September 1977

THE
STEREOCHEMISTRY
OF
ALKANES
AND

NON-CONJUGATED ALKENES

A Thesis presented for
the degree of Doctor of Philosophy
in the
Faculty of Science:
of the
University of Glasgow
by

Moira Jane @cCaffer



" # # $$ %&''&

() o+ ‘

) ) ) - )
) 1 2 / 1 + ) ) )
) 2 ) /
$$34 5/ 3 ,* + 6 ) . *

/
) ) . ) 7 - r . # 81 %. & )
"+ ' 9 $$3/
$$3/

8 'y ' . 2 ) 02)*

[ <

l n < = <



- i -

ACKNOWLEDGENMENTS

I wish to acknowledge my indebtedness to Dr.D.N.J.White
and Professor G.A.Sim for their interest and direction throughout
this period of research. I am also grateful to other members of
the X - ray analysis group of the University of Glasgow, particularly
Dr.C.J.Gilmore,Dr.P.Mallinson and Mr.A.A.Freer for helpful
discussions and advice.

Thanks are due to the staff of the chemistry and computing
departments and to the photographer, Mr.R.Munro, who assisted me in
my research.

Financial support from the Science Research Council is
gratefully acknowledged.

Finally, I am very grateful to my husband without whose

help and encouragement *I could not have completed this project.

Glasgow, 1977 - M.J.MCCaffer



- iii -

CONTENTS

Summary

Chapter one — Molecular mechanics: An introduction

1.1
1.2
1.3
1.4

1.5
1.6

Introduction

Potential functions and force fields
Determination of heats of formation
Parametrization of force fields
Energy minimisation

References

Chapter two - The development of a molecular force

2.1
2.2

2.3

2.4

2.5

field for calculations on alkanes and
non-conjugated alkenes
Introduction

The force field

Results and discussion for compounds included

in the parametrization
Some applications of the White-Bovill force
field

References

Chapter three — Application of the White-Bovill

3.1

3.2

3.3

force field to the conformational

analysis of cyclic hydrocarbons,C6—Cl2

Introduction
The effect of introaucing a double bond into

cycloalkanes,C6—Clo

The effect of introducing a second double

bond into cycloalkenes,ca- ClO

Page

10
20
24
27
37

39

40

41

55

71

81

86

87
90

92



-1V -

Contents (contd.)

3.4
3.5

Conformations of the individual cyclenes

References

Chapter four - lMolecular mechanics calculations on

4.1
4.2
4.3
4.4
4.5

the stability of bridgehead olefins in
bicyclo(m.n.l)alk-l-ene systems
Introduction
Review
Molecular mechanics calculations and results

Discussion

"References

Chapter five — Prediction of the stereoselectivity

5.1
5.2

53
5.4

of hindered substrates
Introduction
Prediction of the stereoselectivity in the
hydroboration of hindered cyclohexenes using
molecular mechanics oalculations and steric
congestion calculations
Discussion

References

Chapter six - The correlation of Raman optical activity

6.1
6.2

in methyl torsion modes with molecular
mechanics calculations of chiral hind-
ering potenfials

Introduction

Molecnlar mechanics calculations

Page
101

148

- 152

153
154
159
169
183

185

186

191

199
203

204

205

213



Contents (contd.)

Page
6.3 Discussion 225
6.4 References 229
Chapter seven - Some aspects of crystallography 230
T.1 Historical 231
7.2 Corrections to the measured intensities 232
T.3 Structure factors 235
Te4 Structure factors and the electron density 238

distribution
75 Direct methods of phase determination 239
T.6 Fourier synthesis A 246
TT Least squares refinement 2417
Chapter eight - X-ray analysis of 1,8-dimethyl-2- 252
naphthyl acetate

8.1 Introduction 253
8.2 Experimental | 256
8.3 Results 0 260
8.4 Discussion of results 291
8.5 References - 301

Chapter nine - The crystal structure of bicyclo(4.4.1)- 302

. undecane-1,6-diol

9.1 Introduction ‘ 303
9.2 Experimental - 307
9.3 Results 310
9.4 Discussion of results | | 346

9.5 References ‘ _ 357



-1 -
SUMMARY

Molecular force fields, which were developed before 1973
to deal with calculations on alkanes and/or non-conjugated alkenes,
were each known to have certain defects in that they could not
adequately reproduce all the experimental data. The parametrization
of a new and improved force field for ;élculations on alkanés and.
non—conjugated alkenes was therefore undertaken. The force field,
which was subsequently.developed (referred to as the White-Bovill
force field or WBFF, for short), incorporated into its parametrization
large amounts of recently published experimental data concerning
the thermodynamic and structural properties of a carefully
selected group of 75 compounds and was found to be more general
and reliable than the previously developed force fields. The
final form of the WBFF consisted of 22 parameters for aliphatic
functions and 18 parameters for double bonds and its surroundings.
The mean deviation between the calculated and experimental
enthalpies of 60 compounds was 0.55 kcal./mole and the corresponding
figures for geometric properties were 0.009 8, 0.6° and 0.9o in
bond lengths, bond angles and torsion angles.

Molecular mechanicé(MM) calculations, utilising the WBFF,
were then undertaken on a series of cyclenes which had one double

bond in the ring, ranging from 06 - Cl and with two double bonds

0

in the ring, ranging from 08 -C so that detailed knowledge

10’
of the relationship between conformational structure and energy
would be obtained. The WBFF produced extremely reliable results
for geometries, heats of formation and heats of hydrogenation of
a number of medium ring cohpounds so that it was possible to

pléce a certain degree of confidence in the results from this

investigation of the plethora of conformations and transannular
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interactions exhibited by medium rings. In addition, the minimum
energy conformation (MEC) of cis,cis,cis-1,5,9-cyclododecatriene
was assigned on the basis of MM calculations and an NMR analysis.

A series of MM calculations was performed on a carefully
selected group of sixteen bicyclic bridgehead olefins with the
aim of assessing the limits of the application of the rules,
pProposed by‘Bredt, Fawcett and lWiseman, regarding the stability
of bridgehead olefins and providing guidelines or rules for
situations not covered by the previous rules. The experimental
data, which were mostly of a qualitative nature, weresatisfact-
orily reproduced by the WBFF and it was found that, within a
given skeleton, systems with a double bond placed in the second
largest bridge will be less strained than those-with a double
bond located in the largest bridge, which in turn are less strained
than those with a double bond situated in the smallest bridge.

The recent publication of results of a series of
hydroboration/oxidation experiments on hindered 1,3,5-tri- and
tetra-substituted alkylcyclohexenes provided reference data for
testing the application of summed atom centred congestion ratios
( based on the Wipke and Gund congestion algorithm) in the
prediction of the outcome'of stercoselective additions to
hindered double bonds since hydroboration is known to be sensitive
to the balance of steric hindrance to the two faces of the double
bond. The agreement between the predicted and experimentally
observed stereoselectivity was favourable (within 15% of each
other) when steric control dominates the reaction.

It has been suggested that Raman optical activity in
methyl torsion modes of viﬁration in chiral molecules can be
corfelated with the chiral part of the electronic potential

barrier hindering the rotation of the methyl group. 1In a
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perturbed harmonic oscillator approximation, the chiral part is
proportional to the displacement of the equilibrium position of
the methyl group from the symmetric position. MM calculations
of this displacement in (+)-3-methylcyclohexanone, (+)-3-methyl-
cyclopentanone, (—)—limonene, (+)—carvone and (—)—menthol was
found to correlate in sign, and approximately in magnitude,. with
the observed Raman optical activity in bands assigned to methyl
torsion modes.,

A structure analysis of 1,8-dimethyl-2-naphthyl acetate
was carried out as part of a series of investigations, by Dr.J.
Carnduff, into the autoxidation of 2-naphthols. On the basis of
the rates of autoxidation reactions, the 1,8-dimethyl derivative
was expected to be more strained than the l-isopropyl derivative,
which,in turn, should be more strained than the l-methyl derivative.
This hypothesis was supported by the correspondind structure
analyses and, from a comparison of structural data for eight Cl
and/or C8 substituted naphthalenes, the only consistent indicators
of steric crowding are the C1-C9—C8 valence angle and Cl....C8
nqnbonded distance.

| An X-ray crystal structure analysis of bicyclo(4.4.1)-
undecane-1,6—diol was und;rtaken to determine the MEC of the
bicyclo(4.4.1)undecane system and the conformation of the 10-
membered ring and to obtain structural details of the MEC of
cycloheptane. The X-ray results reveal that the bicyclo(4.4.1)-
undecane ring system consists of two cycloheptane rings, both in
the QQ— symmetric twist~chair conformation, fused back-to-back in
a 1,3-manner. MM calculations on a'number of plausible conform-
ations of the bicyclo(4.4.1)undecane system confirm the X-ray
results., The conformation of the 1O-membered ring in the

bicyclo(4.4.1)undecane-l,6-diol was of interest on account of the
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fact that it belongs to a class which had not yet been considered
in MM calculations or diffraction studies of the low-energy

conformations of cyclodecane.



CHAPTER ONE

Molecular mechanics: An introduction




1.1 Introduction

’Through chemistry, in conjunction with all the other
sciences and technologies, civilization has made tremendous
headway during the last century. In chemistry, the success
of John Dalton's atomic théory and the concept of isomerism,
proposed by Berzelius led to radical changes of method.
Chemistry ceased to be the science of 'material principles'
and was transformed into the science of 'molecular structure'.
Before Dalton, there had been no way of labelling the
constitutions of chemical substances, except by reference
to their large-scale observable properties. But now a new
phase began: by ﬁaying close attention to their molecular
weights and reactions, one could establish the underlying
molecular structures of chemical substances directly. The
development of the concept of valency was decisive, for it

led to rules governing the writing of structural formulae.

Another conceptual scheme of great significance for
ideas of structure of matter was the idea of Le Bel and
van't Hoff (1874) of the three-dimensional arrangement of
atoms., This idea did not realise its full impetus until
1950 when D.H.R. Barton published his pioneering paper 1
on conformational analysis, relating‘chemical reactivity
of steroids and polycyclic terpenoids to conformation.
Since then, the organic chemist has been concerned wifh
the physical and chemical properties and reactivity of

organic molecules in greater depth and therefore he ﬁill



utilise experimental and theoretical methods, which
supply detailed information of the geometry and thermo-
dynamic properties of molecules, and which are simple,

reliable and economical.

When structural features of the molecule (bond
angles, bond lengths, torsional angles, nonbonded distances)
depart from their optimal values, the molecule is said to
be strained. Often, functional units are the standards of
choice and, for example, non-linear carbon - carbon
triple bonds, twisted olefinic linkages, and nonplanar
benzene rings are features indicating molecular strain.
While strain is qualitatively an intuitive and simple
subject, a good deal of complexity enters when quantit-
ative results are desired e.g. in the study of chemical
reactivity or when comparison between formally unrelated
molecules is attempted, and, as a result, data concerning

molecular strain is relatively scarce.

Existing experimental techniques for determining
molecular structure and energy e.g. specirocopy (NMR, IR,
ORD/CD), diffraction‘(x-rays, electrons, neutrons),
célorimetry and electrochemistry all have their limitations
and drawbacks. All are time-~consuming at best and, with
the exception of diffraction, give rise to incomplete
descriptions of geometry and/or energy, while the diff-

raction methods give no information regarding energies.

For many years, chemists have attempted to overcome



experimental difficulties by calculating the geometry and
energy of a given molecule using different approaches.

One approach involves the calculation of molecular
properties e.g. energy, geometry, electron density, by
quantum mechanics. Although ab-initio quantum mechanical
calculations are theoretically sound, they are impractical
for molecules of about more than twenty atoms as they use
vast amounts of computer time - the time requirement goes
up as n# where n is the number of orbitals. Alternatively,
semi-empirical (simplified) quantum mechanical treatments
(EHT, CNDO, MINDO) could be used but the results obtained

are rather restricted because of the uncertainties intro-

duced by the various approximations.

Molecular mechanics calculations (or empirical
force-field calculations), on the other hand, are less
time-consuming than the quantum mechanical calculations -
the computer time requirement goes up by N2 where N is the
number of atoms and are relatively easy to perform. In
éddition, the results optained by this method, under
suitable conditions,'can be highly reliable and their
accuracy is comparable to that obtained by many of the
experimental techniques. Unfortunately, the success of
this technique depends on the existence of a large body
of good experimental data for the initial parametrisation
of an assumed force-field, which subsequently provides
information on further compounds, some of which may be

new or unobserved, by a process of extrapolation.



In the past few years, molecular mechanics calcul-
ations have been used to investigate features of the
LORN-OPPENHEI.LER surface of a wide.class of organic mole-
cules and have thus helped considerably in the understanding
of various aspects of organic chemistry including molecular
conformations, molecular thermodynamic. properties, reaction
mechanisms, kinetics, vibrational spectra and the inter-
pretation of dynamic NMR spectra. At present reliable
calculations can only be made for.a limited range of
compounds comprising alkanes, alkenes, aldehydes, ketones,

esters and peptides with up to 40 to 50 atoms per molecule.

There are many reviews on molecular mechanics
2 -8
calculations which are relevant to the present discussion.
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1.2 Potential Functions and Force Fields

Although there are often considerable differences
in the detailed techniques, all methods express the
molecular strain energy as a sum of contributions from
interactions such as bond-stretching, valence angle

deformations and nonbonded contacts.

In valence force-field methods, the molecular
geometry is usually specified by a set of ordinary
crystal or orthogonal co-ordinates. It is assumed that
there is a natural (or étrain-free) bond length between
two atoms bonded together and a natural bond angle between
a given set of atoms. Deviations cause energy changes
defined by interaction potentials. Similarly torsion and
van der Waal's potentials can be related to standard
values. A computer program now moves atoms by a specified
increment (usually 0.00001 X), derives the total resultant
energy and continues until it finds a minimum of energy.
Using interaction potentials, derived in part experimentally,
one can calculate the ehergies of organic molecules as a

function of various geometric parameters.

The total molecular potential energy (or the steric
energy), Vg, of a molecule is given by the sum of six
comronents, which are assumed to be independent of one
another in the simplest treatments and which are model

dependent : -~

Vo=V, vV +-Yu)+ VX + Vq + Vv, (1)

where Vl, Ve’ %*Y VX, Vq and Vr are the components of
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energy which results from bond length deformation, bond
angle deformation (Baeyer strain), torsional strain
(Pitzer strain), out-of-plane deformations at trigonal
atoms, coulombic interactions and nonbonded interactions

respectively.

In the gbove treatment, cross terms which account
for coupling between the components e.g. stretch-stretch term,
stretch-bend term and bend-bend terms are neglected as

they usually are very small.

(a) Bond Length Deformations

Intuitively, a chemical bond may be envisioned as
a spring and thus there is a "natural" bond length. The
potential energy stored in a molecule due to bond length

deformation may be computed using Hooke's Law.

v, =¥ %k, (1-10)? (2)
1 0 1

where l% is the unstrained length, 1 is the observed

length and kl is the force constant depending on the

stiffness of the bond.

-

This term will be significant if there are, in the
molecule, one or more bonds which are forced by their
environment to have unnatural bond lengths. Deformation
of bond lengths is an energetically costly process e.g.
to stretch or compress a single bond by only 0.03 R

costs 0.3 kcal./mole.

(b) Bond Angle Deformation

The use of Hooke's law to describe bond angle

deformations is only a good approximation for small angular
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displacements because of the anharmonic nsture of molecules.
In order to quantify large deformations (gg.25°), it is
necessary to introduce additional terms into the harmonic
expression. This is usually in the form of a cubic term
and the following type of expression is best suited to

our model.9

v, = I3k B -k Aed), (3)

o e
where e = o - 8, e being observed bond angle, e, is the
equilibrium bond angle,_ke is the force constant depending
on the stiffness of the valency angles and k1e is the cubic

force constant.

Bond angle deformation is an energetically cheap
process €.g8. to deform a C-C-C bond angle by 10 from its
preferred lowest energy value costs only about 0.01 kcal/

mole and thus bond angle variation is common.

(c) Torsional strain

A concept, long labelled as Pitzer strain, arises
from 1, 2 interactions ‘between groups éttached to
contiguous carbon atoms. Variations of torsion angles
from their most energetically favourable position is taken

into account in the following marner -

Vw = E)% ke (1 + S cos nwW ), 4)

where k is the barrier to free rotation, S assumes the

w
value of - 1 for C=C-C-C and C=C-C-H rotations i.e.
where the minimum is an eclipsed conformation, and the

.value of #+4 for all rotations around single bonds, n is
the periodicity i.e. thé no. of times the same conform-

ation occurs in one revolution, and () is the observed

dihedral angle.



-13 -

This expression assumes that the barrier height is
insensitive to the changes in the nature of the substituent
and that each eclipsing interaction makes an equal contrib-
ution to the barrier. The energy barriers have been found,
experimentally, to be dependent, to some extent, on the
number of substituents but reasonably insensitive to their

nature.

The torsion angles are signed quantities corres-
ponding to the Prelog-Ingold convention which is adopted
by conformational analysists (as opposed to spectro-

scopists):
/

E \z/D A ,D A must be rotated
, »q/, clockwise to eclipse D
&é and the torsion angle is
positive.
E A A must be rotated anti-
\\\\f clockwise to eclipse E
B,C and the torsion angle is
. negative.

Theory, to account for the origin or physical
phenomena from which the rotational barrier arises,is far

10
from mute and is filled with apparent conceptual conflicts.

The quantum mechanical results are consistent with
the view that the barrier arises from interactions among

atoms not formally bound to one another and it is therefore
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necessary to consider repulsion energy between substituents,
electronic kinetic energy, electron-electron repulsion and
nuclear- electronic gttraction. Whatever the explanation,
the omission of this term from the model, introduces

grave errorse.

(a) Out - of - Plane Deformation

When four groups (or atoms) attached to an olefinic
linkage or two groups (or atoms) attached to a carbonyl
group déviate significantly from coplanarity with the
trigonal centres, the TI-bond is weakened due to poor over-
lap. Out - of - plane bending potentials, in addition to
pure torsional potgntials, must be added to ensure proper
geometry and energy representation of ethylenic compounds
and ketones. The potential energy stored in the molecule
as a result of this deformation is accounted for in the

following manner.
2
Vy = Tiky (180 -X) (5)
X X
where kX is the out-of-plane bending force constant and X

is the improper torsion angle at trigonal atoms.

(e) Coulombic Interaction Energy

Coulombic (or electrostatic) interactions influ-
ence steric repulsions in molecules which possess a dipole
e.g. ketones, amides, and consequently must be taken into
account in any quantitative treatment of molecular
conformation and energy. According to classical electro-
static theory, the electrostatic interaction energy Vq is
given by:- ,

Vg = aj qj /Drij ’ | , (6)
where D is the effective dielectric constant for inter-

actions between charged atoms, q;, g; is the charge on
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atoms i and j and rij is the distance between atoms i and
Je

(£) Nonbonded Interaction Energies

Non-bonded interactions are the most troublesome
components of the steric energy and are the attractive and
repulsive forces that exist between two atoms or groups
of atoms sufficiently close in space (either intra- or
intermolecular) but not directly bonded to one another.
These forces are qualitatively apparent from the existence
of liquids and solids on one hand and from their relative

incompressibility on the other.

For an isolated pair of spherically symmetric atoms
(or molecules), the potential energy is a function of the
separation of the atomic (or molecular) centres and has the

approximate form, illustrated below.

VT

\ 4
ﬂ

o e g w— g -

Equilibrium seperation
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For non-spherical atoms (or molecules), the potential
energy depends also on the orientation of the atoms (or

1, 12 and would therefore require an additional

molecules)
parameter in the potential function, but this problem has

not as yet been solved.

The forces between atoms (or molecules) may be
obtained from the gradient of the potential energy curve

(o}
and for small separations (less than 3A), the forces are
(e}
repulsive and for larger separations (greater than 4A),

they are attractive.

In principle, the potential curve (also referred to
as van der Waals potential) for any particular pair of
atoms can be calculated from a consideration of the
deviation of the corresponding gas from ideal behaviour.
However, in practice, the potential curves have proved
difficuit to measure experimentally and accurate van der

13

Waals potentials are available only for rare gases and
é few special cases e.g. N2 and CHM' This is unfortunate
since they are respoﬁsible for a large proportion of the
strain-causing deformations in molecules and consequently,

strongly influence molecular geometry, vibrational

frequencies and enthalpy.

The functional form Vr which describes intramolec-
ular nonbonded interactions is usually taken over from
known or assumed interatomic or intermolecular interaction
potentials.1u Although there is no clear physicsl basis
for this extrapolation, this method has proved to be
satisfactory and reasonably successful even although it
neglects the nature of the material between the atoms.

The two most widely used types of intermqlecular inter-
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action potentials which have been used to describe intra-
molecular nonbonded interactions are the two - parameter
Lennard-Jones potential (7) and three-parameter Buckingham

potential (8).

A/RY - B/R®, with N = 12 or 9 (7)
A exp (- BR) -~ C/R6 (8)

V(r)

V(r)

In both (7) and (8), the first term describes the

repulsive short range forces which occur when the distance
between the central atoms is less than the sum of the

van der Waals radii and which result from a balance between
nuclear repulsions, electronic kinetic energies, electronic
repulsions and nuclear- electronic attractions. The

second term in (7) and (8) is easier to estimate and

accounts for the London dispersion forces.

The precise form of the potential which was used in

the development of the White-Bovill alkane/alkene force-
15

field9, was derived by Williams

'procedure to represent intermolecular interactions in

by a least-squares

crystalline hydrocarbons e.g. heats of sublimation, lattice

constants and structural details and has the following form,
vr= Y e( -2/ +exp (12(1-00)))  (9)
r

where the expressions is summed over all pairs of non-
bonded atoms separated by three or more bonds (different
conventions are adopted by other ﬁorkers in the field).
Bond stretching potentials take account of the van der

Weals interaction between ztoms that are bonded to each
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other, while bond angle bending potentials allow for
nonbonded interactions between atoms bound to a common

atom.

