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SUMMARY

This thesis is composed of two parts. In part I the x-ray 

structural analyses of two sesquiterpenoids and two derivatives of 
2-naphthol are reported, while in part II the results from 
molecular mechanics calculations are used to investigate the 
conformational processes occurring in a series of cyclo-oeta-1,5- 
dienes and to interpret some of the stereochemical peculiarities 
of germacrane based sesquiterpenoids.

The crystal structure analysis of the germacranolide, 
costunolide, was undertaken to determine its structure and 
stereochemistry. An incomplete structure was available at the 
commencement of this study, derived partially from x-ray 
diffraction measurements using Mo - Kot radiation and partially 
from synthetic and spectral observations. The diffraction data 
were recollected using Cu - Kot radiation in order to obtain more 

accurate measurements of the weaker reflexions. This technique was 
completely successful and allowed the structure and stereochemistry 

to be determined.
Crystals of the guianolide, mikanokryptin, were supplied 

by Professor W. Hertz who, on the basis of W ,  IR, and NMR spectra, 

had elucidated most of the stereochemistry. The configurations at 

C(l), G(6), and C(lO) remained uncertain and the x-ray analysis 
removed the ambiguities at these chiral atoms. In addition, 

molecular mechanics calculations were carried out for the 
isolated 1-methylidene-cycloheptane system of mikanokryptin and 

these allowed observations to be made pertaining to the 
stereochemistry of this and other guianolides.

Structure analyses of 1-methyl- and 1-isopropyl-
2-naphthyl acetate were carried out as part of a series of
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investigations, by Dr. J. Camduff, into the autoxidation of

2-naphthols. It was anticipated that the isopropyl derivative 
would have been substantially more strained than the 1-methyl 
compound because of differences in the rates of autoxidation of 

the corresponding 2-naphthols. The observed structures did not 
support this view.

Molecular mechanics calculations for syn-3,7-dibromo-cis, 

cis-cyclo-octa-l,5-diene found the twist-boat conformation as the 

global minimum, the geometry of which was very similar to that 

found in an earlier x-ray analysis. The complete pseudorotational 
cycle was also investigated using this technique. A similar study 

was carried out for the anti-3,7-dibromo isomer. The conformational 
processes in the parent diene, cis,cis-cyclo-octa-l,5-diene, were 
the subject of a variable temperature NMR investigation by 
Professor P. A. L. Anet and molecular mechanics calculations were 

used to interpret these spectra and to reproduce the minimum 

energy geometry found by electron diffraction measurements. The 
anti-3,7-dimethyl derivative has recently been synthesized by 

Professor P. Heimbach. He kindly supplied a sample of his product 

for variable temperature NMR analysis and molecular mechanics 
calculations have been performed with a view to interpreting the 

spectra.
The final chapter reports a series of calculations on 

the stereochemistry of germacranolides. The force field used was 

able to reproduce the geometry of costunolide,which had been the 
subject of an x-ray analysis described earlier in this thesis. 
Subsequent calculations on the two frequently occurring 
conformations of the cyclodecadiene system in germacranolides have 
been used to investigate the stabilities of the various modes of
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lactone-cyclodecadiene fusion apparent in these sesquiterpenoids 
and to correlate the conformation of the lactone function with 
both the fusion and the Cotton effect at 260nm.
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PART I

X-RAY DIFFRACTION
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\

CHAPTER ONE 

Some aspects of crystallography
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1.1 Historical

Modern crystallography is based on the suggestion made 
by Max von Laue (1912) that the regularly spaced repeating 

units of a crystal might act as a three-dimensional 
grating for x-rays. Following the experimental verification 

of this hypothesis by Friedrich and Knipping, the use of 
monochromatic radiation and the advent and improvement of 
the rotating crystal method made it possible to both 

index and measure the intensity of individual reflexions.
The subsequent development of crystallography has been 

concerned with the sophistication of these basic techniques 
and the solution of the phase problem.

The phase problem arose because of our inability to 
refract x-rays and thus obtain an image of the molecular 

structure.

The phase amplitudes can be derived fairly easily 
from the intensities but mathematical reproduction of 

the image required information about the phases• From 
1 930 onwards a great deal of effort was spent on this 

task and solutions applicable to certain limited 
situations were found, but no general approach has been 

available until recent years.

For many compounds it is now possible to derive the 
phase relationships directly from the intensity data 
using a combination of inequality and statistical methods.

The remainder of this chapter is devoted to a more
detailed discussion of the specific techniques which
have been used in the structure analysis of the compounds 
which form the subject of the x-ray crystallographic
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section of this thesis.

1.2 Corrections to the measured intensities

(a) Lorentz - Polarisation 

Lorentz
The time required for a reciprocal lattice point to 

pass through the sphere of reflexion is not constant hut 

depends on both the Bragg angle and the method of data 
collection.

For the four circle diffractometer with normal beam 

geometry the Lorentz factor, L, is given by:

Polarisation
Partial polarisation of the x-ray beam occurs on 

reflexion and hence the intensity of the reflected beam 

is corrected by a factor, p, where:

A more complex expression is used when the incident 

beam is itself partially polarised.

The combined factor, Lp, for a four circle 
diffractometer is therefore:

L = 1/sin 20 (1 )

P = £(1 +cos22 0 ) (2)

(3)



(b) Counting Loss

Automatic data collection instruments use scintillation 

or proportional counters to measure intensities. When 

very strong reflexions are present these devices "become 
overloaded and underestimate the true count. One method of 

overcoming this is to remeasure the low order reflexions 
at reduced "beam intensity and thus obtain a conversion 
factor for the weaker reflexions which may then he 
applied to the intense reflexions.

The two intensities for each reflexion may he 

considered to he related hy the following expression:

j  = P^+Pgi2 0+)

where J = intensity at reduced setting
I = intensity at normal setting

and P, , P0 are constants to he determined.1 2

Each measurement of has a standard deviation Q"J 

and can he assigned a weight W, such that:

w = 1/ (crJ)2

The difference A_ between the counts for a given 

reflexion under the two sets of conditions is:

4 = J - (P.)I + P2I2) (5)
pand if M = I W  A then the stationary value of _M occurs 

when:

d M = &M = 0 (6)
T S ,  & p 2

Thus differentation of equation (5) with respect to P^ 
and then P2 yields two simultaneous equations which can
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be solved for the conditions set by equation (6) to 

yield and P^* Resubstitution of these constants in 
equation (5 ) with the appropriate value of jT will then 
allow a corrected _I to be calculated for each strong 
reflexion.

1 .3 Structure Factors
Structure factors provide the link between the observed 

data and the calculated electron density distribution.
They are defined by two quantities, an amplitude |p| and 
a phase angle oc . |P| is directly related to the measured 
intensity, j[, by:

| P | o c l ^  (7)

It can be shown that for any reflexion, hkl, the structure
factor P(hkl) is given by:

N
P(hkl) = I f. exp 2 fl i (hx .+ky .+lz.) (8)

jsi
Where atom . is situated at a point defined by the
fractional atomic coordinates (x y . Zj) and has an atomic
scattering factor jf. .

Equation (8) may also be expressed in terms of its 
real and imaginary parts, A. and B, respectively, so that:

F = A + iB (9)

N
where A = I f .cos2 fl (hx.+ky. +lz. )

i»i J  ̂ 1
N

and B = I f . sin2 fl (hx . +ky. +lz. )
j = i  i j j i
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The amplitude and phase of P(hkl) are then given "by:

| F(hkl) | = (A2 +B2 )® (10)

and o< (hkl) = tan  ̂(B/a )

The term f . in equation (8) and subsequent

equations is a function of atom type and sin(0/A)
It is expressed in terms of the appropriate number of 

electrons located at the centre of the atom (e.g. C = 12). 
Its value diminishes with sin(0/A)because the finite

size of the electron cloud produces phase differences
between waves scattered from distinct points within its 
volume•

Thermal motion causes the electron density to 

distribute itself over a larger volume with increasing 
temperature. The resulting reduction in atomic scattering 

power is greater for higher values of sin(0/A)

For isotropic vibration the scattering factor is 
given by:

f . = fD exp[-B(sin2 0 ) /X 2] (11)

where fD = the scattering power of stationary atom
2 — 2

B = 8fl U the Debye-VYaller factor 
- 2U = the mean square amplitude of the atomic

displacement at right angles to the
reflecting plane.

and for anisotropic vibration: (12)
r , 2 * 2  ,2 . * 2 _ _ ,2 * 2 ^

f. = f0exp [" (Bi i h a +  B22 33 °

** ** x /. 1
2B12hkab +  2B13h la c  +  2B23k lb c  ) / 4 J
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Where B ^ ,  B^  etc. are the anisotropic components of the
term Ji in equation (11) and a*, b * , c* , are the lengths

of the reciprocal cell edges.

Debye-Waller factors are sometimes expressed in 
terms of U where U = U2 = B/8 fl ̂  = B/78.96

1 Structure factors and the electron density distribution

Any quantity such as the electron density p  (xyz) 

which varies periodically may be analysed into a number of 
separate basic components which when superimposed 
represent that quantity. This method of analysis is due to 

the French physicist J.B. Fourier and the three dimensional 
summation for electron density gives :

+00 (13)
p (xyz) = - I I I F(hkl)exp [ -2fli(hx+ky+lz )]

V -00
Thus if F(hkl) is known then equation (13) will 

reproduce the electronic distribution in the crystal. 
Unfortunately, only |F(hkl)| is immediately available from 
the intensity measurements and the phase angle o< must still 
be determined.For centrosymmetric space groups o< can only 
take on values of 0 or fl but for non-centrosymmetric 
cells it may assume a whole range of magnitudes and it is 
more convenient to rewrite equation (13) as:

+  00 (14)
p  (xyz) = I I I  IF (hkl) I exp [ 2lli(hx+ky+Iz )-<x(hkl)]
' h k i y

—  00
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Where o<(hkl) is the phase angle appropriate to |F(hkl)|.

There are a number of methods for obtaining the 
elusive ©<(hkl) and the following section describes the
general approach made to this problem by contemporary 

crystallography.

1*5 Direct Methods of phase determination

Modified structure factors

Direct methods rely on comparing the relative 
values of related intensities, but because scattering 

power is not independant of the Bragg angle, this comparison 
is less straightforward than might at first appear. High 
angle reflexions are considerably diminished by the fall- 
off in scattering ability and “reflexions” may be 
unobserved. A  correction can be applied using a unitary 
structure factor U(h) instead of F(h) so that:

Where the summation is carried out over the N atoms in 

the molecule and is the scattering factor for atom £  
compensating for both theta fall-off and thermal effects 

as discussed in 1.3

This equation (15) expresses each structure factor 
as a proportion of its maximum possible value for the 

particular magnitude of theta at which it occurs. Thus 
all unitary structure factors must lie within the range + \ •

(15)



The extrema corresponding to those instances where all the atoms 
scatter in phase and hence restricting possible atomic sites. Values 
of ±1 are rarely observed but greater constraints are placed on atomic 
location with increasingly closer approach to unity. However, the 
average value of U is dependent on the number of atoms, N , in the 
molecule and for reasonably sized molecules there may be so few large 
Us that an insufficient number of relationships can be established. 

Equation(l6) gives the root mean square value of U, Unng , in terms 
of the total scattering power represented by each atom:

Unns = I (ni^) 2 (l6)1

where = f± / £jf j

A normalised structure factor, E(h), may be obtained by 
relating each structure factor to U^g and thus the difficulty 
arising with increasing N can be overcome. This gives:

E(h)2 = | P(h)|2 / I f ±2 (17)
' isl

Under some circumstances space group symmetry produces 
special sets of reflexions which are abnormally higher (or lower) 
than the calculated average and the E values for these must be 

modified by a factor £  thus:

E(h)2 =\V(.̂)\Z/Slti2 (18)

The distribution of |El gives an indication of the 
centricity or otherwise of the space group involved.



Inequality relationships

The unitary and normalised structure factors may be 

expressed in exactly the same way as ordinary structure 
factors:

This important equation allows the structure factor 
of an h (or hkl) reflexion to be compared with a 2h (or 
2h 2k 21 ) and may enable a phase determination to be made. 
Similar inequalities can be derived for other symmetry 
elements. Inequality relationships on their own are, 

however, of limited value, as the number of atoms increases, 
since definite determination requires large values of U.

Probability methods
Inequalities represent the limiting case of probability 

methods which in general produce phases which are less 
reliable. Much of the early work to combine probability 
theory with inequalities is due to (a) Sayre and (b)

Cochrane and Woolfson.

The basic relationships are:

n / 2

U(h) = 2 I ncos2 H ihx.i 1 (19)
for a centrosymraetric space group.

Harker and Kasper found that they were able to 

represent equation (19) in terms of a classical Cauchy 
inequality and obtained the relationship:

(20)

(a) S(Phkl)-a-8(P ). s ( F h_ h. t
(to) P(E) = i+|tanh ( | E hk|E h.k V  E

h - h k - k I - I

h - h k - k

) (21 )
I. N_i)
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In equation (21a) S(Fhk) ) means the sign of the 

structure amplitude |Phk,l. s (Fh k l ) may he replaced hy 
0(Ph k ) ), thus allowing the Sayre expression to be used 

for non-centrosymmetric space groups. The starting 
magnitudes and/or signs must obviously be reliable in 

order to yield reasonable atomic co-ordinates.

Equation 21b) expresses in terms of IS values the 

probability, P(E). that for a given hkl and related pair of 

reflexions, the relationship in equation(21a) is true.

Practical phase determination

The best known application of equations (21) is 

probably the symbolic addition method of the Karles 
which is the basis of the program MULTAN (Main and Woolfson).

The principal subprograms are:
(a) The SIGMA 2 program which deriveslEl from the 

observed data and then uses the largest values to set up 
all the triple relationships of the form expressed by 

equation (33a).

0>) CONVERGE uses the supplied space group information 
to decide which parity groups are required to define the 

origin and then calculates the probabilities for the signs 
of the structure invariants. By a process of elimination 
the program should eventually be able to converge on the 

best starting set.

(c) FASTAN uses this starting set to determine the 

phases of other high value |E|s. As the non-origin
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defining reflexions in the starting set may take on 
more than one value several complete sets of phases may 
be generated from the 12 phase relationships. Each 
reflexion with|E|above a specified value will have its 
phase calculated and this phase may be assigned a weight 
which is related to the probability of it being correct. 
FASTAN, by using a weighted version of the tangent 
formula puts less emphasis on the poorly determined
phases in subsequent phase development and thus allows 

rapid convergence on the most consistent complete set 
from each starting combination. A figure of merit based 
on the degree of internal consistency is given to each 
complete phase set.

(d) FOURIER computes an E map using the set showing 

the best figure of merit from which it should be possible 
to recognise atomic sites.

MULTAN does not always give a correct solution. This 
may be due to a number of reasons, for example, poorly 
diffracting crystals, unreliable data, a large number of 
atoms in the asymmetric unit, or the particular space 
group concerned.

1.6 Fourier Synthesis

Phases obtained by direct or other methods are only 

approximate and must be further refined to yield a more 
accurate structure. This is achieved by combining the 

calculated phases with the observed amplitudes in a 
summation such as that represented by equation
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The resulting electron density distribution will not he 
very accurate, hut it should give a better indication of 
atomic sites. These new atom locations can then he used 
in a second Fourier synthesis to work backwards and 
yield a calculated set of structure factors (Fc) and more 

accurate phases. The process may he continued in this 
manner until the atomic parameters cease to change 

significantly.

A further Fourier summation can then he carried out 
based on the quantity (Fo-Fc). This will reveal any 
non-hydrogen atoms inadvertently missed during the Fo 
synthesis and often indicates the position of many of the 

hydrogen atoms.

1 .7 Least squares refinement

Fourier summation as described above will contain 

termination of series errors, since the amount of data 
is finite. The reasonably correct atomic locations 
available from the Fourier synthesis may now he further 
refined by the method of least squares. This method is 
based on the principle that the best fit, between 
observed data and related functional equations, is 
obtained when the sum of the squares of the differences 
between observed and calculated values is a minimum.
The function, D, is the one most commonly u s e d :

D =  I W(|Fo I - I Fc | )2 = I WA2 (22)
hkl hkl

Where W  is a measure of the accuracy of each observation.
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If the variables affecting |Fcl are represented by

9 P 0 , ... P. . P M then the stationary value of 1 2 n n
equation (22) is given by:

& D  = 0 = I W A i i F c L  (j = l,n) (23)
6 Pj hkl £P_.

These jri equations (23) have a solution which will give 

the best values of the parameters P ^ . The large number 
of equations involved for an average sized structure 

cannot be solved easily* However, values for the P. are
... jJ.

already available from the Fjo summation and at this 

stage only small changes, £ ,  should be required. The 
total change may be expanded as a truncated Taylor 

series:
n

A ( P + £ )  = A P  - I £, b I Fc I (24)
i= 1 '

Where subscripted/non-subscripted variables refer to 
individual/total changes and parameters.

Combination of equations (23) and (2l\.) gives a set 

of normal equations:

l ( j;wklLi . Fd  ) g  -  j; wA  ^ Fcl
i = l ( h k l  bP. . hkl

The normal equations may be written as:

I ai j 8 i  = -bj (d=1,2....n) (25)

Solution of these sets of normal equations will 
yield the shifts £ j  and the calculation may be repeated to 
convergence by using the new P. from one cycle as the 

starting point for the following one.
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Least squares refinement can be carried out using 

either block diagonal or full matrix techniques* The 
saving in computer time and storage for the former must 
be offset against the possibility that the off-diagonal 
relationships are not small.

The errors in the final set of atomic co-ordinates 
may be estimated from the following expression:

—1 \ rut » 2cr(Pi) = (a"' )i± ivy.
m - n

1¥ (26)

WhereCT(P^) is the error in parameter P, .
mmA(a is the inverse of a matrix of the form

represented by equation (25)# 
m is the number of observations, 
n is the number of parameters•

The quantity W should be given by:

W(hkl) = 1
C 2 (hkl)

W h e r e O ‘2 (hkl) is the esd of the amplitude |Po(hkl)l 
and this could be determined by repeated observations of 
each reflexion. This is clearly impracticable for a 
large body of data and an empirical weighting scheme is 
usually employed instead. Such schemes are designed to 
keep the function W( I Pol - |Fcl ) constant when averaged 
over batches of data.

The quality of fit obtained in a least squares 
refinement may be expressed in terms of a weighted 
residual, R:

R = Iw( IPol - iFcl )2 (27)
I w | p 0 | 2



- 20 -

CHAPTER CTO

X-ray diffraction studies of the sesguiterpenoids 
costunolide and mikanokryptin
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2*1 Foreword

Sesquiterpenoids are C1 5 compounds which may he 
considered (1 ,2) to he huilt up from three isoprenoi.d units. 

A number of different cyclisations of the C15 precursor 
can occur giving rise to the wide diversity of structural 

types currently known. The most common carhon skeletons 

(3) are illustrated in Fig. 2.1 .

The germacranolides are particularly important 

because they are believed to be intermediates in the bio­

genesis of some other sesquiterpenes (e.g. guianolides )•
The x-ray analyses of the two sesquiterpenes in this 
chapter have been carried out to provide conformational 
information both to assist in biogenetic investigations 
and as part of a study of medium ring dienes.

2•2 Costunolide

Costunolide (I), a germacranolide, has been extracted 

from the plant, Saussurea lappa Clarke (ii), found in the 
Himalayas and from Artemisia balchanorum H, Krasch (5)> 

which occurs in Central Asia. Professor Kupchan,
(University of Virginia) kindly supplied the sample of 

costunolide used in the analysis which follows•

Previous work by diffraction (5> 6), synthetic (7) 
and IR (8) methods on costunolide and .its ̂ silver nitrate 

adduct failed to yield the complete structure. The 
evidence from these studies for the proposed conformation 
(Fig. 2.2) was supported by the work of Tori et al (9)
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Anolide

R 1 L I

G-uianolide

R^ = CH3 or H 

R2 = CH3 or H

Germacranolide

Xantholide Ambrosanolide

Fig.2.I Sesquiterpenoids? Most frequently occurring skeletons
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Fig. 2.2 Structure of Costunolide
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based on the simultaneous application of the nuclear 

overhauser effect and an KMR shift reagent, and by the 
ORD/CD results of Suchy and co-workers (10).

The earlier x-ray analyses (5>6) had used Mo-Ko< 
radiation for four circle diffractometer measurement, of 
intensities for costunolide (6) and its silver nitrate 
adduct (5) "but had not revealed the hydrogen atoms* 
Further, the effect of the silver nitrate on the conform­
ation of the macrocycile was not clear* It was decided to 
recollect intensity data using Cu-K©< radiation in the 
hope that some of the weaker reflexions could be 
included and thus provide a more accurate structure.

2*3 Experimental

Crystal data 

Costunolide ^1 5H20<“)2

Unit cell dimensions a = 11*028 A0
lb = 15.400 A0 = = =90°

o = 7.987 A°
Space group P21 2̂  2̂  (Dg)

M = 232 a.m.u.
V = 1356 A ° 3

-3Do= 1 .1 59 gm cm
-3Dc= 1 *1 36 gm cm

= 5.9 cm-1 (Cu-Ek) 
p(ooo) = 504
z = 4

The space group was determined uniquely by the 

systematic absences;
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hOO when h=2n+l, OkO when k=2n+l, 001 when l=2n+1 • 

The crystal used in this analysis was a small cube 
with a 1mm side.

Data Collection
Cell measurements were available from the previous 

analysis and these were confirmed from precession 
photographs. The crystal was transferred to a Hilger &  
Watts Y290 four circle diffractometer controlled by a 
PDP-8 computer. Cu-K<* radiation filtered through nickel 

was employed.

The positions of the reciprocal axes with respect to 

the crystal faces were approximately known from the 
photographic work and a starting pair of reflexions was 
obtained by scanning the Jl) circle at 20 values calculated 
from the cell dimensions. These reflexions were optimised 
by 20 , (J) a n d X  scans and indexed to obtain an initial 
orientation matrix. This orientation matrix was then 
used to calculate the angular settings for a further 15 
reflexions which were also optimised as described above. 
The unit cell parameters were refined using these 17 
setting angles in a least squares procedure and are 
quoted in the crystal data.

