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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-octa-l,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 - Kx radiation and partially
from synthetic and spectral observations. The diffraction data
were recollected using Cu - K& radiation in order to obtain more
accurate measurements of the weaker reflexions. This technique was
completely successful and allowed the structure énd stereochemistry
to be determined. ‘

Crystalsof thé guianolide, mikanokryptin, were supplied
by Professor W. Hertz who, on the basis of UV, IR, and NMR spectra,
had elucidated most of the stereochemistry. The configurations at
c(1), c(6), and €(10) remained uncertain and the x~-ray analysis
removed the ambiguities at these chiral atoms, In additionm,
molecular mechanics calculations were carried out for the
isolated l-methylidene-cycloheptane system of mikanokryptin and
these allowed observations to be made pertaining to the
stereochemistry of this and other guianolides,

Structure analyses of l-methyl- and l-isopropyl-

2-naphthyl acetate were carried out as part of a series of



investigations, by Dr. J. Carnduff, into the autoxidation of
2-naphthols., It was anticipated that the isopropyl derivative
would have been substantially more strained than the l-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-1,5-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 F. 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.



X~RAY DIFFRACTION




CHAPTER ONE

Some aspects of crystallography




1.1 Historicsal

Modern crystallography is based on the suggestion made
by Max von Laue (1912) that the regularly spaced repeating
units of é crystal might act as a three-dimensional-
grsting 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 individusael reflexions.
The subsequent development of crystallography has been
concerned with the sophistication of these basic technigques

and the solution of the phase problen.

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

structure.

The phase amplitudes can be derived feairly easily
from the intensities but mathematical reﬁroduction of
the image required information abbut the phases. From
1930 onwards a great deal of effort was spent on this
task and solutions applicable to certain limited
situationsweré 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 technigues which

have been used in the structure analysis of the compounds

which form the subject of the x-ray crystallographic



section of this thesis,.

162 Corrections to the measured intensities

(a) Lorentz - Polarissation

Lorentz

The time required for a reciprocal lattice point to
pass through the sphere of reflexion is not constant but
depends on both the Bragg angle and the method of data

collection.

For the four cirecle diffractometer with normal beam

geometry the Lorentz factor, L, is given by:
L = 1/sin 29 (1)

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:

p = +(1+c0s220 ) (2)

A more complex expression is used when the incident

beam is itself partially polarised.

The combined factor, Eg, for a four circle

diffractometer is therefore:

.2
Lp = 1+ cos

2
2 sin 20 (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 be

applied to the intense reflexions.

The two intensities for each reflexion may be

considered to be related by the following expression:

J = P, I+p,1° (1)
where J = intensity at reduced setting

I = intensity at normal setting
and P1, P2 are constants to be determined.

Each measurement of J has a standard deviation Qd

and can be assigned a weight W, such that:
2
W=1/(0J)

The difference 0 between the counts for a given

reflexion under the two sets of conditions is:

b=J- (BT + P212) (5)

and if M =1 w A2 then the stationary value of M occurs

_%_Lz = dM =0 (6)
Py 3P,

Thus differentation of equation (5) with respect to P,

when:

and then__lE’2 yields two simultaneous equations which can
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be solved for the conditions set by equation (6) to
yield_lf1 and-gz. Resubstitution of these constants in
equation (5) with the appropriate value of J will then
allow a corrected I to be calculated for each strong

reflexion.

1.3 Structure Factors

Structure factors provide the 1link between the observed
data and the calculated electron density distribution.
They are defined by two quantities, an amplitude |F| end
a phase angle &« . |F| is directly related to the measured

intensity, I, by:
1
|Flec 12 (7)

It can be shown that for any reflexion, hkl, the structure

factor F(hkl) is given by:

N
F(hkl) =} f, exp 24 (hxj+kyj+lzj) (8)
j=1
Where atom i is situated at a point defined by the

fractional atomic coordinates (Xi Y, z;) and has an atomic

scattering factor £, .

Equation (8) may also be expressed in terms of its

real and imeginary parts, A and B, respectively, so that:

F=A + iB (9)
N
where A= ! f.cos2ll(hx +ky +1lz. )
. j i i
J==1
N
and B= I fjsin2 ﬂ(hx5+kyj+1zj)

=1
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The amplitude and phase of F(hkl) are then given by:
4 .
[P(nx1)] = (a%48°)2 (10)

tan™! (B/Aj

and o (hkl)

The term f; in equation (8) and subsequent
equations is a function of atom type and sin(B/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(f/A)because the finite
slze 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(8/A)

For isotropic vibration the scattering factor is

given by:
£, =1, exp[-—B(sin2 ] )/)f] - (11)
where £, = the scattering power of stationary atom
B =/8“2€j2 the Debye-Waller factor
U’ = the mean square amplitude of the atomic
displacement at right angles to the
reflecting plane. |
and for anisotropic vibration: (12)

2 %2 S 2.2 2 »2
= - kb 4 Byl ¢ <+
fi = foeXP[ (B"h a <+ Bz2 33 4

i T u)/4]
2812hkab -+ 2813hlac -+ 2823klbc
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Where B11, B22 etc. are the anisotropic components of the
# %* *

term B in equation (11) and a , b , ¢ , are the lengths

of the reciprocal cell edges.

