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CHAPTER 1 

General introduction 

I.l. Sigmatropia rearrangements 

A sigmatropic reaction is a particular example of the 

general class of pericyclic reactions: cycloadditions, elec

trocyclic reactions and sigmatropic rearrangements. The defi

nition of a sigmatropic reaction has been stated by Woodward 

and Hoffmann 1
: "We define as a sigmatropic change of order 

,[i,jJ the migration of a a-bond, flanked by one or more 1T

electron systems, toa new position whose termini are i-1 

and j-1 atoms removed from the original bonded loci, in an 

uncatalysed intramolecular process". 

A simple example is illustrated by the [1,3] shift in 
the following picture: 

Another well-known example is the Claisen rearrangernent of 

the [3, 3] type: 

1 

~o,/ 
V3 ~2' 

3' 

Examples of other types of sigmatropic shifts like [1,s] , 

[1, 7] eta. , are numerous. These reactions are concerted and 

may occur either thermally or photochemically. 
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The course of a sigmatropic reaction, the order and 

city are by the Woodward-Hoffmann selection rules. 

The basic concept of these ·rules is the conservation of orbi- [: 

tal symmetry of the highest occupied molecular orbital (HOMO) 

or the lowest unoccupied molecular orbital (LUMO). Us this 

concept the different behaviour of reactions activated ther

mally or photochemically could be explained and predicted in 

an excellent way. 

Apart from hydrogen [1,jJ shifts, similar shifts have 
also been found for groups other than hydrogen. Examples of 

this kind are methyl 2
, seconda:ry and tertiary alkyl groups 3

, 

phenyl rings 4
, chlorine atoms 5

, cyanide groups 6 and ketones 7
• 

A special case is formed by shifts of tri-alkylateµ silyl, 

stannyl .and germyl groups. These are groups which under 

suitable conditions shift faster than hydrogen atoms 8 • 

In principle, there are two distinct ways fori a sigma

tropic shift to happen. These modes of reaction are referred 

to as suprafaaiat and an 

R 

H 

supratacial antara tacial 

In the suprafacial way the migrating group stays at one side 

of the n-system, in the antarafacial way it moves from one 
side to the other. 

Shifts that are suprafacially "allowed" are "forbidden" 

in the antarafacial way. These shifts become antarafacial 

allowed when the configuration of the migrating group is 

inverted. Whenever atoms other than hydrogen are concerned, 

p-type orbitals are involved in the bond hetween the migrating 

6 



group and the n-system left behind. As a consequence, the 

configuration of the migrating group might either be retained 

or reversed during the rearrangement. According to the Wood

ward-Hoffmann rules for the stereospecificity of sigmatropic 

rearrangements suprafacial thermal ~, 3J alkyl shifts are pre

dicted to occur with inversion of configuration of the mi 

grating group. This was demonstr.ated in 1967 by Berson in the 
following reaction 9 : 

;l/:;;:,-o 
~H 

300°C 

"'A'" D OAc 

Under the same rules a suprafacial thermal ~.~ alkyl shift 

should occur with retention of configuration as was demon

strated in 1970 by Boersma et al. 10
• 

Intramolecular therrnal or photochernical reactions follow

ing the rules outlined above, are not restricted to hydrocarbo~ 

systems. Apart from the migrating group also the polyene 

moiety may contain hetero-atoms. Benzyl, alkyl and substituted 

allyl groups may undergo shifts in pyrrole as well as in lar

ger porphyrins 11 • Also shifts have been observed in pyrazoles 

and imidazoles 12
• In sorne cases, however, these rearrangements 

are partially intermolecular. 
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I.2. Thermai sigmatropia G,5] H-shi 

In a first approach the HOMO of the carbon skeleton in 

the transition state of a suprafacial [1,sJ H-shift in cis-
1,3-pentadiene can be depicted as: 

2 

As far as acyclic dienes are concerned, the symmetry proper

ties of the HOMO are easily determined. Consequently, the 

various possible sigmatropic reactions can be predicted. In 

cases where [1,j] shifts may compete wi th [1,j +~ shifts, 
the latter prevail. Complications arise in systems with dege

nerate MO's. This occurs in cyclic polyenes. In practice, the 

selection rules developed for acyclic systems also seem to 

hold for these systems. 

The kinetic acti vat ion parameters of [1, aj H-shifts 

show large mutual differences, 6Hf varying between aa. 20 

and 40 kcal/mole. 6Sf has a negative value, indicating a loss 

of degrees of freedom in the transition state as compared 

with the ground state. In Table I.1. a number of thermal 

sigmatropic [1, sJ H-shifts wi th the corresponding acti vat ion 
enthalpies are compiled. There exists a correlation between 

the transition state energy and the observed activation 

enthalpy. This energy in turn depends on the geometry of the 

transition state. A high activation enthalpy must emerge from 
a -energy transition state. 

In principle, the energies of both the ground state and 

the transition state may be approached by semi-empirical 

SCF-MO calculations. 
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Table 1.1. Activation enthalpies of Q. ,sJ H-shifts 

LIH# ref. 
reaction 

kcal/rnole 

n () 36.5 18 
o2c o2CH 

H2C==~CH3-----i>0H3G~CH2 32.8 19 

H OH3 

6 - 20.4 20 

H D D 

o-QD - D~~ 24.3 21 
D D D D 

D D 

0 - ç 39 22 

D 

ó - ó 35.2 23 

0 - 0 28.6 24 

D D 

00 - 29.3 25 

D H D 

ó ó 31. 5 26 

0 - 27.3 27 
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I.3. The use semi-empirieal SCF-MO ealeulations 

Semi SCF methods have been used mostly to 

calculate structure and reactivity of ground state molecules. 

Geometrical optimization can be performed by minimizing the 
calculated total energy of the system. The difference between 

calculated and observed heats of formation of molecules might 

indicate the m~thod's usefulness. Seve~al zations 

have been used to irnprove the,description of the rnolecule's 

ground state properties. However, quantum chemistry is not 

fundamentally restricted to ground states. In fact its full 

potenti~l is reached only when also activated complexes can 

be taken into consideration. 

In the field of spectroscopy many efforts have been made 

to correlate experiment and theory. In the field of transi

tion-state theory the quantum-chemical development has only 
been started since a few years. In this area relatively very 

small energy differences are involved. 

Questions arising using quantum-chemical methods are: 

- Does the method conveniently account for relatively 

small changes in conformation and electron distribu

tion? 

Can the calculated activation enthalpies be correlated 

with experimental results to a reasonable extent? 

Extra information regarding density, molecular orbitals 
and geometry of the otherwise rather inaccessible transition 

state will be obtained. Calculations on large molecules and 

multimolecular systerns expand rather rapidly. Therefore, one 

should preferably consider intrarnolecular reactions in small 

systems serving as model compounds. Recently, modified INDO 

calculations (MINDO) for the iearrangernent 13 , the buta-

diene :z cyclobutene isomerization 14 and the hexatriene :;;:!:: 

cyclohexadiene 15 isomerization have been described. When the 

research described in this thesis was well under way, a simi

lar approach was published independently by Ustynyuk et al .• 

but with a different intention 16
• Furthermore, the suprafacial 

10 
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and antarafacial [1,sJ H-shift in cis-1,3-pentadiene have 

been described (MIND0/2/CI method) 17
• 

I.4. Intention and scope of the present investigation 

Some of the goals have already been outlined in the pre

vious paragraph. In the initial stages the attention was pri

marily focussed on the relation between calculated and experi

mental activation enthalpies. However, several aspects of 

sigmatropic reactions in general require a more detailed dis

cussion. Examples are: 
- The selective appearance of one particular pathway in cases 

where more than one possibility really exists. This can be 

illustrated by the case of S,5-dimethyl-1,3-cyclohexadiene 

in which there may exist a competition between two possible 

CHçshifts: a suprafacial [1, s] shift wi th retention of 

configuration, or a suprafacial [1, 3] shift wi th invers ion. 
- The appearance of "formally forbidden" sigmatropic rearrange

ments, like the suprafacial [l_, 3] alkyl shift wi th retention 
of configuration. 

Chapter II contains the results of semi-empirical MO 

calculations on cyclopentadiene, 1,3-cyclohexadiene and 1,3,S

cycloheptatriene in terms of transition state 

In Chapter III these results are discussed in relation 

to charge transfer, aromaticity and activation enthalpies. 

A general correlation has been derived between activation 

enthalpy and transition state geometry for thermal [1,sJ 
hydrogen shifts in cyclic conjugated dienes. 

The contents of Chapters II and III have been published. 

Chapter IV offers a new, more generalized theoretical 

approach of sigmatropic reactions, based on perturbation 

theory and substantiated by INDO calculations. It is this 

approach, which permits one to observe sigmatropic reactions 

in a much wider scope. The combination of theories leads to 

11 



a model, which enables one to predict and explain most of the 

important features of sigmatropic reactions. 

Finally, in Chapter V the synthesis of l,4-dideutero-
1,3-cyclohexadiene together with the thermolysis of this 
compound is described. 

The last section describes the SIMPLEX optimization 
procedure which had to be used quite a number of times during 
this study. 

12 
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CHAPTER II 

CND0/2 and INDO calculations 

II.l. Introduction 

The semi-empirical methods CNDO (Complete Neglect of 

Differential Overlap) and INDO (Intermediate Neglect of Dif

ferential Overlap) are derived from the full Roothaan LCAO 

SCF MO treatment by making the following approximations 1 •
2

: 

1. Only valence-shell electrons are involved in the calcula
tions, these being assumed to move in a fixed core composed 

of the nuclei and inner shell electrons. 

2. A minimum-basis set of Slater-type orbitals (STO) is used. 

3. All integrals involving differential overlap between AO's 

are neglected, except in the core matrix elements. This 

treatment is called the Zero Differential Overlap approxi

mation (ZDO). 

4. The two-center repulsion integrals are assumed to have a 

common value, i.e. that calculated for the corresponding 
s-s interaction. 

S. The two-center terms VAB in the core matrix elements are 

calculated by neglecting the penetration integrals of 

Goeppert-Mayer and Sklar. 

6. The one-center core matrix elements Uµµ are determined 
empirically from spectroscopie data for atoms. 

7. The one-electron resonance integral Bµp between AO's •µ 
·of atom A and $ of atom B is given by: 

p 
Bµp • (cA + cB)Sµp' where Sµp is the corresponding overlap 
integral and cA and cB are empirical constants characteris

tic of the atoms and chosen to make the results for simple 

molecules correspond as closely as possible to those given 

15 



by ab initio SCF calculations. 