This expression ( 9 ) assumes that the total van der
Waals interaction energy is equal to the sum of the energies
of each pair of (spherical) atoms ("pairwise additive
formulation"). It has been shown that this method gives
some incorrect representations, particularly if inter-
acting systems are not localised, but, at present, there is
no satisfactory alternative and it is hoped that some of
these approximations may be averaged out or absorbed in
the parametrization of the force-field, particularly if
care is taken in the evaluation of adjustable parameters
(kxand €) in (9), for example, by including experimental
data with small separations since potential functions are
least reliable in this area.

In (9 )t is a function of the distance co-ordinate

r

‘alone and is equal to where r is van der Waals

r, ¥+ % _
distance between atoms 1 Ynd 5, and r1* and rz* are the
van der Waals radii of atoms 1 and 2. €& is a function of
the energy co-ordinate and is a parameter which varies with
the size of the atom, since it is clearly more difficult to
push two large atoms, like lodine, together to some small
value of & than it is to push two small atoms to the same
value of o¢. In some force fields, the value of &€ for a

pair of dissimilar atoms is taken to be the geometric mean

of the values for identical pairs of the different atoms
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interacting, while in others, € is an independent parameter.
However, in view of the aforementioned approximations, it
would appear more sensible to have as many independent non-
bonded parameters as possible and use the geometric mean

as the starting value of € in parametrisations in such

cases.

Some terms wlrich will appear in future discussions
concerning nonbonded potential functions and parameters

are defined as follows.

a "hard" atom is one for which the plot of the force
versus distance shows a steep slope.

a "soft" atoms is one for which the plot of force
versus distance shows a gentle slope.

a "bigger" atoms is one where the equilibrium
separation is slid further to the right.

a "smaller" atom is one where the equilibrium

separation is slid further to the left.

The reference geometries, force constants and the
expressions for the potential energy components of the
steric energy are referred to collectively as the force
field. The major types of force field used in vibrat-
ional analysis and molecular mechanics are the valence
force field (VFF), which is described above, and the
Urey-Bradley force field (UEFF). The UBFF contains
contributions due to bond stretching, bond rotation and
angle bending, includes all nonbonded interactions, even
those between atoms separated by two bonds i.e. 1, 3

interactions and omits cross terms.
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The VFF 1is more general and can always be modified
in such a way as to achieve a better fit between observed
and calculated quantities, however, there are computer
programming complexities associated with the introduction
of cross terms and the time-consuming effort to assess
them. The UBFF is, however, less complicated than the

VFF.

There is another type of force field, the central
force field, which assumes that molecules are held together
by forces acting along lines between each pair of atoms,

but this type of force field is rarely used.

1.3 Determination of Heats of Formation

The energy minimisation program used in force field
calculations, minimises the energy with respect to the
cartesian co-ordinates and supplies the detailed geometry,
the steric energy components and the total steric energy,
Vs, of different conformational minima of a molecule.

The steric energy, Vs, corresponds to an isolated molecule

in a "hypothetical mbtionless state at 0°K" 16 1 order

to compare the calculated steric energy, Vs, (of a

molecule) with an experimental quantity, usually the heat

of formation, l&Hof (which is defined as the heat absorbed

or released upon formation of the compound from the

standard states of the elements composing it.) it is necessary
to take account of the enthalpies of vibration, rotation and
translation and the vibrational zero point energy.

These can be induced by making empirical corrections
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(group or bond contributions) or via statistical mechanics.

The first approach e.g. group increment scheme,
assumes that, within limits, molecular structural groups
have the same contribution to the heat of formation regard-
less of the nature of the total molecular structure.

This is not an unreasonsble assumption (see Table 1) if
it is remembered that experimental heats of formation are
themselves uncertain to a few tenths of a kcal./mole. The

enthalpy of formation of a molecule

Table 1
Compound Z&Hof (gas, 25°%) Increment,
kcal./mole. kcal./mole.
02H6 -20.24 =L «59
03H8' ' -2, .83 ~5.53
CuHa‘ 0 "30 036 -Ll- 07L|-
.C5H12 -35.10 -4 .82
C6H1u -39.92 - =4.93
C7H16 . ) "M—Lo85 -5001
08H18 -'49.86 —14.80
C9H20 -51.]. 066 ‘ -LI» 096
€40M22 -59.62

is calculated by adding the steric energy, Vs, to‘the sum
of appropriate group enthalpy increments, which can be
obtained from the steric energies and experimental
enthaipies by a linear least-squares procedurs 17, €ele

for 5-ethylidene norbornene -
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CH;

Ar° (gas, 25°%) = E_ + 3I(= CH)+ 1I(= C)+ 1I(- CHy)+ 2I
(- CH,)+ 2I (- CH) (10)
Bond increment schemes are adopted in a smilar
fashion. These group and bond enthalpy increment schemes
are more convenient than the statistical mechanics scheme
and they also take into account errors which exist in the

parametrization,

In the alternative statistical mechanics approach,
it is necessary to add to the calculated steric energy, the
rotational and translational enthalpies (= 3RT), the
vibrational enthalpy and zero point energy in order to
‘obtain the calculated heat of formation. The 3N - 6
vibrational frequencies, Vi, necessary for the evaluation
of the latter two components, can be obtained by diagonal-
ising the matrix, M-% B M-%, where B is the matrix of the
potential energy second derivatives and M is the diagonal

matrix of the atomic masses. The vibrational zero point
3N-6

4

zh ) Vi
i=1

is Planck's constant, while at Temperature T, the

energy, EVIBO’ is given by EVIBO = , where h

vibrational enthalpy, HVIB’ is calculated sas

3N-6
Hyrp = KT i§1 In(1-exp (-hV i/kT)),

where k is Boltzman's constant and h is Planck's

constant.
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If the enthalpies of vibration are evaluated for
the different conformational minima of one molecule, it
is found that the values seldom differ by about more than
1 k cal/mole, which implies that differences in steric

energies can be equated with conformational energies.

It is important that care should be taken when
equating differences in steric energy, differences in
enthalp{y and differences in free energy. Energy is more
intuitively convenient while enthalpy 1is more experiment-
ally and thermodynamically convenient and they are

interrelated by PAV terms,

As = At + PAV , (11)

usually the errors involved in these terms are small
under the conditions of interest: 25°C (298K) and

1 atm.pressure.

Free energy (AG) is the thermodynamic variable

which determines relative stability:
Ac = AE - TAS = -RT 1n K

where AH is the enthalpy change, AS is the entropy and
K is the equilibrium constant. From this equation, it is
evident that the free energy is composed of an enthalpy
(or energy) term as well as anentropy term (AS).
Whereas AH is essentially temperature independent,
increasing the temperature increases the entropy term.
In most cases, near ambient temperatures, the enthalpy

term dominates. As such, it is usually safe to assume
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tacitly that information about AH is conceptually
equivalent to that about AG. In any case, it is AH
differences that define strain energy and AG differences

that define relative thermodynamic stabilitye.

From a knowledge of the free energy difference between
two conformers at a particular temperature, it is ﬁossible
to deduce the extent to which the conformers are present

€.g. AG° for the change gauche to anti butgne is -0.39

k cal/mole, which corresponds to an equilibrium constant
K value of 1.9. Thus at BOOOK, butane is approximately

65% anti and 35% gauche.

14 Parametrization of Force Fields

As previously mentioned, the force constants,
reference geometrics and the potential functions are
referred to collectively as a force field, which there-
fore 'describes the restoring forces which occur in a
molecule when the geometry of minimal potential energy is
bdisturbed'7. It is therefore necessary to derive
optimum values for the‘force field parameters in such a
manner that the resultant force field will correctly
predict the geometric and/or spectroscopic and/or
thermodynamic properties of a lafge variety of multiform

molecules, within the limits of experimental error.

In order to achieve this success, it is essential
to have available a large body of experimentalbdata
whigh is both diverse and, equally important, accurate and
élsé to use the minimum number of necessary adjustable
parameters e.g. to omit negligivle cross-terms, otherwise

serious problems resulting from overparametrization will
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arise.

Initial estimates for force constants and potential
functions for bond stretching, angle bending and out-of-
plane bending are usually borrowed from vibrational analysis
while bond lengths and angles are chosen from electron
diffraction, microwave or X-ray results. In bond angle

deformation, it has been proved o 12

that to reproduce
accuratély experimental energies as well as geometries

that it is vitally important to use different strain -
free angles for different substitution of the central
carbon in the force field. The starting force constant and

potential function for torsional interactions are taken

from microwave analysis of rotational barrier data.

An accurate description of van der Waals curves
for nonbonded interactions is most essential, but they
are now known only in the crudest way and consequently the
nonbonded energies are the most difficult to parametrize
for. Since the Lennard-Jones and Buckingham type potentials
are known to be least réliable at small interatomic separ-
ation, it is vital to include as much experimental data

which exhibit this feature as possible.

In practice, it is possible to obtain numerous sets
of optimised parameters each of which will give essentially
the same results, but extreme care must be taken with the
balance between the functions and with the interpretation

of the results.

Most workers adopt one of two methods to derive
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optimum values for force field parameters - (a) trial-and-

error method or (b) least-squares procedure.

In method (a), the force field parameters are altered
in a trigal-and-error manner in an attempt to fird optimum
values. This method consumes large amounts of human and
computer resources as it is difficult to prediet accur-
ately the effect of a parameter change on the overall
geometry and energy of all molecules involved in the

parametrization.

Method (b) was implemented by Lifson and Warshel in
196820 and involves an elaborate linear least-squares
procedure to find the best possible values for the force
field parameters from structural, thermodynamic and
vibrational data by minimising the squares of the differ-
ences between experimental and calculated properties with
respect to force field parameters and produce a
CONSISTENT FORCE FIELD. The squared term 1is usually weighted
"by an amount which is inversely proportional to the square
of the standard deviation of the corresponding experimental
observation. This method has the advantage of giving
information concerning the omission of parameters (i.e. ones
which do not differ significantly from zero) and the
dependence or independence within groups of parameters
but,because of the need to evaluate the second derivatives
of potential energy in the calculation of vibrational
frequencies, this method requires the availability of large
amounﬁs of computer time. The agreement with experimental
data is reliable - Ermer and Lifson® developed an alkene
consistent force field where the'average absolute differ-

ences between observed and calculated bond lengths, bond
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angles and torsion angles used in the optimisation are
0.003 X, 0.50 and 1.0o respectively over a total of 44
structural quantities, between observed and calculated
heats of hydrogenation 0.92 kcal/mole over 10 thermo

chemical quantities and between observed and calculsted

frequencies 15.4 em™

over 259 vibrational frequencies.
1t is noteworthy that method (a) produces equally good

results.

An alternative method, which may be regarded as a
hybrid of methods (a) and (b), may be used and it is a
consequence of the fact that it is more difficult to
reproduce properties associated with the energy of
molecules than those associated with the geometry i.e.
energy parameters are more force field dependent than
geometric parameters. To overcome this problem efficiently
the force constants in the force field i.e. kl’ kg, k(d
and € may be included in a linear least-squares

-optimisation along with the group enthalpy increments.

1.5 Energy Minimisation

Generally the co-ordinates of a molecule, which
are initially used in a molecular mechanics study are
only approximate as, for example, they have been derived
from molecular models. In order to obtain information
regarding the equilibrium properties of a molecule, it is
necessary to adopt an energy minimisation scheme which
will minimise the steric energy of the molecule, Vs, with
respect to the co-ordinates by systematically adjusting

the positions of the atoms and which will also produce
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results which are both consistent and reliasble. At present,
there is no single scheme which is genérally accepted as
all the minimisation methods which are used, have known
shortcomingszz. However, the success or failure of one
scheme depends largely on the position on the potential

energy hypersurface that the model molecule lies.

The input co-ordinates are usually cartesian since
they are simpler to use and easier to programme than
internal co-ordinates which are, however, indispensable

for molecules composed of more than 60 atoms.

The most widely used energy minimisation schemes
will be discussed in the following sections, although the
overall minimisation method, which is adopted, is often

a combination of two different schemes.

At a potentisl energy minimum, the net force
acting on any one atom is zero i.e. a necessary condition
for an energy minimum is that the partial derivatives of

the energy with respect to each co-ordinate equal zero,

~

i.e. aVS(X) = 0’ i = 1’ 2’ 0000003N
d x,
where N is the number of atoms in the molecule and x is

a co-ordinate vector.

The potential energy of the trial model can be
expanded in a Taylor series (truncated after the linear

term) about an energy minimum:
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3N v
v (x + 5x)x - VS(x)x=xs + iz=1 ((gxi(X))) . Axi
X=X
(12)

where Xg is a given starting point not far from the

minimum.

In order to satisfy the condition for an energy
minimum, the derivatives of the energy with respect to each

of the 3N co-ordinates are taken:

3N

z (avs(x+6x)) z (aV (X)) +
3=1( J xj )x=xs =1 ("% )

3N 3N

y Y (9 v (x))  Axy = (13)

J=1 1=t (Tox 3 ),y

s
Equation (13) is equivalent, in matrix notation to:

vvs(xs +8x) = Vvs(xs) + F86x =0 (14)

whereVVS is the graqient of V, and F is the matrix of the
second derivatives of V. From (14), it can be deduced
that

ox = -FS—1.VVs(xs) (15),

where F~' is the inverse of F.

(a) Scheme 1: Steepest Descent

This was the first general scheme to be introduced
into molecular mechanics calculations, by Wiberg23, in
1965 and it involves changing, in turn, each co-ordinate of

the molecule by a small incremeht, calculating the
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corresponding energy change and then restoring the co-
ordinate to its initiasl value. After this procedure hsas
been applied to each co-ordinate in the molecule, the
co-ordinates are then each moved by an amount proportional
to its partisl derivative of energy with respect to the
co-ordinate, in a direction which lowers the energy. This
procedure is repeated until the difference in energy from

one cycle to the next is less than a stipulated value.

To obtain a mathematical description of the
steepest descent method, it is necessary to substitute a
diagonal matrix D with Dii = 1/'L, where L is a scaling
constant, for F in equation (15), which gives:

Sx; = -L Eé"xsix))> (16)

x=xg
Bixon and Ln'i‘?sonZ)4 determine the constant L from a given

value for the root-mean-square change of the Cartesian

co-ordinates ( ob)

3N -z
1 2V 2
L= o, Gy X (559 (17)
i=1 i
The value of'(J; must be properly chosen during
the various stages of the minimisation process, other-

wise the convergence is unnecessarily slow.

Allinger and other workers have found that this
minimisation method avoids the difficulty of getting
stuck in a saddle point on the hypersurface and that it
is most efficient (i.e. rapid minimisation) when the
energy and geometry of the molecule are far reméved

from its minimum but becomes less efficient as the
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minimum is approached. Another disadvantage, apart from

the scaling problems, is that this method finds both

global and local minima as well as maxima. The final
absolute partial derivative attained by this method is about

0.1 k cal mole ' & 71,

(v) Scheme 2: Pattern Search

This methodzs, which was first applied to molecular
mechanics calculations by Schleyer, is similar to the
steepest descent method. It differs from steepest descent
in that the perturbed co-ordinate is not returned to its
starting point, if it is a favourable energy change, so
that the pattern search method does not require the
evaluation of derivatives and is scale invariant. The
minimisation is accomplished by a combination of explor-
atory moves and pattern moves to generate a sequence of
improving approximations. Exploratory moves examine the
local behaviour of the function and seek to locate the
'ﬁirection of any sloping valleys present; pattern moves
utilize the information yielded by the explorations by
progressing along any such valleys. This method has the
advantage that the rate of descent down valleys is more

rapid than in the steepest descent method.

Schleyer's modified pattern-search methodz, has
given lower energy and more reasonable distribution of
strain than the steepest descent method, but like the
steepest descent method, finds local minima and

convergence near minimum is relatively slow. The difficulty
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of the occurrence of locel minima can be partially
eliminated by employing a variety of starting geometries,
when flexible molecules are being considered, which will
hopefully converge to the same geometry and energy.
Convergence is assumed and the search terminated when the
exploration steps have been reduced below some specified

limit (e.g. 10°-%).

The pattern search method is clearly a simple
strategy which is easily programmed, requires very little
computer storage and hence faster than the steepest
descent method and like the steepest descent method, is

relatively tolerant of the approximate trial structure.

(c) Scheme 3: Newton - Raphson method

This procedure wag first used independently by
Jacob, Thompson and Bartell19, Boyd26 and Lifson and
Warshe12o and was found to be versatile and to produce

results which were reproducible and reliable.

In equation (15), F is the matrix of second

derivatives of V i.e.

F =d2vS
ax- ax.

J 1

If F is set equal to aZVS : i, j< 3 for each atom
i.e. F is then equal to the block diagonal matrix27’28,
this overcomes the scaling problems encountered in the
steepest descent method. This block diagonal approx-
imation method is, however, less tolerant of the

approximate trial structure than the steepest descent and
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pattern search methods, but it is more effective for
bringihg a crude, trial conformation into the vicinity
of the minimum. After 50 - 100 iterations, the first
derivatives of potential energy with respect to the
cartesian co-ordinates are reduced to about 0.1 kcal.
mole—1ﬁ_1, but thereafter convergence is slow. More
recently it has been found8 that the block diagonal
method is, in fact, less tolerant of the trial structure
then the pure diagonal approximation i.e. where F =

Q&

:;-—5 for each atom, although the convergence properties

Xi

are roughly the same. It would therefore seem to be more
advantageous to use the pure diagonal approach which

would use less computer time.

Regardless of whether the pure or block diasgonal
approach is adopted in the initial stages of minimisation,
it becomes necessary in later stages to use a method which
_has better convergence properties. Such a method is the
full-matrix Newton-Raphson i.e. where F = ¢52V ;

: X.dx

i, 3 =1, 3N 1 (18)

The matrix F is singular with six eiggnvalues zero
because rotations and translations have not been eXcluded,

and so the set of equations(1)cannot be solved directly.

Two methods are available for inverting F. The
first "generalised inverse" method29 requires the

diagonalisation of F:-
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F* = E diag (1/ \ )E

where F' is the generalised inverse of F, Aand E are
eigenvalues and eigenvectors of F respectively. The
second approach, sometimes call the '"reduced F - matrix
technique" or Rao's methodu’so, involves keeping six
co-ordinates constant by removing the corresponding rows

and columns from the matrix and solving the remaining set

of equafions by standard methods.

However, although this second method is significantly
faster than the first, it does not produce the unique
generalised inverse F' - instead it yields a non unique
Fr2 generalised reciprocal, where Fr2 is a matrix which is
a two condition generalised reciprocal matrix, satisfying

31’32. For any

conditions (1) and (2), discussed below
matrix P, square or rectangular, there exists a unigue

matrix Q satisfying the conditions:-

PGP = P (1)
QPQ = @ (2)

(PQ)*= Pq (3)
(QP)*= QP (4)

Furthermore, the unigue generalised inverse matrix of P is

a matrix ¢ = PY, which satisfies the conditions (1) - (4).
This shortcoming of the second method is manifested by the
observation that the convergence of the process depends

on the orientation of the molecule in the frame, although,

in the case of molecular mechanics, the difference in
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results for one orientation and another is usually not

significant.

This quadratically convergent Newton-Raphson
process has to be iterative (series of successive approx-
imations) because of the linear relationship betweén the
first derivatives of VS and the cartesian co-ordinates,
implied by (15) and because of the truncation of the
Taylor éeries. The full-matrix minimisation method has
good convergence properties as it converges, after about
3 cycles, with the first derivatives being lowered to

0 -10-
1 kcal mole 18 1. The geometry, mostly torsion angles,

10~
will usually be changed significantly, and this method thus
gives a better representation of the true molecular

geometry and its inherent symmetry than any of the methods
previously discussed, an account of the fact that the full-
matrix method takes into consideration the interaction of
éach atom with all the other atoms in the molecule. The
:energy, on the other hand, is not usually significantly
altered on going to the full-matrix from the block-diagonal
method. Since the full-matrix method requires a good initial
estimate of the trial structure, it is only used in the
second stages of minimisation ~ steepest descent, pattern
search, block diagonal or pure diaéonal methods may be used
in the first stages. One major disadvantage is the necessity
of solving a set of linear equations at each iteration,

which requires vast amounts of computer resources, btut this

is not a very serious problem, due to the availability of
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very fast computers with large core stores.

The matrix elements F;j, calculated for the
equilibrium structure, correspond to the mass independent
generalised force constants of the system. The force
constants corresponding to the normal vibrations of the
molecule are the eigenvalues of the matrix with eléments
(GjjF ij) where G is the matrix of reduced masses and so
normal modes of vibration and thermodynamic variables can
be easiiy derived. Second derivative schemes give access
to both minimisation‘and maximisation and provides a means

of distinguishing between the two possibilities.

(d) Numerical versus analytical derivativesa.

Analyticals are faster in computer execution time
but numericals are easier to program and more versatile.
This latter feature can be vitally important e.g. when a
force-field is in the process of being parametrized. During
the parametrization, it is usually necessary to change
'fhe form of one or more of the potential forms in the
force-field. In a scheme utilising numerical derivatives,
it is necessary to change only a few lines in the program,
whereas, when analytical derivatives are used the new
expressions for these must be derived and incorporated
into the program which must be amended substantially to
accommodate the changes. For production work, there is

9

preference for analytical derivatives”, since they use

less computer time.
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CHAPTER TWO

The development of a molecular force field

for calculations on

alkanes and non-conjugated alkenes

-
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2.1 Introduction

By 1973, there were several force-fields 1,2,3,4 in

existence which were developed to deal with calculations on
alkanes and/or non-conjugated alkenes. Unfortunately, each
one of these force fields was known to have certain

defects in that they could not adequately reproducé all the
available experimental data e.g. heats of formation of
polycyclic hydrocarbons5. Such shortcomings are usually

a result of a biased selection of molecules included in the
parametrization of the force field, unnecessary overpara-
metrization, lack of experimental data and incorrect
derivation of the balance between non-bonded interaction

potentials and other contributions to the steric energy.