Debye-Waller factors are sometimes expressed in

terms of U where U = 02 - B/8ﬂ2 = B/78.96

1.4 Structure factors and the electron density distribution

Any quantity such as the electron density /:(xyz)
which varies periodicaglly may be analysed into a number cf
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:

1 4+ (13)
P (xyz) = ;-Eé;fF(hkl)exp [—2ﬂi(hx+ky+l§)]

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 X must still
be determined.For centrosymmetric space groups &« can only
take on values of O or [l but for non-centrosymmetric
cells it may assume a whole range of magnitudes and it is

more convenient to rewrite equation (13) as:

+00 (1)
p (xyz) = EEZ IF (hx1)| exp[ 2ni(hx+ky+1z)-o<(hk1)]
' v

— 00
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Where o«(hkl) is the phase angle appropriate to |F(hk1)l|.

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

erystallography.

15 Direct Methods of phase determination

Modified structure factors

Direct methods rely on compsring the relative
values of related intensities, but because scattéring
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:
U(n) = F(h)/): T, (15)
J=1

Where the summation is carried out over the N atoms in
the molecule and £, is the scattering factor for atom J
compensating for both theta fall-off and thermal effects

.a8 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 tnitary structure factors must lie within the range + 1.
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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(16) gives the root mean square value of U, Upps , in terms

of the total scattering power represented by each atom:

N 1
Upns =%(n5_2) 2 (16)
where ng = f5 /Lf;

A normalised structure factor, E(h), may be obtained by
relating each structure factor to U.,, and thus the difficulty

arising with increasing N can be overcome. This gives:
2 |2 N »
B = [Fm)|"/ 1e (17)
[

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:
2 N
B(n)? = | #(n)] /8._Z_|fi2 (18)

The distribution of |El gives an indication of the

centricity or otherwise of the space group involved,
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Ineguality relationships

The unitary and normalised structure factors may be
expressed in exactly the same way as ordinary structure

factors:
N/ 2 '
U(h) = 2 I ncos2 Ml ihx, | (19)

for a centrosymmetric 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:
2 5
[um)] =g [ 1+u(2n)] (20)

This important equation allows the structure factor
of an h (or hkl) reflexion to be compared with a 2h (or
2h 2k 2t ) and may enable a phase determination to be made.
Similar inequalities can be derived for other symmetry
elements. Inequality relat;onships 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 probsbillity
methods which in general produce phases which are less
relisble. 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:

) (21)

(8)  S(Pu)=s(F e ). 8(F 0 L oy 1
()  P(E) = 3+3tanh ( IEhklEh'HIV By k-k'l-l'l- N"?)
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In equation (21a) S(F,i, ) means the sign of the
structure amplitude |Fhk,l.§(Fhkl) may be replaced by
Q(Fhk,), 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_E 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
pmbably 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 deriveslE{l from the
observed data and then uses the largest ialues to set up
all the triple relationships of the form expressed by

equation (33a).

(b) 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 invériants. 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|ls. 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 withlglabove 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 achiéved by combining the
calculated phases with the observed amplitudes in a

summation such as that represented by equation (14).
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The resulting electron density distribution will not be
very accurate, but it should give a better indication of
atomic sites. These new atom locations can then be used
in & second Fourier synthesis to work backwards and

yield a calculated set of structure factors (Fc) and more
accurate phases. The process may be continued in this
manner until the atomic parameters cease to change

significantly.

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

hydrogen atoms.

1.7 Least squares refinement

Fourier summgtion as described above will contain
termination of series errors, since the amount of data
ig finite. The reasonably correct atomic locations
available from the Fourier synthesis may now be 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 used:
D= IW([Fo|-]Fe])? = 1 wh? (22)
hk1 hk I

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

1, P fﬂ oo Pn then the stationary value of

2, oo e
equation (22) is given by:

9D =0 = I whalFel (Jj =1,n) (23)

ij hkl 6Pj
These N eguations (23) have a solution which will give
the best values of the parameters El' The large number
of equations involved for an average sized structure
cannot be solved easily. However, values for the Ei are
already available from the Fo summation and at this
stage only small changes,éz, should be required. The
total change_ﬁ may be expanded as a truncated Taylor
series:

A (P+E) = AP-X Ealrl (2y)
i=1 aP .

“Where subscripted/non-subscripted variables refer to

individual/total changes and parsmeters.

Combination of equations (23) and (24) gives a set

of normal equations:

iz1{ hki aa dP, i hkl 3P,

The normal equations may be written aé:

Ia 8 =b  (§= 1,2e0e.n) (25)

ij J

Solution of these sets of normal equations will
yield the shifts E_‘:; and the calculation may be repeated to
convergence by using the new fi from one cycle as the

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

o) = [(a-1)ii zwaz] : (26)

m-n
WhereCT(Pi) is the error in parameter P; .
(a_1)ii 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__
0% (nk1)
Where(?z(hkl) is the esd of the amplitude | Fo(hkl)!
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( |Fol - |Fel )2 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(lFol - IFcl )2 (27)

Iw|Fol 2
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CHAPTER TWO

X-ray diffraction studies of the sesquiterpenoids
costunolide and mikanokryptin
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241 Foreword

Sesquiterpenoids are C15 compounds which may be
considered (1,2) to be built up from three isoprenoid units.
A number of different cyclisations of the Ci5 precursor
can occur giving rise to the wide diversity of structurszl
types currently known. The most common carbon 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 ofherAsesquiterpenes (e.g. guianolides )e
The x-ray analyses of the two sesquiterpenes in this |
’chapter have been carried out to provide conformationel
kinformation both to assist invbiogenetic 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 Clerke (4), 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 costupolide 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)



Anolide ‘ A Guianolide

. Germacranolide

.'CHjx\
Xantholide _ Ambrosanolide
Rl = CH3 or H
Ry = CH3 or H

Fig.2.1 Sesquiterpenoids: Most frequentlz,odcurring,skeletons
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Pig, 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-Ke
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 macrocycle 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.