8. In the INDO method also one-center exchange integrals are 

taken into account when calculating the repulsion between 

two electrons on the same atom. 

Using these approximations the SCF MO's, the electron densi

ties and the total energy of the system are calculated. 

with F Hµv + E P {<µvl ipo>-!<µpl Ivo>} 
P ,cr pa µ \) 

Elucidation 

- In the LCAO method the molecular orbitals are approached as 
a linear combination of atomie orbitals (minimum-basis set 
of STO orbitals). 

ipi = LC .</J 
µ µi \l 

The overlap integral between AO's </J and qi is defined as: 
\l v 

s = <</J 1 <li > µv µ v 

- The electron density elements are defined as: 

P l:n. c . c . 
µ\! i 1 µ1 Vl 

when ni is the occupation number of orbital ijii. 

The ZDO approximation is used in two-electron integrals 

Il µv 

- Using the ZDO approximation the two-center repulsion inte
grals <µv 11 pa> are simplified to: 

16 



<µv 11 per> = <µµ 11 pp>o o YAB µv pa 

with $ and $ on atom µ \) 
The yAB is the average 
atom A and an electron 
from s-orbitals. 

A and $ and $ on atom B. 
P er 

repulsion between an electron on 

on atom B, calculated explicitly 

The one-center repulsion integral is given by: 

The core-Hamil tonian H = -P 2 -l:V A is split up in one-center 
and two-center contributions. A 

One-center contributions: 

H u - 1: <µIV Iµ> - u - .:E v = u - L z y 
µµ µµ B(fA) B - µµ B(fA) AB µµ B(fA) B AB 

Uµµ can be approximated in two ways, using experimental 
data: 

with I is the ionization potential, A the electron affinity 

and ZA the effective nuclear charge. 

In the CNDO method the average of both approximations is 
taken: 

u µµ -!(Iµ + \
1
)-(ZA-DYAA 

u - l: <µIVB!v> = o 
µv B(fA) 

The first term U is zero because of symmetry. µv 
The second term is zero in the ZDO approximation. 

Two-center contributions: 

Hµp <µl-!v 2 -v -v IP> - l: <µIV IP> 
A B C(fA,B) C 

17 



The second term is neglected. The first term is the reso

nance integral Sµp and represents the energy lowering caused 

by the presence of an electron between the nuclei A and B. 

To start the SCP procedure an initial estimate of the F

matrix elements has to be made: 

p(O) -1 (I + A ) µµ 2 µ µ 

p(O) 
0 Cl-center term) µ \) 

p(O) = (cA + s 
µp µp 

After diagonalization of the F-matrix the MO's are ob

tained. With these MO's the electron densities P are cal
µv 

culated, which are used to form a new F-matrix. The process 

is stopped when the electronic energy converges to 10-6 a.u. 

PopuZation AnaZysis 

The Net Atomie Population (NAP) per atomie orbital is defined 

as 3
: 

NAP(µ) p s 
µµ µµ 

The NAP per atom A: 

NAP(A) = L NAP(µ) 
µ 

LP s 

since S µµ 

µ µµ µµ 

1 

A measure for the interaction between ~ (on atom A) and ~ 
µ p 

(on atom B) is represented by: 

p s µp µp 

The Total Overlap Population between atoms A and B is given 

by: 

18 
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It has been demonstrated that the TOP(A-B) is directly pro

portional to force constants and bond strengths 4 • In the 
latter respect it is very useful to obtain the interaction 

between atoms that are not formally bonded, as in the case of 

homoconjugation. 

II.2. A Peaction pathway 

cyalopentadiene 5 

the sigmatPopia [z, tJ H-shift in 

In the transi tion state of the [1.~ sigma tropie H-shift 
in cyclopentadiene we assumed a three-center bond between the 

migrating hydrogen atom and two carbon atoms. This presupposi

tion was justified by the results of Shchembelov and Ustynyuk 

who considered four- and six-center honds in addition to the 

three-center bond 6
• The ground state geometry was constructed 

using microwave spectroscopie data 7 • A number of bond lengths 
and angles were varied during calculation of the reaction 

pathway. For the ground state the values as calculated by 

Shchembelov and Ustynyuk for those parameters were used. 

F • II.1. The ground state of cyclopentadiene 

Assuming a suprafacial [1, s] shift of tt6 from c1 to c2 , 

the symmetrie transition state will be as depicted in Figure 
II. 2. 

The reaction coordinate Ris defined by the angle (SRPC1). 

SR in turn is defined as the interception of c1-c 2 and a plane 

perpendicular to the five-membered ring, containing the mi-

19 



grating hydrogen. Ris defined as 1/8, 1/4, 3/8 and 1/2, when 

(SRPC1) is given the values of 10, 20, 30 and 40°, respecti- 1·

1 vely. 

Hs 
Fig. II.2. The transition state of the cyclopentadiene 

system 

Energy minimization was carried out using the SIMPLEX 

method, with respect to eight geometrical parameters: 

- angle a 

- distance SR-H6 
- angles 8 and y (corresponding with out-of-plane movements 

of H
1 

and HZ) 
angles 6 and e (movements of H

1 
and HZ in the cyclopenta

diene plane) 

- distance cl-CZ (two parameters) 
Other parameters have not been optimized by CNDO/Z or INDO 

methods. were derived from the ground state dimensions 

by applying simple geometrie relations. See Table II.1. 

Table II.l 

R=O R=l/8 R=l/4 R=3/8 R=l/2 R=l 

C3-C4 (ft) 1.460 1. 450 1. 441 1. 411 l.40Z 1. 344 

C4-C5 cR) 1. 344 1. 366 1. 370 1. 383 1. 399 1.460 

C3C4C5 (o} 109.3 109.1 108.9 108.4 108.6 109.3 

20 
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In fact, variation these dimensions is bound to have some 

influence on the total energy. However, a very similar in

fluence is to be in the total energy of the ground 

state molecule, thus the energy difference is not affected. 

The resulting , geometries and electron densities 

on the migrat hydrogen atom are shown in Tables II.2 and 

II.3 and Figure II.4. 

Table II.2. CND0/2 results 

R=O R=l/8 R=l/4 R=3/8 R=l/2 

Cl-C2 (lX) 1. 4 70 1. 465 1. 460 1.460 1.4 70 

SR-H6 (lt) 1. 090 1.138 1.119 1. 075 1.050 

Cl (0) 53.0 63.3 71. 0 76.1 76.6 

s - 53.0 - 36.2 - 25.9 - 13 .4 - 6.3 

y o.o - 1. 9 - 2.2 - 3.2 - 6.9 

6 127.3 127.7 129.4 127.6 126.7 

E 124.4 122.7 123.S 123.3 125.5 

c1c2c3 (0) 108.3 109.8 109.6 108.4 107.6 

LIE (kcal/mole) o.o 6.0 10.0 10.4 10.0 
0.97 0.95 0.90 0.85 0.83 

Table II.3. INDO results 

R=O R=l/8 R=l/4 R=3/8 2 

c (lX) 1. 4 70 1. 4 70 1.463 1.468 1.471 

S -H R 6 (2') 1. 090 1.146 1.130 1. 079 1. 058 

a(o) 53.0 62.9 69.6 74.4 76.0 

6 - 53.0 - 36.8 - 26.6 - 13.8 - 8.8 

y o.o 1. 8 - 1.4 - 2. 7 - 5.8 

ó 127.3 127.6 128.6 126.4 125.9 

E 124.4 122.7 123.6 124.5 125.3 

c1c2c3 (0) 108.3 109.7 109.5 108.2 107.0 

LIE (kcal/mole) o.o 6. 7 12.9 16.5 17.2 

pH6 1. 00 0.98 0.93 0.88 0.86 
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The results of the CND0/2 and INDO calculations for the 

reaction pathway indicate that the electron density on the 

migrating hydrogen varies between 1.0 and 0.8. This is imme-

diately reminiscent of one of Woodward and Hoffmann' s early I' 
remarks: "In the [1,.i] sigmatropic migration of hydrogen with-

in an all-cis-polyene framework R1C1=CH-(CH=CH) HR2 , one 

may envisage the transition state as made up by the combination 

of the orbital of a hydrogen atom with those of a radical 

containing 2k+3n-electrons" 8
• Generally at each point of the 

reaction coordinate a charge transfer process takes place. 
The reaction pathway borne out by our calculations may be 

visualized as follows: Between R=O and R=l/2 the atom H
1 

shifts gradually towards the plane of the cyclopentadiene 

, while will stay in or close to that plane. This leads 

to a symmetrical state with both H
1 

and H2 close to (within 

0.1 i) the plane of the ring when R=l/2. The angle a gradually 

increases from 53 to 77°. In the CND0/2 approximation this 

situation is calculated to be an intermediate. This calculated 

intermediate is probably inherent to the CND0/2 method, it 

does not appear in the IKDO calculation. 

II.3. A reaotion for the sigmatropia [1,5] H-shift 

in 1, lohexadiene 9 

In principle, the way of calculation is very similar to 

that used for the cyclopentadiene system. However, a consider

able difference is the larger number of geometrie variables 

in the ground state as well as in the transition state of the 

cyclohexadiene system. In the process of optimization of the 

ground state a total number of 21 variables has been used. 

For the transition state the optimization was carried out with 

respect to 24 variables. For unsymmetrical structures on the 

reaction pathway, 35 variables were optimized. 

The presence of these large numbers of variables makes 

the SIMPLEX minimization method rather time consuming and 

cumbersome, because the energy convergence is reached after 

a number of calculations roughly proportional to the square of 
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the number of variables to be optimized. To prevent this 
rather inefficient optimization the variables were split up 

in sets of up to 6 variables each. After convergence in one 

set, the results were introduced in the second one. Subse

quently, the first set was adjusted, etc. This cycling was 

continued until total convergence had been achieved. Starting 

point for the ground-state molecule were the electron dif

fraction structural data 10
• 

A suprafacial [1, s] II-shift, in the 1, 3-cyclohexadiene 

system with a symmetrical transition state may be envisaged 

as depicted in Figure II.3. 

Hs• HJ HJ Hs' 

3 H2 H4 3 2 

,/ 4 

Hs ,5 
HG 

H1 Hs 

HG' HG• 

Fig. II. 3. G-.~ H-shift in 1,3-cyclohexadiene 

H1 

The INDO calculated geometry of the ground state is listed in 

Table II.4 (column A). This table contains also the geometry 

as calculated with the MIND0/2 method 11 (column B) and the 

molecular mechanics method 12 (column C). The experimental 

structural data obtained by applying the electron diffraction 

method 10 are compiled in column Dof Table II.4. 

