, S-Di-Tphenyl-Ì, 3-dieyano-4, 4-dimethoxy-S-methylayclohexene 

(10а) 

Yield: total yield 10a + 9a = 76%, percentage 10a = 15%; 

m.p.: oil.
 1
H-NMR: δ = 0.95 (d, 3H); 2.37-2.78 (m

Y
 IH); 
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3.50 (s, ЗН); 3.60 (s, ЗН); 3.90 (dd, IH, J- , = 5 Hz and 

э, о 
J, , = 2.1 Hz); 6.25 (d, IH, J. , = 2.1 Hz); 6.90-7.67 

1, о J- , о 

(m, Ю Н ) ; m/e: 358 (M), 327 (M-OCH
3
) . 

Anal, caled, for
 C
23

H
22

N
2

0
2

: C 7 7
·

0 7 ? н
 б·

1
^; Ν 7.Θ2 

found: С 77.01; Η 6.12; Ν 7.63 

2, e-D-iphenyl-S, S—diayano-41 i. S, S-tetramethoxyoyalohexene (11) 

Yield: 63%; reaction time: 5 days; m.p.: 148
0
C;

 1
H-NMR: 

6 = 3.37 (s, 6H); 3.47 (s, ЗН); 3.62 (s, ЗН); 3.97 (d, IH, 

J = 4 Hz); 5.98 (d, IH, J = 4 Hz); 7.07-7.70 (m, Ю Н ) ; 

m/e: 404 (M), 389 (M-CH
3
) , 373 (M-OCH-j) . 

Anal, caled, for
 C
24

H
24

N
2

0
4

! C 7 1
·

2 7
'
 H 5.9£; N 6.93 

found: С 71.37; Η 6.15; Ν 6.86 
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Table 5.2 4, 4-dicyano-5-(2-phenylethenyl)-alkoxycyclohexene3 Í3_ and £) 

reaction 
time iso- yield m.p. elemental anal. 
(days) mer (̂ +i.) (0C) mass-spectra cale. found NMR, δ pom 

2.23-2.53(m,2H),2.81-3.06 

(m,IH),3.63(s,3H),4.24 

(m,IH),5.60-6.02(m
r
2H), 

6.02-6.82(AB of ABX, 2H), 

7.20-7.50(πι,5Η) 

C
17

H
16

N
2° 

m/e: 264 (M), 

233 (M-OCH,) 

С 

H 

N 

77. 

6. 

10. 

.25 

.10 

.60 

77. 

5. 

10. 

.09 

.93 

.45 

88« 

C
1 7
H

1 6
N

2
0 

m/e: 264 (M), 

233 (M-OCH,) 

С 

H 

N 

77, 

6. 

10. 

.25 

.10 

.60 

77. 

6. 

10. 

.15 

.19 

,51 

2.10-2.76(m,2H),3.08-3.35 

(m,lH),3.61(s,3H),4.13 

(m,lH),5.84-6.17(m,2H), 

6.01-6.β5(ΑΒ of ABX,2H), 

7.25-7.4B(m,5H) 

C
1 8
H

1 8
N

2
0 

m/e: 278 (M), 

247 (M-OCH-j) 

С 

H 

N 

77, 

6, 

10, 

.67 

.52 

.06 

77, 

6, 

10, 

.64 

.62 

.00 

1.77 (s, 3H) ,2.10-2.50(lïl,2H) 

2.73-3.10(m,IH),3.62(s,3H) 

4.21(m,lH),5.45(m,lH), 

5.95-6.83(AB of ABX,2H), 

7.10-7.56(m,5H) 

92« 

o i l C
1 8 H 1 8 N 2 0 С 7 7 . 6 7 7 7 . 4 2 1 . 8 3 ( s , 3 H ) , 2 . 0 0 - 2 . 5 0 ( m , 2 H ) 

m / e : 2 7 8 ( M ) , H 6 . 5 2 6 . 5 4 2 . 9 0 - 3 . 3 0 ( m , I H ) , 3 . 5 7 ( s , 3 H ) 

2 4 7 (M-OCH3) N 1 0 . 0 6 1 0 . 0 3 4 . 1 0 ( m , I H ) , 5 . 5 3 ( m , I H ) , 

5 . 8 0 - 6 . 7 7 ( A B o f ABX,2H), 

7 . 0 3 - 7 . 4 0 ( m , 5 H ) 

C
ia

H
18

N
2

0 

m/e: 278 (M), 

247 (M-OCH3) 

С 

H 

ы 

77, 

6, 

10. 

.67 

.52 

.06 

77, 

6. 

9. 

.34 

.52 

.98 

1 . 1 5 ( d , 3 H ) , 2 . 6 0 - 3 . 2 0 ( m , D U 

3 . 6 5 ( s , 3 H ) , 4 . 1 5 ( m , l H ) ; 5 . 8 0 

( m , 2 H ) , 6 . 0 0 - 6 . 8 0 ( A B o f ABX 

2 H ) , 7 . 1 0 - 7 . 4 5 ( m , 5 H ) 



Table S.2 (continued) 

94% 

oll C
18

H
18

N
2

0 

m/e: 278.1426 

(M) (theor. 

278.1419), 

247 (M-OCH3) 

С 

H 

N 

77.67 

6.52 

10.06 

77.72 

6.49 

9.98 

Q.95(d,3H),2.70-3.50(m,2Hl 

3.55(3,3H),3.95(ra,lH), 

5.70-6.10(m,2H),6.05-6.85 

(AB Of ABX,2H),7.10-7.40 

(ra,5H) 

91% oli C
1 7
H

1 6
N

2
0 

m/e: 264.1278 

(M) (theor. 

264.1263) 

2.00-2.93(m,5H),3.47(э,3H) 

4.40(t,lH),5.eo-6.70(AB of 

ABX,2H),6.95-7.35(m,SH) 

OCH, OCH, 117
 C

1
8

H
18

N
2

0
2

 C 7 3
·

4 5
 73.37 

m/e: 294 (H), H 6.16 6.29 

263 (M-OCH,) M 9.52 9.45 

2.30-2.56(m,2H),3.04-3.30 

(m,lH),3.38(3,3H),3.60 

(s,3H),5.62-6.16(m,2H), 

6.02-6.82(A3 of ABX,2K), 

7.20-7.53(n,5H) 

OCH, OCH, OCH, 

86% 

OCH, 130 

C
19

H
20

N
2

O
3 

m/e: 324 (Μ), 

293 (M-OCH3) 

С 

H 

Ν 

70. 

6, 

8. 

.35 

.21 

.64 

70. 

6. 

8. 

.16 

.25 

.79 

3.12-3.28(m,IH),3.39(з,ЗН) 

3.42(э,ЗН),3.56(s,ЗН),3.87 

(m, IH), 5.77-6. 35(01,2Н), 

6.21-6.β7(ΛΒ of ABX,2H), 

7.23-7.51(m,5H) 

C
)9«20

N
2

O
3 

m/e: 324 (M), 

293 (M-OCH,) 

С 

Η 

M 

70.35 

6.21 

8.64 

70.76 

6.25 

8.52 

3.04-3.25(m,IH),3.40(s,6H) 

3.60(S,3H),4.01(m,lH), 

5.73-6.27(m,2H),6.01-6.93 

(A9 of ABX,2H),7.25-7.56 

(m,5H) 



C H A P T E R 6 

SYNTHESIS AND ACID HYDROLYSIS OF 2,2-DI- AND 

2,2,5-TRIMETHOXY-5,6-DIHYDROPYRANES1 

6.1. INTRODUCTION 

2 
Since the first observation by Gresham and Steadman which 

implied that formaldehyde can behave as a dienophile, several 

Diels Alder reactions with carbonyl compounds have been in-

vestigated (scheme 6.1). For simple alkyl substituted dienes 

61 

x = o,s 

the scope of the reactions seems to be restricted to (para) 

formaldehyde, which requires a high reaction temperature, 

and aldehydes or ketones containing strongly electron-

withdrawing groups at the carbonyl carbon atom. The electron-
3c rich 1-alkoxybuta-l,3-dienes show a higher reactivity 

Their reactions are highly regiospecific and the resulting 

2-alkoxy-5,6-dihydropyrans have been applied as starting 
4 

compounds in the synthesis of monosaccharide derivatives . 

Reactions of alkoxybuta-1,3-dienes with carbon dieno-

philes have been described in the previous chapters. From 

the results mentioned there for 1,1-dialkoxybuta-l,3-dienes 

(1) high reactivity of this type of compound in [4+2]-

cycloadditions with carbonyl compounds could be anticipated. 

Moreover, it was shown recently that the expected products, 

2,2-dimethoxy-5,6-dihydropyrans (2J , can be hydrolysed to 

dihydro-a-pyrones (3). These reactions might be of special, 

synthetic value in view of the wide occurrence of pyrans 

and pyrones in nature , and because members of both classes 

of compounds are known to have antiviral or antibacterial 

activity . 
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СНэО ОСНз ι] 

H R 2 H R z 

2 3 

Xand/orYare electron-withdrawing groups 

In order to determine the usefulness of these reactions, 

cycloadditions of three 1,1-dimethoxybuta-l,3-dienes (la-c) 

with several carbonyl compounds have been investigated, and 

a study was made of the appropriate conditions for the acid 

hydrolysis of the resulting Diels-Alder adducts into dihydro-

pyrones. Applications in the synthesis of naturally occur

ring compounds are currently investigated. 

6.2. REACTIONS OF 1,l-DIALKOXYBUTA-l 1 3-DTENES AND ACTIVATED 

KETONES 

6.2.1. Resulta 

1,1-Dimethoxybuta-l ,3-diene (,1a) reacted below 100o
C 

with carbonyl compounds X-CO-Y, having X = Y = CCI, or 

COOEt; X = H, Y = CCI, or COOBu; X = C,H
C
, Y = CN; in all 

3 6 5 

cases 2,2-dimethoxy-5,6-dihydropyrans (2J were obtained 

in good yields. No reactions were observed with a-ketoacid 

estera (X = alkyl, Y = COOEt) and with non-activated 

carbonyl compounds (X and Y = H, alkyl or aryl). 

1,1,4-Trimethoxybuta-l,3-diene (lb) had a reactivity 

towards activated ketones which appeared comparable to that 

of la. In reactions with activated aldehydes (X = H, Y = CCI, 

or COOBu), however, they did not yield the expected product 

2b. Molecular distillation of the rather complex reaction 

mixtures yielded in both cases a product in which a methoxy-

vinyl moiety appeared to be present. H-NMR and mass spectra 

6 2 

оснэ 
н
у^оснз 

0 
II 

с 

1a 

lb 

1С 

R
1
 = R

2
 = H 

R1 - H;R
2
= OCH3 

R
1
 = OSiMe3;R

2
 = H 
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pointed to an oxetan (4J formed by [2+2]-cycloaddition. 

The structural factors in ketene acetáis, which affect the 

formation of side-products in [2+2]-cycloadditions with 

carbonyl compounds and thus cause the complexity of the 
о 

r e a c t i o n m i x t u r e , have been d i s c u s s e d r e c e n t l y . 
63 

Hv 

H ' 

ОСНэ 

•т^ОСНз 

оснэ 

lb 

0 
II Δ 

H Y 

Y=CCl3,COOBu 

Y-

H-

H C * 

^ О С Н э 
— с ,© 

CH Ι ^ОСНз 

чОСНэ 

HC' 

ОСНэ 

L 

^СН ОСНз 

ч 0СНз 

decomposition products 

In the reaction of lb with hexachloroacetone methyl-6,6,6-

trichloro-5-trichloromethyl-5-hydroxy-4-methoxy-2-hexenoate 

5̂  was isolated as the main product from a mixture of other

wise unidentified compounds. Its formation can be ascribed 

to acid solvolysis of the initially formed dihydropyran 
g 

(2b) by t r i c h l o r o a c e t i c a c i d , a r i s i n g from t h e h y d r a t e of 

t h e k e t o n e . At tempts t o o b t a i n t h e d i h y d r o p y r a n under d i f 

f e r e n t e x p e r i m e n t a l c o n d i t i o n s a l s o a f f o r d e d t h e hydroxy-

e s t e r 5̂  i n v a r i a b l e but always low amounts (30-40%). 
6A 

CH3O ОСНэ 

HXACCI3 " >s. ecu 
СНэО 

ССІэСООН 

'CCla 

Н ^ О С Н э 
Tl он нА^ссіэ 

СНэО H c c i î 

2Ь a 

J u s t l i k e l a , ^b d i d not r e a c t w i t h n o n - a c t i v a t e d a l d e h y d e s 

and k e t o n e s . At tempts t o i n c r e a s e t h e r e a c t i v i t y of t h e s e 

c a r b o n y l compounds by a d d i t i o n of c a t a l y t i c amounts of a 

Lewis a c i d l e d t o p o l y m e r i z a t i o n of t h e d i e n e , p r o b a b l y 
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via a dipolar intermediate formed by addition of the acti

vated carbonyl compound to the mainly tranaoid diene. 