243 Experimental

Crystal data

Costunolide C15H2002

Unit cell dimensions g = 11.028 A°

b =15.400 A% &=p=Y¥=90°
c = 7.987 A°

Space group P212121(Dg)
M =232 a.n.u,.

V = 1356 A°3
3

3

Do= 1.159 gm cm
De= 1.136 gm cm
M =5.9 em™! (Cu-Ke)
F(000) = 504
Z =14
The space group was determined uniquely by the

systematic absences:
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no0 when h=2n+l, 0OkO when k=2n+l, 001l when 1=2n+i.,
The crystal used in this analysis was a small cube

with a 1mm side.

Data Collection

Cell measurements were availlable 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-Ke« 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 Pcircle at 28 values calculated
from the cell dimensions. These reflexions were optimised
by g@,glandgsscans 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 6, 28

scan procedure. Typical scan parameters were as follows:

Increment in'§= 0.01°
No. of scan steps = 80

Time per step = 1 sec.



- 28 -

Background counts were made for 20 seconds at each
extreme positionAof the scan.
The integrated intensity, I, was calculated from

the peak, P, and background Bl, B2, counts using equation

(1):

I = P-(B1+E2), tp (1)
2tb
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):
.

oI = (P+(B1 +Bz}m)? (2)
2tb

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 28$110°
in the two equivalent octants hkl,hkl. Data for which
I§20Iwere 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
29520O were recollected with a reduced beam intensity so

that a counting loss correction could be applied.
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Structure Analysis

A trial set of non-hydrogen co-ordinates was
available from the Mo-Ke analysis and these gave an
initial residual R of 25.2% with fixed isotropic temp-
erature factors. Four cycles of least squafes refinement
of these co-ordinates, allowing for agnisotropic thermal
motion, reduced R to 14.4%. 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|Fol>[Fe|l W = 1x107? otherwise
(b) «x

y
5inB/2 .1

(¢) vy =1, unless |Fo|>3.05 when ¥=3.05/|Fo|

( x and y were selected to minimize the deviation
from constant WA over the whole range of sinf
and [Fol).

was épplied and after two cycles of least squares calcul-
ations a value of R=4.3%.resulted. The ratio of observ-
atiors to parameters was 6.0 to 1 and no correction was

made for absorption.
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2,4 Results

Teble I Costunolide: Fractional atomic coordinates

Positionagl 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 g
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Table II Costunolide: Thermal parameters

Carbon and oxygen values are anisotropiec,

Hydrogen values are isotropic.

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

A1l figures are multiplied by 10h.

The anisotropic temperature factor expression used
was of the form deseribed by equation (12) in
chapter one, the coefficients being in terms of

the mean square amplitudes of vibration Uij .

The table shows:
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2.5 Discussion of Results

The results of the analysis are shown in Tables
I - VII. ‘Figs. 2.3 and 2.4 illustrate a view of the
molecule, and of the crystal packing viewed along the ¢
axis, respectively. The final and observed structure

factors are listed in Table XIIa.

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 ,65-
diene. The methyl substituents C(14) and C(15) are cis
and B. This arrangement has also been observed in other
germacranes e.g. eupatolide (11), alatolide (12),"
éupatoriopicrin (13), omopordopicrine (14), pregeijerene
(16),. germacratriene (17) and elephantol (18). Cis and

& -(19) and anti- (20) stereochemistries are also known.

The C- C(spB) - 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 safurated 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(1) -
C(10) and C(4) - C(5) as the respective torsion angles
of 164° and 156° 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 costumolide

and some related structures in terms ofz(torsion) - and



Fig, 2.3 Costunolide: A view of the molecule
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Fig, 2.1 Costunolide crystal packing: A view dowm the 'c' axis
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B
Gostunélide . H
Eupatolide OH
Alatolide OCOCH(CH3)2
Eupatoriopicrin 0COC (CH,O0H)CHCHpOH
Onopordopicrine 0COC (CHy JCH,OH
Jurineolide * OCOC(CHCH2OH)CH5
Albicolide * H

CH

3
CH3

CH,O0H
CHy
CH,

CH20H

CHZOH

CHéOH
CHB-

CHZOH
CHQOH
CH,0H

® 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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c1i5
o
C3 e
S O C14

Fig, 2.6 Newman projections down the C(1)-C(10) and

C -C bonds of Costunolide
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)((out of plane) - bending according to the method of
%;nkler and Dunitz (23). The relative uncertainty of the
locations of the hydrogens at C{1) and C(5) prohibits
detailed discussion of the values in Table X. It is
apparent however thatl:anGQSare relatively constant from
molecule to molecule with:&for the unsubstituted trigonal
atoms exhibiting the widest range of values. The deform-
ations at C(4) - 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)....C(4) and C(1)ecee
¢(5) are much shorter (2.8 - 2.9A°) than C(10)....C(4) and
C(10)..sC(5) (3.2 - 3.4A°) and the van der Waals repulsion
between C(1), C(4), C(5) and between their substituents is
probably partially relieved by the out of plane bending of
H(1), C(14) and H(5) which is in a direction outwards from
the ring. The absence of a similar deformation at C(10)
may be related to the less crowded environment in the

vicinity of this atom.