T,he calculated transi tion-state geometry is gi ven in 

Table II.S and constructed in Figure II.S. 

The distance c1-c 5 in the transition state turns out to 

be of crucial importance concerning the total energy of the 

transition state. This particular distance is calculated to 

be 1.77 ~in the transition state, versus 2.40 ~in the ground 

state. The appearance of a homocyclopentadienyl conjugation 

seems justified for this reason and is substantiated by the 
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particular shape of the calculated transition state (Figure 
II.S) and by a population analysis (see section II.l). 

The energy profile of the reaction pathway is shown in 
Figure II.4. The reaction coordinate has been defined as 
follows: 
R=l/8: the XY-projection of c1-H5 , equals 1/8th of the actual 

XY-projection of c1-c5 . 
R=l/4: the XY-projection of c1-H5 , equals l/4th of the actual 

XY-projection of c1-c 5• 
R=3/8: the XY-projection of c1-H5 , equals 3/8th of the actual 

XY-projection of c1-c 5•· 
R=l/2: the XY-projection of c1 , equals l/Znd of the actual 

XY-projection of c1-c5 • 
(Symmetrie situation, mirror plane through H5,, c3 and c6). 

20 

10 

24 

cyc"lopentadiene 

El INDO 

0 CND0/2 

0 1/8 114 3/8 112 5/8 3/4 7/8 1 

------ R 

20 

10 

cyc"lohe:x:adiene 

0 1/8 114 3/8 112 5/8 314 718 1 

-R 
. II.4. The energy profiles of the cyclopentadiene and 

the cyclohexadiene systems 



Table II.4. Ground-state geometry of 1,3-cyclohexadiene 

(Numbers refer to the left hand part of 

Figure II. 3) 

(A) (B) (C) (D) 

Cl-C2 1. 34 ~ 1. 33 1. 35 1. 35 

c2-c3 1. 44 1. 4'5 1.46 1. 4 7 

Cl-C6 1. 4 7 1. 48 1. 51 1. 52 

C5-C6 1. 4 7 1. 51 1. 53 1. 54 

Cl-C4 2.72 2.79 2.82 2.85 

Cl-Hl 1.12 1. 20 - 1.10 

c2-H2 1.12 1. 20 - -
CçH5 1.13 1. 20 - 1.11 

c5-H5, 1.13 1. 20 - 1.11 

(C2ClC6) 122.8 0 122 121. 3 120.2 

(ClC2C3) 118. 0 120 120.5 120.3 

(C4C5C6) 110. 8 113 112. 3 110. 2 

(HlClC6) 117. 8 117 - 121. 8 

(HlClC2) 119. 4 121 - 118. 0 

(H2C2Cl) 122.2 122 - 118 .0 

(H2C2C3) 119. 8 118 - 121. 7 

(H5C5H5,) 102.8 100 - -
(H5C5C4) 112. 0 112. 3 - 110. 8 

(H5,C5C4) 107.4 112. 3 - 110. 8 

(H5C5C6) 113. 3 112. 3 - -
(H5,C5C6) 110. 2 112. 3 - -

(ClC2C3C4) 16.5 12 12 18.0 

(C6ClC2C3) 0.0 1 2 0 
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Table II.5. Transition-state geometry 1~3-cyclohexadiene 
(INDO) 

(Numbers refer to Figure II.5) 

c1-c2 1.43 R (C1CzC3) 111. zO 

1. 39 (CzC3C4) 114. 5 

CçC6 1.48 (CzClC6) 116 .8 

ei-es 1. 77 (C1C6C5 73.3 

C2-C4 2.33 (H1C1C2) 119. 8 

(H1C1C6) 114. 5 

-.Hl 1.13 (H2C2Cl) 123.7 

c2 1.12 (H2C2C3) 123.4 

1.12 cn3c 3c 2) 122.4 
1.13 (H6C6H6,) 108.7 
1.12 (H6C6Cl) 118. 2 

,-s 0.95 (H6,C6Cl) 117. 5 

(l 100.6° Hs• 
1 

s 65.5 
y 5.0 

Hs' 
Fig. II.S. The transition state of the cyclohexadiene 

system 



II.4· Ground state and transition state of the cyclohepta

triene system 

The ~.~ H-shift in 1,3,5-cycloheptatriene is illus
trated in Figure II.6. 

Fig. II.6. [1,s] H-shift in 1,3,5-cycloheptatriene 

A qualitative picture of the transition state is as follows: 

The calculated-ground state geometry is to be found in Table 

II.ó (column A), together with the calculated geometry as 

obtained by the molecular mechanics method 12 (column B) and 

the experimental structural data 13 (column C). 
In optimization of the ground state a disturbing fact 

arises: it leads toa norcaradiene system without the obser

vation of an energy harrier on the reaction coordinate. So 

the calculated total energy of norcaradiene is lower than the 

total energy of 1,3,5-cycloheptatriene. This is not in agree

ment with experimental facts concerning cycloheptatriene :z 

norcaradiene equilibria 1 ~ This must be due to the known fact 

that INDO calculations underestimate the effect of ring 
strain 15

• In order to avoid this unrealistic "optimization" 

of cycloheptatriene, we fixed the distance c1-c6 at the ex

perimental value of 2.51 ~ during the further optimization of 

the geometry. For this reason our calculated activation 
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enthalpy has to be considered as a reasonable approximation 

only. 
The calculated transition state geometry is shown in 

Table II.7 and constructed in Figure II.7. The distance c4-c 7 
in the transition state is calculated at 2.35 R, to 

an open pentadienyl system instead of a homocyclopentadienyl 
system. The strong tendency of the transition state towards 
pentadienyl conjugation is evident. The isolated 
double bond does· not show any tendency towards conjugation 
which, in itself, is in agreement with the Woodward,-Hoffmann 
rules for sigmatropic reactions. 
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Fig. II.7. The transition state of the cycloheptatriene 
system 

'\ 1 
), 
1 '\ 
1 

1H5 
1 
1 



Table II.6. Ground-state geometry of 1,3,5-cycloheptatriene 
(Numbers refer to the left hand part of 
Figure II • 6) 

(A) (B) (C) 

Cl-C2 1. 34 R 1. 35 j 1.36 ~ 

c2-c3 1. 44 1.46 1.45 

C3-C4 1. 34 1. 36 1. 36 

-c7 1.49 1. 50 1.51 

Cl-C6 2.51 2.50 2.51 

c2-c5 2.94 3.08 2.79 

Cl-Hl 1.12 - 1.10 

c2-H2 1.11 - 1.10 

C3-H3 1.12 - 1.10 

C7-H7 1.14 - 1.11 

C7-H7' 1.14 - 1.11 

(C7ClC2) 119. 8 0 122.2 0 121. 8 0 

(ClC2C3) 127.1 124.8 127.2 

(CzC3C4) 123.7 126.1 119. 8 

(ClC7C7) 115.4 112 .2 113. 2 

(H1c 1c 7) 118 .2 - >118.2 

(HlC2C2) 121.5 - 120 

(H2C2Cl) 119 .6 - 120 

(H2C2C3) 113. 2 - >112.8 

(H3C3C4) 120.2 - 120 

(H3C3Cz) 116 .o >120.2 

(H7,C7H7) 102.1 - 109 

(H7,C7Cl) 108.7 - 108.4 

(H7C7Cl) 110. 5 - 108.4 

Ci 32.5 28 40.5 

f3 46.8 49.5 36.5 
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Table II.7. Transition-state geornetry 1,3,5-cyclohepta

triene (INDO) 
(Nurnbers refer to Figure II.7) 

c1-c2 1. 38 R (Cl C2C3) 116. o0 

c3-c4 1.41 (C2C3C4) 121.0 

C4-C5 1. 46 (C3C4C5) 124.0 

CçC6 1. 34 (C4C5C6) 109.4 

c1-c3 2.33 (HlClC2) 118. 5 

c4-c7 2.31 (HlClC7) 120.0 

(H2C2Cl) 121. 9 

Cl-Hl 1.12 (H4C4C3) 111.6 

C2-H2 1.12 (H4C4C5) 111.9 

C4-H4 1.14 (H5C5C4) 122.2 

c5-H5 1.12 (H5C5C6) 128.4 

H7 ,-s 0.67 

106.0 0 
(J, 

s 50.3 

y 0. 2 

II.5. Methyl and trimethylsilyl shifts 

Therrnal sigrnatropic [1, 5] methyl shifts have been found 
in cyclopentadienes 16 and in l,3-cyclohexadiene 17 • The experi

mental àHf of the methyl shift in 5,5-dimethylcyclopentadiene 

is 41.5 kcal/mole 18
• Ustynyuk et al calculated with the 

MINDO/ 2 procedure for the àHf of the [1, 5] methyl shift in 

5-methylcyclopentadiene 19 28.3 kcal/mole. Additional INDO 

calculations show a charge transfer of about 0.15 charge 

units from the methyl group to the cyclopentadienyl ring. A 

similar behaviour was established for the related hydrogen 

shift. 

A very interesting point is that trimethylsilyl shifts 

which have been observed in 5-trimethylsilylcyclopentadiene 20 
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and in trimethylsilylindene 21 occur approximately 106 times 

faster than the corresponding hydrogen shifts. The calcula

tions show that there is no noticeable charge transfer from 

the trimethylsilyl group to the cyclopentadienyl ring. This 

exceptional result suggests that in this case d-orbital 
participation (compare with phosphorus), which is absent in 

methyl shifts, leads to an extra stabilization of the tran

sition state. During the carbon or silicon shift the coor

dination of the migrating atom changes from four to five 

which is completely fulfilled halfway the reaction coordinate. 