Since an alkane/alkene force-field can form the
basis for other force fields describing all other functional
types of molecules e.g. carbonyl compounds, halogens, it is
important that the basic alkane/alkene force field is a
reliable one, otherwise vast amounts of human and computer

resources are wasted.

Since 1973, a number of papers, supplying potent-
1ally useful experimental data, have appeared in the
literature. This data include heats of formation of

6, 7

polycyclic hydrocarbons s heats of hydrogenation of

medium ring dienes and trienes8 and structural data e.g.

9

neutron diffraction study of a cyclodecane derivative” and

X-ray and electron diffraction studies of medium ring dienes.

The time was therefore considered tc bc right for the
parametrization of a new and improved force field which would

be more general and reliable then the previously developed
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force fields.

220 The Force Field

The force field which was subsequently developed
(referred to as the White- Fovill force field or WBFF, for
short), incorporated into its parametrization large amounts
of experimental data concerning the thermodynamic and
structural properties of a carefully selected group of about
75 compounds, which range from the simplest alkene, ethylene
through other straight and branched chain compounds, cyclic
compounds from C5 - 012, bicyclic, polycyclic and highly
strained hydrocarbons1o.

In order to keep the force field as simple as possible,
a truncated (i.e. no cross-terms used) valence force field
model, identical in form to that used in Schleyer's alkane
force field (SFF) was adopted. The H.....H potentials in
SFF were found too 'hard' and were therefore revised. As
described in Chapter 1, the steric energy, Vs, for alkanes/

alkene is composed of 5 components:-

_ i 2 1 2 _ .1 3
v, = zl;k.l(l-lo) +§;kg(A9 -k g867) +

Z%kwﬁ + 8 COS nw) +Z£(-2/o<_6 + exp
w r

(12(1-))) +Z-2’—kx (180 -X )2
* X

where K = r/'(r*1 + T, ).

The trial force constants were carefully adjusted in
a trial and error manner until the fit between all the
calculated and observed properties was satisfactory -
heats of formation, heats of hydrogena%ion, conformational

energies, barrier heights between conformations and
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geometries of molecules,

The final form of the force field consisted of
22 parameters for aliphatic functions and 18 parameters
for double bonds and its surroundings and is given in
Table 1. A Group enthalpy increment scheme was adopted to
obtain heats of formation and hydrogenation with the
increments being determined from the steric energies and
experimgntal heats of formation by a linear least-sqguares
process. The values of the increments and their e.s.d's

(estimated standard deviations) are reported in Table 2.

In total, 60 experimental enthalphy values were used
in the parametrization and the final mean deviation
between the calculated and experimental enthalpies was
0.55 kcal/mole which compares favourably with the 0.61
kcal/mole over 39 compounds, 0.72 kcal/mole over 39
compounds and 0.92 over 10 compounds obtained by Schleyer1,

3 respectively. The

Allinger2 and Ermer and Lifson
corresponding figures for geometric properties are 0.009

ﬁ, 0.6° and 0.9° in bond lengths, bond angles and torsion
angles respectively over a set of 93 observations. The
enthalphy and geometric data on the individual molecules are
listed in Tables 3 and L4 respectively. It can thus be seen
that these results are within the acceptable limits of
experimental error and are more reliable than the afore-
mentioned force fields and hence a certain amount of con-
fidence can be placed in the results for compounds, not

included in the parametrization but whose structural

features are represented in it.

The energy minimisation scheme was a tandem quasi-

Newton (Block Diagonal followed by Full Matrix) minimis-
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Table 4: Experimental and Calculated Structural Parameters

Calc.-~-
Compound Structure Expt Calc. Expt Ref.
Ethylene £12 1.335 1.336 0.001 55

Y 2
\ 253 1.090 1.089 -0.001
H

61,3  121.7  121.3  -0.4
Propene ;zzg\\ 219 1.336 1.337 0.001 56

cis-1- Butene 9123 126.7 125.5 ~1.2 18

6,3, 114.8  115.4 0.6

o —

skew-1-Butene 0123 125.4 123.6 -1.7 18

»
»

4 6234 112.1 111.5 ‘0-6

*

Isobutene 0423  115.3  116.2 0.9 57

C O

trans—2-Butene 123 ' 1.508 1.506 -0.002 22
212 1.347  1.338 -0.009

0723 123.8 123.6 -0.2

2-Methyl-
skew-1-Butene

71.5 -1.2 58

A

*
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Table 4 (contd)

' Calc. -
Compound Structure Expt Calc. Expt Ref.
6
2,3-Dimethyl- \ / 299 1.511 1.511 0.000 59
2-Butene 3 2 .
//r'*"ﬂ\\ 223 1.353 1.346 -0.007
1 812 113.2 114.4 1.2
Cyclopentene 21534 156.7 160.9 4.2 60
Cyclohexene %1234 -15.2 -15.3 -0.1 61 -
%5345 44.9 45.4 0.5
Cyclodecadiene
223 1.506 1.510 0.004
—— 0123 128.2 127.0 -1.2
8345 114.1 113.6 ~0.5
91034 -—114.7 ~-115.5 0.8
@2345 58.2 59.5 1.3
Norbornadiene ' 212 1.535 1.510 -0.025 63,
- 4
293 1.343 1.337 -0.006
0174 94.1 94.3 0.2
<2397> 1.544 1.526 -0.018
%5145 115.6 116.3 0.7
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Table 4 (contd)

Structure Calc. -
Compound Expt Calc. Expt Ref
Bicyclo[2.2.2] ¢6143 121.2 120.4 -0.8 64
Octene .
$31234 0.0 0.0 0.0

_Bicyclo[2.2.2] $3145 123.4  123.4 0.0 64

Octadiene
212 1.334 1.338 0.004 65
216 1.496 1.509 0.013

9234 113-3 1—13.2 _0-1
8345  123.5  123.4 0.1

2-Pinene 212 1.34 1.34 0.00 66
817¢ 112+3 108 -4
61203 1183 118 . O
037 118 %3 119 1
012,10 126 125 -1
O4365 1468 142 -4
Cyclohexane ‘ 2ec 1.528 1.530 0.002 67,

68

6ccc  111.3  111.3 0.0
, ®ccce  55-2 55.2 0.0
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561

Table 4 (contd)
Calc.-
Compound Structure Expt Calc. Expt Ref.
Cyclodecane 6345 118.0 117.9 -0.1 9,
' 31
(Eop BVerage) 0456 118.1 117.6 -0.5
8567 114.7 114.9 0.2
416,1,2,3 T152 ~152 0
91234 55 55 o
®5345 66 68 2
r(Hs‘ - "219) 2.08 2.0’7 "0.0l
r (H2..-H6) 1.94 1.94 0.00
Adamantane 9,23 110.0 110.0 0.0 69
4 8234 109.2 109.2 0.0
<> 1.534 1.536 0.002
3
1
FA
Diamantane <Lec> 1.535 1.537 0.00270
<Occc” 109.5 109.4 -0.1
611,12,13108.8 109.2 0.4
95'13'12 110.2 110-0 -002
96,5,13 110.2 109.9 - -0.3
3 108.7 108.0 0.3
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Table 4 (contd)

: Calc.~
Compound Structure Expt Calc. Expt Ref
cis,cis~1,5- ' ' _ .
Cyclooctadiene 212 1.341 1.340 ~0.001 ;?
2,23 1.502 ' 1.512 0.010
234 1.554 1.530 —0.024'
6123 127.8 127.8 0.0
6234 116.8 115.8 -1.0
. r(Cl"'CS) 3.30 3- 39 Orog
r(Cl---C6) 3.05 3.08 0.03
r{C2--:C6) 3.32 3.31_ -0.01
r(c3-.-c7) 3.82 3.81 -0.01
r(C4---C7) 3.19 - 3.1%9 0.00
r(C4---C8) 3.13 3.05 -0.08
trans,trans, trans— '223 ' 1.54 1.53 -~0.01 72
1,5,9-Cycio- v
dodecatriena 2 1.49 1.51 0.02
AR 34
(23 average)j
= 245 1.32 1.34 0.02
9234 111.1 112.1 1.0
a 3 .
/ 9345 124.1 123.5 ~0.6
IS
// \\ ®,34  63.4  61.6 -1.8
s — P
@2345 116.5 115.0 1.5
)\ .
¢3456 178.0 177.9 ~-0.1

|
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ation which utilized numerical first and second derivatives.

All compounds were minimised untilévs/é X was 10—8 kcal/

mole 18 1,

2.3 Results and Discussion for compounds included in

the Parametrization

(a) The Effect of non bonded H....H potentials on
calculated molecular conformations and steric

energies
Many different force field models have emerged since
19701’2’3. In general, they have reproduced geometric and

thermodynamic properties of alkanes and alkenes in many
instances and the results of different force fields are

in fair agreement. These force fields, depending on the
manner of the parametrization and the specific reason for
the parametrization, contain a diverse balance of non-
bonded potential functions superimposed on truncated valence

1,11 have taken this to mean that

force fields. Some workers
.differences between nonbonded potentials can be offset, in
part at least, by suitéble modification of the valence

force field, whilst maintaining approximstely spectroscopic

values for the valence force constants.

During the parametrization of WBFF10, one interesting

point that emerged was that the range of values that an
acceptable choice of parameters for H...H function (and
hence C...C, as the two are highly correlated) can assume
is somewhat narrower énd limited than previously believed
énd that, in fact, the first derivative of the H....H

potential with respect to the internuclear separation should
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not exceed 8 kcal mole-1ﬁ-1 and the energy per H...H
interaction at 2.08 should not exceed 1.5 kecal mole-1 12.
‘"Table 5 shows the values of the above functions calculated
by eight force fields. In.vestigations12 have revealed that
it is vitel to employ an acceptable balance of forces
between the different functions in the force field,
otherwise the consequences can be serious - incorrect
prediction of geometry, heats of formation, conformational
energies (and hence minimum energy conformations) and

incorrect interpretation of trends in molecular properties.

These points will be illustrated in the following sections.

As an example of such defects, it is known that
1,1'- biadamantane has 6 short H...H contacts over the
central bond and it has been found experimentally that the
central bond (C1 - 011) is 1.578% which is considerably

longer than a Csp3 - Csp3

bond in an 'unstrained' molecule
€.8. 1.5333 in propane. This stretching can be interpreted
;as a means of relieving the strain due to H...H contacts
and hence a function of the hardness of the H...H potential
used11. The harder the H...H potential used in a force
field, the more the central bond length is overestimated.

17 and Schleyer1 calculate this bond length to be

Allinger
1.617 X and 1.583 X respectively, the corresponding
derivatives are 21.5 and 9.5 kcal mole 'R -1, suggesting
that the error increases rapidly with the value of the first
derivative and that the H...H nonbonded potential in these

two force fields are too 'hard'.
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Table 5

The energy (kecal m01-1) per H...H interaction at 2.03, and

its first derivative with respect to H...H distance (kecal

mol-1ﬁ -1), for the potential function from a selection

of current force fields.

 Force Field v av/ar®
Allinger and Sprague (2) L3 -21 .49
Schleyer and co-workers (1) 2.26 -9.48
Ermer and Lifson (3) 1.32 -6.60
Bartell and co-workers (13) 1.12 -5.38
Montgomery and co-workers (14) 1.08 -5.10
Boyd and co-workers (15) 1.06 -l o34
Hendrickson (16) 0.95 -3,88
White and Bovill (10) 0.69 ~-3.05

a

A direct measure of the "hardness" of the function.
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(b) 1_- Butene
"Two minimum energy conformations of 1-butene are the

gauche form (I) and the eclipsed form (II).

Me

I
S = H
Bxperimental evidence implies that the two forms are of

approximately the same energy18’ 19_

Force field calculations using Allinger's alkene
force field (AFF)2 and an extended version of Schleyer's
alkane force field to deal with alkenes (SFF/E) overestimate
the steric energy of the eclipsed form by over 1 kcal/mole.
This is a direct consequence of using "hard" H...H potentials
(see Table 5), which therefore exaggerate the two repulsive
:H...H interactions in the eclipsed form. The WBFF, on the
bther hand, calculates the gauche form (I) to be more
stable than the eclipséd form (II) by only 0.6 kcal/mole,

which is equivalent to a 70%:30% mixture.
(e) 2 - Butene

The most stable conformation of propene has a methyl
hydrogen eclipsing the double bond, and two such eclipsing
interactions are present in trans-2-butene (III), which is
essentially strainfree with respect to steric interference
between the hydrogen atoms. However in cis-Z2-vbuiene (1IV)
maintenance of two such eclipsing interactions would place

nonbonded hydrogens only 14.80 X apart in an ideal geometry.
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Thus potentially destabilising interaction is, in large
measure, relieved by opening of the C=C—Csp3 and
H'Csp3—-csp2 angles. The strain in cis-2-butene relative

to trans is found experimentally to be only 1.24 kcal/molezo.

According to the microwave spectrum21, cis~2-butene

possesses sz-symmetry with eclipsed methyl groups.

H

’
/

111 IV

Overestimation of H...H interactions, in this case,
has three consequences; the cig/trans energy difference is
calculated to be too high, the C=C-C valency angles too
large in the ¢cis isomer and possibly an incorrect pre-
diction of the symmetry of the cis isomer. The enthalpy
difference may be corrécted by the inclusion of a small
one-fold component in the term which describes the torsion
around the double bondz, but the geometry can only be
improved by revision of the H...H potential. Force field

calculations on cis-and trans-2-butene have been performed

using AFF, SFF/E and WBFF and the results are tabulated in
Table 6, which endorses the opinion that the H...H potentials
in AFF and SFF/E are 'hard' compared to the'softer'
potentials in WBFF, which gives a better represeﬁtation of
2-butene. Furthermore, AFF calculated a molecular C,-

2
symmetry with methyl groups twisted out of the eclipsed
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Table 6

Calculated enthalpies of isomerisation for 2-butene and

C:C-Csp3 valency angles for cis-2-butene.

. AHc/t @ c=c-C
Experiment 1 .2020 125 .1422 , 126. 721
8AFF(2) 1.84 127.9
8SFF/E 1.86 128.2
WBFF (410) 1.30 12744

8The constribution due to the one-fold barrier around

C=C has been discounted for purposes of comparison.

Units of enthalpy difference is kcal/mole.,
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position by 8.60, whereas WBFF predict the correct
molecular symmetry (CZV)' The incorrect prediction of
molecular symmetry by AFF, may be due, in part, to the
incomplete convergence of the minimisation23. The

geometry calculated by WBFF is shown in Figure 1.

(a)

(¢}
[

s, cis - Cyclo octa - 1,5 ~ diene (1,5 - COD)

’I

Conformational interconversions of 1,5 - COD were

first studied experimentally by Anet using the dynamic

25 26

NMR methodzu and then theoretically by Anet ~, Allinger

27

and Ermer using molecular mechanics calculations. This

topic will be discussed in Chapter 3.

The minimum energy conformation of 41,5 -COD has been

2L and diffraction28’29 studies and

10,25,26,27,30

shown by spectroscopic
by molecular mechanics calculations to be
unequivocally a 02 symmetric twist boat, but the calculated

3 3

degree of twist (i.e. the Csp2-Csp -Csp —Csp2 torsion
angle) varies from 27O to 550 depending oﬁ which force
{field is used. This is not altogether surprising as the
value of the degree of twist depends largely on the
hydrogens on C4 and C8 as can be seen from Fig. 2. As
the degree of twist is increased fronm Oo(corresponds to a
Coy boat conformation) upwards, the two hydrogen move
closer together until a limiting value is reached where
the decrease in torsonal strain is offset by the increase

in steric compression. The "harder" the H...H potential

enployed, the sooner.this limiting value will be reached.
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Figure 1: The calculated structure of cis-2-butene (c symmetry).

v



F-=--2.07 - -}
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Figgge 2: The calculated twist-boat conformation of

cis,cis~cycloocta-1l,5-diene (C2 symmetry) .
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1. 94
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AFF, SFF/E and WBFF calculate the degree of twist to be 380,
50o and 52o respectively. X-ray crystal structure analysis29
of a dibromo derivative and an electron diffraction
study28 of 1,5 - COD give experimental values of 65° and 45°
respectively. Thus again confirmation is obtained that

the H...H potentials employed by Allinger are much too.
'‘hard'. The degree of twist and geometry calculated by

the WBFF is in excellent agreement with the geometry

obtained from the electron diffraction results (see Figure

2 and Table 4).

(e) Cyclodecane

Cyclodecane and many of its derivatives have been

31 and neutron diffraction

and by IR/Raman spectroscopy32. All these

studied extensively by X-ray
analysis9
studies point to the fact that the preferred conformation
in the so0lid, liquid and gaseous states, is the boat-
‘chair-boat (BCB) conformation. This is confirmed by
amolecular mechanics calculations in most cases - the WBFF
calculates the BCB conformation to be the minimum energy
conformation, which is 0.5 kcal/mole more stable than the
next lowest conformation, the TCCC (T stands for "twisted").
However, only AFF and SFF calculate the TCCC to be the
preferred minimum energy conformation by 1.7 and 0.6

kcal mole-'1 respectively over the BCB, which would contra-

dict both the vast body of experimental data and other

molecular mechanics calculations.
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The neutron-diffraction study9

indicated that the
preferred conformation, the BCB, posseéses six short trans-
annular H...H distances (< 2.0%)(see Table L), which will
therefore be a major contributor to the strain energy.

The TCCC does have some transannular interactions but the
H...H distances are longer and energy due to them less
repulgive. This implies that if 'hard' H...H potentials,
i.e. potentials which overestimate the repulsive term, are
used, the contribution by the six short H...H interactions
to the steric energy of the BCB is overestimated and as a
consequence, the TCCC is predicted to be more stable than
BCB. Since the latter six force fields in Table 5 correctly
predict the BCB as the minimum energy conformation of
cyclodecane, the validity of the limiting values for H...H

potential functions, discussed in (a), is endorsed.

14

A recent electron diffraction study, by Montgomery 7,
revealed that gaseous cyclodecane at 130°C consists of a
‘mixture of 49% BCB, 35% TBC, 8% TECC and 8% BCC. Force
fields calculations with WBFF, were performed on six conform-
ations - the four conformation mentioned above, the TCCC
and a low energy conformation, TCTCBu, which had not
appeared to have been studied previously - Hendrickson16

33 only consider conformations in which the

and Ermer
symmetry elements pass through atoms, the TCTC has,
however, a two-fold axis which passes through the centre of
the ring. The steric energy, relative to the BCB, and

torsion angles calculated by the WBXF, for the six



- 68 -

FIGURE 3, TORSION ANGLES (DEG) AND STERIC ENERGIES RELATIVE TO THE BCH
CONFORMATION (KCAL,/MOLE) FOR SOME LOWeENERGY CONPORMAT]IONS
OF CYCLODECANE

BC8 TCCC TBC T8CC BCC TCTC
TORSION
ANGLES
1,2,3.4 =55 »145 79 b ' ¥ =88
,3,4,% =68 86 =70 =08 *73 96
3,4,%,6 68 .70 =74 131 64 =111
AQUQOsV 55 86 79 =88 G” nCQ
5,6,7,8 =152 «i45 6e =65 =idR (1.1
6¢748,9 55 145 =138 181 133 =58
7,8,9,10 68 =86 53 =98 =87 96
8,9,1¢,1 =68 70 53 87 6o wiif
o‘ H@‘ 1 -M =55 =86 .&“O .o. .0” ﬂa.
12,1,2,3 152 145 6e 181 166 =58
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conformations are given in Figure 3. All six cornform-
ations were found to correspond to true minima in contrast
to Ermer's finding that some were only partial minima33.
The calculatlons confirm that the BCB is the conformation
of lowest energy out of the six and show that there is a
correlation between the relative steric energy and the
percentage of the four conformations, found in the electron
diffraction study. In addition, the geometry calculated by
the WBFF for the BCB closely mirrors that found in the

accurate neutron diffraction study of trans-1,6-

cyclodecanediolg(see Table 4).

() Polycyclic Alkanes

6535 | .o

Experimental work on polycyclic alkanes
revealed certain deficiences in some current para-
metrizations which in part has been attributed to "an
undue emphasis on the repulsive nature of H...H inter-

5

actions". Professor P. von R. Schleyer” has reported a
:list of polycyclic hydrocarbons whose heats of formation
are poorly reproduced by the AFF and SFF (see Table 7)
The WBFF was subsequently applied to the same group
of compounds and the mean deviation between the calculated
and experimental heats of formation is 0.98 kcal/mole,
which represents a considerable improvement over the
corresponding values of 2.23 and 3.12 kcal/mole obtained
by the SFF and AFF. However, the calculated heat of
formation for manxane, by the WEBFF , differs from the
reported experimental value by about 6 kcal/mole, more
than twice any4of the other deviations, which, together
with the fact that SFF's is in ﬁerror" by 4 kcal/mole,

would perhaps cast some doubt on the accuracy of the
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experimental heat of formation.

Schleyer has also reported thaf AFF and SFF force
fields predict 2, 4 and 2,8 - ethano-noradamantane to be
isoenergetic, whereas in fact the former is the stablomer
by about 1.5 kcal/mole36. Our calculations (WBFF)
correctly indicate the 2, 4 - isomer as the minimum
energy isomer but the enthalpy difference is underestimated

at 0.5 kcal/mole.

2.4 Some applications of the WBFF

Applications of the WBFF to medium ring and other

cyclic compounds will be discussed in Chapter 3.

(a) n-Butane

n - Butane has three conformers, two of which are
mirror images of each other and are known as the "gauche"
or "skew" conformations and one, more stable by about 0.6
;kcal/mole than either gauche conformational isomer, which

is known as the "trans" or "anti" conformation.

