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INTRODUCTION TO THE SERIES

During the last decade several texts in the areas of stereochemistry and confor-
mational analysis have been published, including Stereochemistry of Carbon
Compounds (Eliel, McGraw-Hill, 1962) and Conformational Analysis (Eliel,
Allinger, Angyal, and Morrison, Interscience, 1965). While the writing of these
books was stimulated by the high level of research activity in the area of stereo-
chemistry, it has, in turn, spurred further activity. As a result, many of the
details found in these texts are already inadequate or out of date, although the
student of stereochemistry and conformational analysis may still learn the basic
concepts of the subject from them.

For both human and economic reasons, standard textbooks can be revised
only at infrequent intervals. Yet the spate of periodical publications in the field
of stereochemistry is such that it is an almost hopeless task for anyone to update
himself by reading all the original literature. The present series is designed to
bridge the resulting gap.

If that were its only purpose, this series would have been called ““Advances
(or “Recent Advances”) in Stereochemistry,” It must be remembered, however,
that the above-mentioned texts were themselves not treatises and did not aim at
an exhaustive treatement of the field. Thus the present series has a second pur-
pose, namely to deal in greater detail with some of the topics summarized in the
standard texts. It is for this reason that we have selected the title Topics in
Stereochemistry.

The series is intended for the advanced student, the teacher, and the active
researcher. A background of the basic knowledge in the field of stereochemistry
is assumed. Each chapter is written by an expert in the field and, hopefully,
covers its subject in depth. We have tried to choose topics of fundamental inport
aimed primarily at an audience of organic chemists but involved frequently with
fundamental principles of physical chemistry and molecular physics, and dealing
also with certain stereochemical aspects of inorganic chemistry and biochem-
istry.

It is our intention to bring out future volumes at intervals of one to two years.
The Editors will welcome suggestions as to suitable topics.

We are fortunate in having been able to secure the help of an international
board of Editorial Advisors who have been of great assistance by suggesting
topics and authors for several articles and by helping us avoid duplication of
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viii INTRODUCTION

topics appearing in other, related monograph series. We are grateful to the
Editorial Advisors for this assistance, but the Editors and Authors alone must
assume the responsibility for any shortcomings of Topics in Stereochemistry.

N. L. Allinger
E. L. Eliel

February 1976



PREFACE

Volume IX of Topics in Stereochemistry begins with a chapter, written as a
postscript to the 1974 Le Bel-van’t Hoff centennial, entitled *“The Foundations
of Classical Stereochemistry.” In it, S. F. Mason gives a brief history of chemi-
cal thinking leading to the famous work by van’t Hoff and Le Bel as well as
Werner.

When Conformational Analysis was published in 1965, it was possible to
discuss the relationship between mass spectrometry and the stereochemistry of
organic molecules in one paragraph. It was suggested then that “mass spectro-
metry may be of very considerable future use in conformational analysis.” The
second chapter, by Mark M. Green, outlines some of that “future use” which
has, in fact, taken place in the intervening ten years. There is no question now
but that a number of kinds of sterochemical problems are susceptible to attack
by means of mass spectrometry.

The single experimental technique which has contributed the most to stereo-
chemical knowledge in the last 15 years or so has, without question, been nmr
spectroscopy. Not only are the number and types of systems studied constantly
being increased, but also the development of new and expanded nmr techniques
for such studies continues unabated. In Chapter 3, Otmar Hofer discusses the
“Lanthanide Induced Shift Technique in Conformational Analysis.” This is a
technique which has given a whole new dimension to proton magnetic resonance
through the spreading out of the chemical shift range available. In addition, it
appears to have a very powerful quantitative potential for the determination of
structure in solution. One might well ask if this technique can play the role for
structural chemistry in solution that X-ray crystallography has played in the
crystalline state.

Macrocyclic rings have long presented an intriguing puzzle to the stereochem-
ist. The variety of conformations available to rings containing more than six
members, and the pathways by which one conformation is converted to another,
form the subject matter for the chapter by Johannes Dale. Although the situa-
tion in medium and large rings is complex, the conformational transformations
can be broken down into stepwise changes that are reasonable and understand-
able. Nmr has been the key experimental tool in this area.

The final chapter is concerned with the crystal structures of steroids. With
X-ray data becoming easily and abundantly available, they play an increasingly
important role in the understanding of stereochemistry. There are now some
150 X-ray structures of steroids known; here, W. L. Duax presents a detailed
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X PREFACE

and systematic summary of this large body of information. Interpretation of
how the variation in structural parameters is related to the overall nature of a
number of steroid molecules becomes possible as a result of such systematiza-
tion.

The editors are delighted that the second Nobel Prize in chemistry during the
span of existence of this series has been awarded for work centered on stereo-
chemistry, and we respectfully dedicate this volume to J. W. Conrforth and V.
Prelog, the 1975 Nobel Laureates in chemistry.

NORMAN L. ALLINGER
ERNEST L. ELIEL

January 1976
Athens, Georgia
Chapel Hill, North Carolina
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I. INTRODUCTION

According to the providential view of history, in which
events are the outcome of 'the contingent and the unforeseen'
(1), the progress of science depends upon the casual chance of
genius which appears adventitiously, like Gargantua from
Gargamelle's ear (2), to solve the problems of each period.

As the historical heirs of the alchemists, who saw all-perva-
sive analogies between the macrocosm and the microcosm (3),
chemists well appreciate the ubiquity of a macroscopic, as
well as the microscopic, uncertainty principle, but nonethe-
less know from experience that some scientific innovations

are 'in the air,' and that their discovery in broad outline,
if not in detail, is attended by a near-certain inevitability,
while other innovations are doomed to delay and even frustra-
tion by the principle of unripe time (4).

Historically the innovations that are 'in the air' are
often characterized by multiple discovery and by wide accept-
ance from the outset or after only minor delays. Both of the
main stages in the development of classical stereochemistry
are characterized by these criteria. The work of van't Hoff
and Le Bel, whose seminal papers appeared 100 years ago, was
independent and simultaneous, as was that of Kekulé and Scott
Couper in 1858 (5). Both van't Hoff and Kekulé had a keen
appreciation of ripe and unripe time. Refering to his 1858 work,
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2 THE FOUNDATIONS OF CLASSICAL STEREOCHEMISTRY

Kekule observed in 1890 (6), "As a young Privatdozent at
Heidelberg I put these ideas down on paper and showed this

work to two of my closest friends. Both of them shook their
heads doubtfully. I thought that either my theory was not yet
ripe, or the time not yet ripe for it, and put my manuscript
away in a drawer." For his Utrecht doctorate van't Hoff submit-
ted in 1874 a straightforward exercise in normal science (7),
"a routine dissertation on cyanacetic and malonic acids" (8),
and wisely withheld his theoretical pamphlet on chemistry in
space. His younger contemporary, Arrhenius, was less fortunate
and, floating the idea of the incomplete dissociation of elec-
trolytes in his Uppsala doctoral dissertation, he was awarded a
fourth class Ph.D, in 1884. But for the then-commanding in-
fluence of Ostwald, Arrhenius would have been precluded from an
academic career (9)

Where patronage is absent a notable innovation due to an
isclated worker may appear so egregious that it remains inef-
fective for an extended period and even may await rediscovery,
like the berthollides and the concept of mass action of Claude
Berthollet (1748-1822). Avogadro's hypothesis (1811), which
underpinned the atomic valencies and molecular weights required
for the structural theory of the 1860s, was largely neglected
for half a century. Similarly, Pasteur's concept of molecular
dissymmetry, based on his work with the tartrates (1848~1860),
made only a minor contribution in 1874 to the stereochemical
theory of van't Hoff, although it influenced Le Bel more
profoundly.