This coordination resembles the nuclear configuration sug-
+ + gested for CH 5 (protonated methane 22 )and (CH 3) 3CH2 (pro-

tonated isobutane 23 ). These calculations predict that the 

Cs-symmetry is favoured over n3h and c4v structures. It 

seems reasonable to assume that the possibility for exten
sion of the orbital set of silicon by d-orbital participation 

may be operative in this five-coordinated state and thus 

lowers 6HI. Ustynyuk et al calculated the silyl shift in 

cyclopentadienylsilane using CND0/2 and MIND0/2 methods 24
• 

The calculated 6HI equals 6 kcal/mole, whereas the experi

mental value is 12 kcal/mole. So the calculations predict 

the sequence of the rates for silyl, methyl and hydrogen: 

silyl > hydrogen > methyl 

A rather surprising result was obtained for 7-trimethyl

silyl-1,3,5-cycloheptatriene. Here the trimethylsilyl shift 

is much slower than the hydrogen shift 25
• It looks as though 

the geometry of the five-coordinated silicon (and carbon) 

in the transition state, imposed by the remaining cyclo
heptatrienyl ring, is less favourable in comparison with the 

corresponding configuration in 5-trimethylsilylcyclopenta

diene and in trimethylsilylindene. In order to obtain a 

qualitative insight in this different behaviour, a simple 

model is chosen. It is supposed that in the transition state 

the migrating five-coordinated atom is a nascent positively 

charged atom and therefore corresponds with e.g. the C
5 
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structure of protonated methane or isobutane: 

0 22 
6 = 58 

1.17 R 
i.10 R 

0 23 
56 

i.17 R 
i.10 R 

2 3 
6 = 58° 

L 17 R 
1.54 R 

The corresponding e's calculated for cyclopentadiene, 5-

methylcyclopentadiene and 5-trimethylsilylcyclopentadiene are 

given below: 

shift c1 (X)c5 
(} ref. 

c1 (H)C 5 69° this study 

c1 (CH3)c5 so 0 Ustynyuk 19 

c1 (SiMe 3)C 5 43° this study 

The value of e for c1 (SiMe 3)c 5 is derived from preliminary 
CND0/2 calculations. There is a good correspondence between 

the values of e obtained from protonated alkanes and the 

[}..,sJ methyl shift in cyclopentadiene. The absence of calcu-
lations on SiH5+, C(CH

3
) 5+ and Si(CH

3
) 5+ does not allow to 

offer a genera! picture. On the other hand, the qualitative 

model is realistic enough to make a guess at the absence of 
the trimethylsilyl shift (and methyl shift) in 7-trimethyl

silyl- l, 3, S-cycloheptatriene. Therefore, also the results for 
the values of e with respect to the hydrogen shift in cyclo

hexadiene and cycloheptatriene are given in the next Table. 
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compound (} 

cyclopentadiene 69° 

cyclohexadiene 91° 

cycloheptatriene 120° 

From this table it seems justified to say that the high value 

of e in cycloheptatriene does not permit a genuine five

coordination for silicon in 7-trirnethyls 1,3,5-cyclo

heptatriene. 
It is tempting to include in this chapter a general ap

proach for atom (group) transfer in sigmatropic shifts based 

on the coordination of the migrating atom (group), but the 

lack of sufficient experimental results and calculations on 

hypothetical models brings in too many risks. 
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CHAPTER 111 

Transition states in relation to charge transfer, 

activation enthalpy and aromaticity 

III.l. IntPoduction 

In this chapter some aspects of the calculated transi

tion states are discussed. Aromaticity has often been used to 

explain why some reactions are favoured whereas other re

arrangements are less probable or even impossible. The energy 
of the transition state, in which aromaticity may play an 

important role, is directly related to the activation enthal

py of the reaction. The relation between aromaticity and 

charge transfer is obvious. Discussions about aromaticity, 

homoaromaticity, antiaromaticity etc. are numerous 1
• However, 

the concept of aromaticity has always been rather vague and, 

to the outsider, might have made the impression of "black 

magie". This is especially true whenever transition states 

are concerned. 

On the other hand, MO-calculations offer a unique possi
bili ty to study the electron distribution in the system. 

III.2. ChaPge tPansfeP: dative and no-bond stPuctuPes 

The results of CND0/2 and INDO calculations for the 

reaction pathways indicate that the electron density on the 

migrating hydrogen varies between 1.0 and 0.8. Generally, at 

each point of the reaction coordinate a charge transfer pro

cess takes place, which can be described as a hybrid of two 

configurations: a "dative" and a "no-bond" configuration. The 
transition states for the cyclopentadiene and cyclohexadiene 
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systems from this point of view are shown in the next figure: 

> 

The electron affinity of a cyclopentadienyl system is 
larger than that of a homocyclopentadienyl system which, in 

turn, is higher than that of an open pentadienyl system. This 

explains the decreased contribution of the dative structure 

in the transition state of the cyclohexadiene system as com

pared with cyclopentadiene. In the transition state of the 

cycloheptatriene system an almost completely open pentadienyl 

system is involved. The resulting lower electron affinity is 

reflected in the fact that the migrating hydrogen carries a 

0.99 electron density. In this case the dative structure is 
in fact negligible. 

In the case of a shifting alkyl group a higher degree of 

charge transfer may be expected. The charge transfer will de

pend on whether the shifting carbon atom is a primary, 

secondary, tertiary or quaternary bonded carbon atom. The 
charge transfer will increase in this order, because of the 

increasing stability of the appropriate cations. This feature 

supports the idea of aromaticity in the transition state. 

37 



III.3. Aetivation enthaZpies 

In Chapter I a number of experimental activation enthal
pies were presented (see Table I.1.). The relative values of 

these activation enthalpies must be reflected in the energy 

contents of the transition states with respect to the appro

priate ground states. Experimental and calculated activation 
enthalpies are presented for a number of systerns in Table 

II I. l. 

Table III .1. Activation enthalpies of [1,sJ H-shifts 

LlHf 
exp. 

LlH;F 
calc. 

Cyclopentadiene 24 2 17 
1,3-Cyclohexadiene 39 31 

1,3-Cycloheptadiene 29 3 

1,3-Cyclooctadiene 29 4 

1,3,5-Cycloheptatriene 32 5 37 

1,3,6-Cyclooctatriene 27 6 

The reported experimental value for cyclohexadiene was obtain
ed starting frorn 1,3-1D,4D-cyclohexadiene, using NMR-monitor

ing of the reaction mixtures. More experimental details and 

results are given in Chapter V. 

The stability of the cyclopentadienyl radical and cyclo

pentadienyl anion is reflected in the relatively low activa
tion enthalpy for the [1, s] H-shift in cyclopentadiene. The 

calculations for cyclohexadiene show that the contribution 

of a homocyclopentadienyl radical as well as the corresponding 

anion, is df great importance. In the transition state the 
distance c1-c5 largely determines the energy; the c1c6c 
angle is reduced to 75°, the c1-c 5 distance being 1.77 ~. 

Although in this study no rigorous calculations on 1,3-

38 

1! 
11 

!\ 



cycloheptadiene and 1,3-cyclooctadiene were performed, it is 

obvious that a homocyclopentadienyl contribution, similar to 

that in 1,3-cyclohexadiene, may be reached with considerably 

less strain imposed on the aliphatic part of the molecule. 

For the transition state of the 1,3-cycloheptadiene system 

a c1-c 5 distance of aa. 1.9 Ris reached by changing the two 

aliphatic C-C-C angles from 109° to 95°. The experimental 

activation enthalpies for [1,sJ !-!-shifts in 1,3-cyclohepta

diene and 1,3-cyclooctadiene are'indeed lower than those for 

1,3-cyclohexadiene, see Table III.l. 

At this point it can be concluded that the picture out

lined above explains the relative activation parameters in

volved in ~.~ H-shifts in cyclic 1,3-dienes quite satis 
factorily and in a mutually consistent manner. 

The calculated activation enthalpy for the [1,s] H-shift 

in cycloheptatriene is 37 kcal/mole. This value is obtained 

by comparing the optimized transition state with the optimized 

ground state. For reasons mentioned in Chapter II, the calcu

lated activation enthalpy has to be considered as a reasonable 

approximation only. The discrepancy between the calculated 
and experimental activation enthalpies in this case is to be 

ascribed mainly to an overestimation of the c1-c6 overlap in 

the ground state (see also Section II.4.). 

In 1,3,6 -cyclooctatriene the experimentally observed 

activation enthalpy is lower than in cycloheptatriene, see 

Table III.l. In the former system, migration origin and ter

minus are separated by a propene fragment compared with an 

ethene moiety in the latter system: 
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Presumably, homocyclopentadienyl conjugation will be 

reached easier in the former system than in the latter 

structure. If such a homoconjugation is achieved, the resul

ting electron affinity will exceed that of the open penta

dienyl system in cycloheptatriene. In that case the result 

charge transfer from the moving hydrogen might be the origin 

of an extra stabilization by the interaction of the partially 

positive hydrogen with the isolated double bond in the system. 

This anchimeric assistance of the "lone" double bond may 
contribute to the relatively low activation enthalpy of the 

H-shift in 1,3,6-cyclooctatriene. 
The activation enthalpy of alkyl shifts is higher than 

for hydro gen shifts, in gener al. For example, the [1, sJ methyl 

shift in trimethylcyclopentadienes requires an activation 

enthalpi varying between 42 and 46 kcal/mole. This can be 

ascribed mainly to the possible overlap in the transition 

state between the migrating species and the migration origin 

and terminus. This quantity will be smaller for the bulky 

alkyl group as compared with a hydrogen atom. Moreover, the 

higher activation enthalpy will be caused by the reorientation 

required for the carbon sp 3-orbital, whereas the hydrogen atom 

has the more favourable spherical symmetry. 

Again, in the case of alkyl shifts the stability of the 

moieties after charge transfer is reflected in the activation 

enthalpy, which is smaller for the shift of a tertiary carbon 

atom than for a secondary one, which, in turn, is smaller 

than for a primary one. 

Supporting data have been obtained by studying shifts of 

methyl, ethyl, isopropyl and tert. butyl groups in pyrroles 7
• 

III.4. Aromaticity as a eriterion for an allowed reaction? 

In , pericyclic reactions are "allowed", whenever 

an "aromatic" transition state is involved, i.e. 4n+2 JT-elec
trons in the transition state. Concerning cycloaddition re

actions, it is easily recognized why the thermal reaction of 

1,3-butadiene with ethene is allowed, whereas the reaction of 

two ethene molecules is forbidden, at least via a 
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transition state. 

~CH2 CH2 CH2-.._ 

HC ?"" CH2 HC,.-;::'--, CH2 HC/ CH2 
I \ 

1 + Il - 1 ~ : 1 
----3'> Il 1 

He CH2 HG~-_,/ CH2 HC /CH2 
<:::::,CH2 "'-cH2 CH2 

+ )( ~ 

"Forbidden" reactions become "allowed" by the introduction of 
a negative overlap in the transition state. The resulting 

non-planar transition state for orthogonally approaching 

ethene molecules, including a negative overlap, is shown in 
the next figure: 
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In the case of electrocyclic ring-closure rearrangements 

a overlap can be introduced by a conrotatory motion 

of the terminal carbon pz-órbitals. For example: the ring 

closure of butadiene into cyclobutene proceeds thermally in 

a conrotatory way: 

----r-
D 

---r-
The ring closure of hexatriene to cyclohexadiene involves 

6 n-electrons in the planar transition state and proceeds in a 

disrotatory fashion, without the necessity of a negative 

overlap. 

