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ABSTRACT

Factors controlling the regio- and stereo-
selectivity in small polycyclic molecules have been investigated
by X-ray diffraction, reactions of model compounds and molecular-
mechanics calculations.

The bicyclol 3.2.0]lheptene system was investigated in
detail. The products on addition of HOBr were isolated and
characterised. Similarly, the analogous exo- and endo-epoxides
were synthesised and reacted with hydrobromic acid. Product
ratios were determined by g.l.c. and confirmed by isolated
yields.

The compounds displaying high selectivity have the
possibility of a transannular 0...C=0 interaction which could
stabilise the transition state leading to the major product.
Investigations of these interactions showed them to be a
consequence of the molecular conformation. The energies
involved are not sufficient to affect the product ratios.

One compound which displayed an enhanced 0...C=0 inter-
action due to the presence of two chlorines vicinal to the
carbonyl crystallised as a 1:1 mixture of ring and chain forms
in a single crystal. This is the first example of ring-chain
tautomers (or reactant and product of a chemical reaction) being
isolated in a crystal lattice.

The ground state structures of seven compounds were
determined by X-ray diffraction and the transition states were
modelled by molecular-mechanics calculations.

The stereoselectivity was explained by steric

congestion around the double bond.



ii.

Regioselectivity depends on the preferred conforma-
tion. From the available data (n.m.r., X-ray structures,
molecular-mechanics) the endo-envelope conformer of the
bicyclol 3.2.0] heptane system is preferred to the exo-twist
conformer. Assuming an antiperiplanar arrangement of the
reacting species, this preferred conformation explains the
observed regioselectivity.

The exo-bromonium ions and epoxides display higher
selectivity than their endo analogues. This has been explained

by conformational and steric factors.
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CHAPTER 1
INTRODUCTION

This project has been aimed at gaining ardeeper
understanding of the factors involved in the promotion of
regio- and stereoselectivity in small polycyclic compounds.

Bicyclic and tricyclic ring systems have been
investigated in which the conformation and substitution
pattern in one ring can profoundly influence the chemical
reactivity of neighbouring rings. Transannular interactions
in these coupled ring systems offer unique opportunities in
the control of reaction stereochemistry. The bicyclo[ 3.2.0] -
heptane ring system is particularly noteworthy in this respect.l
The flexibility in stereochemiéal control is’not seen in larger
ring systems which are more flexible or in smaller ring systems
which have more rigid conformations. Regio- and stereochemical
control is especially important in natural product chemistry.
The investigations undertaken here are particularly relevant to

prostaglandin synthesisu-16’21’22.

The natural prostaglandins are a family of hormone-like
substances nominally described as oxidised derivatives of pros-
tanoic acid characterised by a 5-membered ring with two side
chains. In general they contain twenty carbon atoms in tota1??3,
The wide range of biological activity and high potency exhibited
by these compounds depends critically on their stereochemistry
and this has stimulated pharmaceutical research into the synthesis
of natural and analogous compoundsu using novel reactions with

high stereochemical control.

A recent series of syntheses of prostaglandins



employing bicyclic and tricyclic intermediates utilises the

inherent locked stereochemistry of such systems to define the

5-16’21’22. Central

regio- and stereospecificity of the syntheses
to this scheme is the regio- and stereochemical outcome of attack
by various nucleophiles and electrophiles on derivatives of

5-17 1y,

bicyclol 3.2.0] heptane
In particular, the addition of the elements HOBr to (1)
gives the bromohydrin (2), a key synthon, in high yield via a

regio- and stereoselective processe’23.
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The enantiomeric bromohydrins (3) and (4) may be obtained via

a novel route involving yeast enzymeslo. The enantiomer (3)

can be converted to natural prostaglandins via the tricyeclic
ketone (5). The enantiomer (4) also gives natural prostaglandins
via the epoxide (6) which is attacked regioselectivity by
nucleophiles at C(2) exo to the cyclopentane ring.

The regio- and stereoselectivity of (1) is in direct
contrast to that of (7), which, under similar reaction conditions,
gives an isomeric mixture of productss.

Analogous non-selective'opening of the lactone (8)
proved to be a serious flaw in an otherwise useful route to

prostaglandinsls.
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Several mechanisms have been invoked to explain the
isomer ratios obtained in reactions of the type outlined above.
In particular, the factors influencing the regio- and stereo-
selectivity observed on addition of the elements HOBr to (1)
and its derivativeszo in contrast to the non-selective reactions
of (8) and analogous compounds under similar conditions have
been investigated in detail and are reviewed below.

The initial step in bromohydrin formation from (1) is
thought to be bromonium ion formation. It has been shown that
in brominations in protic solvents involving N-bromoacetamide
(NBA), bromonium ion formation is reversible and defines speci-

19

ficity™". Thus, formation of the endo-bromonium ion would -

appear to be a sterically disfavoured process due to .the close

proximity of the cyclobutane ring.
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The marked preference for the formation of the exo-
rather than the endo-bromonium ions is illustrated by silver-
tetrafluoroborate-promoted conversion of (11) to (12) in 70%
yieldl7. The unreactivity of the more accessible bromine atom
in the 2-exo position of the ketone is due to the inability of
the neighbouring bromine atom in the 3-endo position to form an

endo-bromonium ion.
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A number of possible transition states have been
compared in a qualitative manner to explain the stereoselective
bromonium ion opening of (10) and the analogous opening of the

17’20. The cyclopentane ring was

protohated epoxide of (6)
thoﬁght to exist preferentially in the endo-envelope conformation
with the incipient 2-exo and 3-endo substituents trans orientated
and coaxially disposed hence favouring the 2-exo-bromo-3-endo-
hydroxy product (the nucleophile being OH in this case).

Nucleophilic attack occurs at C(3) on the exo-bromonium ion (10)

and at C(2) on the protonated epoxide (13).




In contrast, molecular models suggested that the
lactone (7) was more flexible and could more easily flip from
the endo- to the exo-conformations thus promoting formation of
endo- and exo-bromonium ions in more equal proportions. Hence
formation of the exo-bromonium ion followed by selective attack
at C(7) via the transition state (14) would give rise to the
lactone (15).

Similarly, the lactone (17) may be formed from the
endo-bromonium ion via the transition state (16) in which non-
bonded interactions are minimised (from models). The endo-
bromonium ion can also give rise to the minor product (19) via
the transition state (18). This transition state has an
unfavourable transannular interaction between the bromine

atom and H-4endo.
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The influence of substituents on the conformation and
reactivity of the bicyclol 3.3.0] octanone system has been investi-
gated. The endo-bromonium ions and protonated exo-epoxides
derived from (7) are attacked by nucleophiles at C(6) and C(7).
The regioselectivity of attack is dictated to some extent by the
nature and configuration of substituents at C(u4) (e.g. bromine)s.
These substituents influence the stereochemical outcome of the
reaction by raising the energy of some of thevpossible transition
states. Unfavourable transannular steric interactions and the
alignment of dipoles (C-Br and C=0) appear to be the major
destabilising factors.

Similarly, electrophilic brominations of (1) and
several derivatives of (1) have revealed (utiiising coupling
constant data from nuclear magnetic resonance studies) that
substituents on C(2) and C(7) can exert control over the conforma-
tion of the systeml7. The analysis of these data appeared to show
that 7,7-dichloro substituted bicyclol 3.2.0] hept-2-ene-6-one
derivatives have a twist in the cyclobutane ring of ca. 20°,
while the 2-bromobicyclo[3.2.0]lheptan-6-ones have an essentially
planar cyclobutane ring. Also, the sole or major contributing
conformation of the bicyclic system in such derivatives appeared
to be the endo-envelope conformation (20) in preference to the
exo-envelope conformer (21)Y7.  1In this conformation, the bulky
groups at C(2) and C(7) (in the series of derivatives of
bicyclol 3.2.0] heptane considered herel7) are trans diaxial and

eclipsing of bonds is minimised.



(20) (21)

However, in the 2,3-dibromo-7,7-dimethylbicyclo-
[ 3.2.0]lheptan-6=-one derivative (23), transannular steric inter-
actions appear to push the cyclopentane ring into the exo-
envelope conformation (23). Here, the steric factors present
in less substituted rings are outweighed by the transannular
interaction between the bulky endo-methyl substituent on C(7)

and Br(3)endo (22).

b 5
2 i 1 Br
3 0 0
Br CH3 CHs CH3 CH3
(22) (23)

The endo-envelope conformation (20) may be further
stabilised under favourable conditions by intramolecular
hydrogen-bondingzu

The ketal (24), a key intermediate in prostaglandin
synthesiszu reacts stereospecifically with organocuprate reagents
preferentially forming the 3-endo-hydroxy product: 2-exo-hydroxy

product in the ratio of 4:1.



Q]

(26)

The hydroxy group at C(3) is intramolecularly

hydrogen-bonded to the endo-ketal oxygen (from infra-red

1

3500 ¥ 30 cm —, independent of

1

measurements; Voax
concentration)zu. This supports the limiting endo-conformation
and subsequent exo nucleophilic attack at C(2)." In the alterna-
tive exo-envelope (26), intramolecular hydrogen-bonding is
geometrically impossible.

The alternative 2-endo-hydroxy product (27), exhibits
no intramolecular hydrogen-bonding (free OH at v = 3590--3620(:111-1)2u
indicating that the substituents at C(2) and C(3) are pseudo-
equatorial with the cyclopentane ring in the endo-conformation.
The absence of intramolecular hydrogen-bonding implies the
absence of the gzg—conformétion, which could conceivably display

hydrogen-bonding between OH(2)endo and the endo-ketal oxygen

(0...0 from models is ca. 2.44d).

nu

(27)
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The possible role that transannular electronic
effects could play in the stabilisation of particular reaction
products was intimated by the observation of ring-chain
tautomerism in derivatives of (1). 1In (30), the substitution
of hydrogen at C(7) by chlorine increases the electropositive
nature of the carbonyl carbon C(6). This effect, coupled with
the close proximity of a hydroxyl group on C(3) results in
transannular nucleophilic attack by the hydroxyl group, directed

upon C(6)l7.

Br Br
%_7
-0
. H
O o a C
(29a) (29b)

In carbon tetrachloride solution, a tautomeric
mixture of (30a):(30b) is observed in the ratio of 4:1.
Disubstitution at C(7) by chlorine to give (29) further
increases the electrophilic nature of C(6), the ratio of
chain to ring forms being reduced to 1.1:1 ((2%a):(29b)) in

carbon tetrachloride.
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The ring chain tautomerism observed in (29)
indicated the possibility of an additional factor in the
conformational stability of similar compounds. This is the
non-bonded interaction of the type described by Blrgi, Dunitz

and Shefterzs. This type of interaction has previously been

observed in the lactone (8)27. X-ray structure analysis showed
a close transannular 0...C=0 contact of 2.992(2)A. The observed

endo-twist conformation of the cyclopentane ring could

conceivably be stabilised by this interaction. (.. .o

(8)

Many of the compounds described above have the

possibility of such transannular interactions e.g. (4), and
their observed stereoselective formation could be in part a
consequence of the added stability conferred on the transition
state and final product.

| Three major approaches have been employed in the
investigation of the regio- and stereochemical properties in
compounds of the type described above.

Compounds of interest belonging to the bicyclol 3.2.0] -
heptane system have been synthesised and their reactions with
various nucleophilic reagents have been accurately quantified.
The major reaction steps have been simulated by model systems

specifically designed to elucidate the major processes controlling
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the reactions overall.

X-ray structure analysis has been used extensively
to obtain accurate information on the ground state geometries,
conformation and flexibility of model compounds and by inference,
the transition state geometries and their energies in reactions
of interest. In particular, the role of transannular nucleo-
philic attack in regio- and stereoselective formation of
particular products and subsequent stabilisation of their observed
conformations has been investigated.

Molecular force-field calculation828 have been employed
to estimate the energies and conformations involved in the reaction
pathways of interest. In these calculations it was hoped that
information inaccessible by experimental methods would be

available e.g. the energy and conformation of transition states.
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2.1 Introduction
made use of the regio- and stereo-selectivity inherent in the
.1,14 In

A number of recent syntheses of prostaglandins have

reactions of some small polycyclic molecules
particular, the addition of the elements HOBr to (1) gives
Similarly opening of the

the bromohydrin (2) in high yield
epoxide (6) by nucleophile gives predominately the bromohydrin
0 0
llllt/ IIIH//
+Br
IR}

(2).
@ I—-)HOH‘
[RRRY TERY Loyt
r (10) (z) Y(32)
teend BP OH O
0 0
(1) |H|l/ l\\n4 HHI/
\—-—)Br“' +HO
Y36
Br
//0

(33)

(9)
OH
\un//o nyn

.
+ Br
(32)

— HQw
(2)
OH

)
N
N

N
Bra!

v
VL)

Br

TRAL 5
OHHl
Previously, only those products of synthetic

interest have been investigated
A synthetic scheme has been devised to isolate and

characterise those bromohydrins (32,33,34) not previously
The product ratios should

1solated from these reactions
indicate the ease of formation of each bromohydrin isomer and

this can be correlated with subsequent molecular-mechanics
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calculations and X-ray structure determinations of relevant
molecules.

Similarly, the synthesis and reactions of exo- and
endo-epoxide derivatives of the bicyclol 3.2.0] system have not
previously been investigated in detail. Here, a number of these
have been synthesised and the product ratios obtained when these
compounds are reacted with various nucleophiles have been quanti-
fied.

Also, to further elucidate the nature of the bromonium
ion intermediates (9,10) formed prior to nucleophilic attack,
comparisons have been made with the mechanistically similar
reaction of epoxide formation. Since nucleophilic attack on
the bromonium ion and the protonated epoxide proceed by similar
mechanisms, the opening of epoxides by nucleophiles can model
nucleophilic attack on the bromonium ion intermediates.

Since much of this chapter is concerned with the
formation and reactions of.the epoxide and the bromonium ion,
these aspects are reviewed briefly (Chapters 2.2, 2.3). The
syntheses of compounds of interest are described (Chapter 2.4)
as well as their reactions with various nucleophilic reagents
(Chapter 2.5) in a series of solvents at various temperatures.
The conformational properties of a number of bicyclo 3.2.0] -
heptan-6-one derivatives isolated from these reactions have been
investigated by n.m.r. (Chapter 2.6). Experimental details are
given in Chapter 2.8.

These reactions have provided a necessary experimental
basis for subsequent theoretical discussion as well as compounds
of use in later analyses.

The results and their significance are discussed in
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Chapter 2.7 and Chapter 5.

2.2 The Formation and Reactivity of the Bromonium Ion

The majority of electrophilic additions to olefins
are believed to occur by the so-called AdE, mechanism (addition,

electrophilic, bimolecular) (using the notation of Ingoldl7),

15 The initial approach

i.e. a cationic intermediate is formed
of the bromonium species is in general governed by steric
factors, approach being along the path of least steric resistance.
Two possible arrangements are generally assumed to describe the

intermediate ionic species. The first is the formation of a

negative halide ion and a positively charged organic ion (35).

XY i Y-

(35) Y

Free rotation about the C-C bond is not to be expected
as one of the C' orbitals is empty and the Br atom has three
orbitals occupied by pairs of electrons. The arrangement is
such that a coordinate link will almost certainly be formed by
the sharing of one of the pairs of the electrons of the halogen
and the unnoccupied orbital of the carbon®®. Another possible
structure of the ion intermediate is the bridged form (36) with

the positive charge on bromine, i.e. it should have a structure

similar to that of ethylene oxide15
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+ XY <~

In bromination reactions involving simple olefins,
there is a tendency for the predominant involvement of bridged
ionsls. This type of bromonium ion seems well established, and
in special cases has been observed spéctroscopically (n.m.r.
studies of 0lah and Bollinger)ls;-however, it does seem that
both open and closed forms do contribute in varying degrees
depending on the chemical environmentlg. The bridged
description can be reformulated as a m-complex (Dewar)zo. This
approach considers the problem in terms of molecular orbital
theory. The intermediate ion can be represented as a dative
m-complex (37) formed by an olefin acting as a m-donor, and the
ion x* acting as an acceptor through its empty atomic orbital.
Dewar20 considers that reactions involving primary attack by Br'

seem almost invariably to involve w-complex intermediates and

to give trans adducts exclusively.

Br*

(37)
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Thus, an important consequence of the AdE2 mechanism

for bromination of conformationally biased unconjugated olefins

7,21

is that the diaxial adduct is obtainedl » €.g2. in the forma-

tion of (2) from (1), presumably because of stereo-electronic

(1) oH (2)

constraints on the opening of the bromonium ionls. The new
atom or group is thought to approach one of the carbon atoms
from the side opposite from the halogen already present. A
bond to the carbon will be formed while the original C-~Br bond
is broken, with simultaneous neutralisation of the charges.

This process will always lead to trans-addition.

The stereo-selectivity of bromonium ion opening appears
to depend mainly on substituents attached to the double bond,
solvent, and the magnitude of the rate constantls. It is general
that as the substituents at the double bond become more capable
of stabilising the developing positive charge, without the
assistance of bridging, then the lower is the stereo-selectivity
of addition. More ionising solvents lead to lower stereo-
selectivity and, in some cases, the solvent may compete for the
intermediate ionic species (e.g. in bromohydrin formation from

an aqueous solvent with N-bromosuccinamide, the products are

formed by solvolysis of the cationic intermediate). If product



21.

formation is slow, thenbridging is encouraged and stereo-selec-
tivity is governed by subsequent nucleophilic attacle. In
bicyclic compounds of the type studied here, there are the

additional complications of transannular effects of an electronic

and steric nature.

2.3 The Formation and Reactions of Oxiranes

Probably the most widely used method for epoxide
synthesis is the peroxy acid oxidation of alkenes. The high
stereo-selectivity of addition indicates a cyclic transition

state such as (38)16’21.

- (38) -

This is consistent with the view that peracids form inter-
molecular hydrogen-bonds and also that epoxidation is slower
in ether solvent (which can form intermolecular hydrogen-bonds
with the peracid) than in a hydrocarbon solvent where intra-
molecular hydrogen-bonding remains intact, i.e. the transition
state is more polar than the reactants. The direction of

attack by the peracid on the double bond may be influenced by

. 1 . . . .
hydrogen-bonding®~, e.g. in the cyclohexene derivative with a



22.

3-methoxy or 3-acetoxy substituent (39) attack is directed
trans to give predominately (40), while in cyclohex-2-ene-ol
(41), attack 1is directed cis to give (42).

In compounds devoid of polar groups steric effects
are very important, e.g. the epoxidation of norbornene (43)

gives mainly the exo-epoxide (44) (exo:endo 94:6)22

(43 (44)
RCO3H

One view iIs that the endo-hydrogens at C(5) and C(6)

hinder endo-attack. Substitution at C(7) by a gem-dimethyl

group (45) provides even greater hindrance to exo-attack, here
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endo-formation predominates giving mainly (46)21

The specificity of epoxidation iIn sesquinorbornene
(and similar strained compounds) has recently been iInterpreted
34

m terms of double bond deformation For example, 1n (47)31

(47) (48)

a "normal planar® double bond length is observed (ca. 1.326A)
and the interplanar angle around the double bond i1s ca. 180°.
However, in (48) the interplanar angle of 163.6°
indicates a significant departure from planarity. This indicates
that there 1iIs a shift iIn u-electron density to the region above
the plane of the double bond. Unfortunately, deformation
electron density studies of sufficient accuracy have not yet
been performed on these systems and so quantitative data on the
degree of electron density deformation is not available. In
terms of reaction stereo-specificity, epoxidation, as described
above, would be directed towards the side of a deformed double
bond with greatest ir-electron density. The reaction of (47)
and (48) with m-chloro-peroxybenzoic acid (MCPBA) indicates
that the syn-exo anhydride 1is about a hundred times more reactive
(towards MCPBA) than the anti-endo anhydride.
Polar substituents (even when removed by several rings)
can also direct epoxidation; the effect iIs solvent dependent,

n . .21
being more pronounced iIn non-polar media
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In flexible cyclic molecules able to take up a
number of different conformations, the product ratios may be
rationalised in terms of the conformational populations of the
ground state. Flexible cyclic molecules like cyclohexane
derivatives are particularly well described by this treatmentlB.

The role of conformational control, 'dynamic stereo-
chemistry', is an important factor in reaction stereo=-specificity
of 4, 5 and 6-membered ringszs. The application of the torsion
angle notation29 can predict the stereo-chemical course of a
number of reactions where conformational factors predominate.
The essence of this method is embodied in the concepts of least
conformational change and the maintenance of orbital overlap
during the course of a reaction (which leads to the axial
orientation of the reactive species at a double bond in the
transition state).

Briefly, the torsion angle notation is applied as
follows. A number of conformations may be assigned to the
reactant and product. The reaction is thought to follow the
path of least conformational change. The stepwise cis-addition
to the double bond of a low energy conformer is assumed to proceed
via perpendicular addition to one of the trigonal atoms. The
important point is that there is only one direction of approach
to the double bond which satisfies the torsion angle sign
sequence and hence the torsion angle sign sequence can predict
the direction of addition.

For syn addition to a double bond on a ring, a torsion
angle sequence of +0- on the double bond favours addition above
the mean plane of the ring while a sequence of -0+ favours

addition below the mean plane, e.g. the epoxidation of (30)
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proceeds from the preferred conformation with the substituent
~equatorial via addition of the epoxide below the plane of the

ring (torsion angle sequence -O+)28.

These ideas follow closely the epoxidation of
u-methylcyclopentene30. The general principles of conforma-
tional control of epoxide formation are also applicable to
bromonium ion formation.

Another important method for production of epoxides
is a 1,3-elimination of an alcohol possessing a leaving group
in the alpha position. The stereo-electronic requirement for
such a reaction is that the 4 centres involved can take up an
anti-coplanar arrangement. The halohydrin route is used here

in a number of synthetic steps (2.4, 2.5), e.g. the conversion

of (2) to (6).
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+HBr,0H , H, 0.

St (6)

The opening of epoxide rings can be complicated.
However, the epoxides of most alkenes open in a stereo-specific
trans fashion analogous to opening of the cyclic bromonium ion15

Steric, polar and resonance effects can influence the
direction of opening in unsymmetricélly substituted epoxidesls.
Under basic or neutral conditions, the oxygen of the epoxide 1is
unprotonated (49), and nucleophilic attack occurs at the least
substituted carbon so here steric factdrs are of greatest
importance. The reaction may be regarded as having essentially
SN, character, although bond breaking assumes greater importance

than usual due to strain in the 3-membered ring.

0 0,

\\// \\<: X K — , products
e

LMe *5‘~
(49)

w

M

Under acidic conditions, kinetic data and product

ratios indicate nucleophilic attack predominantly takes place

23,24

on the protonated epoxide (50 and 51). In the transition

states for attack, bond breaking has progressed to a greater



27.

extent resulting in a partial carbenium character for the

carbon at the reaction centre. Thus, an increase in nucleo-

—,products |

A,
VAR

Me

(50) (51)

philicity of the nucleophile (which would tend to direct attack
to the carbon with the greatest charge) and stabilising factors
for the positive carbenium charge e.g. substituént alkyl groups
(which would effectively reduce accumulation of charge on a
carbon, and hence reduce the probability of nucleophilic attack
at that carbon) will affect the product ratio.

The stereo-chemistry of reactions of epoxides on rings
is constrained by the properties of the ring system. However,
the course of these reactions may be understood in terms of the
requirement for anti-parallel attack by the nucleophile along
the axial direction, and on the relative energies of the
transition states of the various ring opening possibilitiesle,
e.g. one way of rationalising the product ratios on attack of
the epoxide (6) by nucleophile is to consider the relative
Stability of the exo- and endo-envelope conformers (52) and (53)

which undergo nucleophilic attack to give the bromohydrins (2)

and (32).
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2.4 Organic Synthesis
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The epoxide (6) was formed from the bromohydrin (2)
on treatment with sodium hydroxide in methanol (79% yield)s.
“ Scheme 2
Bicyclo[ 3.2.0}lhept~2-ene-6-one (1) was refluxed with
ethylene glycol in benzene with the addition of toluene-u-

sulphonic acid as catalyst to give the ketal (54) in 92% yield.
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Synthetic scheme leading to the exo-epoxide (59).

OH
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Oxidation with m-chloro~peroxybenzoic acid buffered with
potassium carbonate gave a mixture of the epoxy-ketals (55)
and (56) (combined yield 91%) in the ratio of 82:9 (exo (55):
endo (56)) by g.l.c. Separation of the components by flash
column chromatography (F.C.)25 gave products in the ratio of
92:8 (exo (55):endo (56)). The isolated exo-epoxyketal (55)
was treated with hydrobromic acid in an acetonitrile/water
mixture giving the bromohydrins (33) and (34) (combined yield

of 83%) obtained in the ratio of 95:5 (2-exo-3-endo (33):2-endo-

3-exo (34)) by g.l.c. and separation of components by F.C. gave

the bromohydrins (33) (2-exo-3-endo) and (34) (2-endo-3-exo) in

the ratio of 91:9 ((33%(34)). The isolated bromohydrin (33) in
methanol, on addition of an equivalent amount of sodium hydroxide
in methanol gave the exo-epoxyketone (59) with a yield of 93%.

It was important to avoid the addition of excess sodium hydroxide
as under these conditions the aldol condensation product (58) is
also formed.

Deprotection of the ketal (55) to give the ketone (59)
using aqueous sulphuric acid was unsuccessful as this reaction
resulted in a mixture with no useful yield of the desired product.

Direct epoxidation of (1) using hydrogen peroxide in

benzonitrile26 resulted in the Bayer-Villiger product (7).

2.5 The Reactions of Synthetic Intermediates and Products

‘The following abbreviations have been used:
'isolated' refers to the mass of a single component in a mixture
expressed as a percentage of the total mass of all the components
isolated from a mixture.

'g.l.c.' refers to the ratio of isomers in a mixture expressed
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as a percentage of the total of isomers detected by gas-liquid
chromatography.

The epoxidation of (54) was carried out at 25°C with
m~-chloroperoxybenzoic acid27 in dichloromethane (buffered with
potassium carbonate to remove benzoic acid produced during the
course of the reaction) to give the epoxy ketals (55) énd (56)
in the ratios shown in Table 2.1.

TABLE 2.1 Isomer ratio on treatment of (54) with m-chloro-
peroxybenzoic acid at 25°C

AARR RN \X \RARRR A X IRRRAN] 3
_— 0
AN ERN] LARRRA} \\\ AR RN
l\\lo

( 54) (55) (56)
g.l.c. 91 : 9
isolated 92 : 8

Treatment of the epoxy-ketals (55) and (56) with
hydrobromic acid in an acetonitrile/water mixture afforded
the bromohydrins (2), (32), (33), (34), in the ratios shown
in Table 2.2.

TABLE 2.2 Isomer ratios on treatment of the epoxy-ketals (55)
and (56) with hydrobromlic acid at 25°C

0
X ! e ’ n\\n/o
@ 0 Bronn HO
(ARR R (ARRAR

(55) oh (33 S (34)

g.l.c. 95 : 5

isclated 32 : 8
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Table 2.2 (continued)

0
/ 0 0
(RRARR (BB EAYI IRARAR
R 0__) HO“"‘ 4 Br
N RRRRR (ARLRR e
Ol\ln\ N
(56) (2) $ (32
Br OH
g.l.c. 60 : 40
isolated 51 : 49

The endo- and exo-epoxy-ketones (6) and (59) were
treated with hydrobromic acid at 0°C and 25°C in a series of
solvents of varying polarity.

The endo-epoxy ketone (6) afforded the bromohydrins
(2) and (32) in the ratios shown in Table 2.3.

The reaction of (6) in carbon tetrachloride at 25°C
was carried out by addition of a dry saturated solution of
hydrogen bromide in carbon tetrachloride.

The exo-epoxy-ketone (59) afforded the bromohydrins
(33) and (34) in the ratios shown in Table 2.4.

On treating the endo-epoxide (6) with hydrobromic
acid in tetra-hydrofuran (T.H.F.), one isomer appears as the
T.H.F. derivative (57), Table 2.5.

The treatment of the bicycloheptenone (1) with 1,3-
dibromo-5,5-dimethylhydantoin in acetone at 0°C and 25°C gave
rise to U4 bromohydrin isomers (2), (32), (33) and (34) in the
ratios given in Table 2.6. Two of the isomers, (32) and (34)
have identical Rf values on silica and were isolated as a

mixture.
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g.1l.c.
g.l.c.
g.l.c.
g.1l.C.

isolated
components

T = 259C
g.l.c.
g.l.c.
g.l.c.

g.l.c.

IRRRNY

Isomer ratios on treatment of 2,3-endo-epoxy-

bicyclo[ 3.2.0]l heptan-6~-one with hydrobromic

acid at 0°C and 25°C

: /
1y vy
— HOww
IRRAT] RNENE]
(6) (2)
Br
Solvent
CCl, 74
CH2C12 83
Acetonitrile 8y
D.M.F. (dimethylformamide) 85
CH2C12 76
CCl, (dry) 84
CH2C12 | 83
Acetonitrile 77
D.M.F. 82

0

+ Br

PV

26
17
16

15

24

16
17
23

18

33.
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T = 0°

g.1l.c.
g.l.C.
g.l.c.
g.1l.c.

isolated
components

T = 25°C
g.l.q.
g.1l.¢c.
g.1.c.

g.1l.c.

Isomer ratios on treatment of 2,3-exo-epoxy-

bicyclol 3.2.0] heptan-6-one with hydrobromlc

acid at 0°C and 25°C

7

— Bpnim

[RRRIN

IR RY]

(59)
OH

Solvent
CClu
CH2C12

Acetonitrile

D.M.F. (dimethylforma-

mide)
CH2012
CClL1L
CH2C12
Acetonitrile
D.M.F.

0

Y

[RRR A

SRRR1)

(33)

98
98

98

98

99

98
98
97

97

+ HO

Vi

4.
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Isomer ratio on treatment of (6) with hydrobromic

TABLE 2.5
acid in THF at 25°C
0 0 0
(AR RN \\\\u/ \\\\\\/
3 — HQOww» + Br
N vhrvet TRLAL TRl
0\\\\\ .
(6) (2) OH
(57)
g.l.c. 81 : 19
isolated 85 . 15
TABLE 2.6 Isomer ratios on addition of the elements HOBr to
(1)

\\\\

IRR R}

(33)

0
ety

@H"/-—* HO““ [JRRN]
HO
(1) (2) (32) (34)
T = 0°C
g.l.c. 90 1 Y 5
isolated 87 8 5
T = 25°C
g.l.c. 90 1 m 5
91 5 Y

isolated
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2.6 Conformational Analysis of Bicyclo[ 3.2.0] heptan-6-one
derivatives by n.m.r.

A number of derivatives of the bicyclo[ 3.2.0]heptan-
6-one system in cCL, solution have been analysed by lH nuclear
magnetic resonance spectroscopy (n.m.r.) to determine the
approximate preferred conformations of these compounds in
solution.

This bicyclic system can essentially take up two

conformations between the limiting exo- and endo-envelopes.

2
3 07N, 0
endo exo

The products of anti-periplanar addition (to C(2)
and C(3)) can take up 4 limiting conformations:
1(a) with X and Y pseudoaxial
1(b) with X and Y pseudoequatorial
2(a) with X and Y pseudoequatorial

2(b) with X and Y pseudoaxial

5 90

(1a) (1b) (2a) (2b)

Y
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The magnitudes of the coupling constants depend
principally, in this case, on the dihedral angle betweén coupled
protons. The measurement of these couplings can lead, via the
Karplus relationships (1) and (2)32, to an estimate of the
dihedral angle between coupled protons.

(1) Jab = JO cos?6 (0-90°)

(2) Jab = J180 cos?e (90-180°)

The angle 8° is the dihedral angle between two
vicinal protons and JO and J180 are constants chosen by
comparison with similar compounds of known stereochemistry.
The values assumed here are JO = 9Hz and J180 = 12Hz.

The protons HC-X and HC-Y produce splittings
dependent on the conformation of the system. The dihedral
angles for the four limiting conformations have been measured

from Dreiding models and are given in Table 2.7.

TABLE 2.7 Dihedral angles measured from Dreiding models (°)

Dihedral angle la 1b 2a 2b
81.2 105 130 20 0
82.3 95 135 150 110
83.4 exo 10 10 160 100
63.4 endo 90 135 30 20

The predicted coupling constants are given in Table 2.8.
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TABLE 2.8 Coupling constants from the Karplus equation (Hz)37

Conformation H2 H3
la 0,0 5,0,0
1b 4.5,4.5 8.5,4.5,4.5
2a 8,9 10,9,6.5
2b 9,0 8,0,0

These coupling constants can only be regarded as approximate

as factors other than dihedral angle can influence the values

obtained33. These factors include:

(1) the electronegativities of the substituents.
J vicinal (Hz) decreases with increasing electronegativity
of the substituents (such groups are present here)

(2) the orientation of the substituents; the conformations
éonsidered here are limiting ones only

(3) the values of JO and J180 are arbitrarily chosen.

However, the difference between the limiting exo-
and endo-envelopes is sufficiently large to permit a reasonably
accurate deduction of the preferred conformation to be made.
The compounds studied are given in Table 2.9.
From the results, it is evident that the endo-envelope is

preferred in solution.