Towards the end of the nineteenth century, when organic
stereochemical theory was well established, the earlier work
of Pasteur became more generally known and appreciated. From
that time dates the hagiographal tradition that Pasteur was the
'founder of stereochemistry,' as Crum Brown put it in 1897 (10)
and Robert Robinson (1886-1975), on the occasion of the van't
Hoff - Le Bel centenary, in 1974 (l11). Pasteur might have been
the founder of stereochemistry had he continued to work in the
chemical field after 1860 and to support one or more of the
main thrusts of chemical thinking. But he did not as, among
other things, the following reconstruction of the development
of classical stereochemistry endeavours to show.

II. INORGANIC PRINCIPLES AND PROCEDURES

In its early formative period each branch of the chemical
sciences has experienced the domination of an inaugural man-
darin who gives the subject an identity and an autonomy by
bringing together, and intergrating to a degree, previously
separated, or only loosely associated, principles and practices.
J8ns Jacob Berzelius (1779-1848) endeavored to lay down the form
and organize the content of mineral chemistry for some 40 years
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through the six volumes of his Handbook, published from 1808,

by way of his students, and above all through his annual reports
on the progress of chemistry and mineralogy (1822-1848), in
which he described and commented upon, favorably or otherwise,
the chemical studies of the past year. The inaugurating pontiffs
of organic and of physical chemistry, Justus Liebig (1803-1873)
and Wilhelm Ostwald (1853-1923), respectively, exercised a
similar, though lesser, command over their individual fields,
again by way of their students and control of a periodical pub-
lication, Leibig through his Annalen from 1832 and Ostwald
through the Zeitschrift fur physikalische Chemie from its found-
ation in 1887.

The influence of Liebig and, more particularly, that of
Ostwald was inevitably less substantial than that of Berzelius
on account of the sheer growth and proliferation of chemical
science over the years that separated their respective ascend-
ancies. Liebig never coﬁpletely assimilated the organic chem-
istry of his French contemporaries, and he turned increasingly
to agricultural and physiological chemistry from about 1840.
Ostwald similarly failed to come to terms with developments in
statistical mechanics and, founding his Annalen der Naturphi-
losophie in 1901, turned to the consolations of philosophy. Of
the three inaugural mandarins only Berzelius remained steadfastly
a chemist to the end of his days, attempting in his later years
to assimilate the new developments in organic chemistry into
the inorganic model he had constructed in his youth and prime.

Berzelius based his conception of a research program for
the chemical sciences on the developments in pneumatic chemis-
try, mineral analysis, and electrolysis, which culminated in the
new gas laws, stoichiometry, electrochemical concepts, and
Daltonian atomic theory of the first decade of the nineteenth
century. The field of chemical studies was defined by the law
of constant proportions. Berthollet lost the extended dispute
of 1800-1808 with Joseph Proust (1754-1826) on the question of
constancy of composition, and the berthollide substances were
banished from chemical science for the following century. Only
the daltonides with constant composition were recognized as
distinct compounds whose elementary composition and intercon-
versions were eligible for chemical investigation.

Initially doubts were expressed whether any organic
materials lay within the province of chemistry, but in 1814
Berzelius showed by combustion analysis that a number of simple
organic substances satisfied the demarcation criterion of con-
stant elementary proportions (12). A sharp distinction was
drawn, however, between organic substances, which satisfied
the criterion, and organized matter, like the proteins, glutens,
and gums, which apparently did not (13). The organic substances
admitted to the chemical fold exemplified to a more marked and
varied degree than inorganic compounds the law of multiple
proportions proposed by John Dalton (1766-1828) in 1804. Multi-
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ple proportions gave Dalton's atomic theory of 1808 its ration=-
ale, and the compounds exemplifying the law raised for the
first time the problem of molecular structure. Dalton himself
drew schematic structural formulae of the simple hydrides and
oxides (14) and even of such complex substances as albumen and
gelatin which he depicted as isomers of CpHoNO (15) (Fig. 1).
For some 30 years Dalton employed ball-and-pin atomic models

for teaching purposes (15). However, these formulae and models
led to no new practicable expectations during Dalton's lifetime,
and many workers preferred to use equivalents rather than atomic
weights in the 1820-1860 period.

Binary
21 22 23 2
OO & OO ©
Ternary
26 27 29
OO OO OO OO
Quaternary

30 31 32
Quinquenary and Sertenary

34

Septenary
36

21. An atom of water or steam, composed of 1 of
oxygen and 1 of hydrogen retained in phys-
ical contact by a strong affinity, and
supposed to be surrounded by a common atmos-
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phere of heat; its relative weight= 8
22, An atom of ammonia, composed of 1 of azote

and 1 of hydrogen 6
23. An atom of nitrous gas, composed of 1 of

azote and 1 of oxygen 12
24. An atom of olefiant gas, composed of 1 of

carbone and 1 of hydrogen 6
25. An atom of carbonic oxide composed of 1 of

carbone and 1 of oxygen 12
26, An atom of nitrous oxide, 2 azote + 1

oxygen 17
27. An atom of nitric acid, 1 azote + 2 oxygen 19
28. An atom of carbonic acid, 1 carbone + 2

oxygen 19
29, An atom of carburetted hydrogen, 1 carbone

+ 2 hydrogen 7
30. An atom of oxynitric acid, 1 azote + 3

oxygen 26
31. An atom of sulphuric acid, 1 sulphur + 3

oxygen 34
32. An atom of sulphuretted hydrogen, 1 sulphur

+ 3 hydrogen 16
33. An atom of alcohol, 3 carbone + 1 hydrogen 16
34. An atom of nitrous acid, 1 nitric acid +

1 nitrous gas 31
35. An atom of acetous acid, 2 carbone + 2

water 26
36. An atom of nitrate of ammonia, 1 nitric

acid + 1 ammonia + 1 water 33
37. An atom of sugar, 1 alcohol + 1 carbonic

acid 35

Fig. 1. The formulation of molecular structure by John
Dalton, A New System of Chemical Philosophy, (1808).