Intensity measurements were made with the 0, 20 
scan procedure. Typical scan parameters were as follows:

Increment inj) = 0.01°

No. of scan steps = 80 
Time per step = 1 sec.
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Background counts were made for 20 seconds at each, 
extreme position of the scan.

The integrated intensity, I, was calculated from 
the peak, P, and Background Bj[, B2,_ counts using equation 

(1 ):
I = P-(B1 + E2). tp (1 )

2tt>
tp = counting time at peak.
tb = " " for one of the "background counts

(both the same).

and the standard deviation of I, (0“I), was obtained from 
equation (2):

CTI = ^P+(B1+B2)|b _\^ (2)

Two strong reflexions were used as standards 
throughout the data collection. Their counts were checked 
after every 20 intensity measurements. These monitor 
counts held constant to within about 2 % during the data 

collection and were used to place all the measurements on 
a common scale.

Reflexion intensities were collected for 20^110° 

in the two equivalent octants h k l ,h k i . Data for which 
1^201 were discarded and equivalent reflexions were averaged 
to give 1398 independant structure amplitudes.

A number of reflexions had high counts which may 

have saturated the counter. Accordingly data for which 
20x< 20° were recollected with a reduced beam intensity so 
that a counting loss correction could be applied.



Structure Analysis

A trial set of non-hydrogen co-ordinates was 
available from the Mo-K* analysis and these gave an 

initial residual R of 25.2% with fixed isotropic temp­
erature factors. Four cycles of least squares refinement 

of these co-ordinates, allowing for anisotropic thermal 
motion, reduced R to 1h*4%. A difference synthesis was 
carried out and this yielded most of the hydrogen atoms. 

These hydrogen locations were refined with invariant 
isotropic temperature factors during a further two cycles 

of least squares calculations. A new difference synthesis 
yielded the remaining hydrogen atoms. Two further cycles 

of full matrix least squares adjustment, during which the 
isotropic thermal parameters of the hydrogen atoms were 

also refined, converged at R = 7.9%

Counting loss errors were then corrected and this 
gave an R of 6.8%. Finally a weighting scheme of the form

W  = x.y Where the weight, W, was calculated 
as follows,

(a) For 0.7|fo|>|Fc| f w = 1x10“9 otherwise,
(b) x = sin0/2.1
(c) y = 1 j unless |Fo|>3 .05 when y=3.05/1Fo|
( x and y were selected to minimize the deviation

pfrom constant WA over the whole range of sin0 

and |Fo|).

was applied and after two cycles of least squares calcul­
ations a value of R=L(. .3% Resulted. The ratio of observ­
ations to parameters was 6.0 to 1 and no correction was 
made for absorption.
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2..U. Results

Table I Costunolide: Fractional atomic coordinates

Positional estimated standard deviations are 
shown in parentheses.

The hydrogen atoms are numbered according to the 
atoms to which they are attached.

The table shows:

Atom x y z,
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Table IX Costunolide: Thermal parameters

Carbon and oxygen values are anisotropic.
Hydrogen values are isotropic.

Estimated errors in the last two digits are 

shown in parentheses.

All figures are multiplied by 10 .

The anisotropic temperature factor expression used 
was of the form described by equation (l2 ) in 
chapter one, the coefficients being in terms of 
the mean square amplitudes of vibration U. . .

The table shows:

Atom U n  or TJ ^22 ^33 ^12 ^13 ^23
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2•5 Discussion of Results

The results of the analysis are shown in Tables 
I - VII. Figs. 2.3 and 2 .ij. illustrate a view of the 

molecule, and of the crystal packing viewed along the o 
axis, respectively. The final and observed structure 
factors are listed in Table Xlla.

The extended chair conformation of the cyclodecadiene 
ring is very similar to that in a number of related 

sesquiterpenes (Fig. 2.5) as indicated in Table VIII.
Strain energy calculations (15) have shown this to be the 

minimum energy conformation of trans, trans - cyclodeca-1 ,5- 
diene. The methyl substituents C(14) and C(15) are cis 
and ft. This arrangement has also been observed in other 
germacranes e.g. ©.upatolide (11 ), alatolide (12 ),
eUipatoriopicrin (13)? cmopordopicrine (li+)> pregeijerene 
(16 ),. germacratriene (17) and elephantol (18). Cis and 
o<-(1 9 ) and anti- (20) stereochemistries are also known.

The C- C(sp^) - C valency angles in the decadiene 

ring vary from 109° to 117° with a mean of 113*5°* These 
large deviations from the tetrahedral angle are indicative 
of considerable strain. This situation is quite common 
in saturated medium ring compounds many of which exhibit 

valency angles of 116 - 117° (21 ), and angles in excess 
of the tetrahedral value are not unusual (Table IX).

There is distortion of the double bonds at c(l) - 
C(10) and C(4) - C(5) as the respective torsion angles 
of 16^° and 1560 exhibit a marked departure from planarity 
Newman projections down these two bonds are shown in Fig.
2.6 and Table X describes the deformations in costunolide 
and some related structures in terms ofT* (torsion) - and
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Fig. 2.3 Costunolide: A view of the molecule
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Fig. 2.U. Costunolide crystal -packing: A view dowm the *0* axis
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11

O i

R1 r2 *3

Costunolide H CEj CH3
Eupatolide OH CH3
Alatolide ococh(ch3)2 CHgOH CHgOH

Eupatoriopicrin 0C0C(CH20H)CHCH20H CH^ CIL

Onopordopicrine 0C0C(CH2)CH20H CH3 CHgOH

Jurineolide * OCOC(CHCH2OH)CH5 CHgOH CHgOH

Albicolide * H CHgOH CHgOH

* No x-ray analysis currently available. Stereochemistry 
based on ORD/CD observations.

Fig. 2.5 Structure of Costunolide and some related Sesquiterpenoids
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C 2

C 6

Fig. 2.6 Hewman projections down the C(l)-Cfio) and 

C(l»)-C(5) bonds of Costunolide
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J((out of plane) - bending according to the method of 

Winkler and Dunitz (2 3 )• The relative uncertainty of the 
locations of the hydrogens at c(l) and c(^) prohibits 
detailed discussion of the values in Table X. It is 
apparent however that X a n d X a r e  relatively constant from 
molecule to molecule w i t h % f o r  the unsubstituted trigonal 
atoms exhibiting the widest range of values. The deform­
ations at G (1|.) - C(5) result from almost equal amounts of 
torsion and out of plane bending while at the other double 
bond there is virtually no out of plane bending at C(10). 
The transannular separations C (1 )... .0 (U) and C(l)....

C(5) are much shorter (2.8 - 2.9A°) than C (1 0) •.. .C(l\.) and 
C(10)...C(5) (3*2 - 3*AA°) and the van der Waa3s repulsion 
between C(1), G(If), C(5) and between their substituents is 
probably partially relieved by the out of plane bending of 
H(1), C (1!+) and H(5) which is in a direction outwards from 
the ring. The absence of a similar deformation at 0(10) 
may be related to the less crowded environment in the 
vicinity of this atom.

The C(1) - C(5) trans-annular distance of 2.36k0 is

very short and this is not unexpected when the separations
found for some other germacranes are compared (Table
XI). Costunolide shows a UV absorption at 220nm(+ve) (10)
and other compounds e.g. jurineolide (10), albicolide (10),
have a similar UV band at about 220 nm. It is believed
(10, 21|) that such absorption at about 200 and 220 nm is
the result of a trans-annular interaction between the

*
double bands of the macrocycle giving rise to a fl̂ fl 
transition and that the sign of the absorption reflects the 
chirality of the diene. The spectra of costunolide, 
jurineolide, albicolide, and alatolide are all very
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similar in this region and this implies that they have

identical stereochemistry in the vicinity of the double 
hands. The short trans-annular distances, the observed 
chiral relationship of the double bo.nds, and the UV 
spectra all support the case for the postulated intermediate 

role of germacrane derivatives in biogenesis (1).

The other major feature of the CD. ’ spectrum of 
costunolide (Fig. 2.7) is the negative C-otton effect at 
261 nm (7)- This has been attributed to the n->ll * 
transition of the C=C-C=0 system (23, 26). Stocklin et 

al (3) have correlated the sign of the absorption with the 
position and stereochemistry of the lactone ring fusion.
In the case of a 6.7 trans-fusion (Fig. 2.3) a negative 
Cotton effect is predicted in complete agreement with the 
observed spectrum. Beecham (27) has proposed that there is 
a relationship between this sign and the C=C-C=0 torsion 
angle J4J. The value of this angle for costunolide is -10° 
which, according to Beecham, would give a negative sign.
The view has recently been put forward (12) that the 
Coc-C^-C jj-0 torsion anglejD of the oC— methylene— 8 — lactone 
may have more relevance. This suggestion is based on the 
facts that (a) the observed variation in ^  is large with 
little apparent effect,on the CD spectrum, (b) AjJ and (J) 
are nearly always in the same sense with the latter 
usually having greater magnitude, and (c) the more reliable 

predictive powers of Stocklin’s rule when contrasted with
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A quantitative description of the half— chair conform­
ation of theJJ-lactone ring was obtained hy the method of 
Cremer and Pople (28). This gave q̂ = 0.25A°,(D = 17°*
Since the alternate half-chairs and envelopes assumed by 
an isolated five-membered ring are separated by phase angles 
of 1 8° the conformation adopted by the fused X-lactone in 
costunolide is shown as being almost exactly the half—  

chair in which C(6) and 0(7) are displaced by equal amounts 
(0.25A°) from, and to opposite sides of, the unique mean 
plane through the five membered ring. This conformation is 
confirmed by the respective observed displacements, 0.212 
and -0.209A0, from the mean plane through C (11 ), C (1 2 )} 0(1 ).

In part II of this thesis there is a further dis­
cussion on the stereochemical requirements of 5 -lactones 

on the basis of strain energy calculations.

2.6 Mikanokr.yptin
Introduction

Mikanokryptin (II) has been extracted from a member 
of the Mikania species growing in the Canal Zone of 
Central America (29). The sample used in this analysis 
was supplied by Professor Herz (Florida State University) 
who has recently published (29) the results of his structure 
determination based mainly on spectral observations. 
Unambiguous assignment of the complete stereochemistry 
was not possible although comparison of the UV, IR and 
NMR spectra of related compounds allowed the main 
structural features to be deduced. The lactone ring
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Fig. 2.6aMikanokry-ptin and related compounds
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fusion was elucidated by

(a) application of Samek’s rule (30):

13 ( translactone)^, 3 \ J 713 ( cislactone)
to the measured chemical shifts of J , =7,13a

3.5Hz and J7 13b = 3*1Hz (1 3a and 13h represent
the two hydrogens attached to C1 3 (Fig. 2.6a ) . 

(h) the positive sign of the Cotton effect at 
257nm (3) in the C D  spectrum of acetyl r— 
mikanokryptin (ill).

(c) comparison of the physical properties of 

acetyldihydromikanokryptin (IV) with known 
cis~fused lactones.

The results of these tests confirmed the trans­

fusion of the lactone ring.

The stereochemistry about C(1), C(6) and C(10) 

remained uncertain and the following x-ray analysis was 

carried out to determine the complete geometry of the 
molecule.

2.7 Experimental 

Crystal Data

Mikanokryptin g0^

Unit cell dimensions a = 1 0 .366
b =  9.^79 * = / ? = *  = 90°
c = 13.329 

Space group ($>)

M = 230 a.m.u.
V = 1301 A0 3
Do =1.151 gm cm ”3



- 61 -

Dc = 1 .1 76 gm cm ^

M  = 1 . 0 3  cm”1 (Mo-Ko^ )
F (000)= 560 
Z = k

The systematic absences were:

hOO when h=2n+1 , OkO when k=2n+1 , 001 when
l=2n+1 .

These defined the space group unambiguously

The crystal used had dimensions 1 x 1 x 1 .5 cam.

Data Collection

Cell dimensions and the space group were initially 

determined from precession photographs. The crystal 

was then mounted on the goniometer head of the Hilger 
diffractometer and aligned as described for costunolide. 
The revised cell dimensions are given in the crystal 
data. Zirconium filtered Mo-Ke* radiation was used to make 

intensity measurements by means of the 8 , 28 scan proced­
ure •

The following scan parameters being employed: 

Increment inj) = 0.02°

No. of scan steps = UO 
Time per step = 1 sec.

Immediately before and after each scan the background 

count was recorded for 20 seconds. Two strong reflexions 
were monitored as standards during data collection.
These standards were checked after every UO intensity
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measurements and showed no significant variation. The 

intensities of the hkl octant were collected for 20 £ 64° 
and placed on a common scale by use of the standards. 
Integrated intensities (i) were obtained by allowing 
for the background as described previously. Data for 
which 1^ 2C7I were not included in the subsequent 
calculations which yielded 2277 independant structure 

amplitudes.

The data in the range 20 ̂  20° were also collected 

with reduced beam intensity so that allowance could be 

made for counter errors.

Structure analysis'

The structure was determined by direct phasing 

using the multisolution program MULTAN. Normalised 

structure factors were derived and triplet relationships 

generated for the 400 reflexions with IE|>,1.29* By 
accepting phases with a probability in excess of 0.95$ 
and subsequent convergence mapping the program selected 
three reflexions to define the origin and enantiomorph.

A further three general reflexions were chosen and 
the combinations of phases listed in Table XII were used 
to phase the 400 reflexions. An E-map was calculated 
from the phase set with the highest combined figure of 

merit. This E-map revealed all the non-hydrogen atoms.

An initial structure factor calculation gave an R 
of 35*5% and subsequent least squares calculations using
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the 2082 reflexions for which j fo | 8̂cr|F0| with isotropic and then 
anisotropic thermal parameters reduced R to 12.1^ . A difference 

synthesis revealed all the hydrogen atoms. Further least squares 
calculations with the carbon and oxygen atoms having anisotropic 
temperature factors and the hydrogen atoms having isotropic temper­

ature factors yielded an R of 4.4$ . A correction was made for 
strong reflexions underestimated because of counter saturation, 

and a weighting scheme of the form:

W = l/(A + BF + CF0 2  ) with A = 0.1761
B = -0.0167 
C = 0.0018

was applied.
The values of the constants were selected so as to

2minimise the deviation from constant WA over the range of |Fq| 
and sin0 .

The refinement then converged to an R of 4.3$ . 
absorption correction was applied and the ratio of observations 

to parameters was 8 . 5  to 1  .
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2 . 8  Results

Table XIII Mikanokryptin: Fractional atomic coordinates

Positional estimated standard deviations are 

shorn in parentheses.

The hydrogen atoms are numbered according to the 

atoms to which they are attached.

The table shows: 
Atom x y z
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Table XIV Mikanokryptin? Thermal parameters

Carbon and oxygen values are anisotropic.

Hydrogen values are isotropic.

Estimated errors in the last two digits are 
shown in parentheses.

All figures are multiplied by 10^.

The anisotropic temperature factor expression used 
was of the form described by equation (l2) in 
chapter one, the coefficients being in terms of 
the mean square amplitudes of vibration Ily .

The table shows?

Atom Tin or U ^22 ^33 ^12 ^13 ^23
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Table XIX (continued)

The out of plane atoms were not included in the derivation of the 
planes. The equations of these planes are:

1. 0.2548x - 0.8689y + 0.4244z = 1.7314

2. 0.2578x - 0.8627y + 0.4351z = 1.9044

3. 0.2427* - 0 .86 l6y + 0.4458z = 1.8698

4 . -0 .2430 x + 0.86 l6y - 0.bb56z = -1.8707

5. -0 .2982x + 0.8224y - 0.4846z = -2.9317

6. 0.2708x - 0.8426y + 0.4655z = 2.4037

7. 0 .8 l82x - 0.4698y + 0.3314z = 8.8434

8. -0 .7901x + 0.546 ly - 0.2784z = - 8,0568

9. -0 .8239x + 0.4947y - 0.27 l6z = - 8.5435

10. -0 .8 l5 7 x + 0.4657y - 0.3389z = - 8.8849

11. -0 .7198x + 0.6464y - 0.2592z = -7 .0786

2.9 Discussion of results
++Tables XIII - XIX summarise the results of the x-ray 

analysis. A view of the molecule is given in Fig. 2.8 and the 

crystal packing viewed along the b axis is illustrated

++ The torsion angles in Table XVIII give the enantiomer and the 

signs should therefore be reversed to obtain the correct 

absolute stereochemistry.



2.8 Mikftnokrrptin; A view of the molecule
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Fig. 2.9 Mikanokrvctin crystal packing: A view down the *bf axis





in Fig. 2.9 . The final and observed structure factors are listed 
in Table XXII.

The stereochemistry of mikanokryptin was established 
as shown in Fig. 2.10 . The absolute configuration was not 
determined, but if it is assumed that the C(7) side chain is 

as in almost all sesquiterpene lactones , then the relative 
orientations of the asymmetric centres are in agreement with the 
predictions of Herz et al (2 9 ). That is, for example, H(l) oc , 
C(6) hydroxyl , and C(io) methyl ,

Intermolecular hydrogen bonding occurs between the 
carbonyl 0(20) in one molecule and the C(6) hydroxyl function in 
another (Table XVI). The oxygen atoms are separated by 2.953. 
and the H(02l)... .0(20) distance is 2.20li. These three atoms 
are situated so as to form an 0(20)....H(02l) - 0(2l) angle 

of 1 6 2 ° .
Mikanokryptin has the unusual structural feature of 

an sp^ carbon atom at one of the points of fusion of the five 

and seven membered carbocycles and only a small number of 

similar guianolides has been studied. Both geigerin (v) and 
some of its analogues (31>32) and acipbyllic acid (Vi) (3 3 ) 
have been examined by spectral techniques, while the only 
corresponding crystal structure analysis in the literature is 
the report (30 on bromogeigerin (VII).

However, calculations (35>36,37>38) have been 
carried out for isolated cycloheptanes and cycloheptenes and x-ray

* An exception is Centurepensin, a naturally occurring 
guianolide containing chlorine. See: A. T. Hewson,
R. C. Pettersen, and 0. Kennard, Cryst. Struct, Comm;
1, 383, (1972) .



2.10 Structure of Mikanokryptin
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results are available for some guianolides (e.g. 39,1+0 ,4 1 ) 
containing these systems.

It is well known that both cycloheptane and cyclcheptene 
can exist in families of chairs and boats (Fig. 2.11 ).
In the cycloalkane there is a C 2 and Cs form within each 
family, with the former being the most stable. In the 
Cs conformers, chairs are preferred to boats by 1 .0 to 2.5 
K.cal(35)* The twist chairs are more stable than the chairs 
mainly because of a strong H(3a)....H(6a) transannular 
interaction in the latter (Fig. 2.11), which is relieved 
by pseudorotation to a twist form. The cycloalkene
presents a slightly different situation in that the two

2 osp carbon,atoms, with normal valence angles of 120 ,
facilitate an increase in the H(3a) ....H(6a) separation
and most workers agree (36,37>3&) that the Cz twist
conformations are just slightly less stable than those
possessing a plane of symmetry. This is supported by the
fact that spectroscopic studies have found a preference
for cycloheptene to exist in the chair form (42 ,43 )*

The cycloheptane ring in mikanokryptin represents a 
situation somewhere between cycloheptane and cycloheptene 

and as a suitable force field was available (44 > Appendix 
A), it was decided to calculate minimum energies and 
geometries for the twist chair and chair for 1-methylidene 
cycloheptane (VIIl).The boat family was not included in 
the calculation since this is generally accepted to be 
less stable. The force field was also used for calculations 
of the and C chairs of cycloheptane and cycloheptene 
so that these results could be correlated with the data 

already published (Table X X )•



Chair Boat

2 1 ^ 5 Sz

Twist-chair Twist-boat

Similar conformations exist for cycloheptene

 2.11 Ma.ior conformers of cycloheptane
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These results confirm the relative values obtained 
by Hendrickson (35) for the chair and twist chair of 

cycloheptane, the latter conformation being more stable by 
0.7k K.cal per mole (Hendrickson 2.16 K.cal per mole).

In cycloheptene the calculations of Fasrini (36), 

Allinger (37), and Ermer (38) predicted a preference for 
the Cs over the C 2 form and a similar relationship has 
been produced in this work. Although the enthalpy 
difference of 1 .5 K.cal per mole is somewhat larger than 

those of Allinger (0.57) and Ermer (0.42) the geometry 
is very similar to that computed by Ermer, and the 

agreement with the experimental data, that, for most 
derivatives the chair is preferred by about 1-2 K.cal per 

mole (1+5 ), is good.

Thus the calculated values for the geometries and 

energies of cycloheptane and cycloheptene are consistent 

with those of other workers. Similar calculations for 
VIII indicated that the most stable conformation corres­

ponds more closely to Cs than C2 symmetry.

In mikanokryptin the carbocycle corresponding to 

VIII adopts a chair conformation in contrast to the more 

frequently observed twist chair in the cycloheptane rings 
of guianolides • The chair conformation is most common when 
the guianolide structure contains a cycloheptene system as 

shown in Table XXI.

In this table the torsion angles to<a?are arranged so 

that the Cs plane in the chair conformations and the C2
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axis in the twist forms are located as described by McPhail 
and Sim (140) and illustrated in Pig. 2.12 which also gives 
their algorithm for calculating the deviations from 
absolute Cs or C 2 symmetry.