> > 

As a matter of fact, thermally "forbidden" reactions of 

these types may proceed as well, albeit with a considerably 

higher activation enthalpy than the similar "allowed" re
action. 

The principle of "4n+2" Hückel aromaticity in the tran-
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~lLlon state becomes somewhat puzzling when applied to sigma

tropic shifts. In a manner, analogous to that of the other 

types of pericyclic reactions, the thermal [1,sJ II-shift in 

cyclopentadiene is shown in the following figure: 

H~H 
H~~H 

H 

However, this picture certainly is an oversimplification, 

cons the results of the C~D0/2 and INDO calculations. 

In fact, there are only 5 delocalized TI-electrons in the ring 

system. If one uses aromaticity as a criterion for predicting 

the course of the reaction, the question whether radicals 

2n+l conjugated carbon atoms and 2n+l TI-electrons 

are aromatic, should be solved first. 

Simple Pariser-Parr-Pople calculations indeed predict 

for the cyclopropenyl and cyclopentadienyl radi 

cals, 

tic 
from 

compared with the. open structure radicals. The aroma

of the cycloheptatrienyl radical has been concluded 

experimental determination of the resonance energy 8
• 

In the scope of this study, which includes both no-bond 

and dative structures, a suprafacial hydrogen shift is only 

thermally allowed when both structures are aromatic. 

However, the concept of aromaticity used for transition 

states is rather doubtful, because of several reasons. The 
classical meaning of arornaticity was based on the cyclic 

nature, the stability and the relative chemical inertness of 

the compound. Currently, aromaticity is defined in a more 

physical way, being a structural concept. Frequently, the 

measurable consequences of ring currents, such as diatropy in 

NMR spectroscopy, are used as a criterion: Also, bond lengths 

intermediate between regular single and double bonds, are 

taken as an indication. Finally, data from ESCA and PES 
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spectroscopy yield useful indications concerning resonance 

stabilization 10 • 

The "aromatic" radicals mentioned above in fact have only 

a substantially larger resonance energy than the open systems. 

This result is obtained by PPP-calculations. Valence Bond (VB1 

calculations with full configuration interaction on these 

systems result in exactly the same energy, regardless of 

whether or not a negative overlap is introduced. The conclu

sion from these calculations must be that these radicals are 

non-aromatic 11
• Ab initia MO calculations also indicate that 

the cyclopropenyl free radical will be non-aromatic 12
• 

A comparison of the ESR spectra of the di-t-butyl-(3,S

di-t-b~tylphenyl)cyclopropenyl and 3-t-butyl-1-(3,S-di-t

butylphenyl)-4 ,4-dimethyl-2-pentenyl radicals led to the con

clusion that the former system is anti-aromatic 13 • 

In conclusion, it should be remarked that the criteria 

for aromaticity emerging from the above mentioned calculations 

and experiments are not unambiguous. Therefore, the exclusive 

use of only one of these criteria is irrelevant. Besides that, 

in this study we are dealing with perturbed systems instead 

of free radicals, which again complicates the matter considera
bly. 

Nevertheless, all these radicals possess a substantial 

resonance energy which stabilizes these systems to the extent 

necessary for playing an important role in the theory of 

sigmatropic rearrangements. 
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CHAPTER IV 

A perturbation approach ,substantiated by INDO calculations 

IV.l. Introduction 

In the original article by Wood~ard and Hoffmann in 
1965, the symmetry properties of the HOMO or LUMO were con

sidered for acyclic polyenes 1
• The major part of the ex

perimental work reported in the last ten years, is in agree

ment with the predictions. Curiously enough, this applied 

also to a host of cyclic systems. Whereas the description 

of ic systems is relatively straightforward, cyclic 

systems have so far defied a truly general explanation. The 

major stepstone has been the fact that in these systems all 

but the lowest molecular orbitals are doubly degenerate in 

the transition state. In 1968 Anastassiou tried to work out 

the degeneracy problem in CnHn+l monocycles 2
• It was postu

lated that the presence of the migrating group will disturb 

the symmetry of the radical, thereby lifting the degeneracy. 

It was then concluded that the migrating group will combine 

with the "genuine" HOMO 

In our opinion, however, the real perturbation is formed 

by a hydrogen nucleus in the transition state in contrast 

with Anastassiou's approach in which the perturbation was 

applied to the reactant. This leads to an entirely different 

result (see also next section). 

There are no compelling reasons to confine the discussion 

to the HOMO, as already suggested by Berson 3 and, in a more 

elaborate way, by Nguyen Trong Anh 4 and Fukui 5
, who worked 

out the application of perturbation theory to peri re-
arrangements. The implications of this method have, so far, 
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not been discussed in detail for sigmatropic rearrangements. 

In general, the nomenclature and selection rules derived for 

acyclic systems, are used without modifications for cyclic 

polyenes as well. 

Here, evidence is presented that simple perturbation 

theory allows one to predict several aspects of (?.,j] re

arrangements in simple systems in a relatively simple fashion. 

The results are substantiated by INDO calculations. 

Before specific examples are discussed, it should be 

realized that a migrating hydrogen, involved in a suprafaeial 

shift, will have to interact with symmetrie molecular orbitals. 

On the other hand, in antarafaeial rearrangements the inter

action necessarily originates from combination with asymmetrie 

orbitals. These statements apply to both cyclic and acyclic 

systems. However, antarafacial shifts in small cyclic systems 

are only feasible when the hydrogen atom shifts along the 

edge of the ring, i.e. from one carbon atom to a neighbouring 

carbon atom, such as the antara [1,3] and [1,s] shifts in 

cyclopropene and cyclopentadiene, respectively. In the tran

sition state of these shifts the migrating hydrogen resides 

in the plane of the ring, a situation in which no interaction 

with the n-system will exist. The only remaining interaction 

is with the 0-framework. In larger rings Möbius-arrangements 

of the polyene fragment are possible, enabling formal antara

facial shifts to occur relatively easy. Möbius-type transition 

states presumably are also responsible for antarafacial re

arrangements in acyclic systems. 

For suprafacial rearrangements, the migrating group will 

interact with a linear combination of molecular orbitals which 

have a suitable symmetry. For edge-type rearrangements the 

position of the migrating group may be derived from a simple 

inspection of the Hückel-orbitals. However, in faae-type 

shifts (across the ring) the proper position can only be 

found by taking recourse to MO-calculations. Furthermore, it 

will be shown that even for shifts in acyclic polyenes mole

cular orbitals of a eyalie transition state have to be con-
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sidered. It will also be discussed why some Woodward-Hoffmann 
"forbidden" reactions occur. 

Finally, the limitations of the present approach will be 

outlined. 

IV.2. Perturbation treatment 

The parameters determining whether or not a particular I' 
H-shift will occur is the activation enthalpy. We will derive 
that the activation enthalpy is predominantly determined by 
the orbital symmetry at migration origin and terminus. We 
postulate that the following restrictions can be made when 
considering the transition state: 
a) The discussion is confined to the n-electrons plus the two 

electrons of the a-H-bond that is shifting. These electrons 
participate in the overall conjugation. 

b) The TI-MO's are approximated by the perturbed n-MO's of the 
initial system, the perturbation being the hydrogen nucleus. 

c) For the unperturbed n-MO's we take the Hückel-MO's. 

The perturbation treatment consists of two parts: the pertur
bation of the energy levels and the perturbation of the MO's. 
Rayleigh-Schrödinger perturbation theory gives for energy and 
wave functions: 

(1) 

[n> (2) 

The prime indicates the skipping of m=n. 
We take as zero-order the n-MO's of the intermediate state 
plus the ls-orbital of the hydrogen atom. The perturbation is 

constituted by the interaction between the n-MO's and the 

ls-orbital. This interaction will be appreciable if the 
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orbitals overlap. The first-order correction to the energy 

<n°1vlno> will be about the same for the different n-MO's (and 

in the same direction). because it arises through the electro 

statie effect of the presence of the hydrogen nucleus, without 
any mixing of orbitals. 
The second-order correction to the energy depends on both the 

interaction element <n°!vlm0> and the energy difference E0-E0 
n m 

of the interacting orbitals. The denominator is always posi-
tive with the effect that the energy will be lowered/raised 

depending on whether the perturbing level is higher/lower 
than the level being perturbed. 

The first-order correction to the wave function depends on 
both the interaction and the energy difference. In fact, the 
interaction element is: 

when t is the electron position vector 

~H is the position vector of the hydrogen nucleus. 

<Puls is the ls-orbital of hydrogen. 
<Pn is the n-MO of the system. 

<P1115 will be zero everywhere, except in the neighbourhood of 
the nucleus. So the pz-orbitals, where the contribution of 

the H1s-orbital is dominant, are the -orbitals of the C
atoms in migration origin and terminus (for the possible 

effect of the other p -orbitals, see next section). z 
V then becomes: mn 

with 

v mn 

co is the carbon at om from which H 

et is the carbon atom to which H is 

cn(Co) is the coefficient of p on z 
cn(Ct) is the coefficient of Pz on 

is 

-1 
1 

leaving. 

approaching. · 
atom c 

0 
in MO 

atom et in MO 

(4) 

n. 

n. 
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If a symmetrie transition state is assumed, it follows that 

1-rH--rc 1 = 1. Thus Vmn will be maximal when both cn(C
0

) 
0 

and cn(Ct) are maximal and of the same sign. 
Coefficients of equal magnitude but different s 

V to be zero. In the transition state the mn hydro gen 
will be most involved in the MO which is able to cause the 
greatest v mn • Qualitative examples will be 

Eo-Eo 
m n 

in the next 

section. 
Quantitative evidence is given by the INDO calculations. 

IV.3. Results 

In this section the implications of the use of pertur

bation theory to some specific examples are presented. 

1. The cyclopropene system 

The Hückel MO's are as depicted below: 

-0.82 

0.5 8 -0.71 0.71 6 
The suprafacial [1, 3] Il-shift from c1 to c3 is described 

by the function in which cjlls and the symmetrical MO's ljil and 
lji 3 are involved. 

Xsupra = a ~ls + b ljil + c lji3 

with cjlls is the ls hydrogen orbital. 
The perturbed energy levels are thus determined by two con
tributions: 

-----~:'-~==\ 
\ ' 

\ ' . -\*~;-~-- - - - -

50 ---++' 
I 

I 
I 

,1 

1 ,, 



Thus. the real situation will be as follows: 

-- ___ ..;--_-_-, 
\ \ 

\ \ 
\ ' >:.++=-::;/-- -----

/ 
1 

, I 

--- -- --tt-' 

Perturbation theory predicts the hydrogen to shift along 

the edge c1-c3 of the ring, because of the "wrong" coefficient 
on c2 in w3 • The relative energy differences predict the com
bination with ~ 3 to prevail. These predictions are in agree
ment with the INDO results. The calculated geometry of the 
transition state is given below. 