William Wollaston (1766-1828) was initially an enthusias-
tic supporter of Dalton's atomic theory, and in 1808 he ac-
counted in structural terms for the multiple proportions he had
found in the oxalate, binoxalate, and quadroxalate of potash,
proposing that the second and the third of these were made up,
respectively, of a symmetrical linear and tetrahedral array of
oxalate around the potash (16). The corresponding trisoxalate,
he felt, could not exist, owing to an inherent instability of
an equatorial triangle of oxalates around the potash without
polar groups to sustain the structure (16). By 1814 Wollaston
had become disenchanted with the atomic theory on the ground
that there appeared to be no criterion for distinguishing the
multiple proportion of AB and AB; from that of A3B and AB (17).
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Reverting to the use of chemical equivalents, Wollaston in-
troduced a chemical slide rule with a logarithmic scale of
equivalent weights based on O = 10. The chemical slide rule

was much in vogue for the following 30 years or so, although
neither Wollaston nor the users of the rule appear to have ap-
preciated that both equivalent and atomic weights were circum-
scribed by the same ambiguity. It was felt that there should be
a unique equivalent for each element, and even Dumas wondered
which of the two possible values he should take as the equiva-
lent of copper (18).

A resolution of the multiple-proportion ambiguity had been
available from 1811 in the hypothesis of Amedeo Avogadro (1776-
1856), deduced from the law of combining volumes discovered in
1808 by Gay-Lussac (1778-1850) in the light of Dalton's atomic
theory (19). The hypothesis required the known elementary gases
to be diatomic, and homoatomic molecules were forbidden species
in the Daltonian and Berzelian theory. Newton had accounted for
Boyle's law in terms of an R-1 force law of repulsion between
stationary particles in a gas. The repulsive force between gas
particles was identified with Lavoisier's imponderable material
of heat, the element caloric, by Gay-Lussac and Dalton, who
independently rediscovered Charles' law in 1801. The expansion
of gases on heating was due to the augmentation of the envelope
of caloric surrounding each gaseous atom. However, the repulsive
forces obtained only between the atoms of the same elementary
species for, as Dalton's law of partial pressures (180l) showed,
each gas was effectively a vacuum to every other gas. Heter-
oatomic molecules were allowed species, for there could be no
repulsive forces between different elementary atoms, but
homoatomic molecules were forbidden, and Avogadro's hypothesis
could not be sustained.

The same conclusion emerged from the electrochemical
theory of chemical combination based on the electrolytic de-
composition of the alkalis and alkaline earths (1807-1808) by
Humphry Davy (1778-1829). Davy and Berzelius saw chemical com-
bination as the converse of electrolysis. The electrical charges
that atoms lost on combination were restored in the electrolytic
process. The atoms of each elementary species were charged in a
dipolar sense with both positive and negative electricity to
varying degrees; except for the most electronegative element,
oxygen, the atoms of which were wholly negatively charged.

From oxygen the electrochemical series stretched through the
halogens and the other nonmetals to first the noble and then
the base metals, the series terminating with the most electro-
positive element, potassium, in which the polarity was sub-
stantially biased with positive charge. Owing to the dipolar
character of the atomic charge, each element might combine with
a more electronegative or a more electropositive member of the
series, giving a compound with a net electronegative or net
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electropositive character, respectively, and such binary, but
not necessarily diatomic, compounds of the elements underwent
further charge-mediated dualistic combinations, as in salt
formation from an acid and a base, and then the combination of
the salt with water to form the salt-hydrate. In the Berzelian
theory electrical charge took over the role played by caloric
in Dalton's scheme, and the former had the advantage of provid-
ing an attractive force for heteroatomic combinations, but like
the latter it regarded homoatomic molecules as forbidden
species, owing to the electrical repulsion between like atoms.

Although Berzelius rejected Avogadro's hypothesis, he ac-
cepted the more restricted 1808 view of Gay-Lussac that the
same volumes of the elementary gases at a given temperature and
pressure contain the same number of atoms. On this basis
Berzelius formulated such molecules as water and ammonia in
modern terms, whereas the chemists who reverted to equivalent
weights generally regarded these compounds as diatomic. To
Gay-Lussac's hypothesis, Berzelius added in 1819 the law of
isomorphism, due to Eilhard Mitscherlich (1794-1863), and made
some use of the atomic heat rule proposed in 1819 by Pierre
Dulong (1785-1838) and Alexis Petit (1791-1820). With these
guides Berzelius was able to obtain by 1826 a set of atomic
weights that are close to modern values, with the notable
exceptions of silver and the alkali metals, where the oxides
were formulated as diatomic, contrary to the indications of the
atomic heat rule.

ITI. ORGANIC RADICALS

Appointed at the age of 21 as assistant professor at
Giessen in 1824 and full professor in the following year, Liebig
saw mineral chemistry as a near-perfected system of theoretical
principles and practical procedures with the authenticated
organic substances as a minor but promising addendum. His per-
ception was partly shared by Berzelius and by Jean Baptiste
Dumas (1800-1884), although their interests in different ways
were wider. Liebig's single-minded devotion to the organic
substances led him to develop simple and reliable methods of
combustion analysis and for the isolation, degradation, and
synthesis of new compounds. His near-messianic teaching and
publicity for his chosen field attracted a remarkable number of
doctoral students, as many as 65 being registered with Liebig
in 1843 (20).

In the realm of theory Liebig remained largely within the
conceptual framework prescribed by Berzelius, as did Dumas until
the late 1830s. In 1837 Liebig and Dumas published a joint paper
(21) in which they affirmed organic chemistry to be the chemis-
try of complex radicals, inorganic chemistry that of simple
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radicals, the elements: "otherwise the laws of combination, the
laws governing reactions are the same in the two branches of the
science." The work of Liebig with Friedrich w&hler (1800-1882)
on benzoyl derivatives appeared to be paradigmatic of this view,
and Berzelius added the congratulatory note that the work marked
the "dawning of a new day in vegetable chemistry" at the end of
their paper (22). In the chloride, amide, and acid the benzoyl
group seemed to play the same role as hydrogen or other elec-
tropositive elements, but, unlike the latter, it could not be
isolated.

The challenge was apparently met by Robert Bunsen (1811-
1899) who, in his work on the cacodyl derivatives 1837-1843 (23),
isolated tetramethyl diarsine, (CH3)pAsAs(CH3),, which he and
most of the German chemists, together with Berzelius, regarded
as the cacodyl radical, (CH3)j;As. As with homoatomic elementary
molecules, the dimers of organic radicals were forbidden species
on polarity grounds. Describing the work in his annual report
for 1845 Berzelius wrote; "The research is a foundation stone
of the theory of compound radicals of which Cacodyl is the only
one whose properties correspond in every particular with those
of the simple radicals" (24).