Table XXI shows quite clearly that there is a wide 

range of possible conformations in the C-7 ring of 

guianolides* Only the chair and twist chair variants 
have been considered in this compilation, but boat-like 

stereochemistry is also known(53)- The conformation adopted 
is probably influenced by the requirements of the modes 

of fusion of the two five membered rings. In compounds 
I to V  in Table XXI for instance three different 
permutations are apparent. Euparotin bro.moacetate (eb) 

arid bromodihydroisophotosantonic lactone acetate (b s ) 

have almost identical values of the function l2j^2+^  
and thus both seven membered rings are closer to twist chairs 
than chairs although the chair form of cycloheptane 

would apparently require less distortion to produce the 
stereochemistry observed in the vicinity of the ring 

fusions than the twist chair (Pig. 2.13)* However, the 
calculations have shown that for an isolated cycloheptane 

the C2 form is more stable and because of the predominance 
of this conformation in the guianolides incorporating a 
cycloheptane ring it would appear that the minimum energy 
conformation of the isolated ring is adopted if at all 
possible. The torsion angles in this ring for euparotin 
bromoacetate correspond most closely to the twist chair 

and Figure (2.13) illustrates that the calculated minimum 
energy twist chair would permit cis fusion of the cyclo- 
pentene ring (with an observed angle of +18°)
more readily than the corresponding transfusion and the
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(twist-chair)

/ w-/

£s (chair)

to Wy are the respective endocyclic torsion angles

l2 = ( * + Iwg-w^l + liyw I )

Is = (Iŵ +ffyl + Iw2+w6I + Iw34ir I- + Iwj ) 

QTOT = I2/(I2 + IS)

QPOT

approaches 1.0 for conformations close to chair 
approaches 0.0 for conformations close to twist-chair

Fig. 2.12 Relationships between cycloheptane torsion angles 
and confo rmati on(40)



Fig. 2.13 Euparotin Bromoacetate: Stereochemistry in the 
vicinty of the ring fusions.

(a) - (d) Newman projections down the C(5)-C(l) and C(6)—C(7) 
"bonds of the calculated chair and twist-chair of 
cycloheptane (FFl).

(a) Twist-chair down C(5)-C(l)
(b) Chair down C(5)-C(l)

(c) Twist-chair down C(6)-C(7)
(d) Chair down C(6)-C(7)

Torsion angles are quoted in degrees and the (longer) dashed 
lines indicate the points of fusion which would produce the 

correct stereochemistry.

(e) Location of the £2 axis in "the crystal structure of 
this compound and relationship to the torsion angles 

(w^ to Wy) used in Tables XX andXXI.

(f) Correlation between the locations preferred for 
fusion to an isolated cycloheptane as reported by 

Hendrickson(35) and the torsion angles to .
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formation of a C (7) JB —  fused-^-lac tone is also relatively

strain free. This is in agreement with the prediction of

Hendrickson(35) and the cyclopentene and lactone rings are
»

fused at his d-d and h-c bonds respectively (Pig. 2.13).

The related compounds bromohelanin and the oxide of 
helanin (Table XXI) provide an example of the change in 
conformation of the cycloheptane in order to accommodate 
the requirements of the gross structure.

Although both these molecules have identical modes 

of fusion of the smaller rings, the latter compound has a 
cycloheptane ring which has adopted a conformation somewhere 

between the twist chair and chair, presumably in order to 
be able to form the oxygen bridge between the five and seven 
membered carbocycles.

The conformation of the cycloheptane ring in 

mikanokryptin is much closer to a chair than a twist chair 

and Pig. 2.11+ illustrates that relatively little additional 
strain is imposed on an isolated chair when it is fused 

to the smaller rings with the observed stereochemistry.

Cycloheptene rings in guianolides generally adopt a twist 
chair conformation but again the minimum energy stereo­
chemistry of the isolated ring may not always represent the 
most stable conformation in a crystal structure.

Further calculations are required to allow for the 
different locations of the C2 axis or Cs plane in the non- 

symmetrical seven-membered rings before all the observed 
structures can be interpreted in terms of the stereo­

chemistry of ring fusion.
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Fig. 2.14 Mikanokryptin: Stereochemistry in the vicinty 
of ring fusions.

(a) and (b) Newman projections down the C(l)-C(5) and

C(7)-C(8) bonds respectively of calculated (FFl) 
1-Methylidene-cycloheptane (chair conformation).

(c) Location of the approximate C plane in
™ 3

Mikanokryptin.



- 100 -

; c e 
i

H1B

C10

■123 113

H1A |C4

\C 9 C6

\  -84H7B

/  40

H8B. H7A

H8A

(D)

( a p p r o x )

c  9
CIO^8

,C7
(o)



- 101 -

The mean of the valency angles in the cycloheptane 
ring is 115.4° and this is very similar to that found in 
other guianolides (40), This infers that the average 
Csp^ valence angle is less distorted in the mikanokryptin 
structure since this mean includes the lone Csp2 angle 
thus supporting previous statements regarding the 
stabilising effect of this atom.

The cyclopentenone ring is fused to the seven- 

membered carbocycle at C(l) and C(5) with the C(4) —
C(5 ) —  C (1 )— C(2 ) torsion angle adopting a value of 4°. 
Inspection of a Dreiding model of the larger ring shows 
that its Cs chair form would allow complete eclipsing of the 

C(4) - C(5) and C(l) - C(2) bonds and that increasing 
pseudo—rotation towards the twist chair produces greater 

staggering. The torsion angles in the smaller carbocycle 
clearly indicate that it is almost planar and this is 
supported both by the maximum displacement (0,02A° for 
C(1)) from the mean plane through the atoms of this ring 
and by calculations using the algorithm of Cremer and 
Pople (28) which indicate a flattened envelope (q =
0 • 03 A° d) = 2 °), A similar though less flattened envelope 
has also been observed in berlandin. The mean of the 
endocyclic valence angles is 108° in the mikanokryptin 
cyclopentenone ring and 107°in the corresponding portion 
of the berlandin structure. These values compare very 
favourably with the expected angle of 1 08° for a planar 
cyclopentane.

The oC-methylene - X - lactone is transfused at 
C (7 ) - C(8) and adopts a conformation which is between the 
half chair with the approximate C 2 axis through the centre
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of the C(7) - C(8) bond and the envelope with C(8 ) out 
of the plane of the other four atoms. In the notation of 
Cremer and Pople q = 0.25A0 and 0 = 23° and this is 

confirmed by the fact that C(7 ) and C(8 ) are displaced,, 

by 0.14 and 0.28A° respectively,- to opposite sides of the 

plane through C (11 ), C(12) and 0(16).

The positive Cotton effect at 257nm for acetyl- 

mikanokryptin (29) has been correlated with a <3(7)6 " 0 (8) 
trans-fused lactone by Stocklin et al (3)* As stated 
previously, the absolute configuration was not determined 

in this analysis and the torsion angles in Table XVIII 
should have their signs reversed to represent the 
stereochemistry predicted by the Cotton effect. Thus the 
C(13) - C ( 1 1 ) - C ( 1 2 )  - 0(18) torsion angle becomes +6° 
which supports the predictions of
Beecham (27) regarding the relationship between

the sign of the Cotton effect and the chirality of this 
chromophore in lactones trans-fused to six and seven- 

membered rings.

X
/



Table XllaCostunolide: Final structure factors

The table shows:
|F0| |P0| Fhase(°)

* Reflections sorted into groups with common 
H,K indices (shown in each group heading).
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Table XXII Mikanokryptin: Final structure factors

The table shows:
1* |F0| |F0| Phase(°)

* Reflections sorted into groups with common 

H,K indices (shown in each group heading).
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CHAPTER THREE 

An x-rav analysis of two derivatives of 2—naphthol



3.1 Introduction

Substituents in the 1 ,8-or 4, 5- positions in 
naphthalene (l) cause greater steric hindrance than if they 
were ortho (e.g. 1,2-). The interactions resulting from 

this type of substitution are known as peri-interactions and 
have been the subject of a comprehensive review (1 ).

The effect of peri-strain on the autoxidation of 
1 -alkyl-2- naphthols has recently been reported by Brady 

and Carnduff (2). This reaction shows the characteristics 
of a radical chain process and occurs in the presence of 
atmospheric oxygen.

Brady and Carnduff found that the relative times for 
the uptake of a given quantity of oxygen were as follows :

A  (inert) = B » C > D » E  (Pig. 3.1 ).

These reaction rates correlate with the increasing 
strain in the peri-positions and may possibly be accounted 

for by the relief in steric hindrance when C (1 ) becomes 
tetrahedral.

Dr. J. Carnduff (University of Glasgow) supplied two 

of a series of derivatives of 2-naphthols for the following 
x-ray analyses. These analyses form part of a study to 

assess the relative strain in a number of compounds in 
which , R 2 , (Pig. 3.1) are allowed to vary.

The crystal structure analyses could not easily be 
carried out on the 2-naphthols themselves since the aut­

oxidation occurs at room temperature in the presence of 

molecular oxygen. The 2-hydroxyl group was therefore
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10

(I)

00H

OH

25 C

R , r 2 R 3
A Me H H

B Me H Bu*

C Pr1 H H

D Me Me H

E But H H

5.1 Autoxidation of l-allcyl-2-napftthols.



-  136 -

protected by acetylation; it being assumed that this 

substitution would have a minimal effect on strain 
elsewhere in the molecule,

3.2 1 — Methyl— 2 —  naphthyl— acetate

Experimental

Crystal Data

1 — Methyl— 2— naphthyl— acetate : C , H . - 0o1 j 12 2
Unit cell dimensions ji = 6 .i+55 A0 e(= 90,0°

_b = 8.325 A 0 fi= 91 .95°
c = 20.252 A 0 J = 90.0°

Space group P2, /C (Cgh.)
M = 200 a.m,u.

. V = 1088 A03
-3Do= 1 .l+l gm.cm
-3Dc= 1 .222 gm.cm

JJ = 0,88 cm  ̂(Mo-Kc; )
P ( 000) = k2k 
Z = h

The space group was uniquely determined by the 

systematic absences:

hOl when 1 = 2n> GkO when k = 2n,

The crystal used in this analysis was a small cube 

of side 1mm,
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Data Collection

Precession photographs were used to measure the cell 
dimensions and to determine the space group. The crystal 
was then mounted and aligned on the goniometer head of 
the Hilger diffractometer as described previously. The 
cell dimensions quoted in the crystal data are those 

computed during this diffractometer setting up procedure.

The 6,28 scanning technique was used to obtain 
intensity data from zirconium filtered Mo-KeC radiation.
The scan parameters were as follows:

Increment in 0 0.02°

Number of scan steps 40 
Time per step 1 sec.

The background count was measured for 20 seconds 

immediately before and after each peak count. The 
intensities of two strong reflexions were checked after 

every 40 intensity measurements and no significant 
variation in their values was recorded.

These standards were used to place the measured 

intensities for the hkl and hkl octants (20^ 52°) on a 
common scale.

The integrated intensities (I.) were reduced to 
1682 independant structure amplitudes by exclusion of the 

data for which 2CTl.

Reduced beam intensity was employed to remeasure 
the reflexions for which 20^ 12° in order to correct for 

counter saturation errors.

No absorption correction was applied.



fljb rueture Analysis

The structure was elucidated hy the direct phase 
determining program MULTAN. Triplet relationships were 
derived for the largest 200 of the normalised structure 
factors ( |E| .45) •

The starting set of 7 reflexions ( 3 origin defining,

Table I) was selected by the program on the basis that
$phases with a probability in excess of 0.95 were acceptable. 

Sixteen phase sets were then calculated for the 200 

reflexions with the largest value of |E| and an E-map 
computed from the set showing the highest combined figure 

of merit revealed all the non-hydrogen atoms.

A  structure factor calculation using these co­

ordinates gave an R of 45*8%. The carbon and oxygen 
atom locations were then refined with a full matrix least 

squares procedure, using the 1508 independant structure 
amplitudes for which IpI ^7CT(|Pi), and the calculations 
converged at R = 26 .1% (isotropic vibration) and R =

1 5 *6% (anistropic thermal motion).

After making allowance for errors caused by counter 

saturation R was reduced to 12.2%. Subsequent difference 
syntheses were used to obtain co-ordinates for all the 

hydrogen atoms and when these atoms were allowed to 

assume isotropic vibration R fell to 5*1%

A weighting scheme of the form:

W  = i/(A + BPo + CFo2 ) with A=0.1 728,

B=-0.0277 and C=0.035 
was applied. The values of the constants A, B and C
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were chosen so that the deviation from constant wA2over the range 
of |F0 | and sin0 was minimised.

The refinement then converged at R = 4.6$
No correction was made for absorption.
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Table II l-Methyl-2-naphthyl acetate: Fractional atomic 
coordinates

Positional estimated standard deviations are 

shown in parentheses.

The hydrogen atoms are numbered according to the 

atoms to which they are attached.

The table shows: 
Atom x
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Table III l-Methyl-2-nanhthvl acetate: Thermal

Carbon and oxygen values are anisotropic. 
Hydrogen values are isotropic.

Estimated errors in the last digit are shown 

in parentheses.

3All figures are multiplied by 10

The anisotropic temperature factor expression 
used was of the form described by equation (l2) 

in chapter one, the coefficients being in terms 
of the mean square amplitudes of vibration U. . .

The table shows:
Atom Un  or U \ 2 U12 ^ 3
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?ig. 5.2 l-Methvl-2-naphthvl acetate: A view of the molecule
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?ig. 5.5 l-Methvl-2-nat)hthvl aoetate: Crystal packing

A view down the &  axis



- 156 ~



3.U 1 -Isopropyl-2-naphthyl acetate

Experimental 

Crystal data

1 -isopropyl-2-naphthyl acetate n J ,  rQ15 16 2
Unit cell dimensions ja = 19.1 71 (5 ) A0

t = 8.591 (1) A 0 « = £  = % = 90°
e = 15.457(3) A°

Space group Pbca (D*1 g, )

*1 = 228 a.m.u.
V = 2546 A0 3

-3Do=1 .07 gm. cm 
Dc=1 .1 90 gm. .cm”^
fi =0.84 cm  ̂(Mo-KoC )

P(000)=976
Z = 8

The space group was uniquely determined by the systematic

absences:
hoi when 1 =2n, hko when h=2n, okl when l=2n.

The crystal used in this analysis was a diamond- 

shaped plate of dimensions 1x1x0.3 ninu
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T)»ta Collection

The cell dimensions were initially obtained from 

measurements of Weisseriberg photographs. These photographs 
were also used to determine the space group. The crystal 
was then transferred to the goniometer head of a Hilger 
and Watts Y290 diffractometer and aligned as described 
previously. The cell dimensions were redetermined during 

this procedure and it is these values that are quoted in 
the crystal data.

The reflexions in the octant hkl were measured in 
the range 20^ 1+0° using Mo-Koc radiation. The following 
scan parameters were employed.

Increment inj_ 0.01 0
Number of scan steps 80 

Time per step 1.5 sec.

Background counts of 30 seconds were taken at each end of 

the scan range and two strong reflexions were monitored 
after every 50 intensity measurements. These standard 
reflexions showed a significant variation towards the end 
of the data collection and a new set of intensity data 
had to be obtained using a crystal enclosed in a 
capillary tube. This crystal appeared to be opaque after 
a few days but the standards remained reasonably constant.

The measured intensities were placed on a common 

scale and the integrated intensities (I) yielded 223U 
independant structure amplitudes a proportion of which 

was unobserved.

Reflexions for which 2 0 2 0 °  were remeasured using
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reduced beam intensity in order to apply a correction 
for counter saturation.

No correction was made for absorption.

Structure analysis

The phase problem was overcome by using the program 
MULTAN. The 300 reflexions with the largest values of 

|El (|E| .U7) were used to set up triplet relationships.
The program selected three reflexions as origin defining 
and a further three for which the phase was allowed to 

take on values of 180° or 360° (Table X). These were 
then used to generate the 8 possible phase sets. The 

combination producing the highest combined figure of 
merit gave an E-map indicating all the non-hydrogen 
atoms.

A structure factor calculation was carried out 

using the 1155 independant structure amplitudes for which 

|F0| ̂ hCTlFol together with these atomic locations. This 
gave an initial R of 31*3%* On allowing these atoms to 
vibrate isotropically, a full matrix least squares 
minimisation converged at R = 22.i+% after two cycles.

The value of R fell to 10.0% after two further cycles of 
full matrix least squares during which anisotropic 

thermal motion was permitted.

A difference synthesis then revealed most of the 
hydrogen atoms. Subsequent full matrix least squares 

(2 cycles) with all the carbon and oxygen atoms
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(anisotropic motion), these hydrogen positions (isotropic 
vibration), and also including an allowance for counter saturation 
reduced R to 8.5^ .

The remaining hydrogen coordinates were obtained from 

a new difference Fourier summation. A weighting scheme of the form

W = l/( A + BFq + CF02 ) with A = 0.4999
B = -0.3020 
C = 0.0049

was introduced and two further cycles of full matrix least squares 
calculations produced a final R of 6.1% .

This structure determination was carried out in 
collaboration with Dr. P. J. Mallinson (University of Glasgow) 
who collected the data and solved the structure; the author 
being responsible for the subsequent refinement.
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Table XI l-Isopropyl-2-naphthyl acetate: Fractional atomic 

coordinates

Positional estimated standard deviations are 

shown in parentheses.

The hydrogen atoms are numbered according to the 

atoms to which they are attached.

The table shows:

Atom x y z



-  163 -

z—X z-> Z—X z—X z-x z-x z—x z—X z-x z—x Z—V z-x z-x z—x z—x z-x
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Table XII 1-Isopropy1-2-naphthvl acetate: Thermal -parameters

Carbon and oxygen values are anisotropic. 
Hydrogen values are isotropic.

Estimated errors in the last digit are shown 
in parentheses.

All figures are multiplied by 10^.

The anisotropic temperature factor expression 

used was of the form described by equation (l2) 

in chapter one, the coefficients being in terms 

of the mean square amplitudes of vibration 1L . .

The table shows:
Atom or tJ U22 U13
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N- N- fv. [V. £! X  X  X  X< X  X  o- * x  X  X  X
I—  ' H H 4 a 5 > t * ( \ | H O O O C 0 O ! \ 1 0 0 ( \ l N  X MOAJOH<t H  uo 1.V 0s X CVJ ro CVi rH CT vD*-* ro <r x <t ro <J- ro ro ro <h <t x x <P ro

CM

O>—<
H  <t o  o  o  r -  oo ro  <fr

C\j i J1' r H  ro r H  <j- * H  sO * H  r^r 00 O ' H  r H  r H  i H  r H
U  O  O  O  O  CJ o  o  o  o  u  u  o  u  u  u  o

O  I—i rH CVi CVi
I—  t—i—fi—> (\J !\i fO 4" If! IT/ N  CO H  H  H  Ha o cj o cj o  cj u u u cj cj cj cj cj u  cj



IA
Sl

.£
_i

IY
. 

i,=
15

a£
SO

HX
L=

£:
&i

&e
HI

hI
L-

A£
£lA

I£:
._S

0M£
 

IN
TR

AM
OL

EC
UL

AR

- 167 -

■it

i— ro cvj r- on o
m  \C ro co rvj o
HH • • • • •o cvj ro rvj rvi ̂

(VI ro51 X S r—4
O ro f—4in x r— 41— w W •w w
c X X X  X X• • • • •• • • • •• • • • •H • • • • •
X —*
o S) in 4" r- CO1— i—4 r— 4 w w-
< X X XQ o

tt
so in r- ro O' «— -4 ,n _n d  co

m  in td -o o  o
(-H • • • • •o oj cm <\J ro ro

oxh-
CVi If)
X. 4  ^ 00 CDo CO r— 4 00 fH; r-H 21— v  -w w <1< o 0 X 0 o• • • * • ZT• • • • • l-H

r-H • • m • •
r>

5 r-H r H  r-H <t
H' -- f— { r-H r— 4 r—4
< o

o  O O O
3t



crt X
A o XI o
\xA h— r—4 JD X

10 X o •>
1 *—t • • •

U o ro ro ro
OlIl
COI
i—1
qI *
<1 ❖ *  *
t—1 $ ❖
zl ❖ *  *
Ol
ol

rvj r—. -—~ .
cd £' x  n
<» O rH r-t r—(
J !—* —■ '—
Ol X O C o
ol • • •
UJ • • •
J • • •
ol i—< • • •
5:1 X — —
XI O X X S>
Ld •—• ■—' -—■
H < o o  o
Ol
H

1
- I
ix |

a
H
ui
ol
<£|

1
Ol cy r- O'
H i— ■x> —i —i
n -/) o  o
M • • •
XI to o ro ro ro
XI Z|
<d ol
O l X |
Tim
XI C/»
11 Ol ❖

—1 21 *  #
H  XI,-s I 1 ❖ *  *

ol o|
x «l CVJ -—.
XI XI SI ro —
Ol 1 Q r—i CO
■Ol Zl t— •-- — w
M XI o o o
n xi • • •

H  M • • •

>1 r—t • • •
XI I?' ■r-r. —<•

1 o ITS ro -D
UJl !— r—t ”
-1 X O — o
XI o
XI
H

- 168 -

OO cr> m m *s» Xr—t ro X X  oj ro?>- 00 O' n• • • • • •
ro ro ro 3 3 3

❖ * * ** * * * ** ❖ * $ ** * $ $ * $* ❖ $ ❖ *

X cn 00 cn cn ro
r— 4 r—tr— 4 r— 4 r— 4 r-4w ■w w w
o U u u (J O• • • • • •• • • • • •
• • • • • •
• • • * • •
—K —*
Si *>- (v». <Xi O' O■*—- r—t
f \ u u o u o

in ro o OO>D(V» O'
n X) ro o •XI \ j X)
7 > >o > J'' O' oo• • • • • • •
ro ro ro ro 3 3 3

❖ ❖
❖ ❖ * ❖ ❖ * (J)

❖ ❖ * i * T
* ❖ ❖ X*or * ❖ O

XV1 ■
r-x r-* r—» CO>-S r-l h- f—4 X) r-o X

00 r—H r— 4 r—4 r—t {\i zw w- r—r <
o o O CJ CJ CO* • • • • • • 2• • • • • • • >—t
• • • • • • •

r—. «-* r-s r-̂
00 00 O' O' ro x

o o  o u o o  o

i t

O' '■l—lx :;oH*<t
j JXh“
■ Ao  -
COzo
t—1
1-<
s :Xo
Xcnz<xH*
COz
h-l
3O-J_lo
X.

xJ
X Nl fs] fSi N| NJ1 1 +

m  mo • •
1— o o

X »> »• •v * •-
'-U >~ >- >- V >-
u_ + » + + lxJ o o Si m  s>X • • • • •f—4r—to o r—4
r-S.