Cl-C2 1. 44 R 
cl 1. 38 

Cl-Hl 1.10 

cz-Hz 1.12 

S -Hi 1.16 

Hl' 
,1 

f 1 
I 1 

I 1 

/ 1 

/ 3 : 
-.ri-71---H3 

1 

c< = 122° 

s 47 
y 85 
0 151 

In the transition state a partial charge transfer occurs 
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from the system to the migrating hydrogen. The electron 

density on the migrating hydrogen: pH 1.18. This is in 

excellent agreement with the aromaticity rules: the transition 

state contains a 2 n-electron contribution. The transition 

state can be described as a hyhrid of two configurations, the 

former of which is aromatic; the latter, too, has an appre
ciable resonance energy: 

2. The ayaZopentadiene system 

The Hückel MO's are: 

0.,5 0.00 0.63 

0.,5 01 
5 0.45 

3 4 

-0.60 Qnso 0.20 0 
0.45 0.45 

<Pi 

-0.37 

-0.37 Q37 

<fi2 

- 0.63 

-0.51 -0.51 

4>3 

0.00 00,37 0.51 Qns1 
0.60 -0.60 

</J4 

- 0.20-0.20 

l/J5 

0.20 

Any suprafacial shift can be described by the function: 

Xsupra - a ~ls + b 1/Jl + c 1/J3 + d 1/Js 

The contrihution of iJ; 3 will be most important, because 

JE,,, -E~ 1 is relatively small. 
'+'3 'l'lS 
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In principle, two suprafacial shifts should be considered in 

this system: 

a) A [1,~ shift from c3 to c4 
b) A [1,fil shift from c2 to es 
The farmer shift will be of the , avoiding overlap 

with c2 and CS ("wrong coefficients"in iµ 3 and ij;S). The latter 
shift is of the face-type. Perturbation theory predicts the 
c3-c4 of the molecule to bend away in the transition 
state, to avoid overlap. This situation corresponds more or 

less to the transition state that has been calculated by 
Ustynyuk 6 • However, considering the magnitude of c3-c4 coef
ficients and the relatively small interaction with "wrong 

sign" carbon atoms, the edge-type rearrangement will be 

favoured. The calculated activation enthalpy for the edge
type shift indeed is smaller than for the face-type shift 
(difference: Sl kcal/mole). 

In cyclic polyenes with an even number of double bands 

(C 4n+lH4n+z) an interesting phenomenon occurs. Whereas the 
~ls-function of the migrating hydrogen combines with the 
highest occupied symmetrie molecular orbital (s-HOMO) of the 
cyclopolyene, the newly formed orbital in the transition 
state is no langer "the HOMO" in an absolute sense. The term 

POMO (!:_enultimate .Q_ccupied Qrbital) is more appro-

ate. It should be emphasized, however, that in transition 

states derived from cyclopolyenes with an odd number of 

double honds (C4n_ 1H4n)' the HOMO of the cyclopolyene fragment 
remains the absolute HOMO in the transition state. Por cyclo
pentadiene this is illustrated in the next figure: 

- ----;--- - -- - -- -
tt++ ,/' HOMO POMO 

+t-
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The coefficients of the POMO and HOMO were calculated by 

means of the INDO method and are shown in the following fi- 1 

gure: 1: 

-0.58 -OJIQ-031 
U3 2 0.32 

H 
0.36 

POMO 

0.00 

-0.570-057 

-0.4 2 H 0.42 

0.00 

HOMO 

The calculated geometry of the transition state is depicted 
in II.2 and compiled in Table II.3. The calculated 

transfer is from the migrating hydrogen to the ring 
system, which complies again with the aromat rules: 

a transition state containing a 6 w-electron contribution. 

H 

3. The cycloheptatriene system 

<W 
0 H 

A consequent and straightforward extension of the per
turbational treatment would involve the consideration of a 
planar c7H7 radical in the transition state. In this situ

ation the migrating hydro gen in a [1, sJ shift cannot suffi
ciently overlap with both the migration origin and terminus 
(distance: 3 .1 R). A suprafacial [}., 7] shift would not 

suffer from this difficulty as the optimum distance between 

the migrating hydrogen and the of the ring can always 
be obtained. The use of formula (4) in order to predict the 
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relative rates of different sigmatropic rearrangements shows 

that simple additions of the coefficients of the Hückel MO's 

are no longer adequate, because of the different distances 

entering via the lrH-rcl-l term. Starting from the well-known 

non-planarity of cycloheptatriene in the ground state, a more 

convenient way to approach the transition state would imply 

the use of open pentadienyl radical molecular orbitals. These 

orbitals are as follows: 

0.58 0.00 

050 no.so 0.50 (l·O.SO 

0.29 0.29. 0.50 -0.50 

-O.~ MO -~8 

noo (lo.oo-aso (1 aso nso (1 o.so 

0.58 0.58 uso -0.50 -0.29 -0.29 

1>1 <P2 l/>3 l/>4 o/5 
The interaction element between ~ls and w3 will be most im

portant. The most favourable shift will be the l},!fj shift 

from c1 to c 5 : 

Xsupra a ~ls + b ~l + c W3 + d ~5 

The comparable fully optimized transition state as calculated 

by means of INDO, yields the coefficients as depicted below 

for the highest molecular orbital containing the ~ls-function 

of the migrating hydrogen atom. 

-0.17 
-0.17 '"'-0,17 

0.24~0.24 
-0.40 -0.40 

The geometry of the non-planar transition state as calculated 

by the INDO method is given in Figure II.7 and Table II.7. 

The charge transfer in this system is calculated to be approxi

mately zero: 0.99 electron density on the migrating hydrogen, 

a result to be expected for an open pentadienyl system (see 

55 



Section III.2). In this case, however, the pentadienyl system 

is perturbed by an ethene moiety which results in the parti

cular MO as depicted. Further evidence for this situation is 

yielded by the TI-bond order between the atoms cl and C7 (or 

c 5 and c6), which is approximately zero. 

In the course of this study the transition state ener

gies of the suprafacial [1. ,s] and [Ï, 7] hydrogen shifts 
assuming a planar c 7H7-rnoiety were also calculated by INDO. 

As expected, the activation energy of the latter type of re

arrangement winds up at a lower value than the former. Both 

numbers are, however, prohibitively large compared with the 

value of the "normal" [}., ~ shift, assuming a non-planar 

c7H7-system. Important information from a theoretica! view
point is yielded by the charge transfer in the transition 

state of the ~, 7] shift: the migrating hydro gen is calcu

lated to carry 1.08 electrons. This result, together with 

that obtained from the cyclopropenyl system, lends additional 

support to the concept of aromaticity in the transition state. 

4. The propene system 

The Hückel MO's are: 

0.71 

~ 
0.00 
~ 

Q50 0.50 -0.71 0.71 

</J, efl2 

- (171 

~ 
0.50 0.50 

</13 

A suprafacial [1-, ~ shift can be described by the function: 

Xsupra = a ~ls + b ~l + c ~3 

In any case, the coefficients a and c will be small because 

of the relatively large energy differences between ~ls and 

~l and ~ 3 . The contribution of ~l will prevail because of 

the "right" coefficient on c2 which is very important in 

small systems. The activation enthalpy of the suprafacial 
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U,3] H-shift in propene (49 kcal/male) has been calculated 
by Bingham and Dewar, using the MINDO/CI method 7

• 

An antara ~, 3] H-shift can be described by the function: 

Xantara = a ~ls + b Wz 

However, it will be difficult to obtain the Möbius transition 

state in which the C-C-bonds must be twisted, if H-migration 

is considered. It can be reached easier in the case of alkyl 
migration with inversion in the migrating group. The excellent 

experimental data of Berson show both the alkyl shifts, with 

retention and inversion of configuration 3
• 

5. The 1,3-pentadiene system and the 1,3-cyclohexadiene 

system 

The Hückel MO' s have been 
"cycloheptatriene". Again, the (}., s] 
cribed with the function: 

already in the section 
H-shift should be des 

Somewhat to our surprise, INDO calculations on this system 
yield a picture which deviates in certain aspects from the 

above mentioned completely open pentadienyl fragment. The 
symmetries of the various MO's comply with a (homo)cyclo

pentadienyl rather than an open pentadienyl moiety. In addi

tion, the n-bond orders between cl and es are appreciable. 
The calculations further show that the migrating hydrogen is 

involved mainly in the POMO, the coefficient for the H ls
function being zero in the HOMO. The electron density on the 

migrating hydrogen is calculated to be 0 .81. 
-0..51 0.00 

-Q27 (j-Q27 -Q52 (1 0.52 

0.19 H 0.19 - 0.09 H 0.09 
0.45 0.00 

POMO HOMO 57 



There is no reason to assume that this phenomenon will 
be restricted to the 1,3-pentadienyl system. In fact, every 

open 1,3-dienyl system will probably follow this pattern. 

This conclusion is corroborated quite elegantly by the re

sults obtained for the 1,3-cyclohexadiene system. Even in 

this case the shift also proceeds via a homocyclopentadienyl 

transition state as depicted in Figure II.5 and Table 11.5. 

Electron density on the migrating hydrogen: 0.95. 

-0.39 

-Q34 Q-Q3< 
0.24 H 0.24 

0.39 

POMO 

aoo 
-0.53~ 0.53 

-0.07\ H lo.01 
0.00 

HOMO 

A similar procedure can be envisaged for larger cycloalka-

1, 3-dienes. Qualitative predictions regarding relative acti

vation energies are also possible (see Section 111.3). 

In open systems !} .:D antarafacial shifts are to be 

considered as well (vide supra). In 1,3-pentadiene this is 

described by the function: 

Xantara = a ~ls + b ~2 + c ~4 

In order to enable this shift, the pentadiene fragment will 

be forced into a Möbius arrangement. As a consequence, posi

tive overlap is only possible with asymmetrie subjacent 

molecular orbitals. This, in turn, will decrease the inter

action elements because of the increased energy difference 

between the polyene molecular orbitals and the hydrogen ls

function, as compared with the suprafacial case. The result 

is that the activation enthalpy of the antarafacial shift 

is considerably higher than for the suprafacial shift. Both 

activation enthalpies have been calculated by Bingham and 
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Dewar: 28.3 kcal/mole for the suprafacial (J,s] H-shift in 

1,3-pentadiene, 37.0 kcal/mole for the antarafacial [},~ 
7 H-shift in the same system . 