The C(1) - C(5) trans-annular distance of 2.96A° ig
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, 24) 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 al%)ﬁ‘
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
bonds. The short trans-annular distances, the observed
chiral relationship of the double bgonds, 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, 27) is the negative Cotton effect at
264 nm (7). This has been attributed to the n-N7"
transition of the C=C-C=0 system (25, 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 W. 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
C.,‘-CA-CK-O torsion angle_g_)_ of the g-—methylene—l——lactone
may have more relevance. This suggéstion is based on the
facts that (a) the observed variation in W is large with
little apparent effect.on the CD spectrum, (b) U and )
are nearly always in the same sense with the latter
usually having greater magnitude, and (c¢c) the more reliable

predictive powers of Stocklins rule when contrasted with

(a)
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200 250 Am)

Fig. 2,7 CD spectrum of Costunolide et
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A quantitative description of the halfechair conform-
ation of the_é-lactone ring was obtained by the method of
Cremer and Pople (28). This gave g = 0.25A0,9‘= 170.

Since the alternate half-chairs and envelopes assumed by

an isolated five-membered ring are separated by phase angles
of 18° the conformation adopted by the fused ¥ -lactone in
costunolide is shown as being almost exactly the half —
chair in which C(6) and C(7) are displaced by equal amounts
(0.254°) 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 -O.209A°) from the mean plane through C(11),C(12),0(1).

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

on the basis of strain energy calculations.

2.6 Mikanokryptin

Introduction

Mikanokryptin (II) has been extracted from a member
of the Mikanis 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, 2.6aMikanokryptin and related compounds
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fusion was elucidated by

(a) application of Samek's rule (30):

113 ( translactone)} 3 3J713 ( cislactone)
to the measured chemical shifts of I 134
3.5Hz and J;,,, = 3.1Hz (13a and 13b represent

the two hydrogens attached to C13 (Fig. 2.6a ) .
(b) the positive sign of the Cotton effect at
257nm (3) in the CD spectrum of acetyl —
mikanokryptin (III).
(¢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(410)
remained uncertsin and the following x-ray analysis was

carried out to determine the complete geometry of the

molecule., .

2.7 Experimental

Crystal Datsa

Mikanokryptin C15H1804

Unit cell dimensions a = 10.366

[¢]
1}
-
W
L ]
iy
N
O

Space group  P29212 (DIE)
M = 230 8.MelUe
V = 1301 A°>

Do = 1.151 gm cm =3
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De = 1.176 gmk«::m-3

Al =1.03 en™? (Mo-mx\)
F (000)= 560

Z =4

The systematic absences were:

hOO when h=2n+, OkO when k=2n+l, 00l when
1=2n+.

These defined the space group unambiguously

The crystal used had dimensions 1 x 1 X 1.5 mm,

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 crystél

data. irconium filtered Mo—K“ radiation was used to make
intensity measurements by means of theg_L_gg scan proéed—

ure.

The following scan parameters being employed:
Increment in 8 = 0.02°
No. of scan steps = 40O

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 4O intensity
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measurements and showed no significant variation. The
intensities of the hkl octant were collected for 28 ¢ 64°
end placed on a comnon scale by usé of the standards.
Integrated intensities (I) were obtained by allowing
for the background as described previously. Data for
which I& 201 were not included in the subsequent
calculations which yielded 2277 independant structure

amplitudes.

The data in the range 29\(200 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 prograﬁ MULTAN. Normalised
structure factors were derived and triplet relstionships
generated for the 40O reflexions with lglx»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 genersl 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 [F,| 28e|F | 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 L.4% . A correction was made for
strong reflexions underestimated because of counter saturation,

and a weighting scheme of the form:

2) 0.1761
-0.,0167

0.0018

W = 1/(A + BF, + CF, with

O W
Hnun

was applied.

The values of the constants were selected so as to
minimise the deviation from constant EAZ over the range of |F |

and sin .

The refinement then converged to an R of 4.3% . No
absorption correction was applied and the ratio of observations

to parameters was 8.5 to 1 ,
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2,8 Results

Table XIIT Mikanokryptin: Fractiongl atomic ceordinates B

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 2 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.

A1l figures are multiplied by 104.

The anisotropic temperature factor expression used
was of the form described by equation (12) in
chapter one, the coefficients being in terms of

the mean square amplitudes of vibration Uij .

