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area of their own research experience. No
geographical restriction was imposed.
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Preface

The topics for this volume were fairly easily determined by considering the
general importance of certain areas of research in modern organic chemistry.
These considerations, covering molecules from methane to natural bio-
polymers, were made in relation to the term structure, which includes
constitution, configuration, conformation, and chirality.

Recently there have been important developments in the nomenclature
of stereochemistry. This is clearly relevant not only to chemistry, but also

major influence in structural elucidation has been the availability of modern
physical methods including mass Spectrometry, ultraviolet and visible
spectroscopy, optical rotatory dispersion, circular dichroism, nuclear
magnetic resonance spectroscopy, and Xx-ray crystallography. Chapters
devoted to these topics are complementary to the large number of excellent
monographs which are available describing these physical techniques.

Chemists would not normally expect a chapter on ‘Structure and Reaction
Intermediates’ in a book with this title. However, this subject does provide
some particularly elegant illustrations of the power of modern methods
for the investigation of the static and dynamic behaviour of molecules, -

reaction intermediates, and transition states. Furthermore, there will be

well as the processes associated with their formation,

Sheffield ' W. D. Ollis



Preface

The topics for this volume were fairly easily determined by considering the
general importance of certain areas of research in modern organic chemistry.
These considerations, covering molecules from methane to natural bio-
polymers, were made in relation to the term structure, which includes
constitution, configuration, conformation, and chirality.

Recently there have been important developments in the nomenclature
of stereochemistry. This is clearly relevant not only to chemistry, but also
to the understanding of biological processes at the molecular level. Another
major influence in structural elucidation has been the availability of modern
physical methods including mass spectrometry, ultraviolet and visible
spectroscopy, optical rotatory dispersion, circular dichroism, nuclear
magnetic resonance spectroscopy, and x-ray crystallography. Chapters
devoted to these topics are complementary to the large number of excellent
monographs which are available describing these physical techniques.
These chapters are not intended to provide comprehensive introductions,
but their content has been particularly directed towards recent developments
and applications of general interest. The decision not to include a chapter
on infrared spectroscopy was deliberate: this and other physical methods
will be covered in a future volume.

Chemists would not normally expect a chapter on ‘Structure and Reaction
Intermediates’ in a book with this title. However, this subject does provide
some particularly elegant illustrations of the power of modern methods
for the investigation of the static and dynamic behaviour of molecules, -
reaction intermediates, and transition states. Furthermore, there will be
considerable interest in the promise that the imbalance between our present
understanding of photochemical reactions as compared with ground state
processes is likely to be redressed in the near future.

The determination of the structures of natural products has always
played a dominant role in the development of organic chemistry. Now the

. emphasis is shifting and this is evident in the Chapters 8, 9, and 10. Again,
these chapters shoyld not be regarded as comprehensive surveys of recent
developments, but as essays illustrating the power and achievement of
modern methods of structural elucidation which, in the case of natural
products, must include an understanding of their biological function as
well as the processes associated with their formation.

Sheffield ' W. D. Ollis
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Stereochemistry

J. F. STODDART
University of Sheffield
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1.1 INTRODUCTION

In recent years conceptual advances in stereochemistry have not only
heralded the growth of a new language but have also been the sigaal for a
re-appraisal of much of the older terminology which has been employed by
chemiists in the past. Such is the importanee of these new developments in
stereochemical nomenclature that any feview deveted to a discusgion of
stereochemistry at this point in time must necessarily pay some allegiance
at the outset to matters of nomencljture.

Since the emergence of conformational analysis from the eriginal principles
expounded by Barton and Hassel in the early 1950s, numerous reviews' ™',
textbooks'>*4, and monographs'*~'? have been published, and the conforma-
tional aspects of stereochemistry have received a Jot of attention in the
otigiital literature and in“revitw organs such as Progress i Seereachemistry
arid Topics in Stereocheseistry. None the less, the development of the discipline

1 ]



2 . STRUCTURE DETERMINATION

has tended to be empirically based and predictive approaches have been of a
semi-quantitative nature. However, with the advent of high-speed electronic
computers, the long-standing ambition of chemists to be able to calculate the
geometry and energy of a molecule- with some degree of accuracy and
reliability is finally beginning to be realised. It would therefore seem to be
appropriate to review this new and developing field of theoretical con-
formational analysis in the second part of this article.