IV.4. Discussion, scope and limitations 

The literature on sigmatropic shifts reveals several 

examples of nominally "forbidden" rearrangements which never

theless occur 8
• On the other hand, some "allowed" shifts 

have never been observed. The present perturbation treatment 

sheds more light on these phenomena. An "allowed" transition 

state can be hampered by the absence of a suitable (from a 

symmetry viewpoint) molecular orbital within a reasonable 

energy distance from the orbital of the migrating group. 

Further, interaction of the migrating group with subjacent 

orbitals of the n-moiety might assist a migrating group in 

following a "forbidden" pathway, as already pointed out by 

Bereon 3
: 

~H 
AcO H 

"forbidden 11 11allowed" ~Me 
AcO H Me OAc 

In a similar way "forbidden" antarafacial shifts are possible 

in a Möbius arrangement via asymmetrie orbitals (the symmetrie 

orbitals have a negative overlap in this Möbius arrangement). 

For example: the antarafacial (1, s] H-shift in 1, 3-pentadiene. 

The present treatment shows that even in formally allow

ed transitions subjacent molecular orbitals are involved in 

the determining MO of the transition state. Another interest-

ing of the method is the possibility of predicting 

molecular conformations in the transition state from simple 

inspection of the Hückel MO's. Molecular parts with "wrong" 

signs of the coefficients will tend to avoid overlap with 

the group. This was demonstrated in cyclohexadiene 
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and cycloheptatriene, where our calculations show that those 
parts of the framework bend away from the migrating group. 

Quite obviously, the complexity of the molecular orbitals 
and the accompanying possibilities of combination grow rapid
ly with polyenes of increasing chain length. An example is 
formed by the 1,3,5-heptatriene system. The Hückel MO's are: 

0.35 0.50 0.35 aso o.oo -o.so 
1~7l/J, 

0.19 0.46 0.46 0.19 1 i/1211~5 
0.35 -0.50 0.35 0.00 0.00 o.oo 
~q,3 

0.46 -0.19 -0.19 0.46 
<k~ 4 0.50 -0.50 0.50 -0.50 

-0.35 0.50 -0.35 - uso 0.00 0.50 

~q,5 
0.46 - 0.19 -0.19 0.46 ~0.3~5 

-0.35 -0.50 -1135 

~ 
0.19 0.46 0.46 0.19 i/17 

In principle, several shifts are possible in this system. 

Considering symmetry and coefficients, for example shifts are 

possible via ~3 and ~s from cl to c7 or via ~4 frorn cl to es. 
Meaningful predictions are difficult to make. In cases like 
this, the more sensible approach will be to have recourse to 
INDO calculations right frorn the start. The perturbation 
theory combined with the Hückel orbitals will now serve rnain

ly to indicate logica! starting points. Por exarnple, a ~.~ 
hydrogen shift in 1,3,5-heptatriene will require a transition 
state as follows, in which interaction with the lone double 
bond might occur. 
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On the other hand, a [1,~ shift will require a homocyclo
heptatrienyl system. In order to determine which shift will 

be favoured, the respective transition states of different 

pathways will have to be compared by way of INDO-calculations. 
The suprafacial [1,~ H-shift will be a hydride-like shift, 
comparable with the suprafacial [1,~ H-shift in cyclopropene. 

The difference in absolute magnitude of the charge transfer 
calculated for the cyclopropenyl and cycloheptatrienyl 
systems seems relevant and is to be ascribed to the difference 
in ionization potentials. This way of comparing charge trans

fers is similar to the use of differences in electron affini

ties between the cyclopentadienyl, homocyclopentadienyl and 
open pentadienyl systems (see Section III.2). 

Another very obvious extension of the present approach 
is the treatment of homogenous catalysis of rearrangements by 
transition metals. Two possibilities are to be distinguished: 

acceleration of allowed transitions and transformation of 
forbidden rearrangements into allowed ones. By interaction of 
the migration framework with the metal, the orbitals of both 

will be affected. As a result, also the interaction terms 

with potential migrating groups will be altered. 
Recently, a similar theory of catalytic activity has been 

worked out 9 

61 



Ref erences 

1. R.B. WOODWARD and R. HOFFMANN, J. Am. Chem. Soc.,~' 
395 (1965) 

2. A.G. ANASTASSIOU, Chem. Comm., 15 (1968) 

3. (a) J.A. BERSON and G.L. NELSON, J. Am. Chem. Soc., 2l, 
1096 (1970) 

(b) J.A. BERSON and L. SALEM, ibid, ~' 8917 (1972) 

4. 0. EISENSTEIN, J.-M. LEFOUR and NGUYEN TRONG ANH, Chem. 
Comm., 969 (1971) 

5. K. FUKUI, Accounts Chem. Res., ±• 57 (1971) 

6. G.A. SHCHEMBELOV and YU. USTYNYUK, Theoret. Chim. Acta 

(Berl.), ~. 389 (1972) I': 
7. R.C. BINGHAM and M.J.S. DEWAR, J. Am. Chem. Soc.,~' 

9107 (1972) 

8. (a) G.R. KROW and J. REILLY, J. Am. Chem. Soc., 21_, 

3837 (1975) 

(b) See R.K. LUSTGARTEN and H.G. RICHEY, Jr.' J. Am. 
Soc., ~. 6393 (1974)' ref. 54-56 

9. A. IMAMURA and T. HIRANO, J. Am. Chem. Soc., 21_, 4192 

(1975) 

62 

Chem. 



CHAPTER V 

Experimental 

V.l. The thermoZysis of l,4-dideutero-1,3-oyalohexadiene 

In order to obtain the activation parameters of the 

thermal rr,s] H-shift in the 1,3-cyclohexadiene system, the 

title compound was prepared and thermolysed. These parameters 

already had been determined in methylcyclohexadienes 1
• 

Assuming deuterium shifts to be considerably slower than 

similar hydrogen shifts, there will be only one primary pro

duct at low conversion factors. 

D D 

Q=O 
D D 

Careful integration. of the olefinic and allylic parts 

of the H-NMR spectra enables one to establish the ratio of 

these compounds in the reaction mixtures. To improve the 

reproducibility, the NMR-s were digitized and inte-

grated by computer methods 2 • Por each temperature the result 

of 4 different residence times were averaged from 5-8 spectra 

each. 

The activation parameters and the Arrhenius plot are 

given in Figure V.1. 

1,4-Dideutero 1,3-cyclohexadiene was prepared by re

duction of 1,4-cyclohexanedione with LiA1D 4
3

• The reaction 
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Fig. V.I. The activation parameters of the thermal CT.,sJ H
shift in l,4-dideutero-1,3-cyclohexadiene 
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mixture contained the 1,3-diene as well as the 1,4-diene. 

These compounds were separated by preparative GLC on a Car

bowax column at 80° C. The NMR-spectra were taken on a Varian 

A-60 spectrometer. 
NMR-data: 

1,4-dideutero 1,3-cyclohexadiene: olefinic part: 0 

allylic part : 0 

l,4-dideutero-1,4 cyclohexadiene: olefinic part: 0 

allylic part : 0 

The kinetic runs could not be performed in the NMR-probe 

because of the high temperatures required (in excess of 

6.0 

2.2 
5. 7 

2.7 

0 250 C). The thermo were carried out in a micro flow 

reactor described earlier 4
• Dimensions: length 186.5 cm, 

volume 9.15 ml. The temperatures ranged between 303 and 

ppm 

ppm 
ppm 
ppm 

330° C. The residence time was varied between 5 and 60 seconds. 

At one temperature and one residence time ten 2.5 µl inject

ions were collected in a NMR-tube at -60° C and dissolved in 

CDC1 3 . 

V.2. The SIMPLEX optimization method 5 

In the first series of calculations one parameter xi at 

the time is increased with a given value and the resulting 

coordinates are calculated. Using these coordinates the 

energy is calculated. In the case of n parameters one obtains 

after (n+l) calculations the following matrix: 

x1+'1x1 Xz X3 .......... 
xl +il,x2 X3 ...... " ... 

6x 3 ...... " ... 

xn 
x n 

E l 
E 2 
E 3 

E 
n 

E n+l 
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From this matrix are selected: 

EHI' the highest energy 
ENHI' the next highest energy 
E10 , the lowest energy 

From each column an average parameter value is determined 
(x ), after omission of the parameter from the row ave rage 
with the highest energy (xbad). Then new parameters are de-
termined as follows: 

xSTAR = 2.xaverage - xbad' resulting in the energy ESTAR' 

ESTAR is compared with EHI' BNHI and E10 . 

The following possibilities exist: 

l. ESTAR < ELO; in 
ESTAR is closer 
longing to E10 . 

the relation: 

this case the geometry connected with 
to the optimal geometry than the one be-
A new set of parameters is determined with 

-2.x ave rage + 3.xSTAR' resulting in the energy 

If ESTSTA < ESTAR' in the original matrix the row with 
EHI is substituted by the row connected with ESTSTA' 

If ESTSTA > ESTAR' in the or inal matrix the row with 
EHI is replaced by the row with ESTAR" 

If no convergence has been reached (see 4), the whole 
procedure is repeated, start 

EHI' ENHI and ELO" 

with the selection of 

2 · ELO < ESTAR < ENHI 

In the original matrix the row with EHI is replaced by 

the row with ESTAR' The whole procedure is repeated with 
the new matrix. 

3 · ENHI < ESTAR < 
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The row with EHI again is replaced by the row with ESTAR' 
The new matrix is treated in the same way as described 
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under 4, with the prov1s1on that EHI is replaced by ESTAR' 
because EHI represents the highest energy value in the 

matrix. 

4 · ESTAR > 

In this case all rows in the original matrix represent a 

more favourable geometry than the one represented by 

ESTAR' No replacement of the row belonging to EHI is ef
fected. For each column an average parameter value is 

calculated after omission of the parameter belonging to 

the highest energy. New parameters are calculated according 

to: 

xSTSTA !(xaverage + xbad)' resulting in ESTSTA' 

If ESTSTA ~ EHI' in the original matrix the row with the 
highest energy is replaced by the parameters belonging to 

ESTSTA' The whole procedure is repeated with the new ma
trix. 

If ESTSTA > , the whole matrix of parameters is replaced 
by a new one, using the relation: 

x = 1 (x + x ) new 2 old lowest ' 

in which xlowest is the parameter with the row with the 

lowest energy. For each new row the energy is calculated. 

With the new matrix the whole procedure is repeated. 

Convergenee 

Whether or not convergence has been obtained, is deter

mined at the end of each procedure in the following way. 