Table 2,9

nmr coupling constants (Hz)

J1.2ex

J2ex.3en J3en ey J3ensben JiuS Jyem S Jiexben Conf.
r“ﬁ 9 1l 6.5 9 15 endo
6 9 9 6 9 1 2.5 |endo
H
H
\ﬁiﬂ 7.5 9 9 6 9 1 13.5 |endo
R o
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Table 29 (cont'd)

J1,2en J2en,3ex  [J3ex ey J3ex ben Jiex,5 Jien 5 Jpex ben Conf.
H
! 1 1 3 1 9 1 14.5 |endo
OH (2) H
H
H
H
H 1 1 1 1 8 3 endo
Brisy H
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2.7 Summary of Results

The isomer ratios determined by g.l.c. in the
reactions described in sections 2.4 and 2.5 correlaté well with
the ratios obtained by isolation and characterisation of the
products. This strongly suggests that the g.l.c. results
refer to the correct compounds in the correct ratios.

The role of solvent polarity and temperature in the
determination of regio- and stereo-specificity appearvto be
minimal. Since these factors do not appear to affect the
isomer ratios in a significant or consistenf manner, the results
at different temperatures in different solvents have been
averaged. These results are summarised in Figure 2.1.

The epoxidation of (54) proceeds in a highly stereo-
selective manner favouring exo-epoxidation.

The opening of the exo-epoxy-ketal (55) is highly

regio-specific favouring the 2-exo-3-endo product.

Similarly, opening of the endo-epoxy-ketal (56) again

favours the 2-exo-3-endo product. However, in this case the

reaction is not as regio-specific.
Opening of the endo-epoxy-ketone (6) proceeds regio-

selectively favouring the 2-exo-3-endo product.

.Opening of the exo-epoxy-ketone (59) proceeds with
very high regio-specificity giving almost exclusively the 2-exo-
3-endo product.

The addition of the elements HOBr to (1) results in
formation of the exo- (10) and endo- (9) bromonium ions in the
ratio 91:9 (90 + 1:5 + 4). The exo-bromonium ion (10) opens

almost exclusively to give the 2-exo-3-endo product. The

endo-bromonium ion (9) is opened less selectively though again
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Fig 2,1
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Figure 2.1

The ratios of products observed on bromonium ion formation
and epoxidation and the isomer ratios obtained upon opening
these compounds are summarised here. The ratios quoted are
the average of the product ratios observed in different
solvents and at different temperatures as determined by g.l.c.
Those results designated 'b' refer to reactions involving
bromonium ions. Those designated 'e' refer to reactions
involving epoxide.
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favouring the 2-exo-3-endo product.

The stereo-selectivity of epoxidation (for (5u4))
and bromonium ion formation (for (1)) are identical. This
suggests that similar factors (probably steric) control the
approach of the reacting species. This appears to rule out
intra-molecular hydrogen-bonding between the transition state
during epoxidation and the endo-ketal oxygen (or transannular
nucleophilic attack (BDS, Chapter L.

The opening of the exo-epoxide (59) and the corres-
ponding exo-bromonium ion (10) give almost idéntical isomer
ratios. This suggests that the factors controlling regio-~
selectivity are identical in both these systems.

Opening of the endo-epoxide (6) and the analogous

endo~-bromonium ion (8) both favour the same substitution pattern

(2-exo-3-endo). However, in this case the epoxide displays

higher selectivity.
These results are discussed in detail in combination
with X-ray structural data and force-field calculations in

Chapters 4 and 5.

2.8 Experimental ~

Melting points were determined by the capillary tube
method and are uncorrected. The Buchi-Kugelrohr (bulb to bulb)
system was used for distillation and the boiling points reported
are oven temperatures at distillation.

Thin layer chromatography (t.l.c.) was carried out on
Camlab 'Polygram' pre-coated silica-gel plates which were
developed by 2,4-dinitrophenylhydrazone unless otherwise stated.

Where necessary, solvents were distilled in the recommended manner.
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Petroleum ether refers to the fraction of boiling
range 60°-80°C. | . |

1 nuclear magnetic resonance spectra (n.m.r.) were
recorded :on a Varian E.M.390 (90 MHz) spectrometer by the
Analytical Department of Glaxo Group Research, Ware, Hertford-
shire (unless otherwise stated). Protons were identified by
double irradiation'techniques where appropriate. Tetramethyl-
silane was employed as an internal standard and all spectral
‘values are quoted in parts per million (6). Additional coupling
constants (Hz) are given-where applicable in Chapter 2.6.
Infra-red spectra (i.r.) were fecorded on a Perkin-Elmer 402
instrument.

Mass spectra were determined on a Jeol JMS D100 mass
spectrometer combined‘with a Jeol JCS 20K gas chromatograph and

using an Instem Data Mass Maxi data processing system.

Micro analysis and gas liquid chromatography (g.l.c.)

were carried out at the Analytical Laboratories of Glaxo Group
Research, Ware, Hertfordshire. G.l.c. was performed on a Hewlett-Packardf.
5880. The carrier gas was helium, with a typical inlet pressure of .
1.5 ml/m. The detector was a flame ionisation detector (F.I.D.). :
Flésh column chromatography (F.C.) refers to the
technique described in reference 25. The stationary phase was
Kieselgel 60, Merke 9385. Column size was varied from 2 cm

diameter to 10 cm diameter depending on the sample loading.

Spiro{bicyclol 3.2.0] hept-2-ene-6,2'(1.3)dioxolan} (54)

A stirred solution of bicyclol 3.2.0] hept-2-ene-6-one (1) (2ug,
* 0.22 mol), benzene (200 ml), 1,2-ethanediol (250 ml) and p-
toluene sulphonic acid (50 mg) was heated under reflux and water

was removed using a Dean-Stark frap. After 72 hours, the cooled
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solution was washed with 8% potassium carbonate solution and

the washings back extracted with cyclohexane (2 x 80 ml). The

combined organic layers were dried (Nazsou) and evaporated to

give spiro{bicyclo[ 3.2.0]hept~2-ene-6,2"'-(1,3)dioxolan} (54)

(31g, 92%) as a colourless oil. 5

n.m.r.: G(CDCls) 5.7-5.8 (2H,m,H-2,H-3), 3.7-4.0(4H,m,H=-2"), ‘
3.10d4m,H-5), 1.9-2.8(5H,m,H~1,2xH-4,2xH=-7). -

Found: (M%), 152.0883. CqH;,0, requires 152.0837. ' -

2,3=endo-epoxybicyclo[ 3.2.0] heptan-6-one (6). '{

2-exo=-bromo-3-endo-hydroxybicyclol 3.2.0lheptan-6-one (2)
(18.15g, 0.089 mol) in methanol (100 ml) was added to a stirred
solution of sodium hydroxide (8.5g, 0.021 mol) in methanol

(180 ml). After 3 hours at ambient temperature the mixture was

ae cw o
L L

neutralised with acetic acid (7.44g), diluted with water (100 ml),
and extracted with dichloromethane (3 x 75 ml). Evaporation of
the dried (MgS0,) extracts and flash column chromatography of

the residue, eluting with ethyl acetate-light petroleum (1:1) Kk
gave an oil which was further purified by Kugelrohr distillation
(at 115°C and 2 mmHg) to give 2,3-gggg—epoxybicyclo[3.2.0]heptan-
6-one (6) as a colourless oil which solidified in the
refrigerator.

A

t.l.c. single spot at Rf = 0.15 (ethyl acetate:petroleum ether;

3:7)

. . -1
i.r. vmax(fllm) 1773,1035,833 cm

n.m.r. 6(CDC13) 3.4-3.8(34,m,H-3,H-2,H-5),2.7-3.2(3H,m,H-7 exo0,
H-7 endo,H-1), 2.48(1H,m,H-4 endo), 1.9(1H,m,H-4 exo).

1

The “H n.m.r. and i.r. spectra were identical with

an authentic specimen.
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Spiro(2,3-exo—epoxybicyclo[3.2.0]heptane-6,2'(l,3)-
dioxolan} (55)

A solution of m~chloroperoxybenzoic acid (85%, 57g) in
dichloromethane (150 ml) was added dropwise (over 15 minutes)
with stirring fo an ice cooled mixture of spiro{bicyclol 3.2.0] -
hept-2-ene~6,2'-(1,3)dioxolan} (54) (43.8g, 0.288 mol) and
potassium carbonate (3.0g) in dichlorometﬁane (160 ml).

After 3 hours aqueous sodium sulphite solution was added until
a starch-iodide test was negative. The mixture was washed
with 8% aqueous sodium bicarbonate, brine and water. The
organic layer was dried (MgS0,) and evaporated to give a
mixture of the exo- (55) and endo- (56) epoxy-ketals (44.05g,
91%) in the ratio 91:9 by g.l.c. (2m OV275 column, 120-150°C,
F.I.D.). The individual isomers were isolated by subjecting a
portion (12.0g) of this mixture to flash column chromatography
eluting with ethyl acetate~light petroleum (1l:1).

The major isomer was

spiro{2,3-exo-epoxybicyclol 3.2.0] heptane-6,2'1(1,3)dioxolan} (55)

3¢

isolated as an oil (10.23g, 77%).

t.l.c. single spot at Rf 0.55 (ethyl acetate:petroleum; 1:1)

. . -1
i.r. vmax(fllm) 1035,833 cm

n.m.r.  §(CDCly) 3.7-4.0(4H,m,H-2"),3.3-3.6(2H,m,H-3,H-2),
1.8-2.9(6H,m,H-4 ,H-5,H-1,2xH=7).

Found (M%), 168.0773. C.H..0

gty o requires 168.,0786.

3

The minor isomer was spiro{2,3-endo-epoxy-bicyclo[ 3.2.0] -
heptane-6,2'-(1,3)dioxolan?} (56) obtained as an oil (0.87g, 6.6%).

t.l.c. single spot at Rf = 0.33 (ethyl acetate:petroleum; 1l:1)

. . -1
i.r. vmax(fllm) 1030,850 cm

n.m.r. §(CDCly) 3.7-4.1(4H,m,H-2'), 3.65(1H,t,H-2,H-3), 3.53-
(iH,t,H-2,H-3),3.15(1H,m,H-5), 2.4-2.7(3H,m,2xH-7,H-1),

2.27(1H,m,H-4 endo), 1.12 (1H,m,H-4 exo).
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The reaction of spiro{2,3-exo-epoxy-bicyclol 3.2.0] heptane-

6,2'1(1,3)dioxolan} (55) with hydrobromic acid.

A solution of 85% aqueous hydrobromic acid (20g) and water

(20 ml) was added dropwise with stirring to a solution of

spiro{2,3-exo-epoxybicyclo[ 3.2.0] heptane-6,2'~(1,3)dioxolan}(55)

(10.0g, 0.06 mol) in acetonitrile (150 ml). After 24 hours,

water (50 ml) was added and the mixture extracted with

- dichloromethane (3 x 150 ml). The combined extracts were

washed with water, dried (MgSOu) and evaporated to give a

mixture (10.0g, 83%) of two bromohydrin isomers in the ratio

of 95:5 by g.l.c. (trimethylsilyl ether derivatives,

2m 1.5% QF-1 column, luOoC),separation by flash column

chromatography eluting with ethyl acetate:cyclohexéne (2:1)

afforded 2-endo-bromo-3-exo-hydroxybicyclol 3.2.0] heptan-6-one (34)

(higher Rf) as a colourless oil (0.83g, 7%).

t.l.c. singl; spot at Rf = 0.33 (ethyl acetate:n-hexane; 1:1)

i.r. v__ (£ilm) 3440,1780 cm™*

n.m.r. 6(CDC13) 4,3(2H,m,H-3,H-2), 3.57 (1H,m,H-5),
3.0-3.4(3H,m,H-1,H-7 endo,H-7 exo), 2.7 (1H,s,H-O0H),
2.27(1H,m,H-4 endo), 1.77(1H,m,H-4 exo).

Found (M%), 203.9793 and 205.9777. C,H0,Br requires

203.9787 and 205.9767.

The major isomer (lower Rf) was 3-endo-bromo-2-exo-hydroxy-

bicyclo[ 3.2.0]heptan-6-one (33) obtained as a white crystalline

solid (8.09g, 66%), m.p. 42°C.

i.p. v ., (0-5% CHBr,) 3585,1780 cm

n.m.r. 6(CDC13) 4.56(1H,m,H~-2), 4.3(1H,m,H-3), 3.77(1H,m,H-5),
2.2-2.5(2H,qq,H-7 exo,H-7 endo), 2.9(1H,m,H-1),
2.3-2.8(2H,m,H-4 exo,H-4 endo), 4.2(1H,s,H-OH).

Found, C,39.85; H,4.4. C,HqO,Br requires C, 41.03 H,U.4%.
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2,3-exo-epoxybicyclo[ 3.2.0]l heptan-6-one (59)

A solution of sodium hydroxide (2.28g, 0.057 mol) in methanol

(55 ml) was added dropwise (over 30 minutes) to a stirred

solution of 3-endo-bromo-2-exo-hydroxybicyclo[ 3.2.0] heptan-6-

one (33) in methanol (200 ml). During the addition the a
temperature was maintained at 20°C, and by frequent checking

with universal indicator paper the pH was maintained at

pH6-7. Water (250 ml) was added and the product extracted

into dichloromethane (1 x 200, 1 x 50 ml). Evaporation of

the dried (MgSOu) organic extracts afforded 2,3-exo-epoxy-
bicyclol 3.2.0] heptan-6-one (59) (5.4u4g, 93%) as a colourless

0il, homogeneous by t.l.c., which solidified after refrigeration,
m.p. 32°C.

1

. ) 9 -
i.r. Viax (0.5% CHBrs) 1773,845 cm

n.m.r. §(CDCl,) 3.45-3.58(3H,m,H-2,H-3,H-5), 2.6-3.4(3H,m,H-1,

o
H-7 exo,H-7 endo), 1.9-2.4(2H,m,H-4 exo,H-4 endo). ‘

Found (M+), 124.05233 calculated for C7H8O2 124.0524,
If this preparation is carried out at elevated temperature with 3

an excess of sodium hydroxide, then an additional product is

obtained;
spiro{5-gﬁg-hydroxy-3-oxatricyclo[5.l.1.0u’g]nonan-8-one-2-
1'(4',5"'-exo~epoxybicyclo[ 3.2.0] heptane)} (58)

i.r. v__ (0.5% CHBr,) 3595,1770 em™ L

n.m.r. §(CDC1,). 4.46-4.49(2H,dd,H-4,H~5), 3.5-3.75(4H,m,H-1,
H-4',H-9,H-3), 3.42(1H,d,H-5"'), 3.06(1H,txt,H-2'), 2.59(1H,q,

J=7.4 Hz,H-6'), 2.27(1H,ddd,J=2,38,15 Hz,H-3' endo), 2.06(H,dd,
J=9.5515HZ,H-3' exo), 2.21(1H,dxt,J=4.5,14,5Hz,H-6 endo),
1.85AHdd,J=10,14Hz,H-6 exo), 2.04(1H,ddd,J=3,8.5,12.5Hz,H-7"'ex0), |,

1.850H,dd,J=7.5,12.5Hz,H-7"'endo), 1.60(1H,bs,H~-OH). The
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assignments were proven by decoupling experiments at 200

and 250MHz.

The reaction of spiro{2,3-endo-epoxybicyclo[ 3.2.0] heptane-

6,2'-(1,3)dioxolan} (56) with hydrobromic acid

A solution of 85% aqueous hydrobromic acid (3.9g) in aceto-
nitrile (20 ml) was added dropwise with stirring to

spiro{2,3-endo-epoxybicyclol 3.2.0lheptane-6,2'-(1,3)dioxolan}

(56) (1.72g, 0.01 mol) in acetonitrile (100 ml) and water (20 ml). .

After 24 hours 8% potassium bicarbonate solution (50 ml) was
added and the solution extracted with dichloromethane (2 x 100

ml). The combined extracts were washed with water, dried

(MgS0,,) and evaporated to give a white solid (2.1g). 3 components
were present in the mixture in the ratio 51:35:1k. 2 components (5.3,

5.9 mins) had almost identical retention times. The peaks at 4.2 and

5.3 mins.appeared to correspond to the expected bromohydrins

(trimethylsilyl ether derivatives, 2m 1.5% QFl coluﬁn, T=1140°C,

F.I.D.). Separation was accomplished by flash column chroma-

tography eluting with ethyl acetate-cyclohexane (2:1).

The isomer with higher Rf was 2-exo-bromo-3-endo-hydroxybicyclo-

[ 3.2.0]l heptan-6-one (2) obtained as a white crystalline solid

(1.0g, 48%), m.p. 88°C (1it.87-89°C).

i.r. v__ (Nujol mull) 3580,1772 em™t

n.m.r, 6(CDC13) 4,75(1H,m,H-3), 4.35(1H,m,H-2), 3.82(1H,m,H-5),
3.6-3.1(3H,m,H-1,H-7 exo,H-7 endo), 3.2(1H,s,0H),
7.2-8.0(2H,m,H-4 exo,H-4 endo) (identical with an

authentic specimin).

Found, C,40.75; H,4.3. C7H902Br requires C,41.0; H,4.4%.

e L
IR
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The isomer of lower Rf was

3-exo-bromo-2-endo-hydroxybicyclo[ 3.2.0] heptan-6-one (32)

obtained as a white crystalline solid (0.96g, 46%), m.p. 52°C.

i.r. v__ (Nujol mull) 3550,1075 cm '

n.m.r. 8(CDCly) 4.48(1H,m,H-2), 4.05(1H,m,H-3), 3.6(1H,m,H-5),
3.5-2.9(3H,m), 2.78(1H,s,H-0H), 2.53(1H,m,H-4 endo),
2.14(1H,m,H-4 exo0).

Found, C,41.173 H,4.44., C,H,O

Hg 2Br requires C,41.03; H,u4.u4%.

The reaction of 2,3-endo-epoxybicyclol 3.2.0]lheptan-6-one (6)

with hydrobromic acid

Hydrobromic acid (48%, 18.0g) was added to a solution of
2,3-endo-epoxybicyclol 3.2.0]l heptan-6-one (6) (4.03g, 0.033 mol)
in dichloromethane (5 ml) at 0°C. After 2 hours, the mixture
was extracted with dichloromethane (3 x»lo ml). The extracts
were washed with water, dried (MgSOu) and evaporated to give a
white solid (6.8g, 100%) which was a mixture of two bromohydrin
isomers in the ratio of 83:17 by g.l.c. (trimethylsiiyl ether
derivatives, 3% OV210 column, T = 130°C, F.I.D.). Flash
column chromatography of the mixture, eluting with ethyl
acetate-cyclohexane (1:1) afforded 2-exo-bromo-3-endo-hydroxy-
bicyclo[ 3.2.0] heptan-6-one (2) (4.5g, 67%) as a white

crystalline solid, m.p. 88°C.

t.1l.c. single spot at Rf = 0.48 (ethyl acetate:cyclohexane;
1:1).

. . -1

i.pr. vmax(Nu]ol mull) 3580,1772 cm

n.m.r. G(CDCls) 4,75(1H,m,H-3), 4.35(1H,m,H-2), 3.82Q1H,m,H-5),

3.1-3.6(34,m,H~1,2xH-7),2.88 (1H,s,H-OH), 2.0-2.8

(2H,m,H-4 endo,H-4 exo).

P
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The minor component was 3=-exo-bromo-2-endo-hydroxybicyclo-
[3.2.0] heptan-6-one (32) (1.43g, 21%) as a white crystalline
solid, m.p. 52°cC.

t.1l.c. single spot at Rf = 0.33 (ethyl acetate:cyclohexane;
1:1).
i.r. v___ (0.5%CHBr,) 3550,1075 cm '
max 3

n.m.r. 6(CDC13) 4.48(1H,m,H-2), 4.05(1H,m,H-3), 3.6(1H,m,H-5)
2.9-3.5(3H,m,H-1,H-7 exo,H-7 endo), 2.78(1H,s,H-0H),

2.53(1H,m,H-4 endo), 2.14(1H,m,H-4 exo).

The reaction of 2,3-exo-epoxybicyclol 3.2.0]lheptan-6-one (59)

with hydrobromic acid.

Hydrobromic acid (85%, 4.5g) was added dropwise to a stirred
solution of 2,3-exo-epoxybicyclol 3.2.0]l heptan-6-one (59)
(1.46g, 0.012 mol) in dichloromethane (10 ml) at 0°C. After
2 hours the mixture was neutralised by addition of 8% sodium
bicarbonate solution and extracted with dichloromethane

(3 x 10 ml). The organic extracts were>washed with water and
the aqueous washings back extracted with dichloromethane

(2 x 10 ml). The combined organic fractions were dried
(MgS0,) and evaporated to give an oil (2.4g, 100%) which was
a mixture of the two bromohydrin isomers in the ratio of 98:2
by g.1l.c. (trimethylsilyl ether derivatives, 3% 0V210 column,
T = léOOC, F.I.D.). Flash column chromatography eluting with
ethyl acetate-petroleum ether (2:1) gave 3-endo-bromo-2-exo=-
hydroxybicyeclol 3.2.0]l heptan-6-one (33) (2.15g, 89%) as a white
crystalline solid, m.p. 42°C. N.m.r. and i.r. spectra were
identical with a previously authenticated sample. The other
isomer 2-endo-bromo-3-exo-hydroxybicyclol 3.2.0]heptan-6-one

(34) (30 mg., 1%) was obtained as a colourless oil.
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t.1l.c. a single spot at Rf = 0.33 (ethyl acetate:petroleum
ether; 1:1)
g.l.c. 1indicated the sémple was 79% pure by area (trimethyl-
silyl ether derivative, column 3% OV210, T = 120°C, F.I.D.)
i.r. v (film) 3440,1780 cm
n.m.r. 6(CDC13) 4.3(2H,m,H-3,H~2), 3.6(1H,m,H-5),
3.0-3.4(3H,m,H-1,H-7 exo,H-7 endo), 2.5(1H,s,H-0H),

2.27(1H,m,H-4 endo), 1.8(1H,m,H-4 exo).

The reactions of 2,3-endo-epoxybicyclol 3.2.0]heptan-6-one (6)

and 2,3-exo-epoxybicyclol 3.2.0}heptan~6-one (59) with hydro-

bromic acid in various solvents at 0°C and 25°C.

The following general procedure was used:-

Hydrobromic acid (85% 0.025g, 2 equivalents) was added to a
solution of the epoxide (50 mg/ml) in the appropriate solvent
at either 0°C or at 25°C dropwise with stirring. After 2 hours,
water was added and the products extracted into ether.
Evaporation of the dried (Mgs0,) extracts gave the crude
product mixture.

Different experimental conditions were used at 25°C with

carbon tetrachloride as solvent. Here, a saturated solution

of hydrogen bromide in carbon tetrachloride was prepared by
passing dried (H,S0,) hydrogen bromide gas (15g) through carbon
tetrachloride (15 ml) giving a solution of 0.33g HBr/100 ml of
CCl,. This solution (5 ml)'was added and the products worked
up (as above).

In all cases, isomer ratios were determined by g.l.c. (tri-
methylsilyl ether derivatives, QF1 column, T = 130°c, F.I.D.)

Identification of isomers was by comparison of retention times
(g.l.c.)
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with authentic samples under the same experimental conditions.

The results are tabulated in Tables 2.3 and 2.4,

The attempted conversion of spiro{2,3-exo-epoxybicyclof 3.2.0] -

heptane-6,2'-(1,3)dioxolan} (55) to the ketone (59) using

sulphuric acid.

A mixture of spiro{2,3-exo-epoxybicyclol 3.2.0]heptane-6,2"'-(1,3)-

dioxolan} (55) (0.2g, 001 mol), acetonitrile (3 ml), water (2 ml)

and 2N sulphuric acid (0.5 ml) was stirred for 4 hours. 8%

sodium biéarbonate was added (10 ml) and the products extracted

into ethyl acetate (3 x 10 ml), dried (MgSO,) and solvent

evaporated to give an oil (0.12g).

t.l.c. showed a diffuse spot at Rf = 0.12 (ethyi acetate:
petroleum; 1:1)

I.r. and n.m.r. indicated a mixture of diols and starting

material.

The reaction of 2,3-endo-epoxybicyclo[ 3.2.0]l heptan-6-one (6)

with hydrobromic acid in tetrahydrofuran.

To a stirred solution of 2,3-endo-epoxybicyclol 3.2.0]heptan-6-

one (6) in tetrahydrofuran (10 ml) at -10°C was added hydro-
bromic acid (47%, 10.3g) dropwise over 10 minutes. After 2 hours,
excess hydrobromic acid was neutralised (NaHCO3), water was added
(10 ml) and the products extracted into dichloromethane (3x 15 ml),
dried (MgS0,) and the solvent evaporated. T.l.c. showed 2 spots
at Rf = 0.48 and Rf = 0.32 (cyclohexane-ethyl acetate; 1:1).

The components were separated by flash column chromatography
(ethyl acetate-cyclohexane; 1:1) to give 2-exo-bromo-3-endo-
hydroxybicyclol 3.2.0]l heptan-6~one (2) as a white crystalline

solid (1.26g, 77%) m.p. 88°C. I.r. and n.m.r. were identical
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with an authentic sample.

The component of lower Rf was 3-exo-bromo-2-endo-(1l'-oxa-

butan;u'-ol)bicyclo[3.2.0]heptan—6—§ne (57) as an oil (0.3g, 13%).

t.l.c. showed a single spot at Rf = 0.32 (cyclohexanerethyl

acetate; 1:1)

i.r. Vg (Eilm) 3420,1770 em™t

n.m.r. 6(CDC13) 4.,48(1H,dd,J=9,7.5Hz,H-2), 4.081H,ddd,J=9,6.7,
11.3Hz,H-3), 3.44-3,7(4H,m,2xH-4"',2xH-1"), 2.8-3.7(3H,
m,H-5,H-1,H-7 exo,H-7 endo), 2.48(1H,ddd,H-4 endo),
2.1(1H,s,H-3'), 2.0-2.1(1H,ddd,J=11.2,1.5,13.2,H-4 exo),
1.5-2.1(4H,m,2xH-2"',2xH-3"'), 2.2(1H,s,H-0H).

Analysis of the reaction mixture by g.l.c. (trimethylsilyl

ether derivative, 3% OV21l0 column, T = lQOoC, F.I.D.) showed

2 components in the ratio 78:18 (96% purity). The major isomer

was 2-exo-bromo-3-endo-hydroxybicyclo[ 3.2.0] heptan-6-one (2)

(g.l.c. Rf identical with an authentic sample) and the minor

component was 3-exo-bromo-2-endo-(1l'-oxabutan-4'-ol)bicyclo-

[ 3.2.0] heptan-6-one (57) (g.l.c. Rf identical with isolated

component) .

The attempted ketal exchange of spiro{2,3-exo-epoxybicyclo-

[ 3.2.0]l heptane-6,2'-(1,3)dioxolan} (55) with acetone

A mixture of spifo{Z,3-g§g—epoxybicyclo[3.2.0]heptane-6,2'1
(1,3)dioxolan} (55) (1.74g, 0.01 mol), acetone (50 ml) and
toluene-4-sulphonic acid (50 mg) was left to stand for 64 hours,
then diluted with water (50 ml) and extracted into petroleum
ether (3 x 50 ml), dried (NaZSOu) and solvent evapdrated to
give an oil (1.08g).

An i.r. spectrum of the product showed no evidence for the
cyclobutane carbonyl group (ca. 1780 cm-l) and the spectrum was

consistent with starting material.
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The reaction of biecyclol 3.2.0] hept-2-ene-6~one (1) with

1,3-dibromo-5,5-dimethylhydantoin at 0°C and 25°C.

1,3-dibromo~5,5-dimethylhydantoin (3g, 0.01 mol) was added

to a stirred solution of bicyclo[ 3.2.0]l hept-2-ene-6-one (1)

(2.0g, 0.02 mol) in acetone (100 ml) and water (50 ml) at 0°cC.

After 4 hours at 0°C (in the refrigerator) the solvent was

evaporated under reduced pressure. The residue was treated

with water (50 ml) and extracted into dichloromethane (3 x 75ml).

Evaporation of the dried (MgS0,) extracts afforded tﬁe crude

product, a mixture of bromohydrin isomers (3.59g, 88%).

A sample was derivatised and analysed by g.l.c. (trimethylsilyl

ether derivatives, SP200 capillary column, T = 120°C, F.I.D.)

and showed the presence of four bromohydrin isomers in the

ratio of 90:1:4:5. These had g.l.c. retention times (g.l.c. Rf)
identical with those of authentic specimens (Table 2.6). The
crude product was subject to flash column chromatography

utilising multiple eluting with ethyl acetate-petroleum (1:1)

and the following components were isolated and identified by

spectroscopic comparison (i.r. and n.m.r.) and chromatographic
comparison (t.l.c.) with authentic samples. The above procedure
was repeated at 25°cC.

(1) 2-exo-bromo-3-endo-hydroxybicyclol 3.2.0]heptan-6-one (2)
(2.22g at 0°C, 5u4%; 2.58g at 25°C, 63%), (g.l.c. Rf = 3.3
minutes). T.l.c. showed a single spot at Rf = 0.48 (ethyl
acetate-hexane; 1:1).

(2) A mixture of 3—359-bromo-2-gggg-hydroxybicyclo[3.2.0]-
heptan-6-one (32) (g.l.c. Rf = 3.8 minutes) and
2-endo-bromo-3-exo-hydroxybicyclo[ 3.2.0] heptan-6-one (34)

(g.l.c. Rf = 4.0 minutes). These isomers were inseparable
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by chromatography on silica (combined yields were 0.20g
at 0°C, 5%; 0.1lig at 25°C, 3%). T.l.c. showed a single
spot at Rf = 0.33 (ethyl acetate-hexane; 1:1).

(3) 3-endo-bromo-2-exo-hydroxybicyclol 3.2.0] heptan-6-one (33)
(0.13g at 0°C, 3%; O0.1l1lg at 25°C, 5%), (g.l.c. Rf = L.4
minutes). T.l.c. showed a single spot at Rf = 0.23
(ethyl acetate-hexane; 1:1).

The total isolated yields of bromohydrins after
chromatography were 62% at 25°C and 71% at 25°cC.

The results are displayed in Table 2.6.
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3.1 Introduction

The structures of 7 compounds (Figure 1) have been

determined by X-ray crystallography.

Fig.1.
Br
LY ,':"“ \\\O nu\rN —@
HO‘“ ||||II 1y \ tyyey
A\ - 0
(3) O (60) (61)

\¢<j OCHB \Z\\\“ ',‘\‘\‘0'"" Ny 0
T \on 1O\t
(62) >‘ Cl

R 0/(53) 'Br Ct
" (29)
0
._.0 0
H3C’0 (63)

These compounds were selected (or designed) to elucidate the
conformational, electronic and steric factors of importance

in promoting regio- and stereo-selectivity in small polycyclic
ring systems.

The conformation and geometrical properties of each
structure is described in detail (Chapter 3.2) along with some
features which may be relevant to regio- and stereo-control.

Of special interest has been the possibility that
particular conformations and transition states in compounds
of interest, e.g. (2), could be stabilised by transannular

interactions between a suitably orientated nucleophile on one
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ring and an electrophilic group on another ring2. Inter-
actions of this type are indeed observed in some of the crystal
structures described here. This aspect is discussed fully in
Chapter 4.

The elucidation of the crystal structures is described
in an experimental section (Chapter 3.3). X-rav structural data
are given in Appendix 1.

3.2 The geometry and conformation of compounds studied
by X-ray diffraction

3.2.1 2-(S)=-exo-bromo-3(S)-endo-hydroxybicyclof 3.2.0] -
heptan-6-one (3)6,32

This bromohydrin isomer is the major product on
addition of the elements HOBr to bicyclo[ 3.2.0]lhept-2-en-6-one
(1) (Chapter 2.5).15 Knowledge of the ground state geometry is
important in assessing the role of steric and conformational
factors in the preferential formation of this isomer. Also,
from models, it appears that there is the possibility of a
transannular interaction of . the type described by Blirgi,

2

Dunitz and Shefter® between the hydroxyl and ketone which could

conceivably influence the observed bromohydrin isomer ratios

by stabilising the transition state leading to (2).

Br

(1) | (2)

eses BDS interaction
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The enantiomer (3) was resolved via a novel method involving
3
yeast enzymes
The structure was solved by the classical heavy atom
method and the absolute configuration was determined by
anomalous dispersionL+ (Appendix C).

Molecular geometry

The structure consists of molecules hydrogen bonded
along the 37 axis (C(3)...0(3)(1l-x,x-y,1/3+z) = 2.766(15)A.
(Figure 3.1). Bond lengths, bond angles and torsion angles of
interest are given in Figure 3.2.

The molecule (Figure 3.3) adopts a conformation with
the cyclopentane ring in the gggg-envélope arrangement
(approximate mirror plane bisects C(1)-C(5)). The ring
substituents are pseudocaxial in an approximate trans arrangement
(|1|Br(1)-C(2)-C(3)-0(3) = 158(1)°). Since the C(1)-C(5) bond
is almost eclipsed (1] = 2.7(1)°) in the cyclopentane ring,
this provides a driving force for the‘cyclobutane ring to be
completely flat (C(1)-C(5)-C(8)-C(7) = 0(1)°).

This is in contrast to other structures such as (64)°
and (61)6 where the different constraints in the 5-membered ring

cause noticeable puckering in the u-membered ring (|r]| = 5-11°).