* •v *.
>— X X X X X
CO 1 1 1
z S)
co co •
t-«  ix i O
X  H -
UJ X1— z
CO <
X  QQC ❖ *
UJ o ❖ ❖ ❖X  o ❖ *h- O ❖ or*



- 169 -

.r-*. r H a o 0 0 X O ' c CVI o
4  4 i n C D  I D  If! if) Lf) 4 4 i n r o CVJ CVJ CVJ (V! CVi r o 0 0

U J ■ w  w *-** W .»-r w >— * • w w • W

_ J CVJ CVJ 0 0 *— 4 CVJ J -  CVJ X > 0 0 r - 1 0 4 X) r o o O 0 0 r- » o
C D • • • • . .  . 9 • • • . . . . . . . . .
Z O J 0 0 s O r H o cvj r o H i r H cr r o r o O ' v O O ' X 4< CVJ r H r H (VI (VI CVJ CVJ c v j r H *—H o CVJ r 4 r—4 (VI r 4 r H CVJ o o

r H r 4 r H r H r H r H  i-H r H r— 1 r H r H pH r H r-S r— ( r H H »— *4 r— ♦ r H

H>1x|ImlJaci<iH

>
cj z  
Z  3 1Id o
_ i X  <r cn >

UJ •• GL
UJI <  HcC| —
H  CD
uJ idLH jJ<0 f X

I cd_l UJH  C! XI — M  cn x» z OJ o<il t—i Z:| i— 
11 C  
CV| *-H 11 > 
-J UJ 
>4 O, XI
C I O  
X I X  □ I <  
O t Qcn z

CDX
o ro ■4
J— CVI r—I ro ro X 0- r H 4- r H i—i r-i

< (J U CJ U CJ CJ J u <J CJ J ‘—y

—k
CD
UJ CD (VI
UJ uJ X
X CD w o o r H CVi (Vi
CD UJ h- r H CVJ (\J X CO O' I—1 r H r H f—t t—(
Id X < o o  a u u o o u o o u u
Q t~
■—• z
CD X
UJ X i—f
_J <x: Z
CD X o r—1 o N-. 4" X

1— I— l r H H r—i I*- O' ■20 m O' r— 4 r H r H
< < CJ o a u CJ CJ u u o S H O o

co"x

OJx

X
■“H  »“ ■* r—4 (\J fD X ! X  f"**“ *-™4 r—<

c j q c j o c j u c j c j

I—i •—I r—i r—t r—( CO <f" Cf» >0 {''• X  <—( r—f

n y f - J I C N i H n
X  X  X  X  X  X  X  X

^^ r-s r H X •X O' 0 s r H
<r ID in Lf. m 4 4 4 4" iT i f i 4 n CVJ (Vi CVi cu CVJ 00

LU w ' W >— • — ■ '— ■ w •w- * W w w

-J r - r H o o X O" ru o ru 4 O' r H ro CO 4
3 • • • • • • . « • • • • • • • . # • 9 •
J7 m cr r H o O in X* ru OJ r - 3* O' CVI o r H LO CO
< r H OJ CVJ r H CVJ a j CVJ r H r H r-H r H ru r H CVJ r H r H ru CVJ r H o

r H r H r H H r H r H r H H , H i-H r H H r H - H H *-H r H *-H r H

I"- X,
CVJ O' • (Vi X X '—t X; J" »—* <—* ■—< (V! 
CJ O  U  CJ CJ CJ CJ <_> CJ CJ CJ CJ CJ

<f r-t n-4 P*. X O  <—«

cj cj cj cj cj cj cj

o r H r H ru 4
r H r H r H r-i ,— i

CJ CJ a o O
X  4
cj o X X  P"— X> r~tu u u u

t—J < O I- 4 o o o X X X (Vi1 j h- h - O' r H ro4 r H X r H r H O' r H r H r H r H

H  C D < CJ u o CJo CJ CJ CJ CJ CJ CJ CJ X  X  X  X  X  X  X HI
31 

C1
3 

■ C
12
 

11
5.

9(
4^

) 
H1
32
 

C1
3 

C1
2 

11
0.

0(
37

)
H1

33
 

C1
3 

C1
2 

11
1.

9(
47

) 
H1

32
 C1
3 

H1
31

 
96

.3
(5

4)
H1

33
 

Cl 
3 

HI 
31 

10
4.

3(
64

) 
H1

33
 C1
3 

H1
32

 
11

7.
6(

62
)

HI
72 

C1
7 

Cl
l 

11
1.

6(
47

) 
H1

73
 C1
7 

Cl 
3 

11
1.

0(
38

)
H1

71
 

C1
7 

Cl
l 

10
6.

7(
34

) 
H1

72
 C1
7 

H1
71

 
10

7.
7(

59
)



- 170 -

O  vD N  \Dv£> co ir»
_1 vO r-t 00 Oo  • • • •z cr in <t O'<. O  i—l O O

rH H  rH rH

roz: cvj h (\jo 0- —< oo ao
[*" rH r-H i— 4 rH
<  X  CJ X  I

OJXo o- oo co oc
\r~ >”“* d  i— I H<  O U O U

X ro cvj oj roo oo oo oc
H  d  d  d  d

< t X  X  X  X

aJ
-JOz

d o in <f- in oj ir.
o N c c i n  
• • • •

O O ' N  O  

I - 1  O  O  d

zO
CJ

roXo r*— d  d  ao
d  d  ?— I dr o o i

cm
y
oi
> f
U |
ZJIII
-J<11
>1

CVJ
Xo

o

fd 00 00 COr—H i—4 r*-f »—4O U O U

ro -h ro ror- oc cp oo
r—4 i—4 f—4 r—4

X  X  X  X



71

UJ

—* -̂s CVJ ro 00 OO o 00 r-H
Is- r - Is- IP p P p O' 00 0s X p X oo 00  ro 00 ro oo oo ro

U w w w w w -— w w w ----- w w w

O r—( tn  ao <t in »-H p o P 00 < t r-H IT) o X  CVJ O' CVJ <r p X o p X
* « • ft » • • • • ft ft ♦ ft • ft ft ft ft ft •- » ft « ft ft

CVJ iH 00 o id ro O' Is- rH o o rvj n j Is—O' X X r—. 7^ fŝ :U ' r—
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3.6 Discussion of results

Tables II - IX and XI - XVIII summarise the 
results of the analyses for the methyl- and isopropyl-
derivatives of 2-naphthyl acetate respectively. Figures 3.2 and
3.4 illustrate views of the respective molecules and Fig. 3.3
shows the crystal packing of l-methyl-2-naphthyl acetate viewed
along the a axis while Fig. 3.5 is a drawing of the crystal
packing of its isopropyl homologue viewed along the b axis.

The final and observed structure factors are listed 
in Tables XX and XXI respectively.

The analysis shows that the geometry of the methyl 
compound is very similar to that observed in naphthalene (3)



Fig. 3.6 Structure of methyl compound

Internal values 
Apical values 
External values

Bond lengths (St) 
Valence angles (°) 
Torsion angles (°)
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Fig. 3.7 Structure of isopropyl compound

Internal values Bond lengths
Apical values Valence angles (°)
External values Torsion angles (°)
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indicating that very little additional strain has been 
imposed by the 1, 2- substituents. The naphthalene 
nucleus is essentially planar since the maximum ring 
torsion angle (fc> ) is -3° with 1 |<*>| = 16° and [ o) = 2.
The largest displacement from the mean plane of the ring 
is 0.03A° at C (2).(Table IX). This is not entirely 
unexpected because previous work has shown that peri- 
strain is usually minimized by out of plane bending and 
in-plane splaying of the 1, 8- substituents and that the 
naphthalene system is only distorted in extreme cases.
Thus, 1, 8- dimethyl-naphthalene (1+) and 1 , 8 -  diphenyl- 
naphthalene (5 ) have planar aromatic systems, while 1 , 8 -  
di(bromomethyl)-naphthalene (6)*, 1 , 1+, 5, 8 , -tetrachlor- 
onaphthalene (7) and 1 , 2+, 8- tetraphenyl-naphthalene (8)
all exhibit deformation of the naphthalene nucleus.

Any peri -strain present in 1 - methyl-2-naphthyl acetate 
must therefore manifest itself by causing either out of 
plane or in-plane deformations. The out of plane bending 
of C(11) and H(8) is minimal as the displacements of these 
atoms from the mean plane of the naphthalene ring (-0.071 and 
0.02A° respectively) are barely significant although they 
may be in the opposite sense. Likewise, the C(11) - C(l) - 
C(9) - C(8) torsion angle of 3°> the C(1) -C(9) - C(8) - 
H(8) value of 2° and the angle between the planes defined 
by C(1) - C (8) - H(8) and C(8) - C(1 ) - C(11 ) _ (U°) ( 
hardly provide reasonable evidence of out of plane bending.

The evidence for in-plane splaying is more satis­
factory. The C(1) - C(9) - C(8) valence angle opens up 
to 122.3°, which is over twenty standard deviations
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greater than the "equilibrium" value of 120°, and 1 .0° 
larger than that observed in unsubstituted naphthalene (3). 
The C(9) - C(1) - C(11) angle is 121.5° and this also 
indicates some in-plane deformation!. There is a fairly 
large estimated standard deviation (1 .5°) on the H(8) - 
C(8) - C(9) value of 117° so that it is difficult to 
assess the distortion at C(8) from this measurement. 
However, the C(1) .... 0(8) intramolecular non-bonded 
distance of 2 .494A0 is a little longer than the C(U)*.*« 
C(5 ) separation (2 .24.8IA0 ) and this difference is just large 
enough to indicate the necessity for some relief of strain 
at C(1), C(8),but comparison with the geometry in this 
region in 1 , 8 disubstituted naphthalenes (e.g. 2+, 6) 
shows the relatively small amount of strain present in
1- methyl - 2 - naphthylacetate.

There are also variations in the naphthalene nucleus 
H-C-C bond angles but these angles have standard deviations 
which are too large for them to be used to investigate the 
possible transmission of peri-strain aroung the ring as
reported by Bright et al (2+) but the H(U) H(5)
separation of 2.39A0 is reasonably correct and not short­
ened to c.2.2A° as in 1, 8 dimethyl naphthalene so that 
this transmission effect is not observed.

The previous discussion shows that 1-methyl-2- 
naphthyl acetate is far less strained than the 1 , 8  
disubstituted naphthalenes for which results are available. 
The rate measurements on the autoxidation of alkyl 
naphthols by Brady and Carnduff (2 ) suggest that the
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replacement of the methyl substituent at C(1) by an 
isopropyl function should cause a substantial increase 
in peri-strain.

The present study does not support this suggestion.
A comparison of the pertinent geometrical parameters for 
the two compounds is given in Table XIX. In general the 
increase in strain in going from C(l)-methyl to C(1)- 
isopropyl is not as large as might be anticipated from 
the rate measurements.

Thus the relative values for the torsion angles and 
out of plane displacements in the naphthalene nucleus are 
unchanged within the limits of this experiment as are 
the displacements of C(11) and C(8) from the mean plane of 
the aromatic system.

Out of plane deformation of C(11) and H(8) is not 
increased in the isopropyl homologue since neither the 
displacement of these atoms from the mean plane of the 
naphthalene ring nor the C(11) - C(1) - C(9) - C(8) and 
C(l) - C(9) - 0(8) - H(8) torsion angles show any 
significant variation. The angle between the planes 
defined by C(11), C(2), C(8) and H(8), C(8), C(1) remains 
at i+°.

In-plane tending at C(1) and C(8) is again the only 
type of distortion which is large enough to be significant.

The isopropyl substitution for methyl at C(1) opens 
the C (11 ) - C(1 ) - C(9) angle by a further 0.6° to 122.1° 
and the C(1) - C(9) - C(8) value increases by almost 1°
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to 123.2°. Similar enlargement of the latter angle has 
also been observed in 1 .8-dimethyl-naphthalene (1+)
(125.2°) and in 1 ,8-di(bromomethyl)-naphthalene (6) (127°) 
so there is clearly a progression in the distortion of 
C(1 ) - C(9) - C (8) from 122.3° (1-methyl) to 127° ( 1 , 8 -  

d i (bromomethyl)).

This deformation increases the C(1)  .....  C(8)
separation throughout the series. The relevant values 
being 2.494A0 (methyl), 2.51 6a °( isopropyl), 2.543 (1 
dimethyl), and 2.57 (1,8-di(bromomethyl))•

1 -Isopropyl-2-naphthyl acetate shows no evidence 
for transmission of the peri-strain to the C(4)> C(5)
locations since neither the 0(4) .....C(5) nor H (4) ....
H(5) distances (2.472A° and 2.37A° respectively) are 
decreased by substantial amounts.

In the isopropyl derivative the C(11) substituents 
are arranged so that H(11) almost eclipses the C(1) - 
C(9) band (C(9) - C(1) - C(11) - H(11) torsion angle is 
-9°) this is in contrast to the situation in the methyl 
compound where one of the C(11) hydrogens is located so as 
to give a C(2) - C(1) - C(11) - H(112) torsion angle of 
2°. H(11) appears to be separated from H(8) by 1 .90A°
(Table XIV) but the estimated standard deviations of the

f
fractional co-ordinates of these atoms are in the range 
0.002 to 0•006A° and the C(8) - H(8) band length is found 
as 0.92A° (Table XIII) so that this non-banded distance 
is probably not significant.
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Further evidence of a difference in strain in these 
two 1 -alkyl-2-naphthyl acetates is provided "by the 
conformation adopted by the acetate side chain. In the 
methyl derivative the ester function rotates with respect 
to the naphthalene nucleus to give a C(l) - C(2) - 0(11;)
- C(12) torsion angle of -101°. The reason for this is to 
reduce the H(3) ...... 0(15) non-bonded interaction by
increasing the separation of these two atoms to 3.18A°.
In the isopropyl compound the replacement of two of the 
C(11) hydrogens by methyl functions restricts the amount of 
torsional rotation in the acetate group and the G(1) - C(2) 
—0(1 i+) - C(12) torsion angle is then -126°. This is only 
sufficient to separate H(3) and 0(15) by 2.63A0 .

The results from the x-ray analysis of these two 
derivatives of 2-naphthol do not confirm the hypothesis 
of Brady and Carnduff regarding steric strain in 1-alkyl-
2-naphtho.ls. Subsequent crystal analysis on other 
compounds with different substituents at R1 , R2 and R3 
(Fig. 3.1 ) when compared with this study may allow an 
interpretation of the observed rates of autoxidation.



Table XX l-Methyl-2-naphthyl acetate: Final structure factors

The table shows:
L* |F0I |Fel Phase(°)

* Reflections sorted into groups with common 
H,K indices (shown in each group heading)
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Table XXI l-Iso-propyl-2-na-phthYl acetate: Final structure factors

The table shows:
H* IFq| IfJ  Phase(°)

* Reflections sorted into groups with common 
K,L indices (shown in each group heading)

Values of I PQI with the suffix Ii are 
"unobserved” •
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PART II

MOLECULAR MECHANICS
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CHAPTER FOUR 

Molecular mechanics: An introduction



4«1 Introduction

Much of the progress in organic chemistry in the 

last 100 years has in some way been connected with an 

increased understanding of the spatial requirements of 

molecules. It has also become clear that the chemistry of 

a compound is very much related to its structure and hence 

its "structural energy". A knowledge of these is quite 

clearly very desirable when forecasting the outcome of 
chemical reactions and particularly when allied to 

similar information regarding possible intermediates.

These various differences in reaction rates, pathways and 

products have been explained qualitatively by the principle 

of 'tendency towards minimum energy' borrowed from the 

mechanical world. Prom this the concept of strain 

evolved and the requirement for a reliable quantit ative 

basis. Experimental procedures did not appear to be able 
to supply the necessary data either because of limited 
applicability (diffraction and spectroscopic methods) or 

because of a distinct shortage of accurate work (thermo- 

chemical mdhods). On the theoretical side, quantum 

mechanical equations were too complex to solve in the short 
term and semi-empirical quantum mechanics, relying on 

geometries from other sources, evolved.

Molecular mechanics (MM) calculations currently 
provide the most accessible method. In essence the MM 

technique regards molecular systems as being composed 

of particles held together by harmonic forces. Suitable
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potential functions are used to make these forces represent
the different Interactions occurring "between the constituent 
atoms. The total molecular energy may then he minimised 
with respect to the geometry by balancing the various 

potentials involved.

Although the molecular mechanics method is not as 

sophisticated as the quantum mechanical approach, it can 

serve as an interim guide to correlating structure,energy, 
reactivity, and other molecular properties until such 

time as quantum mechanics is able to compete with regard 
to computer time. It must be stressed that MM is a model 

only and Altona (1 ) for instance, sees it as a natural 
extension to mechanical models, the short coinings of which 

are well known. The major limitation of MM is its 

dependance upon empirical data.

L± .2 Potential functions

The total steric energy Es in any isolated molecule 

may be defined in terms of various contributors.:

where E = total steric energy s
E^ = energy arising from bond stretching interactions.

E S = Eft + Enft + E a + E-£ + Eftpftg + E q (1 )

E tl non-bonded ti

ti angle bending tt

it torsional ti

" out of plane bending 11 
11 coulombic uii
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Each of these contributors can be represented in terms of 
a potential function.

(a) Bond stretching
This type of deformation has a very obvious connection 

with the classical Hooke's law and if it is assumed that 
harmonic restoring forces are in operation for small 

changes in bo.nd length then,

Eb = (lo - l)2 (2)
where k-̂  = the bond stretching force constant.

lo = the "equilibrum*’ bond length for the two 
atoms concerned.

1 = the actual bond length.

Under normal circumstances very little bo.nd stretching 
is encountered and this is a consequence of the very high

— 2
values for k^ (typically 200 - 1200 K.cal/mole A  ).

Hooke's law tends to overestimate the energy 
required for large stretching deformations and a cubic 
term may be inserted to compensate. This is discussed 
more fully under the heading of angle bending (below).

(b) Non-bonded interactions

Numerous functions have been proposed over the years 
to describe non-bonded interactions because many approx­

imations are required in order to interpret experimental 
results and consequently, such data are sparse. Several 

examples of the fit between proposed functions and 
observations are given in an early paper by Hendrickson (2). 
The data for inert gases are the easiest to interpret and



it has been the usual practice to interpolate these to

cover other atoms. Thus, C   C non-bonded interactions
have been obtained,from observations of neon atoms, by 

curve fitting techniques.

Van der Waals produced his corrections to the gas 
law in 1873 "by assuming that two distinct non-bonded 
effects were taking place. These effects were due to 
short range repulsive forces E(R) and a l-onger range 
attractive tendency E ( A ) . Thus:

Enb = E(R) - E(A) (3)
In terms of the Lennard-Jones function this 

becomes:
Enb = A/rn - B/r ^ ( n= 8,12) (i+)

where r is the internuclear separation and A and B are 

constants.

An alternative expression was derived by Buckingham:

Enb = A exp (-Br) - c/r° (5)

The equations (6) and (7) due to Hill (3) are 
preferred for practical use because they contain only 

two variables:

Enb = £ ( r V r ) n - 2 . o £ ( r V r ) ^  (6)
Enb = 8.28 x 105£ e x p  (-r/0.0736r1 ) - 2 . 2 5 £ ( r V r )

where £  = a force representing the ease or otherwise of 

moving the two non-bonded atoms.

r = interatomic distance.
A
v = sum of the Van der Waals radii
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For (n = 12) in equation (6) the two expressions 
yield curves which only differ significantly in the 
extreme repulsive part.

(c) Angle bending (Baeyer strain)

The basic equation is derived from Hooke*s Law

\  = i ka ( 00 -9 )2 (8)
The terms being analagous with those in equation (2 ).

pTypical values for k are 0.02 K.cal per mole per degree .cL
Comparison with values quoted above for k^ gives an 
indication of the relative ease with which bond angles 

may be deformed.

As mentioned previously, large deformations present 
problems particularly for the angle bending function. 
Incorporation of a cubic term to equation (8) will correct 
the deformation in some cases. Its exact form is empirical
and probably force field dependant. For instance Schleyer
(U) uses the following expression:

= i k ( AS2 - k1 AB3 ) (9)a * a a '

where A0 = I 0 - 0O I
Ak = an additional force constant for the a

cubic term.

While Allinger (5 ) has included equation (10) in one of 

his force fields :

Ea = 5 ka ( SB2 + k1a S03) (1°)

where S0 = 0O"0

The changes made to Hooke's Law by these two
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approaches is illustrated in Figure Zj.,1

Schleyer (4) has compared 
results from these two force 

fields and when large angle 
deformation is such that 0< 0O 

there is very little difference 
in the calculated angles. Boyd

(6) has treated this situation 

as a separate system.
Further difficulties arise, 

however, when a force field is required to cope with 0»0O 

as well. Fig. ^.1 shows quite clearly that if A0 is 
used then the angle energy contribution will decrease 
(equation 9) on hoth sides of the equilibrium position. 

Conversely, S0 (equation 10) .changes in opposite senses 
for positive and negative deformation. Ideally, a force 

field should he parameterised with a wide range of compounds 
representing hoth kinds of deformation (see section 2+.3)-

(d) Torsion (Pitzer Strain)

It is now well known that rotation ahout a single 

carbon-carbon bond is restricted and that eclipsed and 

staggered conformers correspond to different energy states. 

The exact physical nature of such barriers is still unclear 
and contemporary thinking tends to favour some combination 

of non-bonded repulsions and electron cloud interaction.

The potential function used to represent torsional 

interactions is:

E t = ^k t (1+Si8n * Cosniu ) (11 )

Energy
H ooke

Schleyer

A n g le  

Fin d I



where = torsional force constant.