Recently, there has been some controversy over the

explanation for the gauche destabilization. The conventional

37

interpretation is that the gauche instability can be

largely attributed to 1...6 hydrogen repulsions between
gauche methyl or methylene groups with a small contribution
from the 1...4 hydrogen interactions about the central

n38

bond. Allinger's "gguche-hydrogen hypothesis , on the
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other hand, assigns 60% of the calculated enthalpy difference
between gauche- and anti- butane to the~1...u gauche-
hydrogen interaction and claims that this interpretation

is independent of the exact parametrization of the force
field.

This hypothesis has been discounted on both points

12,39,40 s alternative force field

by various workers
calculations with "softer" H...H potentials than AFF

estimate the 1...4 H interaction contribution to be relatively
minor at 2&%39 and 19%10. This hypothesis would therefore
seem to depend strongly on the choice of nonbonded potentials,
particularly the H...H potential and the balance of forces

in the different force fields, so that although the overall
results of different force fields agree fairly well, the
individual components of the steric energy to differ
significantly, as seen above. The interpretgtion of

molecular properties, on the basis of the partitioning of the
calculated steric energy, requires extreme caution,
particularly when the force field is known to have faults

and if organic chemists are to have faith in molecular

mechanics calculations.

(v) Bicyclo (3.3.1) nonane

4

A recent gas phase electron diffraction study of
bicyclo (3.3.1) nonane found that a twin-chair conformation
(V) gives the best agreement with the intensity and radial

distribution curves. The six-membered rings show a drastic
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<

VI

flattening which is probably due to the C(3) - C(7)
methylene nonbonded interactions since twinned ideal
cyclohexane rings with tetrahedral valency angles would
have a H...H separation of 0.752. X-ray studies of
derivatives of bicyclo (3.3.1) nonane reveal that the
ring system can adopt both & twin-chair (V) and a chair-
boat (VI) conformation and that the twin-chair conform-
ations show a similar flattening with the H...H
separation at C(3), C(7) methylene groups being

estimated at between 1.73 - 2.08 for the various studies.
‘A twin-chair conformation is usually adopted when there
are no endo substituents on positions 3 and 7“2, whereas

a chair-boat conformation, in which the H3,...H7 interaction
is absent but the familiar "bowsprit-flagpole interaction"
and eclipsed hydrogen interaction of the cyclohexane

boat are present, is usually adopted where there are
bulky substituents at either or both these positionsuB.

From an inspection of the torsion angles in derivatives

which have sp3-hybridised atoms at positions 2, 3, 4 and
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6,7,8 it can be deduced that the flattening in the twin-
chair conformations is effected by diéplacements of atoms

3 and 7 essentially parallel to the plane through 3,7,9

so that there is no skewing of the rings, which is observed
when sp2-hybridised atoms are present at any of these
positions. Equilibration experiments indicate that the
twin-chair conformation is more stable than the chair boat
by about 3 kecal mole™l B4, This is supported by low
temperature dynamic 130 NMR studies which furnish a limit
for the free energy difference between the two conformations

as being 2 1.40 kcal/moleuB.

The bicyclo (3.3.1) nonane systems has been
investigated using molecular mechanics calculations by

17, srr!, ana werF'©

AFF s and from the foregoing discussion,
it is obvious that the choice of the H...H potential used
in each force field will strongly influence the reliability
of the calculated geometry and steric energy of the two
.conformations. AFF, which employs 'hard' H....H potentials,
calculate the H3...H7 separation to be 2.15% and the
enthalpy difference between the twin-chair and chair-boat
conformations to be 1.24 kcal/mole, whereas the WBFF which
uses"softer" H...H potentials, calculates the separation to
be 1.973 and the enthalpy difference to be 2.89 kcal/mole
which are in much better agreement with the experimental
values (estimated to be 1.78- 2.0% and 3 kcal/mole). AFF's
value of 2.153 is much too long as the corresponding
distance in 9-thia bicyclo (3.3.1)-nonane-2,6-dione (a

compound in which the rings in the twin-chair conformation
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are skewed) is 2.07% ué.

The calculated ring torsion angles for the twin-
chair conformation are compared with those from an X-ray
crystal structure analysis of bis-9-borabicyclo(3.3.1) -
nonaneb'7 in Figure 4 and the calculated ring torsion éngles
for the boat-chair conformation are compared with those
from an X-ray crystal structure analysis of 3-bromo-9-

L3

benzoyl-9-azabicyclo (3.3.1) nonane-2-one in Figure 5.

(c) Sterically crowded double bonds

When four groups attached to an olefinic linkage
deviate significantly from coplanarity with the trigonal
centres, the TI-bond is weakened due to poor overlap.

Such distortions may be induced by constraining the double
bond in certain cyclic, bicyclic or polycyclic systems or
in the presence of crowded bulky substituents. This
weakening in the TI-bond can be detected by the low olefinié
vibrational frequency and long ultraviolet absorption

wavelength.

This seemed a géod area to test the applicability
of the WBFF, as it produced reliable results for 41-butene
and 2-butene, where the double bonds are sterically
crowded. Repulsive nonbonded interactions which result
from steric crowding across a double bond may, in principle,
be relieved by bond stretching, valence angle deformation

and the twist of the central bond.
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(a)
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W

(b)

The calculated ring torsion angles (a) of the twin-

chair conformation of bicyclo(3.3.1)nonane compared

with the C

borabicyclo(3.3.1)nonane (b).

14

Figure 5:

2V

<49

(a)

=64

averaged experimental values of bis-9-

=53

(b)

The calculated ring torsion angles(a) of the boat-

chair conformation of bicyclo(3.3.1)nonane compared

with the C averaged experimental values of 3-bromo-

. 9-benzoyl-9-azabicyclo(3.3.1)nonane-2-one (b).
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VII

Tetra-tert-butylethylene (VII) has not yet been
reported but it may be expected that steric repulsion might
alleviated by a totally unrealistic stretch of the double
bond or by substantial torsion. Calculations3 suggest a
75o twist which would thus give this compound substantial

diradical character.

L8

One compound which has been studied by spectroscopy
is biadamantylidene (VIII). This compound exhibits a
planar double bond in spite of the presence of significantly
repulsive nonbonded hydrogen interactions. Molecular

mechanics calculations, with WBFF, were in excellent

HiouH
HivuH
VIII

agreement with this observation - the calculated olefinic
torsional angle was o° - and the hydrogens were found to
eclipse the double bond. The calculated steric energy,
Vs, was only 24.00 kcal/mole, which indicates that the
compound has about tﬁe same strain as 5-ethylidenenor-
5ornene and which is about twice the steric energy of

adamantane (11.34 kcal/mole). The central bond lengthening



- 78 -

is not very strong - 1.349% as compared to 1.3352 in

3 is 1.5232 compared 1.5012

ethylene - and the Csp2 - Csp
in propene. The C = C -Csp2 valency angle is only 123.6°
and, as a result, the H....H distance is only 1.878. The
rigid adamantane rings, in VIII, are not substantially
different from an isolated adamantane molecule. These

results indicate that the steric crowding in biadamant-

ylidene is relieved mostly by bond stretching alone.

Opening of the C = C-Csp3 valency angle to about
1270, as in cis-2-butene, would severely distort the
preferred geometry of the adamantane rings and twisting
about the double bond would minimise the H....H
interactions across the rings but would aggravate other
repulsive nonbonded interactions and result in a weakening
of the TrI-bond.

An X-ray study of sxn-bis-2,21-fenchylid-ene-E (IX)
49

has been reported by Simonetta””. There is considerable

IX

steric hindrance in this molecule as a result of the
nonbonded interactions which arise from the presence of
the six methyl groups about the double bond. Molecular

mechanics calculations have been used to investigate this
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molecule in an attempt to understand how the steric

hindrance effects the molecular geometry and er.ercy.

The steric energy, Vs, of this molecule is
calculated to be 63.75 kcal/mole which indicates that
the molecule 1s highly strained much of which is due to

Baeyer strain.

Calculations indicate that the steric hindrarce
causes a slight deformation in the central bond length
(1.3602) and a slightly larger deformation in the Csp2-

3 pona (1.534%). The valency angles are also ad justed

Csp
to minimise the nonbonded interactions between the methyl
groups. The C:C—Csp3 valency angles are opened to 126.0°

and 126.8° with the Csp>-Csp--Csp- angle differing
significantly from their equilibrium (109.5°) value -

those involving the carbon with a single methyl group are
observed to be 123.u° while the other four angles associated
with the carbons which each bear two methyl groups have

~the average value of 115.80. The olefinic torsional

angle is observed to be 11.8° in the crystal. This is
similar to the value of 15.3o calculated by the WBFF, but

is significantly different from the value of 2u°calcu1ated
by AFF. This supports the view that the AFF uses H...H
potentials which are unacceptably 'hard'. These deformations

result in the shortest 1-6 contacts between the methyl

groups being 3.108 and the longer ones being 3.44%.
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It is interesting to note that Allinger has recently
upgraded his 1972 force fieldz’75. This was accomplished
by the inclusion of one-fold and two-fold barriers in the
torsional potentisls with the result that the new H...H
potential was made softer and smaller. As expected,

the reliability of the force field is greatly improved.
The standard deviation between the calculated and
experimental heats of formation of 42 hydrocarbons is
0.42 kcal/mole. The new force field, in contrast to the
0ld one, correctly predicts the BCB as the minimum
energy conformation of cyclodecane. In addition, he

" 38

also retracts his "gauche-hydrogen hypothesis , but

gt the same time, does not accept the conventional

37

explanations”’ .
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CHAPTER THRERE

Application of the White-Bovill force field (WBFF)

to the conformational analysis of

cyclic hydrocarbons, C6_-_C_12
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3.1. Introduction

Conformational analysis could profitably utilize more
detailed knowledge of the relationship between conforma-
tional structure and energy. Molecular mechanics (MM)
calculations supply this information and, in addition,
predict properties of unobservable conformation, e.g. transi-

tion states.

It is usual to classify carbocyclic rings a follows:

small 3,4
"normal" 5,6,7
medium 8,9,10,11
large 11

The strain energies and geometries of cyclenes, with
one double bond in the ring, ranging from CG-C10 and with

two double bonds in the ring, ranging from CS-C1 have been

0]
calculated using the White-Bovill Force Field (WBFF), which
was described in Chapter 2. In the parametrization of the
WBFF*, use was made of what experimental data was available
for medium ring compounds, which most of the study will be
concerned with and which had been largely neglected in the
parametrization of other force fields. It was therefore
possible to place a certain degree of confidence in our
results from the investigation of the plethora of conforma-
tions and transannular interactions exhibited by medium
rings.

%*
The WBFF produced extremely reliable results for
geometries, heats of formation and heats of hydrogenation

of a number of medium ring compounds.
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Combustion measurements allow an estimate to be made
of the total strain in cycloalkanes relative to acyclic
alkanes which are assumed to be strain-free.1 All rings,
except cyclohexane, have higher heats of combustion per

methylene group, and the estimated total strain per mole

is given below.

RING SIZE (n) 5 6 7 8 9 10 11 12 13 14

ESTIMATED TOTAL
STRAIN (kcal.

1 mole) 7 O 610 13 12 12 4 S O
The medium rings thus poésess a special conformational
situation in that they have more strain than the "normal”
and large rings. On the basis of information from spectro-
scopic and X-ray diffraction and from inspection of molecular

model, we can anticipate 3 types of strain in medium rings.

1. Transannular Strain, which is due to crowding of atoms,

usually hydrogens, across the ring. In cyclodecane, the
major contribution to the strain energy of the BCB conforma-
tion arises from six very short H .... H contacts which

lie on the repulsive portion of the Van der Waals curve.

2. Pitzer Strain, is due to the existence of eclipsed con-

formations, e.g. in cyclodecane, there are 2 anti- and

8 gauche ~ butane interactions.

3. Baeyer or Angle Strain, e.g. in cyclodecane, the,Csp3-
3

angles are increased to a mean value of 117°

3
Csp - Csp
to minimise Pitzer and transannular strain since valence

angle deformation is energetically ''cheap".

We also might anticipate that the conversion of sp3

2

to sp® hybridization at one or more carbon atom is favoured
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in some of these systems because the sp2 configuration has
a smaller number of C-H bonds than the sp3 configuration
and thus leads to a reduction in strain, due in part to
the proximity of substituents on opposite sides of the
rings and to bond oppositions. However, changes of bond‘
hybridization may produce concomitant changes in angle
strain and/or tranannular strain. These changes may be

either favourable of unfavourable.

This supposition is supported by a number of reactions
which show the effects of I-strain, which is defined as the
"change in internal strain which results from change in
coordination number of a ring atom involved in chemical

. 2
reaction",.

1. Reactions of Cycloalkanones with Hydrogen Cyanide to

give Cyanohydrins3

OH
///’—_~\\\\e//,

——— —N
(SF) =0 T R R,
Ring 5 g 7 g 9 10 11 12 13 14
Size

K 3.33 70 0.54 0.081 0.041 small 0.063 0.226 0.269 1.17
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2., Acetolysis of Cycloalkyl Tosylates4

+
///’ﬁ—‘\\\ >
(C(\CHOTS —> (cm,) +CH
+0AC™
Ring
Size 5 6 7 8 9 10 11 12 13 14
Relativg

k at 70 10.5 0.75 19.0 144 129 286 30.8 2.44 2.63 0.99

In reaction 1, the dissociation of the cyanohydrin results
in an increase of the already strained sp3-hybridized

bond angles (distributed over the whole ring), but much
more important, there is a reduction of transannular strain,
so that, in the case of medium rings, the equilibrium lies
to the 1left, In reaction 2, there is a relief of trans-
apnular strain in the transition state (sp2 hybridised).
Thé activation energy is lowest, hence the rate is higher,
when the ground state compression is greatest, as it is in
the medium rings. The increase in angular strain on
going from sp3 to sp2 again is less important. Generally,
in the region of medium rings, reactions which involve an
increase in I-strain (sp2 —_ sp3) are slow and reactions
which involve a decrease in I-strain (sp3 — sz) are

fast.

3.2. The Effect of introducing a double bond into

Cycloalkanes, C7—C10

Columns (1) and (2) in Table 1 mirror the same trend
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in strain as that derived from the heat of combustion
measurements and confirm that the introduction of a cis
double bond into the ring results in a reduction in strain,
as predicted above. Column 3, however, does not show this
trend. Molecular mechanics calculations indicate that the

introduction of a trans rather than a cis double bond leads

to unfavourable changes in torsional strain, and to a
smaller but significant change, in angle strain and trans-
annular strain. These strain components are largest in

C, compound and decrease as ring size increases since the

8

strain associated with the introduction of a trans double

bond can be distributed more efficiently in the larger
rings. Furthermore, the poor TT overlap, which arises as

a result of the twisting of the double bonds in trans-
cycloalkenes, the strained @ bonds and nonbonded repulsions
make some of these compounds highly reactive and difficult

to isolate e.g. trans-cycloheptene,.

Heats of hydrogenation for cycloalkenes (cis
and trans) agree favourgbly with the observed values and
enables some confidence to be placed in the above observa-

tions (see Table 2).

3.3. The Effect of introducing a second double bond into

Cycloalkenes, CS--C10

The introduction of a second cis double bond into cis-
cyclooctene at carbon 5 results in an increase in strain of
2.17 kcal./ mole, Thé minimum energy conformation of
cis, cis-1,5-cyclooctadiene has been shown by spectroscopic

and diffraction studies to be a twist-boat (Figure 1, see
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TABLE 23 HEATS OF 14omonmz>mu025>zo RELATIVE STABILITY OF CI8 AND

TRANS CYCLOOLEFINS

HEAT OF HYDROGENATJION £
CcIis TRANS

RING
S1ZE

8 =22,98 032,24
9 23,62 =26,49
1@ 20,67 =24,01

£ IN ACETIC ACID
* CALCULATED BY THE WBFF

A AH) KCAL . /MOLE A(CALC,»088,)
OBSERVED CALCULATED #

.9,26 .i0,72 ol,46

‘”.O‘ ".aﬂ .-.“

.U.UA .N..» ..o.
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Figure 1: The calculated twist-boat conformation of

cis,cis- cycloocta~l,5-diene (C2 symmetry) .
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also Chapter 2.3(d)). In Figure 1, The C1 ... C6 and
C4 ... C7 nonbonded distances are found experimentally6
torbe 3.05 X and 3.19 g respectively. The corresponding
values, calculated by the WBFF are 3.08 X and 3.19 X
respectively, which are in good agreement with the experimental
values. The H4 ... H8 distance is calculated to be 1.94 X.
All these nonbonded interactions lie on the repulsive
portion of the Van der Waals curves and thus give rise to
transannular strain, The more important factor here is
that the C = C - Csp3 bond angles are increased to a mean
value of 127.8° and the C_ 2 - ¢ 3 - C_ 3 angles to a

sp sp sp
mean value of 115.8° in order to accommodate the second
cis double bond into the eight membered ring. This Baeyer
strain and transannular strain are manifested inthe strain

energy components.

The introduction of a trans double bond into cis-
cyclooctene, which yields 1,5-cis,trans-cyclooctadiene
leads to an increase of 16.79 kcal./mole in the overall

steric energy. Similarly, when a trans couble bond is

introduced into trans-cyclooctene to give 1,5-trans,trans-
cyclooctadiene, the steric energy increases by 17.26 kcal./
mole. As in the case of the introduction of the first
trans double bond into an eight-membered cyclic compound,
the introduction of the trans double bonds in the latter

two cases results in large and unfavourable changes in
torsional strain and transannular strain as well as smaller
increases in Baeyer stréin.

The steric energy of the minimum energy conformation of
cis, cis-1,5-cyclononadiene, the chair (Figure 2) is 3.21 k.cal

/mole less than that of cis-cyclononene. This decrease is
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The minimum energy conformation of ¢is,cis-l,5-

cyclononadiene.

"y
pde
o
5
(%]
(9¥]

The minimum cnergy conformation of cis,cis-

1,6~cyclodecadiene.
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due to the fact that there is a decrease in the crowding
of atoms across the ring because there are fewer hydrogens
in the diene and also because the minimum energy conforma-
tion of the diene is a chair, in which Cl ... C6 nonbonded

o)
distance is 3.34 A and which is relatively strain-free.

Similarly, the steric energy of cis,cis-1,6-cyclodecadiene
is 4.31 kcal./mole lower than cis-cyclodecene. The
minimum energy conformation is again a chair (Figure 3),
which is relatively strain-free and C2...C6 nonbonded is
3.65 X. This decrease is mainly due to a decrease in trans-
annular strain because there are fewer C-H bonds and to a
decrease in angle strain because the internal ring angles do
not have to increase as much to minimise the transannular

strain.

The minimum energy conformation of cis, trans-1,6-

cyclodecadiene (Figure 4) is only 1.9 kcal. /mole 1lower
than cis-cyclodecene. In Figure 4, the Cl ... C7 nonbonded
distance is 2.99 X (the associated non bonded energy is
0.7 k cal. fmole in WBFFi, so that the transannular strain
will not be reduced. The major reduction in energy is

due to a reduction in Baeyer strain (which is a result of
the decrease in the number of C-H bonds). However, it is
interesting to note that the torsional energy is higher (by
0.34 kcal/mole) in the cis, trans-diene than in the cis ene
which indicates that the introduction of the trans double
bond into Eig-cyclodecéne still produces unfavourable changes

in Pitzer strain.

The minimum energy conformation of trans,trans-1,6-
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figure 4: “he minimum etergy confommatisa of ¢is,transe

1,6-0yc2odecad . :nec.

- e . ‘ 3 en - R /_
Yigure 5: “he minimum ¢na-5y conforuaiic: of trans,trans-1,90

cyclodecudiene.
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cyclodecadiene has been shown to be the''chair-chair" con-
formation (Figure 5). This conformation is computed to be
4.55 kcal./mole lower than that of trans-cyclodecene.

The change in hybridisation in this case, produces a
reduction in torsional strain and angle strain. It also
produces a reduction in the transannular interactions involv-
ing the hydrogens, but, since the C1 ... C7 and C2 ... C6
nonbonded distances are both only 2.84 X, the van der Waals
profiles of the two double bonds are forced to interpenetrate
and result in a strain energy component of 2.58 k cal./ mole.
Thus the transannular strain is 0.2 kcal./mole higher in

the diene.

On the basis of the results in Table 1, the following

points may be deduced:

(a) The least strained C8 compound is cis-cycloocteneand

the most strained is trans, trans-1,5-cyclooctadiene.

(b) the least strained C9 compound is cis,cis-1,5-cyclonona-

diene and the most strained is trans,trans-1,5-cyclononadiene,

’

(c) the least strained C;, compound is cis,cis-1,6-cyclo-

decadiene and the most strained is cyclodecane.

(d) for C8—Clo’ cis-cycloalkenes are less strained than

the corresponding trans-cycloalkenes.

(e) for C8 and C9 rings, the cis,cis-cycloalkadienes
are less strained than the corresponding cis,trans-isomers

which, in turn, are less strained than the trans,trans-

isomers,

(f) the strain, associated with the introduction of a trans

double bond, is significantly less in the ten-membered rings
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than in the eight-or-nine membered ring, with the result that
no generalization can be made regarding the stability of the
various types of dienes that occur in ten-(and eleven-)
membered rings. The controlling factor here is the
particular minimum energy conformation that eachtype of

diene adopts.

3.4. Conformations of the individual Cyclenes

(a) Cyclohexene

The half-chair conformation (I) with C2 symmetry is

the most stable conformation.7 The dihedral

—_— ; VS = 2.78 kcal. / mole

I
“Observed (7) Calculated by WBFF

Q) 1234 -15.2 -15.3
Q) 2345 44.9 45.4
(3456 -60.2 -62.3

angles, calculated by a modified Karplus equation, from
NMR coupling constants Jyg:g (43° and 77° ) are in good
agreement with the theoretically obtained (by WBFF) values

of 44° and 740.