1,l-Dimethoxy-3-trimethylsilyloxybuta-l,3-diene (le) 

was investigated as the third diene because the presence 

of the silyloxy group provides the possibility of converting 

its Diels-Alder adducts with carbonyl compounds into 

γ-pyrones. The reactivity of 1^ appeared to be generally 

higher than that of la and b. Moreover, its reactions could 

well be catalysed by a Lewis acid (ZnCl
2
), so that even 

non-activated carbonyl compounds could be used as the dieno-

phile. The primary products (2c) are not very stable; they 

tend to decompose' in the presence of catalytic amounts of 

a protic solvent. On reflux in methanol they are converted 

into 2-methoxy-5,6-dihydropyrones (£). 
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Х
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 Υ 
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6.2.2. Aaìd hydrolysis of the Б, 6—dih.ydropyranes (Sa and 2b) 

Acid hydrolysis of 2
/
2-dimethoxy-5,6-dihydropyrans 

(2j , obtained from la or l̂b and carbonyl compounds, leads 

to various products depending on the reaction conditions 

used. Hydrolysis with hydrogen chloride in acetone-water 

(1:1) at room temperature yields mainly a,ß-unsaturated 

esters (£), but in almost all cases substantial amounts of 

the corresponding lactones (П^) are formed as side-products. 

At elevated temperature the main product is dehydrated 

yielding a dienyl ester (1_1) . The individual products could 

well be separated by column chromatography. 

Hydrolysis of 2 with concentrated sulfuric acid at 0
o
C 

also yields £ and 1_0 but in reverse ratio, JJ) being the 
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main product. At room temperature polymerization of 2 

becomes the main reaction. 
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R
2
=H 

OCH3 

CH3C) OCH3 
Ηγ^ο HCl Н ^ о С Н з HYc"o 

R' Η 

Ι \ ^ Н 2 5 0 < 
X and/or Y are -

electron- attracting 

groups 

R2' H Y R ^ Ì H 

9 (main product ) 10 

10 (mam product) • 9 

Hydrolysis of 2a (R, = H) in glacial acetic, acid only 

yields the dienyl ester (11) . 

6.3. DISCUSSION 

The high regiospecificity observed in the cycloadditions 

of l_a cannot well be explained by the Frontier Orbital 
12 Theory . Calculations of the coefficients of the Highest 

Occupied Molecular Orbital (HOMO) of 1-methoxybuta-l,3-

diene only show very small differences at the carbon 

atoms C-2 and C-4, and the same can be expected for the di-

methoxy compound (la). Therefore, the large preference of 

la for [4+2]- rather than [2+2]-cycloadditions is probably 

due to steric factors. Steric interactions between the 

approaching diene (la: R = н) and the activating substi-

tuents (X, Y) in the carbonyl compound seem to be less 

severe in the transition state for [4+2]-cycloaddition (A) 

than for [2+2]-cycloaddition (В). In the reactions of lb 

the additional methoxy group at C-4 enlarges the steric 

hindrance in A (R = 0CH
3
), but not in B. Cycloadditions 
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6.7. 

C H
3
0 (

6
. ) 

>-'ОСНэ 

0(6-) 

via В leading to [2+2]-cycloadducts become more probable, 

especially in reactions with aldehydes (X or Y = H) where 

steric hindrance in В is less severe than in reactions with 

ketones (X and Y are rather large substituents). 

We obtained no evidence that the different behaviour 

between la and lb might be caused by a change from a thermo-

dynamically determined product formation yielding a dihydro-

pyran (2) to a kinetically determined reaction giving an 

oxetan (£); in the reaction of lb with the activated ketone, 

diethyl ketomalonate, the dihydropyran 2̂  (R = OCH,; X = Y = 

COOEt), remains the sole product on reaction at low temper

ature. 

The higher reactivity of _lc in comparison with Iji and 

lb can certainly be ascribed to the preference of ¿c for 

the aieo-Cd conformation; la and lb are mainly trcmsoid 

compounds. 
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6.4. EXPERIMENTAL 

The 1/l-dimethoxybuta-l,3-dienes (la-ç) were prepared 
14 as described in chapter 7 ; butylglyoxalate was prepared 

as described in the literature. Other starting compounds 

were commercial products. Physical data for the different 

products were obtained as described in chapter 2. 

General procedure for the synthesis of 2,B-dimethoxy-S,6-

dihydropyrans (2) (Table 6.1) 

Equimolar amounts of an appropriate carbonyl compound 

and a 1,1-dimethoxybutadiene (Ijwere mixed in carbon tetra

chloride and refluxed in a nitrogen atmosphere for the time 

given in the table. Heating to higher temperatures (100 C) 

or the presence of oxygen caused strong decomposition of 

the diene. The productwas isolated from the reaction mixture 

by distillation in vacuo. Application of this method to 

1 /1,4-trimethOxybutadiene (_lb) and hexachloroacetone (re-

fluxing for 3 hrs) lead to methyl~6,6,6-triohloro-S-tri-

ohloromethyl-5-hydroxy-4-methoxy-2-hexenoate (5), yield 30%; 

b.p. 150O/3 mm Hg; IR: vc0 1735 cm"
1, v0H 3350; m/e: 356, 

358, 360, 362(M-HC]); NMR: δ = 3.38 (s, 3H, OCHj) , 3.80 (s, 

4Η, ОСН
3
 and ОН), 4.69 (d, IH, НС-O), 6.22 (d, IH, =CH-C=0), 

6.95 (q, IH, HC=). 

Oxetans (4_) from 1,1 i4-trimethylbutadiene (lb) 

Application of the procedure just described to 1,1,4-

trimethoxybutadiene {Va) and chloral, butyl glyoxalate or 

ethyl glyoxalate lead to oxetans (4J. The products were 

very sensitive to hydrolysis and decomposition and could 

not well be analysed by elenental analysis. In general the 

yields were rather low. 

2 j Z-dimethoxy-Зт ( fi-methoxy vinyl )-4-triahlor ome thy loxe tan. 

Yield: 38%; b.p. 130
o
/0.3 mm Hg; m/e: 290, 292, 294 (Μ), 

258, 260, 262 (M-HOCH
3
); NMR: S = 3.32 (s, 6H, CH-jOCO) , 
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3.53 (m, IH, HC-C=), 3.55 (s, ЗН, СН
3
ОС=), 4.30 (d, IH, 

HC-CC1
3
), 4.85 (m, IH, HC=), 6.39 (d, IH, =CH-0) (J = 12 Hz, 

trans) . 

2j 2-dimethoxy-3-($-mebhoxyvinyl)-4-butyloxyaar,bonyloxetan. 

Yield: 42%; b.p. 40
O
/0.001 mm Hg; m/e: 274 (Μ) , 242 (M-HOCH

3
),· 

NMR: δ = 1.27 (m, 7H, С
3
Н

7
-), 3.19 (s, бН, CHjO-C-O), 3.51 

(s, ЗН, СН
3
ОС=), 3.55 (m, IH, НС-С=), 4.12 (t, 2H, CH

2
-0-C=0), 

4.22 (d, IH, HC-C=0), 4.80 (m, IH, HC=), 6.27 (d, IH, =СН-0) 

(J = 12 Hz, trans) . 

2j2-dimethoxy-3-(d-methoxyvinyI)-4-ethyloxycarbonyloxetan. 

Yield: 45%; b.p. 30
o
/0.001 mm Hg; m/e: 246 (Μ), 214 (M-HOCH

3
); 

NMR: δ = 1.25 (t/ ЗН, CH
3
), 3.42 (s, 6Н, СН

3
ОСО), 3.54 (m, 

IH, HC-C=), 3.59 (s, ЗН, СН
3
ОС=), 4.09 (q, 2Н, СН

2
ОС=0), 

4.35 (d, IH, HC-C=0), 4.80 (m, IH, HC=), 6.30 (d, IH, =СН-0) 

(J = 12 Hz, trans) . 

General procedure for the synthesis of 6-hydroxy esters (9) 

from 2j2-dimethoxy-5} S-dihydropyrans (2) (table 6.2) 

0.003 Mol of a 2,2-dimethoxy-5,6-dihydropyran (2)was 

dissolved in 20 ml of an aceton-water mixture (1:1) at room 

temperature with stirring. The solutionwas supplied with 

0.3 ml of cone, hydrochloric acid and stirred for 1 hr. 

After evaporation of the acetone the aqueous solution was 

extracted with ether. The extractwas dried over anhydrous 

sodium sulfate, filtered and evaporated in vaauo. The re

sulting mixture of the desired hydroxy ester (9J and the 

corresponding 5,6-dihydro-a-pyrone ( 1_0) was separated by 

column chromatography on silica, using ethyl acetate-hexane 

(1:4) as the eluent. 

General procedure for the synthesis of 5,6-dihydro-a-pyrones 

(10) from 2,2-dimethoxy-S,6-dihydropyrans (2) (table 6.3) 

0.003 Mol of a 2,2-dimethoxy-5,6-dihydropyran (2) was 

dissolved in 10 ml of cone, sulfuric acid at 0 С with 

stirring. After 1 hr the solution was poured on crushed ice, 
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and then extracted with ether. The extract was washed with 

a saturated sodium bicarbonate solution until neutral, dried 

over sodium sulfate, filtered and evaporated. The residual 

mixture of the desired dihydropyrone (ĵ O) and the corre

sponding δ-hydroxy ester (9J was separated as described in 

the previous prescript. 

Application of this procedure to 2,2-dimethoxy-6-cyano-6-

phenyl-5,6-dihydropyran {2, X = Ο,Ης, У = CN, R
2
 = H) yielded 

after purification by column chromatography (ethyl acetate-

hexane 1:4 as the eluent) , methyl S-ayano-5--phenylpenta-234-

dienoate (11, X = C,H
C
, Y = CN) as the main product (67%); 

— -i
 ь

 -ι 

IR: v
c o
 1720 cm , v

C N
 2205 cm ; m/e: 213 (M), 182 (M-OCH3); 

NMR: δ = 3.80 (s, ЗН), 6.05 (d, IH), 7.19 (q, IH), 7.50 (m, 

5H), 8.70 (d, IH). 

General procedure for the synthesis of 2-methoxy-5,6-dihydro-

y-pyrones (8) (table 6.4) 

Equimolar amounts of an appropriate carbonyl compound 

and 1,l-dimethoxy-3-trimethylsilyloxybutadiene (l£) were 

dissolved in carbon tetrachloride. After the time indicated 

in the table, 10 ml of methanol were added and the mixture 

'-•as refluxed for 3 hrs. The solvents were then evaporated in 

vacuo and the residual oil was purified by column chromato

graphy on silica, using 3% methanol in dichloromethane as 

the eluent. 
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Table 6 1 

ОСНэ 

Н-АоСНз 

R 

1 

О 
II 

X Y 

C H A 

ecu „ Η γ N2 нЛ 
R 

^ОСНз 
ч о 

Ь.р."С 
Y react, cond. yield (mm Hg) 

mass 
spectrum 

element.anal. 
cale. found NMR, S ppm 

OCH3 COOEt COOEt re f lux/2 hrs 70» 1 3 2 / 0 . 1 5 C ^ j j O g С 52.83 52.9 1. 26 ( t , 6H) , 3 . 21 (s , 3H) , 3 . 26 (s , 3H) 

a m/e: 287 H 6.97 7.1 3 . 3 2 ( s , 3 H ) , 4 . 1 5 ( m , 5 H ) , 5 . 5 5 ( d , I H ) 

(M-OCII,) 6 .25(1,IH) 

COOEt COOEt r.t./l hr 95% 112^/0.5 

m/e: 257 

(M-OCH,) 

С 54.16 54.0 1.28(t,6H),2.62(q,2H),3.36(s,6H) 

Η 6.99 7.0 4.28(q,4H),5.61(m,lH),6.20(ra,IH) 

CCI- CCI, r.t./5 hrs 

m/e: 345, H 2.66 2.5 

347, 349, 

351, 353 

(M-OCH,) 

CCI, r.t./Э hrs 93"/0.8 

m/e: 229, 

231, 233, 

4.24 4.5 4.32(m,IH),5.SO(m,IH),5.95(m,lH) 

Ю 



IO 
Table 6.1 (continued) 

H COOBU H r.t./Э hrs 93» 112
0
/1.7 CjjH^Oj С 59.00 59.9 1.20 (m,7H) , 2.20 (m,2H) , 3.20 (з, 6H) 

m/e: 213 H 8.25 8.2 4.10(t,2H),4.30(m,IH),5.45(ra,IH) 

(H-OCH
3
) 6.00(in,lH) 

H CN CgHj 60
O
C/l hr 90% 150

O
/0.2 C^HjjNOj С 68.56 67.7 2 .52 (m, 2H) , 3 . 28 (s , ЗН) , 3 . 40 (s , ЗН) 

Ь m/e: 214 Η 6.16 5.9 5.70(m,IH),6.10(m,IH),7.30(m,5H) 

(М-ОСН,) N 5.71 5.7 

a. Solidifies on standing. 

b. After evaporation of the solvent MeOH is added yielding white crystals, melting at 98 C. 