The term (1 + sign. Cos ntu ) represents the particular 

torsional situation being studied. For instance in 

ethane, Fig. 1+.2 the staggered H
conformation shown has the 

minimum torsional interaction 

(zero) and this situation 

occurs three times during a 

360° rotation. The three­

fold harrier is accounted for 

by setting n = 3 in equation Fig. L.2 Staggered ethane
(11) and 'sign = +1 allows for the staggered isomer being 

the minimum. Hence:

E t = £kt (1+1. Cos 3ui) (13)
0 *

LU is the actual torsional angle which is 60 for any of

the nine angles in Figure i+.2 and therefore:

E t = i k t (1+1. Cos (3x60)) = 0

If an eclipsed conformation had been the minimum,
as for 'example in propene then the three-fold barrier

H
about the (C-C) bond 

would have 'sign =

-1' and represent the H _ ___

situation shown in 

Figure
H

Equation (11) may be extended by the method of 

Wiberg and Boyd (7) to "drive11 molecules to conformations 
other than the minimum so that, for example, pseudo- 

rotational pathways may be investigated. This is

H



achieved by means of equation (13)• .

E = k^. i.kt (l+ sign.Cos n(ui + 0)) (1 3 )

To return to the case of ethane, discussed above, 
the term (1+cos 3( UJ+0) )=o fo r the minimum and hence: 

cos 3 ( UJ+0) = - 1

giving iu+0 = 60° as one of the solutions. Substitution of 
suitable values of 0 therefore gives optimised energies 
for reaction co-ordinates other than those of the energy 
minimum,

If 0 = 0° ill = 60° equivalent to equation (11)
0 = 20° ui = U0°
0 = -20° UI = 80°

aThe additional force constant k effectively makes the 
system pay a high penalty in terms of energy for any 
deviation from the ( UJ+0) minimum. Great caution is

Arequired m  the selection of the value of k , It will vary 
from conformation to conformation depending on, for instance, 
the proportion of the total steric energy contained in the 
torsional term concerned and on the change of energy 
with . The lowest possible value consistent with all 
the conformational considerations should be used. If
Ak is too large then the calculated energies will be too 

high or at worst numerical instability will result. The
Amost satisfactory means for determining k is by trial 

and error and if energy is plotted against reaction 
co-ordinate during the calculations then incorrect values 

of k*' soon become apparent. Equation (13 ) is only used 
to obtain the conformation required and maintain it

* See section 5.2 for further discussion
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during minimisation. The actual torsional contribution 
to the total steric energy is calculated from equation

(11).

(e ) Out of plane 'bending

At equilibrium the three bonds about a trigonal
2atom such as an sP carbon lie in a plane. In some 

instances the total strain energy in a molecule may be 
reduced by these bonds assuming a non-planar geometry.
If the improper torsion angle "X is defined as described by 
Warshel, Levitt and Lifson (8) then the following function 
may be use d :

Eopbe = i kopbe (l 80 ~ X ) ^  (15)
where kopbe is an appropriate force constant.

(f) Coulombic interactions

Some haloketones and cyclic peptides adopt certain 
conformations as a result of trying to get maximum 
separation between like polar groups. Most cases are 

not so extreme as this, but nevertheless it is preferable 
that such interactions should be considered in calculations 
on molecular systems in which they are present. A potential 
function of the form described in equation (16) can be used:

Eq = (Q1 . Q2)/(332.17xDxr1_2 )K.cal.mole"1 (16)

where Q1 , Q2 are the electrostatic changes in units of 

fe f and r^ ‘t*16 interatomic separation. D should 
strictly be the value of the dielectric constant in the 
region of the dipoles but the magnitude of the local 
quantity is not determined easily and is probably best 
obtained by parameterisation (see
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(g) Interdependance of functions

Clearly in a real molecule the contributors to the 
total steric energy cannot be treated in isolation. One 
of the major differences between existing applications of 
the MM technique is in their attitude to cross-terms. It
is easy to see that if, for instance, a bond angle is

changed then the non-bonded contribution from the two 
extreme atoms will also change and similar effects exist 
between other functions. Prom the quantum-mechanical 

view point, of course, the cross-terms would be taken 

care of automatically.

In MM the Urey-Bradley (UBFF) based force field 

includes all non-bonded interactions while the valence 
force field (VPP) algorithm ignores 1,3- and in some cases
1 ,L- non-bonded terms. The UBPP approach requires no 
cross-terms while the VPP method, to a first approximation, 
relies on all the cross-terms being small and accounts for 
the excluded interactions in the other potential functions. 

More sophisticated VPPs (9) have added functions for 
stretch-stretch and stretch-bend interactions which become 
significantly larger in strained environments.

4*3 Parameterisation

Once the potential functions have been selected 
values must be obtained for force constants and equilibrium 
distances and angles. The order of magnitude of many force 

constants is available from spectroscopic work and some 
distances and angles can be gleaned from aystallographic
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results. Apart from this there is not a great deal of 

basic information at hand. This has to some extent been 
overcome by a trial and error method in which unknown 

quantities are adjusted until experimentally observed 

criteria (e.g. geometries, energies) are reproduced.
This approach is full of pitfalls and much care is 
required in order to produce a balanced force field.

It is crucially important to decide what the 

ultimate application is to be before parameterisation 

is attempted. A force field (FF) which is designed to 
cover as many compounds as possible will not be able

- to give forecasts as accurate in detail as an, PP based
on the fewer compounds in that particular situation.

Thus to evolve an PP which can be applied in as 

many situations as possible, the molecules used for 
parameterisation should represent a balanced mixture of 

the different types of strain occurring.

The information which an PP is going to be 

required to reproduce must also be considered at this 

stage. Ideally the calculations should be able to 
obtain the physical quantities which quantum-mechanics 

might supply, for example:

(a) Energies '• thermochemical, strain, conformational,

barriers•
(b) Geometries: in crystals, along pathways, of.

different conformations.

(c) Vibrational: frequencies, amplitudes.
(d) Other: nmr shifts, chemical reactivity.
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But again, compromise is necessary for practical 
purposes. Energies and geometries are probably the 
most important quantities from a conformational viewpoint, 
although attempts have been made (8) to produce consistent 

FFs incorporating vibrational frequencies as well.

Force field I (Appendix A) was parameterised by 

Miss M.J. Bovill of the Glasgow molecular mechanics 

group using 1*5 different compounds representing a balanced 
group of compounds for which reliable data were available. 
Gas phase heats of formation at 25°C were obtained by 

adding on group increments to convert the calculated 
steric energies. These increments were themselves made 
variables in a least squares procedure to minimise the 
differences between the calculated and observed heats of 
formation. For the 1*5 compounds the mean deviation in 
AHf was 0.1*5 Kcal per mole.

The other FFs used in the work which follows were 
not so extensively parameterised but were felt to be 
capable of producing meaningful results. As the main 
interest was in the comparison of related molecules it 
might have been expected that the deficiencies would 

cancel out.

l*.l* Minimisation
A parameterised FF is only capable of calculating 

the steric energy of a particular supplied geometry. In 
order to find the minimum steric energy of the isolated 
molecule some way must be found to allow the atomic 
co-ordinates to mutually adjust themselves so as to
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■balance the various interactions present. This may he 
accomplished hy one of the available minimum seeking tech­
niques •

These techniques are sometimes (10,11) referred to 
as ’hill climbing methods’ because of their analogy to 
a man trying to descend a mountain on a foggy day to a 

specific position in a valley below. The remainder of this 
section is devoted to a discussion of minimisation methods.

Steepest descents

Intuitively this technique is very appealing 
because the minimum is sought by following the path which 

reduces the value of the variable being minimised. This 
is quite acceptable for static problems but in the dynamic 
multidimensional environment of MM difficulties may arise.

Steepest descents has been used by Wiberg (12) and 
Allinger (13-16). The energy was optimised with respect 
to the co-ordinates by adjusting each of the latter by 
some small amount in both senses and computing the 
resultant energy change. If an energy decrease was 
obtained then its value was stored and the co-ordinate 
returned to its unperturbed value and the process repeated 
until all the co-ordinates had been tested. Each atomic 
position was then adjusted in the direction of lower 

energy by an amount proportional to the partial derivative 
of energy with respect to the co-ordinate being moved.

The cycle of testing and storing was then restarted and the 
whole procedure repeated until successive iterations

V

lowered the energy by less than some prespecified amount.

The advantages of this method are that the atoms
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most affecting the energy are moved the greatest amount 
and that ’saddle point’ false minima are generally 
avoided. Other false minima occur, apparently fairly 
frequently (13»17)» so that there is no absolute guarantee 
of reliability. Further convergence is slow, particularly 
if the relative weights given to the variables are not 
reasonably accurate and Allinger (13) has reported that 
the magnitude of the perturbing increment is very important 
with respect to the final values of torsion angles.

Pattern Search

This is very similar to steepest descents of which it 
may be considered a modification. The principle used is 

that once a valley has been found on the response surface 
then there is a reasonable chance that it will lead to 
the minimum. Steepest descents is able to locate such 
valleys but its ability to follow them is a function of 
the angle at which they are met. Pattern search was 

developed to surmount this problem (18).

Again co-ordinates are changed by some increment to 

find the direction of energy decrease but this time the 
disturbed co-ordinate is not restored to its original 

value once a lower energy position is found. The 
calculations then proceed to the next co-ordinate and are 
continued until the energy changes are sufficiently small.

Schleyer et al (19) have obtained lower energies 
than with steepest descents alone. Pattern search has the 

added advantage of being scale invariant but it can have 
problems locating the valleys initially and also with
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following unusually shaped valleys (20). False minima are 
also very troublesome.

Parallel tangents

Parallel tangents is based on both the previous 
methods and attempts to overcome their disadvantages. From 
a stalling point, two new locations of lower energy are 
sought and then the minimum on the curve through these 
three points is used as a new starting position. The 
calculation is continued until the energy changes are 
considered small enough.

The ngbhod has been used by Scott and Scheraga (21 ) 
and its major disadvantages are false minima and coping 
with curved valleys.

Non-simultaneous local energy minimisation

Allinger (22) assumed that in the area close to the 
minimum the potential energy surface may be represented 

by:

E = Ax2 + By2 + Cz2 + Dx + Ey + Fz + G (1 7) 
where x,y,z are atomic cartesian co-ordinates and A to £  
are constants to be determined.

From a location close to the minimum another point 

of lower energy is found by steepest descents. The 
potential energy and the partial derivatives with respect 
to each cartesian co-ordinate are calculated and used to 
evaluate the constants in equation (1?)* If the derivative 
of the equation is set to zero then a new minimum position 
will be obtained for the atom. Successive iterations are 

carried out over all the atoms until the parameter shifts
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are small. Allinger (22) quotes its major advantage as 
the saving in computer time.

Newton-Raphson Minimisation

The main difference "between this and the preceding 
methods is that a direct solution is sought to a set of 
simultaneous linear equations. Iterative minimisation 
gives reproducible minima (1,19) and the occurrence of 
false minima is much less likely than with search procedures. 
Computer programs for calculating such direct solutions 
have "been evolved and used "by several workers (8,23*24,25) • 
These programs have the additional advantages that 
quantities such as vibrational modes and thermodynamic 
functions may be calculated readily and that computing times 
are reasonable.

The MM calculations in this thesis were carried out 
using this technique and the following discussion is 
based on the program PECALC (25)-

It is well known that for any continuous function 
f(x) which has a differential coefficient at each point 
between x = a and x = a + h:

f (a + h) = f (a) + hf1 (a ) (18)
A

where h is small and f (a) is the first derivative of the 
function.

This is a statement of the mean value theorem and it 
may be extended to give the Newton-Raphson method for 
obtaining the roots of a polynomial by assuming that some
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estimate (a) of a particular root is sufficiently close 
to the correct value (a + h) that equation (18) holds.

Then, since for a root: f(a + h) = 0:

0 = f (a) + hf1 (a) (19)

In practice maiy iterations are needed for a complex 

function and if a = x (trial.) and a + h = x(new) then 
equation (i 9) becomes:

x (new) = x trial- f(a)/f1 (a ) (20)

In MM it is the energy E which must be minimised 
with respect to co-ordinate and hence it is the stationary 

value of dE/dx which is sought so that the second order 

form of equation (20) is required:

x(new)= x(trial)- (a)/f11 (a) (21)

where f ^ ( a )  is the second derivative of the function.

The situation in' a real molecule is much more complex 

than this one - co-ordinate example since each of the 

constituent atoms has three co-ordinates and therefore the 
minimum of a multidimensional function is being sought.

Many iterations of the three dimensional analogue 

of equation (21) are required to obtain the minimum and 

if successive values of the cartesian co-ordinates are 

represented by x̂ ., x - ^  , then:

-k+1 = £ k " I"1 ? E (X ) (2 2 )

and the minimum corresponds to a solution of VE(x) = 0.
The form of the matrix F in effect describes the 

minimisation technique in use e.g.:
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F = cl where 1 is the identity matrix and
0, a properly selected constant gives 
the steepest descents method.

\ 21! = d E i, j ^3 for each atom represents bxi'bxi
J the three dimensional version 

of equation (21). (23)

This latter algorithm avoids the scaling problems 
inherent in the steepest descent approach. The 
calculations in Part n of this thesis have been based on 
equations (23)* The required derivatives being calculated 
numerically from equation (1 )•

This method however, neglects co-operative movements
of the atoms and may lead to errors. The energies and
geometries obtained by this block diagonal calculation
can be further refined by setting F = i, j =1,3n

&x.6x
where n = number of atoms . J (24)

Equation (24) thus includes all the off-diagonal 
terms and converges rapidly on the minimum. The full 
matrix technique does not converge for a crude trial 
structure when the components of Ve(x) are necessarily 
large and the procedure adopted has been to use equation 
(23) initially to obtain a solution close to the stationary 
value and then employ the full matrix equation to calculate 
the minimum.

This method in addition to giving greater safeguards 
against false minima also avoids the difficulty 
encountered by some workers with torsion angle adjustment 
(4, 12, 26, 27). A further advantage is the facility to
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calculate vibrational data from the final matrix of second 
derivatives•'

These vibrational frequencies V; can be computed 
from their relationship to the atomic masses and potential 
energy. Thus, for an N atom molecule the (3^-6) 
vibrational frequencies are given by the eigen values of

_JL _±
the matrix M~2F.M~2 where M is the diagonal matrix of 

atomic masses.

Equations (25) and (26) may then be used to calculate 
the vibrational free energy, Fvib, and the vibrational 
zero point energy Evib° respectively.

3N-6
Fvib = kT I in (25)

Evlb°= I V,
3N-6 (26)
i = l
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CHAPTER FIVE

Conformational analysis of a series of cyclo-octadienes



- 242 -

5.1 Forward

Carbocyclic systems are generally classified into 
groups of compounds based on the number of atoms forming 

the ring. The 1 885 strain theory of kaeyer attempted to 
account for the variation in properties of cycloalkanes on 
the basis of the internal angles required for a series of 

regular polygons. This approach assumed that the cyclo- 
paraffins were planar and predicted increasing strain from 

(and including) 6-membered rings upwards.

The thermodynamic data that we now have available 

(Fig. 5*1) shows that small rings (3- to 5-membered) and 

medium rings (7- to 11- membered) are the most strained. 
Baeyer’s theory only accounts for the progression observed 

in the small rings and it is not until allowance is made 
for the possibility of puckering that the heats of 

combustion of the larger rings can be explained.

One of the puckered forms of cyclohexane-has a heat 

of combustion of 157.4 K.cal per mole per - CH^- group 

identical with the value for a straight chain alkane and 

this figure is also approached for the cyclic compounds 

with twelve or more atoms in a single ring. These large 
rings also closely resemble open chain paraffins. The 

anomalous heats of combustion of the medium ring carbo- 

cycles arise because such compounds cannot completely 
relieve the torsional strain by changing bond angles. In 

addition, there is usually some strain arising from trans-



- 243 -

1 56
0 4  8 12 16 
No. of atoms in r ing

Fig. 5.1 Heats of combustion (h ) of some cycloalkanes
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annular interactions.

Molecular mechanics (MM) by simulating the balance 
between these competing forces should be able to provide 
quantitative explanations of why one conformation is 

preferred over another in specific circumstances. The 
series of compounds studied in this chapter was selected 

because a previous investigation into a dibromo-oetadiene 
had posed a number of interesting questions concerning 

the conformational processes which might occur in such a 
system. Also, the reported crystal structure of this 
particular compound provided sufficient data with which 
to check the reliability of the system to be used for 
subsequent calculations.

5*2 Introduction

The conformations of cis, cis-cyclo-octa-1 ,5- 
dienes have been investigated by a number of workers.
Dunitz and Waser (1 ) used geometric argu raents to show that 
both a rigid chair-like form and a family of flexible boats 
(Fig. 5.2) are possible for these dienes. In 1950 Roberts 
(2) made approximate calculations of the steric energies of 
the transition states between the boat, skew, and chair 
conformers of 1 ,6-dichloro-cyclo-octadiene. He suggested, 
on the basis of dipole moment measurements, that the boat 

was the most stable form.

The parent diene cis, cis-cyclo-octa-1 ,5“<3iene (COD) 
has been studied in the gas phase by electron diffraction
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H8A HAA

COD R1=R2=R3=H 
SDBCOD R1=R3=Br,R2=H 
ADBCOD R1=H, R2=R3=Br 
ADMCOD R1=H, R2=R3=Me



- 246 -

Boat C2V Skew D
H4a H8a

H3a H7a.

Tw is t- boat Co
V  H8av

Transition state
C

Chair

Fig. 5.2 COD: Major Conformations.
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and this indicated that an equilibrium mixture of twist 
boat (most predominant) and chair conformers was present (3)* 

Anet and Kozerski (4) determined the heights of the 
barriers to interconversion of the stereoisomers of COD 
by the variable temperature nmr technique and showed that 
the twist boat was the minimum energy form, Pauncz and 
Ginsburg (5) calculated that from consideration of only 

the non-bonded interactions the boat of COD should
be preferred to the chair. MM calculations (6,7*8) have 
suggested that the chair is more stable than the boat and 
that the twist boat represents the energy minimum. A 
number of x-ray analyses on metal complexes of COD have 

also shown a preference for the £2 boat although this does 
not necessarily imply that the uncomplexed cyclo-octadiene 
should exist in the same conformation.

X-ray studies of (all ax-) -2,6-dimethylcyclo-octa- 
3,7-cis, cis-diene-1 ,3-dicarboxamide (15) and syn-3>7- 

dibromo-cis, cis-cyclo-octa-1,5-diene (SDBC0D)(16) found 
that both these derivatives of COD exist as twist boats 

in the crystalline state. Other physical techniques 
(nmr and ir spectroscopy and dipole moment measurement) 

have also been applied to SDBCOD in the solid and/or liquid 
phases (16). The results of these investigations have 
all indicated that the twist boat is the major conformer 
present in the solid and liquid states.

Dibenzocyclo-octa-1 ,5-diene (DBZCOD) has also been 
studied by x-ray diffraction and the eight-membered ring 

was found to have adopted the chair conformation (17)* 
Recently, strain energy calculations (9> 18) have been
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used to interpret the nmr spectrum of DBZCOD (19,20,21).
The calculations explained the nmr spectra of both GOD
and DBZCOD in terms of an interconversion process between
isoenergetic twist boats. The routes by which this can
occur are discussed more fully in section 5*5* The
differences between the preferred interconversion pathways
of these two compounds were attributed to the distinct

2 ^torsional barriers about the Csp - Csp bonds of the 
octadiene ring.

The preparation of anti-3*7-dimethyl-cis,cis-cyclo- 
octa-1,3-diene (ADMCOD) has been reported (22) and the 
conformational interconversion processes are currently 

being investigated by variable temperature nmr spectroscopy 
(23) using a sample kindly supplied by Professor Heimbach 

(Gesamthoehschule Essen and Max-Planck-Institut fur 
Kohlenforschung).

The strain energy calculations in the literature 

(e.g. 7* 8* 18) have thus considered only the parent diene 
and derivatives such as DBZCOD which do not represent all 

the possible conformational situations arising during 
twist boat interconversion. In the work which follows 
the MM technique has been extended to include these other 

conformations for 3,7-disubstituted-derivatives of COD 
and the results compared with the available experimental 

data.

The latest Glasgow alkane/alkene PP(PPl) (24) was 

used for COD and ADMCOD while the less extensively 
parameterised PPII (24) was employed for SDBCOD and ADBCOD 
since PPI did not include any terms for interactions
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involving the bromine atoms. Pseudorotation was achieved 

by the method of Wiberg and Boyd (25) and plots of energy 
against reaction co-ordinate (the C(2) - C(3) - C!(4) - 
C (5) torsion angle) were used to check for false minima 
as described in Chapter 4* This approach does not necessarily 
give the true minimum energy for transition states because, 
even though there may be some regular change in energy as 
different constraints are imposed on the model, full relaxation 
is not possible. Ermer (26) has recently pointed out that 
when the torsion angle used as reaction co-ordinate is sym­

metrically located in relation to a two—fold axis of 
symmetry (2AS) in the nearest minimum structure, and this 
same symmetry element is not present in the transition 
state, then the method of Wiberg and Boyd will impose this 
2AS on that transition state. One of the examples he cites 

in connection with this is the boat-chair transition state 
of cyclohexane. Wiberg and Boyd (25) used their ''driving 
method" to calculate energies for the two transition states 
corresponding to C 9 and C symmetry by assuming that four- 

and five- atoms were respectively coplanar and; (with a
v +single C — C— C — C torsion angle as reaction co-ordinate; 

found that the former was preferred by about 0.5 K.cal 
mole . Pickett and Strauss (27) on the other hand derived 
a pseudorotating transition state which incorporated both 
C Q and C forms implying that the energy difference betweencL S
them was much smaller than that reported by Wiberg and Boyd. 
Ermer repeated the work of Wiberg and Boyd and obtained 
energies for the two transition states using the technique 
of removing the constraints at an appropriate mapping point.
He obtained geometries which were close to, but not 
exactly corresponding to, the rigid four- and five- atom

+  for the C2 TS
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coplanar structures. Moreover the energy difference was now 

0.00086 K.cal in favour of the £s structure.

This result clearly indicates that caution is required when 

using mapping techniques to calculate conformational barriers. The 

calculations on cyclo-octadienes reported in this thesis constrained 

torsion angles which were symmetrically located about the £2 axis of 
the global minimum and the possibilty therefore arises that the 

calculated transition states do not represent the true maximisations 

of the potential energy function, especially as the derivatives were 

calculated numerically. Therefore as a final check the constraints 

were removed from the models for the boat, skew, and boat-to-chair 

transition states of'COD and ADMCOD. There was a reduction in 

energy in every instance, but in particular, the skew forms displayed 

drastic changes in both energy and geometry. The constrained (c)
c

and non-constrained (NC) skew conformations of COD for example have 

an energy difference of over 6 K.cal per mole and this is sufficient 

to change the skew from being the least- to being the most- 

preferred intermediate between twist-boats*.