(b) cis-Cycloheptene

The problem is simpler than for cycloheptane, because
the introduction of the double bond into the ring system
affords a rigidity which prohibits the pseudorotation.

WBFF, AFF’ and CFF'° all calculate the C_ chair as the
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Figure 6: The calculated minimum energy conformation: of

cycloheptene (Cs symmetry) .
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most stable form of cycloheptene, being 1.5 kcal./ mole,
(WBFF) and about 0.5 kcal. / mole (AFF and CFF) lower in

energy than the C2 twist conformation.

CHAIR(CS) TWIST— CHAIR(C 2) TUIST—BOAT BOAT(CS)
V. 5.98 7.51 8.37 .64
(Igccal./mole) ?

LA 2

The geometry calculated for the CS chair is shown in
Figure 6. Dihedral angles, calculated from NMR coupling
constants J23's (11o and 109° ) agree with the values
calculated by the WBFF for the CS chair (30 and 1140)
conformation, The observed heat of hydrogenation of
cycloheptene is 25.85 kcal./mole11 and this agrees with
the calculated value of 25.15 kcal. / mole. Since deriva-
tives of cycloalkenes are often low melting and difficult
to crystallise, force field calculations provide a useful,
and sometimes only, method for investigating conforma-
tions of cyclic compounds. However, the X-ray crystal
structure analysis of €-caprolactam has been performed12
and was found to have a nearly symmetric chair conformation
with torsion angles similar to those calculated by the

WBFF for the Cs symmetric chair cycloheptene conformation,

as shown over.
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II. (a) € ~CAPROLACTAN-TORSION (b) CHAIR CYCLOHEPTENE—
ANGLES OBTAINED FROM TORSION ANGLES
CRYSTAL STRUCTURE ANALYSIS. CALCULATED BY WBFF.

The discrepancy between the observed and calculated values
of the torsion angles is, in part, due to the fact that

the amide\group has a far lower rotation barrier than the
double bond and also has a much lower resistance to out-of-

plane bending at the N-H group.

In contrast to the CFF10 the WBFF calculates the

Cs boat to be an extremely shallow minimum closely flanked
by a pair of maxima about 0.04 kcal./ mole above the

minimum (i.e. a saddle point) (see Figure 7).

.

BOAT

TWIST-BOAT

N/

@
Figure 7
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trans-cycloheptene has been generated and trapped, but

not yet observed spectrophotometrically.14

(c) Cyclooctene

The cis and trans isomers of cyclooctene are both known
and are of conformational interest. There is good experi-
mental evidence as to the type of conformation of cis-
cyclooctene14 though its detailed structure has not yet been

determined (III).

VS = 7.88 kcal. / mole

ITI

The torsional angles around the bonds of the ring
confirm that the four atoms of this cis-double bond. are
essentially planaf. The remaining atoms of the ring then
arrange themselves to minimise transannular steric inter-
actions and eclipsing of the substituents about each bond
of the ring. The dihedral angles for cis-cyclooctene from

NMR coupling constants Jo31 g (15° and 135° ) agree with the
values obtained by MM calculations using WBFF (23° and 140°).

Good agreement is also obtained between the observed torsion
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angles (from X-ray) for enantholactam hydrochloride15 and

the calculated torsion angles for cis-cyclooctene, (IV).

(IV) (a) Torsion angles from (b) Torsion angles cal-
- X-ray study of Enantholactam culated for cis-cyclooctene
Hydrochloride by WBFF

The smallest stable trans-cycloalkene to be isolated is
trans-cyclooctene, which unlike the cis isomer, has an
exceptionally high heat of hydrogeneration, Model considera-
tions show that the double bond and two attached methylenes

in the trans isomer forms a trans-butene system and with

only four remaining carbons to bridge the ends of the

butene system, high distortion of the molecule is required.
It has been shown that the molecule possesses a dipole

moment which is extraordinarily large.for an olefin

(0.82D compared with 0.15D for trans-cyclodecene) and this
large moment has been interpreted in terms of a unique
hybridisation at the olefinic carbons which puts considerable
S character into the T1T-bond. The tight belt of saturated
carbons joining the ends of the olefin leads to molecular

asymmetry which cannot be destroyed by rotation of the beit
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around the olefin and trans-cyclooctene has been optically
resolved. The high barrier to racemization results from
steric destabilization of the transition state caused by
hydrogens forced into the interior of the ring en route to

a 1800 rotation around the double bond. Increased ring

size allows more facile passage of the vinylic hydrogens
through the centre of a ring, thus, at room temperature, trans

cyclononene racemizes as it is formed.

In recent years, there has been some controversy as to
whether the cross (V) (also called the crown) or chair (VI)
conformation is the minimum energy conformation,both on the

experimental and theoretical fronts.

% : m VS=I8.6O kcal./mole

% <_——'—\_ ~ Vs=20.27 xcal ./mole
<
>

VI

. 16
On the experimental side, the results of X-ray studies

of adducts of trans-cyclooctene with complexing agents,
such as silver nitrate, are to be treated with caution as
the presence of heavy metal atoms introduce undesired

perturbations of the double bond system and/or severely limit
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the attainable accuracy of the studies. While the X-ray
studies indicate that the cross conformation is the minimum
energy conformer, gas phase electron diffraction studies by
Gavin and Wangl7 indicate a distorted chair (VI). How-

ever, recent X-ray results on trans -2-cyclooctenyl 31,51—

dinitrobenzoate18 as well as more recent electron diffraction
data on the parent compound by Traetteberg19 favour the cross

conformation (V).

MM calculations with WBFF, AFF and CFF all calculate
the cross conformation to be lower in energy by 1.67, 2,43

and 3.14 kcal.//mole respectively.

It would now seem that the cross conformation is,
without doubt, the minimum energy conformer and that the
trans-cyclooctene sample studied by Gavin and Wang had been
prepared under non-equilibrium conditions and had consisted
primarily of the chair conformation, which is prevented from
rapidly converting to the cross conformation by a high

interconversion barrier.

’

The torsion angles, obtained from an X-ray crystal
structure analysis20 of a non-complexed iodine containing
derivative of trans-cyclooctene (ViI(a)) is compared with
the torsion angles of the cross (VII(b)) and chair con-
formations (VII(c)), calculated with WBFF. VII(d) and (e)
show torsion angles obtained from the electron diffraction

studies.
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51 47
-88 <80 88 _79 61 89

138 112 150
14 115

s~

VII. (a) trans-Cyclooctene (b) trans-Cyclooctene (c)trans-Cycloocten:

as observed in Cross-Calculated Chair-Calculated
Iodine derivative Torsion Angles torsion
(C2 averaged) (Cz) angle (Cz)

Thus, the cross conformation is in good agreement with the

crystal structure analysis.

54 -22
-9 <83 B 90
136 12 157 -121
VII. (d) Torsion angles from (e) Torsion angle from
Traetteberg electron Gavin and Wang electron

diffraction (C,) 19 - diffraction (C_) 17
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(d) Cyclononenes

No detailed conformational properties of cyclononenes
are known, The cis isomer is calculated to be lower in
energy than the trans, in agreement with the observed heat
of hydrogenation values, Conformational models for cis
and trans isomers were derived from two recent crystal
structure analyses of caprylolactam and its hydrochloride.15
The cis isomer is asymmetric while the trans isomer has 02
symmetry (VIII(a) and (b) respectively).

VIII(a) V_ = 10.47 keal./ mole (b) V = 15.08 kcal. /mole

The calculated torsion angles for cis and trans cyclononene

‘are compared with the experimental ones for caprylolactam

and its hydrochloride in (IX(a) - (d)).
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~8~ 0
84
-52
-2
-65
-103 80
45
IX(a) Observed torsion angles (b) Calculated torsion
. of caprylolactam angles of cis-cyclononene.
hydrochloride
57
-90
-107
159
67
(c) Observed torsion (d) Calculated torsion
angles of caprylolactam angles of trans-

cyclononene
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(e) Cyclodecene

The cis isomer is calculated to be lower in energy than
the trans isomer, Conformation models for cis and trans
isomers were derived from X-ray crystal structure analyses
of silver nitrate adducts21 and the calculated torsion angles
for cis and trans cyclodecene compare favourably with the

X-ray results X(a) - (e).

Vs=8. 96 kcal./mole

X(a) Observed torsion angles (b) Calculated torsion
of AgNO3 complex of cis- angles for cis-cyclodecene
cyclodecene

(c) The conformation of trans

isomer (C2 symmetry) - Twist
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110_~96 719~_43 109 ~_75 22~ 54

_138 154 -166 -166

V. = II.37 keal./mole

(d) Observed torsion angles (e) Calculated torsion
in'AgNO3 adduct of trans- angles in trans-cyclodecene
cyclodecene

The reason for the large discrepancies in (d) and (e) may,
in part, be due to perturbations of the double bond system

by the silver atom and the limited accuracy of the experimental

results.

(f) Cycloocta-1,5-diene (1,5-COD)

The minimum energy conformation of cis,cis-cycloocta-
1,5-diene, the C2 symmetric twist-boat conformation was
discussed fully in Chapter 2. The various twist-boat

interconversion pathways will be discussed in this section.

The dynamics of cis,cis-1,5-COD system was first

studied experimentally using low-temperature NMR methods.22

These measurements show two distinct NMR processes, where
the two barriers are calculated to be 4.4 and 4.9 kcal. /mole.
23,24,25,26

MM calculations have used in an attempt to

assign these barrier heights unambiguously to the appropriate
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conformational interconversion. Anet23 and Ermer25

cal-
culate that the route through the D2 skew conformation is

the lowest energy process followed by those through the

C2v boat and C2h chair with approximately equal barrier
heights. Allingerz4 on the other hand, calculates that the

route through the sz boat is the minimum energy pathway
followed by that through the chair and finally the route
through the skew as the maximum energy interconversion

route.

Because of the marked difference between these results,
we decided to investigate this system rather closely. It
seemed unlikely that such a dichotomy arose from differences
between the various force fields, because of the usually
similar results obtained for other calculations. Instead
the differences in the methods in generating the transition

states were thought to hold the key to the problem.

In the first instance,we used the method of Wiberg and
B~oyd27 in order to map the energy changes from the twist
boat to the boat and ske@ conformations and generated the
transition state between twist boat and chair conformations
with a molecule building program. In all three cases, we
used a larger number of constraints on the system than was
actually necessary. For example, in mapping from the twist
boat to the skew all nine torsion angles around each of the
Csp3 - Csp3 bonds were driven instead of only Csp2 - Csp3 -
Csp3 - Csp2 torsion angles. In this case, we obtained the

same order of preference for the various interconversion

pathways as Allinger and similar values for the barrier heights.
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In the next series of calculations, we used the Wiberg-
Boyd algorithm, but with the minimum number of constraints,
and obtained the same order of preference as Anet and Ermer.
It therefore seemed as though Allinger had imposed too many
constraints. In order to check this conclusion we repeated
these calculations using AFF whereupon the route through

*
the skew emerged as the minimum energy pathway.

Finally, we repeated the calculations yet again using
the Newton-Raphson maximisation procedure to define the
three transition states. The results were very similar to
those obtained using the Wiberg-Boyd algorithm with minimal
constraints except that the energies of the transition
states were some 0.02 kcal./ mole lower, probably as a
consequence of complete molecular relaxation (i.e. no
artificial constraints). This lends additional support to
the conclusion that a second-derivative minimisation/
maximisation procedure, such as the Newton-Raphson, is the
oply safe optimisation algorithm for MM calculation.28
The symmetry and the steric energy calculated
by the WBFF for each of the five conformations considered

in this study are shown in Figure 8 while the calculated .

(WBFF) barrier heights are compared with Ermer's and Anet's

. 2
*Allinger's calculations were performed with AFF-73 4

whilst we used AFF-729. Although full details of
AFF-73 are not available it appears to be a slightly
improved version of AFF-72. These do not affect

the arguments above.
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G T

Bpat' g@v Skew D2

v, = I4.60 kcals./mole v, =12.32 kcal./mole

.

Twist-boat 92
VS = 10.05 kcal./mole

A

e ——— e

/N

Tran91t10n state C' Chair 2h
v &
v, = I4. 69 kecal /5019 § = 10.82 kcal. /mole

Figure 8 Major conformations of cis ,cis—cycloocta :>—diene.

—_———————
Al
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in Table 3 along with the experimental values.

29, 30 31

cis, transi,5-COD and trans,trans-1,5-COD

have been isolated but no experimental data regarding
conformational information is available. cis,trans-1,5-COD
is optically active32 which implies that it is a highly
strained and rigid molecule. From an inspection of
molecular models, the minimum energy conformation is very
similar to that of cis-cyclooctene (I11). The torsion

angles and steric energy calculated by the WBFF are shown

below ( XI)
1
82 =70
X1
-41 62 v, = 24 .67 kcal/ mole
-63 ~-86
141

The NMR data on trans,trans-1,5-COD do not allow assignment

of structure XII(a) or XII(b) to it.31 MM calculations

using the WBFF, have been applied to this problem and it
is found that the (a) is more stable than (b) by 5.14 kcal. /
mole, since (b) possesses unfavourable eclipsed torsion
angles around the two Csp3-Csp3 bonds while in (a), the

corresponding torsion angles are staggered.



- 119 -

TABLE 31 CALCULATED AND EXPERIMENTAL BARRIER HEJGHTS (KCAL/MOLE)
FOR THE VARIOUS CIS,CIS=CYCLOOCTA=],S5«eDIENE CONFORMATIONAL

INTERCONVERSIONS,
ANgT23 grRMER2S WHITE AND BOVILL EXPERIMENT 22
AV (CHAIR) 7.2 5,9 4,6
AV(BOAT) 6,0 5,7 4,3 490
AV (SKEW) 4,2 4,2% 2,3 4,40

* VALUES ARE AG
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84 84

Lyl BN |
84 84
X1 a
V, = 35.86 kcal./ mole V_ = 41.00 kcal./ mole

(g) Cyclonona-1,5-dienes (1,5-CND)

The structure of two cis,cis, two cis,trans and three

trans,trans conformer of 1,5-CND have been calculated and

the results are shown in Figure 9. The minimum energy
conformation is the cis,cis-isomer of Figure 9(a), and
equilibration33 together with NMR experiments34 are in com-
plete agreement with this conclusion as to the favoured
isomer but give no indication as to its conformation.
However, Favini35 also calculates the gig,gigfisomer of
Figure 9(a) to be the global minimum and his calculated
geometry is very similar to ours. It may also be pertinent
that this conformation bears a strong resemblance to the known
global minimum energy of cyclodeca-1,6-diene (Figure 15(a)).
There is very little experimental structural data available

for the 1,5-CND's but a recent X-ray crystal structure

analysis of byssochlamic acid364has shown that the cis,cis-
1,5-CND ring has a coaformation very similar to that of
Figure 9(b) and the two conformations are compared in Figure

10.
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Cyclonona-l,5-diene conformations; peripheral values
are torsion angles and the inner value is the steric
energy in kcal./mole above the minimum. Symmetry

is C, except as noted (a)Cz, (c)Cs, (e)CS.
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Figure 10:
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The calculated (a) and observed (b) structures of
the cis,cis—cyclonoha—1,5—diene ring as found
in byssochlamic acid. Bond lengths and angles

inner and torsion angles peripheral values.
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The minimum energy SEE’EEE conformation is calculated
to be 5.6 kcal./ mole more stable than the lowest energy
cis,trans conformation compared with a value of 4.3 kcal./ mole
derived from recent measurements of heats of hydrogenation.
Some calculated and observed heats of hydrogenation are

shown in Table 3 in Chapter 2.

(h) Cyclodecadienes

The conformations of cyclodeca-1, 5 and -1,6-dienes
have not been previously studied in any great detail although
the results of qualitative molecular mechanics calculations
have been published,37 and cis,cis-cydodeca-1,6-dienes have

been studied by Allinger38 and Ermer.10

(i) Cyclodeca-1,5-diene (1,5-CDD)

The interest in this system stems from the fact that
the 1,5-CDD ring is fairly widespread amongst naturally
accurring germacranolides,39 with one cis,trans and two

trans,trans conformations observed via X-ray crystal structure

analyses. The geometry and relative enthalpies of one

¢is,trans-, two cis,cis- and five trans,trans-conformers of
1,5-CDD have been calculated using the WBFF. The results
are shown in Figure 11. The minimum energy conformation

is the cis, trans-isomer shown in Figure 11(h) and its
geometry is compared with that obtained from an X-ray crystal
structure analysis of eupaformonin40 in Figure 12. There
appears to be no experimental evidence regarding the
minimum energy conformation of 1,5-CDD but the agreement of

the calculated geometrical parameters for the gig,zgggg-isomer
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Figure 11: Cyclodeca-l,5-diene conformations; symmetries are

(a)C2, (e)Cz.
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Figure 12: The calculated minimum energy conformation of
cyclodeca-1l,5-diene (a) compared with the geometry

of the 10-ring of eupaformonin (b).
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with the X-ray results is excellent, despite fairly heavy
substitution of the 1,5-CDD ring in the latter instance.
There are three other conformations within 2 kcal. /mole
of the calculated global minimum; the two approximately

isonergetic cis,cis isomers and the trans,trans-isomer shown

in Figure 11(a). A conformation very similar to that of

the lowest energy trans,trans-isomer has been observed in

a series of germacranolides of which costunolide41 is a

good representative. The conformer in Figure 11(a) has

C2 symmetry whilst the macrocycle in costunolide has only
approximate C2 symmetry because of its various substituents.
Nevertheless, there is good agreement between the calculated
geometry and the C2-averaged result from the X-ray crystal
structure analysis,41 which are shown in Figure 13. There
are also some experimental data regarding the conformation
of Figure 11(e) and the calculated ring torsion angles are
compared with those from an X-ray crystal structure analysis
of Shiromodiol42 in Figure 14, A detailed comparison can-
ﬁot be made because one of the double bonds is replaced by

a trans-fused epoxide in the natural product; but the two

conformations are qualitatively similar.

(ii) Cyclodeca-1,6-diene (1,6-CDD)

The 1,6-CDD system is better defined experimentally
than the 1,5-isomer and a number of useful structural and
thermodynamic measurements are available. Nine conforma-
tions of 1,6-CDD were studied by a development version of

43

the WBFF and the results were published. The geometries

and relative enthalpies of eleven conformations of 1,6-CDD
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Figure 13: The geometry of the calculated (2) minimum energy

conformation of trans,trans-cyclodeca-l,5-diene

compared with the C_, averaged geometry of the macro-

2

cycle in costunolide (b).
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Figure 14: Calculated (a) and observed (b) geometries of the

shiromodiol—type cyclodecadiene ringe.
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have been calculated with the present WBFF force field and
results are shown in Figureée 15, The global minimum is

calculated to be the C2h symmetric cis,cis-chair conforma-
tion, in excellent agreement with thermochemical measure-

ments,ll’44

and this has a molecular geometry almost
exactly identical to that observed by gas phase electron
diffraction45 (see Table 4 in Chapter 2). The sz cis,
cis-boat form (shown in Figure 15(b)) is, at best, barely
present in the gas phase at 350C45 an observation which
accords well with our calculated enthalpy difference of
1.2 kcal./ mole between the two conformers which corres-
ponds to 88% chair:12% boat (c.f. 0.16 kcal./ mole with

CFF10 and 0.30 kcal./ mole with AFF9.

\ Equilibratior;experiments44 indicate that although
the cis,cis-isomer is certainly the predominant conforma-
tion there were detectable amounts of a cis,trans-isomer in
the equilibrium mixture at 25°C and this would seem to
correspond with the conformation of Figure 15(i) which has
a calculated enthalpy 3.12 kcal. mole above that of the

cis,cis-chair, No trans,trans-isomer was observed and

therefore the calculated minimum energies for the cis,cis-
chair and cis,trans-chair are probably 1-2 kcal./ mole too

high with respect to the trans,trans-isomer of Figure 15(d).

There is reasonable, if not conclusive evidence as to

the minimum energy conformation of tranmns,trans-1,6-CDD.

An X-ray crystal structure analysis of 2,7,-dibromo-3,8-
dimethoxy derivative46.has shown that the ten-membered

ring adopts a crown conformation with Ci symmetry. Further-
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Calculated conformations of cyclodeca-l,6-diene
with the following symmetries (a)CZh’ (b)CZV'

(e)Cgr (a)C,y, (e)Cyy (£)C,y s (8)C,s (B)C,, (1)Cy,
(3)p,, (K)Cpe
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~

Figuré 16: The calculated geometry (a) of the minimum energy
trans,trans-cyclodeca-l,6-diene conformation compared

with the C averaged experimental values from X-ray

2h

crystal structure analyses of a substituted

hydrocarbon (b) and 1,5-diaza-6,10-cyclodecadione (c).
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more, 1,5-diaza—6,lO-cyclodecadione47 exhibits this same
crown conformation with very similar ring torsion angles
to the 1,6-CDD derivative. The similarities between the
minimum energy conformations of medium ring alkenes and

amides have been previously noted,10’48

and this, taken
together with the fact that the same conformation occurs
in two entirely different crystal structures, lends support

to the calculation of the crown conformation of Figure 15(a)

as the minimum energy trans,trans-variant. Our calculated

conformation has CZh symmetry whilst the substituents
prevent the dibromo, dimethony derivative from adopting this
form although the departure from a C2h symmetry is not very
great, The cyclic diamide has no symmetry and while the

departure from C2 is larger than for the dibromo,dimethony-

h
1,6-CDD, it is still a reasonable approximation to the same.
The three conformations are shown in Figure 16 with the
results of the two crystal structure analyses averaged to
symmetric ring.

g}ve a C2h

(i) The Conformational Assignment of cis,cis,cis-1,5,9-

cyclo- dodecatriene (CDDT)

One of the most popular experimental techniques for
investigating the conformations of molecules aﬁd their
interconversions is nuclear magnetic resonance (NMR)
analysis. The NMR spectrum of conformations whiCh‘inter-
convert rapidly on the so-called NMR time scale wiil show
averaged chemical shiffs and coupling constants. When the

interconversion is slow, each conformation will give rise‘

to its own characteristic spectrum. In the intermediate



- 141 -

region, the spectrum is broadened, and suitable analysis
can give the rate constants and free energies of

activation ( AG#=) for the interconversion.