'Xk 
R H 

9 Ifi 

R 

OCH3 

X 

COOEt 

ï 

COOEt 

yield 9 
(prod.ratio)' 

71% (6.00) 

m.p. 

oil 

IR cm"1 

V C-0 1750 

ν O-H 3500 

nass 
spectrum 

C
13

H
20

O
8 

m/e: 273 

(м-осн
3
) 

elanent 
C2_C. 

С 51.31 

H S.63 

anal. 
found 

51.5 

6.7 

1.22(t 

<S,3H) 

5.64(d 

NMR, í 

6H),3.31(9 

4.22(in,5H) 

lH),6.14(m 

ppm 

3H),3.73 

4.3S(d,lH), 

IH) 

H COOEt COOEt 481 (0.94) Oil ν C-0 1740 C
1 2
H

1 8
0

7
 С =2.55 52.2 1.28(t,6H),3.30(d,2H),3.67 

V O-H 3500 m/e: 274 Η 6.61 6.6 (s,ЗН),3.85(s,IH),4.22(q,4H), 

(M), 243 5.Bild,IH),6.24(m,lH) 

(м-осн
3
) 

H CC1
3
 CC1

3
 62» (pure IX) 8в

0
С ν C-0 1700 CgHgClgOj С 26.34 26.0 3.76 (s, 3H) ,3.86 (¡n, 3H) ,5.94 

V O-H 3340 m/e: 326, H 2.21 2.2 (d,IH),6.76(m,IH) 

328, 330, 

332, 334 

(M-HC1) 

V C-0 1740 C7H9C1303 С 33.97 34.7 2.70(m,2H),3.70(s,ЗН),4.10 

ν O-H 3450 m/e: 246, H 3.67 3.5 (s,2H),5.91(d,IH),6.95(m,IH) 

2 4 8 , 250 

2 5 2 (M), 

2 1 5 , 2 1 7 , 

2 1 9 , 221 

(M-OCH,) 

СНэО ОСНэ 

H R 

Γ/. HCl· 

Н20/(СНз)2С0* 

ОСНэ Н-у^ОС 

нЛА 
R H γ 

c e l , 65% ( 2 . 7 5 ) o i l 

Ю 
Ui 
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Table 6.2 (continued) 

Η COOBu Η 67% (3.2) oil ν C-0 1730 

ν O-H 3520 

Η CN C
6
H

5
 54% (2.0) oil ν C-0 1760 

ν O-H 3380 

•product ratio £:.!£ (from NMR) 

C
l l

H
i e

0
5

 C 5 7
·

3 8 5 7
·

5
 1.25(1«,7H),3.30(1«,2H),3.66 

ra/e: 230 Η 7.88 7.9 (s,ЗН),4.12(t,2H),4.15(s,IH), 

(M), 199 4.93(m,lH),5.92(d,IH),б.6β 

(M-OCHj) (m,IH) 

CjjHjjSOj С 67.52 67.5 3.20 (m,2H),3.58(s,ЗН),4.06 

m/e: 213 H 5.67 5.6 (s,IH),6.05(d,IH),6.12(m,IH), 

(Μ-Η
2
0), Ν 6.06 6.1 7.20 (га,5Н) 

200 (Μ-

ОСН,) 



Table 6 3. 

CH3O ОСНэ 

R Η 

2 

cone. ^ 
HÎSOX 

0 
Μ 

R Η 

IQ 

н
^

[
^0СНз 

R H 

yield 10 
(prod.ratio)' 

IR (cm ) mass 
(C=»0 stretch) spectrum 

element.anal. 
cale. found NMR « δ ppm 

(5.5) oll С
1 2
Н

1 6
0

7
 С 52.94 

m/e: 241 Η 5.92 

52.2 1.30(t,6H),3.45(s,3H),4.23 

6.2 (q,4H),4.66(d,lH),6.10 

(d,lH), 6.»7(q,lH) 

COOEt COOEt 67% (6.1) oil 1730 

m/e: 

(H) 

242 

С 54.54 

Η 5.83 

54.5 

6.0 

1.26(t,6H),2.97(m,2H),4.23 

(g,4H),5.86(d,IH),6.77(m,IH) 

CCI, CCI, 67% (3.0) 145
й 

1740 

m/e: 295, 

297, 299, 

301, 303 

(M-Cl) 

С 25.26 

H 1.21 

25.4 

1.2 

3.49(m,2H),6.14(d,lH), 

б.92(га,1Н) 

-J 

CCI, SOt(pure X) 84" 1730 

m/e: 214, 

216, 218, 

220 (M), 

179, 181, 

183 (M-Cl) 

С 33.45 33.9 2.84(m,2H),4,89(q,lH) ,6. 

Η 2.34 2.4 (d,lH),6.95(m,lH) 

10 



lo Table 6.3 (continued) 
00 

H COOBU H 72» (5.5) oil 1740 C10 H14 O4 C 6 0 · 5 9 5 9 · 6 1·20(m,7H),2.71(m,2H),4.10 

m/e: 198 H 7.12 7.2 (t,2H),4.90(t,IH),5.82(d,IH), 

(M) 6.74(m,lH) 

H CN C6 H5 This dihydropyran yields exclusively eliminated product 11. 

See experimental section 

•product ratio 1¿:9 (from NMR). 



Table 6 4 
ОСНэ 

Н у ^ о с н з 
3S.o-VH 

H 

1c 

О 
II 
с 

X Y 

r.t, 

CCl4 

СНэО 
H-

MejSiO 

,ОСНз 

' 0 С ^ сн он СНз0 0 х 

J Í JLX reflux * 1 J U H 

, - ^ Ο Ϊ 3hrs H-V^H H H 

2c 

reaction time 
formation of 2c 

NMA, δ ppm 
2c 

yield NMR,« ppm 
β 8 

mass spec
trum 8 

element.anal. 
m.p. 

to 

COOEt 

COOEt 

CA 

COOEt 

CHj 

C
6

H
5 

1 hr/r.t. 

2 hrs/r.t. 

il hr/r.t. 

0.20(s,9H) 

1.25(t,6H) 

2.40(s,2H) 

3.15(s,6H) 

4.10(q,4H) 

4.45(s,lH) 

0.20(s,9H) 

1.25(t,3H) 

1.40(3,3H) 

2.35(s,2H) 

3.10(s,ЭН) 

3.15(з,3H) 

4.10(q,2H) 

4.45(9,1H) 

0.20(s,9H) 

2.45(s,2H) 

3.15(9,3H) 

3.25(3,3H) 

4.75(з,1Н) 

7.0-7.6(m,5H) 

66% 

75% 

74% 

1.30(t,6H) 

3.0S(s,2H) 

3.85(s,3H) 

4.25(q,4H) 

4.82(s,lH) 

1.30(t,3H) 

1.70(s,3H) 

2.7S(AB,2H, 

J-17 cps) 

3.в5(з,ЗН) 

4.20(q,2H) 

4.80(5,1H) 

3.05(s,2H) 

3.β5(3,3Η) 

5.05(s,IH) 

6.50(ra,5H) 

C
12

H
16

0
7 

m/e: 272 

(M) 

C
10

H
14

O
5 

m/e: 214 

(M) 

169 (M-

ос
2
н

5
) 

c
i 3

H
n

N 0
3 

m/e: 229 

(M) 

203 (M-CN) 

1750 C=0 
ester 

1664 C=0 

1592 

1738 C=0 
ester 

1664 C=0 

1587 C=C 

1662 C=0 

1595 C-C 

Oli 

oli 

oil 

С 

H 

с 

H 

с 
H 

Ν 

52.94 

5.92 

56.07 

6.59 

68.11 

4.84 

6.11 

53.6 

6.0 

55.6 

6.6 

68.0 

4.8 

6.1 



C H A P T E R 7 

SYNTHESIS AND PHYSICAL PROPERTIES OF ALKOXYBUTA-1,3-DIENES 

AND CYANOSUBSTITUTED BUTA-1,3-DIENES AND ETHENES 

7.1. INTRODUCTION 

The reactive alkoxybuta-1,3-dienes are of great inte-
1 2 3 rest for synthetic organic chemistry ' ' . Since the first 

4 
synthesis, reported by Wichterle , these dienes have been 

applied in a broad spectrum of Diels Alder reactions as 
1 2 well as in the synthesis of interesting acyclic compounds ' . 

Two applications have drawn the special attention of synthetic 

organic chemists. 

First, the alkoxybuta-1,3-dienes have been applied 

in the preparation of heterocyclic products; Diels Alder 

reactions with activated carbonyl compounds (e-g- glyoxylic 

acid derivatives) have opened synthetic routes to dihydro-
5 6 pyrans and dihydropyrones (chapter 6). Recently ' , the 

introduction of high-pressure techniques provided for the 

opportunity to use non-activated carbonyl derivatives 

(aromatic and aliphatic aldehydes) in this type of Diels 

Alder reaction; thus extending the [4+2]-cycloaddition to 

the field of the carbohydrate chemistry. 

Another important application of alkoxybuta-1,3-dienes 

has been developed in approaches to naturally occurring 

anthracyclinones ' , anthraguinones and quiñones 
Ί 7 1 fi 

Especially the discovery of adriamycine and daunorubicine 

as important cytostatic agents has stimulated the synthesis 

of functionalized oxygen substituted buta-1,3-dienes . 

OH 0 

CH,R R=OH Adriamycine 
R=H Daunorubicine 
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This chapter presents the synthesis of the electron-

rich alkoxybuta-l,3-dienes and the cyanosubstituted olefins 

which have been used in the investigations described in this 

thesis. To estimate the ionization potentials of the 

electron-rich dienes their halfwave oxidation potentials 

(E, ) have been determined by puls-polarography. Finally, 

the polarization of the electron systems in the electron-

rich dienes and the electron-deficient dicyanobuta-1,3-
13 dienes have been studied by analysis of their C-NMR spectra. 

7.2. SYNTHESIS OF THE ELECTRON-RICH OLEFINS 

7.2.1. Synthesis of the alkoxysubstituted-l}2-dienes 

The most important literature procedures to synthesize 

alkoxybuta-l,3-dienes may be divided into six distinct 

routes : 

i. Acid catalyzed pyrolysis of a,^-unsaturated acetáis, 
1 2 19—21 saturated acetáis and saturated ketals ' ' 

i i . Dehydrohalogenation of oc-halosubstituted acetáis and 
ι J ?? 

ortho esters ' ' . 

Hi. Treatment of a,0-unsaturated aldehydes with appro-

u 7,11,23 

pnate phosphoranes 

iv. Silylation of suitable alkoxysubstituted α,β-unsatu-
4. j , ^ 14,15,24,25 

rated ketones . 

v. Cycloreversion of alkoxysubstituted cyclobutene 
, .. 12,26 
derivatives 

vi. 1,4-Alcohol elimination from a,^-unsaturated acetáis 
27 and α,ß-unsaturated ortho esters 

The 1,1-dimethoxybuta-l,3-dienes la and lb (chapters 2, 3, 

4, 5 and 6), the 1-methoxybuta-l,3-dienes 1c and Id (chapters 

2, 3, 4 and 5) and the 1-methoxypenta-l ,3-diene lf_ (chapters 

2, 3 and 5) were prepared according to method vi. 

The pyrolysis method i . was applicated for the 
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synthesis of 2-methoxybuta-l,3-diene le (chapters 2, 3, 4 

and 5) while the trimethylsilyloxybuta-1,3-dienes l<£ 

(chapter 3) and 1c (chapter 6) have been made according to 

the methods v. and iv.г respectively. 

The detailed procedures for each individual diene were as 

follows : 

1,l-dimethosybuta-l,3-diene (la): crotonaldehyde (2j was 
28 

converted (scheme 7.1) into 1, l-dimethoxybutene-2 (З̂ ) 

using trimethylorthoformate as the dehydrating agent. 

71 

CH -CH
2
-CH

2
-CN 5 

ι 1)HCI/CH30H 

| 2)CH3OH 

сн3-сн=сн-сн=о 2 сн3-сн2-сн2-с(осн3)э 6 

H*/CH OH I Br/pyndme 

CH3-CH=CH-CH(OCH3)2 3 CH3-CH2-CHBr-C(OCHJ 7 

Anodic oxidation 4 ^ ж — K O t Bu / DMSO 

CH -CH=CH-C(OCHJ A 

KNH /liq NH 
2 3 

CH =CH-CH=C(OCH ) la 

Subsequent anodic oxidation
2
^ of 3 gave 1,1,1-trimethoxy-

butene-2 (4_) . 