Ermer also discusses the relationship between the GgV boat 
(B) and £2 twist-boat of COD with respect to the calculations 
published by Allinger and Sprague (8, 28) and comments that

*The original calculations had constrained all nine torsion angles 
about the C(3)-C(4) and C(7)-C(8) bonds, thus 'locking1 the 
conformation of the substituent hydrogens. It was found for COD 
that constraining the carbon skeleton only (e.g. C(2)-C(3)-C(.4)-C(5) ) 
gave essentially the same result as was obtained on subsequent 
removal of all the constraints. It appears that the fully constrained 
model (i.e. all nine torsion angles) is equivalent to Allingerfs 
method of fixing the coordinates and has the same dire consequences.
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they initially described the former as a minimum (with 

respect to the C 2h chair; they did not consider the C 2 
twist boat) but correctly reported the b conformation as 
a transition state between twist boats in the later paper 
(8). However, in the same report they state that the boat 
is more stable than the skew, a result now shown to be 
incorrect for the reasons outlined above.

In some of the calculations which follow the variation 

in steric energy with reaction co-ordinate for the fully 
constrained model is illustrated and it is now clear that 

the method by which the results were obtained only allows 
conclusions to be drawn regarding the general shape of the 
energy versus torsion angle curves. Accordingly, the 

calculations for the dibromo-octadienes are only completely 
reliable as far as the geometries and energies of the non­
constrained twist boats are concerned. In cases where the 

conformational barriers are of prime interest (COD and 
ADMCOD) the energy and geometry of the important intermediates 
have been obtained by using the mapping technique to approach 

the maximum and then removing the constraints to obtain 
full relaxation.

**0n occasions it was found that the geometry of the fully 
constrained model was not close enough to that of the 
transition state for convergence. In such cases the 
constraints were removed from the eight exocyclic torsion 
angles about the C(3) - C(lj.) and C(7) - C(8) bonds and a 
new stationary point sought with the block diagonal 
alogorithm. This new 1 trial’ geometry was then sufficiently 
close to the maximum for convergence to occur for the 
completely unconstrained system under full matrix conditions.
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5.3 syn- 3»/7- Dibromo - cis, cis-cyclo-octa-1 ,5 - diene
(SDBCOD)

Method of calculation

The program PECALC (29) was used to minimize the. 
steric energy in PPII (2k) with respect to the atomic 

co-ordinates (16). The mathematical model was pseudo­
rotated by the method of Wiberg and Boyd (25) and the 

minimum energy calculated at 10° intervals throughout the 

pseudorotational pathway. Initially the block diagonal 

algorithm was employed for minimisation. Subsequently, 

the energies and geometries of important stereoisomers 
on possible interconversion routes were verified and 

refined by the full matrix calculation described in 
Section k*k* The constraints were not removed during the 

final stages of refinement.

Results and Discussion

The study of SDBCOD by Mackenzie et al (16) 

reported the global minimum of this compound as being 

TB1 (Pig. 5*3). This has been confirmed by MM calculations 

and the geometry of this conformation is compared with the 

x-ray analysis in Table I and serves as an indicator of the 

reliability of PPII.

*The geometric parameters cannot be compared rigorously 
because of errors inherent in the x-ray results (R = 11.1%). 
!the possibility of differences between the calculated 
isolated molecule and the observed crystal structure 
must also be considered in this context.
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Pig* 5.3 SDBCOD: Variation of energy with conformation
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Pig. 5*3 shows a radial plot of the variation of 

steric energy with the C(2) - C(3) - C(k) - C(5) torsion 
angle. The curve has been interpolated (broken line) 
where necessitated by the inability of the calculation to 
produce a minimum when severe van der Waals forces are 
present (e.g. TBU). For reasons noted earlier the 
relative energies between conformations should be treated

with extreme caution particularly in the vicinity of the 

skew conformations where full relaxation produces a 
considerable reduction in strain energy by allowing the 

close^contact transannular atoms (e.g. H3A and H7A for 
NC) to move further apart. Nevertheless, the results do 

indicate the existence of three local minima (TB1/TB2 and 
TB3) which could interconvert and thus support the 
observation of Mackenzie et al (16) that in solution, at 
least, more than one twist boat is present. Pig. 5*4 
illustrates some of the more probable interconversion 

pathways and Table II gives the relative energies of the more 
important intermediates together with the calculated barriers 
to interconversion.

In view of the uncertainty of the calculations for 
the boat, skew and TSA and TSB conformations (all°fwhich 
were not allowed to fully relax) it would be improper to 
comment further on these conformational barriers.

It is apparent however that the chair form is less 

stable than twist boats TB1, TB2 and TB3«
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1. TB1—>TSA —>C H A IR  —>TSB -*TB2 

1A. TB1—»TSA—*C H AIR —♦TSB->TB3

2. T B H B W T B i ,

3. TB1—>S1 —>TB2

TSA

Fig. 5.4 SDBCOD: Pathways for Tvrist-boat Interoonversion.
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5 *4 anti-3,7-Dibromo-cis , cis-c.yclo-octa-1 ,5-diene (ADBCOD)

Results and Discussion

It has, to dat^ not "been possible to isolate this 

compound (23), Nevertheless, in anticipation of ADBCOD 
being available at some future date it was decided to 
investigate its conformational behaviour. MM calculations 

were carried out as described for SDBCOD and the results 
are shown in Pig. 5*5 and Table III. All the remarks 
made with reference to the possibility of only partial 
maximisation having been achieved for certain conformations 

of SDBCOD apply equally to ADBCOD.

Anti - as opposed to syn - substitution of the 
bromine atoms at C(3) and C(7) has no symmetry and this 
results in there being two possible chairs (C and D) in 
which the bromine atoms can be either diaxial (C) or 
diequatorial (D). The corresponding boat-to-chair 
transition states (also called C and D for convenience) 

either move the bromine atoms closer together (C) or 

further apart (D) from their relative positions in the 
boat. Inspection of models indicates that only the 

following unique conformational changes can occur through 

the chairs:

B1 TSC CHAIR C ->TSC ~>B2 
B 1 - > T S D - »  CHAIR D — > TSD — >B2

The calculations show that there are two isoenergetic 

global minima (TB1 and TB3) and that the diaxial chair is 
more stable than the diequatorial variety. This latter 
result is unexpected and appears to be connected with the
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Fig. 5.5 ADBCOD: Variation of energy with conformation
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1 A. TB1->TSD->CHAIR D-*TSD-»TB3

2 T B1—>B1 —* TB4

3. TB1—»S1 —>TB2

•Fiff. 5-6 ADBCOD: Pathways for Twist-boat Interconversion.
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large van der Waals radius of bromine which in chair D is 
responsible for substantial non-bonded strain between the 
bromine atoms at C(3) and C(7) and one of the substituents 
on the jX- carbon atoms.

Once again it is not possible to comment on the 
barriers for the routes between twist boats (Fig. 5.6).

The relative energies listed in Table III ( and Table 
II) for the constrained boat, skew and TSC and TSD, would 
almost certainly be reduced under fully relaxed conditions 
although it is not possible to estimate the relative 
reduction, and hence the relative stabilities, of each 
conformer under these conditions.

5*5 cis. cis-Cyclo-octa-1 .5-diene (COD)

Introduction

The calculations reported in sections 5*2 and 5*3 
served as a preliminary test of the reliability of the FF 
and facilitated the installation of the suite of computer 
programs. It was decided to apply this system to the 
parent hydrocarbon (COD) because both an electron diffraction 
study (3) and nmr measurements of conformational barriers 
(4) in COD were available as further tests. Initially FF 
II was employed to map the pseudorotational circuit and 
calculate energy differences between key conformations. 
Subsequently the more extensively parameterised Glasgow 
alkane/alkene force field (FFI) was used and it is these 
later calculations that are reported here.
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Results and Discussion
The calculated conformation of the twist "boat is

compared with the geometry observed in the electron
diffraction study in Table IV. The agreement is good and
the value of the C(2) - C(3) — C(i+) - C(5) torsion angle
(52°) is close to that of 45° measured in the gas phase (3) * 
The x-ray analysis of SDBCOD (16) reported the corresponding
angle as 65°. Allinger and Sprague (8) and Favini et al
(7) have reported angles of 38° and 27° respectively and
Ermer, using the Lifson-Ermer FF calculated a value of 55°
(30). The uncertainty regarding the electron diffraction
result prohibits the use of this angle as an unambiguous
test for comparison of the various FFs but the results from
FFI and the Lifson-Ermer FF lie somewhere between i|5° and
65° and although the connection between an isolated
molecule of COD and its crystal syn-3>7-8ibromo derivative
is tenuous the correlation of the calculated geometry of
COD with the electron diffraction results provides evidence
of the reliability of FFI.

The calculations support the view that the twist boat 
geometry represents the steric energy minimum. In the rigid 
chair, for instance, the torsional strain can only be 
relieved by an increase in Baeyer strain but in the C 2v "boat 
the eclipsing around the C(3) -C(h) and C(7) - C(8) bonds 
can be reduced by pseudorotation. The decrease in energy 
arising from the twisting around these^bonds is offset by 
the increasing approach of HLj.a and H8a (for TB1 ) and the 
conformation adopted by the minimum energy boat is directly

*
See note (a) Table IV for comments regarding the accuracy
of this torsion angle.
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related to the H  K non-bondea potentials used in the
FF(32). The figures in Table IV indicate that this strain

2can he relieved by deformation of the ring angles at the sp
3and sp carbons to 127.8 and 116.8 respectively. The two 

hydrogens are then moved further apart (calculated 

separation 1 .94A°) while the C(A) and C(8) transannular 
distance is increased from ca. 2.3A°, apparent from an 
undistorted Dreiding model, to 3.131A° reported in the 
electron diffraction study. The calculated value is 3*05A° 

and the x-ray analysis of SDBC0D(16) gave this distance as 
3-0kA°.

The balance achieved in the minimum energy boat is 
changed if the pseudorotation is continued towards the 
skew form since there is an increase in the Pitzer strain 

around C(3) — G (i+) and C(7) - C ( 8 ) ,  and in the skew form 
itself there are two pairs of hydrogens (Hj.a, H8a; and 
H3a, H7a) in close contact. The need for extreme caution 
when calculating the strain energy of intermediates such 
as the skew has been discussed from the symmetry view point 
in section 3.2. In purely mechanical terms, full relaxation 

permits co-operative movements of the atoms and the 
illustrations of the geometry of the non-constrained (NC) 
and fully constrained (C) skew conformations of GOD show 
that this results in a reduction of the H...H transannular 
repulsions. Inspection of the calculated structures 
indicates that this is achieved by a flattening of the ring.

The calculation has thus been very successful in

*The energy calculated for the constrained molecule is 
correct for that molecule but this structure is not a major 
intermediate on the pseudorotational pathway because a 
substantial reduction in strain energy is achieved by 
adoption of the NC geometry.
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reproducing the geometry of the twist boat and for COD there 

are four of these (isoenergetic) twist hosts on the 

pseudorotational circuit. Only.one quadrant of this circuit 
is unique hut because each twist hoat has a different pair 
of methylene hydrogens in close contact it is possible, by 
use of the low temperature nmr technique, to observe and 
measure any interconversion of twist boats which might be 

taking place. This is precisely what has been done by
Anet and Kozerski (I4.) and their spectra are shown in Pig.

1 35.7* The C nmr spectra for the methylene carbon 
resonance changes from a single peak at high temperatures 

to a 1 J1 doublet at -17b°. The symmetries of the boat, 
chair, and skew forms are such that methylene carbons are 
always equivalent and therefore the doublet at -176° must 
represent a twist boat (the methylene carbons in the boat 
to chair 6 co-planar transition state are also non-equivalent 
but because this is more unstable than either the boat or 
the chair it would not be observed as a single entity).
The singlet at high temperatures is therefore consistent 
with rapid interconversion of twist boats (process A, 

with AG = U.2+ 0.2 K. cal mole  ̂ at -176°) resulting in 
each of the methylene carbon pairs (C(3)> 0(7) and C(4),
C (8)) interchanging steric environments.

The possible pathways for such interconversion are 
given in Figure 3.8 and the pmr spectra of the methylene 
protons show that two of these conversion processes are 
occurring simultaneously (at room temperature), one with a 

AG = 0.1 K. cal mole at -177 (process B) and the
other with AG = 4*9.+ 0.1 K. cal mole at -168 (process C).
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Fig. 5.7 COD: Variable Temperature NMR Spectra of Methylene G-roupsfk)



1. TB1-»TS-»CHAIR->T S < I^TB3

2. TB1->B1->TB4

3. TB1->S1-»TB2
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Fig. 5.8 COD: Pathways for Twist-“boat Interoonvegsion.



The assignment* of the three spectral processes:

A AG- = 4*2 K cal mole”  ̂at -1 76°C
B AG = 4.4 K cal mole"*1 at -1 77°G

C AG = 4.9 K cal mole-1 at -168°C

to specific modes of twist "boat interconversion:

1 TB1 - } B 1 C H A I R — > B 2 — >TB

2 TB1 B1 TB4
3 TB1 S1 — ) TB2

1 ois not unambiguous• However, the H spectrum at -177 C

(process B) indicates that the two components have different 
chemical shifts and hence cannot represent route 1 since 
there are two possible chairs (the one formed being deter­
mined by which group of 6 atoms is coplanar in the 
transition state) leading to complete averaging.

The following possibilities therefore exist:

Process B represents Route 2 
and
Process G represents Route 1 or Route 3

OR

Process B represents Route 3 
and
Process C represents Route 1 or Route 2

1 3Process A observed in the c spectrum must involve 
the sum of processes B and C. In their report Anet and 
Kozerski state that the path representing process 2 "can 
in principle be determined ... by accurate strain energy

♦e.g. Process A is not necessarily assigned to route 1
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calculations" •

These workers have now carried out such calculations 
and their results, together with those from other sources 
(79 30), are shown in Table V. There is broad agree­
ment between the predictions of Ermer (30), Anet and 
Kozerski, and this work regarding the relative order of the 
conformational barriers. The calculations of Pavini et al 
(7) were only concerned with computing the energies of 
various isolated conformers of COD and therefore cannot be 
applied to this discussion. Allinger and Sprague (8) find 
the skew as the most unstable conformation; an identical 

result to that obtained by the author for the fully 
constrained model, thus suggesting that they have not 

allowed co-operative movements of the atoms.

The calculations reported in this thesis indicate
that:

Process B represents route 3 (skew)
Process C represents route 2 (boat)*

As noted previously there are discrepancies between the 
observed and calculated barriers and these are of about 

the same order as those found by other workers.

In the following discussion the nmr spectra are 

explained in terms of these assignments.

♦The energy difference between routes 1 and 2 is only 0.1 
K. cal and therefore this assignment is not unambiguous. 
However, both Ermer, and Anet and Kozerski also find route 
2 to be preferred to route 1 (and Ermer obtains a differ­
ence of 0.2 K.cal between theiiijin the same sense).
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1 3The G spectrum results from the simultaneous
occurrence of (1) TB1 to TB2 conversion (Fig. 5*7)
through the skew and (2) TB1 to TBh via the hoat taking
place less frequently.* This spectrum of the methylene
carbons gives only their interchange in environment
resulting from twist hoat interconversion since the

symmetries of the intermediate skew and hoat prevent their
1 3conformations heing observed in spectroscopy. The 

pmr spectrum, however, distinguishes between the two 
pathways. The methylene proton hand at - 165°C is composed 
of a single peak because at that temperature it is possible 
to interconvert between all four twist boats and so on 
average each of the eight methylene protons can occupy 

all the possible steric environments. The calculations 
have indicated that lowering the temperature to -173°G 

prevents the route 2 process from taking place. This 
produces the doublet observed since four of the methylene 

protons are always "outside" (in the sense that they cannot 
come into close contact as Hia and H8a in TB1 ) while the 
other four are always "inside". Thus this rocking motion 
via the skew between TB1 and TB2 which is still taking 
place at -173°C averages the shifts of the "inside" 
protons and also averages the "outside protons" giving the 
observed spectrum. The activation energy for this process 

is too high to be overcome at -1 78°C and t h e 'h  spectrum at 
this temperature is given by the four different types of 
methylene proton present in an isolated twist boat.

^Strictly, all three processes are occurring but for 
simplicity the discussion has been restricted to the two 
major interconversions.
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5.6 anti-5.7-DimethvT-cyclo-octa--1.5-diene (ADMCOP)

Introduction

The results for COD show that FFI is able to reproduce the 

energies and geometries of its various conformational possibilities.
As stated previously, FFI cannot at present be used for strain 
energy calculations on SDBCOD and ADBCOD because it has not been 

parameterised for the bromine interactions. The lack of experimental 
data for ADBCOD (see section 5.4) prevented the predictions for that 

compound being tested. However, the recent synthesis of ADMCOD (22) 
and the co-operation of Professor Heimbach in supplying a sample for 
nmr analysis provided an opportunity for further study of both the 
reliability of FFI and of the conformational situation in anti-5.7- 
derivatives of COD.
Results and discussion

The full nmr results are not yet available because of 

equipment problems but preliminary spectra indicate that there is 
just one main interconversion process occurring with a barrier of

about 5 K.cal Per mole (25).
Some of the possible processes are shown in Fig. 5.9 and the 

calculated relative energies of the major conformers are listed in 
Table VI. The conformational variety possible in ADMCOD is exactly as 
described previously for ADBCOD. Thus the relationship of the 
transition states and chairs to each other and to the diequatorial 
or diaxial location of the bromine atoms of ADBCOD remains unaltered 
on the anti- substitution of the methyl groups.

In ADMCOD utilisation of the full matrix relaxation technique 

has shown that TB2, TB4, the boat (of approximate £sv symmetry), and 
the skew are all local stationary points (either maxima or inflexions) 

and the present calculations give little indication of the form of the 

energy vs. reaction coordinate curve between them. Fortunately route 1A 

through the diequatorial chair (D) represents the minimum energy route
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1. TB1-»TSC ->CHAIR C—>TSC—»TB3 

1 A. TB1-»TSD-»CHAIR D—TSD-+TB3

2. TB1-»B1-»TB^-*S2 ^»TB3

3. TB1—>S1 —>TB2—>B2 —*TB3

TSC

Fig. 5.9 ADMCOD: Pathways for twist~~boat interconversion
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and this is therefore indicated as the main process observed in the 
low temperature nmr. It is not clear however whether the 

approximate Ô V boat is a necessary precursor of the chair*.
Inspection of Dreiding models has suggested that the 6-coplanar 

transition state of Roberts can be formed from a member of the boat 
family in which the C(2)-C(3)-C(4)“C(5) torsion angle is 10 or even 
20° and more evidence is required before this anomaly can be resolved. 
It would be particularly interesting to have some information on the 

processes taking place (and the barriers to them) in more sterically 

crowded 3*7-anti-substituted octadienes which should have a larger 
energy differential between the boat and TSD.

* Anet (ref. 30 p57l) has remarked that the lowest barrier for an 
interconversion process might only be reached in some cases by 
driving several torsion angles simultaneously and unsymetrically.

**See section 5.7 for further discussion of the exact conformation 
of the transition state.
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5*7 Comparison of results

The employment of two different FFs for the calcul­

ations on COD and its 3>7 disubstituted derivatives 
restricts the degree to which comparisons can he made. The 
improvements in the more recent of the two PPs (PPI) may 
he expected to affect the proportion of the total strain 

arising from each type of contributor rather than the relative 
order of the various conformers. The initial calculations 
for COD and ADMCOD were carried out with PPII so that 
results are available from both PPs for these two compounds 
and reinforce the previous statement. The discussion which 
follows is nevertheless not detailed because it is based 
on calculations performed with both PPI (COD and ADMCOD) 
and PPII (SDBCOD and ADBCOD).

The minimum energy conformation is the twist boat 

for all four compounds although the value of the C(2) - 

C(3) - C(4) - C(5) torsion angle varies between i|2° and 
52°. This is not altogether unexpected since this angle is 
dependant on the magnitude of H... H interaction in the 
PP used (32) and also the precise effects of (i) the 
differences between the environments in which the observed 

values of 450 and 65° were measured and (ii) the 
substitution in the series, are not known.

The calculated C(4) •••• C(8) separations and the 
endocyelic angle deformation are consistent with the 

experimental geometries (3> 16).

Substitution of the anti methyl groups at C(3) and
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C(7) has little effect on the relative stabilities of most 
of the conformers encountered. It does, however, change 
the major intermediate for twist boat interconversion 
from the skew (COD) to the diequatorial chair (ADMCOD) 
because of the strain imposed on the TB2 and TBLj. forms 
of ADMCOD.

Both the boat intermediate and TBI+ are, in the case 

of ADMCOD, distorted conformations of the 'purer'forms 
obtained for COD, and this is a reflection of the extra strain 
imposed on the molecule by the methyl substitution.

The boat to chair transition state proposed by 
Roberts does not have six atoms in one plane for either 
COD or ADMCOD. Unconstrained full matrix minimisation 
has indicated that these six atoms, C(3) to C(8), have a 

maximum of four atoms lying in one plane, the other two 
atoms being displaced slightly from this plane. This 

situation is very similar to that suggested by Ermer (26) 
for cyclohexane.

