W Durham
University

AR

Durham E-Theses

The oretical and experimental investigations of
structure, reactivity and bonding in some organic
systems

Lilley, David M. J.

How to cite:

Lilley, David M. J. (1973) The oretical and experimental investigations of structure, reactivity and
bonding in some organic systems, Durham theses, Durham University. Available at Durham E-Theses
Online: http://etheses.dur.ac.uk/10483/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk


http://www.dur.ac.uk
http://etheses.dur.ac.uk/10483/
 http://etheses.dur.ac.uk/10483/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk

THEORETICAL AND EXPERIMENTAL INVESTIGATIONS
OF
STRUCTURE, REACTIVITY AND BONDING 1IN SOME

ORGANIC SYSTEMS

David M. J. Lilley, B.Sc. (Dunelm) M.Sc. (London)

The copyright of this thesis rests with the author.
No quotation from it should be published without
his prior written consent and information derived

from it should be acknowledged.

A thesis submitted to the University of Durham for the

degree of Doctor of Philosophy.

November 1973



To my parents



MEMORANDUM

The work described in this thesis was carried out in the
University of Durham between September 1969 and September 1972.
It has not been submitted for any other degree and is the
original work of the author except where acknowledged by
reference.

Part of the work in this thesis has formed the subject
matter of the following publications:

(1) The Electronic Structures of Ethyl Cation and Protonated

Ethylene; a Non—empirical LCAO-MO-SCF Investigation.

D. T. Clark and D. M. J. Lilley, J. Chem. Soc. (D) 549 (1970)
(i1) Barriers to Internal Rotation in Carbonium Ions: a Non-

empirical LCAO-MO-SCF Investigation of 1- and 2-Fluoroethyl

Cations.

D. T. Clark and D. M. J. Lilley, J. Chem. Soc. (D) 603 (1970)
(ii1) The Electronic Structures of Bridge-protonated Fluoroethylene
and the Interconversion of 1- and 2-Fluoroethyl Cations.

D. T. Clark and D. M. J. Lilley, J. Chem. Soc. (D) 1042 (1970)
(iv) A Non—-empirical LCAO-SCF-MO Investigation of Cross Sections

+
through the Potential Energy Surface for the [C2H4C1‘]
+ +
systems; comparison with the [CZHQ] zuui[CquF] systems.

D. T. Clark and D. . J. Lilley, Tetrahedron 29, 845 (1973)



(v) ESCA Studies of a Series of Acetyl Compounds.
b. T. Clark, D. M. J. Lilley and M. Barber. Paper 38,
Oxford Conference on Photoionisation and Photoelectron
Spectroscopy. Sept. 1970.

(vi) Molecular Core Binding Energies for some Five Membered Ring
Heterocycles as determined by X-ray Photoelectron Spectroscopy-

D. T. Clark and D. M. J. Lilley, Chem. Phys. Lett. 9, 234 (1971)



ACKNOWLEDGEMENTS

To my supervisor, Dr. D. T. Clark, I extend my sincere
gratitude for his unfailing help and encouragement throughout this

work.

I am indebted to the S.R.C. for financial support and provision

of equipment.

I should also like to thank the following for their invaluable
assistance: My colleagues Dr. D. Kilkast, Mr. D. B. Adams and
Mr. I. W. Scanlan for helpful discussion and my tutor, Dr. W. J. Feast

for enthusiastic moral support.

D. M. J. Lilley

Durham 1973



ABSTRACT

A theoretical study has been made of some aspects of prototype
potential energy surfaces for some simple organic reactions. Addition
of prototype electrophiles to simple alkenes has been investigated by
means of non-empirical and semi-empirical calculations, within the Hartree-
Fock formalism, and the resulting carbonium ions studied. The systems
under investigation may be formally considered as being derived from
electrophilic addition of H' to ethylene, fluoroethylene and chloroethylene,
or of X' (X=F,C1) to ethylene, and may thus be represented as
(C2H4X)+,X=H,F and Cl. For the simplest system, C2H5+, two basic
structures have been considered, the classical ethylcation and the bridge-
protonated ethylene. The energies of these species have been minimised
with respect to the C-C bond lengths and also, in the case of the latter
ion, with respect to the distance of the bridging H from the CC bond
centre. Examination of conformational processes in the classical ion has
shown a virtual absence of any barrier to rigid rotation about the cc bond.
The calculated relative energies of the species has indicated, subject to
limitations imposed by the basis set size and partial geometry
optimisation, that in the gas phase the classical ion should be ~5.2k cal
mole.1 more stable than the bridge protonated ethylene. Furthermore
calculations along an idealised reaction coordinate representing trans-—
formation between the two spec ies have indicated the absence of an
activation barrier thus suggesting the bridged ion to be the transition
state for the scrambling of the hydrogen atoms of the ethyl cation. These
results have been compared with mass spectrometric data. The approach of
a prototype nucleophile (H ) to ethyl cation has been examined, results
suggesting a preferential cis attack. Conformational processes in the
1- and 2- fluoro and chlorethyl cations have been examined. The rotational

barrier in the 2- fluoroethyl cation has been shown to be very large



(10.5k cal mole) and, with the exception of the 2- chloroethyl cation,
all the barriers for the substituted ethyl cations have been shown to
be dominated by attractive terms. In both the fluoro and chloroethyl
systems, predicted ordering of stabilities of cations has been 1- haloethyl >
bridge-protonated haloethylene > 2— haloethyl, and idealised reaction
coordinates have been constructed relating the ions in the fluoro case,
the results predict the total absence of any activation barrier in trans-
forming 2~ to 1~ fluorocethyl cation, whilst, in the analogous chloro case,
a small barrier (4.3 k cal mole_l) is predicted. Relative thermochemical
stabilities of the ions have been computed, and the stabilising/destabilising
effects of halogen substitution in these carbonium ions investigated and
compared with experimental data.