Because of the poor overall yields (5-10%) of these 

reactions, a novel, general procedure to synthesize a,0-

unsaturated orthoesters has been developed; saturated 

orthoesters (e.g. S_ in scheme 7.1) which were prepared 

from the corresponding nitriles (.e.g. S) , have been bro-

minated to give the α-bromoorthoesters (e.g. 7) · 

Dèhydrobromination of these ot-bromoorthoesters in the 

aprotic solvent DMSO produced the α,ß-unsaturated ortho 
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esters {.e.g. l·) in good overall yields (^50%). To obtain 
27 

diene la, ortho ester £ was treated with potassium amide 

in liquid ammonia. 

lJli4-tr-imethoxybuta-l,3-d-iene: Commercially available furan 

(8) was converted electrochemically into 2,5-dimethoxy-
27 2,5-dihydrofuran {9) (scheme 7.2). Methanolysis of this 

product in the presence of ammonium bromide and trimethyl 

orthoformate yielded 78% of ois-l,1,4,4-tetramethoxybutene-2 
27 (10)* . Elimination of methanol by potassium amide in liquid 

ammonia gave irane-diene lb. 

72 

,_ . CHOH н*/сн 3 он 

ί Λ -K.U в ' Ч У TTT-S-^—(CH,0)CH-CH=CH-CH(OCH ) 

15V 2A С " з U L M 3 HC(OCH3)3 

8 9 10 

KNH2/liq NH3 
сн

э
осн=сн-сн=с(осн

3
)

2 

lb 

The 1,4-alcohol elimination procedure^^ used in the 

preparation of dimethoxydiene la and trimethoxydiene lb, 

has also been applied in the synthesis of terminally 

substituted monomethoxybuta-1,3-dienes starting with their 

corresponding a,B-unsaturated acetáis. 

l-methoxy-3-methylbuta-1, S-diene: This diene was prepared 
32 according to scheme 7.3. The literature procedure for the 

preparation of α-bromoisovaleraldehyde dimethylacetal (12) 

has been improved by the addition of trimethyl orthoformate. 

*To obtain satisfactory yields of product П), the methano
lysis of 9y as described in reference 27, has to be cata
lyzed with traces ammonium bromide, while trimethyl ortho-
formate should be used as dehydrating agent. 
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7 3 

(СНз)2СН-СН2-СН=0 2 ) ю

2

С Н з 0 Д ; (СНз)2СН-СНВг-С(ОСНз)2 «™^-

11 НС(ОСН3)3 12 

ΚΝΗ,/liq NH, 
(сн 3 ) 2 с = сн-с(осн 3 ) 2

 z 3. сн 2 =ссн 3 -сн=сносн 3 

13 Іс 

The yield of acetal ^2 was increased to nearly quantitative 

by this modification. Subsequent dehydrobromination with 

potassium tert.butoxide to the α,ß-unsaturated acetal (13) 

followed by potassium amide treatment in liquid ammonia 

resulted in trane-l-methoxy-S-methylbuta-l,3-diene in 49% 

overall yield, starting with the commercially available 

isovaleraldehyde 11_. Direct conversion of acetal 12_ into 

diene 1c with two equivalents KNH^ was unsuccessful; it 

resulted in a mixture of compounds 12, 1_3 and 1c. 

1-methoxybuta-1,3-dienei Crotonaldehyde dimethyl acetal 

(3̂) was prepared as described for the synthesis of 1,1-

dimethoxybuta-1,3-diene (scheme 7.1). Treatment with 

potassium amide yielded trtms-l-methoxybuta-l,3-diene Id 

in 68% overall yield. 

7Л 

Η ^ Η , Ο Η KNH2/liq NH3 

CH,-CH=CH-CH=0 *— CH,-CH=CH-CH(OCHJ, * 
3 HC(OCH3)3

 3 3 2 
2 3 

CH,=CH-CH=CHOCH, «., ц е - * 
2 J NaHSO^ or 

Id p-TosOH/qumolme 

The mixture of ais- and trans-1-methoxybutadiene la 

(1:1) used in the low temperature experiments with tetra-

cyanoethylene (chapter 2) was prepared by the acid catalyzec 
33 

liquid phase pyrolysis of crotonaldehyde dimethyl acetal 

(¿i , using para-toluene sulfonic acid/quinoline as the 

acidic catalyst. The fraction that contained 50% of both 

isomers {ois/trana ratio determined by NMR spectroscopy) 
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after spinning bend distillation, was used in this experiment. 

2-methoxybuta-lj2-diene: Methyl vinyl ketone (1_4) (scheme 7.5) 

was treated with methanol to yield 1,3,3-trimethoxybutane 
21 

(15) as reported by Dolby and Marshall . Pyrolysis of Γ5 

in the presence of sodium hydrogen sulphate yielded 2-methoxy-

buta-l ,3-diene (^e). 

7 5 

Η'/ΟΗ,ΟΗ „ NaHSO/ or 
CH,-CO-CH = CH2 3 — CH,-C(OCHJ,-CH,-CH2OCH. • £—• 

3 l HC(OCH.), 3 3 2 2 / 3 p.TosOH/ 
14 J J 15 qumoline 

сн
2
=сосн

3
-сн=сн

2 

le 

1-methoxypenta-l, 3-diene: 1,l-Dimethoxypentene-2 (IB) 

(scheme 7.6) reacted with potassium amide in liquid ammonia 

to the desired 1-methoxypentadiene (¿f). Dehydrobromination 

of a-bromovaleraldehyde dimethyl acetal (_17) , which was 

7 6 

СНз-СН
2
-СН

2
-СН

2
-СН = 0 ^ ^ СНз-СН

2
-СН

2
-СНВг-СН(ОСНз)

2 

16 HC(OCH
3
)

3
 17 

KOfBu KNH2/liqNH3 

• сн
3
-сн

2
-сн=сн-сн(осн

3
)

2
 • 

1 

сн
3
сн=сн-сн=сносн

3 

prepared from valeraldehyde lb_ in the one-pot-synthesis, 

which has been described previously for the isomeric 

acetal 1_2 (scheme 7.3), with potassium tert .butoxide 

followed by 1,4-methanol elimination by potassium amide 

resulted in a mixture of trans-ais and trans-trans isomers 

(1:4) of 1-methoxypentadiene (If). Successive spinning 
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bend distillations were not sufficient to separate both 

isomers. Except for the low-temperature experiment with 

tetracyano ethylene (chapter 2 ) , a twofold excess of this 

mixture of isomers has been used in the reactions with 

3-cyanostyrenes (chapter 3) and 1,1-dicyanobutadienes 

(chapter 5). It was found that only the trans-trans isomer 

was converted into [4+2J-cycloadducts. 

l-ethoxy-Z-trimethylsilyloxybuta-l, 3-di.ene: 3-Ethoxy-
cyclobutanone 2_1 (scheme 7.7) was prepared by ZnCl2-catalyz 

[2+2 ]-cycloaddition of ketene (]̂ 9) with ethyl vinyl ether 

(20). Silylation of this product with trimethylsilyl 

chloride/triethyl amine and cycloreversion of the thus 

obtained l-trimethylsilyloxy-3-ethoxycyclobutene (22) 

yielded diene l£ (chapter 3) upon distillation.This proced 

for the preparation of diene 1¿ was developed recently in 
,.25 our department 

7 7 

CH2=C=0 

19 

сч2=снос2н5 

20 

ZnCU I , 0 

3#" 
с2н5о Η 

21 

СІ5,(с> э 
NCC2H5)3 

C 2 H 5 0 

«^ з 

22 

CH 2 =COSI(CH 3 ) 3 -CH=CHOC 2 H 5 

1g (Chapter 3) 

1,l-dimethoxy-Z-trimethylsilyloxybuta-l,Z-diene: This 

extremely reactive 1,1-dimethoxybutadiene was prepared 
14 

according to the procedure described by Brassard (scheme 

7. ). 
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7 8 

с н 2 = с а 2 . с н з - с о - а ϋ Ξ ί а ^ н - с о - с н з ^ Х 

23 24 25 

(CH,)-SiCI 
(НзСО)2С=СН-СО-СНз ¿J » (НзСО)2С=СН-С05і(СНз)э=СН2 

26 lç (Chapters) 

Acetyl chloride (24̂ ) reacted with 1,1-dichloroethene (23) 

to yield l,l-dichlorobutenone-3 (2j5) . Substitution of the 

chlorine atoms with sodium methoxide to 1,1-dimethoxy-

butenone-3 (26) and subsequent silylation with trimethyl-

silyl chloride/diethyl amine yielded diene le (chapter 6). 

7.2.2. Synthesis of l-diethylaminobuta-1, 2-diene 

The electron-rich 1-diethylaminobuta-l,3-diene (l£ in 

chapter 2) has" been synthesized according to the method 
34 reported by Hunig and Kahanek (scheme 7.9). 

79 

CH,-CH=CH-CH=0 ¿ * i . CH,-CHN(C,H,),-CH=CHN(C,HK), > 
3 K c o J i » *• t » <• 

2 27 

CH2=CH-CH=CHN(C2H5 )2 

Ig (Chapter 2) 

Two moles of diethylamine were added to crotonaldehyde (2) 

yielding 1,3-diaminobutene (2J7) which decomposed upon 

distillation resulting in diene _l£ (chapter 2) . 

7.2.3. Synthesis of ketene acetáis 

1,l-Dimethoxypropene {8a, chapter 5) has been prepared 

by the reaction sequence given in scheme 7.10. Acrolein 

has been converted into its dimethylacetal (2_9) by the stan

dard procedure with trimethyl orthoformate and para-toluene 
28 sulfonic acid in methanol . The acetal 29 has been iso-

merized by potassium amide in liquid ammonia to yield tri-
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methoxypropene 8a. 

710 

H*/CH,OH KNHj/liqNtb 
CH,=CH.CH=0 . І — CH, = CH-CH(OCH,)- f • 

2 НС(ОСНэ)з 2 3 2 
28 29 

снз-сн=с(оснэ)2 

а 

ietramethoxyethene (8b, chapter 5): has been prepared 

according to the procedure which has been developed in our 

department (scheme 7.11). 

711 

p-CI-CgĤ -OH . нс(осн
э
)з — - — • р-сі-с

6
н
4
-осн(осн

3
)
2
 •

NaH
» 

30 3i 

(СНзО)
2
С=С(ОСНз)

2 

8b 

7.3. SYNTHESIS OF THE ELECTRON-DEFICIENT OLEFINS 

Tetraayanoethylene (chapter 2) and a-ahloroaarylonitrile 

were commercially available samples. All other electron-
37 

poor ethenes have been prepared by condensation reactions 

7.3.1. Synthesis of substituted ξ,-ay ano sty rene s and 1,1-

dicyanobuta-1,3-dienes 

All substituted 1-cyanoethenes were synthesized by 

Knoevenagel condensations of a suitable aldehyde or ketone 

(32, scheme 7.12) with the appropriate malonitrile deri

vative using piperidine or ammonium acetate as the catalyst 
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712 

ι 7 Base ι 2 
RXOR2 • XCH2CN • R RX=CX(CN) 

32 33 2 (Chapter 3 and i) 

R 1 = S - C 6 H 4 - . n - N a f t y l - . cyclo - CgH,, - , R2= H . X = CN 

R ^ CgHg- . R 2 = H . x= с о о с 2 н 5 

R
1
=C

E
H.- . R

2
=CH„X=CN 

o b J 

The same procedure has been applied to synthesize ring-

substituted ltl-diayano-4-arylbuta-li3-diene3 (2a, chapter 

5) : substituted cinnamaldehydes (34.) were treated with 

7 13 

S - C 6 H 4 - C H = C H - C H = 0 . C H 2 ( C N ) 2

 В а 5 г . S - C g H -CH=CH-CH=C(CN) 

ЭА 33 2a(Chapter 5) 

C 6 H 5 C ( C H 3 ) r C ( C N ) 2 * C 6 H 5 -CH=0 l u ì - C6H5CH=CH-C(CgH5)=C(CN)2 

35 2b (Chapter 5) 

malodinitrile using piperidine as the basic catalyst. 

1,l-Dicyano-2,4-diphenylbuta-l,3-diene (2b, chapter 5) has 

been synthesized from α-methyl-ß, 3-dicyanostyrene (3_5) as 
3 8 

described by Martelli et al. , via the condensation with 

benzaldehyde using piperidine as the catalyst. 

7.3.2. Synthesia of eleotron-poor aarbonyl aompounde 

Except butyl glyoxylate, all carbonyl compounds which 

have been used in chapter 6, were commercial products. 

Butyl glyoxalate (3j3) has been prepared as described by 

Kelly and coworkers. Dibutyl tartrate (22) synthesized from 
40 the acid 3_6 , was cleaved with para-periodic acid to the 

desired product (scheme 7.14). 