The table shows:
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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.k24hz = 1.731h
2. 0.2578x - 0.8627y + 0.4351z = 1,904l
3. 0.,2427x - 0.8616y + 0.4458z = 1,8698

L. =0.2430x + 0.8616y -~ O.4456z = -1,8707
5. =0.2982x + 0,8224y - 0.4846z = -2,9317
6. 0.2708x - 0.8426y + 0.4655z = 2,4037
7. 0.8182x - 0.4698y + 0.331hz = 8,834
8. -0,7901x + 0.5461y - 0.2784z = -8,0568
9. -0.8239x + 0.4947y - 0.2716z = -8.5435
10, -0.8157x + 0.4657y - 0.3389z = -8,8849
~7.0786

L]

11. -0.7198x + 0.646Ly - 0.2592z

2,9 Discussion of results

++
Tables XIITI - 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.
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Fig, 2,8 Mikanokryptin; A view of the molecule
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Fig, 2,9 Mikanokryptin crystal packing: A view down the 'b' axis
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in Fig., 2.9 . The finalAand observed structure factors are listed
in Table XXIL. |

.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
éi, as in almost éll seséuiterpene lactones*, then the relative
orientations of the asymmetric centres are in agreement with the
predictions of Herz et al (29). That is, for example, H(1) .,
c(6) hydroxyllg , and C(10) methyl!é ,

Intermolecular hydrogen bonding occurs between the
carbonyl 0(20) in one molecule and the C(6) hydréxyl function in
another (Table XVI), The oxygen atoms are separated by 2.95%
and the H(021),...0(20) distance is 2.20R. These three atoms
are situated so as to form an 0(20)....H(021) - 0(21) angle
of 162° ,

Mikanokryptin has the unusual structural feature of
an sp2 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 aciphyllic acid (VI) (33)
have been examined by spectral techniques, while the only
corresponding crystal structure analysis.in the literature is
the report (34) 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 O. Kennard, Cryst. Struct, Comm;

1, 383, (1972) .
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Pig. 2.10 Structure of Mikanokryptin
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results are available for some guianolides (e.g. 39,40,41)

containing these systems.

It is well known that both cycloheptane and cyclcheptene

can exist in families of chairs and boats (Fig. 2.1 ).
In the cycloalkane there is a C» 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(Sa)....H(6a) transannular
interaction in the latter (Fig. 2.11), which is relieved
by pseudorotation to a twist form. The cyclozalkene
presents a slightly different situation in that the two

sp2 carbon stoms, with normal valence angles of 1200,
facilitate an increase in the H(3a) ....H(6a) separation
and most workers agree (36,37,38) that the C2 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 sultable 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 (VIII). 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 Q2 and‘gs chairs of cycloheptane and cycloheptene
so that these results could be correlated with the data

already published (Table XX).



- 88 -

g
g,

Chair Boat

Twist-chair Twist-boat

Similar conformations exist for cycloheptene

Fig. 2,11 Major conformers of cycloheptane
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These results confirm the relative wvalues obtained
by Hexdrickson (35) for the chair and twist chair of
cycloheptane, the latter conformation being more stable by

0.74 K.cal per mole (Hendrickson 2.16 K.cal per mole).

In cycloheptene the calculations of Favini (36),
Allinger (37), and Ermer (38) predicted a preference for
the Cs over the C2 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 experimentel data, that, for most
derivatives the chair is preferred by about 1-2 K.cal per

mole (45), is good.

Thus the calculated values for the geometries and
energies of cycloheptane and cycloheptene are consistent
with thése of other workers. Similar calculatidns for
VIII indicated that the most stable conformation corres-

ponds more closely to Cg 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 anglesaﬁtoa%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 (LO) and illustrated in Fig. 2.12 which also gives
their algorithm for calculating the deviations from

absolute Cs or C2 symmetry.

Table XXI shows quite clearly that there is a wide
range of possible conformationsin the C-7 ring of |
guianolides... Only the chair gnd 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 Téble XXI for instance three different
permutations are apparent. Euparotin bromoacetate (EB)
ahd bromodihydroisophotosantonic lactone acetate (Bs)

' have almost identical values of the function 22/05+Zs)

and thus both seven membered rings are closer to twist chairs
than chairs slthough the chair form of cycloheptane

would épparently require less distortion to pfoduce the
stereochemistry observed in the vicinity of the ring
fusions than the twist chair (Fig. 2.13). However, the
calculations have shown that for an isolafed cycloheptane
the C2 form is more‘stable and because>of the prédominance
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 ¢is fusion of the cyclo-

pentene ring (with an observed CL-C5-C1-C2 angle of +18°)

more readily than the corresponding transfusion and the



N
Co (twist-chair)

vy to Wy are the respective endocyclic torsion angles

{

22 = (‘Wl"'W6l + IWZ"WBI + ’W3"'W)+' )

):‘s =.(‘71+w7| + lw2+w6| + Iﬁ5+wsl + IHL!)
QUOT = ):2/(22 +1)
QuoT

-approaches 1.0 for conformations close to chair

apﬁroacheé.o.o for conformations close to twist-chair

Fig. 2,12 Relationships between cycloheptane torsion angles
and conformation(L0)




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

(a) - (d) Newman projections down the C(5)-C(1) and €(6)-C(7)
bonds of the calculated chair and twist-chair of

cycloheptane (FFI),

(a) Twist-chair down C(5)-C(1)
(b) Chair down C(5)-C(1)
(¢) 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 QQ axis in the crystal structure of
this compound and relationship to the torsion angles

(wy to w7) 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 w; to v .



(v)

H52

(c)

H62
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formation of a C(7) B-~fused-§~lactone is also relatively
strain free. This is in agreement with the prediction of
Hendrickson(35) and the cyclopentene and lactone rings are

1 .
fused at his d-d and b-c bonds respectively (Fig. 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
v 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 fo a chair than a twist chair
and Fig. 2.14 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 C» 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.