In the last year of Berzelius' life two general routes to
the apparent radicals were discovered in Bunsen's Marburg
laboratory, one by Hermann Kolbe (1818-1884) and the other by
Edward Frankland (1825-1899), whom Kolbe had met while working
with Playfair in London during 1845. Kolbe, a pupil of woéhler,
applied the electrochemical procedure of Wdhler's teacher,
Berzelius, to the organic acids and their salts, obtaining
thereby a range of what he took to be organic radicals (25).
Frankland, by heating alkyl halides with zinc in a sealed tube,
obtained a mixture of gases, which he thought contained the
alkyl radical, and a spontaneously inflammable liquid zinc
alkyl, which generated more of the supposed radical on treatment
with water (26). In his memorial lecture of 1851 Heinrich Rose
observed that; "it is to be regretted that Berzelius was not
spared to see how many of his hypothetical radicals were ac-
tually prepared, and that in so short a time after his death"
(27).

Following up his discovery of the zinc alkyls, Frankland
investigated the reactions of the organometalloid compounds in
detail with the expectation "that the chemical relations of the
metal to oxygen, chlorine, sulphur, etc. would remain unchanged"
(28). But he found that the 'saturation capacity' of a given
metalloid was invariably reduced in the corresponding organo
derivative, Arsenic itself has a maximum saturation capacity of
five equivalents of oxygen, whereas that of cacodyl was only
three (Fig. 2). Fraom this and analogous examples Frankland (28)
drew three principal conclusions. Firstly, organic radicals
played not only their traditional electropositive role but
also assumed an electronegative role in taking the place of



STEPHEN F., MASON 9
Inorganic Types Organo-metallic Derivatives

CoHj

As
CoH3

« « « .« . As Cacodyl
CoH3
« « « .« . AsS( CyH3 )Oxide of Cacodyl
0]

As

CoH3
CoH3
« + . .« . As 0 Cacodylic acid
0
o}

As

O0OO0O0O0O OO0, 0nwn

Fig. 2. Fankland's comparison (1852) between the inorganic
and organic derivatives of arsenic (0 = 8, C = 6).

one or more equivalents of oxygen in an organometallic compound.
Secondly, the nitrogen, phosphorus, arsenic, and antimony group
of elements form compounds containing three or five equivalents
of other elements or radicals, these numbers expressing " the
combining power of the attracting element." Thirdly Frankland
perceived that; "The formation and examination of the organo-
metallic bodies promise to assist in effecting a fusion of the
two theories which have so long divided the opinions of the
chemists, and which have too hastily been considered irrecon-
cilable; for whilst it is evident that certain types of series
of compounds exist, it is equally clear that the nature of the
body derived from the original type is essentially dependent
upon the electrochemical character of its single atoms, and not
merely on the relative position of these atoms" (28).

The two theories to which Frankland referred in his classi-
cal paper on valency of 1852 were that of radicals and that of
types. These two theories were the ground of much Teutonic-Gallic
contention throughout the 1840s and the early 1850s. In the
radical theory all chemical combinations were regarded as es-
sentailly binary and the characteristics of a compound appeared
to derive basicaly from the properties and powers of the two
constituent radicals which might be monatomic, as was often the
case in mineral chemistry, or polyatomic, as obtained generally
in organic chemistry. The radical theory was rooted in the
ancient alchemical tradition that all finite entities were
generated by the interaction and union of two opposed but com-
plementary materialized forces. These polarised principles were
the Yin and the Yang of the Chinese alchemists and, in the
Arabic-European alchemical tradition, they were comprehended as
the fiery and active male principle of Sulphur and the more
passive but potent female principle of Mercury. While the
eighteenth century advances in analytical and pneumatic chemis-
try attenuated the dominion of binary polarity principles, the
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latter were substantially reinforced by subsequent electrochem-—
ical discoveries and, in the realm of ideology, by the concur-
rent rise of the German school of Naturphilosophie wherein the
alchemical dialectic of the interplay of complementary polari-
ties whas generalized into a Weltanschauung. Although Berzelius,
like Liebig, was much opposed to the philosophical idealism of
the Naturphilosophen, who poured scorn on the English term
"philosophical instruments" for scientific apparatus, he was
nonetheless influenced by their concepts in his dualistic theory
of chemical combination. A compound, in the dualistic theory,
appeared to be invariably the outcome of a binary union between
an electropositive and an electronegative radical, simple or
complex, and the properties of that compound were a function of
the electrochemical characteristics of its two constituents.

IV. TYPE THEORY

The second of the theories to which Frankland referred in
1852, the theory of types, was due largely to the French chem-
ists, Jean Baptiste Dumas (1800-1884), Auguste Laurent (1808-
1853), and Charles Gerhardt (1816-1856), the latter two acting as
assistants to Dumas in 1831 and 1838 respectively. In contrast
to the dualistic radical theory, which was dominant in Germany
and Scandinavia until the 1860s, the French theory of types was
unitary and morphological, referring the properties of a compound
to the overall shape or form of the molecule. The electrochemical
nature of the constituent atoms or atomic groupings were regarded
as of little or even, in extreme cases, of no consequence for
molecular properties in the type theory, the geometric arrange-
ment of the atoms in the molecule being the prime determinant of
the characteristics of a compound. While the particular arrange-
ment of the atoms in given molecule was unknown, and might
remain inaccessible to purely chemical procedures, a guide was
provided through the physical or geometric supposition that the
shape of a molecule is reflected in the morphology of the cor-
responding crystal. Whereas the radical theory had its origins
in electrochemistry and the dualistic view of chemical combina-
tion, going back from Berzelius to Lavoisier and beyond to the
alchemists; the provenance of the type theory lay in crystal-
lography and the ancient microcosm-macrocosm analogy, the theory
being augmented by the classificatory schemes designed to ac-
commodate the plethora of organic compounds discovered in the
1820s (29, 30).

The contribution of French scientists to early electro-
chemistry had not been notable, but with Romé de 1'Isle (1736-
1790) and, more particularly, René Just Haily (1743-1822) miner-
alogy and crystallography passed from a classificatory to an
analytical stage. Hduy found that the various morphological
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forms of calcium carbonate crystals cleaved to a common rhomboid
form, and he supposed that if division were continued down to
the ultimate limit the individual molecules of calcium carbonate
would be found to have the same rhomboidal shape (31). From the
old and enduring theme that analogies mutually obtain between
the microscopic and the macroscopic (3), Hiuy held that generally
the morphology of cleavage crystal units and the forms of the
constituent molecules are 'images of each other' (32). Behind
the diversity of crystal morphologies there were a limited and
small number of irreducible molecular geometries, Hiuy thought,
based upon the regular polyhedra. These he termed 'primitive
forms,' and they were regarded as the nuclei or building blocks
of the large number of diverse crystal morphologies, or 'second-
ary forms,' found in nature.