H
—h NO,

AR ] [RERR]

)
—N

[BRRI) [RERRY

(64) O (61)



Fig 31

Packing diagram of (3). Hydrogen bonds are
depicted in the figure by ———-

The structure of (B).



HO----- 2 s/ Enantiomer
22 of (3)

Br

Figure 3.2

Bond lengths (A), bond angles (°) and

torsion angles (°) for (3).
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An additional feature is the C(6)...0(3) distance
of 2.990(15)A which may indicate weak incipient nucleophilic
attack by 0(3) on C(6) of the type proposed by BDS. In keeping
with this, C(6) is displaced from the plane C(7),C(5),0(6) by
0.013A towards 0(3). However, although of the expected
magnitude, this displacement is of the same order as the
standard deviation (0.015A) and the interaction can only be

inferred by comparison with other molecules, e.g. (61).

31
3.2.2 7,8-endo-epoxy-2-oxatricyclo[3.3.0.0“’6]octan-3-one (60)

This is a highly strained tricyclic compound (60)7
in which the epoxide is constrained to a close approach on the
lactone group thus introducing the possibility of a strong
transannular interaction between the epoxide and the ketone

of the type described by BDS.

Molecular geometry

Bond lengths, bond angles and torsion angles of
interest are given in Figure 3.4. The crystal structure consists
of discrete molecules (Figure 3.5) with no unusually short inter-
molecular contacts (Figﬁre 3.6).

The ring fusions probably govern the conformations of

the 5-membered rings.



Figure 3.4
Bond lengths (A), bond angles (°) and

torsion angles (®) for (60).

68.
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Fig 3,5

The structure of (60)

Fig 3,6

Packing diagram for (60)

69.
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The cyclopentane ring is in an envelope conformation
(mirror plane bisecting C(7)-C(8)) with the flap exo to the
epoxide. The lactone ring is also in an envelope (mirror plané
bisecting C(3)-C(4)).

The 0(10)..3) distance is 2.651(2)A, which is
unusually small for a non-bonded contact of this type and is
mainly due to geometrical constraints imposed on the two 5-
membered rings by the C(4)-C(6) bond. Incipient nucleophilic
attack by the lone pair of 0(103 on the carbonyl carbon C(3)
of the type described by BDS is observed. In confirmation of
this, C(3) is displaced from the plain 0(2),C(4),0(9) by
0.052(1)A towards 0(10). This agrees well with the relationship
“derived by BDS between the out-of-plane displacement of the C
atom and the nucleophile 0...C=0 distance.

3.2.3 2,3-endo-epoxybicyclg%3.2.0]heptan—G-one—p-nitro-
phenylhydrazone (61)

The addition of nucleophiles to (6) is an important
step in a number of syntheses of prostaglandins. The addition
proceeds with high regio- and stereo-selectivity, giving
predominantly the 3-endo-hydroxy product (Chapter 2.5). Since
(6) is a liquid, the crystal structure of (61) (Figure 3.7), a
solid derivative of (6), has been determined.

|
N—N NO,
EEANY

~
g
~
N

N
O“\\'

IREERE

(61)
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Fig 3,7

The structure of (61)

Fig 3,8

Packing diagram for (61). Hydrogen bonding
is indicated by —-————-



Figure 3.9
Bond lengths (A), bond angles (®) and

torsion angles (®) for (61).
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Molecular geometry

The molecules are hydrogen-bonded to form chains
N(10)(x,0.5-y,z=-0.5)...0(8) = 2.970(2)A. (Figure 3.8).

Bond'lengths, bond angles and torsion angles of
interest are given in Figure 3.9. The 5-membered ring has an
envelope conformation with the flap endo to the epoxide (mirror
plane bisects C(2)-C(3)).

The Y4-membered ring has a twist conformation
( |t]C(1)-C(7)-C(6)-C(5) = 5.8°). The conformation of the
S-membered ring is not completely transmitted across the ring
junction ( |t]C(2)-C(1)-C(5)-C(4) = 12.3°, |1|C(6)-C(5)-C(1)-
C(7) = 5.6°) and this introduces torsional strain (6.7°).
This effect appears to be a result of the constraint applied
to the 5-membered ring by the epoxide.

The 0(8)...C(6) distance is 2.990(3)A which is
short enough to be considered as incipient nucleophilic attack
of the type described by BDS. In confirmation of ithis, C(6)
is displaced from the plane C(7),C(5),N(8) by 0.008(3)A
towards 0(8).

3.2.4 3-exo-methoxy=-6,7-endo-epoxy-2-oxabicyclo-
[3.3.0)octane (62)3%

The crystal structure of (62) was undertaken to
provide data on the effect of an epoxide substituent on the
conformation of the bicyclo[ 3.3.0] system. Also, unlike other
bicyclic epoxides studied in this series, there is no possibility
of transannular incipient nucleophilic attack by the epoxide (as
in (8)%).

The structure (62) consists of discrete molecules
(Figure 3.10) with no unusually short intermolecular contacts

(Figure 3.11).
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CT1

Fig 3,10

The structure of (62)

Fig 3.1

Packing diagram for (62)
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Molecular geometry

Bond lengths, bond angles and torsion angles of
interest are given in Figure 3.12. The cyclopentane ring adopts
a shallow envelope conformation with the flap endo to the
epoxide (|1| C(6)-C(5)-C(1)-C(8) is 10.5%). An approximate
mirror plane passes through C(1) and 0(9).

A similar molecule (8)8, differing only in the

replacement of the acetal by the more rigid lactone group

\\\\\0
Q
S
~
O/I ) I/’/ 1
(8)

has a much more puckered carbocyclic ring (|t| C(6)-C(5)-
C(1)-C(8) is 18.5°). This suggests that an important factor
in the conformation of (62) is the effect of the pseudo-axial
methoxy group on the conformation of the tetrahydrofuran ring
which is forced to take up.a twist arrangement (diad through
C(5)). The torsional strain about 0(2)-C(3) is thus much
reduced (]1| C(1)-0(2)-C(3)-0(10) = 79.5%°), but only at the
cost at transmitting some strain to the carbocyclic ring. In
confirmation of this, the unsubstituted cyclopentene epoxide
(67)° is considerably more puckered than either (8) or (62)
(]t] c(2)-C(3)-C(4)-C(5) in (67) is 27.9°). Relief of torsional
strain might also have been possible if the methoxy group had
taken up a pseudo-equatorial position, but models suggest that

a rather short 0(9)...C(3) distance would then be found.
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1414

0 "ﬁ?[H3

Fi& 3.12
Bond lengths (A), bond angles (°) and

torsion angles (°) for (62).
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3.2.5 5-exo-hydroxy—3—oxatricyclo[5.1.1.04’9]nonan-8-
one,2,1'-spiro{l4',5'-exo-epoxybicyclo[ 3.2.0] -
heptane}(58)

This molecule (58) is formed from the exo-epoxide
(59) by an aldol condensation at elevated temperature with

excess base (Chapter 2.4).

“y, Q 114 |
w ( q“; s“‘ol"l, .
w OH

_ ', H O ; Of ‘.,
OH 0/ , 2 O

(59) (58) WHy 0

Spectroscopic methods (i.r., n.m.r., mass spectroscopy)
failed to positively identify this structure. Thus, an X-ray

investigation was undertaken.

This structure offers the opportunity to analyse the
effects of the exo-epoxide group on the geometry and conformation
of the bicyclo[3.é.0] system. Also this is the first structure
in this series with a saturated 4-membered ring.

Molecular geometry

Bond lengths, bond angles and torsion angles of

interest are given in Figure 3.13.
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Figure 3.13
Bond lengths (R), bond angles (°) and

torsion angles (°) for (58).
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The structure (58) (Figure 3.14) consists of molecules
hydrogen-bonded head to tail in chains, 0(15)...0(3)(x,y=-1,2) =
2.819A (Figure 3.15).

The tricyclic fragment adopts a conformation partly
constrained by the ether bridge from C(2) to C(8). Here, the
cyclopentane ring is in an approximaté twist conformation (diad
bisecting C(2)~-C(3)) with 0(3) almost anti-periplanar to 0(8)

( |1]0(3)-C(3)-C(2)-0(8) = 167.7°), while the cyclobutanone
ring is almost planar ( |t|= 2.4°). This introduces considerable
torsional strain across the C(1)-C(5) bond ( |1]C(2)-C(1)-C(5)-
c(4) = 14.3% and |t| C(7)-C(1)-C(5)~C(6) = 2.2°). The furan
fragment is also in a twist conformation (diad through C(1l))
with 0(8) endo to the cyclobutane ring. The inequality of the
bond lengths 0(8)-C(2) (1.455(4)A) and 0(8)-C(8) (1.u433(5)AR)
may be due to steric strain. The approach of 0(8) towards C(6)
(a 1-4 interaction) is a close contact, however,‘there does not
appear to be any evidence for incipient nucleophilic attack by
0(8) on C(6). The 0(8) lone pair is not suitably orientated
towards C(6), and the 0(8)...C(6)-0(6) angle is rather oblique
at 124°. The carbonyl carbon C(6) is planar to within experi-
mental error with 0.004(6)A deviation from the plane of
C(5),C(7),0(86).

In the bicyclic fragment, the cyclopentane ring has
an envelope conformation (mirror plane bisecting C(9)-C(10)).
The degree of hybridisation of C(8) has been reduced from sp2 to
sp3 with the result that the cyclobutane ring is more puckered
( |t|= 17°) than in the keto form and therefore transannular

strain about C(9)-C(13) is much reduced (|z| C(0)~-C(9)-C(13)~-

Cc(12) = 14.69).



The structure of (58)

Fig 3,15

Packing diagram for (68). The
hydrogen bonds are indicated by

80.



81.

3.2.6 6-endo-methoxy=-8~-trans~N- methyl -N-p-toluene-
sulphonamide-2-oxabicyclol 3.2.1) octan-2-one (63)°

The hydroxylactone (65) rearranges remarkably easily

to the y-~lactone (66)l providing a useful route to prostanoids.

(65) . (6$0

This reaction seems to be promoted by the steric

properties of the molecule and in particular by the possibility

of a transannular intramolecular interaction between the hydroxy

2

and the lactone group of the type described by BDS“. Accordingly,

the model compound (63) has been studied in which the assistance
of a transannular interaction similar to that seen in related

molecules seemed probable.

O™
e

H3C0 (43

Molecular geometry

The crystal structure of (63) consists of discrete
molecules (Figure 3.16) with no unusually short intermolecular

contacts (Figure 3.17).
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Figure 3.18
Bond lengths (A), bond angles (°) and

torsion angles (°) for (63).
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Bond lengths, bond angles and torsion angles of
interest are given in Figure 3.18.

The carbocyclic 5-membered ring has a strongly
puckered envelope conformation with an approximate mirror plane
through C(8). The lactone ring has a sofa conformation with
c(L), 0(2); C(3), C(#), C(5) almost coplanar. The methoxy
substituent is thus directed away from the ring system and the
observed C(3)...0(10) distance (3.492(6)A) is much larger than
that (3.1A) for the weakest interaction found by BDS. There afe
no structural daté for the bicyclic system or analogous
molecules, but the geometry is essentially that which would be
predicted for the unsubstituted ring system. It is clear,
therefore, that any energy gained by incipient nucleophilic
attack of 0(10) on C(3) is insufficient to distort the relatively
rigid bicyclic nucleus (see Chapter u).

3.2.7 2-exo—bromo-3-endo-hydroxg-7,7-dichlorobicyclo-
[ 3.2.0]l heptan-6-one (29)3

The bromohydrin (2) displays a weak transannular
interaction between the hydroxy group on C(3) and the ketone

carbon, C(6) .( oon)

HO

(2)

The interaction displayed by (2) could be interpreted

as a 'frozen-out' intermediate on the reaction pathway of nucleo-
philic addition to a carbonyl. Unfortunately the interaction
seen here was so weak that it could only be inferred from

comparison with similar compounds. However there was the possi-
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bility that activation of the ketone group by electron with-
drawing substituents would give a structure further along the
reaction pathway. Compound (29), in which the carbonyl is
activated by the presence of two adjacent chlorines, was
reported (on 4 n.m.r. evidence)?!? to exist in CCl, solution as
an equimolar mixture of (29a) and (29b). The ketone and ketal
form thus represent the reactant and product of nucleophilic
attack by the hydroxyl on the ketone.

X-ray structure analysis of the solid which crystallises
from CCll+ revealed that, remarkably, the two independent molecules

in the asymmetric unit correspond to (29a) and (29b).

Br | Br
+
0 -OH
HO ul 0"/~
(294 (1 (290 (l

Their molecular geometries show little distortion
along the reaction pathway (29a)...(29b); the 0...C = 0 length
is 2.83(2)A in (29a) and 1.43(1)A in (29b). The expected out-
of-plane displacement of the carbonyl in (29a) is masked by
experimental error.

It appears, therefore, that crystal packing forces,
whilst not strong enough to trap an intermediate, have isolated
both partners in a chemical equilibrium.

Though frequently seen in conformational processes,
this is unusual for chemical reactions involving bond formation
and is normally limited to proton exchangé (e.g. in anthranilic
acid where both the neutral molecule and zwitterion coexist in

the crystal)l3.
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This is the first example of ring-chain tautomers
being isolated as partners in a crystal lattice.

For (29), it seems the crystal structure of (29a)+(29b)
is more stable than either (29a) or (29b), provided that (29a)
and (29b) are equilibrating in solution and that crystallisation
gives the thermodynamically controlled product. Although the
last point cannot easily be formally verified, differential
scanning calorimetry of the crystals showed no phase transitions
in the range 173K to 352K (M.Pt.).

13

The ~"C n.m.r. spectrum of crystals of (29) in CHCl,

solution at 298K shows 14 resonances (Table 3.2).

“PABLE 3.2 13¢ N.m.r. spectrum of (29) at 298K

ppm atom assignment integral
195.4(s) (6a)

104.2(s) (6b)
89.1(s) (7b) 0.9
87.4(s) (7a) 1.0
82.5(d) (3a). 16.5
80.6(d) (3b) 17.3
60.4(d) (2b)
59.5(d) (2a)
54.5(d)
52.5(d)
47.2(4d) (1a) ,(5a) ,(1b) ,(5b)
47.0(d)
36.2(%t) (4a) 20.4
33.0(t) (4Db) 18.1

At 298K the 130 n.m.r. may be interpreted as a

mixture of (29a)+(29b) in the ratio of 1.0:1.1.
The spectrum appears independent of temperature
(compare Tables 3.2 and 3.3) suggesting that the inter-conversion

of (29a)=(29b) is very slow and that the 1:1 composition in the
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i

solid is determined by the stoichiometry of the crystal.

“TABLE 3.3 13C N.m.r. spectrum of (29) at 30uK
ppm atom integral
88.9 (7b) 19.4
87.2 - (7a) 21,7
82.4 (3a) 58.5
80. 3 (3b) 56,2
36.1 (2a) 32.3
32.9 (2b) 40.8

Addition of a trace of acid catalyst (p-CH4C¢H)SO4H) markedly
alters the spectrum, giving a non-integral ratio which is
temperature dependent.

“TABLE 3.4 Temperature dependence of integrated intensities

of the 13C n.m.r. of (29) in CHC1, solution with
a trace of acid catalyst

ppm atom 238K 243K 304K

195.4 (6a)

104.2 (6b)

. 89.1 (7b) 49,4 42.3 15.4
87.4 (7a) 20.5 20.0 14.1
82.5 (3a) 52.8 47.6 43.8
80.6 (3b) 10.6 14.9 39.6
60. 4 (2b)

59.5 (2a)

54.5

52.5

47,2

47,0

36.2 (2a) 9.8 10.6 29.0
33.0 (2b) 42.0 30.4 32.1

From the integrated intensities of the resonances at 33.0, 36.2,
80.6, 82.5, 87.4, 89.1 ppm, an estimate was made of the ratio

of (29a):(29b) (Table 3.5).
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TABLE 3.5%
T(K) ratio (28a):(29b)
238 4:1
243 3:1
304 1l:1

&%
The above n.m.r. spectra were obtained on a Bruker WP80 at

20.13 MHz in inverse gated découpling mode.

Increasing the concentration of the acid or
raising the temperatures led, as expected, to coalescence of
peaks with (29a)®(29b) becoming rapid on the n.m.r. time scale.

Recrystallisation of (29) from a number of
solvents: MeOH, MeNO,, CHCl,, CCl, with or without acid
catalysis, always led to the same solid. This was verified
by infra-red spectroscopy since the spectrum of (2%a)+(29b)
in a KBr disc is very characteristic with a double peak in the
OH region (3380 and 3480 em™ ) (Figure 3.19). The crystal
morphology and melting points were also used as checks. This
is evidence that despite the composition of the solution, packing
forces appear to control the crystal structure and stoichiometry
of the solid.

Molecular geometry

Bond lengths , bond angles and torsion angles of
interest are given in Figure 3.20.

The structure is hydrogen-bonded (0(la)...0(2b) =
2.979A (x,-y,2-0.5)3; 0(2b)...0(2a) = 2.836A (0.5-x,0.5-y,-2)
in chains along the c-glide (Figure 3.21). The ketone of (29a)

is H-bonded to the hydroxyl of (29b). The hydroxyl of (29b) is



Fig 3,19

Figure 3.19

I.r. spectra of (2) displaying a double OH
peak at 3350 and 3450 cm-1, corresponding
to the 2 isomers (22) and (29).
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HO---- NERR T

=61 —Cl

c

Br-
Figure 3.20a

Bond lengths (&), bond angles (°) and

torsion angles (°) for (29a) (the bicyclic partner).



Figure 3.20b

Bond lengths (&), bond angles ®) and
torsion angles (°) for (29b) (the

tricyclic partner)..

91.
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also H-bonded to the hydroxyl of (29a) (i.e. the next molecule
in the chain). The ketone of this molecule of (29a) is H-bonded
to the hydroxyl of (29b) (etc.). The structure has 2 molecules
in the asymmetric unit (Figure 3.22).

The bicyclic molecule (29a), has the 5-membered ring
in an endo-envelope conformation with an approximate mirror pléne
bisecting C(la)-C(5a). The L4-membered ring has a twist
- conformation ( |t]|C(7a)-C(la)-C(5a)-C(6a) = 6.9°). There is' a rela-
fiwﬂy:smbng’Uﬁnsamnﬂarijteraction of the type described by |
BDS; 0(la)...C(6a) = 2.808(10)A with an out-of-plane displace-
ment of C(6a) from the plane C(5a),C{(7a),0(2a) towards 0(la)
of 0.016(12)A.

The tricyclic molecule (29b) is considerably different
conformationally from the bicyclic molecule (29a). Here, the
S5-membered ring is an approximate twist conformation (diad
bisecting C(3b)-C(u4b)). The reduction of the carbonyl (which
appears to encourage a planar geometry of the 4-membered ring)
to a hemiketal results in the Y4-membered ring displaying a
conformation which is cbnsiderably twisted (|t]| C(7b)=-C(1b)~-
C(5b)-C(6b) = 24.,2°9). Also, there is the additional constraint
of the ether linkage 0(1lb). The close proximity of Cl(7b)endo
to 0(1b) (3.163(10)A in (29a) and 3.016A(10) in (29b)) results
in steric repulsion which further assists twisting of the
b-membered ring. The formation of the transannular ether
linkage is accomplished (conformationally) by an increase in
the pucker of the 5-membered ring;rthe angle between the mean
planes  C(4),C(5),C(1),C(2) and C(2),C(3),C(4) is 145° in (29a)
and 128° in (79b). Also, the angle between the 4~ and S-membered

rings is reduced i.e. the angle between the mean planes



93.

Fig 3, 2

Packing diagram for (29). This is a
section through the unit cell shewing
chains of hydrogen-bonded molecules
(H-bonding is depicted as -—— ).

The structure of (29). Remarkably, the crystal
structure consists of both the ooen chain (29)
and ring forms (29) iIn a single crystal.
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C(4),C(5),C(1),C(2) and C(6),C(5),C(1),C(7) = 117.4° in
(29a) is reduced to 102° in (29b). This conformation results in
an almost anti-periplanar arrangement of Br(1lb) and 0(1b)

(|]t] 0(1b)-C(3b)-C(2b)-Br(1lb) = 178°). This angle is 163° in
(29a). The 0(1)-C(3) bond length is increased from 1.424(10)A
in (29a) to 1.460(12)A in (29b) as 0(1l) is displaced towards
C(6). The 0(la)...C(6a) distance of 2.808(10)A is reduced to
1.410(10) on forming a bond with C(6). Also, the carbonyl ;
bond (C(6a)-0(2a) = 1.198(10)A) increases in length, as |

expected, on formation of the hemiketal (C(6b)-0(2b) = 1.393(13)A). .

Stereo diagrams of the structures are displayed in

Figure 3.23 a-g. . :
Since the structures (8), (74) and (6'4)5’6’8 are

included in the discussion (Chapter 5), some bond lengths,

angles and torsion angles of these compounds are given in

Figures 3.24, 3.25 and 3.26.

w0 a0
! 0 HOw —0
(8) Br (74)
N
N—N NOo

TRIRY

ARAR R

(64)



Figure 3.23

Stereo diagrams of the crystal structures
of 3. (€0, (6D and (62).



Stereo diagrams of the crystal structures
of (88), (63 and ().
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Figure 3.24
Bond lengths (&), bond angles (°) and

torsion angles (°) for (8).

97.
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1.¢30

HO--8

//,
’\7.4 0
T~ <os
-0
-7 \
+7
HO---- A 0
-4
\\O

Br
Figure 3.25a

Bond lengths (A), bond angles (°) and
torsion angles (°) for (15a). There are two

independent molecules in the ‘asymetric unit.
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HO---- *4 0

+1]

Br

Figure 3.25b

Bond lengths (A), bond angles (°) and
torsion angles (°) for (15b). There are two

independent molecules in the asymetric unit.
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Figure 3.26a

Bond lengths (AR), bond angles (°) and
torsion angles (°) for (64a). There are two

independent molecules in the asymetric unit.



Figure 3.26b ‘
Bond lengths (A), bond angles (°) and

torsion angles (°) for (64b). There are
two independent molecules in the asymetric

_unit.
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3.3 X-ray Experimental Method (all compounds)

Exploratory photographic data were collected on a
Stoe Weissenberg camera using nickel filtered CuKa radiation
and a Supper precession camera using zirconium filtered MoKao
radiation.

Intensity data were collected on a Stadi-2 2-circle
diffractometer using graphite monochromated MoKe radiation.

Integrated intensities were typically collected in
1 second steps by an.w®-scan of 80 x Aw® about the reflection
peak over a variable range of Aw® = A + B sin p/tans® where
A =B = 1.2.

Background intensities were collected for 20 steps
of 1 second before and after the reflection (in w°).

Corrections were made for Lorentz and polarisation
effects (but not for extinction or absorption) and the data

scaled by a Wilson plot (SHELX7617).

SHELX76 and MULTAN77l8 computer packages were used
for structure solution where indicated. All refinement
calculations were carried out with SHELX76.

| Complex neutral atomic scattering factors were taken
from International Tables for X-ray Crystallography (1974}6.

The structures were refined by full matrix least
squares minimisation. The functions minimised were
R = tlFo|=-|Fel/|Fo| and Rw = z(ﬂFol-IFcﬂw%/)lFolw%).

| The refinement was assumed to have converged when the
shifts in the atomic parameters were less than their standard
deviations.

Hydrogen atoms were initially assigned calculated

positions and included in the refinement (unless otherwise stated).



103.

Densities were measured by the flotation method.

3.3.1 2-(S)-exo-bromo-3(S)-endo-hydroxybicyclo-~
[ 3.2.0] heptan-6-one (3).

The crystals were transparent, needle shaped and
extinguished under crossed polars parallel to the needle axis.
In cross section they appeared to have a Cq axis.

A crystal of approximate dimensions 0.3 x 0.3 x O.5mm
was selected and mounted parallel to the needle axis.

Space group determination

A zero layer Weissenberg (hOf) photograph displayed
rhombohedral or hexagonal symmetry (B = 1200), however the spot
intensities indicated a Cs axis. An upper layer Weissenberg
_photograph (hl%) showed a Cy axis from spot intensities. A
precession photograph (0k#&) indicated systematic absences;
000%:2=3n. Precession and oscillation photographs gave cell
dimensions consistent with trigonal symmetry (a=b=10.13A,c=6.664,
a=y=900,6=1200). The experimental density was measured as

3

1.72 MgM °, which indicated 3 molecules per unit cell. The

space group was assumed to be either P3, or P3, with inversion

of axes.

Intensity data collection

- Data were collected for hkiO-62 with emax=25°.
This gave 752 data of which 563 reflections (including 52
Friedel pairs of the form hki0 with I>30(I)) were used in
subsequent calculations.
The crystal blackened on prolonged exposure to X-rays.

Structure solution

The structure was solved by the heavy atom methodu

with SHELX76.
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The equivalent positions for space group P3, are
(1) x,y523 (2) -y,x-y,1/3+z3; (3) y-x,-x,2/3+z. A single

heavy atom gives rise to the vectors in Table 3.6.

TABLE 3.6
combination vector
1,2 x+y, 2y-x, =1/3 a
1,3 2x-y, y+x, =2/3 b
243 -2y+x, 2X-y, =1/3 c
2,1 -y=X, X=2y, 1/3 ;a
3,1 y=2x, =X=y, 2/3 -b
3,2 2y=-X, =2x+y, 1/3 -C

The bromine atom coordinates were fouﬁd as follows:
Vectors a, b and ¢ are related by the 3-fold axis and a+c=b.
A Patterson map gave the atom-atom vectors; those of highest
intensity (apart from the base peaks) are due to Br-Br vectors.
The coordinates of peak 3 on the Patterson map (0.0656,0.312,
0.6677, peak height = 292) when substituted in e@uation (-b)

gives

y-2x = 0.0656

-X=y 0.3120.

These equations solve to give the coordinates of one bromine
position -.1259, -.1861, z.

| The bromine phased Fourier map contained many
spurious peaks and could not be interpreted. From a difference

map could be deduced a 5-membered ring and a carbonyl (at this

stage R=0.20).
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Structure refinement

All the non-hydrogen atoms were identified from
difference maps giving R = 0.074. The inclusion of a weighting
scheme, anisotropic thermal parameters for the non-hydrogen
atoms and hydrogen atoms which were refined from calculated
positions (except the H of OH) gave R = 0.069.

The hydroxyl-hydrogen was identified from a difference

map and the refinement converged at R = 0.0416.

Determination of chirality

The absolute configuration of the molecule was
determined using the anomalous dispersion effect of the bromine
atoms.

Weighted full matrix least squares refinement
converged at R = 0.0416 in P3; and R = 0.0450 in the enantiomeric
structure in P32. (In most space groups, a simple inversion of
the axes will produce coordinates for the enantiomeric structure.
However, in this space group, which possesses a 3-fold screw
axis, the handedness of the screw axis must also be changed,
in this case from a 3, screw axis to a 3, screw axis.)

The correct enantiomorph may be deduced using
Hamiltons R-factor ratiozo.

There were 563 reflections and 97 parameters in the
refinement, therefore n-m=466.

The ratio or the R-factors i.e. RP32/RP3l was
= 1.0817. The hypothesis that the structure in P3, is the
correct structure is a one dimensional hypothesis (the dimen-
tionality of this hypothesis has been subject to debate
recentlylg). Since7?1,“66,0.005=1.0079, we may reject the

configuration in P3, at lower than the 0.005 level.
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This result was subsequently confirmed by examination
of 41 Bijvoét pairs. 34 pairs had Fo(A)/Fo(B) and Fec(A)/Fc(B)
both >1 or <1 where (A) and (B) refer to refinement in P3, and
in P3, with inversion of coordinates.

Crystal data are given in Table 3.7.

TABLE 3.7
Molecular formula C7H902Br. Mf=20u.9

Approximate crystal dimensions 0.3 x 0.3 x O.5mm.
Trigonal, P3;, from structure solution and refinement

a=b=10.13(2),c=6.66(1)A from diffractometer measurements
(MoKa radiation)

V = 59243, 7=3

-3 -3
D_ = 1.72Mgh™°, Dy = 1.73MgM
F(000)=306, p=5.22mm +
[a]E0.0 = -60°
In P3;, R=0.0416, Ry=0.0287 (w=3.0286/(s’(F0)+0.000036(Fo)?)
In P3,, R=0.045, R,=0.0361 (w=1/0°(F0)+0.000123(Fo)?).

3.3.2 7,8-endo—epoxy-2-oxatricyclo[3.3.0.04’6]-
octan-3-one (60)

Preliminary oscillation photographs of 4 crystals
showed them to be unsuitable due to multiple reflections. The
fifth crystal selected had approximately monoclinic morphology
and exhibited extinctions under crossed polars parallel to the
needle axis.

Space group determination

An oscillation photograph exhibited mirror symmetry.
From Weissenberg (hOf,hl2) and precession photographs (hk0,0k%)

systematic absences; hOf:2 odd; OkO:k odd were observed.
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Approximate cell dimensions from photographs were consistent
with monoclinic symmetry. The measured density was l.59MgM_3,
which implied % molecules per unit cell. The space group was

assumed to be PZl/c.

Intensify data collection

Data were collected for h0-10% with emax=25°.
This gave 1481 data of which 1124 unique reflections with
I > 30 (I) were used in subsequent calculations.

Crystal quality deteriorated by ca. 5% in (I)
(standard reflection (2,2,0)) during the course of the experiment

and therefore an empirical correction was applied.

Structure solution

The structure was solved by direct methods with
SHELX76.

A convergence map gave 2631 unique phase relations.
The automatic centrosymmetric structure solution routine gave
2 E-maps. All the non-hydrogen atom positions could be deduced

from E-map 1.

Structure refinement

The inclusion of a weighting scheme and.anisotropic
temperature factors gave R=0.074. Hydrogen atom positions were
deduced from a difference synthesis giving R=0.045. Omission
of the 0,1,3) reflection (prébably affected by the backstop) gave
R=0.041.

Crystal data are given in Table 3.8.
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TABLE 3.8 Molecular formula C7H603' My=138.1

Approximate crystal dimensions 0.6 x 0.3 x O.lmm.
Monoclinic P2;/c. a=6.36(1),b=9.58(2),c=9.71(1)A,8=75.13(2)°,
from diffractometer measurements (MoKa radiation).

V=572A°%, Z=4,

3, Dg=1.60MgM >,

1

Dy=1.59MgM
F(000)=288, u=0.08mm
R=0.041, R,=0.045 (w=3.1037/(a2(Fo)+0.000368(Fo)2).

3.3.3 2,3-endo-epoxybicyclo[ 3.2.0]l heptan-6-one-
p-nitrophenylhydrazone (61)

The crystal selected was orange and extinguished
under crossed polars parallel to an approximatevneedle axis.
The approximate crystal dimensions were 0.6 x 0.5 x 0.15mm.
The crystal was mounted parallel to the direction of extinction.

Space group determination

Oscillation, Weissenberg (hO&,hl%) and precession
(hk0,0k2) photographs indicated monoclinic symmetry (2/m) with
systematic absences; hO%2:% odd; OkO:k odd. Approximate cell
dimensions measured from photographs were consistent with
monoclinic symmetry. The density was measured as 1.37MgM-3,

which indicated 4 molecules per unit cell.

The space group was assumed to be P21/c.

Intensity data collection

Data were collected for hO-6% and 0-3k& with
émax=25°. 2164 unique data were recorded for the b axis and
832 data for the a axis (the crystal was remounted). The data
were merged without layer scales after structure solution to
give 2351 unique data of which 1538 reflections with I > 3 o (I)

were used in subsequent calculations.
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Structure solution

The structure was solved by direct methods with
SHELX76 using the intensity data from axis b. The non-hydrogen

atoms could be deduced from E-map 2.

Structure refinement

The inclusion of all the non-hydrogen atoms gave
R=0.144, The addition of hydrogen atoms at calculated positions
and a weighting scheme gave R=0.127. The temperature factors of
the non-hydrogen atoms were made anisotropic giving R=0.045.
At this stage data from axis a was merged (merging R-factor =
0.0498 (mean ébs(EXE-l)=(approx.) 0.97 in effective N range ).
The refinement converged at R=0.0u48,. |

Crystal data are given in Table 3.9.

TABLE 3.9

Molecular formula C13H13N303. Mr=259.1u

monoclinic, P2;/c. a=9.50(2),b=13.73(2),c=9.70(2)4,8283.19(2)°,
from diffractometer measurements (MoKa.radiation).

v=125743, z=4

3 3

D_=1.37MgM" >, D_=1.36MgM

F(000) 2545, 1u=0.061mm *
R=0.0479, R..=0.0459 (w=4.4729/(s>(F0)+0.000169(F0)?).

3.3.4 3-exo-methoxy=-6,7-endo-epoxy=-2-oxabicyclo-
[ 3.3.0]octane (62)

The crystals selected were white with no obvious
crystal faces. Preliminary oscillation photographs indicated
they decomposed or sublimed in air, therefore a suitable crystal
was enclosed in a sealed glass tube to prevent deterioration.
This crystal extinguished under crossed polars parallel (and

perpendicular) to an approximate needle axis.
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Space group determination

Weissenberg photographs (hOf%,hl%,h22) displayed
monoclinic symmetry (2/m) withlsystematic absences, hkf:h+k=2n3
hO%:2=2n3 0kO:k=2n. Cell dimensions were measured from
Weissenberg and oscillation photographs and were consistent
with monoclinic symmetry. The approximate density (the
crystals dissolved slowly in a number of solvents tried) was
l.2MgM_3, which implied 8 molecules per unit cell. The space

group was assumed to be C2/c.