- 99 -~

Fig, 2.1, Mikanokryptin: Stereochemistry in the vicinty
of ring fusions.,

(a) and (b) Newman projections down the C(1)-C(5) and
¢(7)-C(8) bonds respectively of calculated (FFI)

1-Methylidene-cycloheptane (chair conformation),

(¢) Location of the approximate C, plane in

Mikanokryptin,
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The mean of the valency angles in the cycloheptane
ring is 115.4° and this is very similar to that found in
other guianolides (uO). This infers that the average

3

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(1) and C(5) with the C(4)—
c(5)—cC(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 ¢(1) - C(2) vonds 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 =
0.0 A= 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 108° for a planar
cyclopentane,

The t-methylene - ¥ - lactone is transfused at

C(7) - c(8) and adopts a conformation which is between the

half chair with the approximate C» 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 g = 0.25A° and'ﬁ = 23° and this is
confirmed by the fact that C(7) and C(8) are displaced,
by O.14 and 0.284° 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 ¢(7) - ¢(8)
trans-fused lactone by St8cklin 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(11) - c(12) - 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 chlrality of this
chromophore in lactones trans-fused to six and seven- -

membered rings.
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Table XIIaCostunolide: Fig;g structure factors

The table shows:

%*

L 7l IR Phase(®)

el

* 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:

*

1t IR Ir

0
cl Phase(")

* Reflections sorted into groups with commen

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

An x-ray analysis of two derivatives of 2-naphthol
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3.1 Introduction

Substituents in the 1,8-of.u, 5~ positions in
naphthalene (I) 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-strasin on the autoxidation of
1-alkyl-2- haphthols has recently been reported by Brady
and Carnduff (2). This reaction shows the characteristics
of a radical chailn process and occurs in the presence of

atmosﬁheric 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 (Fig. 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-rey aﬁalyses. These analyses form part of a study to
‘assess the relative strain in a number Qf compounds in

which R,, R,, Ry (Fig. 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



(1)

R, R, R
/_.{. Me H H
B e H Bt
[ pl B E
D Me Me E
E m® B H

Fig. 3.1 Autoxidation of 1-allyl-?-naphthols.
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protected by acetylation; it being assumed that this
substitutlion would heve a minimal effect on strain

elsewhere in the molecule,

3.2 {—Methyl——2 — naphthyl—acetate

Experimental

Crystal Data

"4 —Methyl —2— — :
1 ethy 2—naphthyl—acetate 013 H12 02

6.455 A° = 90.0°

8.325 A° pB=91.95°
(o)

Unit cell dimensions‘g

Io
il

20.252 A~ ¥ = 90.0°

lo
i

Space group P2, /C (Cgh)

M 200 a.Mm.Ue.

]

V = 1088 4°3

Do= 1 .41 gm,cm_3

De= 1.222 gm_cm-3

M= 0.88 cn™! (Mo-Kex )
F(000) = 42k
Z =1
The space group was uniquely determined by the

‘systematic absences:

hOl when 1 = 2n, OkO 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 0,20 scanning technigue was used to obtain

intensity data from zirconium filtered Mo-Ko&{ radiation.

The scan parameters were as follows:

Increment in @ | 0.02°
Number of scan seps 4O

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 hkI 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 I 20T1I.

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.



gtructure Analysis

———r

The structure was elucidated by the direct Phase
determining program MULTAN. Triplet relationships were
derived for the largest 200 of the normalised structure

factors (|EI 21.45).

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 O.95$were acceptable.
Sixteen phase sets were then calculated for the 200
reflexions with the largest value of |El 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 IFl 270°(IFl), and the calculations
converged at R = 26.1% (isotropic vibration) and R =

15.6% (anistropic thermal motion).

After making allowance for errors caused by counter
saturation R was reduced to 12.2%. Subsequent difference
syntheses were ;sed 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 = 1/(a + EFo + CFo®) with A=0.1728,
B=-0.0277 and C=0.035

was applied. The values of the constants A, B and C
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. 2
were chosen so that the deviation from constant WA over the range
of |F 1 and sinf was minimised.
The refinement then converged at R = 4,6% .

No correction was made for absorption,
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3.3 Results

Table II 1-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 y z
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(61)9.60-
(61)9990~
(1) 1940~
(»1)081L1
(€E1)022L0
(ST)vivl
(21)52¢€2
(ET1)9K”2E
(21) w2Ee
(T1) I6E2
(01).821
(01)Q€EEC0
(1)S0%0
(1)2010
(1)ES90=-
(1)9000
(D LET1
(Tyotw=l
(T)ouL1
(1)9we2
(Tyeoel
(1) EE6L
(1) B6ES
(1)yesetl
(1)s040
(1) £6Y0
(T)9nll

(Gh) 862¢€
(0G)9eq¢E
(2%)8L91
(€)Y HIHvI-
(82) 5500~
(S€) T%00-
(1€)8%L0~-
(62)22L0~=
(L2)S8L0
(62)302<
(L2)eviE
(G2)yeiLle
{(2)1590%
()oLLt
(#) 26l
(2)1e0¢
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Table III 1l-Methyl-2-naphthyl acetate: Thermgl parsmeters

Carbon and oxygen values are anisotropiec.

Hydrogen values are isotropic.