1.2 NOMENCLATURE
1.21 Symmetry and chirality

The symmetry properties of a particular molecular conformation may be
defined in terms of its symmetry elements which in turn may be recog-
nised'> 417 1¢ by certain symmetry operations (Table 1.1). Molecules which
have either a plane (6 = S,) or centre of symmetry (i=S,), or any other rota-
tion-reflection axis (S, with n>2) of symmetry have reflection symmetry and
are said to be achiral. Molecules without reflection symmetry are said to be
chiral'>17:1® and those devoid of all symmetry elements apart from the
identity element are said to be asymmetric. It should be noted that chiral

Table 1.1 Symmetry elements and symmetry operations

Symmetry elements Symmetry operations

C» (axis of symmetry) Rotation about an axis through 360°/n

at (plane of symmetry) Reflection in a plane

it (centre of symmetry) Inversion through a centre

S, (rotation reflection) Rotation about an axis through 360°/n
taxis of symmetry) followed by reflection in a plane

perpendicular to the axis

*All molecules have trivial C, axes which arc referred to as the identity clements. £.
tA plane of symmetry corresponds 1o the special case where S, has n = 1
A centre of symmetry corresponds 10 the spectal case where S, has # = 2

molecules can have an axis of symmetry [( + )-tartaric acid, for example, has
a C, axis associated with its Fischer projection] and hence net all chiral
molecules need be asymmetric, although all asymmetric molecules are
necessarily chiral'. It is for this reason that the term centre of chirality
(sometimes abbreviated to the less precise term chiral centre) has superseded®
the older term asymmetric centre. The word chiral (Greek cheir = hand) was
first employed by Lord Kelvin in 1884 to describe geometrical figures or
groups of points which exhibited *handedness’ or what he preferred to call
chirality. This terminology was subsequently introduced into the stereo-
chemical literature by Cahn, Ingold, and Prelog' in 1966 at the suggestion of
Professor K. Mislow.

1.2.2 Chemical topology

Chemical topology is concerned with the geometrical properties of molecules
as represented by molecular models. As far as molecules are concerned,
chirality may be exhibited in either two- or three-dimensional space.
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Prelog™ 2 has found it conveniétit to discuss chirality in terms of simplices —

specifically, triangles (1), (2) asd (3) to fepresent two-dindensional space and
tetrahedra (4), (5) and (6) for thiree-diménsional spaee as shown in Figure 1.1.
Planar molecules such as a¢takdehyde, and pyruvic, inaleic and fumaric
acids, may be represented by the C, sisiiplex (3)-and at¢ therefore chiral in

AAAI“

Dy
h (2) . 13) @) (5}

Figure 1.1 The symmetfy properties of the simplices
used to describe molecular geometry

two-dimensional space, a fact which-erizymes can most convincingly demon-
strate. For geomcmeal figures o¢upying three-dimensional space, the
symmetry properties of the tetrahedta (4), (5) and (6) i Fl»gure 1.1 define the
eletnerit of chirality as being either'# centre (7)) an axis (D), or a plane
(C,). These simplices are also the péomietrical referésice figures for elements of
prochirality and pseudo-asymmetry which are discussed later on.

Molecules with centres of chirality fall into different classes as shown in
Figure 1.2 depending upon the chiral point-group to which they belong. The

({1}

(0] a9 .

Figure 1.2 Examples of moiecular types wuh oemres of chirality (7)-(11), axes of chlrahty
{13) and (14), and planes of chiratity (15). An axis of chirality is based on the elongated D,,
tetrahedron (5) whereas a plane of chirality is based on the C, tetraheédron (6)

C, class includes compounds with a chiral centre as in XABCD (’fﬂmd also

certain adamantoid derivatives {8). De-symmietrisation of a centre, thereby

converting an achiral molecule into a chiral one, ¢ #so be achieved by

“associating the ligands with rings. Thus, spiro compounds XAABB (9), of

which spiro[4,4]nonane-1,6-dione (Y = O} is an example*, belong to the

class C, and the hexahydrotriphenalene XAAAB'(10) provides an iltustration
’



4 STRUCTURE DETERMINATION

of class C, type compounds. The demonstration of chirality in compounds of
the type XAAAA (11) which belong to class D, was achieved only recently
when a number of compounds called vespirenes (12) were synthesised?. The
absolute configurations of all the compounds prepared were determined
from their chiroptical properties in several different ways and the (—)
vespirenes were all shown to have the (R)-configuration.

"N

(CH,).
DS

n==67o0r8
12) '

In appropriately substituted allenes (13) and biphenyls (14), the element
of chirality is an axis (see Figure 1.2). On the other hand, a chiral plane is
evident in molecules such as the chiral paracyclophane (15) shown in F igure
1.2. The helicity which is characteristic of the helicenes and of the secondary
structures of many proteins, polysaccharides and nucleic acids may be con-
sidered" as a special case of chifality.

1.2.3 Isomerism

Stereochemistry is concerned primarily with the chemistry of isomers which
may be related constitutionally, configurationally, or conformationally.
This statement immediately raises the question of what is meant by the
terms constitution, configuration, and conformation. The definition of these
terms has been the subject of some debate recently and the general consensus
of opinion at present is summarised in the IUPAC Tentative Rules for
Fundamental Stereochemistry®. Here, it is sufficient to state that constitution
refers to the nature and sequence of the bonding between atoms in molecules,
configuration to the particular spatial arrangement of atoms in molecules
without regard to those arrangements which differ only on torsion about
single bonds, and conformation to the different spatial arrangements of atoms
in molecules obtained on torsion about one or more single bonds. When
bonds with partial and formal » bond character have to be considered, the
distinction between configuration and conformation is not so clear-cut. For
discussion of this problem, the reader is referred elsewhere'® 14, Only when
the constitution, configuration, and conformation are all known, is the
structure of a molecule defined.