7 14 

HO-CH-COOH H^BUOH^ HO-CH-COOBU H5JOA ^ 2 B u 0 0 C _ C H = 0 

Н 0 - С Н - С 0 0 Н HO-CH-COOBu 

36 37 38 
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7.4. PhYSICAL PROPERTIES OF THE ELECTRON-RICH AND ELECTRON-

POOR BUTADIENES 

The H-NMR spectra and the IR spectra of alkoxybuta-
41 1,3-dienes have been studied extensively by Makin and 

42 Dorie and coworkers. To gain insight into the polarization 

of the electron systems of these asymmetrically substituted 

dienes we have analyzed the C-NMR spectra of these 

compounds. For the same reason vie also have studied the 

C-NMR spectra of substituted 1,1-dicyanobuta-l,3-dienes 

(chapter 5). Finally, we will present an estimation of the 

ionization potentials (IPD) of the electron-rich alkoxy-

butadienes. Therefore, we have determined the oxidation half-

wave potentials (E, ) for a series of alkoxybuta-1,3-dienes. 
|̂OX 

1 3 7.4.1. C-NMR speatra of the methoxybuta-1,S-dienea (la-lf) 

The carbon-13 chemical shifts for the series of 

methoxy-substituted buta-1,3-dienes are summarized in table 

7.1.As can be seen from this table, the (C-l)-(C-2) bond 

in the electron-rich dienes is highly polarized, the highest 

electron density being at the unsubstituted carbon atom(C-2 

for dienes la-Id and If-lg; C-l for diene _le) . 

Except for 2-methoxybutadiene, this polarization is 

transmitted to the (C-3)-(C-4) double bond; the chemical 

shifts show up a regular alteration of charge density 

through the 1,3-dienyl framework. 

The chemical shifts for the C-l and C-2 carbons of 

diethylaminobuta-1,3-diene (l£, chapter 2) are remarkably 

small in comparison to the shifts observed for 1-nethoxy-

buta-1,3-diene. This must be attributed to better de-

localisation of the positive charge at the C-l carbon to 

the N-atom of the diethylamino function. 
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Table 7.1: ^C-chemical shifts of substituted methoxybutadienes 

1,3-butadiene C^ C2 C3 C4 CH3 OCH3 -CH2-

la: 1,1-dimethoxy 160.6 80.4 131.1 107.0 - 54.7 

54.8 

lb: 1,1,4-trimethoxy 158.5 76.5 144.6 99.9 - 55.2 

55.6 

56.0 

l e : l -me thoxy -3 -me thy l - 148.8 108.2 139.5 111.3 18.8 56 .1 

Id: 1-methoxy- 151.5 111.1 133.1 106.1 - 56.0 

^e: 2-methoxy- 86.0 159.0 133.0 113.8 - 54.3 

I f : l -me thoxy-4-methy l -* 151.1 101.2 125.1 120.5 26.0 56 .1 
( t , t ) 
149.2 105.6 127.1 123.] 23.8 56.0 
(t,c) 

lg: l-diethylamino- 141.0 97.3 137.0 102.7 12.4 - 44.4 

*As a mixture of trans-trans and trans-cis isomers (4:1). 
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7.4.2. The C-NMR spectra of 1,l-diayano-4~aryIbuta-l,3-

dienes (2) 

The carbon-13 chemical shifts for a series of ring-

substituted 1,l-dicyano-4-phenylbuta-l,3-dienes are summa

rized in table 7.2. 

Important changes in chemical shifts have been found 

for the C-l' and С-З' carbon atoms of the diene moiety. The 

differences between the extreme values are about б ppm for 

both atoms; the values show linear correlations with σ -

substituent constants; (figure 7.1) Ρρ,ι = 3.31 (r = 0.999) 

and Р
с
_з, = 3.74 (r = 0.995) 

13 
С - »hil I · 

127 

?25 

123 

121 

e¿ 

82 

Θ0 

ТВ 

"6 

- 0 8 - 0 6 - 0 4 - 0 2 0 0 0 2 0 4 0 6 OB 10 σ* 

Figure 7.1: Linear correlations between σ -substituent 
constants and

 13
C-chemical shifts for C-l' 

and С-З* in 1,l-dicyano-4-phenylbuta-l,3-
dienes. 

The nearly identical chemical shifts for the 3-carbon in 

43 

0,3-dicyanostyrene (82.6 ppm) and the C-l' carbon in 

1/l-dicyano-4-phenylbutadiene (Θ2 . 4 ppm) suggests an equal 
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Table 7.2: C-chemical shifts of substituted 1,l-dicyano-4-arylbuta-l,3-dienes 

Ь 6 ί. i 

com
pound R 

2a S-C
6
H

4 

2b S-C
6
H

4 

2c S-C
6
H

4 

2d
 S

-
C

6

H
4 

2e S-C
6
H

4 

2 f S
-

C

6

H
4 

2ä(t)* CH3 

22(c) CH3 

2h R=R, 

C6 H5 

S 

p-OCH3 

P-CH3 

H 

p-Cl 

m-N02 

ρ-NO
 2 

-

-

-

2i 2-furyl -

C
l 

127.6 

132.3 

132.0 

137.3 

* * 

145.3 

18.9 

15.1 

131.7 
131.2 

-

C
2 

131.5 

129.5 

129.5 

130.8 

-

130.1 

-

-

* * * 

136.3 

C
3 

115.1 

130.3 

129.4 

129.6 

-

124.4 

-

-

-

119.8 

C
4 

163.4 

143.0 

128.0 

133.7 

-

153.9 

134.8 
133.6 

114.6 

C
5 

115.1 

130.3 

129.4 

129.6 

-

124.4 

-

-

_ 

148.5 

C
6 

131, 

129. 

129. 

130. 

-

130. 

-

-

_ 

-

.5 

.5 

,5 

.8 

.1 

c
4
. 

151.3 

151.3 

151.1 

149.3 

147.8 

147.6 

152.4 

149.1 

149.0 

152.2 

C
3 ' 

120.5 

121.9 

122.9 

123.5 

125.6 

126.4 

127.4 

124.6 

124.7 

119.8 

c
2
, 

161.6 

161.5 

161.4 

161.1 

160.7 

160.5 

161.8 

156.0 

171.1 

161.1 

c
i· 

79.9 

81.5 

82.4 

82.8 

84.6 

85.2 

81.6 

81.7 

82.7 

81.9 

* : trane-isomer contains 7% c-£s-isomer. 

'** : unassigned signals for compound 2e (R = S-C,!!., S = m-NO-) at: 134.6 ;130.9;123.6 ppm. 

***: unassigned signals for compound 2h (R = R' = C,H
C
) at: 129.4;129.1;129.0 ppm. 

CN-values were generally observed at about 112 ppm. 



degree of polarization of the (C-l)-(C-2) bond in both 

compounds. The transmission of the substituent effect 

through the whole diene system, appearing from the corre

lation of the C-l'as well as С-З'chemical shifts with 

σ -values, point at the same time to a high degree of pla-

narity for the 4-phenylbutadienes (2a-f) and to an important 

contribution of resonance hybrids II-V. 

CN NC Q CN NC CN NC θ CN NC CN 

7.4.3. Polavographia oxidation of the eleotron-rioh dienes 
44 

Recently, Schafer et al. have reported the linear 

relation between the oxidation peak potentials (Ep) of 

substituted buta-1,3-dienes and their ionization potentials 

(IP). We have measured the oxidation halfwave potentials 

(Ei ) for the electron-rich dienes and used this relation 

to estimate their ionization potentials. The results are 

suTimarized in table 7.3. 

Table 7.3: Oxidation potentials and estimated IP-values 
for methoxybuta-1,3-dienes (la-f) 

Buta-1,3-diene E, (Volts) IP estimated (eV) 

la; 1,1-dimethoxy- 0.68 7.3 

lb: 1,1,4-trimethoxy- 0.36 6.9 

le: l-methoxy-3-methyl- 1.05 7.8 

Id: 1-methoxy- 1.14 7.9 

le: 2-methoxy- 1.54 8.4 

If: l-methoxy-4-methyl 1.02 7.7 

As can be seen from this table, the measured E, -values 

^ox 

clearly demonstrate the increase in electron-donating 
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power going from 2-methoxybutadiene le (E. „ = 1.54 Volt) 
' " "¡OX 

to 1,1,4-trimethoxybutadiene lb (Ε,
οχ
 = 0.36 Volt). 

IP-values have been estimated using the relation 

E^ = 0.83 IP - 5.40 reported by Schäfer et αΖ.
4 4
. Since Е^ 

Ρ 45
 ρ 

is closely related to Ε,
ο χ
 , rather good approximations of 

IP are obtained by this procedure. 

In chapter 4 we have pointed out that the reactivity 

of acyclic butadienes in Diels Alder reactions not only 

depends on stabilization by frontier orbital interactions. 

So, knowledge of ionization potentials only provides a 

qualitative estimation of chemical reactivity and thus of 

the magnitudes of Hammett p-values for Diels Alder reactions 

in which conformational and steric factors are less im

portant. 
7.5. EXPERIMENTAL 

Physical data for the different products were obtained 

as described in chapter 2. 

Most starting compounds were prepared as described in 

the literature. 

l,l-d-¿methoxybutene-2 (3): b.p. 112-1140C (lit.46: 60-61OC/ 

100 mm). 

l,l,l-trimethoxybutene-2 (4): b.p. 81-820/72 mm (lit.2 : 

154-1550C). 

l,ltl-tvimethoxybutane(6)i b.p. 144-1450C (lit.47: 144-1450C) 

1,1,l-trimebhoxy-2-bromobutane (J) г b.p. 70-71 /12 mm; 

yield: 70%; NMR: δ = 3.8-4.1 (m, IH); 3.40 (s, 9H); 1.5-2.3 

(m, 2Н); 1.1 (t, ЗН) . 

Dehydrobromination· of α-bromoorthoester (e.g. 7) was found 

to be a general procedure to synthesize et,ß-unsaturated 

orthoesters {e.g. 4). 

An approriate a-bromoorthoester was added dropwise to 

a suspension of potassium tert.butoxide in dimethylsulfoxide 

at 10oC with stirring. After completion of the addition 
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stirring was continued for several hours at room tempera

ture. Then the reaction mixture was poured into an equal 

volume of water and extracted with ether. The extract was 

dried over potassium carbonate and distilled under reduced 

pressure. Yields were 70-80%. 

Trane-1, It l-tvùmethoxybutene-2 (j4) : b.p. 720/47 mm Hg. 

By the same procedure we prepared: trans-1,1,l-tvi-

methoxypentene-2: b.p. 84-860/47 mm Hg; NMR: δ = 1.08 

(t, 3H); 2.15 (m, 2H); 3.05 (s, 9H); 5.00 (d, IH, J = 16 cps); 

5.80 (sextet, IHj^and 1,1л1-ігівЬНохургорепе-2·. b.p. 

ISe-ieO^; NMR: б = 1.25 (t, 9H) ; 3.50 (q, бН) ; 5.50 (m, IH). 

2, 5-сІітеікоху-2, b-dihydrofuran (£) : b.p. 60-62
ο
/20 ram 

(lit.
31
: 96

o
/90 mm). 

ai3-l,lJ4)4-tetramethoxybutene-2 (10_) : b.p. 86-90
O
/13 mm 

(lit.
27
: 86-90

o
/15 mm). 

1, l-dï-methoxy-2-bromo-3-methylbutane (^2): Prepared 
32 according to the method described in Houben Weyl . Nearly 

quantitative yields were obtained when 1 equivalent tri-

methylorthoformate was added as the dehydrating agent; 

b.p. 89-90o/18 m (lit.32: 88-890/13 mm); yield: 94%. 

By the same procedure we prepared: 1,l-dimethoxy-

2-bromopentane (1/7) : b.p. 82-830/l8 mm; yield: 97%; 

NMR: 6 = 0.80-2.10 (m, IH); 3.35'(s, бН) ; 3.75-4.10 

(m, IH); 4.30 (d, IH). 

l3l-dimethoxy-3-methylbutene-2 (І̂ З) :
 0
'

5 Mo
-
1
- ü f t h e 

appropriate α-bromoacetale (.12) was added dropwise to a 

suspension of 0,6 mol of potassium tert.butoxide in 400 ml 

tetrahydrofuran at room temperature with stirring. After 

completion of the addition, the mixture was refluxed for 

5 hrs. The cooled reaction mixture was filtered, evaporated 

in vaauo and distilled under reduced pressure; yield: 87%; 

b.p. 48-50
O
/25 mm; NMR: 6 = 1.75 (s, 6H); 3.30 (s, 6H); 

4.85-5.30 (AB, 2H) . 

By the same procedure we prepared: trans-1,1-db-

methoxypentene-2 (18): yield: 79%. b.p. 52-54
O
/30 mm; 

NMR: 6 = 1.10 (d, 3H); 1.80-2.40 (m, 2H); 3.25 (s, 6H); 
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4.60 (d, IH); 5 .00-6.00 (m, 2H). 