Mitscherlich's law of isomorphism appeared to support
Hduy's view, which served as one of the starting points for the
theory of types. As Mitscherlich put it; "The same number of
atoms combine in the same manner to produce the same crystal-
line form; this same crystalline form is independent of the
chemical nature of the atoms and is uniquely determined by their
relative position" (33). In a critique of the Berzelian dualis-
tic theory, A.E. Baudrimont (1806-1880) argued in 1833 that the
principal guide to the number and arrangement of atoms in a
molecule was the morphology of the corresponding crystal, since
chemical reactions involve the movement of atoms and so can
never indicate the disposition of the atoms in a combination.
The extraction of a compound from a combination through a reac-
tion does not mean that the compound preexisted in the combina-
tion (34).

The second starting point for the theory of types was the
study of the halogen substitution reactions of organic compounds
(35). From 1833 Dumas and his students investigated the reac-
tions of chlorine with turpentine, alcohol, and acetic acid,
finding one equivalent of hydrogen chloride evolved for each
equivalent of hydrogen replaced by chlorine in the organic sub-
strate. In these reactions the electropositive element, hydrogen,
was replaced by the electronegative element, chlorine, but the
product and starting material had similar properties: '"chlorin-
ated vinegar is still an acid, like ordinary vinegar; its acid
power is not changed" (36). It appeared that chemical properties
depended upon the number and type of arrangement of atoms in a
molecule rather than the particular electrical character of the
atoms, and in 1839 Dumas announced the theory that; "in organic
chemistry there exist TYPES which are conserved even when, in
place of the hydrogen they contain, equal volumes of chlorine,
bromine or iodine are introduced" (36). Chlorine substitution
is analogous to isomorphic replacement in crystals, Dumas noted:
"in organic chemistry the theory of substitutions plays the same
role as isomorphism in inorganic chemistry" (36). In the case of
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the isomorphous crystals, KMnO, and KCl0,, for example, electro-
postitive manganese was replaced by electronegative chlorine.

Liebig accepted the replacement of hydrogen by chlorine in
organic compounds as empirically established from the outset,
but without special theoretical significance. Initially
Berzelius held that "an element so eminently electronegative as
chlorine can never enter an organic radical; this idea is con-
trary to the first principles of chemistry" (37). However, when
Dumas' assistant Melsens transformed trichloroacetic acid reduc-
tively to acetic acid in 1842 (38), Berzelius accepted the ana-
logy between the two acids and reformulated them as binary com-
binations of an inert 'copula' group and an acidic functional
group.

Developing the type theory, Dumas in 1840 hazarded the con-
jecture that "in an organic compound all the elements can be
successively displaced and replaced by others," including the
carbon (39). The response of the Berzelian school was immediate,
and Wohler wrote his well-known satirical paper under the
pseudonym, 'Swindler,' on the successive chlorination of manga-
nous acetate to Cljyy, which retained all of the properties of
the starting material. Written for the private amusement of
Berzelius and Liebig, the latter published the paper in his
Annalen, embellished with a footnote reporting how fashionable
garments spun from Clyy had become in London (40).

A further contribution to the development of the theory of
types was a partial appreciation of Avogadro's hypothesis in
France, where it was generally attributed to Ampére who had
proposed a similar hypothesis, published in 1814. Gaudin (1804-
1880), a pupil of both Ampére and Dumas, explained in 1833 the
apparently anomalous vapor densities of mercury, phosphrous, and
sulphur, determined by Dumas in 1826, in terms of monatomic,
tetratomic, and hexatomic elementary molecules, resepectively,
and gave volume diagrams illustrating with Dalton's symbols the
combination of the diatomic elementary gases to give HCl, Hj0,
and NH3 in accord with Avogadro's hypothesis (41).

Although little more attention was paid to Gaudin immedi-
ately than to Avogadro, the French organic chemists, particu-
larly Laurent and Gerhardt in the later stages of their work,
adopted vapor densities as the 'sole guide' for the determina-
tion of molecular weights, and, by 1853, the year of Laurent's
death, they had a set of atomic weights and organic molecular
formulas implicitly based on Avogadro's hypothesis. In contrast
Liebig held that "the specific gravity of alcohol vapor cannot
be looked upon as any evidence of its constitution... On the
contrary, I believe the very circumstance that ether and water
vapor unite in equal volumes, and without condensation, is
evidence in favor of the view that this compound, alcohol, is a
hydrate of ether" (42). As early as 1821 Avogadro had formulated
ethyl alcohol as CyHgO and diethyl ether as CyHj (O from vapor
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density determinations on the basis of his hypothesis (43).

Dumas in 1831 directed Laurent to the study of the chlorin-
ation of naphthalene, and in subsequent posts Laurent extended
the investigation for a doctorate, which was awarded in 1837.

He discovered two general reactions of naphthalene: firstly,
substitution, in which a hydrogen atom is replaced by a halogen
atom or nitro group with the elimination of a molecule of the
hydrohalide or water, and secondly, addition of one or more
halogen molecules. The substitution products he found to be
relatively inert, whereas the addition products readily eliminat-
ed one or more molecules of hydrohalide with alkali to give the
corresponding substitution product (44).

Laurent had studied crystallography at the Ecole des Mines,
and the substitution reactions of naphthalene and other hydro-
carbons not unnaturally appeared to him to be closely analogous
to the process of isomorphous replacement, particularly when he
found that naphthalene and a number of its substituted deriva-
tives formed isomorphous crystals (45). Pressing the crystal-
lographic analogy even more closely, Laurent took over Hiuy's
theory of crystal nuclei or 'primitive forms,' supposing that
naphthalene and other hydrocarbons had a polyhedral structure
with a carbon atom at each apex and a hydrogen atom at each
edge. The hydrocarbons were "fundamental nuclei" and substitution
reactions gave "derived nuclei" in which the halogen or other
substituent not only took the place of the displaced hydrogen
but also played the same structural role of sustaining an edge
of the polyhedron. In addition reactions the adduct was attached
to a face of the polyhedron and remained reactive, playing no
structural role. Oxygen in an organic compound is acidic only
when it is 'outside the nucleus'; inside it has a structural
role and becomes relatively inert (46).