The relative stabilities of the chair conformations 

of ADBCOD and ADMCOD requires comment. It was noted in 
Section 5 that the diaxial chair was preferred for ADBCOD, 
and this was explained on the basis of the non-bonded strain 
between the bromines and one of the o< -hydrogen atoms in 
the diequatorial chair. In ADMCOD this latter chair is 
more stable since the methyl substitution changes the 
contact distances and can also reduce these interactions by 
rotation about the C(3) - and C(7)-methyl bonds. The 
diaxial chair of ADMCOD has more van der Waals strain than
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the corresponding conformer of ADBCOD as a result of the 
increased number of additional atoms (*-CH^ as opposed to 
-Br) and their greater proximity to the octadiene ring.

The general agreement between the various PPs in 

interpreting the spectra for COD is encouraging, although 
the calculated barriers are not as close to the measured 
values as might be desired. Nevertheless, with the 
exception of Allinger’s calculations,* the other 
independant studies of COD (26,31) find the same relative 
order of preference for the three pathways as reported 
here and enable some confidence to be placed in the 

predictions made by PPI for ADMCOD.

♦The reasons for this have been discussed in Sections 
5*2 and 5*5*
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CHAPTER SIX 

Studies of germaoranolide stereochemistry
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6.1 Introduction

The considerable body of experimental data available 
on the stereochemistry of sesquiterpenes (e.g. 1,2,3) has 
revealed several phenomena of which only a small number 
have been interpreted.

The work reported in this chapter was carried out in 

order to investigate certain of the observed peculiarities 
of germacranolides. In particular some aspects of the 
stereochemistry of those germacranolides possessing an 
oi -methylene (or methyl) -il- lactone fused to a trans, 

trans, -cyclodeca-1 ,5 diene ring VFig. 6.1) have been put on 
a quantitative basis by the application of molecular 

mechanics (MM).

The macrocycle in these systems is known to occur 
frequently in two of the possible conformations of trans, 

trans,-cyclodeca-1,5,diene (i). Conformation A (Fig. 6.2) 
has been observed in, for example, costunolide (i+), 
elephantol (5) and alatolide (6) while conformation B is 
typified by dihydromikanolide (7) and shiromodiol (8) but^ 
apart from some preliminary calculations by Favini (9)j 
very little is known about the relative stabilities of the 
various conformations of I. In addition the trans, trans- 

double bonds are deformed by consistently different amounts 
from the ideal value of 1 80° for the C-— C = C — C torsion 
angles (10) and the data currently available are insuffic­
ient to show whether this is caused by the substitution of 
the lactone ring and/or the other substituents to I, or
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I Rx = R2 = H
X = R2 = Me

—  R

O

II R3 = OH, R^ = CH20H

III R3 = ococch(oh)ch2oh,
ch2

R^ = CH20H

IX R3 = H, R^ = Me

XII R5 = OH, R^ = Me

XIV

IV R^ = OH, R^ = CHgOH

XI R3 = H, R^ = Me

XIII R3 = OH, R^ = Me
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*1js. 6.2

The A and B type conformations of oyc1odeca-1,5-diene
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whether it is a feature of the isolated cyclodecadiene•

The location and conformation of the lactone ring 

poses further questions. Several workers, for instance, 

noticed that the lactone function was capable of taking 
part in a rearrangement process in which it could change 

its fusion from C(6), C(7)— to C(7)> C(8)—  (Fig. 6.1)
(e.g. 11,12). Yoshioka et al (13) on further investigation 

trans - fused germacranolides which contain C(6)- and 
C(8)- lactonisable o<-orientated oxygen substitution found 

that they preferentially relactonise at C(8) after treat­
ment with strong alkali and subsequent acidification. Thus 
salonitenolide (II) and cnicin (ill), for example, form 

artemisiifolin (IV). The complexity of interatomic forces 
involved in determining the relative stabilities of the 

0(6), C(7)— and 0(7), C(8)— modes of fusion can only be 
unambigously rationalised by a quantitative method such 

as reliable strain energy calculations.

The lactone fusion in germacranolides has been 
correlated with the Cotton effect at about 250 nm by 

Beecham (li|) who proposed that the sign of this spectrum 
is related to the chirality of the C =C “C - 0  chromophore. 

McPhail and Sim (6), however, have noted the apparent 
insensitivity of the Cotton effect to changes in the 

o c - o o  torsion angle ( IjJ ) and have suggested that the 
torsion angle (0 ) in the vicinity of ring fusion may be 
more significant.* It has also been shown that the value of 

can sometimes be significant in determining the relative 

stabilities of isomeric sesquiterpenes such as oc-and 

/S- santonin (16 ).



- 293 -

The correlation (if any) between UJ and fl) is not 
immediately obvious and again this is the type of problem 
which MM should be able to answer. The MM technique has 
also been used to investigate the relationship between 
lU and steric strain in germacranolides.

6.2 Method of calculation

One of the difficulties in using MM to study the 

problems discussed in section 6.1 is parameterisation of 
the lactone terms in the force field (FF). The paucity 
of experimental data for lactones is evident from the 
inclusion of only one lactone AH 0f (g) in Cox and 

Pilcher (18) and a complete absence of electron diffraction 
results for lactones in Specialist Periodical Reports (19). 
The force field (FFIII, appendix C) had therefore to be 
constructed on an ad hoc basis. Fortunately, most of the 
required terms were already available in an FF which had 
proved successful in reproducing and interpreting the 
observed stabilities of several isomers of the santohin 

family (16). The alkane, alkene, and carbonyl inter­
actions in this FF were taken from Allinger's FF (20,21 ) 
because the Glasgow alkane/alkene FF(22) had not been 
fully parameterised when the calculations were carried 

out. Allinger’s FF has been tested against experimental 

data for a number of compounds including some steroids 

(23,24).
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PP III,while not "being suitable for predicting the 

absolute strain energies in unrelated compounds should, 
nevertheless, be adequate for calculating the relative 
enthalpies of compounds that are structurally similar (25)• 
In order to further test this assertion the FP was applied 
to the results of some recent equilibration studies on 

2,4- disubstituted -but yrolac tones (26). These 
observations yielded the free-energy differences between 
the cis—  and trans isomers of V - VIII and since the 
entropy differences within each group of geometric 
isomers are probably very small it is permissible to equate 
calculated variation in enthalpy with observed free energy. 

The cis II isomers of V - VIII were not included in the 
calculations because they are very highly strained as a 

result of a number of transannular interactions and 
consequently do not make a significant contribution to the 
equilibria. Strain energies were computed for the trans 
I and II and cis I conformersof these compounds employing 
PP III and full matrix minimisation. The results are 
shown in Table I and because similar energies were obtained 
for the two trans forms of each compound it was necessary 

to take a weighted average based on their calculated 
Boltzmann distribution. The agreement between the calculated 
and observed results is very good, particularly in view 
of the relatively small spread in AG. The authors of 

the report on the.equilibration studies expressed the view 
that the cis isomers were more stable because, although 
the minimum energy form for both cis and trans structures 
was an envelope in which the endocyclic c-c(=o)*o-c
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flPOTJND TRANS I TRANS II CIS I CIS :

. Ri = V H R2=R3=H Rl=R3=H r2=%=h

r2 R3 %  \ R2 \ *1 *3
V He Me Me Me Me Me Me Me

VI Et Me Et Me Et Me Et Me

VII t t Bu Bu t t Bu Bu t t Bu Bu t t Bu Bu

VIII nBu Me nBu Me nBu Me nBu Me
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torsion angle was 0°, the cis alkyl (or aryl) substituents 
were quasi-equatorial,whereas in the trans isomers one of 
these substituents must be quasi-axial. The calculations 
fully support this view.

The reliability of PP III is reinforced by its 
ability to reproduce the geometry of costunolide (IX).
The observed (U) and calculated structures of IX are shown 
in Pigs. 6.3 and 6.4 respectively. The root-mean-square 
(r.m.s.) differences in bond lengths, bond angles and 
torsion angles between the two determinations are 0.013A°, 
2.0° and 5° respectively. The corresponding estimated 
standard deviations in the x-ray study are 0.003A°, 0.2° 
and 0.3°.

The calculations on the butyrolactones and on IX 
when considered in conjunction with the results reported 
for the santonins vindicate the use of this PP for 
investigation of the problems outlined in section 6.1.

6.3 Conformation of the trans, trans - cyclodeca - 1 ,5 -
diene ZED

The frequent occurrence of two of the possible 
conformations of I in germacranolides was noted in section 
6.1. Calculations were carried out on these A and B 
conformers (Pig. 6.2) using both PP III and the recently 
parameterised PP I (27). The results from these two 
independant PPs, together with the measured torsion angles 
for costunolide (4), are shown in Pig. 6.5-



Inner ; bond lengths (A) 

Apical: valency angles (°) 
Outer : torsion angles (°)
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121.5

0

Fig. 6.5 Costunolide: Crystal Structure.
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Structure
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Internal values: Peripheral - torsion angles(degrees)
Central - steric energies(K.cal/mole) 

External values: torsion angles averaged to give C£ symmetry.

Fig. 6.8 Energies and Conformations of A and B type Cyclodeca-1.5-diene
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It is encouraging that hoth FFs give essentially the
same stereochemistry and relative stabilities for the A
and B conformation of I, This is not entirely unexpected
since the main defect of Allingers parameterisation (FF
III - alkane/alkene terms), namely overestimation of H ...
H non-bonded interactions (28), is not important in these
calculations. The conformation adopted by IX in the
crystal (Fig. 6.2) is shown to be A and this conformation

—.-1is about 1 .5 K cal mole“ more stable than B (as typified 
by shiromodiol). Calculations have also been carried out 
for a number of other conformations of I using FFI none 
of which has proved more stable than A or B (27)* The 
unsymmetrical substitution on the cyclodecadiene ring in 
IX forces a departure from the Cg symmetry found in the 
calculation of I. If, however, the measured torsion angles 
are averaged so as to give a symmetric C^ conformation of 
the macrocycle then the calculated and observed 4 
structures lie within the limits of experimental error.

The results of these calculations thus provide a 
reasonable reference geometry for the two most stable 
conformations of I and they imply that the unequal deform­
ations about the endocyclic C — C = C — C bonds observed 
in a number of germacranolides is caused by the substit­
uents to I. In order to test this proposal additional 
strain energy calculations were performed for IX and X 
with FF III. The results are shown in Table II and it 
can be seen that while the torsional deformations have not 
been fully reproduced by calculation some support is given 
to the suggestion (k) that the more severe overcrowding
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about C(ij.) - C(5) is responsible for the observed 
consistently greater twisting around this bond in germa- 
cranolides with skeleton A. Thus the calculated trans- 
annular distances for X represent those in the crystal 
structure much more closely than the corresponding separat­
ions in conformation A of I. The substitution of the 
trans-fused lactone at C(6), C(7) in IX does not 
significantly change these non-bonded distances.
Calculations have also been carried out for XI and the 
corresponding conformation of X and a similar trend has 
been observed.

Therefore it seems probable that it is the substit­

ution of the methyl functions at C(U) and C(10) that
2cause the observed torsional deformations about the Csp -

2Csp bonds in the cyclodecadiene of conformation A. The 
failure of the FF to reproduce this particular geometrical 
aspect is disappointing but the exact form of the trans- 
annular interaction is so uncertain (U) that is is difficult 
to devise an FF which will accurately represent the balance 
of forces in this region. If the difference in the 
olefinic torsion angles is due to the substitution at C(Z+) 
and C(10) then x-ray analysis of derivatives of I 
(Conformation A) having bulky groups at these locations 
should also exhibit this deformation. No such analyse® 
have been found in the literature but in 2,7-dibromo- 
3,8-dimethoxy-trans, trans-cyc1odeca-1 ,6-diene (29) the 
bromine atoms are displaced outwards from the decadiene 
ring in a manner not unrelated to that of the methyl 

functions in IX.
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6.4 Preferred fusion and conformation of the lactone ring

The observation of Yoshioka et al (13) regarding the 
preferred lactonisation of certain sesquiterpene lactones 
has been investigated by MM. Calculations were carried 
out for the A and B conformation of compounds IX - XIII
and the results (Table III) confirm that the C(7) - C(8)---
trans-fused lactone with an oxygen function at C(6) is more
stable than the corresponding C(6) - C(7) fused isomer
with an oxygen function at C(8).

The explanation for this behaviour can be found on 
examination of the steric environment of the lactone ring 
at each site. Cleavage of the 0 - CO bond of the —  
lactone of XII or XIII reduces the strain on the cyclodecad- 
iene ring which will relax to a conformation much closer 
to A or B. It does not appear to be possible for the 
macrocycle to change from B to the more stable A under 
these circumstances because the substituents impose severe 

steric restrictions on such a conformational change.

The major factor influencing the choice of sites now 
available for relactonisation is the amount of strain 
arising from the constraints imposed by trans-fusion of 
the alkene and lactone rings. The minimum energy 
conformation of an isolated ^ - lactone (XIV) was obtained
by strain energy calculations (Fig. 6.6). The endocyclic

3 3 otorsion angle about the Csp - Csp bond of XIV is 20 in
its most stable conformation and therefore fusion to the
cyclodecadiene ring should be accommodated most easily when
the appropriate torsion angle of the ten-membered ring is

also about 20°.
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Newman projections down (i) the G (6) - C(7) and (ii)
the C(7) - C(8) bonds of the calculated structures for the
A and B conformations of 1 , 5-dime thyl-cyclodeca-1 ,5-diene
(X ) are illustrated in Fig. 6.7* The locations for
subsequent lactone fusion are shown by broken lines. For

the B conformations it is quite clear that C(7) - C(8)
fusion is to be preferred since the relevant torsion angles
are -59° and -3°at (i) and (ii) respectively. Compound XIII
therefore represents the minimum energy structure for the
B conformation and it is interesting to note that the
additional strain is accomodated mainly by the lactone
ring deforming so that it is almost planar (Fig. 6.8).
However, the planar lactone ring is not as unstable as
might be anticipated since the endocyclic valence angles
move closer to 108° and this is nearer to their unstrained
values (109 - 120°) than in XIV thus reducing the Baeyer
strain. Also the minimum Pitzer strain is at 0° for all

3 3the bonds of the lactone except the single Csp - Csp bond 
where it is maximised. Although the planar lactone is less 
favourable than the puckered conformation in isolation it 
appears that in a gross structure such as the B conform­
ation of XIII it can represent the minimum energy stereo­
chemistry. It has been observed experimentally in the 
x-ray analyses of elephantol (5) and a derivative of 
florilenalin (31 )•

C(7) - C(8) trans-fusion of the oL -methylene 
lactone is also preferred for the A conformation. The 
difference between the appropriate torsion angles ((1)

—24.14.°, (11) 38°) is not enough to account for the 1.8 K.cal 
per mole energy differential between the A conformations
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Newman projections down the C(6)-C(7) and C(7)-C(8) bonds 
for the calculated structures of the A and Ii type conformations 
of dimethylcyclodeca-1,5-diene.

(a) C(6)-C(7) A type (b) C(7)-C(8) A  type

(c) C(6)-C(7) B type (a) C(7)-C(8) B type
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of XII and XIII (Table III). Further investigation has 
indicated that there is a secondary stabilising effect 
for the C(7) - C(8) fusion arising from the distinct steric 
environments of the hydroxyl group at C(6) and C(8). If 
the hydroxyl functions in XII and XIII are replaced by 
hydrogen atoms (IX and XI) then the relevant energy 
difference is 1 .U k cal per mole. Complete removal of the 
&  - hydrogen at C(6) or C(8) in these latter two compounds 

further reduces this difference to 0.i+ k cal per mole.
This suggests that the C(6) el -hydroxyl is in a less 
crowded environment than the o<- hydroxyl at C(8). The 
main reason for this is the interaction between the C(8)
hydroxyl and the hydrogens attached to C(9) (Table IV).

oThere is only one hydrogen at the sp C (5) so that this 
effect is considerably reduced for the C(6) hydroxyl 
substituent and consequently relactonisation at C(8) is 
additionally stabilised. There is a much smaller difference 
in the alternative environments of the ester oxygen atom 
following ring closure.

Some sesquiterpene lactones (e.g. dihydromikanolide) 
have a methyl group at C(11) and calculations have been 
carried out for the corresponding oi-methyl isolated 
lactone (Fig. 6.6) and for the A and h conformations of 
IX - XIII with ot- and ^-methyl substitution at C(11) to 
confirm the generality of the preferred C(8) relactonisation. 
When the methylene group at C (11 ) is replaced by a methyl 
function, rotation about the C(11) - C(13) bond can relieve 
strain and thus reduce the H(C13) ••• O(hydroxyl) inter­
action (Table IV). Also C(11) is now sp^ changing the
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minimum of several torsional interactions from 0° to 60°. 
The net result is that the isolated oC-methyl lactone is 
more stable (than the methylene) by 3.0 K.cal per mole. 
The calculated energies for the gross structures (Table 
III) show that C(7) - C(8) fusion is once again more 
favourable, although the relevant energy differences are 
generally smaller. Comparison of isomers is a little more 
complicated because, for instance, a C(6 ) - C(7) fused com­
pound with C(13) 3* -methyl would, on relactonisation to 

C(7) - C(8) fusion have the C(13) methyl ft (Pig. 6.9)* The 
energy differences quoted in Table III allow for this 
additional constraint.

The experimental work of Yoshioka et al is therefore 
supported by these strain energy calculations which extend 
the range of compounds to which the relactonisation rule 
can be applied.

The preceding discussion on lactone fusions in 

germacranolides does not consider the possibility of cis- 
fusion. If it is assumed as in all known germacranolides, 

that C(7) - C(11) is always ft then H(6 ) and H(8) (Pig. 6.7) 
represent the alternative locations at which lactonisation 
could occur. For conformation A of X the appropriate 
torsion angles of 69° and -70°, for C(6 ) and C(8) fusion 
respectively, are very much further away from the 
minimum conformation of the isolated lactone than the 
torsion angles which would be involved in trans- fusion. 
This is reflected in the higher strain energy of 20.6 
K.cal per mole for the cis-lactone isomer of XII compared
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Fig. 6.9 Relationships between stereochemistry at C(ll) and lactone fusion
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with the corresponding value of 18.7 K.cal per mole for 
the trans-fused lactone.

In the B conformation of X cis-fusion at C(8) is 
extremely unfavourable (Fig. 6.7) and the much smaller 
value of the relevant torsion angle at C (6) (59°as 
opposed to -111°) makes this latter site the most 
acceptable.

The proposals made in this section regarding the 

energetically favoured sites for lactone fusion are based 
on the assumption that the lactone ring retains a geometry 
close to that of the calculated energy minimum. This 
supposition was tested by applying the algorithm of Cremer 
and Pople (32) to a number of calculated and observed 
structures. The results in terms of their parameter 
are listed in Table V, and show that there is a remarkable 
consistency in the conformation of the lactone ring in 
a range of very different germacranolides. This conformation 
appears, for the examples quoted, to be independent of:

(i) The mode of fusion. Unfortunately the very unfavour­

able 7>8 cis fusion is not represented but the 6,7
cis- and the trans- fused lactones show little 
variation in conformation.

(ii) The group substituted at C(11) even when there is a 
very bulky group at C(8) e.g. in Eupatoriopicrin (34).

(iii) The conformation of the macrocycle of the germa-
cranolide.

The values listed in Table V also indicate the 
location of the conformation on the pseudorotational
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circuit. Thus in an isolated 3-membered cycle it is 
possible to have the puckering (e.g. for an envelope)

SL or orientated so that a calculated geometry for an 
isolated cyclopentane is not unique because there is an 
isoenergetic isomer in which all the torsion angles have 
their signs reversed. In the isolated X-lactone with 
methylene substitution at C(11) (Fig. 6.6) the mirror 
image is also isoenergetic and the five-membered ring can 
adopt oc or fi puckering with equal ease. When the C(11) 
substitution is methyl (M2 or M3 in Table V) there will be 
a small difference in stability between the mirror-image 

related conformations. The results in Table V show that 
the lactone conformation in germacranolides generally 
approximates to a C(7) envelope (in this context this 
includes the half-chairs in which C(7) is one of the out 
of plane atoms). The major exception to this being the 
occurrence of planar stereochemistry when the conformation 
of the macrocycle makes this more stable.

Further, 6,7 trans-fused germacranolides should adopt 
a G (7) * -puckered envelope conformation of the five- 
membered ring independant of the conformation (A or B) of 
the macrocycle while the 7>8 trans-fused isomer (A 
conformation) should be fi . The A conformation crystal 
structures listed in Table V all obey this rule.

The values of the lactone ring torsion angles l|J 

(C = C — C =  0) and 0 (endocyclic C — C —  C — 0) are also 
shown in this table and the reported correlation (33) 
between these two angles is observed in all the compounds 
investigated. and tf) are also related to the Gremer and
Pople angle and the sign of Jj) (+ or -) can be used as a
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predictor of the lactone puckering ( A  or oL respectively). 
Examination of Dreiding models indicates that, for lactone 
conformations close to a C(7) envelope, this latter 
correlation is exactly what would he expected.

The reasons for the relationship between the lactone 
puckering and the mode of fusion (6,7 trans or 7,8 trans) 
with the dimethyl cyclodecadiene can he elucidated from 
Pig, 6,7* The minimum energy conformation of the isolated 
lactone XIV (Pig. 6,6) has tf) = -20 and the existence of 
an isoenergetic isomer with (J) = + 20 has heen noted ahove. 

The stereochemistry ahout the C(6) - C(7) bonds of both 
A and B conformations of X is very similar and in 

particular the H(61) —  0(6) —  C(7) —  H(71 ) torsion angles 
are negative (- hi).0 and - 59° respectively) and hence 6,7 
trans lactonisation is facilitated with the 0 = - 20 
enantiomer resulting in o< puckering. The relevant torsion 
angle for 7> 8 trans-lactonisation for conformation A is 
38° resulting in fi puckering. The corresponding torsion 
angle in the B conformation is -3° and the lactone ring 
is able to adopt oi , fi , or planar stereochemistry,
(Table V). On this basis prediction can also be made for 
the cis-fused lactones, which have so far not been observed 
in nature, by considering the H(6)— C(6)— C(7)— H(71 ) 
torsion angles of X, For instance a 6,7 cis fused 
germacranolide with an A conformation of X should be ft 

puckered. The calculated minimum energy conformation of 
such a structure has a ft puckered lactone ring (Table V). 
It should also be possible to extend this approach to 
account for lactone conformations in other sesquiterpenes 
once the ground state of the main carbon skeleton has been
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obtained. The substitution at C(11) (methyl or methylene) 
appears to make very little difference to the puckering 
of the lactone ring except when the relevant torsion angle 
on the larger carbocycle is close to 0°( as for 7,8 fusion 
of B conformation germacranolides.)