Intensity data collection

Data were collected for hO-7% with 6max=25°. This
gave 1698 data of which 905 unique reflections with I > 3 o (I)
were used in subsequent calculations.

Structure solution

)
"The SHELX76 automatic centrosymmetric structure

solution routine gave 4 E-maps. All the non-hydrogen positions
could be deduced from E-map 1.

Structure refinement

The temperature factors of the non-hydrogen atoms
were made anisotropic giving R=0.136. The addition of a
weighting scheme and hydrogen atoms at calculated positions gave
R=0.068. Omission of the 402 reflection (which had a low
observed I, probably due to the backstop) gave R=0.0u483, at
which point the refinement had converged.

Crystal data are included in Table 3.10.
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TABLE 3.10

Molecular formula C8H1203' M,=156.18

approximate crystal dimensions 0.5x0.3x0.2mm.

Monocliniec, C2/c. a=17.15(2), b=6.15(2), c=14.99(2)4,
8=82.47(3)° from diffractometer measurements (MoKe radiation).

V=15684%, 7=8,

3 3

, Dp=1.2MgM °,
1

D,=1.32MgM
F(000)=672, u=0.061mm
R=0.0483, R =0.0510 (w=3.16/02(F0)+0.001(Fo)?).

3.3.5 spiro{5-exo-hydroxy-3—oxatricyclo[5.1.1.0“’9]-

nonan-8-one-2-1'(4',5'-exo-epoxybicyclo[ 3.2.0] -
heptane)} (58)

Recrystallisation from an ethanol/methanol mixture
gave clear needle like crystals which extinguished parallel
and perpendicular to the needle axis. A fragment of approximate
size 0.5x0.2x0.1lmm was mounted parallel to the needle axis.

Space group determination

An oscillation photograph displayed mirror symmetry.
Weissenberg (hO&) and precession (hOf2,0k2) photographs showed
systematic absences; Ok2:2=2n, hO%:h=2n and cell dimensions

consistent with the orthorhombic space groups Pca21vor Pcam.

3

The density was measured to be l.MSMgM- which

implied 4 molecules per unit cell. The space group was assumed
to be Pca21.
Intensity data collection

Data were collected for hk0-9% with 6max=25°. This
gave 1401 data of which 987 unique reflections with I > 3 ¢ (I)

were used in subsequent calculations.
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Structure solution

A convergence map gave 2449 unique phase relations.

3 origin defining reflections were chosen
(6,0,1; 16,1,0; 5,1,0) and assigned phases of 0°. An
enantiomorph defining reflection (12,6,5) was assigned phases
of 45° and 135° and one multisolution reflection (3,12,1) was
assigned the possible phases of 450,1350,2250,3150. From
this starting set, 8 E-maps were computed.

From E-map 1, all the non-hydrogen atom positions
could be deduced.

Structure refinement

The inclusion of a weighting scheme and anisotropic
temperature factors gave R=0.08. The addition of hydrogen atoms
at calculated positions followed by least squares refinement
gave R=0.046, at which point the refinement had converged.

Crystal data are given in Table 3.11.

TABLE 3.11

Molecular formula Clqusou’Mf=2”8'28

approximate crystal dimensions 0.5x0.2x0.1lmm.
orthorhombic, Pca2;, a=11.78 (2),b=9.04 (2),c=11.09 (3)A
from diffractometer measurements (MoKo radiation).

V=1182.13A4%, z=4

3 3

, Dc=1.39MgM' .
1

D_=1.36MgM
F(000)=528, u=0.06mm A
R=0.046, R_=0.0495 (w=1/02(Fo)+0.0014(Fo)?).

3.3.6 6-endo-methoxy-8-trans-N-methyl-N-p-toluenesulphonamide-
2-oxabicyclol 3.2.0] octan-2-one (63)

Preliminary oscillation photographs of two crystals

showed them to be unsuitable due to 'tails' on the reflections
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(these would present difficulty in background intensity
measurement) .

The third crystal was monoclinic in shape and
extinguished along the needle axis under crossed polars. The
approximate crystal dimensions were 0.6x0.2x0.6mm. It was
mounted parallel to the needle axis.

Space group determination

Weissenberg (0kf&,1lk%) and precession (hO0%,hk0)
photographs indicated 2/m symmetry with systematic absences;
hQ%:% odd, 0OkO:k odd. Approximate cell dimensions measured
from photographs were consistent with monoclinic symmetry.

3, which implied 4 molecules

The density was measured as 1.35MgM~
per unit cell.

The space group was assumed to be monoclinic, P2l/c’

Intensity data collection

Data were collected for 0=6kf with 6max=25°. This
gave 3253 data of which 1655 unique reflections with (I)>30(I)
were used in subsequent calculations.

Structure solution

The SHELX76 programs were used for all calculations.

A convergence map gave 2631 unique phase relations.
The structure was solved by manual symbolic additionzl.

A I, listing gave 475 reflections with |E[>=1.30.
From the I, listing, 3 origin defining reflections of high E
were choseny 5,3,3; =-5,6,7; =1,2,9 and assigned a phase of 0°.
A further 4 reflections were assigned the symbolic phases
a,b,c,d.

In the space group P21/c the following relationships

may be derived (s=sign):
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s(hkt)=s(-h-k-2)=s(h-k2)=s(-hk=-2) for h+&=2n
s(hke)=s(-h~-k~2)=-s(h-kg)=~-s(-hk-£) for k+&=2n+l.

These relationships were utilised to assign phases
to a further 21 reflections. From the solution a=b=0 and
c=d=m1 an electron density map was computed using the signed E
values as coefficients. From this map, the non-hydrogen atom
positions could be deduced.

Structure refinement

The addition of a weighting scheme gave R=0.118.
Hydrogen atoms were attached in calculated positions and the
temperature factors of the non-hydrogen atoms made anisotropic
giving R=0.063.

The high temperature factors of the hydrogens
attached to C(23) indicated disorder. These were refined as
2 methyl groups with occupancies summed to unity, giving
R=0.056. At this stage, the refinement had converged. A
difference map showed no unusual features.

Crystal data are given in Table 3.12.

TABLE 3.12

Molecular formula ClBH21NOSS' Mf=339.4

approximate crystal dimensions 0.6x0.2x0.6mm.
monoclinic, P21/c. a=6.46(2), b=11.77(1), ¢=22.62(1)A,
82101.97(1)° from diffractometer measurements (MoKa radiation).

v=168343%, z=u

Dp=1.35MgM™3, De=1.3uMgM™3.

F(000)=720, u=0.172mm 1.

R=0.057, Ry=0.041(w=(3.76/ (o2 (F0)+0.000022(F0)?).
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3.3.7 2-exo-bromo-3-endo-hydroxy-7,7-dichlorobicyclo-

[ 3.2.0]l heptan-6-one (29)30

Recrystallisation from CCl, solution gave clear
colourless crystals of approximately monoclinic shape which
extinguished parallel to the needle axis. The crystals
selected were mounted about the needle axis.

Space group determination

Preliminary oscillation photographs of U4 crystals
displayed unfavourable characteristics due to absorption
(crystal too big) or multiple reflection (tails on reflections).
TheVSth crystal of dimensions 0.5x0.7x0.7mm was of suitable
quality.

An oscillation photograph displayed mirror symmetry.
Weissenberg photographs (hk0,0kf) gave approximate cell
dimensions consistent with monoclinic symmetry with systematic
absences; hk#:h+k=2n, hO2:2=2n3; 0kO:k=2n. The measured density
was l.7MgM-3. This implied 8 molecules per unit cell.

The space group was assumed to be monoclinic, C2/c.

Intensity data collection

2 data sets were collected. The first (using the
above crystal) was used for structure solution.

Data set 1: !

Data were collected for hO-9k& with 8max=25°.
This gave 3139 data of which 1361 unique reflections with
I>30(I) were used for subsequent calculations.

Data set 2:

Data were collected on a new crystal, mounted
about axis ¢, of dimensions 0.8x0.8x0.5mm for hkO-92 with
emax=25°. This gave 2871 data of which 1596 with I>30(I)

were used in subsequent calculations. An empirical correction
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was applied as the standard reflection (2,-2,0) decreased
in intensity by ca. 6% during the experiment.

Structure solution 

Data set 1 was used for structure elucidation.
SHELX76 direct methods failed due to severe pseudo symmetry
of the bromine atoms, which appeared to be near a pseudo mirror
plane. This was évident from the data as odd layers were of
low intensity. Similarly the Patterson (vector) map was not
easy to interpret. Intensity data was input into MULTAN78.
The data was scaled by a Wilson plot and 188 of the largest
E-values (with the 6 smallest E values, used to calculate psi
zero figure of merit) were used to prepare a convergence map.
Two origin defining reflections (0O,4,1 and 17,3,-4) and 3 other
reflections (O,4,4; 2,6,8; 12,2,-4) were chosen as a starting
set. Tangent formula expansion followed by a Fourier synthesis
gave 8 E-maps. E-map 2 appeared to give the positions of 2
bromine and 4 chlorine atoms. |

Structure refinement

The -structure was refined on SHELX76.

The non-hydrogen atom positions of a bicyclo[ 3.2.0]
fragment were deduced from a difference map which included the
atom coordinates determined by MULTAN78, giving R=0.26.

A further difference map revealed another polycyclic
fragment.

Inclusion of a weighting scheme and anisotropic
thermal parameters gave R=0.0758., Hydrogen atom positions were
determined from difference maps. The refinement for data set 1
converged at R=0.064l.

The second data set refined to R=0.0537 and this was
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used for subsequent calculations. A final difference map
revealed no additional features.

Crystal data are given in Table 3.13.

TABLE 3.13

Molecular formula C7H7BrC%p2, Mf=273.9, Z2=16,

approximate crystal dimensions 0.8x0.6x0.4mm.

monoclinic, C2/c. a=22.98(1), b=12.05(1), c=1u4.u41(1)A,
8=72.22(1)° from diffractometer measurements (MoKea radiation).

v=38014°%, F(000)=21u1,

u=4.7lmm-l,

-3 -3
Dp=1.7MgM ™ >, D, =1.8MgM °.

R=0.0537, Rw=0.0507(w=3.2568/(02(Fo)+O.OOO398(Fo)2).
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3.4

APPENDIX A: Structure solution by heavy atom methods ' 22226

The electron density of an averaged unit cell can

be reconstructed by summing the Fourier series

.1 ,
Pix,y,2) = T %IFHICOS[2ﬂ(hX+ky+Qz)-¢(hk2)]

Unfortunately, only the intensities are observable from an
X-ray diffraction experiment, the phases ¢ are unknown.
Patterson27 derived a new Fourier series which could
be calculated directly from experimental data. This considered
not the atomic positions but the interatomic vectors. The
Patterson function22 is usually written in 3 dimensions as:

P(u,v,w) cos 2w (hutkv+iw)

The Patterson function can be handled in a similar
fashion to the corresponding electron density function; however,
the peaks of maximum intensity now correspond to interatomic
vectors between atom pairs. There are as many Patterson peaks
as there are i, j pairs of atoms, i.e. N?. The N peaks
corresponding to i, j pairs appear at the origin of the
Patterson function and the remaining N(N-1) peaks are centro-
symmetrically distributed about the origin. It is thus only
really necessary to consider half the Patterson unit cell.
Although the crystal structure may be any one of the 240 space
groups, the Patterson function introduces a centre of symmetry,
thus only the primitive and centred Laue groups are seen.

The geometry of the peak locations in a Patterson

function is due to the sets of interatomic vectors, each set

using one atom as an origin, repeated for each atom and
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weighted according to the electron density of the atom at the
origin.

The height of a Patterson peak is proportional to the
atomic numbers of the 2 atoms forming the vector.

In very favourable cases, if the Patterson peaks do
not overlap it is possible to deduce atomic positions from
vector tripletsu. However, this is seldom the case due to the
large number of peaks present in even relatively small
structures.

If there are heavy atoms present in the structure
e.g. bromine in an organic molecule containing only carbon,
hydrogen and oxygen, since the Patterson peak intensities are
proportional to the atomic numbers of the atoms involved,
those peaks corresponding to vectors between the light atoms
are of relatively low intensity, those corresponding to light
and heavy atoms are of greater intensity and those of highest
intensity correspond to interatomic vectors between the heavy
atoms. This means that peaks may be assigned to particular
.atom pairs, i.e. those involving the heavy atoms.

From the symmetry elements of the space group, the
possible interatomic vectors between symmetry related atoms
are evident. Since the Patterson peaks correspond to these
interatomic vectors, the coordinates of the heavy atoms may be
deduced from a series of simultaneous equation.

The clarity of the Patterson map may be increased.
by using a sharpened Patterson function. In this case, the
atomic scattering factors are modified to behave as point atoms
where their scattering power is not a function of sin8/A but

of their atomic number Z. A common approximation i826
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' 2
2 lFﬁlobs

exp[—2B(sin26)/A2] (§ fi 2)
i=1

Once |F poinf]'s are obtained from the measured
[F real], they can be squared and used in a sharpened Patterson
function. This technique shows up more peaks.

Also, the origin peak can be a problem, swamping
the close-in peaks and causing problems of scale. This may
be removed by using modified coefficients of the form26 (with

F's placed on an absolute scale)

2 N
| -5 f

! = ~
EL i=1
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APPENDIX B: Direct methods of phase determinationu’22

Direct methods afe analytical approaches to phase
determination which are independent of trial structures (or
nearly so). They are designed to find the phase information
hidden in the intensities of the observed reflections by the
use of approximate mathematical relationships and statistical
methods.

The major source of information on the crystal
structure is contained in the very strong and very weak
reflections, where strong and weak refer to the intensities
of the reflections corrected for scattering angle i.e. the
structure factors are converted to normalised structure

factors, Eﬁ.

Fo
H
Eﬁ T
(ezfs)?
;71

Thus, Ej is the ratio of Fyp to its root mean square expectation
value and the quantity e 1is introduced to allow for space group
symmetry, which affects the intensities of some reflections

e.g. in the space group PZl/c where systematic absences are
present, some reflections are missing while others are increased
in intensity. The average intensities of (hOf%) reflections for
which 2 = 2n is twice as large as for hkf reflections.

The experimental data are usﬁally on an arbitrary
scale, however the proportionality factor and the overall
temperature factor can be derived.

If k 1is the unknown scale factor to convert relative
F values to the absolute values then

k(Fﬁ)rel =T

et}

k2<F3> = zfi = z(fg)zexp(-ZBsinze/kz)
1

o rel 1
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thus,
2

<F?I)rel

— Leli= -2(1n k+Bsin?e/2?)
O —

In

So, by calculating <Fé> and g(fg)z in various sin6/X ranges
and plotting the l.h.s. of the above equation against sin6/12
the straight line fitted to these points has a slope corres-
ponding to the temperature factor coefficient B and from the
intercept at sin6/x = O, the scale factor k may be obtained.

Most modern direct methods use normalised structure
factors or E values. In recent years, a number of inequality
and equality relationships have been derived which attempt to
predict the signs (or phases if non-centrosymmetric) of
particular reflections. Sayre's equation is the basis of many
such relationships. If one of the products is large, it will

tend to dominate the sum. For a centrosymmetric structure,

for Fhkz’Fh'k'l"Fh-h"k—k"z-l' all large, it follows that

s(hk2)s(h'k's")s(h~h',k-k',2-2')2+ 1
where s = sign.
The symbol &z means 'probably equals'.

The vectors associated with these reflections
d*(hk2),d*(h'k'%"') and d*(h-h',k-k',2-2') form a closed triangle
or vector triplet. The physical significance of these triplets
is that if they are drawn in real space, their points of inter-
section correspond to atomic positions. The probability is
particularly strong if they have high E values.

This may be written in a more general form23.
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s[ EChk2)] = s[h,i,g,E(h’k'ﬁ')E(h-h',k-k',1-2')]

The summation is over all vector pairs with known signs which

form a triplet (hkt). The probability P is giQen by

P,(hk2) = } + } tanhl (0,/0,% P)a’]
where o' 1s given by
a! = |E(hk2)IhﬁzE(h'k'l')E(h-h',k-k',l-z')
and o by
o, = ?Z? Z; = atomic number of the
1 ith atom.

In practice, a list of strong triples and their associated
triple products is produced. This is helped in many cases
by the space group symmetry. When glide planes or screw

axes are present, additional relationships hold e.g. in P2l/c,

k+2=2n: s(hkg)=s(-h,-k,~-2)=s(h,-k,2)=s(~h,k,-2)
k+2=2n+l: s(hkg)=s(-h,-k,=2)==s(h,-k,2)==s(~h,k,-2).

A listing of triple sign relationships is developed
(22) by considering each value of Ehkz greater than a preset
limit e.g. 1.4, in order of decreasing magnitude as a basic
hkf vector and searching the data for all interactions with
h'k'2' and h-h',k-k',2-2".

One possible continuation of this approach is to
assign phases symbolicallyzu.

The first step is to fix the origin (of the x,y,z,
coordinates of the structure) using a few phases guessed either
uniquely or symbolically. In centrosymmetric crystals the

selection of phases is relatively easy (compared to the non-

centrosymmetric case) due to Friedel's law as the imaginary part
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of the structure factor disappears

n/2
- - - -
A'(hkge) = §=lgi[0082ﬂ(hxi+kyi+lzi) + cos2m( hx.-ky; zzi)]
n 3 *
B'(hk&) = E: gi[81n2n(hxi+kyi+zzi) + 51n2n(-hxi-kyi-zli)]
Since for any angle ¢, cos(-¢) = cos ¢ and sin(=-¢) = =-sin¢
A'(nke) = 232 27 (hx, +k )
2 = i giCOS m Xi+ yi+2,Zi
B'(hke) =0

Thus o = O if A'(hke) is positive and ¢ = 7 if A'(hke)
is negative. (gi is the temperature corrected atomic
scattering factor).

Three origin defining reflections are required to
uniquely define one of the 8 centres of symmetry in the centro-
symmetric celi. These are specially selected such that the
parity groups of the reflections are not linearly related.

(The sum of the parities of h+h'+h" k+k'+k" ,2+2'+2" # ggg).
Reflections belonging to this group are termed structure
invariant and their signs depend on tﬁe structure. In the case
of non-centrosymmetric space groups, a further reflection is
usually required to define the enantiomorph.

Those reflections which.cannot immediately be
assigned a phase are given symbolic signs, usually designated
a,b,c, etec. Certain reflections will be involved in several
strong triples leading to multiple sign indications which can
be used to eliminate symbolic phases. As these are introduced,
several contradictions are likely to be encountered and phases

must be selected to keep these to a minimum.



An E-map can now be computed using the Fourier
synthesis where the coefficients are experimental E-values
associated with the derived signs. Generally several such
maps are needed using different sign expansion pathways or
varying the choice of signs for the symbolic phases.

For non-centrosymmetric structures the problem

is much greater since the phase allocated to a reflection
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is at best only approximately right. However, it was realised

that the phase determining procedure could be repeated in an

iterative manner using the tangent formula, derived from

the Sayre equation2

- &IE‘}"(HFﬁ_KISin(q)K'Fd)ﬁ_K)
tan ¢f % FIEd gl cosCogrop g,

(where the sums are taken over all available terms).

With a set of assumed or derived phases for a
relatively small number of reflections the tangent formula
can be used iteratively to refine the starting set and
provide additional phased reflections.

Correct phases are recognised by statistical

formula, one of the most generally used criterion being:

calcl)

5 obs| g
By 1-1%

R =
z|E§bS|

where R is minimised.
At this stage in structure solution a number of

chemical fragments are probably evident and the structure

can be refined using a non-linear least squares procedure.
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In symbolic addition a new phase may be indicated
several times by the same combinations of symbols, then the
individual implications reinforce one another. However, the
combination of indications involving entirely different
symbols can introduce problems29 e.g. if 2 separate sign
indications for the phase of ¢ are (a+b) and (c+d) and
a=n /4% b = 3r/4, ¢ = -v/4, 4d = -31/4, then the combinations
of (a+b) and (c+d) equal = . However, symbolic combination
of 1/2(a+b+c+d) = 0, the incorrect solution.

The multisolution approach avoids these problems
by assigning numeric rather than symbolic phases at an early
stage. It is then possible to combine individual phase
indications by the tangent formula.

The phase determining procedure is based on a
starting set of phases:

(a) origin and enantiomorph definition, requiring
up to 4 phase assignments
(b) phases derived from a Zl formula or another method
(¢) further phases required to initiate a continuous
phase determining process by tangent formula expansion.

The I, relationship is derived from the I,

relationship:

Ly Sff x s(ﬁ SRSﬁ_k')
r

when only a single triplet is considered,

Sf+S% Sf-k % 1

known as a triple product sign relationship. For the special

case of H = -K (I and X are vectors hkl and h'k'%') in
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space group Pl; for example

S P R LI
similarly, in P1 since ¢ﬁ = 0,7 1t follows that sy = sy <X 1
hence

s(2f) = 1
The above two equations are referred to as Zy relationship829
The program MULTAN utilises the multisolution approach.

The initial starting phasés are given numerical
values according to space group symmetry. General non-centro-
symmetric phaseé are assigned the values +-n/4,+-37/4 and for
enantiomorph +-w/%. A total of p variable phases including
enantiomorph selection will now give 2 x 4P"Ll. This method
gives an initial maximum error in the starting phases of 45°.
A weighted tangent formula is used to expand the initial

starting set of phases

Qry wsin(om+de ) .
tan ¢ = ﬁr H’K KRR = Eﬁ
H ~ ‘E Qﬁ AKCOS(¢K+¢H_K) BFI
r b
2
where o,k = wrviE-k! Brl Bl /¢l -1ug O
with
i ~3/2 2. 2.1
wpy = tan[o3o2 Eﬁ(Tﬁ’Bﬁ y2 ]
N
and lugl = |Fgl/y £
H -1 ]

j_
the unitary structure factor.

-3/2
939,

numbers of atoms in the unit cell.

is a correction for different types and



The weighting scheme is designed to give poorly
assigned phases a low weight while still incorporating them
in the sign expansion.

Phase sets are assessed by three figures of merit

128.

ABS FOM, PSI ZERO and RESID?° prior to calculation of E maps.

ABS FOM(Z) (a measure of the internal consistency
among the two relationships)

-z -
Z = ﬁ(aﬁ OLR~O/I%(0L

- )
i Egy aRﬁ

a is the value expected for random phases and ar, is an

Re
H H
estimate of calculated during the convergence procedure.

PSI ZERO
wO = ﬁ %{lER"Eﬁ"k|

the |E| values in this summation are very small. For small

lEﬁl; Yo should have a small value for the correct phase set.

RESID corresponds to

_ Zﬁ“zﬁl_lEﬁlcalc|
K~ Zﬁ]Eﬁl

where |Eg] ca1c = K<|ER"EQ-RI>ﬁ

and K 1is a scale factor

2
K = élEﬁ|2/§<IEK"Eﬁ_K>

The correct set of phases should have the smallest RESID.
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APPENDIX C: Anomalous dispersion

In 1951, Bijvoet et al.28 showed that the absolute
configuration of an optically active molecule could be
determined by measurement of the effects of anomalous dispersion.
The method is based on the breakdown of Friedel's law ﬁnder
special conditions.

Friedel's law; I(hkg)=I(-h,~-k,-2) is not an exact
relationship and tends to become less so as the atomic numbers
of constituent atoms in a crystal increase. The law breaks down
severely if the X-rays used have a wavelength just less than
that of an absorbtion edge of an atom in the crystal e.g. with
molybdenum radiation and bromine atoms in the crystal structure.
Anomalous scattering introduces a phase change into the atomic
scattering factor which becomes complex:

F = Fy + AF' + iaF"

AF' is a real correction and AF" is an imaginary component
which is rotated through 90° in the complex plare with respect
to F, and AF'. The result is best displayed with an Argand
diagram. In Figure 3.26 three atoms a, b and ¢ have the
structure factors fa’ fb and fd‘ In this case, there is no

anomalous dispersion.

Figure 3.27 shows the case with anomalous dispersion.
Atoms a and b have no anomalous dispersion. However, atom c,
as well as having a real correction to the structure factor fé’
also has an imaginary correction féﬂ.

This result can be applied by comparing the observed
and calculated F's. These are tabulated as Fg(hk&)/Fg(-h-k;-%)
and Fc(hkﬁ)/Fé(-h,4k,-Z) and each pair is compared. If the

ratio of the observed reflections is consistently greater than 1
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Figure 3.27 Argand diagram for 3 atoms a, b and ¢ with
structure factor amplitudes fa,fp,f, and phases 05,0n,0, showing
the contribution these atoms make to the observed structure .
factor F(hk#). In this case, there is no anomalous dispersion
and F(hk#)=F(~h,~k,-2).

Figure 3.28 Argand diagram for 3 atoms a, b and ¢ with
structure factor amplitudes fg,f},f. and phases 0a30ps0, showing
the atoms contribution to the observed structure factor F(hki).
In this case, there is anomalous dispersion. Hence,
F(hke)#F(-h,~k,-2).
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when the ratio of the.calculated reflections is less than 1,
the wrong configuration has been chosenzs. |

For low symmetry space groups the enantiomorph
is obtained by changing the sign of the coordinates;

X to =X, y to -y, z to -z. For space groups which occur

in enantiomorphic pairs ((e.g. P, /P3 ) in which compound (3)
v 1 2
(Chapter 3) crystallises) the enantiomorph is obtained by

change of space group and simultaneous inversion of the signs

of all coordinates, e.g. (x,y,z) in P3 and (=x,-y,=-2z) in
1

P3 are enantiomorphs.
2
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4,1 Introduction

The addition of the elements HOX to (1) (X=Cl,Br,I)
gives the bromohydrin (2) in high yield via stereo-specific forma
tion of -the exo-bromonium ion (10) followed by regio-specific

attack by, nucleophile predominately at C(3). (Chapter 2).

Br )
L
1 +Br
/2 ¢l —
3 07 I 0
| - HO® H
(1) . {10) (2)

Similarly, nucleophilic attack on the corresponding
protonated epoxide of (6) proceeds in an analogous fashion with

regio-specific attack by nucleophile at C(2).

Br '

: —_— }u‘

o 0 :
(6) (10) H(l) (2)

In contrast, the oxabicyclo[3.3.0)octenone (7) forms
both exo- (1l4) and endo- (16),(18) bromonium ions in equal pro-
portions. However, the exo-bromonium ion is again attacked regio-.
specifically by nucleophile to give only the bromohydrin (15)9.

Nucleophilic attack on the bromonium ions (10), (14)
and the protonated epoxide of (6) presumably proceeds via a

transition state where the carbocyclic S5-membered ring adopts
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an endo-envelope conformation with the halogen and hydroxy

functions trans diaxial.

(13)

Attack at the alternative site would require the carbocyclic
ring to take up an exo-envelope conformation (assuming an anti-
periplanar transition state). N.m.r. evidence suggests that in
solution bicyclo[ 3.2.0]heptan-6~one derivativeé (Chapter 2)
exist predominately in the endo-envelope conformation with the
substituents pseudoaxial. The preference of the bicyclo[ 3.2.0] -
heptane system for the endo-envelope conformation has also been
confirmed by force-field calculations (Chapter 5) and X-ray
studies (Chapter 3).

There is however another factor which could stabilise
the endo-conformation and direct the course of nucleophilic
attack. ” |

~ Substituted bicycloheptanones and 2-oxabicycloSctancnes
(of the type described‘above) and other polyeyclic compounds
(e.g. (65)) have the possibility of transannular intra-molecular
interactions analogous to those described by Blrgi, Dunitz and
Shefter (BDS)3 if one of the rings has as a substituent a
nucleophile (e.g. OH) and the other ring, an electrophile
(e.g. C=0) in a suitable orientation to each other. In the
cases described above (1) to (14), the cis ring fusion

accompanied by an endo-envelope conformation results in the
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molecules having a folded appearance with the nucleophile
presented to the electrophile in a very favourable geometry
for transannular attack. Inspection of models appears to
indicate that the orientation of the hydroxyl and ketone is
such that other conformations (e.g. an exo-envelope) or
substitution patterns (e.g. 2-endo-hydroxy-3-exo-bromo-)

do not achieve the optimum geometry for a strong 0...C=0
interaction. Thus approach of an attacking nucleophile could
be directed and the transition state stabilised by this typé
of interaction e.g. nucleophilic attack on the bromonium ion

(10).

Br* Br

7 ' Ho"

HO* «v. O...C=0interaction
(10) (2)

It seems therefore, that the presence of this inter-
action could possibly be the controlling factor in the observed
regio-chemical nucleophilic attack. This view was encouraged
when an investigation of the epoxy-lactone (8)12 by X-ray
analysis indicated an interaction with an 0...C=0 distance of
2.992(2)A,

However, the degree to which the transannular
0...C=0 interaction exerts control of the conformation and
energy of (8) and similar small polycyclic molecules required

further data on similar molecular systems.

To achieve this aim, nucleophilic attack of the type

v
.
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described by BDSlo is reviewed (Chapter 4.2) and the role of
this interaction on the ground state geometry and conformation
of small polycyclic molecules has been investigated utilising
the Cambridge Crystallographic Data Files (CCDC), X-ray analysis

and force-field calculations (Chapter 4.2 and Chapter 4.u4).

4.2  Review

Dunitz et al. have found striking geometric correla-
tions between nucleophilic groups and eleétrophilic centres
which appear to map out the minimum énergy pathway (reactioh
coordinate) of a series of chemical interactions3 very similar
in nature to those observed in some of the compounds studied in
Chapter 3. |

From this work came the principle of structural
correlation i.e. if a correlation can be found between 2 .or more
independent parameters describing the structure of a given
structural fragment in a variety of environments, then the
correlation function maps a minimum energy pathway in the
correspohding parameter spaceu.

To apply this hypothesis, correlations between
selected parameters describing the geometry of a subsystem
frozen in a number of molecular or crystal environments are
extracted from X-ray structural data. Molecular interactions
of interest may perturb the subsystem, which will modify its
geometry so as to minimise the energy of the crystal as a whole.
The subsystem may now be considered to be constrained at some
point along the reaction coordinate. If a sufficient number of
structures are available covering the range of the interaction
of interest, then comparison can be made between dynamic chemical

reactions and the corresponding static crystal structures. The




140.

transition state is energetically at the apex of the reaction
coordinate and hence is difficult to observe. However, the
approach of the nucleophile towards the electrophilic centre

(and the departure of the leaving group) may be observed 'frozen'
by inter- and intra-molecular forces in the crystalline
environment.

Using this approach the N...C=0 interaction has been
investigated by Dunitz et al. in some detail. In this investiga-
tion the data on the N...C=0 interaction were obtained by a
careful (if tedious) survey of the literature. To test the
sensitivity of automatic search methods (using CCDC8) and in
the hope of retrieving a larger set of structures displaying
N...C=0 interactions, this search has been repeated for intra-
molecular N...C=0 interactions. |

A connectivity search using the criteria of Table 4.1,
retrieved 721 structures.

TABLE 4.1: Connectivity search (CONNSER and RETRIEVE)

Q intra N...C=0

C retrieves ketones, esters etc.

Atl C 3 O E

At2 01 0 E

At3 C,0 , 8
At4 C,0 . CH C7
C retrieves tertiary amines (amides) )

At5 N 3 E
At6 C N—LC6
At7 C L ,
At8 C,H )’
BO 1 2 CIO
BO 1
BO 1
BO 5
BO 5
BO 5
ENDQ

WD F W
'._l
mM
o

The data were screened, removing data sets without published
coordinates and structures containing disordered atoms, reducing

the number of compounds to 540.
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The geometries of the chemical fragments of
interest were calculated (Table 4.2).

TABLE 4.2: Geometry screen (GEOM)

CALC INTRA N 2.4

FRAC INTRA N...C=0
AT1 ©

AT2 C

AT3 C,0

ATY C,0

ATS N

AT6 C

AT7 C

AT8 C,H

C only compounds with N...C=0 are processed

BO 1 2 1.1,1.35 ]
BO 2 3 1.15,1.6 ‘
BO 2 4 1.15,1.6 :
BO 2 5 1.49,3.3 8 |
BO 56 1.1,1.6 CH |
BO 5 7 1.1,1.6 7. 5 '
BO 5 8 .8,1.7 C v
C angle screen \\\ v
TEST ANG 5 2 1 85,125 N—C¢ :
ENDF K y
DEF *RFACT A
DEF *AS D25 /

C plane of carbonyl is Pl L ) o
SETUP P1 1 3 b4 C,0—0 7 0 ,
DEF D12 1 2 — .
DEF D25 2 5 1 :
DEF A521 521 Co

DEF DELTC P1 2 3

DEF DELTN Pl &

ENDQ

Only é9 structures contained the required fragments.

The remaining structures were screened by hand. Those
structures with an R-Factor greater than 0.12, 1-4 N..C=0
interactions or with Pl..AT2 less than 1.4A& yere removed.