When an organic chemist is interested in determining
the minimum energy conformation of a particular molecule,
he formulates all the conceivable contenders, and then, on
the basis of the analysis of the NMR spectrum, eliminates
those in which there is no correlation between the observed
spectrum and the expected geometry, with the hope that the
information from the spectrum will allow an unambiguous
assignment of one of the postulated conformations as being
the one of minimum energy. In practice, this is not usually
the case as two or more of the proposed conformations are

consistent with the observed spectrum.

This is therefore an area of application to which MM
calculations can be applied as they calculate the steric
energies and detailed geometries of all the proposed con-
fbrmations and hence not only can they uniquely determine
the minimum energy conformation but also verify the elimina-
tion of the other proposed conformations in a quantitative

manner,

One illustrative example of the above is the attempted

assignment of the minimum energy conformation of cis,cis,cis-

1,5,9-cyclododecatriene (CDDT)49 ring (XIII) by NMR analysis.
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Xt

—

From an examination of molecular models, there seems
to be four choices for the conformer of the CDDT ring - the

crown (XIv(a)), the saddle (XIV(b)), the symmetrical s-trans

(XIv(c)) and the unsymmetrical s-trans (XIV(d)). The
crown (XIv(a)) and the saddle (XIV(b)) possess unfavourable
nonbonded interactions due to the eclipsed hydrogens while

the two s-~-trans conformations have repulsive transannular

hydrogen interactions.

An NMR analysis of 1,5,9-tribromo-cis,cis,cis-1,5,9-

cyclododecatriene has been performed49 with the aim of
determining its minimum energy conformation. Since
molecular models indicate that the bromine atoms cause no
§erious steric interactions in these four conformations,
we can assume that the dbnformation of the ring in the
tribromotriene is very similar to that found in the
unsubstituted compound (XIII). There is ample evidence
that such an assumption is valid, e.g. the conformation of
the cis,cis-cycloocta-1,5-diene ring derived from an X-ray
crystal structure analysis of 3,7,-dibromo derivativeso is
very similar to that found by the electron diffraction

Study6 and MM calculationszs_ze of the hydrocarbon itself.

From the magnitudes of the vicinal coupling constants
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XIV (&) Crown . (v) Saddle

(¢) wunsymmetrical . (a) symmetrical
s—trans s-trans
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of the ethano hydrogens derived from the high-resolution
proton spectrum of the tribromotriene,49 it can be deduced

that pairs of hydrogens are trans and pairs of hydrogens

are gauche as shown below.

Group 2
e H Sxoup 3

-——‘.,:!:

CI H /
/
H

The only conformations of the postulated four which satisfy

these conditions are the two s-trans conformations (XIv(c))

and (XIv(d)). Another factor from the NMR analysis which
must be taken into éccount, is that the molecule is rapidly
interconverting between equivalent conformations which

implies that during this interconversion, the trans hydrogen

pairs remain trans and the gauche pairs remain gauche - a

condition that is satisfied by interconversion between

equivalent s-trans conformations. In the crown conforma-

tion, however, pairs of hydrogen are cis and pairs are
gauche, and the relative orientation is preserved in pairs
during the rapid interconversion of equivalent crown con-
formations. During the interconversion among the six
equivalent conformations of the saddle, the geminal
hydrogens to the bromine assume all three possible

orientations with respect to the ones , i.e. cis eclipsed,

gauche (60°) and gauche (120°).

Therefore, on the basis of the data provided by the

analysis of the nmr spectrum, the crown and saddle can be
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rigorously excluded from being present to any appreciable

extent, and hence one of the two s-trans conformations must

be the minimum energy conformer. However, since the two

s-trans conformations have identical spatial orientations of

the ethano hydrogens and thus the same proton NMR spectrum,

it is impossible to distinguish between them.

MM calculations, using WBFF, have been performed on the
four possible conformations (XIV(a)-(d)) and the steric
energies are 11,68, 11.48, 15.21 and 9.95 kcal./ mole
respectively which corresponds to a percentage composition
of 6:7:0:87 at room temperature. These calculations thus

indicate that, in fact, it is the unsymmetrical s-trans

form which is the minimum energy conformation of the

CDDT ring.

Molecular models indicate that repulsive interactions
between transannular hydrogens at positions 4,8,12 and
at positions 3,7,11 in the symmetrical conformation (XIV(c))
ére more severe than the corresponding interactions at
positions 3,8,12 and atlpositions 4,7,11 in the unsymmetrical
conformation (XIV(d)). MM calculations confirm this and
reveal that, in order to minimise the transannular strain,
the internal bond angles in XIV(c) are increased with respect
to those in XIV(d) (the average Cs

2-¢c 2_¢ 3 angle is
s sp

p p
o . o .
1. 2 _c 3.¢ 3is1.

4" and the average CSp CS . CSp is 1.8 greater in

p
XIV(c) than in XIV(d)) and XIV(c) has considerably more Pitzer
strain than XIV(d). Even with the angular and torsional
distortions, the intra-annular H ... H distance is still

o o
only 2,07 A in XIV(c) compared to 2.15 A in XIV(d). Thus,
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on account of this unfavourable nature of angular, torsional
and nonbonded contributions to the steric energy, XIV(d)
is found to have a lower steric energy by 5.26 kcal./ mole

than XIV(c).

s’

Furthermore, the calculations indicate that the crown
(XIv(a)) and the saddle (XIV(b)),not unexpectedly, suffer
appreciably from the unfavourable nonbonded interactions of
the eclipsed hydrogens in the ethano groups and have higher

steric energies than the unsymmetrical s-trans (XIV(d)).

. Moreover, from the detailed geometry and relative
steric energy that MM calculations provide for each conforma-
tion, it is often possible to interpret experimental observa-
tions which is otherwise not feasible. To illustrate this,
one feature of the observed vicinal coupling constants
(10.57 and 5.49) of the ethano hydrogens in the tribromo-
triene is that they are at the lower and upper ends of the

ranges for trans (10.5-12.4 cps) and gauche (2.7-5.4 cps)

vicinal coupling constants for six-or larger membered rings.
This can be interpreted és being a result of one of two
effects:

(i) Small proportions of the crown and/or saddle conformers

are present in equilibrium with the unsymmetrical s-trans

conformation, and

(ii) the unsymmetrical s-trans conformer (XIV(d)) is skewed

away from a pure s-trans arrangement of their ethano
hydrogens in order to relieve part of the strain energy due

to transannular hydrogen interactions.

Results from the force field calculations imply that the
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crown and saddle conformations are only present to a very
small extent (6 and 7 per cent respectively) and that the

s-trans arrangement, in the unsymmetrical conformation (XI1V(d)),

which is calculated to be the minimum energy conformation,
is'found to be skewed away from the pure s-trans form by,
on average, 140. Considering the magnitudes of these
two effects, MM calculation favour the latter of the two

explanations.
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CHAPTER FOUR

Molecular mechanics calculations on the

stability of bridgehead olefins in bicyclo-

(men.1)alk-l-ene systems.

.
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T | Introduction

On the basis of experimental data regarding anomalies
associated with the bridgehead position of bridged bycyclic
3

compounds, Bredt1, Fawcett2 and Wiseman~ proposed rules

regarding the stability of bridgehead olefins.

The first aim of this study was to determine if the
White-Bovill alkane/alkene force field* (referred to as
WBFF) could satisfactorily reproduce the available exper-
imental data on bridgehead olefins. On account of the fact
that all the relevant experimental data was of a qualitative
nature, it was impossible to include any such data in the
parametrization of the WBFF. However other highly strained
but isolable bycyclic olefins e.g. 5-ethylidenenorbornene
(I), norbornadiene (II) and oK -pinene (III) and strained
trans-cycloalkenes were included in the parametrization of
the WBFF, which accurately predicted the geometric and
thermodynamic properties of these compounds (see Tables 3

‘and 4 in Chapter 2).

CHMe // /(

I I .. o
V. 25.22 31.32 38.23
(Real./mole)

The development and results of the WBFF are discussed

fully in Chapter 2.
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The second aim of this study is to assess the limits
of application of the proposed rules and where possible,
provide guidelines or rules for situations, not covered by

the previous rules.

4.2 Review

During Bredt's investigations of camphane (IV) and
pinane (V) derivatives between 1900 and 1924u, he recognised
the reluctance of bridged bicyclic systems to allow the
placement of double bonds at their bridgeheads. His original
formulation of the rule presently bearing his name suggests
that 'double bonds at the bridgehead atoms of camphenes,
pinenes and similarly constituted bicyclic compounds
impose an unnatural spatial arrangement upon the involved
atoms and these compounds would therefore suffer prohibitive
strain' or, more precisely, when a double bond is constrained
at the bridgehead position of a bicyclic compound, the
‘four groups attached to the olefinic linkage deviate
significantly from coplanarity with the trigonal centres,
as a result of the torsional strain and the TI-bond is

therefore weakened due to poor overlap.
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Co,H
////'O
o
1N CoH 0

VI - VII VIII

Chemical evidence supporting Bredt's rule includes
the failure of bromocamphor (VI) to eliminate hydrogen
bromide in the presence of a base and the failure of the

unsubstituted diacid (VII) to cyclise to its anhydride(VIII).

Systematic investigations of the limits of Bredt's
rule were undertaken during the late 1940's by Prelog5.
Ring closure of the diketone (A) in Figure 1 may give rise
to either the fused-ring system(B) or the bridged-ring

system(C). Prelog concluded from these results that

‘———THQ (iJOCH3 CH2 I—_CI——CH3
(c,) o CH,, ACTD ory + (CHZ) 0 ¢,
: BASE
¢ H, (CHZ) L CH,
0,CH,
4 3 ¢
n=4 659 : none
n=5 32 14%
n=6 none 764

Figure 1. Limitations of Bredt's Rule

larger bicyclic ring systems can, in fact, accommodate

bridgehead double bonds and that bicyelic ring systems
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in the (n.3.1) series with n = 5 can have a bridgehead
double bond, whereas the bicyclo (4.3.1) decyl and smaller
systems cannot. (It has been notedj’6 that all these
experiments were performed under equilibrating conditions

- gnd as a result, would give the thermodynamically preferred

product.)

In Fawcett's reviewz, attempts were made to define
the limits of Bredt's rule more precisely and a stability
(or strain) parameter S was introduced. In bicyclo
(x, ¥y, z) alk-l-enes, S is the sum of the number of atoms
in the bridge, i.e. S = X + ¥y + 2 and the smallest
observed value at the time was 9. Fawcett therefore
suggested that bridged bicyclic systems with S 2= 9 are
large enough to permit isolation of bridgehead alkene,
whereas those systems, with S = 6 or 7, would exist solely
as transient species. However, this S criterion for
stability did not explain why B-keto acid (IX) resists

v _

‘decarboxylation’ while B—keto acid (X) decarboxylates

readily8 - in (IX) and (X), S = 7.

ix X
Neither does it explain the instability of the enone
(XI)9 and the stability of enone (XII)9 as S = 9 in both

enones. Despite the fact that Fawcett's proposal did not
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take into account the fact that the stability of a
bridgehead double bond depends on which branch of the
bicyclic system contains it, it was 17 years before it

was superceded.

In 1967, recognition by Wiseman- that the deter-
mining factor was the size of the smallest ring containing
a trans linkage replaced the S criterion for stability.
Structure XIII represents a bicyclic alkene with a
bridgehesd double bond. Wiseman noted that the double

b

XIII

bond in XIII is exocyclic to ring ab, but endocyclic in
rings ac and be. Since the double bond is at the bridge-
head of rings ac and bc, it follows that it must be c¢is
in one ring (in this case, bc) and trans in the other (in
this case, ac).‘ He then postulated that 'the strain in

bridgehead alkenes is closely related to the strain of
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trans-cycloalkenes. Ordinarily, a bridgehead double bond
will be more stable when it is trans in the larger of the

]
two rings, in which it is exocyclic .

The strain of trans-cycloalkenes was discussed in
Chapter 3. 1irans-Cyclohexene has never been isolated,
but has been invoked as a transient intermediate in many
reactions. DBridgehead alkenes containing a irans-
cyclohexene ring might be expected to be totally
inaccessible. trans-Cycloheptene has been generated and
trapped but not yet observed spectrophotometrically,
therefore a bicyclic bridgehead olefin incorporating a
trans-cycloheptene fragment may be isolable. trans-
Cyclooctene and higher trans-cyclcalkenes have been
isolated, so that a bridgehead alkene should be isolable
when the larger of the two rings containing the double
bond is at eight-membered.

This hypothesis is qualitatively supported by
3

decarboxylation studies of bicyclo ﬁ-keto acids” and

enolisation of ketones1o. It explains why the decarbo-
Xylation of IX is less facile than X - IX involves a
irans-cyclohexene intermediate while X involves a trans-
cyclooctene intermediate. Similarly, XI contains a trans-

cyclooctene ring as opposed to the more stable trans-

cyclodecene ring in XII.

. 6 .
However, in a recent review , it has been noted that

this criterion is guantitatively inadeguate in the respect
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that it does not differentiate between bicyclo (4.3.1)
dec-1(2) ene (XIV) and bicyclo (4.3.1) dec-1(9)-ene (XV),
each of which contain a trans-cyclononene ring and an S

value of 8.

XIV

I3

L.3 Molecular Mechanics (MM) Calculations snd Results

MM calculations, using the WBFF, were performed on
a carefully selected group of seventeen bridged bicyclic
olefins (A-Q), sixteen of which are bridgehead olefins.
All seventeen compounds are shown in Figure 2 with their
corresponding steric energy, Vs (kcal/mole). All compounds
:were minimised until all the first derviatives of the
potential energy with respect to the atomic cartesian
co-ordinates were less than 10-7 kcal/mole-1x -1. A1l
compounds, except G, represent energy minima. The failure
of G to exhibit this feature is probably due to the instab-
i1ity of the calculations at such a high steric energy
value (59.46 kcal/mole). The torsion angles for each

bicyclic compound is given in Table 1.

Table 2 shows the bridgehead olefins listed in
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(a) Bicyclo(3.2.1)octene systems.

1) 40.53 0.1 . .
(ﬁcal./mole) 40-35 409

(b) Bicyclo(3.3.1)nonene systems.,

VB 51.93 26.52 7.03
(kpal./mole)

(C) Bicyclo(4.2.1)nonene systems.

81 8 17
3 4 3 4
I z
v 26.25 31.14
(kcal./mole)

Figure 2: The bicyclic olefins used in the study.
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(4) Bicyclo(4.3.1)decene systems.

Vé 35.84

(kcal./mole)

(e) Bicyclo(4.4.1)undecene system.

/

vé 12.41
(keal./mole)

(f) Bicyclo(5.3.1)undecene system.
9

v 12.82

(kcal./mole)

EEEEEE_@: (contd.)

20.30
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order of decreasing steric energy (Vs)(Column 2).

Columns 3 and 4 give information on the sizes of the
trans-cycloalkene and cis-cycloalkene incorporated into
the bicyclic skeleton. Column 5 shows the energy due to
out-of-plane deformations calculated by the WBFF for each
compound. Columns 6 and 7 give the torsion angles around
the trans and cis double bonds respectively. Compound F

has been excluded since it is not a bridgehead olefin.

L.y Discussion

Bicyclo (L4.4.1) undec-1(2)-ene(P), which contains

a trans-cyclodecene ring11, and bicyeclo (4.3.1) dec-1
(9)-ene (N) and bieyclo(l.3.1)dec—1(2)-ene(0)!?, which
contain a trans-cyclononene ring, have all been isolated -
the smallest isolable members of the bicyclo (x, y, 1)
alk-l-ene system are bicyclo (3.3.1) non-1(2)—ene(E)3b’13,
bicyclo (u.2.1)non-1(9)-ene(I)1L‘L’15 and bicyclo(4.2.1)
14,15

‘non-1(2)-ene(J) , each of which contain a'ggggg—
cyclooctene ring. Compound E exhibits normal spectral
properties but shows a high degree of reactivity in
electrophilic and nucleophilic addition reactions36’13.
However, from a comparison of spectral properties and of
the rates of electrophilic addition reactions15 of
compounds E and I, it can be concluded that the double

bond is slightly less strained in the latter.

The results from the MM calculations support

these experimental cbservations. The steric energies



- 170 -

calculated for all these isolable bridgehead olefins (J,
E, I, N, O and P) are not excessively high and all are
indeed, less that the steric energy, Vs, of 31.32 kcal/mole
which was calculated for norbornadiene (II). Therefore,
on the basis of MU calculations, these bridgehead olefins
(J,E,I,N,0 and P) would be expected to be isolable.
Furthermore, the calculated steric energy, Vs, of I is

0.3 kcal/mole less than that of E and the calculated
torsion angle about the double bond is 1u9° in I compared
with 147° in E - both these results, together with the
relative magnitudes of the out-of-plane bending components
of the steric energy of I and E (see column 5 in Table 2),
point to the fact that the double bond is less strained

in I and that E should be more reactive.

Bicyclo (3.2.1) oct-1(2)-ene(A) and bicyclo(3.2.1)
oct-1(7)-ene(B), each of which contains a trans-cyclo-
heptene ring, have been prepared but proved to be unstable
;gnd hence, after their generation, could only be trapped
with diphenylisobenzofgran but not observed16. Attempts
to prepare bicyclo (2.2.1) hept-l-ene (XVI), which

incorporates a trans-cyclohexene fragment into it, have

been"unsuccessfu117. These observations are in accord

XVI

with results from Mil calculations. The steric energies

of the bicyclo (3.2.1) systems and similar systems
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containing a trans-cyclohexene ring, are all in excess of
LO kcal/mole (see Table 2), which implies that these
molecules are highly strained and hence difficult to

isolate. The fact that the calculated steric energy

of the compounds A and B afe about 9 kcal/mole higher
than that of norbornadiene (II) reinforces this opinion
as norbornadiene is itself a strained bicyclic diene, as
evidenced by its high heat of hydrogenation18, which
averages 34 kcal/mole per double bond vs. a normal value
of about 26 to 28 kcal/mole and by its rearrangement on

heating, to tropylidene (XVII), a monocyclic triene19.

Heat

IT

—

XVII
The only experimentally derived physical des-
cription of a bridgehead alkene comes from an X-ray
crystal structure analysis of compound XVII120’21. This

is a relatively unstrained example of an "anti-Bredt"

CO.Nd.06H4CI

XVIII

compound. The strain appears to manifest itself both in

the warping of the double bond (by 8.6°) and bond angle



- 172 -

deformation, particularly around the bridgehead position.
Moreover, the double bond is in a potentially conjugating
position with the carbonyl position, to give an enone
system. However, enones have éharacteristic chemical and
spectroscopic properties and this example exhibits behaviour
which is intermediate between the true enone and isolated
double bond and carbonyl systems, i.e. the strain imposed
by the bridgehead position of the double bond results in a
distortion from ideal (planar) enone geometry. Empirical
examination of the u.v. spectrum indicated an angle of
twist of about uOo between the double bond and carbonyl

plane. X-ray analysis revegled an angle of twist of 320.

MM calculations on the corresponding unsubstituted
equivalent of XVIII i.e. XIX, are in excellent agreement
with the X-ray results. Figure 3 shows a comparison of
the calculated geometry of XIX and the observed geometry
of XVIII. The force field used in the MM calculations was

"an extended version of the WBEFF, which is parametrised

for the carbonyl functionzg.

XIX

From the foregoing discussion, it is clear that the

results from the MM calculations, using the WBFF, are in
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1.50 (1.51

125.8 (123.4
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1.56 (1.53)

125.4

112.8
123.2) (113.2)

1.23 (1.21)

1.56 (1.53)

110.1 (113.9)

1.56 (1.54)

1.56 (1.54)

EZEEES_QLEI? Comparison of the experimentally observed and
calculated (in parentheses ) bond lengths and

angles for the bicyclo(5.3.1)undec-1(10)-ene-
ll-one system.
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-170 (~176)] | 0 (-1) -55(-53 62 (61)

121 (121)

Pigure 3(v):

=50 (-54)

137(147) -157 (-148)

Comparison of the experimentally observed and
calculated (in parentheses ) torsion angles
for the bicyclo(5.3.1)undec-1(10)=-ene-ll-one
system. ' '
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sufficient agreement with the experimental observstions

at our disposal, to enable us to place a certain degree of
confidence in the predictions and comparisons obtained

from the use of the WBFF,.

It can be deduced from a comparison of the steric
energies of E and F, that placing a double bond in a
bridgehead position as opposed to a non-bridgehead position

in the bicyclo (3.3.1) nonene system results in an

increase of the steric energy of sbout 19 kcal/mole. This
increase is due to the fact that molecules possessing
bridgehead double bonds are strained as a result of
forcing the Tr-bonding system to assume an unnatural
geometry and not as a result of molecular overcrowding.
This is borne out by the experimental observation that
elimination of HY from bicyclo (3.3.1) nonane compound
(XX) leads predominantly to the 2-ene(F) rather than the

1-ene (E)13.

¢

N

It
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The validity of Wiseman's trans-cycloalkene analogy
is vindicated by the MM calculations as systems incorpor-

ating trans-cyclodecene ring are calculated to be less

strained than those with a trans-cyclononene and so on
(see column 3 of Tsble 2). In addition, the torsion
angle about the trans double bond in the bicyclo (xoye1)
alk-l-ene systems is in the same order of magnitude as in

the trans-cycloalkene analogue. It is noteworthy, but not

unexpected, that there is a correlation between the steric
energy, Vs (column 2), the out-of-plane deformation

energy (column 5) and the torsion angle about the trans

double bond (coluﬁn 6). The dominant factor controlling

the inherent degree of strain of a bicyelo (x,y,1)alk-l-ene

compound is therefore the size of the trans-cycloalkene

fragment.