The conclusions made in this section are summarised 
in Table VI.

6.5 The Caa=sC— Ct=sO chromophQ.re

The relationship between the stereochemistry of 
lactone ring fusion and the sign of the Cotton effect at 
250 - 260 nm, and also its apparent correlation with the 

endocyclic C —  C — C — 0(d)) and exocyclic C =  C —  C==0 
(UJ) torsion angles has been noted previously (e.g. 4, 6,
15, 36). Cox and Sim (6, 33) have questioned the relevance 
of the Beecham correlation (15) between the sign of the
Cotton effect and the chirality of the C = C  C==0
chromophor.e as a result of the observed value ( UJ = 0) 
obtained for alatolide. The recent determination of the 

structure of onopordopicrine found a ID of 10 with an 
estimated error of 0.5° (34) giving rise to further doubts
since Beecham predicted that such compounds should have
left handed chirality of the C = C  —  C =  0 group ( dJ 

negative). Further, the results in the previous section 
support the view of Cox and Sim, since a direct
correspondence has been shown between d) and the mode of 
lactone fusion for A and B type germacranolides. Thus 
there is a relationship between the sign of d) ( as
assigned by Cox and Sim (6), McPhail and Sim (33)), the
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correlation of Stocklin et al (15) between the sign of the 

Cotton effect and the stereochemistry and location of 
lactone fusion, and the prediction of Section 6.4 (Table 

VII).

The value of JP appears to be less important than 
and the wide range in the magnitude of dJ suggests a 
degree of flexibility about the C(11) - C(12) bond.

In the isolated molecule XIV the minimum stereo­

chemistry is a C(7) envelope (Fig. 6.6) and the isoenergetic 
o4-and ^-envelopes are observed (from Dreiding models) to 
have 0 and Ip paired in sign . The calculation of the 
oc — envelope, for instance, gives values of - 20 and - 9° 
respectively. Thus to a first approximation the chiralities 
are interdependant. The minimum energy XIV still has some 

bad van der Waals repulsions ( C ( 1 3 ) * . «  H(7^), 2.82A°; 

H(7)...H(61 ), 2.U3A0 ; and C(1 3).. .0(18), 3.00A°) which 
may become more severe in a sesquiterpene. The angle ip 

has the minimum torsional interaction at 0° and the value 
of -9° in the isolated lactone is caused by an attempt to 
minimize the two bad C(13) non-bonded interactions (H(7^ ) 
and 0(18) are directed towards opposite faces of the lactone). 
Clearly the variation of steric energy with_lp in a sesquit­
erpene is dependant on the degree to which these (and other) 
interactions can be minimized in a specific environment 
and this should be reflected in the range of observed jP_ •

The method of Wiberg and Boyd (37) has been used to 

pseudorotate Ip at 3° intervals for the A and B conformations 
of XII and XIII and the results are plotted in Fig. 6.10.
With the exception of the minima, the calculations were
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Fig. 6.10 Variation in energy with nsi for various germacranolides
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performed to "block diagonal convergence only (17) • In 
germacranolides with the A conformation | Hi I varies "by ahout 
15° (Table V) and the calculated increase in steric energy 
at +15° from the minimum in each of the calculated 
structures is given in Table VIII. This table also 
includes the results for a 6,7 cis fused A type germacran- 
olide.

There is a correspondence between the flexibility in 
ill and the ease or otherwise of lactonisation of the 
appropriate dimethyl cyclodecadiene (Section 6 .!{.)• The 
strain present in a 6,7 trans fused B conformation—  and 

— 6,7 cis fused A conformation—  is clearly reflected in the 
additional strain induced when jjj is removed from its value 
in the minimum energy structure (as shown by the steeper- 
sided potential wells for these structures in Fig. 6.10).

c

In the other compounds a certain amount of flexibility
is apparent and it is also evident that for the A
conformations, in particular, variation of ijJ in one
direction (positive or negative) is more favourable than
in the other. Thus it would be expected that for 6,7
trans fused A type germacranolides most compounds would
have Jjj within the range 0 to -15° ( i|j* = 0.4, l|imjn = ",5)-

The observed Hi in the corresponding structures in
Table V ranges from -10 to +1. The energy difference
between the minimum and one of the extrema is about 

—11 K.cal mole for most of the structures in Table VIII.



IA
8L

E
31

I1
 

yA
B

lA
H

2t
U

2E
_a

i£
B

l£
_E

W
£B

fil
_M

II
tL

£S
I

- 326 -

1
1— t . O..; ... n  .

■ ' • -
3 CVJ r-t

:: B e ­ ' C J.'i uV-"

ll
' i " ■ i  : *

♦
4-4 © r— 1

m  (/) •
CL in

CD A
3 . L : '' • :
4— 4
o
3  /-■: -r -i V -
UJ ' ■■■ . -* ’ ' jV
2  1
UJ  »-« 

v. CD r * ^ Q -.jCDl CM

UJ 3 <— < o  m
>
f-4 .- - ■■-- -• ■
1- .....r
<  <c

d
3

+
>— « ; lf> o
CD • • •
0. o »— i CM

J"'c

CD O ' r— II I
Z-,t—t
X

CDQ_
0 ,  B u ^ . U  V;, jfjv %  3<  »— I 1— 4 •— I

I
-v v<. ... ■■• .<? ; : '■.: 0 f. . ■ -w v j i. 1 •» -■ -j •:

1 > -

;. j v • * <*«*■
CD

r
■ ■ } i U

1— 4 1-4
g i s - i c *n

>  HH >

e c r o n  , d *
3
ikll!;

Y o s l u o k a ,  " ,  B e r : 9 K

o
3o
;X
\
_J
<3
2

id  in

+ i

CD

2  .
2  Z
1-4 H-t

O X X
4— 1 W
J— >— 4 i— 4
< CD CD
_l CL X

::
3
p i l i t - h
3  ' □C <  <
< 3
o — *1— 0  3

a
CD CJ 2  Z  
yj 3  <t <

2 UJ X
< X I ----- --

3 '
3  CD 2  2  
UJ •— • *— *

>  X O  >- X  X
3  3 • w  O  w  w
3  X iX i— 4 r— 1
O  4-4 3  UJ CD CD
' •• 2 3  2  X  X

I— 1 O  •— i O  3
f— t J—  X 2  1—  h-
4— t <Z X  <  <c
> t- X 3

2  O 2  X  >~ >-
3 Ui CL CD *— * O  *3
O 4-4 3 t-t Z  tx (X

a CD h  3  3
3 <  CD X' X  2  2
UJ ( X  Ui O  3  3
X CD UJ !—  3
o X X  2  2
CD CL 3 3  1—  *"• “4
(— « U J  ui II <  <

UJ 3 3  Z  X  X
o f— I < (—  i—
UJ CD D 3  CD CD
CD • r—( II >-<
3 UJ 3  ;D  2  2
u. 3  O X  3  3

— I i— 3  3  3
CD <t y-1 3  3  3
4— i >  o 3  0  1 - 1 —
3 2 3  3  3

3  3 > - 3  0  X
u) UJ h- 3  3
r (—  K 0  3 3  3
H- <£ uJ X  <  3  3

3 3  >  2  2
CD O  J— 3  3
r—t CL O 3  3  X  X

QC 2 r  X  3  3
LHi UJ 1— 1— 3  3

■ 3  -3!— t 3  0
i: Z  t-4 CD CD 4-4 H
t— y-f Q 4— 4 4— 4 O  iO

: all 'J k s n l h a r a

to
^  +  i

»— 1 t— 4 h -4 I— I
b - 4 ■/ CD CD CD CD
o ❖ 3  CL X  3



- 327 -

'6*6 References

1 . A. McL. Mathieson, in Chemical Crystallography, MTP
International Review of Science, Series 1,
Volume II, p 311, (Chapter 8), (1972).

2. A.P. Cameron, in Molecular Structure hy Diffraction
Methods, Volume 1, p 329 (Chapter 4, Part III),
(1973).

3# G.A. Sim, in Molecular Structure hy Diffraction
Methods, Volume 2, p 131 (Chapter 4, Part III),
(1974); and Volume 3, P 163 (Chapter 4, Part 
III), (1974).

4. Chapter 2, this Thesis.
5. A.T. McPhail and G.A. Sim, Tetrahedron, 29? 3933?(1973).
6. P.J. Cox and G.A. Sim, J. Chem. Soc.,Perkin II.

in press.
7. P.J. Cox and G.A. Sim, J. Chem. Soc., Perkin II,

1 3 5 5 , (1 9 7 4 ).

8. R.J. McLure, G.A. Sim, P. Coggon and A.T. McPhail,
Chem. Commun., 128, (1970)..

9. G. Buem_i, F* Zuccarello and G. Pavini, J. Mol.
Struct.. 21 . 41 . (1974).

10. See TahleVIII Chapter 2, this Thesis for examples of
the deformation in ring A.

11. D.H.R. Barton, O.C. Bookman and P. de Mayo, J. Chem.
Soc., 2263, (1 960).

12. W. Hertz, Y. Kishida and M.V.'Lockshmikantham,
Tetrahedron, 20, 979, (19&4).

13. H. ..Yoshioka, W. Renold and T.J. Mabry, Chem. Commun.,
1^8, (1970).

14* W. Stocklin, T.G. Waddell and T.A. Geissman,
Tetrahedron, 26, 2397, (1970).



- 328 -

15.
1 6.
17.
1 8 .

19.

20. 

21 .

22.
23.
24.

25. 

26 •

27.
28.

29.
30.

31 .

32.

A.F. Beecham, Tetrahedron. 28. 5543, (1972).
D.N.J. White and G.A. Sim, Tetrahedron, 29. 3933, (1973).
Chapter 4, this Thesis.
J.D. Cox and G. Pilcher, Thermochemistry of Organic 

and Qrganometallic Compounds, Academic Press 
Inc., London, (1970).

Specialist Periodical Reports, Molecular Structure 
by Diffraction Methods. Vols. 1_, 2 and 
The Chemical Society, London, (1973 - 1 975).

N.L. Allinger and J.T. Sprague, J. Am. Chem. Soc.,
St, 575+, (1972).

H.L. Allinger, M.T. Tribble and M.A. Miller,
Tetrahedron. 28, 11 73, (1 972).

PP I, appendix A, this Thesis.
N.L. Allinger and P. Wu, Tetrahedron, 27, 5093,(1 971 ). 
N.L. Allinger and M.T. Tribble, Tetrahedron. 28,

1191 , (1972).
C. Altona and D.H. Paber, Topics in Current Chemistry,

kl> 1, (1971+).
S.A.M. Tayyeb Hussain, W.D. Ollis, C. Smith and 

J.P. Stoddart, Chem. Commun, 873, (1974).
D.N.J. White and M.J. Bovill, private communication. 
D.E.J. White and M.J. Bovill, J. Mol. Struct., in

press •
D.N.J. White, Helv. Chim. Acta., 56, 1348, (1973).
P. CoggQn, A.T. McPhail and G.A. Sim, J. Chem. Soc.,

B, 1 021+., (1970).
A.T. McPhail and K.D. Onan, J. Chem. Soc., Perkin II.

1+92, (1975).
D. Cremer and J.A. Pople, J. Am. Chem. Soc.. 97.

1354, (1 975).



- 329 -

33* A.T. McPhail and G.A. Sim, Tetrahedron. 29, 3933,
(1 973).

34* A.T. McPhail and K.D. Onan, J. Chem. Soc.. Perkin II, 
1798, (1975).

35• C.J. Gilmore, private communication.
36. B. Drozd, Z. Samek, M. Holuh, and V. Herout, Coll.

Czech. Chem. Commun., 3§, 727, (1973).
37. K.B. Wiherg and R.H. Boyd, J. Am. Chem. Soc.. 9U.

8k26, (1972).



- 330 -

APPENDIX A



FF
I 

GL
AS
GO
W 

AL
KA

NE
/A

LK
EN

E 
FO

RC
E

- 331 -

CM*❖
UJ
UJa:
o
UJ

\
UJJo
X\
-J<cj
uc

a-j
UJ

ro
**
CL
CO

CJ
II

n
CM**
CL
CO

o
II
CM

>-
ULi

Xo

ato
CM*#
o
QCI—
CO
o2<\
UJ
-JoX\
<
CJ uJ 
Z  -J o 
2 X  *-» X
ui <
OC CJ<  z
CO zH-Z
< UJi—  oc: 
co <  2
O  CO CJ Ui
UJ O
c j ocCC UJo z
U. U i



- 332 -

n j

X r
UJ u—
CD CD o o  o  o  o
X Z ■J' O  J1 H  O
3 UJ oo o  ro  o  c\j
Z -J o  h  ro  m  m

• • *  • • •
uJ U fS  rH f—1 rH
CD UJ
<L X
a .

cu
* r—4
sSSs o  o  o  o  o
■—■ X o  o  o  o  o
X CJ o  o  o  o  o1— s— o  cm o  m  x
CD uJ • •  •  *  •
z X u  <-* o  .o  x
U l H“ n  fs-  *• <-■*
-J CO c o n  vO n n

•
u
us
Xa 1X ■Ui

Id S— uCD X <M D  M D  D
■A. Z ■>-

UJ H-
UJ -J
Q w
X ❖o <—t
u . x: r—iX LlS
UJ u - CL >—* i—i fM rvj rok. t- >-
UJ Uf I—x X_j h-< cnU> Itus OB
z *—t UJ< Xu • • •=-j !—< d oX VH3: 1— 10O if) CO3 US
if) Q X
<  . X
-J o >co 2D US



- 333 -

<
X
0. z
-J o 0 0 0 o  o  o
< _J X> CO O vO O O
1 4—4 ■-4 ro rvj r*- ao (\i
o to o  o  o O O rH

oo • a. • • • • • •<—4 UJ 000 000
r

oc $
iu o
OQ •
X oj
D rH
Z

a
LU' X 04
iD UJ X
«t * <
CL z 1— 000 000

o CO • • • • • •
_l X 0 0 0 000

►—4
CO
a.
LU
+
c0

r—1 o  o  o o  o  o
* X o  o  o o  o  o

<£ o  ro in o  o  in
< I— H ii) ro O x  00
X CO * • • • • •
0. X ro co co co ro

C5 <
•or

uJ \>—» oj
lu z X

o <t
Ui -J H”
CJ t—4 co 04
ac CO oc '■ LU
o CL 4'- X -h OJ CO 04 CO co
u. ixi >-

❖ a : h-
LU o <
Z • i—
U oj CO
Z i (X
_J •—H
< \ . uJ
X H — H - x  ■ r-H r— i *— 4 04 04 CO
LU > 04 >-
z CO LU 1 V h-
< -J r-4
z < • •
-J < Z h "
< tjj o CO4—t (— 4
3 t ac to Q  ..o LU CO II
o Q ui <c
'/> ac x  ".?■

z CL a..
_J < X _»

> IU <



- 334 -

t 3 3 on 3 O 3
z O 3 O

a < o o 3 3  3 o 3  o  n a n
o • • • • •  • • •  •  • • •

a o o 3 O  3 3 3  3  3 X X
T a 3 3 3
o X f"H i—4 r-H
H*
<

a
< ro o  o 3  3  3 3 3
XL a o  o 3  0  3 3 o
(— z o  o 0  3  0 3 3
Z < o o o o  a 3 a  a  —< l-H r-H
a • • • • •  • • •  •  • • •
a u_ o o o r-H a 3 O  3 3 o

a OJ r-H 3  '"H rH r-H
a X fH —1 r-H 4 rH r-H
Xi—
z
o OJ o o o O 0  0  3 3 3

a o o o o 0  0  3 O O
> z o o o o 3  3  0 3 O

z o J- a ro  o r~4 0  0  3 <1- sf• • • • • •  • • •  •  • • •
XL a 3 o OJ o O' 3  X  -h O 3
a z a a ,—4 OJ o r-H <3 *-H r-H i-H
CO o X .-h —4 -H ~H i—1 >-H -—4 r-H rH
X HH
a Ih—■
z a

H—
a n >-H i—4 o o 3 3  3
a r~ a o o 3 3  3
< ❖ if) z o o O 3  3
a_ -— m <r a a  a  o 3 3

x a • • • • •  • • •  •  • • •
i— (/> a a '—1 o o  o X* 3  O' 3 3 3
a a *■—4 a 3 —4 3
a z X r—4r-H >—l r—( rH
a a

aa+p o
OJ X
a Cs Oj vC ■a a a a  a  a a a
o >- f) a X X  X X X X x o
X X a a O o  o o C> -Ca o 3
a 1 a ■? o o o 3  3 3 O  3  O o O
x z X a • • • •  • • •  •  • • • '

a  a a a o o o o  c o 0  3  3 o 3
» a  z a

— a a
OJ z  a

Q <c a z
a * r—HI —4 a o o o  ro a CD X  3 o O
a —v o  a z a -D a oj co r - a  a  O' O' a
>*4 x a  a a a a o o - •  a 3 3  3  3 3 —4
a f— >  X XL 3 o o o 3  O 3 3  3  3 3 3

a xi a <1 a • • • •  • • •  •  « • •
a a a  a CO o 3 o o  o 3 000 3 O
u o 'f) Q 10
X a a
O —- a  x a
a >— i a a 00

❖ z  a 2 1 a
a r—4 z < a r-H •OJ ro 3 3 r-H 2 3 2 ro ro

.UJ
xl
_jxx
UJ
Z<
XL_l

O

UJ

o
CD LU
i f )  -J<X vDI ™

X3
zijJ
03
li
<1
UJ

if)
if)UJ
a'
a.

= a  •uj a a
-JLOijJa a zZ  X
<31 if) xJ 
• i—* a  

u_ Z
uu « ca 
C E.ZU
an id  id  
cd a  a  
<  a  o
H Z  Z  r  <  «t

>-

a
-a
a.>- cvj a  a  o j o j cn ro  a  co ro ro

 1 UU
i-i -i-

Lj .X
CL
>~

iOJ ro



- 335 -

co

UJ
o2<X

o o o o o o o o o o o o o o o o o o
• • • • • • • • • • • • • • • • A *

o o o o o o o o o o o o o o o o o o

o o o o o o o o o o o o o o o o o o o2 O • • • • • • • • • • • • • • • • • •< 3 OJ 2 2 3 3 3 ro ro ro ro ro ro ro ro ro ro ro ro
uo z

o
3—1

x CO
UJ X 2
CD O O
s 1— HH
O" CO
z" z

ui
Ui X
o
<
X >-

3 t 3 f—
* 2 X
3 O
3 X
O >- 3
3 o t-H
wr X X
CO 3 X
o 2 <
o 3 :JQ

2 3
o <
1—« Z
CO o
+ 1—1 <f
o CO 3

■3 • x X
3 i-h o >-
3  , f— fc—
I—« ❖
3 . H* 32 O
UJ o
o I-H 2  3  :5
a:' 3 O CD > ro
o X >-* 2  3 3
3 »- <  3 X

x < X CD >-
UJ UJ 3  2 f—
*si HH 3  3  <
3 X O 3
3 X __f l-H 2
3 < < 3 0
< X (_} >-H r-H
\ if O cO OJ
3 !— CO 3  X 3
z UJ ^  CL O X
•st . o co i— >-
z. . * • 3

3  3  3
< o < X X

l-H {-“ +—■p (/> x
O 5 CO 3  2  CO
o M 3 CD I—* l-H «—1
co co 01 2  X uJ
< 01 X < H- Z X
3 o X X  35 > -
O' f— UJ = 36 = t—

o o o o o o o o o o o o o o o o o

I I I I I I

o o o r*- O' O' O' O' O' O' o o o o O' O'
o o o X X X CM OJ OJ OJ rvj 3 o o o o Oj OJ
lH jv  uo ro ro  ro X X X X X X r-Hr-HI-HOJ X X
CVJ OJ (\l »—• i-Hr-Ho o O O o o r-Hr-Hf-Ho o

• • • • • • • • • • • • « • • • • ••
x X 6 0 o o o o o o Q O o o o o o o

■—« ro ro oj ro r-H rvj ro i—t rvj ro —i rvj ro 01 ro x

cvj cvj o» ro co ro ro ro ro ro ro ro ro ro ro ro ro ro

oj oj oi ru 01 rvj rvj oj cvj oj ru cu ro ro ro ro co ro

r—i i—i ro h  '—f rvj rvj rvj ro ro ro ̂  h  h  oj cvj ro



- 336 -

xUJ
OQ
X
32
UJ
O<Q.

3

CVJ
*
❖
h—1x

_l CJ
UJ i*—t o
u. •
Ui

o
CO

o rHa:
o ❖
u. *:
UJ

3
2

2 o UJ
UI 2 3
u i—i 1
_J 2̂5 a.
< 2 o
\ aJ u
UJ X o
2 UI
< jJ

u. • •
<
-J oa. t—i

~s if)
o u  ' n
o o UI
in X
<r h- a.
_j 3 ><
o O ul

2 <rO UJX>-
Qd ~ H~■■O  <fH- 00
oc ml
uj mlQl * mO  O UIx  r- a.CL o >-57 H H*i-1

>-•Ui lLX  oh- CJcn ruin o UiXh- >-z u !—h-4 uJ
X  CL£J if)Z • .

-JUJ o r—4
DC X UiUJ • XX  3 >-3 h-



- 337 -

APPENDIX B



FF
II
 

AL
KA

NE
/A

LK
EN

E 
FO
RC
E 

FI
EL
D 

(A
LL
IN
GE
R 

BA
SE

D)

- 338 -

CVJ
*UJLUoc
CDUJ
\
UJ

os:\
_j<o

ocit o
c\j

*■ ❖
a: ŝ;
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