17 structures remained. (The compounds are identified by

their CCDC codes, Table 4.3).
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TABLE 4.3: N...C=0 interactions

Code R-Factor C=0(A)  C..N(A) NCO(°) deltc(A)
AEPCNQ10 .069 1.221 2.908 100.7 .010 *
CLIVOR10 .039 1.258  1.993 110.2 .213
CPSAIA - .0u43 1.211 2.879 112.1 .002 *
CRYPTP .0L4?2 1.209 2.581 102.2 .102
DMUVIC .060 1.165 2.988 117.7 .009 *
IKIDBB1O .113 1.153 3.170 93.3 .049 =
MAZUNO .045 1.217 2.457 111.1 .097
METHAD .040 1.215 2.911 105.1 .0BL
METHADO1 .038 1.207 2.912 105.0 .057
MMANCX _ .038 1.336 2.995 94,3 .062
NMZNON .086 1.211 2.759 112.5 .023
NMZNON .081 1.216 2.690 114.4 .055
NANMEK .0L7 1.218 2.559  "10u4.2 . .088
NANPCX .056 1.215 2.602 102.2 .063
OTOSEN10 .061 1.259 2.180 107.7 .133 =
PROTPN .0L3 1.218 2.555 101.6 .115

SENKIRI1O .0us 1.213 2.292 109.4 .116
The relationship between out-of-plane displacement (A) and
N...C=0 distance (d2) is diépléyed in Figure 4.2.

The automatic structure retrieval process retrie§ed
all the fragments in the original survey by BDSlO. Surprisingly,
only a few additional compounds were retrieved (indicated by *).

The approach of a nucleophilic group (in this case a
tertiary amine group) to a carbonyl is accompanied by an out-of-
plane displacement (&) of the carbonyl carbon from the plane of
R1,R2,0 and an extension.of the C=0 bond length (Figure 4.1;
after BDSS). These results are consonant with re-hybridisation

3 with associated change

of the carbonyl carbon from sp2 to sp
in geometry from trigonal to tetrahedral.

Table 4.3 also shows that the preferred angle of
attack by the nucleophilic nitrogen on the carbonyl is ca.
100-112° 19

The search procédure.used for the N...C=0 interaction
proved very successful and has been modified to search for intra-

molecular interactions between oxygen nucleophiles and carbonyls

on 4, 5 and 6-membered rings (of the type observed in Chapter 2).
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- Fig &1

Figure 4.1 Nucleophilic attack on a carbonyl (=0,R,R')
by a nucleophile N at a distance dy occurs at an angle o
and results in an out-of-plane displacement (A) of the
carbonyl carbon from the plane R,R',0 and a lengthening
of the C=0 bond length dj. (After BDS).

Fi 4,b Stereo diagrams of transannular nucleophilic
attack (of the type described by BDS) observed in the
crystal structures (3), (60), (61), (8), (29), (1u), (62),
(63) (p=view perpendicular to R,R',=0, l=view line through
R-R').

.



Figure 4,2

In N...C=0 interactions
retrieved from the A( R)
Cambridge Crystallo-

graphic Data files, as

the N...C=0 distance (d»)
decreases from 3.2A to

2.0A, the out-of-plane
displacement (A) of the
carbonyl increases.
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Survey of 0...C=0 interactions involving 4-, 5- and

6-membered rings

145,

Intramolecular interactions between a carbonyl on a

5-membered ring and suitably orientated oxygen are considered

first (Table 4.U4).

TABLE 4.4:

Connectivity search (CONNSER and RETRIEVE)

Q INTRA O.. _
C 5-membered ring with carbonyl

ATl O
AT2 C
AT3 C
AT4 . C
ATS5 C

.C=0

1 0E

3
2
2

2

O E

C includes lactones
ATe C,0 2

AT7 0
BO 1
BO 2
BO 3
BO 5
BO 6
ENDQ

945 structures were retrieved.

fragments of interest were calculated (Table 4.5).

TABLE 4.5:

2
3
N
6
2

QOO0

Geometry screen (GEOM)

FRAG INTRA 0...C

ATl
AT?2
AT3
ATYH
ATS
AT6
AT7
BO
BO
BO
BO
BO
BO
BO

COOOOOO

NNNDOTE N

C angle s
TEST ANG

ENDF

“

NOoOOO O E WN

@]

NP

DEF *RFACT
DEF *AS

CALC INTRA O 2.2

=0

C plane of carbonyl
SETUP P1 1 3 6

(continued)

The geometries of the chemical
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Table 4.5 (continued)

DEF D12 1 2

DEF D27 2 7

DEF A721 7 2 1

DEF DELTC P1 2

DEF DELTO Pl 7

END

There were 110 structures with a possible interaction
(disordered structures and those without published coordinates
were removed). These were screened by hand. Those structures
were removed: with an R-Factor greater than 0.12; where the
0...C=0 interaction was a l-4 interaction; where DELTO was
less than O.5A§ containing transition metals; where D27 is
less than 2.3A. 32 structures remained (these are identified by

their CCDC code, Table 4.6).

TABLE 4.6 0...C=0 (5-membered ring) (CCDC nomenclature)

Code R-Factor C=0(A) C..0(R) 0C0(°) deltc(R)
ANONAL10 .056 1.233 2.649 100.6 .032
APTSPN .060 1.214 2.886 111.2 .026
BHELIN10 .058 1.200 2.812 99.7 .031
CPACHO .090 1.237 3.100 118.7 .009
CXAEZT .076 1.201 2.622 96.2 .017
DANETN L0439 1.214 3.055 119.9 .009
DCLACML10 .04l 1.210 2.436 99.9 .001
EMCZTO .083 1.186 2.871 87.2 .015
ENXBCO .036 1.197 2.992 118.9  .010
EREMTB10 .061 1.215 2.683 120.1 .038
EREOLA10O .056 1.188 2.650 115.0 .011
GLULAD .040 1.215 2.902 104.7 .000
HELENI .052 1.221 2.620 112.6 .015
ICASIN .039 1.204 2.734 96.5 .007
ITHANE .061 1.197 3.012 120.7 .010
KISCIT10 .O46 1.195 3.069 122.3 .010
LYCPER .059 1.207 2.902 116.9 .008
MCLPHD10 .090 1.236 2.843 99. 4 .001
MEGAMI .0L8 1.199 2.826 113.9 .021
MOLOLD .067 1.196 2.882 95,2 .024
MXTHPO .071 1.208 2.878 109.2 .022
NTMCPO 049 1.201 2.301 95.8 -.002
NTRYQV .054 1.196 2.469 101.7 .055
OTUBST10 .74 1.208 2.690 111.3 .019

(continued)
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Table 4.6 (continued)

Code R-Factor C=0(A) C..0(R) 0C0(°) deltc(R)
PEUNCN .038 1.199 3,064 122.1 .015
PLENOL10 041 1.186 2.843 91.7 -.019
PODOLB .08 1.177 3.013 88. 4 .022
PROPTO .O47 1.202 3.089 86.6 ,013
PSCHDA LO54 1.195 2.653 117.6 -.030
ROSIGN .053 1.210 2.692 110.2 -.016
THPDEC10 .065 1.220 2.902 95.6 .03L
TMHPFE .065 1.170 2.720 90.6 .028

A similar search was carried out on 6-membered rings (Table 4.7).

TABLE 4.7: Connectivity search (CONNSER and RETRIEVE)

g INTRA 0...C=0

C 6-membered ring with carbonyl
AT1 O 1 E '

AT2 C 3 E

AT3 C
AT4 C
ATS C
ATe C
C includes lactones o—-CH
AT7 C,0 g '
AT8 0 6__To

AT9 C,H g

-~

OOOO00O0 sy

0
BO 1,
BO 2
BO 3
BO 4
BO 5
BO 6
BO 7
BO 8
BO 8
ENDQ

= ONJOO UV EFE WwNO

(@]

929 structures were retrieved. Those structures containing
transition metals or having 1l-4% interactions were removed
leaving 885 structures. Those structures not having published
coordinates or containing disordered atoms were removed leaving
648 structures. The geometry of the fragments of interest was

calculated (Table 4.8).
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TABLE 4.8: Geometry calculation (GEOM)

FRAG INTRA 0...C=0
AT1

AT?2

AT3

ATY

ATS

AT6

AT7

ATS8

ATS

AT10
BO
BO
BO
BO
BO
BO
BO
BO
BO
BO 10
C angle s
TEST ANG
ENDF

DEF *RFACT

DEF *AS

CALC INTRA O 2.2

C plane of carbonyl Pl
SETUP P1 1 3 7

DEF D12 1 2

DEF A821 8 2 1

DEF DELTC P1 2

DEF DELTO P1 8

END

OO0COOO0O0O00O0
o
—
(=)

OCONUIONFWN O
v

NHEHFRRFHHRT
'._l
I
-

e o o o o @
[4)]

WD OEWWWWwWwwH!

CON~JOOOU F WNH
Bue vw o o v v v v v

DO HHWHR P H

M e ¢ o o
H3 OO DD De.

85,125

22 structures remained. These were screened by hand
(as with the 5-membered ring structures), to give 18 remaining
structures (these are identified by their CCDC codes,

Table 4.9).
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TABLE 4.9
Code R-Factor C=0(&) C..0(R) 0c0(°)  delta(R)
AOTETC .076 1.228 2.560 103. 3 -.003
AXIPBT .052 1.209 2.956 99.6 .010
BANEQV .091 1.164 2.784 104.5 .056
CHASIN .0u3 1.212 2.763 118.7 -.004
CYHPOC .062 1.197 2.673 98.7 .032
DCHCBN .079 1.218 3,042 85.1 -.003
FOMANN .072 1.229 3.050 87.19  .030
GILMAN .057 1.221 2.801 97.6 .003
ICOLID1O .096 1.195 2.937 9y, 7 .022
LOBSTE .065 1.217 2.783 100.5  .016
MCPLNE 054 1.217 2.858 91.7 012
MFSUDT 041 1.207 3.129 97.14 -.005
MXPCDO10 .039 1.210 3.055 91.5 -.024
MXRCDC .05 1.215 2.773 104.0 .037
NEPETA LOU2 1.210 2.724 1109.0 .0u1
NONFRA .055 1.202 3.063 95.9  .02u4
PAFLEB .107 1.229 2.556 104. 2 .00

TBDMXTO1 047 1.245 2.724 37.4 .006

A search for oxygen interactions with 4-membered rings containing
a carbonyl (as before) retrieved no additional structures (1-4
interactions and those with an R-factor greater than .012 were
omitted).

The variation of out-of-plane displacement of the
carbonyl carbon (delta) with 0...C=0 distance (d2) is displayed
in Figure 4.3.

Although there is an abundance of X-ray structural
data on the 0...C=0 inferaction, it is more difficult to determine
precise correlations than in the case of the N...C=0 interaction.
Figure 4.3 shows that the 0...C=0 interaction displays a much
smaller out-of-plane displacement than its N...C=0 counterpart
for a given X...C=0 distance. Also, the scatter of points in
Figure 4.3 (0...C=0) is much greater than in Figure 4.2 (N...C=0).
These results imply the 0...C=0 interaction is much weaker and
is very susceptible to perturbations in its environment .

There is a distinct gap in the available data between 0...C=0
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distances of 1.5-2.4& and this is probably due to the unstable
natﬁre of this weak interaction near the intermediate transition
state7. The out-of-plane displacement of the carbonyl carbon

is only about 1/3 that observed for nitrogen nucleophiles
(Figure 4.3 (0...C=0 interactions) and Figure 4.2 (N...C=0
interactions)). This suggests the energy of the 0...C=0 inter-
action is only about 1/10 that of the N...C=0 interactionlo.
The preferred angle of approach tends to be more dependent on
the crystal and molecular environment than in the N...C=0 case

and lies in the range 85-120° (Tables 4.6 and 4.9) (see also

reference 7).

4,4 Discussion

A number of polycyclic :compounds having the possibility
of a transannular 0...C=X (X=O,N) interaction have been inves-

tigated by X-ray diffraction (Chapter 2).

Br Br

(3)
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11

0f these compounds, (3) and (15)ll are the products

of regio-selective reactions favouring the 2-exo-3-endo product.

(6) (the p-nitro phenylhydrazone derivative (61) was analysed)
and (8)12 are attacked regio-selectively by nucleophile giving

predominately the 2-exo-3-endo product. (65) undergoes a facile

rearrangement which takes place spontaneously under the reaction

conditions13 and involves transannular nucleophilic attack.

R
—Ok) wary

HO™ (45 (74)

R

(The model compound (63) was analysed by X-ray diffraction).

The steric course of these reactions could conceivably
be influenced by a transannular 0...C=0 interaction (as detailed
above)lo. Similarly, the facile rearrangement of (65) suggests
the presence of an 0...C=0 interaction in the ground state.

In addition, the model compounds (60) and (29) were
specifically designed to display strong 0...C=0 interactions.

In (60) the ring fusions constrain the epoxide to a close
approach on the carbonyl while in (29), the electrophilicity
of the carbonyl is increased by the presence of 2 vicinal
chlorines.

The geometries of the interactions observed are

described in Table 4.10.
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TABLE 4.10: 0...C=X (X=0,N) interactions’

Compound R-Factor C=0(4) C...0(A) A521(°)  deltc(A)
(63) ' .057 1.320(8) 3.492(6) 125(1) .00L(6)
(8) .036 1.197(2) 2.992(2) 119(1) .010(2)
(3) 042 1.185(13) 2.99(2) 111(1) -.013(15)
(61) .048 1.275(3) 2.990(3) 124(1) .008(3)
(60) 041 1.198(2) 2.651(2) 116(1) .052(2)
(2%9a) .068 1.138(7) 2.826(7) 104(1) .015(12)
(29b) .068 1.393(7) 1.410(7) 105(1) .397(12)
(1l5a) .11 1.22(5) 3.02(5) 111(2) -.06(8)
(15b) .11 1.22(5) 3.01(5) 115(2) .02(8)

The nucleophile:carbonyl positions derived from
Table 4.10 are displayed graphically in a stereo-plot (Figure
4.4). Compounds which cannot display an intramolecular 0...C=0
interaction (e.g. (61+)22 and (55)) display planar carbonyl
geometry (to within experimental error).

Inspection of Table 4.10 indicates that the 0...C=0
interaction appears to range from 3.1A (weak, planar C=0) to
2.6$A (strong, A = ca. .05A) (Figure 4.3). Dunitz'® has
estimated the energy required for pyramidalisation of the
carbonyl from the out-of-plane bending force constant to be
approximately 0.5Kcal/mol for & = 0.05A (which is about the
maximum deformation observed in Table 4.10).

The X-ray studies of the bromohydrins (3) and (74)
indicate weak 0...C=0 interactions which can only be inferred
(the out-of-plane displacement of the carbonyl carbon is less

than the estimated standard deviation) by comparison with

Figure 4.3.
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‘Similarly, the epoxides (8) and (61) also display
weak interactions at the limit of observability.

(63) (a derivative of (65)), which was expected to
display an 0...C=0 interaction, displays no interaction at all.
The 0...C=0 distance of 3.320(6)A is well outside the range
where an interaction could be observed.

To explain this apparently surprising result force-
field calculations have been performed on the system (75), a
model for (63) using the force-field of Allinger et al. (MM?,
1980 version) (Chapter 5, Appendix A).

This model can give an indication of the energies
involved on constraining the methoxy oxygen to closer approach
on the carbonyl (Table 4.11).  An attractive 0...C=0 interaction
can be simulated by introducing opposite charges on the hydroxyl

and carbonyl carbon.

TABLE 4.11:
0...C=0(A) charge®* AE. (Xcal/mol)
OH(i) C=0(3)
3.51 0.0 0.0 0.0 (minimised)
3.18 -0.3 0.3 1.2
2.87 -0.4 0.4 2.5
Me
2.59 -0.5 0.5 4.3
—0
S e.e.
* E . o= K21 0
electrostatic '?ij
(75)
Me—0

In this calculation the methoxy oxygen and the carbonyl carbon
were assigned equal and opposite charges (dipole/dipole interactior
suppressed) chosen to reduce the 0...C=0 distance while the
geometry of the rest of the molecule is subjected to energy

minimisation.
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When the molecule is constrained to a conformation
where a detectable 0...C=0 interaction would be expected to
occur, i.e. ca. 2.9A, an additional amount of strain in the
region of 2.5Kcal/mol is imparted to the molecule. This
appears to imply that the strain is sufficient to overcome
any weak (certainly less than 2.5Kecal/mol) attractive 0...C=0
interaction, if indeed the interaction is attractive in the
range studied here.

A similar set of calculations were performed on the

bromohydrin (3) (using the force-field MM2).
Br

H (3)

The minimised geometry indicated an 0...C=0 distance
of 3.03A in the ground state. (X-ray structure determination
of (3) gave an 0...C=0 distance of 2.99(2)A). As before,
charges were placed on the hydroxyl group and the carbonyl

to simulate an attractive 0...C=0 interaction (Table 4.12).

TABLE 4.12:
0...C=0(R) charge® AE. (Kcal/mol)
OH(i) C=0(3)

3.03 0.0 0.0 ' 0.0
2.89 -. 4 U 2.9
2.79 -4 .6 5.2

..

% E . = K—L_l

electrostatic rij

Again, the force-field suggests that an attractive
0...C=0 interaction of only ca. 2.5Kcal/mol is required to

reduce the 0...C=0 distance significantly (although the force-
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field is less reliable in this case due to the presence of
bromine).
It appears therefore that there is no evidence
the net 0...C=0 interaction is attractive at any r(0...C=0).
Even in these cases where a strong interaction is
observed, the net interaction appears to be repulsive.
Evidence for this is seen in the tricyclic system
(60) where the epoxide is constrained by the ring fusions to
a close approach on the carbonyl. A small 0...C=0 distance
and a large out-of-plane displacement of the carbonyl carbon
is seen in agreement with the general trend observed in
Figure 4.3. However, careful examination of the epoxide
geometry shows that the angle between the plane of the epoxide
(C(7),C(8),0(10)) and the plane of the substituent carbon atoms
(C(6),C(7),C(8),C(1)) (planar to within 0.018R) is 107.0(2)°,
which is significantly larger than in less hindered cyclo-
pentene epoxides. In cyclopentene epoxide itself (67) gas

phase electron diffraction gives an interplanar angle of

o 14 and in three other structures containing the

104.7(1)
cyclopentene epoxide fragment (61), (62) and (8)12 this angle
is in the range 104.8(3)° to 105.0(2)°. To obtain more
information on the cyclopentene epoxide geometry, the CCDC

files8 were searched for molecules containing the fragment (76).

(76)



The connectivity search retrieved 50 structures.

32 fragments having the specified geometry were retrieved.

Those structures having disordered atoms, no published

coordinates, a trans ring fusion, or an R-factor greater

than Q.06 were rejected leaving 3 fragments
relationship between the close approach of another atom or
group (X) to the epoxide oxygen and the effect on the cyclo-

pentene epoxide geometry is given in Table 4.13.

TABLE 4.13:

The effect of non-bonded interactions

14,15,16

In substituted cyclopentene epoxides, 6°
angle between the plane of the epoxide (Pl) and the least-
squares plane of the substituent atoms (P2).

group forming a close non-bonded contact (d) to the epoxide

on epoxide geometry

The

is the

157.

X is an atom of

oxygen (0), where r(0) and r(X) are their Van der Waals radii

(&) (Pauling (1960)2;

D=d(0...X)-r(0)-r(X) (Figure 4.5).

Structure

(67)

(61)

(62)

(8)

(60)
XZCVIN (68)
MEXOFE (69)

ENDRIN (70)

X

2 O o O o

CH2

CH2

d(d)
2.99
3.15
2.93
2.62
2.68
2.55

2.53

D(A)

>0
>0
-0.18

c=1.6, O=1.4, N=1.5, CH2=2.0) and

10u4.7
104.7
104.9
104.9
106.9
107.9
108.7

110.5
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0,41

1046 105 106 07 108 109 10

EaO

Fi 4.5 Effect on the cKclopentene epoxide
gé%%ggﬁv on approach of another atom or group (X)

to the epoxide oxygen (0). As X approaches 0, the
interplanar angle © (the angle between the planes

0, C1, C4 and C2, C1, C4, C3) is seen to increase
(Figure 4.6).
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c12c=c'-N 0 Fe(CO)3

(68) (69)

(1 Cl
(70)

When another atom or group is constrained to a
distance from the epoxide oxygen of less than the sum of their
Van der Waals radiiz, the angle 6 increases as expected,
primarily due to steric repulsion. 1In the case of (60), the
highly strained tricyclic epoxide, this effect does not appear
to be moderated by the BDS interaction (Figure 4.6); therefore
at this distance the net 0...C=0 interaction is repulsive.
This is in keeping with the structural results on (3) and (74)
whére the 0...C=0 interaction is at the limits of detection.

The O...C=O'interaction can be assis%ed by placing
electron withdrawing substituents next to the carbonyl carbon.
(29) is a molecule near the transition state which displays an
enhanced interaction. In CClu solution, it exists as a 1l:1.1
mixture of (29a) + (29b) while in the crystalline state it
exists as a remarkable 1:1 mixture of (29a) + (29b). Both
_forms (29a) and (29b) in the crystal show very small movement
along the nucleophilic addition pathway (Chapter 3)23. The

movement observed is primarily due to the presence of the two
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vicinal chlorines which greatly increase the electrophilic
nature of the carbonyl carbon and effectively reduce the
barrief to nucleophilic attack.

Recent work on propellanes (Kaftory et al.17’18’19’20)
which contained suitably orientated 0...C=0 fragments investigated
the possibility that significant departures from mirror symmetry

in (71) and (72) were due primarily to attractive 0...C=0 inter-

actions. Although 0...C=0 interactions were seen (using the

0 0
4
N-Me | 0
b <
(71) (72) (73)

criteria defined above) and at first appeared to account for
the conformational changes observed, replacement of the
carbonyls by CH2 groups resulted in a structure which displayed
similar departures from mirror symmetry (73). The observed
0...C=0 interactions appeared therefore to be present due to
geometrical constraints and did not play a significant role in
modifying the molecular conformationZl. Subsequent force-field
calculations showed that the deformation could be explained by
conformation-stability arguments rather than due to the
attractive interaction of the’O lone pair electronSZI.

It appears from the results discussed above that

the energy gained by 0...C=0 interactions is sufficient to
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distort relatively flexible acyclic angles e.g. 1l,8-disubstituted
naphthalene derivatives3 (probably introducing about 0.5Kcal/mol
of strain) but is not of sufficient energy to distort to any
significant degree more rigid cyclic systems of the type
described above (e.g. (63)) which require ca. 2.5Kcal/mol for
any significant distortion. When constrained, small distortions
may occur to minimise the overall energy of the molecule,
however, the overall conformation is not controlled by the
interaction. Although therefore the 0...C=z0 interaction is
frequently seen (defined by the criteria of d(0...C=0 less than
ca. 3.0A, a related non-planarity of the carbonyl group and
0...C=0 angles of 110(20)0) it would seem to be a consequence
of constraints (by steric factors and possibly crystal packing)
rather than a constraint in itself.

Therefore, the weight of evidence implies that the
0...C=0 interaction does not influence the regio-selectivity
of nucleophilic attack in the molecules investigated here.
Other evidence suggests that steric and conformational factors

are more important (Chapter 5).
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CHAPTER 5

5.1 INTRODUCTION

The reactions of the bicyclo[S.Q.O]heptane system
can display a high degree of regio- and stereoselectivity.
Although the factérs controlling the observed regio- and stereo-
chemistry (e.g. the addition of the elements HOBr to (1)) are
complex, they may be simplified by treating the overall reaétion
as a 2-step process. The first step is the formation of a
3-membered ring.

In the reactions studied in Chapter 2, the 3-membered
ring may be eithér a bromonium ion or an epoxide. This is a
highly stereoselective process strongly favouring exo-attack.

The second step is the opening of the 3-membered
ring, generally in a regioselective fashion. 1In this case, the
degree of regioselectivity appears to depend on the conformational
properties of the molecule.

These processes are considered separately in Chapters
5.3 and 5.4. First, however, an understanding of the observed
regio- and stereoselectivity requires a knowledge of the conforma-
tional properties of the bicyclol 3.2.0] system. This aspect is

investigated in Chapter 5.2.

5.2 The Conformation of Bicyclol 3.2.0] heptanes

The biecyclo[ 3.2.0]heptane system is a combination of
a 4- and a S5-membered ring. In the molecules studied here,
.these rings are cis-fused. The properties of bicyclo[ 3.2.0]-
heptanes are to some extent determined by the conformational and

steric properties of the constituent rings.
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Stereochemical understanding of the cyclobutane
ring (8l) is at a considerably less well devéloped stage than,
for example, cyclohexane. Recent studies show it to prefer a
non-planar conformation with |t]| C(1)-C(2)-C(3)-C(4)=22° (the
torsion angles around the cyclobutane ring are equal in magnitude
and alternate in sign). The pucker angle ¢ (the angle between
the planes C(1),C(2),C(4) and C(2),C(3),C(4)) is ca. 25-35°,2130

The pucker angle ¢=_RL.4X || 22,

A
(81)

The reasons for the deviation from non-planarity are
not completely understood, although calculations by Wiberg and
Lampmanzl‘L imply that the major factor is minimisation of the
C-C-C-C torsional energy at the expense of angle strain. The
barrier to inversion via the planar conformation‘appears to be
ca. 1.4 Kecal/mol from infra-red studieszs. The geometry calcu-
lated by molecular mechanics (Appendix A; all calculations are

o 28 . . . . C,
with a barrier to inversion via

by MM2 %) suggests |t] =20
the planar conformation of 0.9 Kcal/mol. A number of substituted
cyclobutane rings analysed by electron diffraction3L+ indicate
that |t]| =23(5)° is the most commdn arrangement. The difference
inyenergy between substituents in an axial or equatorial position

23

is ca. 0.6 Kecal/mol““:, e.g. substitution by a methyl group

(MM2).
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ax
o1 ] —18
21 2 T° 19 18
=7 18
Ester. 29.11 29.M Kcal/mol

In contrast to the puckered conformation observed
in cyclobutane, force-field calculations indicate that cyclo-
butanone (82) takes up a planar conformation and experimental
data from microwave27 and infra—red‘studies26 confirm this
result. Small deviations from planarity.result in an appreciable
increase of strain energy e.g. substitution of the cyclobutanone
ring (83), (84), (85) results in conformations which are still

relatively planar (in comparison with cyclobutane).

o P 6 £ 2y s/
of - o - -2 o5 A5
T 6 2 .
(82 (83) (84) (85)
Ester. 28.16 2931 2824 30.23  Keal/mol

It appears that an increase in 1] from 0° to 7° requires
ca. 1.5 Kecal/mol.

To determine the preferred conformation of the cyclo-
butanone system in the crystalline state, the Cambridge
Crystallographic Data File (CCDC)I+3 was searched for the cyclo-
butanone fragment (82). 67 structures were retrieved.
Structures without published coordinates or having disordered
atoms were removed leaving 59 structures. Those remaining were

screened to remove fragments where the carbonyl was involved in
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conjugation, spiro ring fusions or ring fusions introducing a
large amount of strain (e.g. trans ring fusion). The cyclo-
butanone fragments in the remaining 38 structures displayed
almost planar geometry (|t| C(1)-C(2)-C(3)-C(4)=0-7°) with the
exception of two fragments with gem-dichloro substituents for

which |t| =17(1)°.

The cyclopentane-ring has been studied intensivel§9’3q

Unsubstituted cyclopentane exhibits nearly free pseudorotationzg.
The pseudorotation pathway varies between an 'envelope' form

(86a) with CS symmetry and a 'twist' form (86b) with C2 symmetry.

The energy barrier between these has been calculated as

0.005 Keal/mol°Z.

(86a) (86b)
Cs Cz

The molecule can invert from the C2 to the CS form
easily, avoiding the planar conformation which is of high energy,

the barrier to planarity being ca. 5.5 Kcal/molgl.

Mono substituted cyclopentanes were initially taken
to exist in the envelope conformer with the substituent equatorial
on the flap of the envelope. However, a number of substituents,
particularly halogens appear to prefer a pseudoaxial orientation.
This also seems to be the case for trans-1,2-di-substitution by
halogens. However, as the size of the substituent increases
29

the equatorial form may become favoured™ ~.

Considering the cyclopentane ring as existing in
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distinct and well-defined conformations e.g. envelope (CS) and
twist (C,) forms may be misleading. It is probably better to
consider the system as a series of intermediate conformations
with those conformers of lowest energy having the highest
population29. The smaller the substituents the larger the
range of 'pseudolibration'zg.

Thé introduction of a double bond into the cyclo-
pentane ring has the effect of severely restricting pseudo-
rotation resulting in an envelope form with a flap inversion
barrier of < 1 Kcal/mol29 and a pucker angle of 29(2.5)°

33y,

(electron diffraction study

Similarly, substitution of the ring by a 3-membered
ring29 results in a boat conformation which, from microwave data,
appears to be the only conformer present. The flap of the
S5-membered ring takes up an endo conformation with respect to
the substituent. The exclusive preference for this conformer
appears to be due to the tendency of the cis (1,2) and (4,5)
hydrogens (or substituents) to avoid eclipsing strain present
in the chair form.

If the 4- and S5-membered rings are compared, it
appears that the 4-membered ring has a range of conformations
which are felatively stable: non-planar for the unsubstituted
saturated species and planar for the cyclobutanones. This is in
contrast to the relative flexibility of cyclopentane moieties
which (in the saturated cases) are relatively free to pseudo-
rotate. The combination of these conformational aspects leads
to interesting stereochemical consequences via conformational
transmission between the rings. |

In the bicyclol 3.2.0) heptane system the conformations
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available to the cyclobuténe ring are still accessible
¢ | =O;25°) but the pseudorotation of the cyclopentane ring
is limited by the cis ring fusion. If (as seems to .be the case)
the C(1)-C(5) torsion angles are restricted to lie in the range
Tt = -20° to +20° then by utilising the relationship between
torsion angle and phase angle coordinate (due to Dunitzuz) it
appears that only two distinct regions each allowing 72°
pseudorotation, are available i.e. about the limiting exo- and
endo-envelope conformations.

Force-field calculations on bicyclol 3.2.0] heptane
and derivatives indicate that this system has two conformational
potential minima. These correspond to an gggg;envelope form

(78a) with C(3) endo to the Y-membered ring and an exo-twist

form (78b) with C(3) exo to the uY-membered ring.

B 9 _
37 IARR NN "31 [RRRRR)
1 1 T° 7 17
_36 IARRER . L.’1 |l\\\\
5 <y
(782 (78b)
Ester  37.2 38.5 Kcal/ mol
For (78), the endo conformer (E =37.2 Kcal/mol)

ster

and the exo-twist conformer (E =38.5 Kcal/mol) have an energy

ster
difference of 1.3 Kcal/mol which suggests that (neglecting
entropy) these conformers are in the ratio of 90:10 (endo:exo-
twist) at 298K. The t-membered ring is considerably puckered
in the exo-twist conformer (t C(1)-C(5)-C(6)-C(7)=17°) in which

the cyclopentane takes up a conformation intermediate between

an envelope (flap at C(3)) and twist, (diad through C(2)-C(3)),
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conformations. This is in contrast to the endo-conformation
in which the cyclobutane ring is flat.

By driving the torsion angle C(3)-C(2)-C(1)-C(7)
from -70° to -135° an estimate of the barrier to inversion may
be obtained. However, this method requires care as it does not
always follow the minimum energy pathway35. Nevertheless, a
barrier of ca. 3 Kcal/mol is indicated in going from the endo-
to the exo-twist conformer. The force-éield calculation
indicates that the major contributors to the barrier height
are bending strain and Van der Walls (1l,4) interactions. The
increases in bending and Van der Waals strain are somewhat offset
by the decrease in torsional strain (Figure 5.1).

The bicyclol 3.2.0] heptan-6-one system (77) has been
investigated in a similar fashion. The energy difference between
the endo- (steric energy = 36.2 Kcal/mol) and exo-twist (steric
energy = 37.8 Kcal/mol) conformations is 1.6 Kecal/mol which
indicates that the ratio of endo:exo-twist is ca. 94:6. In
contrast to the puckered cyclobutane ring, the cyclobutanone
ring is relatively planar t C(1)-C(5)-C(6)-C(7) = 20(3399) and
-4°(exo-twist). X-ray analysis of (3),(61),(64), and (29a) (all
of these have the cyclobutanone ring) show |t] (1)-C(5)~-C(6)-C(7)
is in the range 0° to 11°. However, in (58), where the cyclo-
butane ring is saturated, t (1)-C(5)-C(6)-C(7) = 17°., Driving
from the endo- to the exo-twist conformation indicates a barrier
height of ca. 3.5 Kcal/mol (Figure 5.2). The preference for the
endo-envelope conformation (in the absence of strong steric
factors) is confirmed by X-ray analysis (Chapter 3) and n.m.r.
data (Chapter 2).