Estimated errors in the last digit are shown

in parentheses,
A1 figures are multiplied by 10°

The anisotropic temperature factor expression
used was of the form described by equation (12)
in chapter one, the coefficients being in terms

of the mean square amplitudes of vibration Ui:i .

The table shows:

Atom Ull or U U22 U33 U12 U13 U23
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Fig, 3.2 1l-Methyl-2-naphthyl acetate: A view of the molecule
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Fig, 3.3 1-Methyl-2-naphthyl acetate: Crystal packing

A view down the g axis







- 157 -

3.4 1-Isopropyl-2-naphthyl acetate

Experimental

Crystal data

1 -isopropyl-2-naphth
isopropy nap y1 acetate C15H1602
Unit cell dimensions & = 19.171(5) a°
D =8.591(1) 4° a=f=¥= 9C°
¢ =15.457(3) A°

Space group Pbea (ngh)
M = 228 Bellele

V = 2546 A0

]

Do=1.07 gm.cm"3
De=1.190 gm.’,c:m"3

H=0.8, em™? (Mo=Ket )
" F(000)=976 |
Z =8

The space group was uniguely determined by the systematic

absences:

hol when 1 =2n, hko when h=2n, okl when l=2n.

The crystal used in this,analysié was a diamond-—

shaped plate of dimensions 1x1x0.3 mm.



_158-

Data Collection

s

The cell dimensions were initially obtained from
measurements of Weissenberg photographs. These rhotographs
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 EEl were measured in
the range 26¢ 40° using Mo-K« radiastion. The following

scan parameters were employed.

Increment in 8 0.01°
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 collectioh 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 2234
independant structure amplitudes a proportion of which

was unobserved.

Reflexions for which 20( 20° 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 weas overcome by using the program
MULTAN. The 300 reflexions with the largest values of
IEl (IEl % 1.47) 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
IEI3401E| 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 = 22.4% 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=1/( A+BF, +CF2) with 0.4999
-0.3020

A
B
c 0.0049

nnu

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 cdllected the data and solved the structure; the author

being responsible for the subsequent refinement,
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3.5 Results

Table XI 1-Isopropyl-2-naphthyl acetate: Fractional atomic

coordinastes

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 %
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Table XIX l-Isoprogzl-z-naghthxl acetate: Thermal parameters

Carbon and oxygen values are anisotropic.

Hydrogen values are isotropie.

Estimated errors in the last digit are shown

in parentheses.
A1l Pigures are multiplied by 103.

The anisotropic temperature factor expression
used was of the form deseribed by equation (12)
in chapter one, the coefficients being in terms

of the mean square amplitudes of vibration Uij .

The table shows:

Atom Uil or U Uéz U35 #Uij Uiz

Ua3
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Fig, 3.4 1-Isopropxl-2-naghtgzl acetate: A view of the molecule




&




- A view down the b axis

)







3,6 Discussion of results

Tables II - IX and XI - XVIIT 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 alopg the b axis.

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

The analysis shows that the geomefry of the methyl

compound is very similar to that observed in naphthalene (3)
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Fig., 3.6 Structure of methyl compound

Internal values Bond lengths (R)
Apical values Valence angles (®)

External values 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 (©)




- 183 -

3]

HO

26Y'L

L'6L1

141

ojsot'L

z-} oetL

86'0

921
o'z

1SEL

ozl
Zozifozi

06€'1} 2=

€

HO

-2es't

ves'L

L is'zu
Fa4 )

816'L

HO

20t

160

I



- 18 -

indicating that very little additional strain has been
imposed by the 1, 2- substituents. The naphthalene
nucleus is essentiaglly planar since the maximum ring
torsion angle (Q) is =32 with )Zl_bgl: 16° ang W= 2.
The lgrgest 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 (4) and 1, 8- diphenyl-
naphthalene (5) have planar aromatic systems, while 1, 8-
di(bromomethyl)-naphthalene (6); 1, 4, 5, 8, -tetrachlor-
onaphthalene (7) and 1, L, 5, 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 naphthakne ring (-0.071 and
0.02Ao respectively) are barely significant although they
may be in the opposite sense. Likewise, the C(41) - C(1) -
C(9) - C(8) torsion angle of 3°, the C(1) -C(9) - C(8) -
H(8) value of 2o and the angle between the planes defined
by C(1) - c(8) - H(8) and G(8) - Cc(1) - c(11)  (L°),

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 1200,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 deformationi. There is a fairly
large estimated standard deviation (1.50) 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) .... C(8) intramolecular non-bonded
distance of 2.494A° is a little longer than the C(4).ee.
C(5) separation (2.481A°) 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. 4, 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 (4) but the H{4)e....H(5)
separation of 2.394° is reasonably correct and not short-
ened to ¢.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 gcetate 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 Braiy 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 incresse

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(4)-methyl to C(1)-
isopropyl is not as large as might be anticipated from

the rate messurements.

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¢(411) - C(1) - ¢(9) - c(8) and
c(1) - c(9) - CSB) - 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 uo. v

In-plane hending 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) - G(1) - C(9) angle by a further 0.6° to 122.1°

and the C(1) - €(9) - Cc(8) value increases by almost 19
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to 123.20. Similar enlargement of the latter angle has
also been observed in 1.8-dimethyl-naphthalene (4)
(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° (4-methyl) to 127° (1,8-
di(bromomethyl ).