Bridgehead olefins have been divided into two classes
by Fawcett2 - those which are isolable and those which are
transient intermediates. The steric energies of the
former are all calculated to be less than or equal to 31.14

kcal/mole, while those of the latter class are greater

than or equal to 35.84 kcal/mole. It would appear that if
the steric energy, Vs, of a bicyclic bridgehead olefin is

less than about 33 kcal/mole with respect to the WBFF, it

should be isolable. Whereas if the calculated steric

energy exceeds this value, the bridgehead olefin would
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be expected to be highly strained and exist as a transient
intermediate. Furthermore, the large distortion from
coplanarity of the four groups attached to the olefinic

linkege in bicyclic systems containing trans- cyclohexene

rings (see column 6 in table 2) suggest that such compounds

must have substantial diradical character.

As previously mentioned, Wiseman's hypothesis

tells us nothing about the relative stabilities within a
given ring system i.e. for bicyclo(x.y.l) alk-l-ene

systems where x # y, with a double bond at, but not on, the

bridgehead, it is not possible to predict whether it is
energetically more expensive to place the double bond in

the smaller ring or in the larger ring.
On the basis of Wiseman's postulate, no distinction
can be made between isomers A and B, I and J and N and Q.

MM calculations using the WBFF, indicate that it is more
favourable to place the double bond in the second largest
bridge so that B is less strained than A, I is less

strained than J and N is less strained than O (see Figure
2). A similar conclusion has been drawn from MM calculat-

23

ions performed by Burkert using Allinger's force field.
Examination of bicyeclo (3.2.1) oct-l-ene systems,

A and B reveals that incorporation of the double bond into

largest bridge of this trans-cycloheptene analogue, as in

A results in the formation of a high energy boat conform-

ation of cis-cyclohexene which is characterised by
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unfavourable torsional and nonbonded interactions. If, on
the other hand, the double pond is placed in the second

largest bridge (as in B), this enables the six-membered

ring to assume an energetically preferred chair conformation.
Similarly, compound B is more stable than compound C, since
the former possess a chair cyclohexane ring and the latter

a boat cyclohexane ring.

Molecular models of bicyclo (4.2.1) non-1(8)-ene (I)
and bicyclo(4.2.1) non-1(2) -ene (J) and of bicyclo(4.3.1)

dec-1(9)-ene (N) and bicyclo(4.3.1) dec-1(2)-ene(0)

indicate that the double bond is distorted more when it is

placed in the largest bridge (as in J and O) as compared

to when it is placed in the second largest bridge (as in
I and N) within a given skeleton. This is due to the

‘fact that when a double bond is introduced into a ring

system, the system becomes less flexible. Thus, when a
cis double bond is placed in the second largest bridge

80 as to form a rigid cis - cyclopentene, as in I, or a

cis-cyclohexene, as in N, the other saturated seven
membered ring in I and N has more degrees of freedom, by

which it can act to minimise the distortion of the double

bond and its substituents from the preferred planar

geometry and the strain suffered by the compound, than when
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the double bond is placed in the largest bridge to form
a ¢is-cycloheptene ring (as in J and Q) and the unfavour-

able strain components minimised by only five - and six-

membered rings, as in J and O respectively. Thus, from
models, one would expect I to be less strained than O.

MM calculations confirm these proposals - the steric
energy of I is calculated to be .89 kcal/mole less than
J and the steric energy of N is 2.73 kcal/mole less than
O. The substituents on the double bond deviste from
planarity, on average by 170 in I and by 21o in J. The
torsion angle about the trans double bond is 1u9° in I
as opposed to 143° in J. The bridge bond angle is 91.4°
in I compared to 88.5o in J. Similarly, the deviation of
the substituents from planarity in N is 100 as opposed to
;160 in O. The torsion angle about the trans double bond
is 16u° in N and 153° in 0, the bridge bond angle is

101.9°% in N and 101.6° in O.

It is also interesting to note that the calculated

steric energy for compound I is less than that of

compound E, which, in turn, is less than that of compound
J (see Table 2). Compounds I, E and J all incorporate a

trans-cyclooctene ring into their skeleton. Compound I

e —g———
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has a cis-cyclopentene and cycloheptane ring, compound E
has a cis-cyclohexene and cyclohexane ring, while J has a
cis-cycloheptene and cyclopentane ring. The devietion of
double bond substituents from planarity is 17° in I, 20°
in E and 21° in J. The torsion angle about the trans

double bond is 145° in I, 147° in E and 143° in J.

These results, together with the results for the bicyclo

(4.2.1)-nonenes I and J ané bicyclo(4.3.1.) decenes N and
0, support the theory that, within a given skeleton, which
has a double bond at, but not on, the bridge, the double
bond is more favourable when it is ﬁlaced in the second
largest tridge or alternatively, the system with a cis-
cyclopentene ring is more stable than one with a cis-
cyclohexene ring which in turn is more stable than one
‘with a cis-cycloheptene ring. Similar deduction can be

drawn from the results of P and Q.

Unfortunately, the only experimental confirmation
of this theory is the aforementioned data that the double
bond is more strained in E than it is in 115. To obtain
conclusive experimental proof, it would be necessary to
determine the heats of hydrogenation and/or heats of

formation of the approcpriate bridgehead olefins. Many
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reactions which yield these olefins occur under equil-
ibrium conditions and thus yield thermodynamically preferred
products, or alternatively, the relative percentage of
products from a reaction may not reflect their relative
stabilities, but rather the stabilities of the transition
states, whose conformations do not resemble those of the

products.

When the double bond is placed in the smallest
bridge (usually referred to 'the bridgehead'), the trans
double bond as a consequence is located in a relatively
small trans-cycloalkene ring. MM calculations indicate
that on account of the fact of the large distortions of
the trans torsion angle from 180o and of the cis torsion
'angle from Oo, e.g. the corresponding values in H are 86o
‘énd 590, these compounds are usually highly strained and in
some cases, it becomes difficult to differentiate between
situations in which the double bond is trans and those in

which it is cise.

L]

In general, within a given skeleton, systems with a
double bond placed in the second largest bridge will be

less strained than those with a double bond located in the
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largest bridge, which in turn is less strained than
those with a double bond situated on the smallest

bridge.
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CHAPTER FIVE

Prediction of the stereoselectivity of hindered substretes
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5el Introduction

Steric and electronic effects sfrongly influence
the rates and equilibria of many reactions in organic and
inorganic chemistry. It is therefore necessary to examine
closely the steric and electronic properties of the
reacting species, both in their ground and excited states,
if the nature of the products and rate of a particular

reaction are to be predicted.

Stereoselectivity is of great importance in the
design of organic reactions, particularly in the syntheses
of natural products. A 'stereoselective' reaction is one
in which of two (or more) possible stereoisomeric products,
one is produced in (great) predominance over the other(s).
Although it has long been recognised that steric
hindrance is an important factor in stereo-selective
transformations1, few attempts have been made to deal with

this concept in a quantitative manner,

Most organic chemists try to estimate the degree of
steric congestion at sites of chemical attack from a
visual inspection of a molecular model of the compound of
interest. However, molecular models can be misleading and
this approach becomes increasingly complex particularly
when there is very little steric hindrance from the
immediate neighbours and the medium-and long - range
steric effects become dominant factors in controlling the

stereoselectivity of a reaction2 and when more than one
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conformation of the molecule may react.

‘Wipke and Gund3

have devised an algorithm for
calculating semi-quantitative estimates of the relative
steric congestion at possible reaction sites. This
technique is extremely useful for predicting which of the
possible products will dominate in reactions, which are
controlled by steric influence of neighbouring atoms in
the molecule. A certain degree of success has been
achieved when this type of method has been applied to the
prediction of ratio of products which result from stereo-
selective nucleophilic additions to sterically hindered

ketonesB’u (see Figure 1).

In Wipke and Gund's methodB, the term 'steric

LiAIH,
F0 OH
observed % 8 92
calculated % 20 80 OH

Figure 1. Comparison of the observed and calculated
stereoselectivity for the reduction of

2-norbornanone, a congested ketone.

congestion' at a reaction centre refers to the steric
environment of the isolated substrate in its ground
state, and is independent of reaction partners or
transition-state structure. The term 'steric hindrance'
refers to steric environment with respect to the approach

L
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of a specific reacting partner. The Wipke and Gund
method generates a cone of preferred approach for each
sterically hindering atom and works in the following

way:

Consider attack on a carbonyl group by a reagent R whose
size is considered negligitle (Figure 2). If the reagent
attacks Cx along a line perpendicular to the plane
containing the carbonyl group, it will be hindered by

the various atoms i above the plane. A measure of each
atom's ability to hinder the incoming reagent is its van
der Waals radius rye For each hindering atom i, a cone

of preferred approach, centred on the perpendicular and

tangent to the sphere of van der Waals radius r.

i surrounding

atom 1, is defined. This cone intersects a sphere of
unit radius centred on the carbon Cx’ to generate a solid
angle Axa The magnitude of this angle is equated with

the acceésibility A ) of the carbon atom with respect

xa(i
‘to atom i. It can be seen that large solid angles are
found in situations of.high accessibility and conversely,

a small solid angle is indicative of low accessibility.

From solid geometry:

A = 2m(1- cos ©).

xa (i)
The congestion at CX caused by atom i is defined as the

inverse of the accessibility:

Cxa(i) = 1/Bya (1)

The totsl congestion at Cx is generated by summing the

individual congestion terms for all the atoms above the
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T €—

Cone of preferred approach of reagent R to carbon x
defined by hindering atom i. The accessibility of

X on side a with respect to i is defined by this solid
angle and is numerically equal to the area on a

unit sphere cut by this cone (shaded area ).
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carbonyl plane:

Cxa = %Cxa(i)
The calculation is then repeated for attack below the plane
of the carbonyl group to give QKb' The preferred direction
of attack of the incoming reagent is that which gives the

minimum value of C. The percentasge of product resulting

th

from attack telow the plane of the J conformation, ij

is given by:
C

C,_. + QX

xa b

Similarly, the percentage of product resulting from attack

above the plane of the jth conformation,ij is given by:

Pas = Cxp
QXa + QXb

Angle © is easily derived:

6 =90 -0, -0

1 2
where 6, = sin™ (I?L'/di ), di is the distance of atom i
from the centre of attécg, and 6, = sin-1(hi/di), hi is

the distance of atom i above (or below) the plane of the

carbonyl group.

Wipke and Gund have found that the calculated
congestions do reflect observed stereoselectivities in a
semi-quantitative manner and that steric control appears
to dominate when the difference in congestion of the two
sldes is large and the larger of the two values is

greater than ca.30.

It is noteworthy that results from this method may
be inaccurate in cases where the size of reagents, 1nductive

effects, transition-state conformational effects or
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equilibration of products are dominant factors in deter-

mining the stereoselectivity of a given reaction.

5.2 Prediction of the Stereoselectivity in the Hydro-

borgtion of Hindered Cyclchexenes using Holecular

Mechanics Calculetions and Steric Congestion

Calculations.

3 suggested that these types of

Wipke and Gund
congestion calculations may be extended to include
electrophilic additions to double bonds by calculating
the degree of steric crowding or congestion on each side
of the mid-point of the double bond. However, in the
case of hydroboration of an alkene, which involves a
Qig anti-Markovnikov addition of the B-H bond to the
double bond of the defin, the reaction does not therefore
take place via reagent attachment to the mid-point of the
double bond but through the four-centre transition

state 1_5 .

It therefore appeared more realistic to adopt a two-fold
attack on two atomic centres (see Figure 3) rather than
a bond centred approach as the latter approach would
imply that the double bond can be considered as
infinitesimally small compared with the rest of the

reagent-substrate complex. This appears to be too gross

an
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approximation for general use and therefore it would be
preferable to treat this type of addition in terms of the

sum of two atom centred congestions.

\ /
\ /
\ /

\) /
C___C

Figure 3. Simultaneous Attack on Two Atomic Centres.

The congestion function developed by Wipke and
Gund was utilised in the SAUCE computer program, which
was written at the University of Glasgow by M.dJ. Bovill
and C.J. Gilmore and which has proved useful in the study
of electrophilic attack on nitrogen lone—pairsz and
- hydroboration of hindered cyclohexenes6, which will be

;discussed fully in this chapter.

The recent publication of results of a series of
hydroboration/oxidation experiments on hindered 1,3,5-

tri- and tetra- substituted alkylcyclohexenes7

provides
reference data for testing the applicability of summed
atom centred congestion ratio's (SACR'S) in the prediction
of the outcome of stereoselective additions to hindered
double bonds since hydroboration is known to be sensitive

to the balance of steric hindfance to the twolfaces of

the double bonda(see Figure 4).
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Figure 4.

Gordon and Robinson7 propose that the olefins
2-4 and 6-9 (Table 1) strongly prefer the half-chair
conformation 10 while, for olefin 5, conformations 10
:and 11 are of comparative stability. These proposals
are borne out by molecular mechanics calculations
using the White-Bovill alkane/alkene force field, the
development of which is described in Chapter 2. The
results of these calculations on olefins 2-9 are given
in Table 1. Olefins 2-4 and 6-9 which adopt half—chair
conformer 10 are found to be between 1.29 and 2.48 kcal/
mole more stable than when the same olefins adopt the other
half-chair conformation 11. (X.B. A difference in strain

energy of 1.29 kcal/mole corresponds to 90% ol the more
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Table 1. Results of Molecular sechanics Calculations
and Congestion Calculations

Rotamers which adopt half-cheir conformation

70 T4
2 Eg;°  x3°  Ppt  Egy X Pp;
4.09 L5 u6 6.00
L.36 29 66
L2 26 49
3 4.30 57 95 6.78
/é\( L 74 28 93
5.15 15 61
I 5.3 37 55 719
\rij\ 5.37 36 58
5.5, 27 60
5 4.95 3 N 5,49 21 3
é\(&uo 15 N 5.36 16 ol
- 5.73 9 2 5.78 8 75
6 5.35 56 93 1.26
\é\(s.m 28 83
g 6.12 16 30
i 6.02 38 58  1.70
\/d 6.12 32 44
6.9 30 38
8 L.81 43 57 6.49
6\ 5.05 29 4o
-/ 5.06 28 52
2 5.17 L2 28 6.46
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E%j denotes the steric energy (in kcal/mole) of

the jth conformation.

X5 denotes the percentage of conformation j

amongst the various possibilities.

ij represents the percentage of product resulting
from attack below the plane of the jth

conformation.

The underlining is used to indicate the most
stable rotamer of each type of half-chair

conformation that the olefin can adopt.
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stable conformer being present in an equilibrium mixture
at room temperature.) In the case of olefin 5, the
half-chair conformation 10 is calculated to be only 0.24
kcal/mo}e lower in potential energy than the half-chair
conformation 11. Since olefins 2-4 and 6-9 with half-
chair conformation 11 are barely present, they are not

included in further comrutations.

On account of the presence of the isopropyl group
in each of the olefins 2-3, it is necessary to consider
each of the three rotameric states that the isopropyl
group can assume in each olefin. Molecular mechanics
calculations indicate that each rotameric form of each
olefin is present to an appreciable extent (see Table 1)
and since the congestion ratio will depend strongly upon
the exact molecular conformation, it was considered vital,
for the validity of the results, that the SACR's of each
rotameric state of each olefin should be taken into
. account when determining the overall SACR of éach olefin.
The results of the SACR calculations are compared with the
experimental results in Table 2 where PB is calculated
from PB=O.O1ﬁ%,ijxj with ij representing the percentage

3=1
of product resulting from attack below the plane of the

jth conformation (i.e. alternative half-chairs and/or

rotamers) and xj the percentage of conformation J amongst
the various possibilities. The individual ij and xj
values for each conformation are given in Table 1.
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Table 2.
Obs. Calc.
2 100 53 &
3 100 89 i
Ly 100 58 8
90 75 2

D D

Obs. Calc
65 80
35 L6
35 50
30 33
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H5e3 Discussion

- From Table 2, it can be seen that the calculated

value of P, correlates well with the experimentally

B
observed stereoselectives in the hydroboration of these
hindered cyclohexenes in most cases - for olefins 3 and
5 - 9, the calculated value of Py is within X 15% of the
observed value. This comparison is favourable when it is
taken into account that experimental results, from one
laboratory have associated errors and differ from the
results from different laboratories. In olefins 2 and

L, the difference in absolute congestion values of the
two sides is not large (7 and 5 respectively) and the
larger of the two values is less than 30 in both cases,
which would be interpreted by Wipke and Gund as being
due to steric control not dominating. Torsioral effects
3

in the substrate-reagent complex can be important”, but,

in the case of 2 and 4, would favour the reverse stereosel-
‘ectivity to that observed. Furthermore, since the major
products of the hydroboration of olefins 7 - 9 are the less
stable possible products and olefins 5 and & also produce
significant amounts of the less stable products, this

would imply that the transition state in these reactions
clearly resembles the starting materials (olefins) rather
than the products and that this reaction is governed by
'steric approach control‘9 rather than product development
control (i.e. where the more thermodynamically stable
product is preferentially formed). 1t is therefore

difficult to envisage reactions of olefins 2 - 4 being
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controlled differently as all the reactions are mechanist-
ically very similar. This then points to the fact that
the reason for the poor results in the case of 2 and 4L 1lie
with the ground state congestion algorithm or with some
other factor which has been so far neglected. One such
factor may be the inductive effect of the alkyl group.

In the hydride reduction of 3-alkyl bicyclo (2.2.2) octan~-

2-ones,(12),(R:Me,Et,Prl).there is an unexpectedly large

R H R H R
HO
H

N +
12 13 14

proportion of trans alcohol (44) formed in the reaction,
especially when R=Pri 10, in conflict with chemical
intuition and theoretical calculations. This has been
attributed to an anisotropic inductive effect of the alkyl
- 8roups, which leads to an anomalously high rate of attack
'from the more hindered/side (i.e. the alkyl side) of the
of the carbonyl group. In the case of the hydroboration
(electrophilic reaction) of olefins, it is conceivable
thatlthere is a similar factor operating. The inductive
effect of the electron—releésing groups (methyl and iso-
propyl) is also anisotropic and that this effect is
activating on the side of the double bond remote from the

substituents R in olefins 2 - 4. This would

2 5

account for the high stereoselectivity of olefins 2 - 4.

and R
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This anistropic inductive effect, (if present) would appear
to exert a relatively weak influence, since in olefins 5 -

9, which contain an axial R, or an axial Ru group and are

3
therefore congested on the side <¢f the double bond remote
fronm R2 and R5 groups, 'steric approach control' once
again dominates.

Whatever the reason for this failuré in the predictions,
the SACR's calculations lend support to Gordon and
Robinson's hypothesis that the high stereoselectivity

shown by 2 - 4 is due to the effect of the R, hindering

5
attack from the upper fact of the double bond, only when

is an isopropyl group (as in 3) and not when R_ is a

R 5

5
methyl group (as in 2 and 4).

In conclusion, the congestion function is reliable
in predicting the stereoselectivity of hindered cyclo-
hexenes when the difference in the congestion of the two
sides is greater than about 10 and the larger of the two
:Values is greater than about 30. Furthermore, this
method requires only small amounts of computer time as
each SACR calculation for one olefin takes only C.25
second. In cases where steric control does not dominate,
a more complex approach is obvioﬁsly required. One such
apprroach involves the construction of models of chair-
like and twist-like transition complexes (since it is
impossible to deduce the conformation of the transition
state from the products) of alkylcyclohexene/BH3 followed
by full relaxation energy minimisation of' the complex

. o
keeping a B-H vector locked parallel to and, say 1.5A
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above, the double bondu in one case, and the same distance
below in the other. The ratio of products would then
be estimated from the calculated energy difference
between the model complexes. This approach allows the
substrate to relieve and spread the strain induced by
reagent approach and would include torsional, dipolar,
solvent, entropic and reagent size effects as well as

illuminating the nature of the transition complex.
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CHAPTER SIX

The correlation of Raman optical activity

in methyl torsion modes with molecular

mechanics calculations of chiral hindering

potentials.
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6.1 Introduction

A molecule 1is said to be optically active if it
rotates the plane of polarization of a linearly polarized
light beam. This is attributed to the fact that an
optically active medium has different refractive indices
for left and right circularly polarized light, that is
right and left circularly polarized light travel through
the medium at different speeds. The necessary and
sufficient condition for a molecule to show optical
activity is that such a molecule should not be super-
imposable with its mirror image i.e. when a molecule has
no elements of symmetry or has only a simple axis of
symmetry. Conversely, a molecule that has a plane of
symmetry, a centre of symmetry or an alternating axis of
symmetry, is superimposable with its mirror image and

optically inactive.

Since about 1955, chiroptical effects (effects
Jupon light passing through an optically active medium)
i.e. optical rotatory dispersion (CRD) and circular
dichroism (CD) have been of great value as a probe of
chirglity in stereochemicgl studies of molecules containing
a chromophore which absorbs in a readily accessible region
of the ultra-violet and which has a low extinction

coefficient.

Recently, complete vibrational optical activity

spectra of chiral molecules have been obtained from a
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small difference in the intensity of Raman scattered

light in right and left circularly polarized incident
light1-5. This technique is potentially more powerful

than ORD and CD, since every part of a molecule

contributes to a vibrational spectrum, which is thérefore
considerably richer in structural information than the
visible or near ultraviolet part of an electronic spectrum.
The relevant experimental quantity in measurements of

Rayleigh and Raman optical activity is the dimensionless

circular intensity differental (CID).

a = (I -1 /(B + D) (1).

where IR and IL are the scattered intensities in right

and left circularly polarized light.

The largest Raman CID's are usually found in
molecules with rigid, twisted skeletons e.g. X -pinene.
Since mirror-image isomers give identical optical
‘activity spectra but with reversed signs, as illustrated
in Figure 1, it is usually best to run the two isomers to
have confidence in the marginal effects; but for the

larger effects, a single isomer suffices.