The preferred conformation is however influenced by

substituents. If the C(2)-C(3) bond is sp2 or substituted by an
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Figure 5.1

The variation in strain energies observed upon driving
1 3217 from -70° to -135° (endo- to exo-conformation).
Esteric = total strain energy -

B=angle strain

SB=stretch-bend strain

VDW(1,4)=(1,4)Van der Waals interaction strain
VDW(other)=other Van der Waals interaction energy
C=bond strain

t=torsional strain

The energies at -75° are (kcal/mol)

C=0.92 B=15.03
SB=0.88 VW(l.4)=3.u4Y4
VW(other)=-1,12 Et=19.8

Ester=37.2
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Figure 5.2
The variation in steric energy for (77) and (78)
upon driving 13217 from -40° to -160° (endo-

to exo-conformation).
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epoxide the cyclopentane ring is flattened (crystal structures
(26) and (61)) and |t| C(1)-C(2)-C(3)-C(4) is in the range 0° to
1°. In this substitution pattern the cyclopentane ring is in an
envelope conformation with the flap at C(4). Trans substitution
at C(2) and C(3) to form the bromohydrin (3) results in a more
puckered envelope conformer (Br favours a near axial position)
as the cyclopentane ring is no longer constrained by a double-
bond or epoxide e.g. the crystal structures (3) and (29a).

The presence of a double bond at C(6)-C(7) in the
cyclobutane ring has the effect of restricting the ring to a
flat conformation. Thus the cyclopentane ring can take up two

limiting envelope conformations:-

(87a) (87b)

An electron diffraction study36 on bicyclo[ 3.2.0] -
hept-6-ene (87) implied that this molecule takes up an exo-
envelopé conformation in the gas phase. This is contradictory
to what would be expected given the X-ray data of Chapter 3
and the calculations outlined above. Indeed, molecular mechanics
calculations on (87) imply that the endo conformer is of lower

energy by ca. 2.7 Kcal/mol.

g L
36 2‘“0“‘ -39 [ARRAY
0 0 0 0
-36 [RRR RN 39 \\\6“
22 0 %3
Ester. 39,57 42.32  Keal /mol

(87a) (87b)
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The published structure appears to have a
calculated strain (MM2) of ca. 75 Kcal/mol. We believe that
the electron diffraction data has been refined to the incorrect

structure.

5.3 Stereoselectivity

Bromohydrination of (1) is assumed to take place
via reversible bromonium ion formation, both exo- and endo-
bromonium ions being formed. Each ion can then be attacked by

OH  at either the 2=~ or 3-position, giving two pairs of isomers.

HO

Br
— Br OH
0
OH

Br
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All four bromohydrin isomers have been isolated
and characterised (Chapter 2). From the product ratios one
can estimate the ratio of exo- to endo-bromonium ion if it is
assumed that OH  attack is equally rapid on either ion. This
is supported by the exo:endo ratio in a very similar reaction,
the epoxidation of spiro{bicyclol 3.2.0] hept-2-ene-6,2' (1,3)
dioxolan} (54) by meta-chloroperoxybenzoic acid where the epoxide
formed is a model for the bromonium ion and where the same steric
factors might be expected to hold.

The steric congestion about the double bond in (1)

37,38

can be estimated by Wipke's algorithm In this calculation

38), the accessibility of atom x

(Fig. 5.3, after Wipke et al.
on side a with respect to electrophilic attack by atom N is
determined by each hindering atom i. The cone of preferred
approach for each atom is calculated and intersection of this
cone with a sphere of unit radius defines a spherical cross
section of preferred approach. The solid angle o is equated
with the accessibility on side a. A corrective term is included
in the calculation to take into account non-bonded repulsion38
The results are summed for all the atoms on one side of the
double bond. The reciprocal of the accessibility is the.
congestion. This is repeated for the other side of the double
bond and the results for each side may be compared to predict the
favoured side for electrophilic approach.

In this calculation, the coordinates for the crystal

39

structure (64) were used as a model for (1) and electrophilic

attack was simulated on the mid-point of the C(2)-C(3) bond.



176.

Fig 5,3

e \ |
(X) |
?: /

Pigure 5.3

The cone of preferred approach for each
atom is calculated (after Wipke et al.l7)
and intersection of this cone with a sphere
of unit radius defines a spherical cross
section of preferred approach. The solid
angle o is equated with the accessibility
on side a. A corrective term is included
in the calculation to_take into account
non-bonded repulsionl’. The results are
summed for all the atams on one side of the
double bond ('a' in this case). The
reciprocal of the accessibility is the
congestion.
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45

N
J

6~ H— N02
(64)

The ratio of the congestion for exo- and endo-
attack is 45:6 (exo:endo). This agrees well with the experimental
ratios observed on bromonium ion formation (91:9) and epoxide
formation (91:9). It appears that steric crowding is of para-
mount importance in controlling the stereoselectivity.

The reason for the difference in stereoselectivity
in (1), which displays high stereoselectivity on bromonium ion

formation (91:9, exo:endo) compared to (7),

53

v

2

which displays no stereoselectivity on bromonium ion formation 0

4.9

(1:1, exo:endo) can be explained on purely steric congestion. For
(7) the calculated congestion, using the minimised structure
predicted by molecular-mechanics, is 4.9 : 5.3 (endo:exo). This
agrees well with the experimental results.

The possibility that a bent double bond (Chapter 1)
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could enhance the stereoselectivity observed in (1) appeared
possible. The crystal structure (64) appears to show a
deformation of the double bond of ca. u° (from improper torsion
angles about the double bond). Unfortunately, the experimental
error in the hydrogen positions makes any conclusion here

unreliable,

5.4 Regioselectivity

The regiochemical reactions of bicyclo[ 3.2.0] heptane
derivatives can be explained if the geometry of the transition
state is fairly similar to that of the major product. Using
this approach, the results from X-ray analysis and force-field
calculations of reactant and product like molecules can indicate
the preferred conformation of the transition state, assuming
least conformational change during the course of the reactionu7.

The protonated endo-epoxide and endo-bromonium ion
can be attacked by nucleophile at C(2) or C(3). Attack at C(2)
requires that the molecule take up the endo-envelope conformation
while attack at C(3) requires the exo-twist conformation. This
rationale assumes that attack by nucleophile occurs in a trans
fashion with an approximate antiperiplanar geometry for the

reactants. Force-field calculations on a number of substituted

bicyclol 3.2.0]l heptane derivatives indicate that the endo-envelope



Table 5.1

Product ratios of the ring opening of bicyclo[ 3.2.0] -

heptane-2,3-epoxides and the analogous bromonium ions.

vyt
+ Br
(AR R RN

(Chapter 2)
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conformation is preferred. Also, the bromohydrin (3), the
major product of addition of the elements HOBr to (1), has an
endo-envelope conformation.

From the results of opening bicyclol 3.2.0] heptane
epoxides and bromonium ions by HBr (Chapter 2) (Table 5.1),
the regioselectivity varies, particularly between the opening
of the exo- and endo 3-membered rings.

The ketones (a) and (d) display very constant product
ratios on opening the epoxide with HBr despite variations of
solvent and temperature (Chapter 2). The endo-bromonium ion
opening is approximate due to the very small amount of material
isolated. The reaction is more complex in the case of the ketals
since the acid also opens the ketal ring. The final product ratio
is based on the ketones. It appearé, by monitoring the reaction
by t.l.c., i.r. and n.m.r. spectroscopy that the epoxide ring
opens first, but results from ketals must be only approximate.

The opening of the endo-epoxy ketals could be
influenced by hydrogen-bonding (Chapter 1). There is the
possibility of hydrogen-bonding between a 3-endo-hydroxyl group
and the endo-ketal oxygen provided that the cyclopentane-ring is
in an endo-envelope conformation. Also, a 2-endo-hydroxy group
and the'gggg-ketal oxygen can form a hydrogen-bond if the cyclo-

pentane ring is the exo-twist or endo conformations.

Br
Br

B—%o.,
H TEERR
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Both these cases require that the UY-membered ring
is not in the twist-conformation with the ketal group directed

€eXO.

Br

0
0 J

However, force-field calculations suggest that the Y-membered
ring is twisted, T C(7)-C(1)~C(5)~C(6)=-10° and that the ketal
group takes up a pseudo-equatorial position. If the cyclobutane
ring is twisted in the opposite sense,‘orienting the ketal in a
pseudo-axial conformation, t C(7)-C(1)-C(5)-C(6)=9°, requires
ca. 0.7 Kcal/mol (MM2).

With the ketal in a pseudo-equatorial conformation
hydrogen-bonding is not possible. In confirmation of a pseudo-
equatorial conformation, (58), which is a model for the exo-epoxy
ketal clearly shows that the cyclobutane ring is twisted
(|| =17°) and that the model ketal takes up a pseudo-equatorial
position (Figure 5.4). The energy gained by hydrogen-bonding
may be sufficient to overcome the tendency of the ketal to take
up a pseudo-equatorial position and this could be important in

promotion of the 2-exo-3-endo product in the transition state.




Figure 5.4

The structure of (88), a model for the exo-
epoxyketal showing the twist in the cyclobutane
ring (Jt] = 17°) and the pseudo-equatorial
position of the model ketal.
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From five crystal structures of reactant-like and
product-1like molecules, the torsion angle about C(1)-C(5) in
the cyclopentane and cyclobutane rings is very similar (Table
5.2). Over a range of torsion angles 0° to 17° the standard
deviation is 20, i.e. there is excellent conformational trans-

mission between the rings.

TABLE 5.2

Bicyclol 3.2.0] heptane system

Structure Cyclopentane (°) Cyclobutane (©) A ()
(3) 3 0 3
(29a) 6 7 1
(58) 16 17 , 2
(61) 12 6 )
(64a) 13 11 ¢ 2
(64Db) 8 6 2
O-1 ° 1.7

Bicyclol 3.3.0] octane system

(8) 18 20 2

(60) 21 29 8

(62) 11 1y 3

A(74a) 5 4 1

(74b) 13 n 9
On-1 ° 3.6.

Interestingly, the X-ray structures of bicyclol 3.3.0]-
octane derivatives (Table 5.2) indicate lower conformational
transmission with a standard deviation of 3.6° between the rings.
Bicyclol 3.3.0} octane derivatives also display lower regioselectiv-

ity.
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Force-field calculations on the ketal (56) and the
ketone (77) indicate that the ketone should display greater
regioselectivity as indicated by the difference in energy between
the endo- and exo-twist conformations. Also, there appears to be
a greater energy barrier between the two conformations (endo-
envelope and exo-twist) of the ketone (77) than the unsubstituted
compound (78). This may be due to the constraints applied to
the cyclopentane ring by the cyclobutane ring (which is
constrained to be flat) by the ketone. The differences between
- the exo- and endo-envelope conformers is shown in Table 5.3,
TABLE 5.3
3-exo and 3-endo envelope conformations and energies. Structures
(defined by torsion angles (°)). The last column (E(endo-exo))

estimates the difference in steric energy between the 3-endo and
3-exo envelope conformations for each substitution pattern.

R1
bla FR
d@\\\\\\ 2

R1 R2 Ring.A a b c d Steric E A
Kcal/mol
=0 3-endo 2 1 22 -36 36.20
=0 3=exo 4 3 ~-27 41 37.81 1.6
OCH2CH20 3-endo -2 0 23 -36 47.49
OCHZCHZO 3-exo -17 =16 -10 32 48.00 0.5

Low selectivity thus depends on the ability of the
cyclopentane ring to adopt a 3-exo envelope. This conformation
is not so easily accessible to 6-ketones in which (as the
crystal structures show) the cyclobutane ring is constrained to

be nearly flat.
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The opening of the exo-bromonium ions and protonated
epoxides is even more selective than in the case of the endo-
analogues.

The major product on opening the exo-epoxide and
gﬁg—bromonium ions probably involves a product-like transition

state with a 3-endo-envelope conformation and 2-exo-3-endo-

substituents. The minor product requires 2-endo-3-exo-

substitution of the less favoured (energetically) 3-exo-envelope.

The exo-epoxide fragment is found in the model
compound (58) (formed when the exo-epoxyketone (59) undergoes
aldol condensation and transannular epoxide opening). The
structure of this, determined by X-ray crystallography, is an
excellent model'for the ketal of (55) (Figure 5.4).

As in cyclopentene epoxide46 the cyclopentane ring
is in an envelope conformation with the flap (C(5)) endo to the
epoxide so that t C(2)-C(1)-C(5)-C(4) = -15°. In the endo-epoxy
derivative of bicyclol 3.2.0]heptene (61) the flap is still endo
to the epoxide, i.e. 1 C(2)-C(1)-C(5)-C(4) = +12°. TForce-field
calculations suggest that in the 3-endo-envelope conformation of
the major product (and transition state) this torsion angle is
about -2° (ketone) to -4° (unsubstituted 6-position).

Thus for the exo-epoxides and bromonium ions the
starting geometry is closer to the transition state (for the
major product) than fof the gggg-eﬁoxide and bromonium ions

hence favouring the 2-exo-3-endo product.

As well .as product development control, steric
control is present. In the exo-twist conformation, H(7)endo
obstructs attack at C(2) and there is also an unfavourable

torsional interaction between the attacking moiety and the
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C(1)~C(7) bond.

This relative favouring of the 2-exo-3-endo pathway in the

exo-epoxide/bromonium ion system leads to the greater regio-

selectivity observed.
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APPENDIX A: Molecular mechanicsl’z’3

There are a large number of experimental methods
available today for the elucidation of molecular structure.
These include X-ray crystallography, electron diffraction,
microwave, vibrational and n.m.r. spectroscopy. Of these
methods, X-ray crystallography is undoubtedly the most useful
in determining geometry and conformation. However, crystals
of the compound of interest may be impossible to obtain aﬁd
the structure elucidated relates to the molecule(s) in the
crystalline state and not in solution or the gas phase which
are the states of most interest when considering chemical
reactivity.

A number of calculational procedures have been
developed to provide knowledge of molecular states not directly
observable by experiment. The most accurate of these methods
are those based on quantum mechanics. However, even approximate
solutions of the Schr8dinger equation are voracious users of
computer time.

The quantum approach essentially involves assuming
or fixing the positions of the nuclei and establishing the
electronic configuration (using the Born-Oppenheimer approxima-
tion). The force-field method (or molecular mechanics or
Westheimer method) considers the nuclear positions but does
not consider the electronic configurations explicitly (but
attempts to take them into account).

The fundamental idea behind the force-field is to

use the large mass of data available on small molecules to
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predict the structure and energy of more complex molecules.
This presupposes that sufficient data on the class of compound
of interest are currently available.

In the molecular mechanics model a molecule is
described as a collection of masses held together by simple
harmonic or elastic forces. Deformation of the molecule will
result in strains being set up. These strains may be
calculated if the necessary force laws and constants are known.

Using the available data on the class of molecule of
interest, the force laws may be chosen intuitively and the
force constants tailored to reproduce the basis set of molecules
as accurately as possible in terms of the thermodynamic and
structural properties of the molecules (sometimes spectroscopic
data are also utilised).

Most force-field programs consists of three major
parts:

(a) a set of equations from which the strain energy of
the molecule may be calculated

(b) a set of force constants (for substitution in (a))
relating to each type of atom in the molecule which

~configure the force-field for a particular class of

compound

(c¢) a procedure to vary the geometry of the molecule
such that the minimum energy geometry(s) may be found.

In (a), a suitable model based on classical equations
which essentially treats the molecule as a set of masses joined
by springs is set up.

| Bonds and bond angles appear to have particular

'natural' values. If the bond or angle is stretched or bent
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from these relaxed values, a certain amount of strain energy
is imposed on the molecule. Bond deformation is easily
calculated by Hooke's law. Bond angle deformation energy

may be calculated in a similar fashion.

g 2
ES = 22—(2-20)
k
s B 2
Ee = 25—(9 60)

s is the natural bond length
65 is the natural angle

k. are constants.

k 0

s?
The bond and angle strain is summed over all the bonds and

angles in the molecule. Hooke's law is reasonably accurate

only for small deformations, larger deformations require
additional anharmonic (usually cubic) terms to be added to

the equations. However, the model should be as simple as
possible so as the interpretation of the results is not obscured.
The constants (k) should be chosen such that they are trans-

ferable from one molecule to another.

In addition to stretching and bending, the atoms
of the molecule are subject to repulsive and attractive forces
from other atoms in the molecule i.e. van der Waals forces.
The van der Waals energy is generally calculated as the sum
of an attractive (dispersion) and repulsive (kinetic energy)
term. This interaction is particularly difficult to emulatelu
(Allinger's early force-field MMlu had a particularly steep
potential for hydrogen ('hard' hydrogens). This gave problems

with compounds like cyclodecaneSJ
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The potentials used are usually similar to the Hill

equation

= - Ei 6 - B3
Eody = e[ Cl(r )+ czexp( c3r/r )]

The c¢'s are universal constants, r is the interatomic distance
and the energy minimum is at r* (the sum of the van der Waals
radii of the two interacting atoms), e is an energy parameter;
or the Lennard-Jones 6-12 potential

_ 0,12 0.6
‘J(r) = LH‘:{("P‘) - (=)}

r

The interactions are summed over all the other atoms
in the molecule not directly joined to the atom considered (in
some force-fields, 1-3 interactions are not considered). Any
intervening electron density is not considered to affect the
interaction.

A further contributor to the energy of the molecule
is a torsional term, which has a form similar to that for

ethane

VO
E = 52

(1-cos3w)
w 2

Vs is a force constant and w is the H-C-C-H dihedral angle.

This potential is usually expanded as a Fourier series and

summed over all non-terminal bonds

Vi Vs Vs
Ew = 2[5—(1 + cosw) + 7—(1 - coslw) + 7—(1 + cos3w) + ...

This type of simple force-field gives an energy for

the molecule that is a sum of the various types of interaction

.

E = Es * Ee + Evdw * Ew
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Various refinements can be added to improve the
accuracy of the force-field. Allinger has added a stretch-bend

termu

Ese = kSe (2-20)(6-90)

to take into account the long bonds in cyclobutane.

Onefold and twofold rotational barriers for the
torsional energy have been used by Allinger6 to resolve the
problem of obtaining a sufficiently large gauche-butane
interaction while keeping the hydrogens sufficiently small

(soft) for good structural predictions.

Y \ v

E, = (1 + cosw) + 73(1 - cos2w) + 73(1 + cos3uw)

2
The inclusion of charge/charge interactions and dipole/dipole
interactions7, molecular vibrations13 etc. increases the
accuracy of the model for some types of compound.

The geometry and energy calculated from the above
force-field model for a given set of atomic coordinates would
represent a point on the energy hypersurface which would not
correspond to a real physical situation (unless one were very
lucky). A scheme to minimise the energy of the molecule by
varying the geometry (as in (b)) is required since the structure
of the molecule will correspond to that geometry where the
energy is at a minimum.

If the total energy of the molecule is written

E=E + cross terms, etc.

+ ES + Ee + Evdw

electronic
then the first derivative with respect to each degree of

freedom should be equal to zero at each energy minimum. A

number of methods of evaluating the energy minimum have been

developed.
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8 involves calculating

The steepest descent method
an initial trial geometry and then moving each atom in the
X, ¥, and z directions by a test increment where the energy
is recalculated. This process is repeated for all the atoms.
The atoms are then moved simultaneously in directions which
result in a lowering of energy. The amount each atom is
moved depends on the reduction in energy obtained by the test
increment. This procedure is repeated until there is no
appreciable change in energy.

An improvement on the steepest descent method is
pattern minimisationz. This is similar to the previous method,
but information on the direction of motion of the atoms is
saved from one iteration to the next. The correction terms
calculated from the previous iteration and the latest iteration
are summed with the result that the minimisation procedure is
accelerated.

If the minimum energy conformation of the molecule
is sought, one point worth emphasising is that the starting
point on the energy hypersurface must be within the enérgy well
which has as its base the global minimum as neither of the
above methods are capable of climbing out of a false minimum.

A more sophisticated procedure for minimisation of
molecular geometry is the Newton-Raphson method.

The energy function (with respect to each coordinate)

is differentiated. An energy minimum will be found when

£'(x) = 0

o

if x + dx is a close approximation to a minimum x, then

f'(x + 8x) = 0 and f'(x + 8x) = f'(x) + f"(x)8x
+ ..
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and using Taylors expansion and truncating the series after

the linear term

f'(x) + f"(x)86x = O
or ‘ §x = =£"(x)"LET (x)

this can be written in a more general form

1

§x = =Af"(x) “f'(x)

where A is a scalar called the step length. If x is not a
good approximation to the minimum geometry there is the danger
that the equation becomes oscillatory or divergent. This may
be overcome by setting 0<A>1 in the early part of .the

... . 3
minimisation .

In practice, a combination of second derivative
methods, quasi-Newton methods (the Newton iteration with
numerical and analytical derivatives) and discrete quasi-Newton
2 2 10

2

Vs/dx.

methods (setting f" equal to the diagonal matrix d 3

or setting f" equal to the block diagonal matrix d2Vs/dxj,dxi;i,j,
>=3 for each atomlo) offers the best hope of achieving global
minimisations.

The parameterisation of the force~field (selection
of appropriate constants) can proceed in two ways. The constants
can be fitted to the available spectroscopic and thermodynamic
data by a least squares procedurell. However, this method is
not generally used as the surplus of observations over parameters
is not large. Trial and error adjustment of the force constants
is the most generally used procedurelz.

In recent years, force fields have been developed for

many classes of compound. Hydrocarbons (alkanes and alkenes)
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6,2,15

have been investigated extensively and the approach has

been extended to include hetero-atoms (this 1s rather difficult,

especially the torsional interactions between different atom

1,16,2 17
’

types) conjugated systems (this also is not

particularly successful) and intermolecular interactionst®219,
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APPENDIX 1

2-(8)-exo-bromo-3-(S)-endo-hydroxybicyclo[ 3.2.0] heptan-6-one

(3).

Atomic coordinates

Bong lengths

Bond angles

Torsion angles

Isotropic temperature factors
Anisotropic temperature factors
Structure factors



FRAUT10f AL ttTUNTC CUORUITATES X1JOOO WITH E.S.U.S.

Y/7i\ Y/B Z/C OCCUPANCY
UH) 10760114) 3942 (13) 4044 (PU)
UIP) 935911U) 2«P6 (10) 5226(33)
Uu13) 8022 (12) 2259(12) 37U 1%16;
C"A) 6694113) 162(16) 3966(19
uis) 10358 (17) 5203(14) 1655(21 )
Uke) 10665112) 4773(13) 1168 (Pi)
ui?) 110*5117) 5405(13) 3276(22)
U13) 7614 111) 3346(10 ) 3194(13)y
UHe) 10573(15) 5273(10) -0402(35)
UK (1) -1255(1) -18«1 (1) 00UUO
Ht1A) 1150 (129) 3715(115) 4U67(173)
H1?A) «062(74) 5665 (83) 64feR(123)
H13A) 7056184 ) 11»6 (84) 4271(122)
HI 30) 70U4(122) 373 (140) 2760(199)
H1AA) 43 72(84) 3«63( 74) 0585(136)
m 43) 3347(92) 0660(107) 2523(355)
m 5A) 10631(87) 2915(91) 154?(151)
HI 7A) 11933(115) 6133(106) 3U24 (150)
Hi 73) 10612 1life) 5?2« (ioy) 3874(162)
BUNU UiSTANCES (@) NITH t.S.U.C IN BRACKETS
u@) -c@) 1.489(1 %)
LGB -UBG) 1.647(16)
u@a) - c(@ 1.632(16)
uIP) - CcB) 1.53« 113)
u@) - Ci4) 1.523(13)
u® - U@®) 1.426(12)
c(®) - UG) 1.524(1«)
u(b) - C(6) 1.528(15
L(B) -UuU@) 1.513(18
V(B) - 0(6) 1.185(1?)
Br(1) - C(2) 1 .955(1 0)
yOIMJ AIMGLLS (UtCREES) WITH E.b.0.5
L@B) - ccl - Cc(®) 104.4(10)
u(7) - C(lg - C() 11 7.8(11)
u@@) -cid) - c®B) 89.6(9)
W3 -Cc@) - cib 106.4(10)
u@) -C@) - c® 104.5(0)
0d) -C@B) - 2 106.7(8)
wid) -C@ - Cc@) 109.5(9)
u®) -C@) - 3 101.9(1V)
u@) -UuU®B - cA) 109.3(11)
u@6) -CI5) - Cfl) 69.2(10)
u@®) -CcG) - Cc@®) 119.3(11)
4(N -Cc®G) - CcG 91.0(10)
8(6) -c® - C &3 134.1112)
0(6) -c® - C@) 134.8(11)
v (&) c( cn_? 911.5 (10)
Br£18 -C2 - 111.9(10
Br - C(2) 3 108,0(1

IN BRACKETS

198 .

IM BRCKF &
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TORSION ANGLES (DEGREES)

E.s.d"'ls ca. 1.5°

C5 C1 C2 C3 -19 .2
C5 C1 C2 BR1 97 .9
Cr C1 C2 C3 78.0
C7 C1 C2 BR1 -164. 7
C2 C1 G C4 -2 .6
C2 C1 C Co6 116 .
Cr C1 G5 4 -119 .8
C7r C1 C Co6 0.0
C2 C1 C7 Coe -106 .5
C5 C1 C7 Co 0.0
cLCc2Cc3dc A1
Cl1 C2 C3 03 -82 .7
BR1. C2 2j C4 -84. 4
BR1. C2 C2j 03 158. 5
c2 Cc3 ¢4 G -34. 4
03 C3 ¢4 G5 83.6
C3 4 G QA 2.7
C3 ¢4 C5 Co6 -76 .9
c1 C5 C6 C7 0.0
cl1 C5 C6 06 -177 .9
c4 C5 C6 C7 111. 7
c4 C5 C6 06 -66 .3
Cc5 6 C7 C1 0.0
06 C6 C7r C1 177 .9
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Atomic coordinates

Bond lengths

Bond angles

Torsion angles

Isotropic temperature factors

Anisotropic temperature fTactors
Structure factors



o I}
Li3)
ci4)
Lib)
Life)
L17)
LIH)
u12)
uco)
ur10)
HI 1A)
HI 4A)
HI5A)
HI6A)
HI 7A)
HI 8A)

FRACTIONAL ATOMIC COORDINATES XIUUOO WITH E.S.D.S. IN 5RACKET*®
X/A Y/B Z/C OCCUPANCY

3437(2) 12fe3 (2) 4286(?)
546012) 1127(2) 1996(?)
35b1(2) 0193 (2) 21U3(?)
2533(3) 0010(2) 3635(?)
1213(2) Ufesoggg 2/30(2)
0686(2) 2124( 3224(2)
1972(2) 2505(2) 4199(2)
5531(2) 1542(1) 3315(1)
69U1(2) 1404(1) 0970(1) >
2469(2) 3098(1) 2/82(1)
3747(31) 1094(21) 5217(22)
3739(31) -0580(19) 1463(19)
2239(32) -0878(22) 4115(2D
0164(34) 0150(21) 246421

-0710(34) 2502(22) 3237(19
1490(34) 3143(23) 5UU9(23)

BONU D1STANCES (S) WITH t.S.D.S IN BRACKETS
L) = Cc(G) 1.533(2)

L(1) c() 1.534(2)
LA) - 0@ 1.446(2)
L(3) - Cc@®) 1.486(2)
H3 - 00 1.357(2)
L(3) 0(9) 1.19B()
L@) - cG) 1.492(2)
L@&) - C(6) 1.529(2)
L(B) =~ C(6) 1.494(2)
L) =~ C( 1.496(2)
H7) c(B) 1.448(2)
H 7) - 0(10) 1.446(2)
L(8) & 0(10) 1.448(2)

BOND ANGLES (DEGREES) WITH E.S.D.S IN BRACKETS
(8 -c) - cG) 106.2(1)
u( -C® - Cc® 103.5(1)
u2) c@a) - c@® 107.3(1)
u(2) cC@R - Cc®) 110.0(1)
0(9) -c® - c® 128.8(1)
0(9) -c® - 0@ 120.8(1)
LGB) -C@) - c® 106.2(1)
L'(6) - Cl4) c® 123.2(1)
LB) - c@) c () 59.3(1)
L@) =~ cG) c(1l) 101.4(1)
Life) - c( - cq) 104.2(1)
Lif) - c(G) - C@) 61.6(1)
LG) =c®G) -~ C@®) 59.1(1)
L(7) -Cc@® - C@®) 121.0(1)
L{7) -c®) ~ c® 108.8(1)
L) -c@) ~ Cc(fe 108.5(1)
U(10) - c(@ =~ C(®) 114.9(1)-
0(10) - L) - cC(® 60.0(1)
L@) -c¢c@) - C(1) 107.6(1)
0(10) -c@) - cm 111.7(1)
0(10) -C@B) - CM® 59.9(1)
LiS -0 - c€nm 107.9(1)
TIQ__  nm n) C(71 60.0(1)
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brackets

imn

IS

isutropic parameters XIOUOO with e .s .u.s

- A

ANISOTROPIC THERMAL PARAMETERS X1UOOO WITH E.S.U.S IN BRACKETS
THE EXPRESSION FOR THE I1EMPEKATURE FACTOR 1S EXP(-2*Pl=p1*(H*H»ASTAR*ASTAK*U11l+.
,+2*K*L*BSTAR*CSTAK*U25))

uil uz22 us3 uz23 1m3 uiz
cdd> 0343(8) 0472(10) 0250¢( n 0025(6) -0075(6) 0060(7)
ccsd 0275(b) 0265(8) 0537¢7) -0004(6) _0042€53 0006(6)
Cd> 0518(7) 0250(8) 0554(8) -004b (6> -0065(6 -0013(6)
Cdb>H O53H 7> 02698> 0416(8) 0109(7) -0020(6) 0011(6)
C(6> 0270(7) 0311(9) 0470(9) 0001(7) -0112(6) -0061(6)
nonon Cd7> 024b (7> 0317(9) 0470(9) 0037( 7 - -0081 > 001 7 (s>
< a Cc(B) 0572(8) 0354(9) 0524(8) -0066¢7) -0040(6) 0048(7)
P2 o 0(2) 0258(b) 0475(7) 0586(6) -0057(5) -0117(4) -0002(4>
o oo oCy)d 0598(b) 0504(8) 0453¢7) 0001(6) 0082(5) -0080(6)
0(1V) 05bb(b) 0267(b) 0429(6) 0042(5) ~-0105 ¢5) -0021(4)
d ex <3 <5
inAls *

x x Frrrpr

IHL LXPRtSS1UN FOR 1HE TEMPERATURE FACTOR
exp ( —t*PI*PI*UI1*SINSQTHETA/LAMBOASQ)
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2,3-endo-epoxybicyclo[ 3.2.0]heptan-6-one-p-nitrophenyl-

hydrazone (61).

Atomic coordinates

Bond lengths

Bond angles

Torsion angles

Isotropic temperature factors
Anisotropic temperature factors
Structure factors



fractional

cm
cC)
Ct3)
C14)
clI5)
C(6)
cl7)
can
c(@2)
CI113)
cim)
Cc115)
C1"16)
018)
0118)
0(19)
N19)
n 110)
N(7)

H(1A)
H(2A

H&Ag
HUA)

H(4B

H%&R)
H(@7A)
H({B)
HHOA)
H112A)
H(13A)
Hi 15A)
H116A)

X/7A

BOND DISTANCES (A) WITH E.S.D.S

C()

4(2)
4(3)
403
c@)
4(5)
4(6)
4(6)
c(ID
4(11)
4(11)
4(12)
4(13)
4(14)
4(14)
4(15)
U (8)
u(19)
N(9)

0963(3)
1018(3)
2213(3)
3028(4)
2375(3)
2867(2)
1460(3)
5335(2)
6465(3)
7660(3)
7721(2)
6609(3)
5417(3)
2259(2)
9975(2)
8972(2)
4060(2)
4144(2)
8974(2)
0087(26)
0252(27)
2209(24)
4024(37)
2648(29)
2309(24 )
0986(28)
1493(25)
3471(23)
6370(24)
8440123)
6652(26)
4660(26)

- CD

- C®)

- C(7)
m C (3)

- 0(8)

- C(4)
~ 0(8)

» C®)

- C(6)
= C(7)
- N

. C(12)
- C(16)
- N(10)
- c@3)
- C(14)
- c(15)
- N7
- C(16)
- N{17)
- N(17)
- N(10)

Y/B

5748(2)
6364(2)
6095(2)
5274 )
5151(2)
5744(2)
6260(2)
6426(2)
5709(2)
5856(2)
6560(2)
7185(2)
7123(2)
6975(1)
6073(2)
7216(2)
5754(1)
6391(2)
6624(2)
5358(17)
6710(17)
6162(16)
5436(21 )
4653(21)
4488(18)
6026(18)
6983(18)
6755(15)
5302(15)
5398(15)
7665(17)
7549(18)

.496(3)
.565(3)
-557(3)

.441(3)
.500(4)
.442(3)
.522(3)
.507(3)
.515(3)
.275(3)
.393(3)
.396(3)
.369(3)
.378(3)
.382(3)
.373(3)
.454(3)
.375(3)
.230(3)
.228(3)
.380(2)

PRRPRRPRRPRRRPRRRRRRPRRPRRREPRERRRRERR

Z/C

.444(4)

atomic coordinates xioooo with e .s .d .s .