Laurent freely confessed that he had no idea what partic-
ular or general polyhedral atomic structure corresponded to any
given hydrocarbon; "it is impossible to know this arrangement,
but we may nevertheless ascertain whether in any particular body
it is the same as in some other body" (47). Thus chlorostrychnine
is poisonous, optically active, and isomorphous with strychnine,
so that the two compounds must have the same basic structure
(48), "although I cannot say.... what the arrangement really is"
(49). In contrast to his colleague, Gerhardt, Laurent stood for
the view that, while it is impossible to deduce unequivocal
structures from reactions, it is possible to deduce discrimina-~
tory reactions from two or more hypothetical structures. He
assigned a dimeric formula to Bunsen's cacodyl radical, and in
1846 predicted that the "alcohol radical" would similarly be
bound to be dimeric "if it is capable of existing" (50). Further,
it should be possible to discriminate between the possibility
that Bunsen's cacodyl is a simple dimer or a more complex
structure produced by a fundamental atomic rearrangement. In the
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former case the reaction with chlorine would produce the sub-
stitution product, cacodyl chloride, whereas in the latter case
chlorine would give an addition product of the new fundamental
nucleus (51).

The English translator of Laurent's posthumous Chemical
Method, William Odling (1829-1921), believed “"the generalities
of Laurent to be in our day as important as those of Lavoisier
were in his" (52), and August Kekulé (1829-1896), breaking away
from the profound German distrust of French theory, offered to
translate the work into German. In Chemical Method Laurent
depicted his polyhedral nuclei schematically by polygons, and
the page in which benzoyl chloride and ammonia were represented
as hexagons (Fig., 3) ["the atoms are arranged so as to form

Y, LY

Fig. 3. The representation by Laurent (1853) of the reaction
between benzoyl chloride and ammonia to give benzamide, quoted by
Kekulé in 1858.

hexagonal figures" (53)] was specifically referred to by Kekulé
in his classical paper (54) of 1858.

The early work of Gerhardt was devoted to the classifica-
tion of organic compounds which, he held, "form an immense
scale, whose upper extreme is occupied by brain matter and other
more complex substances, while at the lower end we find carbonic
acid, water, and ammonia...There is an infinite number of steps
between these two extremes" (55). From antiquity biological
classification had been dominated by the thematic image of the
world as populated by a Great Chain of Being (56) which extended
down into the inorganic domain. For Gerhardt organic substances
were the missing links in the great chain between the inorganic
and the lower forms of life. The scale of organic substances
consisted of the homologous series formed by the sccessive addi-
tions of a methylene group to a fundamental residue, producing
a constant incremental increase in boiling point and molecular
weight. The rank of a substance in the scale was measured by the
number of equivalents of carbon in the compound, and from the
properties of one homolog those of other members of the series
could be predicted (30).

Isomeric substances such as alcohols and ethers were not
distinguished in his early scheme, and Gerhardt turned to ra-
tional formulas for a differentiation. The molecular formulas
currently available for a given compound varied with the basis
adopted, the atomic theory, the theory of volumes, or the theory
of equivalents, and Gerhardt endeavored to bring these into
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coincidence. Most organic molecular weights were taken as four
times the relative vapor density, giving the 'four-volume'
formulas, which agreed with the analysis of the silver salts of
organic acids employing the atomic weight of silver given by
Berzelius on the assumption that the oxide is AgO. Gerhardt
perceived that a degree of consistency could be achieved by
halving the current organic molecular weights to give the 'two
volume' formulas and by formulating the oxides of silver and the
alkali metals as M,0. He also halved the atomic weights of other
metals by failing to make a consistent use of the atomic heat
rule, although this did not affect his organic formulations (57).
wWith the new set of atomic and molecular weights, Gerhardt
reformulated organic molecules in 'two volume' terms and evolved
a new classification scheme in 1853 based on four inorganic
types, water, ammonia, hydrogen chloride, and hydrogen (58).
Gerhardt used the water type in 1843 (57) in formulating the
metal oxides as M0, and Laurent represented alcohol and ether
as water types in 1846 (50), but the first proof of this con-
tention was provided by the ether and, more particularly, the
mixed-ether synthesis of Alexander Williamson (1824-1904) in
1851 (59). Gerhardt added the acids and acid anhydrides to the
water type with his analogous mixed-anhydride synthesis of 1853
(58). The ammonia type was due to August Hofmann (1818-1892),
who reported the synthesis of primary, secondary, and tertiary
amines in 1849 (60) following the preparation of primary amines
by Adolph wWurtz (1817-1884) earlier in the same year (61).
Gerhardt added the hydrogen chloride and hydrogen types to
complete his 'unitary system' or new type theory. All hydrocar-

Type Ethyl derivative Benzoyl derivative
O{H O{CZHS O{C7HSO
H H H
water alchol benzoic acid
H CoHg C7Hg50
Ccl Ccl Cl
hydrochloric acid ethyl chloride benzoyl chloride
H CoHg C7H50
N¢C H N¢( H N<¢ B
H H H
ammonia ethylamine benzamide
H CoHg C7HsO
H H H
hydrogen ethyl hydride benzaldehyde

Fig. 4. Gerhardt's four types and their derivatives
(1853).
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bons were hydrogen types, all halides and pseudohalides were
hydrogen chloride types, while the sulfides and selenides were
included with the oxygen derivatives in the water type, and the
phosphides and arsenides were placed with nitrogen derivatives
in the ammonia type (Fig. 4).

Gerhardt ostensibly maintained the positivist view, to
which Laurent was opposed, that constitutional organic formulas
were merely expressions of chemical reactions, and that there
might be as many rational formulas for a given compound as there
were distinct types of reaction, none of these formulas having
a unique or absolute status. Implicitly, however, Gerhardt
adopted the principle of Laurent that reactions may be predicted
from a possibly hypothetical structure in synthesizing the mixed
acid anhydrides, once these were viewed as water types.
Williamson, who had in fact expressly predicted the existence
of the acid anhydrides from the water type in 1851, took the
realist view that formulas "may be used as an actual image of
what we rationally suppose to be the arrangement of constituent
atoms in a compound, as an orrery is an image of what we conclude
to be the arrangement of our planetary system" (59).

Williamson and other British chemists of the period took a
more literal view of chemical formulas than did the French, and
implicitly they worked on the procedural assumption that the
molecular structure of a compound is not profoundly changed
during a reaction, in general. Laurent viewed the relationship
between the fundamental and the derived nuclei in the same light,
and van't Hoff (62) subsequently defined the procedure as the
structural 'principle of inertia' of carbon compounds. Wheland
more aptly describes the procedure as the 'principle of
minimum structural change' (63).

V. STRUCTURAL THEORY

Although the new type theory was dismissed as 'a French
invention' by wWittstein in Munich, Liebig wrote in 1853 to his
former student, Gerhardt, that "it is very strange that the two
theories, formerly quite opposed, are now combined in one" (64),
restating the view expressed more tentatively by Frankland in
the previous year from his studies of the organometallic series
(28). As yet, however, the radical and the type theories were
not wholly united. Liebig's pupil, Kekulé who studied with
Gerhardt and others in Paris before working in London during
1854-1855, saw himself in 1890 as the one who had stood at the
confluence of the radical and the type streams of chemical
progress (6), although the influence of the type theory is the
more evident in his early work.