Although the interpretation of depolarized Raman
CID spectra is still in its infancy, it has been estab-
lished that chiral organic molecules containing methyl
groups often show large optical activity in broad, weak
depolarized Raman bands between 200 and 300 cm™' that

originate in methyl torsion modes of vibration6. It hes
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Part of the Raman CID spectrum of (—)o(—phenylethylamine.

Figure 1(b
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Part of the Raman CI2 spectrum of (+)&-phenylethanol.
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been suggested7 that this Raman optical activity can be
correlated with the chiral part of thé electronic
potential barrier hindering the rdation of the methyl
group and as such it could provide a novel approach to
conformational analysis and to the assignment of absolute

configuration of chiral molecules.

The dominant part of the three-fold potential
barrier that hinders the rotation of the methyl group

has the form8

v(e) = % Vs (1 - cos 30) (2)
where V3 is the barrier and © is the torsion angle with
three equivalent equilibrium values 0°, 120° and 240°.
In the perturbed harmonic oscillator approximation
approach, it is suggested that the barrier in a chiral

molecule can be written3

v(6) = V(1 - cos 30) * v31 sin 36 (3)

{The second term, V31 sin 308, has the effect of displacing
the positions of the mgxima and minima to one side or the
other of the symmetrical position (Figure 2), so that, in
an equilibrium position, the methyl group and the
hindering groups now constitute a chiral structure with
absolute configuration depending on the sense of

displacement.

In addition, using the elementary theory of the one-

dimensional harmonic oscillator, the barrier height ought
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to be

8..2.2 = 2
V3 (erg) = 91T C° VWiIr (4)

where Gt is the torsion frequency in cm"1 and Ir is the
reduced moment of inertia for the internal rotation.

This frequency correlation is not expected to be reliable
because it has been assumed that the methyl torsion dces
not couple with other modes, which is probably not a

good approximation in low-symmetry molecules.

The first two terms in the series expansion of
the chiral barrier (3) are

2 + 1

v(e) =, vy vt e (5)

The presence of the term linear in © means that

(0v/de)y _ 0 30 s0 ©

O is no longer the equilibrium

rosition: in fact if 6 Oe is now the equilibrium
position, then

1
3

‘where V_.5 is the amplitude of the symmetric part of the

v =I3/2v39e (6)
electronic potential barrier, V31 is the amplitude of
the chiral part of the electronic potential barrier and
6e is the displacement of the equilibrium position of
the methyl group from the symmetric position.VBGe

thus gives a measure of the chiral part of the barrier
and is thus proportional to the methyl torsion Raman

optical activity.

At this stage, molecular mechanics (MM) calcul-

ations were employed to obtain the chiral parts of the
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electronic potential barriers hindering the methyl
torsion in several molecules, with the hope that it
would prove possible to obtain a correlation between the
observed methyl torsion Raman optical activity and the
sign and magnitude of V39e supplied by the MM calcul-

ations.

6.2 Molecular Mechanics Calculations

The White-Bovill alkane/alkene force field

(WBFF)9 and the minimisation procedure1o

, which were
discussed in Chapter 2, were used in the MM calculatiors.
Since (+)-3-methylcyclopentanone and (+)-3-methylcyclo-
hexanone contain a carbonyl group, it was necessary to
represent the )C= O as a >c = CH, in the WEFF, which is
considered to provide a suitable model11. In the case

of (+)-carvone, which was included in the later stages of
the calculations, a carbonyl force field12 which was

based on the WBFF, was used.

«

For each of the moleculeskof interest, all possible
conformations were built and minimised until the first
derivatives of the potential energy with respect to the
cartesian co-ordinates were less than 10_9 kcal/mole to
ensure a credible and reproducibie minimum energy
geometry. In every molzcule except (+)-3-methylcyclo-
pentanone, it was found that there was only one major
conformation present. For (+)-3—methylcyclopentanone;

MM calculations indicated that two conformation were

significantly populated at room temperature - 70% of the
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half-chair conformation with the methyl in an eéuational
position and 30% of the half-chair with the methyl in an
axial position. The results for (+) -3-methyl-cyclo-
pentanone in Table 1 correspond to the Boltzmann-weighted

mean over the two conformers.

Energy mapping of the methyl rotations through
120o in 10o steps, in all compounds, was accomplished
by means of the Wiberg-EBoyd algorithm13. The resulting
potential energy profile V(8) for (+)-3-methylcyclo-
hexanone is plotted in Figure 3. In addition, the V(®)
is subtracted from the symmetric potential barrier
%V3(1-cos39) and the resultant is plotted as a function
of 6 in Figure 3. It can be seen that the chiral part of

the potential barrier does indeed have the form sin 36,

as suggested by equation 3.

Table 1 lists the calculated displacement 6e of
the equilibrium position of the methyl groups from the
symmetric position in the series of molecules being
studied, together with .the calculated height of the
completed barrier which we take, for simplicity, to be
V3. A positive ©e corresponds to a clockwise displacement
when viewed along the threefold axis of the methyl group
towards the hindering structure and to negative Raman
optical activity and vice versa. In the case of (+)-3-
methylcyclopentanone, it is the less stable isomer that
shows the largest chiral part of the hindering potential

and thus dominates the mcthyl torsion Raman optical

activity.
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The czlculated potential energy profile V(8) (solid line)
for rotation of the methyl group in (+)-3~ methyl-
cyclohexanone. The minimum is at 58.64° ard tkLe

barrier height V_(calc.) is 2.51 kcal./mole. The broken

. line shows the r&sidual %V3(calc.)(l+cos 38)-v(e).
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TABLE 1, MOLECULAR xmn:»zuna DATA FOR THE METHYL GROUP IN A SERIES OF

CHIRAL MOLECULES,

MOLECULE

(¢)o3=METHLYCYCLOHEXANONE
(+(=3=METHYLCYCLOPENTANONE
(=)»MENTHOL (RING METHYL)

(=)= IMONENE (ISCPROPENYL METHYL)
(e)»_IMONENE (RING METHYL)
(+)=CARVONE (ISOPROPENYL METHYL)

9.
DEGREES

1,4

0,2
Inou

1,34
'”OH
.G-”N

KCAL/MOLE

2,51
2,99
2,37
2,89
@,69

V30,

3,81
0,54
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Figure 4: The depolarized Romon circular intensity sum (IRZ + IL”
and difference (IR" - IL”) spectra of neat (+)—3—methy1—
cyclohexanonePHOT‘JON COUNT S
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Figure 5: The depolarized Raman circular intensity sum and difference
spectra of neat (+)—3—methylcyclop‘entanone.
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Figure 6: The depolarized Raman circular intensity sum and difference
spectra of (-)-menthone diluted with about 307 methanol.
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Figure 7: The depolarized Raman circular intensity sum and difference
spectra of (=)-menthol.
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Figure 8: The depolarized Raman circular intensity sum and difference
spectra of neat (-)-menthyl chloride.
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¢ 9: The depolarized Raman circular intensity sum and differcnce
spectra of neat (~)-isopulegol.
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Figure 10: The depolarized Raman circular intensity sum and differcnce
spectrz of neat (-)-limonene.
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Figure 11: The depolarized Raman circular intensity sum and diffecrence
spectra of neat (+)-carvone.
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In practice, however, it has been found that the
only method which gives a reliable measure of 6e (and thus
the absolute configuration of chiral molecules) is MM
calculations as they take account of all the sterié
interactions in a molecule and minimise the energy with
respect to the geometry. Moreover, MM calculations can
assess the relative proportion of isomers that compose an
equilibrium mixture of a chiral molecule. Molecular models
are ineffective in the derivation of these two features

of chiral molecules.

6.3 Discussion

It can be seen from Table 1 and from Figures 4,5,
7,10 and 11, that in all molecules studied, there is a

strong correlation between the sign of V39e, which is obtained
from MM calculations and the sign of the corresponding
methyl torsion CIDs. There 1is only an approximate corre-
'lation between the magnitudes of V39e and the corres-

‘ponding magnitudes of the CIDs but this is due, in part, to
the fact that Raman intensities are not standardized. As
anticipated, the correlation between frequency of the methyl
torsion band and the barrier height, V3, as implied by

equation 4, is not reproduced by the MM calculations.

Although the assignment of most Raman bands is
still tentative, the torsion modes of methyl groups
attached to saturated ring systems éan be assigned with a

certain degree of confidence as they are usually broad
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and weak, and occur between 200 and 300 em™'. In the

Raman spectrum of (+)-3-methylcyclohexanone (Figure L)

the broad, weak band at about 260 em™] probably originates

in the methyl torsion. In a similar way, the band at

290 em”! in (+)-3-methyl-cyclopentanone (Figure 5) is

assigned to the methyl torsion mode. The former band is

large and negative, whereas the latter is snall and negative.

These relative signs and magnitudes are consistent with

the MM calculations (Table 1) which give Vj0e of the same

sign (positive) but much larger for the cyclohexanone than

for the cyclopentanone. The assignment of a higher

methyl torsion frequency in the cyclopentanone than in

the cyclohexanone-is supported by the calculated barrier

heights, V3.
This type of correlation has been extended,

without calculation, to some additional related molecules.

For example, the methyl group attached directly to the

:ring in (-)-menthone has a very similar stereochemical

environment and the same absolute configuration to that

in (+)-3-methyl-cyclohéxanone. It is therefore possible

to assign the large negative Raman optical activity

1

associated with the weak Raman band at about 260 cm

in (-)-menthone (Figure 5) to the methyl torsion mode.

MM calculations on (~)-menthol indicate that the
methyl group attached to the ring will give rise to a
torsion mode which will have large and positive Raman

optical activity. These calculations are in accord with
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the experimental observation of a weak, broad Raman band

1 in (-)-menthol (Figure 7) which shows

at about 260 cm
large positive optical activity. Similarly, the Raman
optical activity spectrum of (-)-menthyl chloride (Figure

8) shows band shoulders at about 260 and 230 cm™ !

which
show small positive optical activity and the Raman
optical activity spectrum of (-)-isopulegol (Figure 9)
has a band at about 260 cm | which shows a positive
optical activity. Since these three molecules have the
same absolute configuration in the region of the methyl
group, it seems that these bands can be assigned to

torsion of the methyl group attached to the ring in each

molecule.

The Raman optical activity spectrum of (-)-
limonene (Figure 10) shows a large negative effect
associated with a broad, weak Raman band at 250 en™t,

In a smililar way, (+)-carvone (Figure 11) shows a large
. positive effect associated with a Raman band of similar
shape at the same frequency. These effects might
originate in torsions of the isopropenyl methyl groups
since the corresponding potential barriers would be
very similar in the two molecules but with opposite
chiral parts. This is supported by MM calculation on
"(=)-limonene (Table 1) which give a positive VBGe

value (and implies negative Raman optical activity) for
the isopropenyl methyl group and a negative and smaller

V.6e value (and therefore positive Raman optical

)
activity) for the methyl group attached directly to the
ring. The torsion of the latter methyl group may there-

fore give rise to the Raman bands of positive optical
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activity at about 200 em~' or between about 4100 and 180
em '+ MM calculations on (+)-carvone give a negative
nge value for the isopropenyl methyl group and thus
imply positive Raman optical activity which agrees with

the assigned Raman band at about 250 em™ 1,

An illustration, which demonstrates the reliability
of correlations of absolute configurations obtained from
Raman optical activity data, is available. The similarity
of a number of Raman optical activity features of mentholl
and menthyl chloride, in Figures 7 and 8, implied that
the two chiral molecules should have the same absolute
configuration. The menthol enantiomér was known, with
certainty, to be the (-)-isomer. Reference 1L, however,
wrongly assigned the menthyl chloride molecule used as
the (+)-isomer. This incorrect assignment was subsequently
found to be due to a typographical error and the isomer
of menthyl chloride used in the Raman studies was in fact
* the (-)-isomer as the Raman optical activity épectrum

suggested. .



- 229 =

6.4 References

1. L.D. Barron, i{.P. Bogaard and A.D. Buckingham,

J. Amer. Chem. Soc., 95, 603(1973)

2. L.D. Barron and A.D. Buckingham, Ann. Rev.Phys.

Chem., 26, 381 (1975)

3. L.D. Barron, Advances in Infra red and Raman

Spectroscopy, (Edited by R.J.H. Clark and R.E.

Hester), Volume 3, Heyden, London, in the press.
L. W. Hug, S. Xint, G.F. Bailey, and J.R. Scherer,

J. Amer. Chem. Soc., 97, 5589 (1975)

5. M. Diem, {.J. Diem, B.A. Hudgens, J.L. Fry and

D.F. Burow, J.C.S. Chem. Comm., 1028 (1976).

6. L.D. Barron, Kature, 255, 458 (1975)

7o L.D. Barron, i.Jd. Bovill and D.N.J. White,

J.C.S. Perkin II, in preparation (1977)

8. C.H. Townes and A.L. Schawlow, Microwave Spectroscopy,

McGraw-Hill, New York, 1955

9. D.N.J. White and M.J. Bovill, J.C.S. Perkin II,

in the press (1977)

10. D.N.J. White, Computers and Chemistry, in the press

(1977)
11. D.P. DeTar, J. Amer. Chem. Soc., 96, 1254 (1974)

12. D.N.J. WVhite and H.P. Flitman, to be published.
13. K.B. Wiberg and R.H. Boyd, J. Amer. Chem. Soc., 9i,

8426 (1972) |
14+ W. Klyne and J. Buckingham, Atlas of Stereochemistry,

Chapman and Hall, London, 1974.



CHAPTZIR SEVIN

Some aspects of crystallogranhy.




7.1. Historical

In 1912, Max von Laue predicted that the array of atoms
in the lattice structure of a crystal could act as a three-
dimensional diffraction grating for X-rays, which are
electromagnetic waves having wavelengths in the range of
0.5 - 2.5 g. In the experiments of Friedrich and Knipping,
a crystal of zinc blendewas exposed to X-rays and a
pattern consisting of a central image surrounded by spots
was formed on a photographic plate. These diffraction
photographs lent definite support to the view that X-rays
consisted of waves as well as supporting the hypothesis of
the lattice structure of crystals. W.H. Bragg and his son,
W.L. Bragg assumed that the X-rays were 'reflected' from
families of regularly spaced planes throughout the crystals

and the famous Bragg Law was derived:

n)\ = 2d sin 9;

where n is the order of the spectrum, A is the wavelength
Sf the incident X-rays, © is the angle of incidence between
the rays and the plane and d is the distance between
adjacent layers of atoms in the crystal. A powerful and
precise tool had now been put in the hands of scientists

interested in the structure of matter.

X-rays are so penetrating that they cannot be focused
by any material. To circumvent this problem, various
calculations, which will be discussed in subsequent sections,
are substituted for tﬁe lenses. From the intensities

of the three-dimensional array of reflections collected
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from a given single crystal either photographically or from
an automatic diffractometer, which has only beenin use for
about fifteen years, it is possible to obtain an electron
density distribution in the crystal which, in turn, provides
direct images of the atoms in the unit cell. X-ray

analyses of hundreds of crystal structures have led to
detailed knowledge of the geometrical properties of different
groups of atoms. The resulting stereochemical principles

in conjunction with the complex mathematical techniques of
modern crystallography and the advent of the data-processing
computers have been of great help in the determination of

the molecular architecture of complicated biological molecules,

which ére composed‘of small basic units, e.g. proteins.

7.2, Corrections to the measured intensities

Before proceeding to the actual structure analysis, it
is vital that certain corrections, which allow for various
geometrical and physical factors, be applied to the

ihtensity data from the crystal.

¢

(a) Lorentz-Polarisation

Lorentz

Diffraction corresponding to a particular reciprocal
lattice point EEl occurs whenever that point intersects
the Ewald sphere, but in view of the fact that each reciprocal
lattice point is smeared out, the intersection of any given
point with the Ewald sphere is not a ﬂrecise event occurring
at the single instant when the Bragg condition is exactly
satisfied. The time required for a reciprocal lattice

point to pass through the sphere of reflection depends on
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both the Bragg angle, © and on the technique used to measure
the intensities. For the equi-inclination Weissenberg

technique, the Lorentz factor, L is given by

L = sin © , (1)
sin 20 (sinze - sinzlu)2

4

where u is the equi-inclination setting angle. For data

collected on a four circle diffractometer, L is given by

L=-—. 2)
sin 206

Polarisation

Most methods of data collection use an incident X-ray
beam which is unpolarised. The emergent radiation is,
however, partially polarised because electric vectors which
are parallel to the surface of the reflecting plane are
reflected more efficiently than electric vectors perpendi-
cular to the aforementioned plane, The intensity of the
reflected beam can be corrected by the polarisation factor,
p, which is independent.of the mode of data collection

employed and which is given by

p =3 + cos? 20) . (3)

The combined Lorentz-Polarisation factor, Lp, for a

four circle diffractometer may then be written as follows:

2
Lp = 1l + cos™ 20 (4)
2 sin 20

(b) Counting Loss

In recent years, proportional counters and scintilla-

tion counters have been used in the measurement of X-ray
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intensities. It has been pointed out that, because of the
dead time of the counter tubes, which is about 0.25 a sec,
the linearity of counting rate with intensity is limited to regions
below a certain counting rate. For intense reflections,
i.e. greater than about 10,000 to 20,000 counts/sec, the
counting rate is beyond the linearity limit, and so,.if
full use is to be made of the inherent accuracy of the
diffractometer, this counter saturation effect must be taken
into consideration and this is usually accomplished by
reducing the intensity of the direct beam by interposing a
suitable number of calibrated foils or, more commonly, by
lowering the voltage. 'A number of low order reflections
are then remeasured and, from an analysis of the counts of
the weaker low order reflections at the reduced and normal
beam intensities, it is possible to derive a conversion
factor which may then be applied to the more intense

reflections.

The relationship between the intensity of one reflection
at normal beam intensity, I, and the intensity of the same

reflection at reduced beam intensity, J. is given by

2

J = PyI +P,I°, (5)

1

where P P2 are constants to be determined. Each

1)
observation J has an assigned weight, W, which is proportional
to the inverse of the square of the standard deviation of

d, i.e.
W = 1/(c5'J)2

The residual A is the difference between the intensities

for a given reflection under the two sets of éonditions such
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that

- 2 ‘
A =7 - (Pll + P,I%). (6)

By the method of least squares, M is set equal to ) wA?

and the conditions for M to be a minimum are given by

oM M _ 4 (7)
apl P,

Solution of the resulting simultaneous equations provides
the values of P, and P, which can be resubstituted into the
appropriate equation, together with the count of a strong
reflection at reduced beam intensity, J, thus making it

possible to obtain corrected I values for strong reflections.

7.3 Structure Factors

The proper measure of the scattering powér per unit cell
is given by a complex quantity known as the structure factor,
represented by F. The intensity I (hkl) of each diffracted
beam is proportional to the square of its amplitude, i.e.
I(hkl)oC | F(hk1)! (2)bs where |7 (nk1) | ops 1S the so-called
"observed" structure factor amplitude and where F(hkl)
represents the radiation scattered in the order (hkl) by the
crystal, Each of the diffracted beams also has a phase
X (hkl) associated with it which expresses the extent to
which the diffracted beam is in phase with other diffracted
beams. If the positions of the atoms in the unit cell are

known, both the "calculated'" amplitude lF(hkl)I calc and

"calculated" phase <t (hkl) for each reflection can be obtained

from the structure factor equation,
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]

n

f.exp 2TMi (hx., + ky. + 1z.
'21'] P (hx Y ;) (8)
J=

F(hkl)

= A(hkl) + i B(hk1),

n
where A(hkl) = X fJ. cos 2 10 (th. + kyJ. + lzj);
j=1

B(hkl) =) f,  sin 2 1T (hxj +kyj = 1zJ,);

and is the imaginary number V/—l. The summation is over

[+

all n atoms in the unit cell, with xj, yj Zj representing
the fractional coordinates of the jth atom, From the

structure factor equation, it follows that

lrmeny| - \/;(hkl)z + B(hk1)2
and tan « (hkl) = B(hkl) / A(hkl). (9)

The term fj in equation (8) represents the scattering power
of the jth atom and is known for an atom at rest. At

Zero angle scattering, for which all electrons scatter in
phase, fj is equal to the total number of electrons in the
atom (viz. the atomic number). With increasing diffraction
angle O, fj decreases rapidly, in the order of sin /A

due to a greater phase difference between the waves scattered

by the elctron cloud of the atom,.

Atoms in crystals‘are vibrating and this results in

the electron cloud being spread over a wider region of space.
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Allowance must be made for this effect in work of even
moderate accuracy and this can be accomplished by effectively
diminishing fo’ the scattering power of the stationary atom.

Thus for isotropic vibration, the scattering factor fj is

given by
fj = fo exp [—B (sin2 0) /A 2] , (10)
2 _2 . .
where B = 8T~ U , the Debye-Waller factor or the isotropic
thermal parameter. It usually lies in the range
2
o
2-4 A for carbon and oxygen atoms in a typical
organic crystal and is temperature dependent,
TT2==the mean square amplitude of vibration perpendi-

cular to the reflecting plane and lies in the range
2
o]

0.1 - 0.01 A .

In general, however, atoms vibrate with different amplitudes
in different directions and are best represented by an
ellipsoid of electron density, rather than a sphere. To
déscribe such an ellipsoid, six parameters are required -
three give the radii alohg its principal axes and three more
to describe the orientation of the ellipsoid in space. Thus,

for anisotropic vibration,

' * *
_ - 2 %2 2 . *2 2 x2 + 2B,,hla c
fj = foexp L:(Bllh a + Byg k" b + Bag 1%c 13
* * %k '
+ 2B klb*c + 2B5hka b ) / 4:] , (1)
23

* *

Vhere Bij = the anisotropic thermal parameter; a ,b , c =

the lengths of reciprocal cell edges.

Alternatively, equation (11) may be rewritten in the more














































































































































































































































































































































