1285(2)
0009(2)
~0977(2)
~0429(2)
1071(2)
2230(2)
2575(3)
4463(2)
4132(2)
4804(2)
5813(2)
6169(3)
5499(3)
~0172(2)
6197(2)
7485(2)
2710(2)
3798(2)
6536(2)
1477(23)
~0263(24)
~1968(27)
~0521(31)
~0956(29)
1294(23)
3449(30)
2483(23)
4051(20)
3461(24)
4551(20)
6868(25)
5745(24)

OCCUPANCY

IN BRACKETS

in brackets



bond ANGLES (DEGREES) WITH E.S.q -S IN BRACKETS

o) -C@ - C2) 104.0(2)
cC@) -c@ - cE) 115.2(2)
o(7) - c{l) - Cc® 90.4(2)
cB <«Cc@) - CQ® 110.5(2)
o8 -c@ - CcO 112.2(2)
ue@ -~ c@E - cE 60.0(2)
{4) -Cc@® - Cc©@ 110.9(2)
0(8) - C@B) - C(2) 59.9(2)
o8 -~ C(3) - C(4) 112.8(2)
cG) c@l) - c® 104.7(2)
o4 -c®B - c@ 108.4(2)
o) - C(5 - C(1) 87.4(2)
C(6) - C(5 - C(4) 121.8(2)
C(7) - C(6) - C(5) 94.2(2)
N(9) - C®) - C(b) 130.3(2)
N(9) - C(6) - C(7) 135.5(2)
C(6) C(7) - C(1) 87.4(2)

c(ae) =~ C(11) ~ cC(12) 119.3(2)
N(10) - C(11) - C(12) 121.7(2)
N(10) =~ C(ID) - C(16) 118.9(2)
0(13) - C(12) = C(11) 120.3(2)
C(1%) - C(13) - C(12) 119.2(2)
C(15) - C(24) - (C(13) 121.3(2)
N(17) - C(14) = C(13) 119.3(2)
N(17) - C(14) - C(15) 119.3(2)
C(16) - Ccl5) - C(14)  119.6(2)
C(15) - C(16) - C(11) 120.2(3)

0(3) - 08 - C(2) 60.1(2)
1(10) = N(9) - C(6) 114.9(2)
9 - N(10) - C(11) 120.6(2)
0(18) - N(17) - C(14) 119.0(2)
0(19) - N(17) - C(14) 118.2(2)

0(19) - N(17) - 0(@8) 122.7(2)



TORSION ANGLES (degrees)

E .sed"s ca. 1.57

G C1
G C1
Cr C1
Cr C1
C2 Ci
C2 C1
Cr C1
Cr C1
C2 C1
G C1
Cl
C1
08
Cl
C2
08
cu
C3
c3
C1
Cl
CuU
CU
C5
N9
C5
C7 N9
Ci6 CIl
N10 CU
C12 Cil
N10 CIl
C12 Cil
Cle CIl
Cu C1z2
Cl12 Ci3
Cl2 C13
C13"C1u
N17 C1U
C13 C1u
C13 C1u
C15 Ciu
C15 C1u
Cl14 Ci5

AR FFRRBLERIIIAAIRRRIALBLVR

SF8ERERRLLRBLBBBRVY

c3
08
c3
08
CuU

SRRRKRZEBLEIIZIEG

N17
N1 7
N17
N17
Cl6

C13
C13
C15
C15
N9
N9
C1u
C15
N17
Cl6
Cl6
018
019
018
019
Cll

C6 N9 Ni10 CIl

214 .



isotropic parameters XIO000 with e .s .d.s

THE EXPRESSION FOR THE TEMPERATURE FACTOR IS
EXP(-y*P1*P1*UlI*SINSQTHETA/LAMBDASQ)

n (1A)
n (2QA)
H(A)
H(A)
H(4B>
H(A)
H(7A)
H(7B)
ri(104)
H(12A)
n (13A)
re(15A)
H(16A)

0740(77)
0708(75)
0731(72)
1107(119)
0950(92)
0661(74)
0867(66)
0706(80 )
0413(65)
0604(66)
0518(62)
0760(77)
0739(79)

in brackets



ANISOTROPIC THERMAL PARAMETERS XI0000 WITH E.S.D.S
THE EXPRESSION FOR THE TEMPERATURE FACTOR
, +2*K*L*BSTAR*CSTAR*U23))

c(D
C(2)

C(4)
C(5)
C(6)
C(N)
cell)
C(12

<13

C(15)
c(16)
0(8)

0(1R)
0(19
N(9)

NC10)
N( 17)

ull

0768(19)
0533(15)
0734(18)
0819(22)
0774(18)
0574(15)
0488(15)
0488(13)
0543(14)
0484(14)
0486(14)
0661(18)
0608(17)
0735(12)
0545(11)
0829(14)
0600(13)
0512(13)
0525(13)

u22

0696(17)
0651{17)
0786(19)
0853(22)
0480(15)
0512(14)
0795(21)
0540(14)
0582(16)
0646(16)
0613(15)
0656(17)
0670(10)
0602(10)
1190(16)
0990(15)
0611(13)
0691(14)
0767(16)

IM BRACKETS

IS EXP(-2*P1*P1*(H*H*ASTAR*ASTAK*U11+.

U33

0530(13)
0565(14)
0410(13)
0453(13)
0461(13)
0367(11)
0483(14)
0431(11)
0404(11)
0463(13)
0472(12)
0630{15)
0665(16)
0659(10)
0336(13)
0921(13)
0402(10)
0526(11)
0595(13)

u23

~0042(12)
~0007(12)
0007(13)
~0098(14)
0015(11)
0025(10)
~0083(14)
~0004(10)
~0045(11)
0071(12)
0006 (12)

~0155(14)

~0184(13)
0115(9)
0068(12)
_0156(12)
~0035(9)
~0172(10)
0144(12)

ul3

~0152(11)
~0276(12)
~0174(13)
~0166(14)
~0195(12)
~0126(10)
~0137(12)
~0132(10)
~0099(11)
~0082(11)
~0167(11)
~0270(14>

~0240(14)

~0217(9)
~0239(10)
~0465(11)
~0158(9)
~0200(10)

~0205(11)

Uiz

~0144(14)
0008(15)
0024(15)
0191(19)
~0025(14)
0015(13)
0011(15)
0043(12)
0065(13)
0087(14)
~0039(13)
0066(15)
0175(15)
~0174(10)
0134(12)
~0079(12)

v 0068(10)

0197(12)
~0106(13)
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structure factors

calculated
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observed

FC

FO

FC

FO

FC

FO

FC

FO

FC

FO

13
19
1A

13
19
1A

-10

10

71
-71

71
69

-30

29

-34
-47

34
46

-25

25
27
AO

10

28
41

15
2A

15
2A

-17

17
.18

17

-15

18

10

30
-12

31

10
10
10
10
10
10
10

-22
-22

22
22

13
12

16

16

12

-11

11

-11

-11
-10

11

10
10
19

12

12

15
-20
-16

15
20
16

10

19

17

17

10
10
11
11
11
11
11
11
12
12
12
12

-19

19

Al

A2

16
12

15
12

36

37

20
31
-11

21

1A 14 -

10
15

32

-4

-24

25

11
37

-15

10

11

-80

77

37
-35

-4

10

3A
21

6A

62

22

22

20

30
-21

31
22

-16
-16

16
17

57

58
13

13

29
13

30

13

-23
-10

2A
10

32

31

-10

10

13
1A
1A
1A

10

15 -10

15

-11

11

-10 -a

11

-73
.26
-28

68
27

16

-20
-26

19
28

-10

-9

28

1A
.18

1A
18

29

31

-26

1A
-18

1A
18

29

31

FC

FO

FC

FO

FC

FO

FC

FO

FC

FO

15
16
18

10

10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11

10
-1A
-32

10
1A
52

-10

10
16

13

13

16
-16

36
-21

56

-19
-13

14
14

15

21

11

11

-23
-22

23
22

10

63
-20
-15
-A9

63

-11

12

89

88

16
19
A9

-21

21

10

-20

21

-10
-21

10
22

50
20

51

11

12

-28
-22

29

20

-18

18

-15
-15

15
15
15
10
29
30

21

-25

25

-10

10

15
11
-30

16

15

11
12
12

-10

10

10

31
-10
-17
-11

11

11

12
12
12
12
12
12
12

10

11

17
11

10
-12
-19

10
12
19

26
125
-33

26
122

12

12

11

11

32

10

-31

31

15
19

15
14

13

18

66
23

65

12
13
13

-12

12

23
3A
21

-3

27

28

31
-21

1A

15

12

12

13

13
13

13
-17

13
17

11

11

21

21

10
10
10
10
10
10

1A
1A
15
1A

10
11
10
11

10
11
10
11

-8
-4

11
-27

11
27
11
27

11
-27

15

-4



FC

FoO

FC

FoO

FC

FO

FC

F O

v M M m m
4 HdHd NN NN N
® o d oo &~ o
P e
)
NN © 49 @
T a v oa
)
T R R
PN - o
NN NN NN NN
||||||| NI
=== o -
MmN o T 0N -
[ )
© a o« < 0w
o ,
)
L - - IR
.
N o« N o0 o o o o
T mmmo o o o
N ®m Yoo o wn
o
®~ 0o o O o0
[ I R
[
™~ o ® g o H ¥
Aal N o~
N NN NN N NN
© 0 08 ® © © 0
O ¥ MmN + © — «
R
™ @ © 1w o = ©
VoA g
)
™I o0oNWb®
- -
NN

12
12
12

19
11

14
11

NN~

13

-12

12

11
22

12
23

13

15

15

13
19
19

-25

13

13

10

28

28

15 [
3

18

-12

12

11

-12

11
19
16

-10
8
7
8
5

10
10
10
10
10

-12
-20
-20

12
17
20

12
-28

aNNN NN

19
-16
-99

99

11

10
10
10

23
-11

28
23
1

N NN

30
-18

31
17

10
10

NN

-92
-22

20
-15
-15

91
23
22

10
10
10
10
11
11
11
11

7
15
7
3
3
12
3
2

12
12

NANNNNNNN

FC

FO

FC

FO

FC

FO

FC

FO

TTTTATIAITSITITIT IS SIS

O C O mim im i i i mm m NNNN

n

8

79543240I2345879aﬂ$54
I R I | [

7
6

™ ND g N NON MDD O s MM
- 1 I 1 1 I 1
1 |

4

13
1]
4

2A47357ﬁ2538m555343

OO MONOMONNONOMOMNHOMMMM®OM®
- mEmem———ANNANNNCNOO P EHDN
=R T T S e B B B B I e B B R R I
TN AO=NMOOTMHMNONMTNOMNM N ®
LI . | 1 [ | 1

N NYTHOWOT oo OMWoONITT MOD L O
N I I - T N g AT N
I I I | 1 1
NMOT LALLM OOV OMSTTMOO N o ©
~ A4 A9 9dQ o A - -

NMOOMHMOMOMOOHOMOMOOMOMONHOOOMmOm®mmOm
-

NNNOOMMONDODDODOLDONDDODOD OO OD
789885321013457764%2123
[l [ . | 1 [ 1

\ © [to) Mg gh=noP~O
0 H¥x NS M NOPFNO® YT O
ﬂZ - ] = s o~ o0
I I 1
PO An®MOOT MMP~Ns NI~ 00 SO <
R = ® % o

NOOOHOOMHOHOMOMNMOOOMHMHMMOHONOMHMM MM

OLOLWOLWOLOLWLW O 0 0000 0.0 0 WO o oW oo

Nt DONDOON~NDTMNAO ANMs 0 E
| | [
OMUWOMLLNAD LANNANND MO O~
— | — [ B L B | N e I |
1] 1 1
FOOLMNMMOOMNMdo DA AdNNMNT AN DN
- - — = N — - —

-—_— NN ONOOMNMNMOMOMMNM MMM

< <

NN NN

[SeRRS

16
0
0
0

-8

4
-3
12

mmmm
[N Ne)
-

©O© N~ n
|

-7
6
7
5

mm omm

S I <

NANNNNN

™M m

10

-15

15
13
13

14

-13
-27

-15

13
16
14

-2
-1
1

-7
-7
9

14
-14
-2

27

20

20

10
10
11

-21

21

-74

75

19
22
1%

19
2?

27

29

-7
-74

-6

10
27
10

10
29

9 10

19
22

11

22

10



219

FC

FO

FC

FO

FC

FO

FC

FO

FC

FO

11

10

11
11
11
11

19

15

10
11

15

16

11
11

11
11

“12 -

12
23
10
19
28

-10

65

as

-23

10
19

-11

12

12

10

1?2

g
-30

15
30

-27

17

19

-18
29

-13

18
10

-21
-12

21

12
12
12

-10

26

25

11

13

-12

12

13
12

19
12

-21

21

12
12

13

12

11

10

-11

1?

16

10
-7

12
13

32

31

12

-12

13
21

13
15

21

25

29

11

27

2a

19

19
12

-10

11

12

10
26

10
26

39

90

15

«10

10

-16

17
10

19

15

10

10

-13

19

-17

16

-11

10

10

1f1

15

5

10

-23

29

10
10

12

-11

11

=)
-

10

11
-8

10

-11

11

10

11

FC

FO

FC

FO

FC

FO

FC

FO

FC

Fa

-32

32
22

23

23

21

-13

13
~fl

19

-11

-19

12
-16

13
17
27

-9

-17

17

-17

19

18

-28

10

-28

2a

15

15

10

10

10

10

20

18

16

-9

10

~fl

10

10

-21

21

15

15

-10

1075
10
10
11
11

-4

-7

10

10

-17

-16

17

12

11
12
26

5

-a

-12

-7

-23

29

11
11
11

27

il

-12

12

11
11

10

10

33

33

-19

11
11

26
-1»

25

12

1H

23

23
26

12
12

2a

.4

10

13

13

12
12

10

15

13

22

22

-12

11

Ifl
15

g
-15

15

-16

17

-22

22

14

13

19

13

14

14

t3

19

13

14



220

FC

FO

FC

FO

FC

FoO

FC

FoO

FC

FoO

-12

12

mo

15

-22

.22

-15

15
12

13

23

23

5

12

12

-11

11

-15

14
27

-9

-19

19

28

=3

-18

16

-2

14

15

13

14

12

12

-11

11

12 -

12

10

-20

19

10
-10

10

-11

10

9

10

10
10
10

-12

12

-10

10
14

15

2b

14

10

10

-2b

11

11
11
11

-19

19
14
27

-14

11

-27

11

11

10

19

19

10

12

-10

10

12

12
10

10
10

-11

12

11

12
12

25

24

b

5

13
13
15

Ib

11

10

-b
-5

11

FC

FoO

FC

FoO

FC

FoO

FC

FO

FC

F O

14 -13

9

10
-2 11

12
12

-3
-4

-4

3

11

-10

10

A AL A AR LA £

STV IONT O Mma NI~ g~ ®™
~

[QNeNo NN Nl

[S2RNP BUPIAS S S R S

anNwow o -
[}

Mmoot mo s

[N NN N el

-b
5
-4
-3
-2
-1

5
-5
-b
-7

4
5
-b

0

LOHOOE WO

00 00 00 00 M O

noooooo

©ONHO - i

-9
-10

9
10

4

4

7

7

5
15
-10

5
15
10

@ 00 00 O 0 0

Mmmmmmomm

™M = O N

20

[oNoNoN NN NN NN -]
T T LOWOWO WLOWOLLW

N Mo

-5
-3
-2

O N
1

AN TS O =M N

2

[N NN NoNoNe N NN el
-———— o= == NO

12345b7b_k_uA__.ow
I

Wi~ <
I I

5
7
-2

o~ orN~mo N~

88%88838883

Qo an~N~NNNNNNN

M~ MmN O

=

' ~ .
'

T N O~ DO vo
PR

® ® ©® 0 ® 9 ® © ®® o

O c oo oo d A d o o

NS O~ 00 o v oo o

a0

[

™0

N~

© -

-1

-5

-10

10

-27

28

23
-13

23
13

© O

el

-10

10

~N

10
10
10
10
10
10

-13

13
19

[Te]

18

-3

-b

-13

13

8

fl

-13

13

A

fl



221

FC

FO

FC

FO

FC

FO

FC

FO

FC

FO

OO0 Mo

1

1
9 10
5 10
5 10

3
9
6
-3
-2

12
-9
2

oMM

0 © W O O

N —N

™ ©

[2Ne)

o

™

11
9 11

2 10 11
0

(o]

11
Z 11

10

10

-1

-2

z 11
11
11

9
5
-2
-1

-5
-9
-2
-9

Lo NeoNe]
—

N o ©
ERal

©© oo

n ow

1
3 10
10

3

5
-3
-1

-22

22

Q
-
o

0 10
0 10

12
12
12

11
11
11

10
10
10

10
10
10

16
9
-9

0
0
10

oCNO M—A—ANMmLWOMN

12

11

10

7
-2 10 10

10
10



3-exo-methoxy-6,7-endo-epoxybicyclo[ 3.2.0]Joctane (62).

Atomic coordinates

Bond lengths

Bond angles

Torsion angles

Isotropic temperature factors

Anisotropic temperature factors
Structure factors



fractional

cm
C13)
ClA)

C 15)
C(®)
C()
CIS)
cli)
012)
0(9)
0(10)
HUAI
H(3A)
H(4A)
H(4B )
H(GA)
H(6A)
HI7A)
H(BA)
H 188 J
HU1A ,
HH1B )
H111C)

X/A

0950(2)
1429(2)
1645(2)
1253(2)
1796(2)
1772(2)
1197(2)
0497(3)
1328(1)
2436(1)
0725(1)
0374(16)
1850(16)
2252(16)
1467(19)
0824(17)
1932(16)
1903(18)
1413(19)
071612U)

~0017(28)

0347(25 )
0884(25)

atomic

coordinates

Y/B

1096(5)
1907(6)
~0439(6)
-1068(5)
~1953(7)
~0568(6)
1230(7)
4183(8)
2776(3)
~0454(4)
2006(4)
1169(52)
2817(51)
~0550(50)
~1331(64)
~2086(56)
~3457(60)
~1097(59)
2645(61)
0991(57)
405*3(93)
5167(95)
4870(84)

z/c

X10000 WITH e .s .d -s .

9078(2)
10393(2)
10234(2)

9410(2)

8627(2)

7842(2)

8055(2)
11242(3)

9541(1)

8341(1)
10999 (U

9252(17)
10640(16)
10069(17)
10729(22)

9549(16)

8618(18)

7239(21)

7873(19)

7769(20)
11674(32)
10727(35)

11551(28)

OCCUPANCY

in

223.

brackets



BONO DISTANCES (@) WITH E.S.D.S IN BRACKETS

c() - cE) 1.535(4)
c(lI> - c(®) 1,540(4)
c@) - o® 1.444(3)
03 - Cc®) 1.501(5)
L(3) - 0(2) 1.418(3)
c@ - 0(10) 1.414(3)
L@) - cEo) 1.533(4)
cGG) - Cc(6) 1.502(4)
Life) - c(@) 1.457(5)
C®6) - 009 1.454(4)
LZ) - C(8) 1.486(5)
L@ = 0(9) 1.444(3)
L(11) - 0(10) 1.429(5)

BOND ANGLES (DEGREES) WITH E.S.p.S IN BRACKETS

L{8) - C) C®») 108.0(2)
0(2) -cm - Co»B) 105.8(2)
u@) Ccm - C(8) 111.0(2)
0(2) - c@® - Cw@) 106.0(2)
0(10) - C® - C@® 108.4(2)
0C10) - C(3 0(2) 111.5(2)
U (5) - C@ - C® 104.2(2)
L) - cB - Cw 104.2(2)
C(b) - C® - Cw@ 105.2(2)
L(6) - Ck - C@®) 115.4(2)
L) - Cfe) - C(® 109.8(3)
009 - CMe) - C(5) 111.6(3)
009 - C(b) = C(7) 59.5(2)
L(B) « C(7) - C(s) 110.5(3)
0(9) m C(7) - C(6) 60.1(2)
0(9) - C(7) - C(8) 113.5(3)
c () m C(8) - C(1) 105.2(2)
0(3) m 0(2) ™ c¢cm 106.2(2)
0(7) - 0(9) - Ce 60.4(2)

0(11) - o(10) - C(3) 112.7(3)
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ISOTROPIC PARAMETERS X10000 WITH E.S.D.S

the expression for the temperature factor 1is

EXP<-a*PI*P1*UI1*SINS3THETA/LAMBDASQ)

H(IFD
H(3A)
H(AA)
H(4B)
h(5A)
H(6A)
H(7A)
H(8A)
H (8B )
H(CL1A)
H(11B)
H(11C)

0521(76)
0A45(72)
092 (73)
0752(105)
0489(77)
0504(86)
0704(93)
0615(99)
0662(90)
1222(148)
1331%176
1048(146

IN BRACKETS



ANISOTROPIC THERMAL PARAMETERS X10000
THE EXPRESSION FOR THE TEMPERATURE FACTOR
- +2*K*L*BSTAR*CSTAR*U23))

c(l)
C(
C(9)
C (5
C(®6)
C(
c(@)
cCin
0(2)
0(9)
0(10)

ull

0903 (i 3j
0987(19)
0600(17)
0935(13)
0598(17)
0602(17)
0628(19)
0856(27)
0662(12)
0995(10)
0577(11)

u22

0997(20)
0522(21)
0989(23)
0953(20)
0520(25)
0793(27)
0692(26)
0762(33)
0912(13)
0921(19)
0622(16)

WITH E.S.0.S

IN BRACKETS

IS EXP(-2*PI*P1*(H*H*ASTAR*ASTAR*U11+.

u33

0907(13)
0361(13)
0916(19)
0932(13)
0592(17)
0368(13)
0913(19)

0695(21)

0929(10)
0525(11)
0938(10)

u23

0035(12)
0032(13)
0090(19)
0060(13)

~0096(16)

~0129(15)
0059(16)
~0266(23)
0050(9)
~0097(11)
~0052(10)

uls3

~0069(11)
~0065(11)
~0136(12)
~0082(11)
~0162(13)
~0088(12)
~0159(13)
~0028(20)
~0076(8)

~0095(8)

~0009(8)

Uiz

~0099(13)
~0125(15)
~0012(15)
~0095(19)

0011(18)
~0099(18)
~0039(18)

0090(23)
~0068(10)
~0039(12)
~0100(11)

LZc
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231.

4

spiro{ 5-exo-hydroxy-3-oxatncyclo[ 5.1.1.0 ’9]nonan—8—one—2—l'—

(47,57 -exoepoxybicyclo 3.2.0 heptane)} (568).

Atomic coordinates

Bond 1lengths

Bond angles

Torsion angles

Isotropic temperature Tfactors
Anisotropic temperature factors
Structure factors



FRACTIONAL ATOMIC COORDINATES X10000 WITH E.S.D.S.

X/A Y/3 L/c OCCUPANCY
A339 (3) 0117(5) 2235(7)
3039(A) 0531(A 2115(7)
30A8(A) 15A3 A; 10A7 (1)
3932(A) 093A (5) 0193(7)
A801(A) 01A2 (3) 0975(7)
A739(3) ~-155A(5) 0995(7)
A337(A) “161A (A) 2268(7)
3036(A) -2017(A) 2A21(6)
27A313) -3598(A) 20A0(6)
1510(A) -3826(5) 162A(7)
0962(A) -A722(3) 2395(7)
1631(5) ~-A8AA (6) 3619(8)
2761(A) -4096(4) 3580(7
2719(6) -2353(5) 369Ft(8
3392(A) 29P9(5) 1386
A9A5(3) -2A78(A) 0269(6)
2505(3) -0839(2) 1817(6)
15A3 (3) -6112(3) 2829(5)
2783(57) 3298(60) 1739(77)
A798(65) 073A(68) 291?(7A)
2692(31) 0961(35) 2795(A5)
233A (A1) 15AA (A2) 0713(45)
3593(A9) 0230(6A) -0561(65)
A317 (A1) 1780(51)  -0221 (AA)
5567<A2) 0Ap3(A9) 0870 (A9)
AB02 (6A)  -2270(77) 2858(77)
3321(A8)  -A10A(60) 1532(64)
1A80 (A7) -A366(60) 082U (63)
1101(A8)  -2PA9(60) 1365(57)
01AA (A5)  -4725(37) 2366(63)
1A98(A5)  -5017(62) AAUS5 (67)
3A75(39) -AABA(50) 3670 (A9)
3262(56)  -2030(70) A338(70)
1930(62)  -2052(77) 3897(72)

ROND DISTANCES (9) WITH E.S.D.S IN BRACKETS

C@@) -cC@) 1.528(6)

c@ -cG) 1.521(8)

C) - C() 1.565(5)

c@) -c®) 1.497(7)

c2) - o(R) 1.455(A)

ciB) -C®» 1.513(8)

LB - 0 1.A20(51

cA) -C® 1.521(8)

cG) - C() 1.535(6)

ce -C@) 1.A90(8)

L®) - 0(6) 1.185(6)

c() - C(8) 1.528(6)

c@®) -CO) 1.5AA0)

c(®) - CQAA> 1.510(9)

L) - 0(8) 1.433 5}

c(©®) - C(10) 1.538(7

CO) - C(13) 1.536(9)

c(au) - c@) 1.495(8)

c(11) - c(2) 1.422(9)

c1) - o) 1.457(6)

c(12) - c@3) 1.497(7)

c(12) - 05 1.452(7)

cC(3) - c@n) 1.553(6)

232 .
IN RRaCKEtS



ANGLES (DEGREES) WITH E.S.D.S IN BRACKETS
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Q008
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c()
ca3

cm
0(3)
C(2

104.2(4)
104.1(3
91-4{4}
103.2(4)
103-7%33
109.0(4
104.5(4)
110-1%4
107.7(4
106.1(5)
107.4(4
87.4(4
116.5(4)
93.7(4)
135.2(5
135.1(6
87.4(4)
104.0(3)
114.9(4)
116.3(3
113.4(5
89.7(3)
103-4%33
115.8(4
116.8(4)
117.0(3)
89-0%43
105.7(4
103.4(5)
111.1(5)
113-0g43
60.6(3
109.1(3)
60.9(4)
112.0(5)
106-5(5
SB.4(4
114.4(4
9%.6(4)
107.5(3)

C(2

~ 0(15)
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235.

ISUTROPTC PARAMETER8 XI10000 WITH E.S.Q.S IN BRACKETS
THE EXPRESSIUM FOR THE IEMPERATURL FACTOR 1S
EXP (-6*31*Pi*U11*RTNSOTHFTA/LA BnASO)

HQ 3) 0697(223)
H(1A) 0851(244)
H{2A) 0073(86)
H(3A) 016« (107 )
H(4A) 052« (163)
(4B ) 0307(118)
H(GA) 0305(118)
H(7A) 0«02(232)
H(9A) 0476(155)
H(10A) 0458(157)
H(103) 0527(153)
H{11A) 0488(154 )
H@2A) 0362(157)
rg13A) 0260(115)
H(14A) 0574(177)

H(1AB) 0733(215)



AM ISOTROP IC THERMAL PARAMETERS XIUOOO WITH E.S.D.S
THE EXPRESS IUN FOR THE TEMPERATURE FACTOR

*+2*K*L*BSTAK*CSTAR*U23) )

ull

0373(20)
0337(20)
031b(22)
0516(27)
0290(21)
0170(17)
0392(21 )
0360(23)
0435(26)
0353(22)
0630(35)
0501(29)
0744(42)
0621(24)
0574 (23)
0296(13)
0619(21)

u22

0.266 (17)
0241(18)
0235(10)
0319(20)
0322(19)
0395(23)
0730(16)
0209(16)
0227(14)
0344(19)
0440(26)
036X (24)
0207(10

0795519

0231(13)
0414(17)
0740(10)

oao O 14)

IN RRaCKETS

IS EXP(-2+PT*PI*(H*H*ASTAR*ASTAR*U11+ .

3.3

0443(37)
0423(34)
0557(37)
0404(35)
U540 (39)
0500 (59)
0460(36)
02.07(30)
0297(34)
0451(40)
0500(43)
0337(41)
0255(36)
0346(45)
0759(33)
0635(30)
0503(29)
0447(24)

123

~0059(21)
~0053(20)
~0056(24)
~0069(75)
~0047(21)
0003(17)
~0007(20)
0056(26)
0002(23)
0029(20)
~0057(22)
~0017(17)
~0165(21)
0070(15)
0012(16)

HI 3

-0070(23)
no03(23)
-0033(24)
-0016(25)
0079(24)
-0030(20 >
-0141(22).
0077(21)
0045(21)
-0040(24)
0097(26)
0174(30)
-0011(24)
0071(31)
0193(23)
0175(21)
-0070(13)
0090(14)

(112

~0066(17)
~0004(14)
~0025(15)
~0064(19)
~0046(10)
voo= (16)

0002(15)

~0021(14)

0004(15)

~0050(19)
~0040(19)
oo 56(22)

~0040(22)
~0031(14)
~0003(16)
~0009(13)
~0003(14)
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FACTORS

OBSERVED AND CALCULATED structure
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240.

6-endo-methoxy-8-trans-N-methyl-N-p-toluenesulphonamide-2-

oxabicyclo[ 3.2.1] octan-2-o0one

(63) .

Atomic coordinates

Bond lengths

Bond angles

Torsion angles
Isotropic temperature
Anisotropic
Structure

factors
temperature

factors
factors



FRACTIONAL ATOMIC COORDINATES XIOOOf) WITH E.S.D.S.

cm
CIS)
c@)
Cib)
Clo
Ci7
Ct8)
cm)
Cl113)
Cl17)
CuB)
cCuU 9)
CuD)
cun)
cuz)
Cu3)
ou)
ou)
0)10)
0)15)
utlf.)
8)14)
Nil?)
HUA)
H14A)
H)43)
H)5A)
H)8A)
H)7A)
HI8A)
H)83)
H)11A)
H)11B)
H) U C )

H)I1SA)

X/A

03«5()
-0089(W
229 u 1
3449(8)
27*818)
07U919)
2581(7)
4447(12)
5955(H)
4942(7)
8892(9)
9214(1U)
7488 U U)
5413(1U)
40/4(10)
8981(14 )
-0919(6)
-1258)7)
2543(b)
11U3(G5G)
40/6(5)
32/1(2)
370515)
-03U6(73)
2588(69 )
2897(79)
4896(59)
25U5(%4)
3811(6U)
0827(69)
-03U9(82)
4206(77 )
5298(85 )
5321112
6489(63,
68U6( 68)
6083(59)
7482(65)
9530(67)
4655(68)
27646U)
924996,
10115(116)
9756(149),
9391313,
76U3(5 21,
10620 249,

Y/B

7221(4)
9141(5)
912U@)
9084(3)
7192(3)
6712(5)
7584(5)
7747(6)
6414(b)
7162(5)
6986(4)
7677(4)
9751(4)
9001(4)
8230(4)
9631(7)
P229 (5)
Qa2 (B)
7648(2)
6452(2)
5091(2)
6220(1 )
6554(2)
6758(31)
9437(29)
9714(55)
8250(24)
8094(25)
6601(27)
5951(34 )
6967(55)
7990(54 )
7043(40)
8403(47)
5725(28)
7073(51)
6302(25)
6194(31)
749629,
9716(55)
9390 25,
1U243(55,
9373(51)
9784(87)
9373(134)
10390 150)
9431(100)

Z/C

—029952)
-0619(2)
-0628{2 )
-0972(2)
-0991(2)
-0875(2
ou48(2
-1/60(3)
0298(2)
1515(1)
1767(2»
21U5(@2)
22U2@2)
1960(2)
1622(2)
25D0(1)
-0420 (1)
-0789(1)
-15/6(1 )
10U0(1)
1147(1)
1Ulo
0554(1)
-0uh1 (/)
-1U17(17)
-05/9(18)
-05/6(15)
0549(12)
-0952(15)
-0846(16)
-1215(18)
-2151 (2U)
-1 /53,18,
-1489(24)
0526 ( 15
0485(15)
-0116(15)
1667(15)
2265(19
2050(16)
194615,
23U3( 25
2:84¢31)
2895(33)
22U0(72)
2576(115)
2259(6U,

OCCUPANCY

9119(427)

8119 (9-27)

8119(427)
1981(427)
1981(427)
1881(427)

241.
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DISTANCES (&)

C(7)
C(A)
0(?)
c(@)
oM?)
0(9)
c®)
C (6)
C (A
C()
0(10)
N (12)
0(10)
N(12)
C(16)
c(2?)
s(14)
C (19)
C(20)
c@)
c(3)
ci2)
s4)
s(14)
N(12)

PRRRRRRPRRRRRRPRRRRPRPRREPRPRPRRRPR

-491(6)
-526(5

-449 ()
_503(A)
-320(6)
.212(5)
-546(6)
-535(5)
.523(5)
.521(6)
-420(4)
-491(4)
.382(6)
-400(5)
.368(6)
-380(5)
_757(4)
.382(6)
.38116)
_370(6)
.521(9)
-380(6)
.423(3)
-437(2)
.651(3)

WITH L.S.U.S IN OSACKtT



BOND ANGLtS (DLGREtIS) WTIH F.S.Q.S IN BRACKET?