In London Kekulé became acquainted with Williamson and with
Oodling. The latter added the marsh-gas type to Gerhardt's set in
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1855 (65). It was in London too that, on the top of an omnibus,
Kekulé experienced the first of his two recorded chemical
visions of carbon chains in action (6). The second, which gave
him the benzene structure, was revealed in his study at Ghent,
to which he moved in 1858 after a brief spell in Heidelberg (6).

Neither Kekulé nor Scott Couper (1831-1892) in their
classical papers (5) of 1858 refer to Odling in connection with
the marsh-gas type and the tetravalency of carbon, but both
added to that basis the crucial hypothesis that carbon "enters
into chemical union with itself" (66). Kekulé worked towards a
concept of molecular architecture largely within the type
theory tradition, holding with Gerhardt that "Rational formulas
are reaction formulas and can be nothing else... Every formula,
therefore, that expresses certain metamorphoses of a compound
is rational; among the different rational formulas, however,
that one is the most rational which simultaneously expresses
the largest number of metamorphoses” (54) (Figure 5).

CgHg CgH5S02 CgH5S03, H
"
0
S0, 20 H
H

Fig. 5. The three possible rational formulae of benzene
sulphonic acid discussed by Kekulé in 1858 (0 = 16, C = 12, S =
32).

Kekulé went beyond Gerhardt, however, in affirming that "I
regard it as necessary and, in the present state of chemical
knowledge, in as many cases as possible, to explain the proper-
ties of chemical compounds by going back to the elements them-
selves which compose these compounds. I no longer regard it as
the chief problem of the time, to prove the presence of atomic
groups which, on the strength of certain properties, may be
regarded as radicals, and in this way to refer compounds to a
few types, which can hardly have any significance beyond that
of mere pattern formulas" (54).

Couper, with a Scottish common-sense realism more pungent
than that of the Englishman, Williamson, felt that the theory
of types should be "combated on metaphysical grounds" of general
principle, for Gerhardt "is led not to explain bodies according
to their composition and inherent properties but to think it
necessary to restrict chemical science to the arrangement of
bodies according to their decomposition, and to deny the pos-
sibility of our comprehending their molecular constitution”
(66) . While Kekulé continued with the traditional bracketed
type-formulas for a period, Couper moved more directly to the
formulation of molecular structures (66) (Fig. 6). These were,
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c 0...0H
H2
C...H?
C...H3
(a) (b)

0...0H O...0H
c{ol’ C{H2
. 0? : 2
[ C

0...0H O...0H

(c) (d)

Fig. 6. The graphic formulas of l-propanol due to (a)
Kekulé (1865) and (b) Scott Couper (1858), together with the
latter's representation of (¢) oxalic acid and (d) glycol, based
on 02 and 0....0 = 16, i.e. O = 8.

however, relatively uninfluential, owing largely to Couper's
breakdown in 1859, following his return to Edinburgh from Paris
the previous year. Crum Brown (1838-1922), who depicted mole-
cular structures by graphic formulas in his Edinburgh thesis of
1861 and in subsequent publications (67), may have developed
these from Couper's formulations (Fig. 7). Alexander Butlerov
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Fig. 7. The 1864 graphic formulae of Crum Brown for (a)
ethane, (b) ethylene, and (c) formic acid.

(1828-1886), who worked with Couper under Wurtz in Paris during
1857, referred to both Kekulé and Couper in connection with the
tetratomicity of carbon in 1859 (68) and two years later restated
the realist position that "only one rational formula is possible
for each compound, and when the general laws governing the de-
pendence of chemical properties on chemical structure have been
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derived, this formula will express all of these properties" (69).

In the late 1850s chemistry still lacked a generally ac-
cepted unambiguous method for the determination of atomic and
molecular weights and of atomic valencies. Kekulé and others
felt that the problem might be clarified, if not solved, by an
international conference on the topics involved, and an
organizing committee of 45 well-known chemists issued a general
invitation in July, 1860, to a congress in Karlsruhe held in the
following September (70). The conference secretary, Wurtz, re-
corded the names of 127 members of the congress (70). No firm
conclusions were reached in Karlsruhe, although Stanislao
Cannizzaro (1826-1910) in his address emphasised the signif-
icance of Avogadro's hypothesis and of the work of Gaudin and
Avogadro himself based on it. At the end of the meeting, copies
of Cannizzaro's Sketeh of a course of Chemical Philosophy (71)
were distributed to the congress members, in which the Avogadro-
Cannizzaro method for the determination of atomic and molecular
weights was described. The younger chemists in particular found
the arguments in the pamphlet convincing. As Lothar Meyer (1830-
1895) put it, "It was as though the scales fell from my eyes"
(70) .

With a general consensus on atomic valencies and molecular
weights, organic structural chemistry went ahead with more as-
surance and less contention, except perhaps for the irascible
Kolbe. The field of aromatic chemistry, in which Laurent had
derived the concept of fundamental and derived nuclei and the
principle of predicting the outcome of reactions from postulated
structures, saw the first major triumph of that principle. From
1865 Kekulé employed the same term: "In all aromatic substances
a common nucleus may be assumed: it is the closed chain Cgag
(in which A denotes an unsaturated affinity)" (72). The hexagonal
structure for the benzene nucleus indicated the possibility of
one mono- and three disubstituted derivatives, while trisubstitu-
tion would result in three isomers for the CgH3X3 case but in
six for the CgH3X;Y case (72) (Fig. 8). There were possibilities
other than the hexagonal structure for benzene, Kekulé noted: "3
problem of this kind might at first sight appear quite insoluble;
but I nevertheless believe that experiment will furnish a solu-
tion. It is only necessary to prepare, by methods as varied as
can be devised, as great a number of substitution products of
benzene as possible; to compare them very carefully with regard
to isomerism, to count the observed modifications; and especial-
ly, to endeavor to trace the cause of their difference to their
mode of formation. When all this is done we shall be in a posi-
tion to solve the problem" (72).