Of all the energies in the new matrix the square of the mean 

and the mean square are determined. If the difference between 

these two values is smaller than the square of a given 

accuracy, then convergence has been obtained and the calcu

lation is stopped. An accuracy of 10- 4 a.u. has been used. 
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Calculations have been performed on a Burroughs B6700 
computer and a Philips P9ZOO Time-sharing system. 
CND0/2 and INDO calculations were based on the program 
CNIND0/2 written by Dobosh 6 • 

68 

I, 
i• 

1 



Referienaes 

1. (a) P. van der BURG, Thesis, Rijksuniversiteit Leiden 
(1970) 

(b) J.A.H. COENEN, Graduation Report, Technische Hoge
school Eindhoven (1971) 

2. J.J.M. WIJTVLIET, Thesis, Eindhoven University of Techno
logy (1972) 

3. B. FRA~ZUS, J. Org. Chem., 2 2954 (1963) 
4. C.A.M.G. CRAMERS and A.I.M. KEULEMANS, J. Gas Chromatog., 

~. 28 (1967) 
5. J.A. NELDER and R. MEAD, Comput. J., z, 308 (1964) 
6. Obtained from: Quantum Chemistry Program Exchange, 

Indiana University, U.S.A., program 141 

69 



Summary 

In this thesis some fundamental aspects of sigmatropic 

shifts, governed by the Woodward-Hoffmann rules, are being 

discussed with the help of semi molecular-orbital 

calculations. The calculations have been modelled on the 

CND0/2 and INDO procedures. 

A reaction path has been calculated for the migrating 

atom during the [1, s] H-shift in cyclopentadiene and in 1, 3-

cyclohexadiene. The transition state has been described for 

the [Ï,5] H-shift in 1,3,5-cycloheptatriene and the ~.:ij H
shift in cyclopropene. The calculated activation energies 

turned out to agree to a reasonable extent with the experi

mental values. A qualitative explanation of the differences 

in activation energies between the cyclic dienes could be put 

forward. 

Moreover, the calculations show that a partial electron 

transfer from the migrating hydrogen to the remaining radical 

takes place in the course of a reaction process "allowed" 

according to Woodward-Hoffmann. The reverse charge-transfer 

process is calculated for the "forbidden" ial [}_, 3] 

H-shift in cyclopropene and for the similar [}_, ~ H-shift in 

1,3,5-cycloheptatriene. Both processes entirely agree with 
the aromaticity rule. 

In cyclic systems the highest occupied molecular orbi

tal (MO) is degenerate. In the transition state the degene

ration. is lifted by a reduction of symmetry. It stands to 

reason that a suprafacial shift is determined by a combina

tion of symmetrie MO's and an antarafacial shift by a combi

nation of antisymmetric MO's with the ls-orbital of the mi

grating hydrogen atom. The INDO calculations affirm this 
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symmetry consideration. 
This model further offers the possibility to reconcile 

somewhat the concepts of "allowed" and "forbidden". Formally 

forbidden reactions which, however, have been found experi
mentally, can be explained with the help of this model. Many 
"forbidden" reactions are in fact "allowed", but they proceed 
with a higher activation energy. 

INDO calculations on 1,3-pentadiene and 1,3-cyclohexa
diene indicate that MO's of a cyclic nature occur in the 
transition state. These results show that every suprafacial 
migration in a dienyl system can be described by a homocyclo
pentadienyl radical in its transition state. In 1,3,S
heptatriene a homocyclopentadienyl system is not achieved, 
but an open pentadienyl system is. Molecular geometry turns 
out to be essentially important. So the activation energy for 
the [!.,s] H-shift in 1,3,6-cyclooctatriene is smaller than in 
1,3,S-cycloheptatriene. 

Calculations regarding the sigmatropic migration of 
methyl and trimethylsilyl groups suggest that the coordination 
of the migrating atom is essentially important in the transi
tion state. 
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Samenvatting 

In dit proefschrift wordt met behulp van semi-empirische 

molecular-orbitalberekeningen ingegaan op een aantal funda

mentele aspekten van sigmatrope verhuizingen, gekontroleerd 

door de Woodward-Hoffmannregels. Als model voor de bereke

ningen werden de CND0/2- en INDO-procedures gebruikt. 

Voor de [1, ~ H-verhuizing in cyclopentadieen en 1, 3-

cyclohexadieen is een reaktiepad berekend. Voor de ~.s] H

verhuizing in 1, 3, 5-cycloheptatrieen en de [}-, 3] H-verhuizing 

in cyclopropeen is de transition state beschreven. De bere

kende aktiveringsenergieën bleken in goede overeenstemming 

te zijn met de experimentele waarden. Het bleek mogelijk om 

voor cyclische diënen de onderlinge verschillen in aktive

ringsenergie kwalitatief te verklaren. 

Voorts geven de berekeningen aan, dat er gedurende het 

reaktieverloop bij een volgens Woodward-Hoffmann "toegestaan" 

proces een partiële elektronenoverdracht plaatsvindt van het 

verhuizende waterstofatoom naar het achterblijvende radikaal. 

Het omgekeerde ladingsoverdrachtsproces is berekend voor de 

"verboden" suprafaciale [}_, :iJ H-verhuizing in cyclopropeen 

en in de overeenkomstige [1,7] H-verhuizing in 1,3,5-cyclo

heptatrieen. Deze processen zijn geheel in overeenstemming 

met de aromaticiteitsregel. 

In cyclische systemen is de hoogst bezette molecular 

orbital (MO) gedegenereerd. In de transition state wordt de 

ontaarding opgeheven door symmetrieverlaging. Een suprafaciale 
verhuizing wordt bepaald door een kombinatie van symmetrische 

MO's met de ls-orbital van het migrerende waterstofatoom, 

een antarafaciale verhuizing door een kombinatie van anti

symmetrische MO's. De uitgevoerde INDO-berekeningen beves

tigen deze symmetriebeschouwing. 
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Het gebruikte model biedt verder de mogel kheid om de 

begrippen "toegestaan" en "verboden" enigszins te relativeren. 

Formeel verboden reakties, die echter experimenteel gevonden 

zijn, kunnen met behulp van dit model verklaard worden. Vele 

"verboden" reakties zijn dus in feite "toegestaan", maar 

verlopen met een hogere aktiveringsenergie. 

INDO-berekeningen aan 1,3-pentadieen en 1,3-cyclohexadi
een geven aan, dat in de transition state MO's voorkomen van 

cyclische aard. Deze resultaten tonen aan, dat iedere supra

faciale verhuizing in een dienyl systeem beschreven kan wor

den met een homocyclopentadienylradikaal in de transition 

state. In 1,3,5-cycloheptatrieen wordt geen homocyclopenta

dienyl systeem bereikt, maar een open pentadienyl systeem, 

De molekulaire geometrie blijkt van essentieel belang te 

zijn. Zo is de aktiveringsenergie voor de [1,5] H-verhuizing 

in 1,3,6-cyclooctatrieen kleiner dan die voor de overeen

komstige verhuizing in 1,3,5-cycloheptatrieen. 

Berekeningen betreffende de sigmatrope verhuizingen van 

methyl- en trimethylsilylgroepen suggereren, dat in de transi
tion state de koördinatie van het verhuizende atoom van 

wezenlijk belang is. 
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STELLINGEN 

1, Het model van Gutjahr et al. voor waterstoftransport tussen 
de hydridefasen van Ti 2Ni en TiNi bij het (ont)laden van 
Ti-Ni-hydrideälektroden, maakt een perpetuum mobile mogelijk. 

M.A. Gutjahr et al., Proc. of Power Sources 
Symposium, Brighton (1972) 
H. Buchner et al., Z. Metallkde, 63, 497 (1972) 
E.W. Justi et al., Energy Conversion, l..Q_, 183 

(1970) 

2. Blok- of entcopolymeren, toegevoegd aan slagvaste kombina
ties van twee polymeren teneinde de hechting tussen beide 
polymeerfasen en daardoor de vloeispanning en de slagvast
heid te verbeteren, zullen juist een verslechtering'van 
deze mechanische eigenschappen opleveren, indien de eveneens 
met deze toevoeging gepaard gaande emulgerende werking van 
het copolymeer te groot is. 

3. Bij gefluidiseerde systemen kunnen verschillen tussen theorie 
en experiment vaak ten dele worden toegeschreven aan verwaar
lozing, van de vanderwaalskrachten, die nochtans voor fijne 
poeders (deeltjesdiameter < 200µ) van minstens dezelfde 
orde van grootte zijn als het gewicht van de deeltjes. 

4. Aan het gebruik van de term aromaticiteit zit vaak een 

luchtje. 



5. Hydrideabstraktie en protonuitwisseling van alkanen in 
sterke protonzuren vindt naar alle waarschijnlijkheid niet 
plaats via hetzelfde intermediair. 

P. van Pelt, Proefschrift, Technische Hogeschool 
Eindhoven (1975) 

6. De argumenten die door Reese en Sha~ z n aangevoerd om een 
totaal concerted mechanisme te bewijzen voor ringopening 
van 9,9-dibroombicyclo[6.l.O]nonaan onder invloed van zilver
zouten, zijn gebaseerd op een te gering aantal experimenten 
en zijn waarschijnlijk ten dele onjuist. 

C.B. Reese en A. Shaw, Chem. Comm., 1365 (1970) 

7. De dealkylering van geprotoneerde dioxofosfolenen geschiedt 
niet vanuit de tetraoxyfosfoniumvorm, maar via de trigonale 
bipyramidale struktuur. 

F. Ramirez, Synthesis, 90 (1974) 

8. Het door Goldstein geformuleerde kriterium ten aanzien van 
de stabiliteit van onverzadigde bicyclische systemen, is 
aanvechtbaar. 

M.J. Goldstein en R. Hoffmann", J. Am. Chem. 
Soc., 93, 6193 (1971) 
M.J. Goldstein, S. Tomoda en G. Whittaker, 
J. Am. Chem. Soc., 96, 3676 (1974) 

9, Het is verbijsterend te konstateren, dat het NGL (Nederlands 
Genootschap van Leraren) de kwaliteit van het on~erwijs 
relateert aan de maatschappelijke positie en het inkomen 
van de leraar. 



10. De uitspraak van professor Prlwytzkofsky dat het niet

bestaan van een motiefanalysator (redenontleder) een geluk 

is voo,r de wetenschap, wijst op het ontbreken van een 

wetenschappelijke-zwaartepuntenbeleid in de gemeente 

Rommeldam. 
Marten Toonder, "Heer Bommel en de weetmuts" 

(1975) 

J.R. de Dobbelaere Eindhoven, 27 februari 1976 