The halogen bridged 'halonium' ions have been studied, and their
total energies minimised with respect to the distance of the halogen
atom from the CC bond centre. The calculations have indicated that the
fluoronium ion should be of marginally greater stability than the 2-
fluoroethyl cation (3.6k cal mole—l) and this has been discussed in the
light of published nmr studies of the ionisation of 2-halo—3fluoro 2, 3-

dimethyl butanes in SOZ/SbF Results for the chloronium ion have

5-
ind.cated that this ion should be considerably more stable (15.8k cal mole_l)
than the corresponding 2— chloroethyl cation.

Electron Spectroscopy for Chemical Applications (ESCA) has been
employed for the measurement of core binding energies in three series of
closely related molecules

(1) a series of acetyl compounds of general formula
CH,COX, X=H, CH,,

(ii) a series of five membered ring heterocycles.

OH, OCH3’ NHZ’ NHCHB, COCH3, CO2H, CN and OCOCH3.
(iii) a series of pyrimidine bases and related compounds.

Assignment of core levels has been accomplished in two ways.

(i) Direct correlation of measured binding energies with orbital



(i1)

energies derived from SCF calculations, i.e. assuming

Koopmans' theorem.

Correlation of shifts in core binding energies with computed
electron distributions within the molecule using the charge
potential model. In general, assignments based upon the different
methods have been found to be in agreement. Furthermore in the
case of some members of the pyrimidine series comparison has been
possible between charge potential assignments using both ab initio
and CNDO/II populations. Agreement between the two sets has been

complete.
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INTRODUCTION

This thesis consists of two related yet distinct parts. 1In the
first part (Chapter 2) a theoretical investigation of some aspects of
prototype potential energy surfaces for some simple organic reactions
are considered. The second part (Chapters 3, 4 and 5) describes an
experimental and theoretical study of some aspects of structure and
bonding in acetyl compounds (Chapter 3), five membered ring heterocyclic
molecules (Chapter 4) and pyrimidines (Chapter 5) investigated by ESCA
(Electron Spectroscopy for Chemical Analysis). In Chapter 1 is detailed

background theory for both parts of the thesis.

1. Egproduction to Part 1

A Theoretical Investigation of aspects of the potential energy
surfaces of the systems (C2H4X)+ X=H,F and Cl. A relatively detailed
examination has been made of prototype electrophilic addition to defins
by means of non—empirical quantum mechanical calculations, supplemented
where appropriate by semi-empirical calculations. The prototype systems
investigated can formally be considered as being derived from electro-
philic addition of H' to ethylene, fluoroethylene and chloroethylene,
or of X+(X=F,Cl) to ethylene., Computer restrictions have not allowed
complete geometry optimisation for species which a priori might be expected
to represent energy minima on the potential energy surface. The most
thorough geometry optimisations have been performed on bridge-protonated
ethylene and ethyl cation for which the computer time necessary was
comparatively small. For the halogen substituted species however, with
'

their correspondingly larger basis sets, where possible 'chemical intuition

. o Tt g
together with the results for the Czd system have been used to utilise

5

as effectively as possible the computer time available for geometry

optimisation. For the classical 1~ and 2~ substituted ethyl cations




conformational processes have been investigated yielding important infor-
mation on barriers to rotation in simple carbonium ions, the adequacy

of the basis sets for describing such processes having been checked in
each case by examining conformational processes in the corresponding
substituted ethones. Relative energies of bridge—-protonated ethylenes,
(CZH3XH)+X=F,C1, and the corresponding classical ions have been computed
and prototype reaction coordinates investigated relating the intercon-

version of classical ions via bridged species. Where possible the results

have been compared with experimental evidence.

2. Introduction to Part 2

Investigation by E.S.C.A. of structure and bonding in some series
of closely related chemical compounds.

The recent development of Electron Spectroscopy for Chemical
Applications, or E.S.C.A., as a method for the determination of molecular
core binding energies has provided a valuable tool for obtaining
information on structure and bonding in molecules. X-ray photoelectron
spectra (Mg Kal,Z) have been recorded for three series of closely related
molecules, all representing important classes of organic molecules with
considerable chemical importance namely

(i) a series of acetyl compounds, general formula

CH,_COX, X = H, CH NH

3 3’

(ii) a series of five membered ring heterocycles

OH, OCH NHCH COCH CO,H, CN and OCOCH

3? 2° 3° 3? 2 3°
(iii) a series of pyrimidine bases and related compounds.
The experimental measurements are then discussed in terms of two
models which provide semi-quantitative interpretations of the data.
(i) The assumption of Koopmans' theorem i.e. a direct correlation of

measured binding energies with orbital energies derived from SCF

calculation.



(ii)

Correlation of shifts in core binding energies with computed
electron distributions within the molecule using the charge
potential model.

Both these interpretive methods have been used in this work.

For the first two series examined, the molecules concerned have
been of such size that non-empirical SCF calculations have been
possible. Thus a comparison may be made with shifts calculated
on the basis of both Koopmans' theorem and the charge potential
model. For larger molecules, however, such as the series of
pyrimidine bases (Chapter 5), non—-empirical calculations were

not feasible with the amount of computer time available. In this
case, therefore interpretation of core binding energies has been
in terms of charge distributions computed within the framework of

CNDO/2 and the charge potential model.
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