ItStS-trimethoxybutaneilS): Ь . р . 57-58°/ !8 nun ( l i t . 2 1 : 

5 7 - 5 8 0 / l 8 ¡um) . 

Z-ethoxyayolobutanone (21) : b . p . 56 -57 0 / 13 nun ( l i t . : 

55 0 /12 nun) . 

l,l-diahlovobutenone-3 (2_5) : b.p. 62-63o/20 mm (lit. : 

580/15 mm). 

Ijl-d-imethoxybutenone-S (26): b.p. 82-830/12 mm (lit. : 

82-840/12 mm). 
о 49 

1,1-с1гтеЫгохургорепе-2 (2£) : b . p . 89-91 ( l i t . : 

89-91° ) . 

dimethoxy-p-ahlorophenoxymethane (3_1) : b.p. 124 /15 mm 

(lit.
36
: 122

0
/13 mm). 

Jj1-dimethoxybuta-l, Z-diene (1Ά) : b.p. 70 /45 mm (lit. : 

70
ο
/45 mm). 

trana-lili4-trimethoxybuta-lJ3-diene (1b): b.p. 86 /15 :шп 

(lit.
27
: 86

0
/15 mm). 

trans-l-methoxy-S-methylbuta-l, 3—d'iene (le) : b .p . 117-118 

( l i t . 5 0 : 115-116° ) . 

trane-l-methoxybiita-1,3-diene (là) : b.p. 90-91 (lit. : 

90-91°). 

2-теЬІіохуЪиЪа-1,3-diene (le) : b.p. 74-75 (lit. : 75 ) . 

1-methoxypenta-l, Sedierte (li): obtained as a mixture of 

trans-trans and trans-aie isomers; b.p. 121-124° (lit. : 

112-117°/680 mm). 

l-diethylaminobuta-l,3-diene (l£, chapter 2): b.p. 68-69 

(lit.34: 64-66°/10 mm). 

trane-l-ethoxy-3-trims thyЪзгlyloxybuta-1} 3—diene (lg
y 

chapter 3): b.p. 79°/15 mm (lit.
25
: 79

0
/15 mm). 

1,1-dimethoxy-S-trimethytsilyloxybuta-1, 3-diene (1c, 

chapter 6): b.p. 100°/14 mm (lit.
14
: 84-87°/10 mm). 

1,1-dimethoxypropene (8a): b.p. 96-99° (lit. : 98-102°). 

1,1,2,2-tetramethoxyethene (8b): b.p. 49-50°/15 mm (lit. : 

48°/15 mm). 
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ljl-diayano-2-ayalohexylethene (2d, chapter 3): 0.1 Mol 

of malodinitrile, 0.1 mol of cyclohexylcarboxaldehyde 

(Aldrich Europe), 2.5 g of glacial acetic aicd and 0.8 g 

of ammonium acetate were mixed in 60 ml of benzene. The 

mixture was refluxed using a Dean-Stark apparatus until 

the calculated amount of water had separated. The resulting 

mixture was extracted two times with water and dried over 

sodium sulphate followed by distillation in vacuo, b.p. 

98
0
/2 mm Hg. NMR: δ = 0.70-3.10 (m, UH, cyclohexyl); 

6.05 (d, IH, -CH=); m/e: 160 (M). 

Anal, caled, for
 C

1 0

H

1
2

N
2

: C 7 4
·

9 7
'
 H 7

·
5 5

'
 N
 17-48. Found: 

С 74.8; H 7.4; Ν 17.0. 

All other Q-oyanostyrene derivatives have been prepared 

according to methods summarized in reference 37: melting 

points were identical with reported values. 

2, l-diayano-4-ary lbuta-1, 2-dienes (2a_, chapter 5 and 2a-i, 

chapter 7), were prepared according to the methods reported 

in reference 52: melting points were identical V7ith reported 

values. 

1, l-diayano-23 4-dipheny lbuta-1 j Z-diene (21э, chapter 5): 

m.p. 122
0
C (lit.

38
: 121

0
C). 

n-butylglyoxalate: b.p. 67-72° (lit.
39
: 68-74°). 

Measurement of oxidation halfwave potentials (E, ) 

The puis polarograms have been measured with a Prince

ton Applied Research Model 174 A Polarographic Analyzer 

and recorded on a (P.A.R.) Model 9002 A X-Y recorder. The 

oxidatiorehave been carried out using platinum electrodes 

as working and counter electrodes and saturated Calomel 

electrode as the reference electrode. Acetonitrile was 

used as the solvent and LiClO. (0.1 mol/1) as the electro-

lyte. The solutions contained approximately 10 mole/1 

of the appropriate methoxybuta-1,3-dienes. 
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S U M M A R Y 

This thesis deals with Diels Alder reactions of 

electron-rich mono-, di- and tnalkoxybuta-l ,3-dienes with 

electron-poor dienophiles, such as cyanoethenes and cyano-

buta-1,3-dienes, and with carbonyl compounds. To gain 

insight into the reaction mechanism of [4+2]-cycloadditions 

with these asymmetrically substituted olefins/ we not only 

studied the reaction kinetics but we also investigated 

the factors which determine the regio and stereo selectivity 

in these reactions. Finally, we studied the synthetic 

applicability of the heterocyclic products obtained from 

the reactions with carbonyl compounds. 

Since the discovery of thermal [4+2]-cycloadditions 

by Zincke and Günther, this type of reaction has grown into 

one of the most valuable tools in synthetic organic chemistry. 

This reaction has been applied m heterocyclic as well as 

carbocyclic chemistry and it offers the opportunity to intro

duce one or more asymmetric centres in a single synthetic 

step. 

The systematic research by Diels and Alder in the 

synthetic field of [4+2]-cycloadditions have revealed 

characteristic aspects which should become comprehensive 

in a detailed description of the reaction mechanism. 

S1 

• x: - # ; 
R 

The most important aspects are: 

•£. Stereoepeoifiaityi The stereochemical arrangement of 

substituents in the starting olefins is preserved in 

the adducts. 

± 
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Ciaoid oonfovmation'. Dienes frozen into the tranaoid 

conformation don't react in Diels Alder type reactions. 

The "Alder rule": Increase in reactivity is observed 

with the introduction of electron-donating substituants 

in the diene or electron-withdrawing substituants in 

the dienophile. 

The "Alder-endo rule": Diels Alder reactions which in 

principle might result in several stereoisomers, pro

ceed in general with the formation of the ais (endo) 

isomer as the major product. 

Regio-aeleativity. Diels Alder cycloadditions with 

asymmetrically substituted reaction partners yield 

mainly one regio isomer: "Ortho
ll
-adducts from 1-sub-

stituted and "para"-adducts from 2-substituted dienes. 

Although these rules were already known for a long time, 

the theoretical background for the reaction mechanism 

only started to emerge after the publication of the "Wood

ward Hoffmann rules" and Fukui's "Frontier Molecular Orbital 

theory". The latter theory and its application to [4+2]-cyclo

additions have been summarized in chapter 1. 

As indicated by the name "F.M.O. theory", the reactivity 

of dienes and dienophiles in [4+2]-cycloadditions is 

ascribed to the four center interaction of the frontier 

molecular orbitals, viz. the Highest Occupied Molecular 

Orbitals (HOMO's) and the Lowest Unoccupied Molecular 

Orbitals (LUMO's) of the reaction partners (Scheme S.2). 

S2 
Diane Dienophile Diene Dienophile Diene Dienophile 

t ~Л y— • г л / ~ t » ^ Л " I 
ΔΕ" ΔΕ Y i " ' -ΔΕ ΔΕ' ΔΕ Χ Δ Ε 

ι • Λ*-

LUMO 

HOMO 

Normal Δ Ε ^ Ε ' Neutral ΔΕ = ΔΕ' Inverse Δ Ε ^ Ε ' 
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For highly activated compounds the interaction of the 

pair of frontier orbitals which are nearest in energy, 

offers a good approximation of the total stabilization 

energy ΛΕ resulting from the interaction. Scheme S.2 re

presents this F.M.O. approximation for all types of Diels 

Alder reactions, via. reactions of electron-rich dienes 

with electron-poor dienophiles, reactions of olefins which 

have inverse electronic demands and cycloadditions between 

moderately activated (neutral) compounds. 

The frontier orbital energies for this pair of 

orbitals are expressed as the ionisation potential (IPQ) for 

the HOMO and the electron affinity (EAj for the LUMO and 
i 

the orbital overlap (related to 0
ΔΓ
.) during the interaction 

AU . 

is estimated from the magnitude of HOMO (C ) and LUMO 

coefficients (C^) at the sites i which participate in the 

interaction. This model presents a good understanding of 

the mechanism of Diels Alder reactions and of the·observed 

reactivity and regio and stereo selectivity. 

The interaction of the frontier orbitals in a normal 

[4+2]-cycloaddition and the stabilization energy ΔΕ, which 

is related to cycloaddition reactivity, are presented in 

scheme S.3. 

5.3. 

o A ü ^ [sc.cXJ2 

JK¿— ΔΕ=2—• г- (eq 13) 
'•4L. IP.-EA.- α 

- ^ 

As can be deduced from the expression for ΔΕ, changes in 

reactivity, which result from modifications in the sub

stitution pattern of the reaction partners, may be caused 

by changes in each of the variables Сд, C¿, IPn/ EA. and 

0AD· 

The regio selectivity in Diels Alder reactions is 

determined by preferential overlap of those particular 

p-orbitals which give rise to the highest stabilization 
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energy ΔΕ. In other words, the regio isomers formed by 

interactions between carbon atoms with the highest frontier 

orbital coefficients are obtained in excess. 

The preferred stereo isomer of this regio isomer will 

be that which is more stabilized by secondary orbital over

lap. However, additional stabilization by a sterioally more 

favourable approach of the diene and dienophile may also 

play an important role. 

Results obtained from preliminary research on the 

reactivity of some 1,1-dimethoxybuta-l,3-dienes have been 

presented in chapter 2. Instead of the formation of [2+2]-

adducts as observed for less reactive 1,1-diaryl or 1,1-

dialkyl substituted buta-1,3-dienes with tetracyanoethylene, 

only [4+2]-adducts were obtained. 

In accordance with the F.M.O. theory these electron-

rich methoxydienes reacted regiospecifically with the ketene 

analogue a-chlofoacrylonitrile resulting in "ortho" Diels 

Alder adducts. Subsequent hydrolysis of the 3-alkoxy-4-

chloro-4-cyanocyclohexene compounds under basic conditions 

resulted in the formation of substituted phenol compounds. 

Chapter 3 deals with the cycloadditions of substituted 

B-cyanostyrenes with a series of alkoxybuta-1,3-dienes. 

The observed regio selectivity demonstrates that these 

S 4 

„1 

,CN 

"Y 

1 

* : R 1 C N 

нОч/χ 

R H 

4 trans (exo) 

reactions are frontier orbital controlled; orbitals with 

the highest coefficients overlap, leading to "ortho" 

products with the cyano and methoxy groups at neighbouring 

carbon atoms. 

The endo (cis) stereo selectivity in these cyclo

additions cannot be ascribed to secondary F.M.O. inter-
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actions alone. This was evident from reactions with a 

dicyano-olefine whicn cannot give secondary overlap due to 

the absence of the aromatic residue, viz. 1-cyclohexyl-

2,2-dicyanoethene. The high endo-selectivity that again 

appeared for these cycloadditions, pointed out that also 

steric factors play an important role in the stereo selec

tivity. 

Our results suggest that secondary overlap at C-2 of 

the diene might be of more importance than at C-3, as a 

factor regulating the stereochemical course. At C-3 steric 

factors seem to be at least equally relevant. 

This conclusion lead us to a more detailed transition 

state geometry for Diels Alder reactions: When the reaction 

partners approach each other at a certain angle α (figure 

S.5) the largest substituent at the dienophile C-2' carbon 

will prefer the endo-position due to minor crowding. 

Í „χ plane of diene 

• H " " * \ plane of dienophile 
'4 

Figure S.5: Approach of the reactants in non-parallel planes. 

Quantitative differences in stereo selectivity (endo/ 

exo ratio) within the series of dienes have been ascribed 

to different "bond lengths" in the transition state at the 

site with the more advanced orbital interaction (C-4 for 

the dienes; C-2' for the olefins). These will be due to 

unequal orbital coefficients on the C-4 carbons of the dienes 

as well as differences in crowding. As a final result-from 

these experiments and of trapping experiments in methanol, 

we conclude that these reactions proceed via a concerted 

mechanism. 