With reference to polymers the term primary structure rélates to the
constitution of the polymer and to the configuration of all the chiral centres
along the chain or in the side chains. When the conformation of the chain is
defined, the secondary structure is known. The term tertiary structure is
employed to describe how two or more chains in the same ‘or separate
molecules interact intramolecularly and intermolecularly (e.g. to form
double and triple helices). ) S

Acceptance of the above definitions leads to a distinction between con-
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stitutional, configurational, and conformational isomerism which can be
further clarified by assuming that only molecules in their ground states
qualify to be called isomers. None the less, completely arbitrary distinctions
based upon the height of the energy barrier to interconversion tend to be
drawn. For example, tautomerism is often used to describe a class of readily
interconvertible constitutional isomers, while at the other end of the scale
some authors prefer to refer to those conformational isomers which are
stable enough to be isolated as exhibiting atropisomerism.

Isomers of the configurational and conformational type may be referred to
collectively as stereoisomers, which in turn, may be enantiomers or diastereoiso-
mers. This dichotomous subdivision, which was first suggested by Wheland'®
and has now gained general acceptance'®?*2"2, is based on the simple
premise that stereoisomers which are not enantiomers are diastereoisomers.
This means that not only stereoisomers such as { + )-tartaric acid and meso-
tartaric acid, or cis- and trans-1,3-dimethylcyclohexane, which contain chiral
centres are classified as being diastereoisomers but so are stereoisomers such
as cis- and trans-1,4-dimethylcyclohexane, or cis- and trans-but-2-ene, which
are devoid of centres of chirality. Although the term cis-trans isomerism has
been retained® 2 to describe special cases of diastereoisomerism, terms such
as optical and geometrical isomerism should soon fall into disuse.

In some instances, special nomenclature is justified by novelty as ‘n the
case of some cyclopeptides which have been called? ? cyclostereoisomers.
Those which are related as object is to mirror image may be considered to
exist as enantiomers depending on the direction, clockwise or anticlockwise,
in which the peptide bonds are oriented. Another type of stereoisomerism is
exhibited by cyclic molecules like catenanes, which form interlocking rings.
This has been termed'* #* ® topological isomerism.

The RS nomenclature system for specifying absolute configuration®:> |
has undergone'**' some important revisions recently. For example, the
complementation procedure associated with the formalistic treatment of
multiple linkages as multiple single bonds has received some modifications
as have the rules governing the specification of axial chirality in systems such
as biphenyls. In addition, a new pair of configurational descriptors, Z
(Zusammen) to replace cis (seqcis), and E (Entgegen) to replace trans (seqtrans)
has been introduced® 23 to specify configuration in substituted olefins,
with the advantage that they may be readily incorporated into the systematic
names of such compounds. Finally, with regard to configurational descrip-
tors, the Beilstein r system for naming diastereomeric polysubstituted
cyclanes has been adopted®-2'.

With the aid of the sequence rule'®, conformations are described® * as
being synperiplanar (sp), synclinal (sc), anticlinal (ac) or antiperiplanar (ap)
according as the torsion angle is within 30 degrees of 0, +60, +120, or
+ 180 degrees, respectively.

1.2.4 Topism

One of the most recent conceptual advances in stereochemistry has been the
recognition'® 14-17:21:26. 34 that pairs of ligands in molecules may be defined



6 STRUCTURE DETERMINATION

in terms of their intramolecular relationships (Figure 1.3). Thus, if ligands are
in constitutionally different environments, they are said?''3+% to be con-
stitutionally heterotopic (Greek topos = place), whereas ligands in stereoiso-
merically different environments are said?"3# 38 {0 be stereoheterotopic. More
specifically, sterecheterotopic ligands are?'-2¢:343 enantiotopic, if thetr
consecutive replacement by some test ligand leads to a pair of enantiomers,
and diastereotopic, if diastereoisomers result from such a substitution

CH, CH, CH,

" /n
a P
7D “\/// H
or 4
n/ B
/

,E/ cHy T Ty ) CH _CH,
nwt~ H /7 l)\f/’

H H H
Comtitutienally Combiutionsd momers
heterotopic
hydrogens
(o
H,( N OH . H,L\. OH or H,(\ OH H,C\ OH
N 7S /N S
H H D H H D H, H,
(R (B3]
Foantmtopie i17a)
hydrogens F nanuomens

(IR}

CH, CH,
Dhantereotopc [RAR! .
ANTICO
hvdropens (18a)

Phastereonomens
1Ty

aa aga a . a

H H D H H D

Homotopic Identicai
hydrogens

(19

Figure 1.3 Topic relationships between ligands in molecules

procedure. Finally, ligands which are in constitutionally identical environ-
ments, and which on applying the above substitution criterion result in a
single compound, are said to be equivaleni® or homotopic®'-3. These different
kinds of intramolecular relationships are illustrated in Figure 1.3 and it
should be noted that while homotopic ligands may be exchanged by a
C, symmetry operation, and enantiotopic ligands by an S, symmetry