L@ -c@ - c@ 103-7843
J) -¢@) - ¢ 110.1¢4

u2 -c@) - c®P) 10b.6(6)
0 -cB) - c@) 12U.R14)
JO) -CB> - Cc®) 120.8(G)
o -0B - 00 118.3(0)
LG) -C@) - C( 113.2(4)
LA -cGB) - C€4; 110.7(4)
LO) -CB) - Cc®) 104.8(4)
L@B) -CcGB) - 006 103.4(3)
u@@) -Cc@G) - c(5 104.3(4)
u) -06) - Cc®GB) 114.6(3)
J(10) -C@G) - c@) 111.0(4)
u@6) -Cc@) - c@) 10b. 1(4)
0G) -c@) - c@ 99.1(3)
N(12) - C(@®) - c@) 108.9(3)
N2 -Cc@) - cG) 113.1(3)
L(22) - Ccu7) - c@8) 119.6(4)
M14) - C@7) - C(18)  1?U.0(3)
sum - C@7) - Cc(?) 120.2(3)
0(19) - c(ie) - o7 120*3(4)
L(?D) - C(19) - 0(18) 120.9(5)
L2L) - C(@0) - c(@9) 118.1(3)
L@23) -Cc(@0)- CQ9) 12U.46)
H2o) - C(0) - C(1) 121.6(G)
L) - CR1) - Cc(0) 121.6(3)
L21) -Cc(@2)- c@7) 119.4(3)
L3> -0 - 0@ 118.0(4)
L@1) - 0(10) - C@®) 112.3(4)
Uus) - 3(14) - o@7)  108.8(2)
u(ie) - S4) - Cil17) 108.0(2)
U(lb) - 3114) - o@5) 119.5(2)
N2 -3(14 - c@7) 103.9(2)
»(12) - S(14) - 0(15) 10°.4(2)
N(12) - S(4) - 0(16) 10b.5(1)
L@3) - N@2) - c(> 11b.7(3)
3(14) - N(2) - 0(8) 113.0(2)
3(14) - N(@?) - 0(13) 112.8(3)



TABLE .TORS!JM ANGLES (OCOBLES)

E .sedls ca -

ch Cl
0? Cl
C7 Cl
r7 Cl
o2 Cl
02 Cl
cl Cl
04 Cl
o= C3
-9 Ci
o4 Ci
09 Ci
03 C4
03 C4
04 05
04 Ci
- B 05
CB 05
04 C5
04 C5
OB C5
CB 05
05 CB
onn CB
05 CB
07 CB
o1 CB
(018 CB
Oh CB
05 CB
0?? 01/
94 01~
s~ B Cl1
914 Cl7
o2 B CI17
cl18 Cl¢
-2 B C17
02? Cl~+
022 Cl~+
02? Cl~+
017 01B
oLpP CI19
015 ciy
ciy 02U
V23 C?(0
o?n C21
017 9J4
017 914
015 9la
Olh cig
oLB 514

oLB 514

1.5°

C7
C7
CH
o K
CB
Cu

o=

?
Cc4
C4
2
o ?
C5
C5
B
CB
CB
OB
CB
CH
CB
CB
C7
C7
0L3
o1]
412
Ml 2
MI 2
M12
Cl-
ClJ
Cc22
C22
Sl +
SI 4
S14
S
914
914
Cli
C20
o 2U
c21
C?1
C22
M12
M1V
vin
M1?
Ml <
Ml 2

CB
CT
Ch
N12
C5
12
C3
C3
CS5
LS
Cl
Cl
(65)
CB
07
Cl
- 10

Cl
Ml 2
Cl
Cl
Cil
Cil
C13
S14
Cl3

ciy
ciy
Cc?1

Cc?1

O:Lh
01B
iML2
015
01B

c2u
C?1
C?5
02?
CP?
017

013
CH
011
Ch
015

-P3.U
94.5
4P .U

-7° .B

-7B=2
163.1

-70.6
44 .U

7.7
-177.

2

171.
70.
~4H.

|
o
>

41.
31
153.
71
-17P.
-44 .

NoNohUOIK Do b

244



ISUIROPTC PARAMFTFRS X10»00
IHL 1FWPFRATURt FACTOR 1S

IHE LARRLSSi1UM

FOR

WITH L.S.U.S

LXP (-o*DI*ui*"J11*SINSQI HETA/LA"13DASQ )

h (JA)
m tfa )
H(aB)
M (5A)
H{FA )
H(7A)
h (6A)
H(BO)
v {11A)
H(11B)
H(11C)
n( 13A)
h (138)
H(13C)
8 (JHA)
n (LyA)
H( ?1A)
h (22A)
1e3a)
H (23B >
H(23C)
H (230)
h(23E)
H(23F )

0/08(147)
Ofebl (133)
G/02(184)
11270 (1U2)
0357(46 )
04241109)
0868(147)
0840 1172)
0835(159)
nyyu(Teo)
1340(245)
0533 (114)
0622(136)
0460(105)
0626(123)
042b(133)
0724(135)
0308(115)
0880 1124 )
08-80(124)
08807124 )
088U (124)
0880 1124 )
08HU1124)

IM BRACKETS



[aule .amisoiropic tntrmal

, +2*K*L*USJAK*CSTAR*U23) )

uli

cC() 02€7(32)
CI3) 0/30 (b0)
C<4) 0979 (bfe)
C(G> 0337(32)
C) 0488 (33)
C( Obfel(41)
C<83 0357(31)
c(1) 093U (bb )
C(13> 0b61(b4)
c(1y) 0385(29 )
C(H) 0398(4U)
cdD Oblfe(42)
cu) 0/b7 (4b)
c(1) Obi«(44)
c(2) Obab(b8)
C(@3> 1281(77)
0(2) Obi 0(2b)
009) IbHfe(41)
o1V Qb61(26)
0(1b) 0407(22)
o(lb) 0/17(24)
S(14) 0434(06)

n(12) -bOb(23)

pakamfteks

u??

0757(33)
080b(38)
0471(23)
0375(22)
0483(25)
0643(33)
0435(23)
0837(46)
0706(55)
0470(23)
0556(29)
0786(38)
0621 130)
0448(28)
0493(27)
0798(50)
1012(25)
1056(26)
0327(21)
0676(19)
0379(14)
0421(5)

0411(18)

XIUunoo with

Ub3

0b59(31)
Ub?9(29)
U497 (30)
ObUI (25)
0405(22)
0619(32)
0406(21)
0570(34 >
UbOB (28)
032?(19)
0501(25)
0579(30)
U40€(25)
0550(27)
0467(24)
0b37(48)
0841(23)
047fe(25)
0393(16

Ob8E(18)
0690(18)
0518(6)

0421(17)

e .s.u.s Im brackets

M t-apBLssium Fir THF TEMPERATUHL FACTOR LS EXP (-2*P1*P1 * (H*H*A5TaR™aSTAR+UII +.

u23

014 /(28)
~0073(26)
~0027( 24)

0026(18)
~0010(20)
~0031(29)
~0043(20)

0228(34 )

0031e(28)

0100(17)
~0054(23)
~0017(27)

0073(24)

0019(22)

0078(22)
~0002(42)

0186(20)

0091(bi)

0079 ﬂ?

-085(14

0115(13)

0056(5)

0029(14)

ul 3

0119(27)

~0045(3b)

0156(35)
0077(24)
0078(23)

0002(30)

0097 12?)
0347(38)
0141(26)
0071(20)
0045(27)
~0006(30)
0006(28)
0120(30)

ori7? (26 )

~0096(30)
0141(20)
~0038(26)
0037(17»
0272(17)

0179(18)

0170(6)
0137(17)

Uiz

0143(28)
0482(37)
0097{33)
0029(24)
0132(27)

~0005(33)

012b(22)
0251(46)
0175(29)
0118(22)
0191(29)
0174(35)
~0016(35)
0151(31)
0160(28)
~0181(51)
0348(23)
0876(28)
022U (20)
0006(16)
000-3 (15 )
0044(6)
0080(16)

orc
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OBSERVED »NU CALCULATED STRUCTURE FACTORS FUR AH2S

H K L FO FC H K L FO FC H K L FO FC u 8 L FO FC H K L FO FC
3 0 0 40 49 2 11 0 14 -14 -2 5 1 31 -u 1 * 1 27 29 -4 3 2 6 -5
4 0 U Ib ~-14 4 11 o0 10 8 -1 5 1 20 1s P9 1 14 -14 -3 3 2 26 25
b 0 o0 18 -19 0 12 0 5 -3 o 5 1 14 13 * 9 1 7 -7 -2 3 2 16 -16
4 1 o0 27 28 112 o0 6 6 1 5 1 34 -3» ca 1w 1 11 10 -1 3 2 46  -46
3 2 o0 16 -14 3 12 0 8 -7 2 5 1 19 .17 -3 lu 1 8 -8 o 3 2 69 70
4 92 0 2U -19 1 15 0 6 -2 3 5 1 13 1» P lu 1 17 -17 1 * 2 24 -24
b 2 o0 9 11 -4 1 1 24 23 4 5 1 40  -an -1 lu 1 32 32 2 3 2 30 -29
1 3 o0 b -15 -3 11 38 -39 5 5 1 13 .12 0 lu 1 11 -11 3 3 2 31 31
2 3 0 13 13 3 1 1 24 -24 -5 6 1 8 12 P lu 1 7 9 4 3 2 10 -10
4 3 0 12 13 4 1 1 24 24 -4 6 1 *q 2 S lu 1 9 9 5 3 2 15 -16
b 3 0 33 -33 -6 2 1 13 -1b -3 6 1 21 20 -1 11 1 9 9 -4 4 2 14 -13
1 4 U 17 18 -4 2 1 49 49 -2 6 1 22 21 0 11 1 13 19 3 4 2 13 13
3 4 U 38 -38 -3 2 1 7 1 -1 6 1 9 -10 1 11 1 12 -11 -1 4 2 43 -42
4 4 0 23 25 3 2 1 53 -52 0 6 I 4 5 4 11 1 13 -10 0 4 2 39 -39
3 5 o0 24 -24 4 2 1 20 -21 1 6 1 55 55 P12 1 -8 7 1 4 2 52 b2
b 5 0 32 32 5 2 1 20 21 2 6 1 32 .31 P a3 1 8 -7 2 4 2 27 -27
u 6 0 26 26 -5 3 1 14  -15 3 6 1 12 12 P 13 1 6 -4 3 4 2 22 -23
1 6 0 9 -6 -4 3 1 10 -9 4 6 1 9 0 -3 14 1 9 9 4 4 2 48 48
¢ 6 0 26 26 -3 3 1 8 7 5 6 1 13 _ja -P 14 6 -1 5 4 2 13 -13
3 6 Q@ 9 8 -1 3 1 25 2b -3 7 1 13 -la -6 0 2 9 -9 -5 5 2 10 -10
4 6 0 4b -45 3 1 72 72 -2 7 1 21 20 -P 0o 2 28 -29 -4 5 2 9 9
1 7 U 23 -23 1 3 1 15 14 -1 7 1 11 11 -U U 2 13 -13 -3 5 2 24 -25
2 7 U 8 -6 2 3 1 12 -12 o 7 1 44 _as 3 U 2 6 -7 -2 5 2 12 12
3 7 o 21 21 3 3 1 33 33 1 7 1 32 32 4 U 2 30 -30 -1 5 2 9 8
4 7 a 19 -20 4 3 1 14 -13 3 7 1 17 -1s P u 2 23 23 0 5 2 69 -69
b 7 U 7 7 -5 4 1 19 -21 4 7 1 29 29 -6 1 2 10 9 1 5 2 13 13
U H n 33 34 -4 4 10 .11 5 7 1 12 .11 -4 1 2 4b  -45 2 5 2 58 b7
1 b U 14 -14 -3 41 18 -19 -5 8 1 3 -9 -3 1 2 27 29 3 5 2 11 -12
> 8 o0 19 -18 -2 4 1 31 -32 -2 8 1 6 s 3 2 22 .20 5 5 2 16 16
1 4 on 12 11 -1 4 1 26  -?b -1 8 10 10 .5 P 2 7 7 -4 6 2 33 -32
2 9 o0 9 -9 o 4 1 24 24 1 8 1 12 -13 -8 2 2 12 12 -3 6 2 9 10
4 U o 11 13 1 4 1 7 -6 4 8 1 9 8 -4 2 2 10 11 -2 6 2 16 16
U 10 O 9 9 3 4 56 5b -3 9 1 14 _ya =X P 2 26 -25 162 34 33
110 U 9 -10 3 4 1 11 11 -2 9 1 19 19 3 2 2 16 -17 0o 6 2 27 27
2 10 [o] b 4 -5 5 1 17 -17 o1 9 9 .3 -6 3 2 3 6 1 6 2 46 -45
3 10 0 8 2 -4 5 1 P -8 0o 9 1 13 -la -5 3 2 8 .11 2 6 2 11 12
; 10 0 b 4 5 0s 1 17 -17 109 1 9 -8 m. 3 2 3 6 1 6 2 46 -45
5 10 0 8 2 -4 5 1 P -8 0o 9 | 13 -1a -4 3 2 8 11 2 & 2 11 12
H 8 | Fu FC H K L FO FC H K L FO FC | L FU FC H K L FO FC
5 6 P 20 -21 4 12 2 9 <] 4 4 3 14 -16 P 9 3 Ib -16 4 2 4 7 4
% 7 2 13 -13 0 13 2 5 -3 -6 5 3 10 -7 T 4 3 9 8 5 2 4 0 -il
W 7 2 17 17 -1 14 2 5 -3 -5 5 3 19 .18 P10 3 9 8 -6 3 4 12 10
3 7 2 13 -13 0 15 2 7 -4 -4 5 3 20 20 lu 3 9 -8 -5 3 4 15 -15
2 7 2 12 il P is 2 P 7 -3 5 3 13 .13 P u 3 17 17 3 3 4 32 32
w 7 2 10 9 -5 13 6 6 -2 5 3 34 34 o a3 13 -18 -2 3 4 16 -16
u 7 2 12 -13 -4 1 3 10 -10 -1 5 3 14 15 1 lu 3 19 18 -1 3 4 33 33
17 2 Ib -14 -3 1 3 19 21 0o 5 3 18 17 U 1u 3 10 9 1 3 4 26 -26
4 7 2 1u 8 3 1 3 5 -4 1 5 3 59 -58 -3 11 3 8 9 2 3 4 12 il
b 7 2 9 7 4 1 3 9 4 2 5 3 24 .23 no 3 6 6 3 3 4 9 8
w P 7 14 -1b 9 1 3 24 -24 3 5 3 7 -7 111 3 5 4 4 3 4 39 -39
mw g P 17 16 -5 2 3 14 14 4 5 3 19 .20 % 11 3 6 -5 6 4 4 U 13
3 P 2 13 14 2 3 28 29 -3 6 » 35 35 4 11 3 9 -8 5 4 4 11 -10
2 H 2 Ib -16 -3 P 3 16 -16 -2 6 '3 20 .20 0 12 3 6 -5 -4 4 4 37 -37
. P2 19 19 2 2 3 13 13 -1 6 3 9 8 1 13 3 8 6 .3 4 P 13 14
1 P P 33 -34 3 2 3 27 -27 o 6 3 35 36 P 13 3 7 10 1 4 4 37 36
2 P 2 b 15 4 2 3 13 12 1 6 3 27 -2%7 -X 14 3 8 10 o 4 3 5 b
4 9 2 ¢3 -2b 5 2 3 P 8 2 6 3 7 -7 14 3 b 5 1 4 4 46 44
b 8 ? 11 9 -6 3 3 14 -1b 3 &6 3 22 24 1o 1b 3 7 -8 2 4 4 36 -3b
4 9 2 12 - H -4 3 3 10 12 -5 7 3 9 9 1 1b 3 6 5 3 4 4 16 Ib
3 9 2 12 10 -P 3 3 17 18 -4 7 3 10 S11 -4 u 4 19 19 4 4 4 20 19
> 9 2 8 -7 -1 3 3 17 -17 -3 7 3 9 ) P U 4 b -4 5 4 4 17 -18
1 9 2 5 -2 o 3 3 24 24 2 7 3 22 21 3 u 4 12 -12 -3 5 4 12 -12
U 9 2 23 24 1 3 3 55 .54 17 3 5 -6 P u 4 29 27 105 4 19  -17
1 Q 2 7 7 2 3 3 10 11 17 3 29 2P 6 1 4 il -13 0o 5 4 17 -16
2 9 2 7 5 4 3 3 19 -19 2 7 3 15 .14 -H o1 4 3 -6 1 5 4 23 21
3 a 2 10 11 5 3 3 49 49 3 7 3 7 7 P 1 4 19 -20 2 5 4 9 7
1 10 2 12 11 -5 4 3 Pl -4 8 3 s 7 * i a4 3 -8 4 5 4 19 20
110 2 7 8 -4 4 3 24 .2p -2 9 3 6 -6 4 1 4 Ib  -16 -4 6 4 13 13
1 U 2 9 -9 -3 4 3 20 -20 i1 8 3 6 5 -3 ¢ 4 14 .15 -3 6 4 4 10
0 11 2 14 15 -2 4 3 17 19 0 9 3 7 .7 i T @ 19 20 -2 6 4 9 9
ioil 2 7 -6 -1 43 43  -43 2 8 3 5 5 -3 2 a4 10 11 o 6 4 18 -18
2 11 2 6 -6 o 4 3 3? -33 -4 9 3 13 -12 2 4 7 -7 1 6 4 11 -11
3 u 2 8 7 1 4 5 9 9 -2 9 3 13 13 1 ¢ 4 19 18 2 6 4 23 -23
11?2 2 10 11 2 4 3 12 -11 -1 9 3 19 -14 ? 2 a4 10 10 4 6 4 8 -8
3 12 2 8 -6 3 4 3 H 6 1 9 3 9 -4 t ¢ 4 31 -30 -5 7 # 21 21
112 2 10 il p U 3 1?7 -11 -1 3 19 -14 id o 10 10 4 6 4 8 -9
3 1° 2 P -6 3 4 3 8 6 19 3 4 -9 3 4 31 -30 -5 7 4 21 21
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FO FC H K L FO FC H K L FO FC 10 L FO FC H K L FO FC
33 b3 -6 | I 9 5 -5 2 9 21 21 _- b. 9 22 23 2 18 1 7 4
42 43 4 o« 1l 9  -lu .9 2 O 20 20 -4 6 9 8 9 -5 0 10 19 19
10 -10 -2 8 8 5 -2 2 2 Q 59 -59 -P 6 9 10 9 -2 0 10 52 32
b 15 a4 @3 29 -30 -1 2 9 98 94 o b 9 ° B 0w 1e 18
14 -14 0 8 3 25 26 0o 2 o9 17 -16 1 6 9 12 13 0o 0 10 13 18
8 11 1 8 3 11 11 1 2 9 81 -4l P b o 13 18 10 10 23 -27
21 -21 b K & 7 i 2 2 9 7 7 £ 7 o 8 -11 3 010 10 10
13 -13 3 1 3 29 21 3 2 9 17 17 -6 7 9 9 L 4 0 10 13 -12
26 25 -2 9 8 12 11 9 2 9 10 -l —4 7 9 20 19 5 0 10 11 -9
7 A 1 9 8 12 -1b 6 3 9 3 8 3 7 9 6 -8 -6 1 10 ’ ’
14 13 n 9 3 19  -1b -5 3 9 19 -16 P 7 9 15 -18 -5 1 10 13 14
b 6 1 9 8 8 a -9 3 9 13 -13 -1 7 9 13 12 -4 1 10 52 -32
2u 20 3 o 8 8 -2 3 9 24 .22 n ° o -1t 2110 3 o34
19 18 10 8 11 il 13 9 6 8 -5 fl 9 10 -6 1110 31 -ba
28  -30 1 10 8 8 9 0 3 9 25 26 1 f9 11 -12 0 1 10 32 bb
7 7 0 10 fl 10 -11 13 9 25 25 1 e ’ ’ 4 1t 24 24
Ib 15 2 10 fl 6 5 2 3 9 19 17 2 M9 [ 6210 13 12
b 5 -3 11 3 17 .17 3 3 9 24 25 X d 9 22 -23 -4 2 10 18 -15
b -13 2 11 f 6 fl 9 3 9 10 -10 9 9 fl ° 22 10 18 14
6 7 0 11 a 19 -19 5 3 9 12 -9 fl 9 9 10 10 -1 2 10 50 -3U
13 -15 111 a 11 11 9 9 9 9 10 -1 49 17 17 0 2 10 13 13
17 17 3 11 a 10  -lu 2 9 9 9 8 n 9 9 10 -10 1 2 10 21 -20
10 8 -4 12 3 9 8 -1 9 9 14 -14 P 9 9 15 15 2 2 1U 20 20
H 6 -2 12 8 a -9 o 9 9 33 33 o o 18 16 -5 5 10 19 19
6 -5 112 0 7 1 1 9 9 21 21 1 10 9 16 17 -4 3 10 19 -17
9 9 0o 12 8 5 -6 2 9 9 19  -16 0 10 9 s 5 -2 3 10 10 11
fl -9 1 12 8 fl -9 -6 5 9 22 22 1 10 9 7 -6 -1 3 10 15 -15
Ib 19 2 12 a 6 b -3 5 Q 10 9 P 10 9 7 6 0 3 10 12 12
10 6 119 H 6 -5 2 5 9 11 10 Adu 9 7 3 13 10 26 26
14 14 5 1 9 7 5 1 5 9 23 .23 4 1u 9 12 12 3 3 10 15 16
19 -19 -4 19 17 17 o 5 9 7 7 3 11 9 o f 4 810 1o e
id b8 219 23 -2b 1 5 9 36 36 -fl 129 7 4 5 3 10 9 "6
Ib -15 o 1 9 72 -73 2 5 9 17 -17 P12 9 15 16 -6 8 10 n -21
11 -12 2 1 9 9 8 3 5 9 9 9 11, 9 5 -5 5410 82 ob
4 9 3 1 9 9 SfI 9 5 9 12 11 -1 15 9 7 -6 -2 4 10 19 -18
9 -fl 4 1 9 10 11 5 5 9 3 5 114 9 7 8 -1 410 10 10
9 9 5 1 9 9 3 9 5 9 12 11 -1 1b 9 7 -6 -2 4 10 14 -18
9 H 4 1 9 10 11 5 5 9 1 114 9 7 9 14 10 g 10
FO FC H K L FO FC H K L FO FC w L FO FC H K L FO FC
26 -27 9 10 6 b -2 511 21 -22 * 9y L
21 21 -1 9 10 27 -2H -1 3 11 38 3A -i lu 11 1b 133* —g :: E IO —ig
1 1 0 9 10 18 15 0 3 11 55 57 -1 lu 11 8 8 -2 3 12 2 .5
v -fl 2 9 10 16 -17 1 3 11 1 9 11) 11 6 -6 -1 3 12 2% C’7
20 20 3 9 10 9 8 2 311 18  -12 P lu 11 8 9 0 3 12 51
8 7 -8 10 10 9 -3 3 311 9 10 X KJ 11 7 -7 1 3 12 5 Al
13 16 -1 10 10 7 -7 8 31 15 -14 P 11 8 -7 2 512 % _°I7
Ib -15 1 10 10 6 -9 -6 4 11 9 -6 * b 11 9 9 3 3 12 : 15
13 -15 -2 11 10 9 9 -5 4 11 12 12 1 1A 11 9 -9 5 5 12 12 -5
11 -13 -1 11 10 a -9 -4 4 11 15 -15 *S J 12 3H -40 -5 4 12 1 13
7 8 111 10 6 5 1 4y 7 -7 “4 U 12 37 37 -8 4 12 13 -13
13 12 ? 11 10 6 -4 -4 5 11 20 19 0 12 29 -29 -1 4 12 A -b4
1Z }g g E 10 fl -b -2 5y 5 -5 -1 0 12 56 54 0 4 12 19 19
“ 5 N 10 7 7 0 511 | 9 0 U 12 18 18 1 412 2 2Q
1 12 10 6 b 1 5 11 6 -6 1 U 12 27 -28 2 4 12 10 -11
6 7 0 12 10 7 -3 3 5 11 11 9 X 0 12 11 13 4 4 12 3
iy -10 2 12 10 8 fl 4 e i
9 51 10 -9 w1 12 18 18 5 4 12 10 -10
11 - 3 1? 10 7 -6 -6 6 11 16 16 -5 1 12 21 -22 -6 5 12 9 -9
12 10 -1 13 :_I.O 9 7 -1 6 11 19 -17 U 1 12 18 -18 -5 5 12 9 11
20 -20 -5 1 i 1 25 23 0 6 11 29 30 P 1 12 80 -81 -4 5 12 P1 2
12 12 -P 1 il 84 44 2 6 11 14 -14 -1 1 12 41 -40 -2 5 12 5 C’6
18 -18 -1 1u 37 -38 3 6 il 17 17 r 1 12 3uU 30 -1 5 12 7 7
13 -13 0 111 31 -31 -4 7u 1 -11 i 112 23 28 0 5 12 21 -¢2
31 32 1 1 11 15 15 -1 7 11 25 _26 p 1 12 7 -8 1 5 12 19 18
is -13 3 1 il 6 -6 o 7 11 9 -6 X 1 12 16 15 2 5 12 13 -12
_2 7 -5 ? 11 8 -8 1 7 11 28 23 8 1 12 15 -16 3 5 12 ?4 -25
in 9 -8 2Tl 49 49 2 7 11 13  -13 5 1 12 9 9 -1 6 12 7 7
10 -10 -2 2 11 fi -7 -2 11 5 5 -~ 2 12 9 10 0 6 12 1 -12
15 -18 -1 2 u 36 36 o fl11 37 -33 -4 2 12 20 -20 1 6 12 17 17
22 -22 P 21 14 18 1 8 11 7 1 _P 2 12 9 -10 2 6 12 10 12
13 -19 t 2 11 6 -6 2 1 1A -1nq -1 P 12 4u 80 5 6 12 13 -13
80 Al g' 2 11 7 9 4 9 11 « 0 n 2 12 1 -10 -1 7 12 26 26
3 -7 2 1 17 -17 -2 911 17 13 1212 28 23 0 7 12 12 -12
12 12 8 211 14 18 1 9 il 11 11 P 2 12 17 17 1 7 12 15 -15
9 6 5 2 11 11 9 2 9 11 13 18 * 2 12 10 -10 2 7 12 13 12
12 -11 -5 3 11 35 -36 3 9 11 9 -7 i 12 15 -15 -5 H 12 13 -14
9 6 5 2 u 11 9 2 9 11 13 18 X ¢ 12 10 -10 2 7 12 11 12
12 -11 -5 3 11 35 -3b 3 9 1m 9 -7 .- . 12 15 -15 -5 A 12 13 -14
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252.

2-exo-bromo-3-endo-hydroxy-7,7-dichlorobicyclo[ 3.2.0]-
heptan-6-one (29).

Atomic coordinates

Bond lengths

Bond angles

Torsion angles

Isotropic temperature factors
Anisotropic temperature factors
Structure factors



FRACTIONAL ATOMIC COORDINATES X1UUOO WITH E.S.O.S.

CI1A)
Cl 13)
C128)
C123)
C15A)

CI133)
C14A)

C143)
C15A)
CI153
CI6A
C163)
C17A)
C173)
QUA)
0ouU3)
012A)
0123)
@A)
3« (1B
2y eIAs
Ci11113)
CLQ2A)
CLI2B)
Hi 1A)
Hi 13)
HI2A)
H123)
HI 5A)
Hi 53)
Hi 5A)
Hi 53)
ill4Al)
H14A2)
HI 431)
HI 432)
HO(1A)
HU(2B)

X/7A

0859(4)
119514)
096514)
0756(5)
1579(4)
1159(6)
1610(6)
173116)
1316(4)
1534(4)
1672(5)
1713(5)
1191(4)
1275 (4)
2056(2)
1345(3)
2136(3)
2157(5)
0320
0426
1420(1 )
1726(1 )
0763(1)
0674(1)
0410(40)
1136(36)
0g45(3H)
0421(42)
1649(47)
1050(42)
1136(33)
2166132)
2003(37)
1386(30)
1826(46)
2090(52)
1976(37)
2222(66)

Y/B

1464(6)
4240(6)
0273(6)
3793(9)
0298(6)

3024 (10)

1438(10)
5669(15)
2200(9)
3905(9)
2412(6)
2753(6
1629(6
3320(b)
0264(b)
2193(5)
2876(b)
1985(9)
~0103(1)
5000(1)
0840(2)
5389(5)
2934(2)
2556(3)
3678(69)

5074( 10)

~0331(64)

3440 (B

~0380(91)
2619(76)
2889(66)
4417(63)
1609%65;
1461098
4147(69)

3287(67)
~0451(76)

2210(114)

Z/C

4/05(7)
~0623(7)
HOU4 (7)
0133(8)
5201&33
0688(9
5618(9)
0371(12)
5056(8)
~0/11(9)
4009(8)
~1116(9)
3650(8)
~1609(8)
43U0(5)
~0264(5)
3564(6)
~1593(9)
6164(1)
1069(1)
2701(2)
~2756(2)
3270(2)
~1759(3)
4679(32)
~0914(67)
4416(62)
0016(68)
5667(83)
1143(79)
5368(68)
~1042(55)

5642(61)

6269(73)
0677(94)
0453(90)
4079(66)
6042(98)

OCCUPANCY

253.

IN BRACKETS



254.
BOND DISTANCES (© WITH €.S.U.S IN BRACKETS

C@A) - c12n) 1.529(12)
4(1A) - Cc(GA) 1.572(13)
KIFI) - C@A) 1.543(13)
4(Li) - c(@B) 1.534(13)
C(1B) - 4150) 1.578(13)
4?83 - C(7B) 1.551(13)
4(2A) - c@A) 1.535(17?)
4(A) - BR(1A)  1.957(8)

4(2B) - Cc@@P) 1.503(15)
4(2B) - BR(1B) 1.971(10)
4(BA) - Cc@A) 1.509(14)
4(GA) - . (A} 1.424(11)
4(36) - CMAR) 1.491(17)
4(3B) - U@B) 1.460(12)
4(4A) - CI5A) 1.513(15)
4(4B) - C(5B) 1.531(18)
4(BA) - C(6A) 1.503(14)
4(SB) - C(65) 1.564(13)
4(6A) - C(7A) 1.528(13)
4(6A) - 0@A) 1.198(10)
4(®B) - C17B) 1.521(13)
4(@B) - - (R) 1.410(10)
4(6B) n(2B) 1.393(18)
4(7TA) - cL(1A) 1.769(10)
4 (7A) - 4LC2A) 1.810(9)

4(7B) - cL(IB) 1.784(10)
4(7B) - CLi:s ) 1.764(10)



255

BONU ANGLES fULGREES) WITH E.S.D.ti IM RRACKETS

L(5A) - C(1A) - 8(2A) 105.7 ie) CL(2A) - 8(7A) - cL(1 ) 1l08.0(5)
8 {7A) - CHA) - C(2A) 11 /.1 (6) c(6B) - Cc(75) - Cli9) 67.3(8)
8 (7A) - C(1A) - C(5A) 8H.H (7) CL(IR) - C(73) - C(\B) 108.5(6)
8(58) - C(1B) - C(2B) 101.1 (8) CU IB) - C(75) - C(65) 110.6(6)
8(7R) - 8(18) - 8(2B) 105.4 (7) CL(2B) - C(75) - 8MB) 121.1(6)
8(78) - 81lIR) - C(5B) Al.h () CLC2»B) - C(7B) - 8(65) 118.2(7)
8 (3A) - 8(2A) - C(1A) 10b.3(7) rt (2B) - C(7R) - 8L(IR) 109.3(6)
8RCIA) - C(2A) - C(1A) 108.1 (6) C(&R) - 0(CIB) - 6(75) 106.3(7)
8R(10) - C(2A) - C(3A) 108.7 (&)

Cl 38) - Cc(2B) - C(IB) 102.7 (tD)

8R(18) - 8(2B) - C(B) 111.4 (7)

8R(13) - C(2R) - C(3«) 11 1.8 (t)

8 (AA) - 8(30) - C(2A) 104.9 (8)

U(CLA) - 8(30) - C(2A) 106.5 (tN)

U(LA) - 8(30) - C(0A) 105.7 (ti)

8(4b) - 8(3B> - C(2B) 104.5 (10)

t( 16) - C(38) - C(2B) 103,3 (9)

t( 18) - C13B) - 814B) 103.2 (10)

8(5A) - 8tOA) - C(3A) 104.8 (9)

8(58) - 8(4R) - 8(3B) 94.(1 (11 )

8 (4A) - C(s0t - C(1A) 106.3 (H)

8(6A) - 8(5A) - C(1A) 89.1 (t)

8 (0A)y - C(50) - C(0A) 116.4 (9)

8(08) - C(5R) - C(IB) 107.0 (9)

8(68) - 8(5B) - c((1B) 54.9 (7)

g(68) - 8(9D) - C(4R) 103.1 (10)

8 (7A) - 8.(60) - C(OA) 91.9 (8)

u(2a) - C(BAY - c (Do) 136.1 (10)

<J(20) - chAy - s@A 132.0 (11)

8(78) - 8(6B) 7 C(5B) 89.2 (7)

0(18) 7 c(6B) - C(5B) 103.6 (ti)

0(18) - Cc(6B) -~ 8 (7B) 108.2 (tD)

u( 28) - 816B) - C(5B) 125.9 (9)

0(28) - C(6B) - C(7B) 122.7 (9)

u( 28) - Cc(6B) - 0(1B) 105.1 (9)

8 (6A) - C(7A) - s (1A) 89.3 <ti)

8L (1A) - s(7TA) - C(1A) 120.7 (7)

8L (1A) - s(7TA) - C(6A) 119.7 (6)

8L (2A) ~— s (7TA) - C(A) 110.6 (6)

8L(2A) - C(7TA) - C(BA) 106.9 (6)
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