This deformation increases the C(1) eeee.. C(8)
separation throughout the series. The relevant values
being 2.494A° (methyl), 2.516A°(isopropyl), 2.543 (1,8=
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 C(4) «eeeeeC(5) nor H(4) ececes
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) - Cc(11) - H(11) torsion angle is
-90) 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
fractional co—ordi;ates of these atoms are in the range
0.002 to 0.006A° and the C(8) - H(8) bond 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 1is provided by the
conformation adopted by the acetate side chain. In the
methyl derivetive the ester function rotates with respect
to the naphthalene nucleus to give a C(1) - c(2) - o(14)

- 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 3.18Ao.

In the isopropyl compound the replacement of two of the
C(11) hydrogens by methyl functions restricts the amount of
torsional rotation in the scetate group and the C(1) - c(2)
-0(14) - c(12) torsion angle is then -126°. This is only

sufficient to separate H(3) and 0(15) by 2.63A°.

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=-naphthols. 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.
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Table XX 1-Methyl-2-naphthyl acetate: Final structure factors

The table shows:

*
L I8,| IB,] Phase(®)

* Reflections sorted into groups with common

H,K indices (shown in each group heading)
F
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14 12
28 =26
39 =38
580 49
38 =36
19 =18
43 39

1,2,L

38 =31
16 =17
32 =37
23 =23
87 66
91 99
21 23
13 15
54 54
71 78
49 47
48 51
199 14y

DO NDO

147 140
237=243
131 126
293 299
231=228
254 272
354 342

211391266

!

2
L
=2
-3
wd
-5
-6
8
L3
i
-11
-i2
=13
-4
{5
wib
={7
{8
=10
=21
w22
=23
w2d

487=388
403»383
348m337
225m2186
436m402
113=104
68 64
47 47
85 g2
218
67 62
6@ =50
190

9
242
65 68
18 =49
155=»155
26 =26
51 =53
J9 =40
22 24
25 =24
38 24

1,4,

21 17
15 16
30 26
37 38
129 126
90 99
96 95
74 =72
32 32
64 68
64 67
42 =44
79 =89
16 =1
189 187
438=425
352 357
196198
649 627
627 680
916 896
714=737
202=197
25 29
421 429
282#~291
115 128
244 251}
74 =65
389 367
42 39
179=180
153 142

w2
{3
lu.h
LY
wl{?
l»m
=21
=22

20
18

»2
w4
b
=8
{0
lu.M
wid
wib
l”&

2
6

13 =43
49 =51
61 64
114w=114
148w 144
11 =4
12 =414
13 15

1,8,

74 76
230m228
58 =60
66 =67
50 61
242 245
25 =28
46 =48
330=30%
466w443
813=858
124=122
77 w82
280m275
113=»192
698=641
261»266
34 =33
105=-108
119 1214

118, L
12 112



- 199 -

2,10,L

4 26 26
2 22 29
1 924 82

d,9,L

24 25
22 =22
15 12
14 8
24 26
19 24
21 =23
24 21
03 =82

- fn

NN DO DN

11 =2
19 =208
38 =39

e b P i

H RN O R N LD
M
~

39 =48
IwL
44 =41
75 =74
51 =54
43 =40

3 34 =30
2 40 =37
2 94 =84
a8,7,L
18 14 =19
16 42 =4p
15 14 13
14 43 =43
13 47 48
12 22 =2%
11 17 =15
1ia 32 3
7 44 =44
6 69 =67
5 23 22
4 65 64
3 66 62
2 38 38
i 96 85
2,6,L
280 25 2n
17 14 =12
16 18 18
14 43 44
12 122 123
12 36 ¥

N+ NLWDBDAOIN D

0 Gl ROy D

68
=89
L]
L ¥].)
183
wd 6
=28
27
53

R NVUEUDDOTOND DO

22
21

a,4,L

31 28
31 =2
23 20
28 25
20 2n
23 24
25 25
26 28
127 1028
49 48
27 =22
93 =99
37 37
92 88
96 A9
82 74
182«176
401 368
115=114
68 70
76 =70
12 97
147 104

3,3,L

22 18
22 24

=N BN 0O

24
23
'3
2f
19
17
i6

32 32
i1 1@
13 13
39 37
44 =490
123 102
23 214
J8 w36
98 =84
115=114
42 40
17 7
237=231
89 84
103106
373342
84 =78
58 56
26 =22
12 280

B2,

21 16
12 =10
29 =29
15 7
100mw100
134436
168m163

15 14 15
14 181=183
13 80 =83
12 268=270
11 45 4}
18 44 46
285 193
32 =38
19 =13
77 69
70 =65
147 140
868=825
574=574
175=159

R NUDOTOAINO

a,1,L

24 12 =6
23 34 =34
22 12 14
19 113=110
18 157=156
17 214 216
15 75 =75
14 16 =14
13 62 66
12 841 =73
11 133 {34
18 79 =84

= OWUDRARIMNDO

24
22
20
18
16
14
12
19

8

6

4

161 16@
197=193
245 246
143=143
341337
108mi01
407 =392
708=691
186 191

8,2,

27 29
22 w24
63 =64
96 96
249 255
67 69
11 =6
144 141
31 35
146143
378 360

2 153 161



Table XXI 1-Isopropyl~2-naphthyl acetate: Final structure factors

The table shows:

o o
B lFol chl Phase(®)

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

Values of | F |l with the suffix L are

"unobserved".
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