Besides this detailed picture of the transition state 

we attempted to obtain more knowledge about the position 
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of the transition state along the reaction coordinate. To 

gain this information, we studied the kinetics of the cyclo

additions of ring substituted ß,$-dicyanostyrenes with five 

methoxybuta-l,3-dienes (chapter 4). Linear Hammett relations 

were found for the reactions of each particular diene with 

the series of dicyanostyrenes. From these relations between 

log k-values and σ -substituent constants we calculated 

p-values which appeared to decrease from p= 1.57 for 1,1,4-

trimethoxybuta-l,3-diene to p= 0.54 for 1-methoxybuta-

1,3-diene. The positive sign of the slope and the correla

tions of log к with σ - (not with σ
-
) substituent constants 

can be explained by the nucleophilic character of the 

butadienes and the large polarization of the dienophiles, 

The application of F.M.O. theory to the results offers 

a good rationale for the magnitude of the p-values. When 

the substituent effect is represented as a change in styrene 

LUMO energy, while the variation in reaction rate is corre

lated with the variation in stabilization energy ΔΕ, then 

ρ can be regarded as the parameter which describes the ratio 

between changes in the LUMO level and the total energy gap 

between the frontier orbitals (HOMO-diene, LUMO-styrene). 

For dienes that have high ionisation potentials IP (large 

HOMO-LUMO separation), the variation in LUMO energy hardly 

affects the reaction rate resulting in small p-values. 

Similarly, large p-values will be observed for small HOMO-

LUMO separations (dienes with low ionisation potentials). 

The observed non-linear relation between p-values and 

HOMO-LUMO separations for appropriate diene-styrene pairs 

as well as the variation in activation entropy (AS ), 

increasing from very electron-rich to less electron-rich 

dienes, point to a variable position of the transition 

state along the reaction coordinate. The very electron-rich 

1,1-dimethoxybuta-l,3-dienes reach the transition state 

rapidly so that it will resemble the starting olefins, as 

must be concluded from the observed relatively low activation 

entropy AS . The less electron-rich monomethoxybuta-1,3-
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dienes reach the transition state at a later stage so that 

this transition state will be more "product-like". Higher 

absolute values for Δ3^ are found for these more fixed 

transition states. 

This conclusion from our data is not in agreement with 

predictions from F.M.O. theory. A reasonable explanation is 

that with the highly substituted dimethoxybuta-l,3-dienes, 

as a consequence of conformational and steric factors, the 

transition state is reached before stabilization by orbital 

o/erlap becomes of large importance. 

Chapter 5 deals with cycloadditions of electron-rich 

and electron-poor dienes. Factors that determine which 

diene reacts as the 4Tt-component and which one as the 2тг-

component, have been studied. To do this,we carried out 

cycloadditions for a series of methoxybuta-1,3-dienes with 

1,l-dicyano-4-phenylbuta-l,3-dienes (scheme S.6). 

S 6 
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^ R 2 

Xй 

1 

NC CN 

ЗС Н 

H с 6 н 5 

2a 

Δ 

R 2 ^ 
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н О ч / CN 
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H V/ C N 

H W C N 

- A - ^ H 
H R * H ^ C 6 H 5 

Atrans(exo) 

The observed regio selectivity in these cycloadditions 

seemed to depend mainly on the preferred conformation of 

both dienes. The important role played by the diene-

conformation could be demonstrated by modifications in the 

diene substitution patterns, so that the preference for 

57 

C H 3 0 н с 6 н 5 CgHs H н Х с Н э 

lb 2Ь J exo ()Γ?π.?λ 
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5 β NC^-CN N C C N 

OCH3 Н 0 С Н з Л с н C H 3 ° H X 
u i NC CN Η З 1 ^ Η З ^ сбн5 

снЗСн + Х г " — e n c e n s * CHJÇ^H
HC6H5 

H H^^CgHg H H H H 

1c 2b 6 exo (Irans) 7 endo (cis) 

the aisoid conformation was enhanced. 

The high reactivity of alkoxybuta-1,3-dienes compared 

to less electron-rich dienes, offered the opportunity to 

carry out Diels Alder reactions with electron-poor carbonyl 

compounds under relatively mild reaction conditions (chapter 

6) . Dihydropyran derivatives which result from these 

reactions, are interesting synthons for the carbohydrate 

chemistry. 

S9 OCH) 

A<4 

? С Н з . с а д 0CH3 ° и 

R3 H P 2 «' Η 1 R2 Η 

Moreover, these products and the a- and γ-pyrone derivatives, 

which result from hydrolysis of the dihydropyrans, disclose 

interesting synthetic routes to other natural products that 

contain similar parent structures. 

Chapter 7 presents the synthesis of the reagents that 

have been used in the investigations described in this 

thesis. Halfwave oxidation potentials (E, ) have been 

measured for the methoxybuta-1,3-dienes in order to estimate 

their ionisation potentials (IP
D
)· The reactivity of the 

dienes can roughly be derived from these ionisation po

tentials . 

Finally, this chapter gives an analysis of the C-NMR 

spectra of the electron-rich methoxybuta-1,3-dienes and 

the electron-poor dicyanobuta-1,3-dienes. It is remarkable 
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that the substituent effect on the electron distribution 

of the 1,3-diene framework mainly results in the polariza

tion of the substituted double bond. It was observed 

that the C-chemical shifts of the C-l and C-3 carbon 

atoms in ring substituted 1,l-dicyano-4-buta-l,3-dienes 

are correlated with σ -substituent constants resulting 

in linear Hammett relations. 
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S A M E N V A T T I N G 

Dit proefschrift handelt over Diels Alder reakties 

van elektronenrijke mono-, di- en trialkoxybuta-1,3-diënen 

met elektronenarme diënofielen, zoals cyanoethenen en 

cyanobuta-l,3-diënen, en met carbonyl verbindingen. Bij 

het bestuderen van het reaktiemechanisme voor [4+2J -

cycloaddities met deze asymmetrisch gesubstitueerde olefinen 

is naast een kinetisch onderzoek ruime aandacht besteed aan 

de regio- en atereoselectiviteit in deze reakties. Boven

dien werden de produkten die werden verkregen uit addities 

met carbonyl verbindingen onderzocht op hun toepasbaarheid 

in verdere syntheses. 

Sedert de ontdekking van thermische [4+2]-cycloaddities 

door Zincke en Günther is dit reaktietype, voornamelijk 

door het systematische onderzoek van Diels en Aider, ont

wikkeld tot één der belangrijkste ringvormende reakties in 

de organische chemie. De brede toepasbaarheid, in zowel de 

heterocyclische als carbocyclische chemie, en de mogelijk

heid om in één stap meerdere asymmetrische centra te in

troduceren, maken de Diels Aider reaktie tot één van de 

meest gebruikte synthetische methoden (schema S.l). 

Si. 

χ: -^ # 
R· 

Het systematisch onderzoek van Diels en Aider naar de 

synthetische mogelijkheden van [4+2]-cycloaddities heeft 

geleid tot een aantal kenmerkende aspekten, die in de ge

detailleerde beschrijving van het reaktiemechanisme, in

zichtelijk dienen te worden gemaakt. De belangrijkste 

hiervan zijn: 

± 
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г. de atereospecificiteit van de reaktie; de konfiguratie 

van de uitgangsstoffen blijft behouden in de produkten. 

i i . de aiaoîde konformatie van het 1,3-diëen systeem; star

re tranaoîde dienen ondergaan geen Diels Alder reakties. 

i i i . de AIder-regel: elektronen-donerende substituenten 

in het diëen en elektronen-zuigende in het diënofiel 

versnellen de reaktie. 

•£i>. de Aider endo regel: in Diels Aider reakties waarin 

meerdere stereo-isomeren kunnen worden gevormd, ontstaat 

de ai.a {endo) -isomeer als hoofdprodukt. 

υ. regioaelectiviteiti Diels Aider reakties met asymmetri

sch gesubstitueerde dienen en diënofielen leveren hoofd

zakelijk één regio-isomeer; "ortho" produkten voor 

1-gesubstitueerde dienen en "para" produkten voor 

2-gesubstitueerde dienen. 

Hoewel deze regels al geruime tijd bekend waren, heeft het 

tot na de ontwikkeling van de Woodward-Hoffmann regels en 

Fukui's Frontier Molecular Orbital Theory geduurd voordat 

het mechanisme theoretisch inzichtelijk werd. Van deze 

laatste theorie, en haar toepassing op [4+2]-cycloaddities 

is in hoofdstuk 1 een samenvatting gegeven. 

Zoals de naam F.M.O. theorie aangeeft, wordt de reak-

tiviteit van dienen met diënofielen bepaald door de 

vier-oentrum interaktie van de grensorbitalen, namelijk 

de hoogst bezette orbitalen (HOMO's) en de laagst onbezette 

orbitalen (LUMO's) van de reaktanten (schema S.2). 

S 2 

Оігеп Dienolie! Оіегп Dimofiel Dieen Diënofiel 

LUMO 

HOMO 

Normale ΔΕ>ΔΕ' Neutrale ΔΕ=ΔΕ' Inverse ΔΕ<ΔΕ' 
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Voor sterk geaktiveerde verbindingen wordt de stabili

satie energie ten gevolge van deze interakties goed bena

derd door slechts de dichtst bij elkaar liggende orbitalen 

in de beschouwing op te nemen. Uit schema S.2,waarin deze 

F.O. benadering is weergegeven, blijkt dat deze theorie 

toepasbaar is op alle typen Diels Aider reakties, dat wil 

zeggen op reakties van elektronenrijke dienen met elektronen-

arme diënofielen; op reakties van reaktanten met omgekeerde 

elektronische eigenschappen en op cycloaddities van neutrale

zwak geaktiveerde-verbindingen. Door vervolgens de energieën 

van de beide grensorbitalen uit te drukken in de ionisatie 

potentiaal (IP) voor de HOMO en de elektronen affiniteit 

(EA) voor de LUMO, en de orbitaaloverlap (met β _ als maat) 

tijdens de interaktie af te schatten aan de grootte van de 

orbitaal koëfficiënten van de betrokken HOMO (C-) en LUMO 

(C.) op de plaatsen i waar de interaktie plaatsvindt, is 

het mogelijk om het mechanisme, de reaktiviteit en de 

regio- en stereoselektiviteit in Diels Aider reakties te 

begrijpen. 

De interaktie van de grensorbitalen en de stabilisatie 

energie ΔΕ, waarvan gebleken is dat zij gerelateerd is 

aan de reaktiviteit van Diels Aider reakties, zijn weerge

geven in schema S.3. 

S.3. 

JS4— ΔΕ=2—
!
 (eq 13) 

Uit de vergelijking voor ДЕ valt af te lezen, dat 

veranderingen in de reaktiviteit, veroorzaakt door modifi-

katie van het substitutiepatroon van de reaktie partners, 

het gevolg kunnen zijn van veranderingen in elk der varia

belen (Сд, C¿, IP, EA en Здр). 

De regfioselektiviteit in Diels Alder reakties wordt 

bepaald door die overlap van p-orbitalen welke de grootste 
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waarde voor ΔΕ oplevert. Met andere woorden, regio-isomeren 

gevormd door interakties tussen de C-atomen met de grootste 

orbitaal koëfficiënten worden in overmaat verkregen. Van 

deze regio-isomeer wordt bij voorkeur het stereo-isomeer 

gevormd, dat de meeste stabilisatie ondervindt door sekon-

daire overlap, maar hierbi] kan ook de al of niet sterisch 

gunstige nadering van de reaktanten een rol spelen. 

In hoofdstuk 2 zi^n de resultaten weergegeven, die 

werden verkregen in een oriënterend onderzoek naar de 

reaktiviteit van enkele 1,1-dimethoxybuta-l,3-diënen. In 

plaats van de vorming van [2+2]-cycloaddukten, zoals vaak 

is waargenomen voor minder reaktieve 1,1-diaryl- of 

1,1-dialkyl-gesubstitueerde dienen met tetracyanoetheen, 

worden met 1,1-dimethoxybuta-l,3-diënen slechts [4+2]-

cycloaddukten gevormd. Reakties van deze elektronenrijke 

dienen met het keteen-analogon α-chloroacrylonitril le

verden m overeenstemming met de bovengenoemde F.M.O. 

theorie regiospecifiek "ortho" Produkten. Omzetting van de 

aldus verkregen 3-alkoxy-4-chloro-cyanocyclohexeen deriva

ten onder basische omstandigheden resulteerde in de vorming 

van gesubstitueerde fenolen. 

Hoofdstuk 3 behandelt de reakties van gesubstitueerde 

0-cyanostyrenen met een reeks alkoxybuta-1,3-diënen. De 

waargenomen re^ioselektiviteit voor deze reaktie is weder

om in overeenstemming met de voorspellingen, gedaan op 

grond van de F.M.O. theorie, dat wil zeggen de orbitalen 

met de grootste koëfficiënten overlappen onder vorming van 

"ortho" produkten met de CN- en MeO-groepen aan naast 

elkaar gelegen koolstofatomen. 

R H 

A trans (гхр) 
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De endo(exo)-stereoselektiviteit voor deze reakties 

kan echter niet uitsluitend worden toegeschreven aan 

sekondaire F.M.O. interaktie. Dit blijkt in reakties van 

een dicyano-olefine, waarin geen aromatische rest voorkomt 

die aan sekondaire overlap kan bijdragen, namelijk 1-cyclo-

hexyl-2,2-dicyanoetheen. Uit de hoge endoselektiviteit die 

ook bij deze reaktie optreedt, werd gekonkludeerd dat ook 

sterische faktoren een bepalende role kunnen spelen in de 

stereoselektiviteit. Onze resultaten laten zien dat sekon

daire overlap, als bepalende faktor voor de stereochemie, 

belangrijker kan zijn op het diëen C-2 atoom dan op C-3 

Sterische faktoren lijken op C-3 zeker een gelijkwaardige 

rol te spelen. Deze konklusie bracht ons tot een nadere 

detaillering van de geometrie van de transition state voor 

Diels Aider reakties. Hierbij naderen de reaktiepartners 

elkaar onder een bepaalde hoek α (figuur S.5) waarbij de 

grootste substituent aan het diënofiel 0-2' koolstofatoom 

de sterisch gunstige endo-positie kiest (figuur S.5: nade

ring van de reaktanten in niet-parallel vlakken). 

^ Wak ν h dieen 

\ vlak ν h diënofiel 

De verandering in de endo/'exo verhouding in de reeks 

onderozchte dienen is toegeschreven aan het verschil in 

"bandlengte" in de transition state aan de kant waar de 

orbitaal interaktie op dat moment het verst is voortge

schreden (C-4 voor de dienen, C-21 voor de olefinen); dit wordt 

veroorzaakt door ongelijke orbitaal koëfficiënten op de C-4 

koolstofatomen van de dienen en door verschillen in crowding. 

Uit deze experimenten en uit afvangexperimenten in metha

nol mag in ieder geval worden gekonkludeerd, dat het mecha

nisme van deze cycloaddities een concerted karakter heeft. 
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Om naast dit vrij gedetailleerde beeld van de geome

trie van de overgangstoestand ook meer informatie te ver

krijgen over de positie van de overgangstoestand langs de 

reaktiekoördinaat, is de kinetiek bestudeerd aan reakties 

van ring-gesubstitueerde ß,3-dicyanostyrenen met een reeks 

van vijf methoxybuta-l/S-diënen (hoofdstuk 4). Voor de reak

ties van ieder in de reeks opgenomen diëen met een aantal 

dicyanostyrenen werden lineaire Hammett relaties gevonden. 

Uit deze realties tussen log k-waarden en σ -substituent-

konstanten, zijn p-waarden berekend die bleken af te nemen 

van ρ = 1.57 voor 1,1,4-trimethoxybuta-l,3-diëen tot 

ρ = 0.54 voor 1-methoxybuta-l,3-diëen. Het positieve teken 

van de helling (p) en de korrelaties van log к met σ -

(niet met σ~) substituentkonstanten zijn te verklaren met 

het nucleofiele karakter van de butadiënen en de sterke 

polarisatie van de diënofielen. 

De grootte van de afzonderlijke p-waarden is goed te 

begrijpen met dit F.M.O. beeld van de Hammett realties. 

Als namelijk de verandering in substituent effekt wordt weer

gegeven als de verandering in de elektronenaffinitiet (EA) 

van de styrenen terwijl de variatie in reaktiesnelheid ge-

korreleerd is aan een verandering in stabilisatie-energie 

ΔΕ, kan ρ worden beschouwd als de' parameter die de ver

houding weergeeft tussen de verschillen in LUMO-nivo's en 

het totale energieverschil tussen de grensorbitalen (HOMO-

diëen en LUMO-styreen). Voor dienen met een hoge ionisatie-

potentiaal (IP), dat wil zeggen een grote HOMO-LUMO af

stand, is de verandering in LUMO-energie nauwelijks merk

baar in de cycloadditie snelheid en wordt een kleine p-waarde 

gevonden. Op analoge wijze zal een grote p-waarde worden 

waargenomen als de HOMO-LUMO afstand klein is, dat wil zeg

gen voor dienen met een lage ionisatlepotentiaal. 

De waargenomen niet-lineaire relatie tussen de p-waar

den en de HOMO-LUMO afstand voor verschillende diëen-styreen 

paren en de toename in de aktiveringsentropy Δ3 gaande van 

elektronenrijke naar minder elektronenrijke dienen vormen 
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een aanwijzing voor een variabele positie van de transition 

state langs de reaktiekoördmaat. 

De zeer elektronenrijke 1,1-dimethoxybutadiënen be

reiken snel de overgangstoestand zodat deze nog het karak

ter draagt van de uitgangsstoffen. Dit moet worden gekonklu-

deerd uit de waargenomen relatief lage aktivenngsentropy 

дБ . Minder elektronenrijke butadiënen bereiken de over

gangstoestand later, waardoor deze meer op het produkt 

gaat lijken. De grotere absolute waarde voor AS* illustreert 

de hogere ordening in deze overgangstoestand. 

Deze konklusie uit onze gegevens is niet m over

eenstemming met voorspellingen gedaan op grond van de F.M.O. 

theorie. Een redelijke verklaring is dat de sterk gesub

stitueerde dimethoxybutadiënen ten gevolge van konformatie-

effekten en sterische faktoren, de overgangstoestand be

reiken alvorens de stabilisatie door orbitaal overlap een 

belangrijke rol'gaat spelen. 

Faktoren die in reakties van donor dienen met acceptor 

dienen bepalen welke als 4ir-komponent en welke als 2тт-кот-

ponent zal reageren, zijn onderzocht in hoofdstuk 5. Daartoe 

zijn reakties uitgevoerd met een aantal methoxybuta-1,3-

diënen en 1,1-dicyanobuta-l,3-diënen (schema S.6). 

56 

ώ · "X" - Ä. · Ж 
V н с6н5 / H A O , HR* A V . 
! 2a 3cis(«ndo) « Irans (exo) 

De waargenomen regioselektiviteit m deze cycloaddities 

blijkt in sterke mate afhankelijk te zijn van de voorkeurs-

konformatie van beide dienen. De grote rol die de dieen-

konformatie hierin speelt, kan worden aangetoond door in 

beide dienen substituent variaties aan te brengen die de 

оізоіае konformatie begunstigen (schema's S.6 en S.7). Daar

naast kan ook het verschil in stabilisatie energie ΔΕ voor 

de verschillende reaktiemogelijkheden van invloed zijn. 
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De grote reaktiviteit van alkoxybuta-l,3-diënen in 

vergelijking tot minder elektronenrijke dienen/ maakt het 

mogelijk om hiermee onder relatief milde omstandigheden 

Diels Aider reakties uit te voeren met elektronenarme 

carbonyl verbindingen (hoofdstuk 6). De dihydropyran 

OCH) 

OCH] 

"NAOCHJ 

CHjO OCHj 
OCHj 
ПН 

н •< 
"А 

derivaten die op deze manier worden verkregen (schema S.9) 

vormen interessante uitgangsstoffen voor de koolhydraat-

chemie. Bovendien openen deze verbindingen, en de α- en 

γ-pyron derivaten die door hydrolyse uit de dihydropyranen 

worden verkregen, interessante syntheseroutes naar een 
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reeks natuurstoffen die vergelijkbare struktuureenheden be

vatten. 

Tenslotte zijn in hoofdstuk 7 de syntheses weergegeven 

van de verschillende uitgangsstoffen die gebruikt zijn voor 

het onderzoek dat in dit proefschrift is beschreven. Met 

behulp van polarografisch bepaalde oxidatiepotentialen 

voor de methoxybuta-l,3-diënen kon een schatting worden ge

maakt van hun ionisatie potentialen (IP), waaruit een glo

bale indruk van de reaktiviteit van deze dienen kon worden 

verkregen. Verder is in dit hoofdstuk een analyse gegeven 
13 van de C-NMR spektra van zowel de elektronenrijke alkoxy-

buta-l,3-diënen als de elektronendeficiënte dicyanobuta-

1,3-diënen. Als opmerkelijk resultaat werd hierbij gevonden 

dat het effekt van een substituent op de elektronendistri

butie in het 1,3-dieen skelet voornamelijk resulteert in 

de polarisatie van die band, waaraan de substituent is ge

koppeld. Bovendien werden voor de C-chemical shifts van 

de C-l en C-3 koolstofatomen in ring-gesubstitueerde 4-aryl-

1,1-dicyanobutadiënen lineaire Hammett relaties gevonden met 

σ -substituent konstanten. 
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CURRICULUM VITAE 

De auteur van dit proefschrift werd geboren te Haaksbergen 

op 28 augustus 1950, waar ook de lagere school werd door

lopen. Daarna bezocht hij het R.K. Lyceum "De Grundel" 

te Hengelo (Ον.), waar hij in 196θ het diploma H.B.S.-b 

behaalde. In datzelfde jaar werd begonnen met de studie in 

de scheikunde aan de Katholieke Universiteit te Nijmegen. 

Het kandidaatsexamen scheikunde (SI) werd afgelegd in juli 

1971. Voor het doctoraalexamen, dat werd afgelegd in okto

ber 1974, werd organische chemie (Prof.Dr. R.J.F. Nivard) 

als hoofdvak gekozen en anorganische chemie (Prof.Dr.Ir. 

J.J. Steggerda) als bijvak, alsmede capita uit de chemie 

als uitbreiding van het hoofdvak. 

Op 1 november 1974 werd hij aangesteld als wetenschappelijk 

medewerker aan het laboratorium voor Organische Chemie van 

de Katholieke Universiteit te Nijmegen en werd onder leiding 

van Prof.Dr. R.J.F. Nivard en Dr. J.W. Scheeren het in dit 

proefschrift beschreven onderzoek verricht. 
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S T E L L I N G E N 

Niet alleen de karakterisering van ß-bromostyreen metabolie-
ten maar ook het artikel dat James en medewerkers hieraan 
het jn gewijd, verliezen aan waarde door de onjuiste en 
slordige interpretatie van de gemeten massagegevens. 

S.P. James, C.P. Dawes en J.R. Majer, 
Xenobiotica 8, 673 (1978). 

II 

Bij de beargumentering van de lagere elektronendichtheid 
op het centrale goudatoom in vergelijking tot de perifere 
atomen in Au«- en Au..-clusters, suggereren Manassero en 
medewerkers ten onrecnte dat Mössbauer metingen aan Au..-
clusters hun veronderstelling bevestigen. 

M. Manassero, L. Naldini en M. San
soni, J.C.S. Chem. Comm. 1979, 385. 

III 

De opzet van het chemisch tijdschrift Synthesis, om nieuwe 
niet eerder gepubliceerde synthetische methoden danwei ver
beteringen van bestaande methoden te publiceren, is vaak 
niet te herkennen in de opgenomen artikelen. 

J. Jurczak, M. Chmielewski en S. 
Filipek, Synthesis 1979, 41; 
G.Α. ülah, D. Meidar en A.P. Fung, 
Synthesis 1979, 270; 
D.R. Benedict, T.A. Bianchi en L.A. 
Cate, Synthesis 1979, 428. 

IV 

De omzetting van N-methylpyruvanilide in 1,3-dimethyl-3-
hydroxyoxindole is minder curieus dan Owen en medewerkers 
doen voorkomen. 

T.L. Owen, С. Sheppard en W. Lopatin, 
J. Org. Chem. 43, 4678 (1978). 

De molekuulgewichtsbepaling van het "Toad-kidney" (Na + К ) 
ATPase via SDS-polyacrylamidegelelektrofórese is onbetrouwbaar. 

К. Geering en B.C. Rossier, Biochim. 
Biophys. Acta 566, 157 (1979). 



VI 

De aanwezigheid van pyroglutamine als eindstandig aminozuur 
in de 66-80 en 66-104 peptide fragmenten van cytochrome-c 
zoals Ledden c.s. veronderstellen, is door hen onvoldoende 
bewezen. 

D.J. Ledden, P.T. Nix en P.К. Warme, 
Biochim. Biophys. Acta 578, 401 (1979) . 

VII 

De woorden "überraschende Ergebnisse" die Denicke gebruikt 
voor het beschrijven van de resultaten die zijn onverschrok
ken medewerkers hebben geboekt door substitutiereakties uit 
te voeren met het hoogexplosieve joodazide, kunnen op 
meerdere manieren worden geïnterpreteerd. 

K. Denicke, Angew. Chem. 9_1, 527 (1979) . 

VIII 

De benaming "krentebrood" die niet-Twentenaren vaak gebrui
ken voor Twentse krentenwegge doet een overeenkomst tussen 
beide vermoeden die zeker ten nadele van laatstgenoemde zal 
uitvallen. 

IX 

Met het oog op de te treffen energiebesparende maatregelen, 
dient de slogan: "Blij dat ik rij" vervangen te worden 
door: "Blij dat ik meerij". 