The research program outlined by Kekulé was implemented and
extended notably by his former assistant, Wilhelm K&rner (1839-
1925), who in so doing prepared 126 new benzene derivatives
(73). Following up Kekulé's prediction of 1866 (72), KdSrner
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Fig. 8. Representations of benzene by Kekulé (a) initially
and (b) later in 1865, and (c) in 1866; and Ladenburg's trigonal
prism formulation of (d) an ortho-, (e) a meta-, and (f) a para-
disubstituted benzene derivative.

identified the ortho, meta, and para isomers of dibromobenzene by
nitration, obtaining two, three, and one dibromonitrobenzene,
respectively, from these isomers (73). Another of Kekulé's
students, Albert Ladenburg (1842-1911) showed that only one
isomer of pentachlorobenzene could be isolated and that all six
hydrogen atoms in benzene are equivalent (74). Ladenburg held
that two ortho isomers were to be expected from the hexagonal
benzene structure with alternating single and double carbon-car-
bon bonds, and proposed a trigonal prism benzene structure from
which the expectations of geometrical isomers agreed with those
derived for a regular hexagon (74). To meet this objection,
Kekulé proposed his theory of atomic oscillations in benzene
which produced an equivalence between the 1:2 and 1:6 positions
on a time average (75). Subsequently LeBel and van't Hoff
pointed out that there would be two ortho isomers in the
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trigonal prism structure and that these would be optically
active (76).

VI. MOLECULAR DISSYMMETRY

The investigation of optical activity was due largely to
physicists and crystallographers, mainly French, during the
first half of the nineteenth century. For the chemists of the
period optical activity presented yet another, and a particularly
perplexing, case of isomerism, notably in the example of (+)-
tartaric acid and the inactive paratartaric or racemic acid.
Malus in Paris discovered the polariszation of light by reflec-
tion (1809), and, on propagating white polarized light along
the optic axis of a quartz crystal, Arago observed a range of
colours on vewing the crystal through a rotatable plate of
calcite (1811). Their colleague, Jean Baptiste Biot (1774-1862),
distinguished two effects, firstly, the rotation of the plane of
polarisation of monochromatic light by the crystal and, secondly,
the dispersion of that rotation, a, with respect to wavelength,
A, according to the approximate relation, o = K/)\2 (Biot's law).
Biot discovered the optical activity of liquid terpenes in 1815
(77) and subsequently that of aqueous solutions of sucrose and
tartaric acid, showing that optical activity is a property of
submicroscopic molecules as well as macroscopic crystal struc-
tures.

Initially Biot attempted to provide a physical explanation
for optical activity in terms of Newton's theory of rectangqular
photons, light corpuscles with different 'sides,' but became
reconciled to the new theory of light as a vibration transverse
to the direction of propagation in an all-pervading luminiferous
ether, due notably to Augustin Fresnel (1788-1827). Fresnel
viewed rectilinear polarization as a superposition of left- and
right-circular polarization, optical activity resulting from
circular birefringence., From the model Fresnel deduced in 1824
that optically active molecules have a helical form or are ar-
ranged helically in a crystal: “There are certain refracting
media, such as quartz in the direction of its axis, turpentine,
essence of lemon, etc., which have the property of not trans-
mitting with the same velocity circular vibrations from right
to left and those from left to right. This may result from a
peculiar constitution of the refracting medium or of its mole-
cules, which produces a difference between the directions
right-to-left and left-to-right; such, for instance, would be
a helicoidal arrangement of the molecules of the medium, which
would present inverse properties according as these helices were
dextrogyrate or laevogyrate" (78).

The crystallographer, Hailly, had noted the hemidral faces of
quartz crystals and distinguished the two enantiomorphous types,
while Biot had found that some quartz crystals were levorotatory
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and others dextrorotatory. The polymath, John Herschel (1792-
1871), correlated these two observations in 1822, showing that
quartz crystals of one morphological class are dextrorotary
while those of the other class are levorotatory (79). Herschel's
correlation was probably known to Fresnel and other French work-
ers, as Herschel with Brewster and Babbage was much concerned
with the introduction of French physics into Britain and main-
tained a wide continental correspondence.

Pursuing his investigation of isomorphism, Mitscherlich
discovered in 1844 that, while all other salts of tartaric acid
and racemic acid had different forms, the sodium ammonium salts
appeared to be isomorphic and identical in all respects except
optical activity. At the time Louis Pasteur (1822-1895) was at
the Ecole Normale as Balard's assistant, studying crystallog-
raphy with Haily's former student, Delafosse, and with lLaurent,
repeating the 1841 work of de La Provostaye on the crystal forms
of the tartrates and racemates. Herschel's correlation suggested
to Pasteur that Mitscherlich's observation might be incomplete,
and he showed that this was indeed the case by hand sorting the
crystals of sodium ammonium racemate into two enantiomorphous
types with opposite optical activities (80). Biot was astonished
and obliged Pasteur to repeat the work in Biot's own laboratory
(81). The implication of the result for Pasteur was based on the
theme, abiding and potent in France, of mutual analogy between
the macroscopic and the microscopic: the individual molecules
of (+)- and (-)-tartaric acid have mirror-image morphologies
like the corresponding crystal forms.

Pasteur extended his work on the tartrates, and his concept
of dissymmetry, at Strasbourg (1848-1854) and Lille before
returning to the Ecole Normale as Director in 1857, In 1853 he
published the method of resolving optical isomers by fractional
crystallization of their diastereoisomers, and prepared m-tar-—
taric acid, togetheg with the (~)~isomer, by heating cinchonine
(+)-tartrate at 170 C (82). From this work Pasteur concluded
that all chiral substances should exhibit four modifications:
the (+)- and (-)-isomers, the externally compensated 1l:1 com-
pound or racemate, and the internally compensated or 'untwisted'
and achiral meso form. Synthetic organic chemistry, he believed,
would prepare only the achiral mesco form. Finally, in 1858, by
which time he had become almost entirely preoccupied with
microbiological studies, he showed that a mould, probably Peni-
eillium glaucum, grew selectively in a solution of ammonium
hydrogen racemate to which a little phosphate had been added,
consuming the (+)-tartrate and leaving the (-)-isomer (83).

From his studies Pasteur early built up a theory of cosmic
dissymmetry: "The universe is a disymmetrical whole...for, if
the whole of the bodies which compose the solar system were
placed before a mirror, moving with their individual movements,
the image in the mirror could not be superposed to the reality.
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Even the movement of solar life is dissymmetrical. A luminous
ray never strikes in a straight line the leaf where vegetable
life creates organic matter. Terrestrial magnetism, the opposi-
tion which exists between north and south poles in a magnet,
that offered us by the two electricities, positive and negative,
are but resultants from dissymmetric actions and movements" (84).
Following up the theory, Pasteur at Strasbourg attempted to grow
crystals in a magnetic field to induce enantiomorphism, and at
Lille employed a clockwork-driven heliostat to reproduce for
plants a mirror-image world where the sun rose in the west and
set in the east (8l1). However the plants continued to produce
their customary isomers, and the crystals could not be induced
to change their usual growth habits.

His crystallographic and microbiological studies, together
with his theory of cosmic dissymmetry, led Pasteur to suppose
that molecular dissymmetry was the primary demarcation criterion
between chemistry and life. Optical activity, he observed in his
1860 lectures, "forms perhaps the only sharply defined boundary
which can at the present day be drawn between the chemistry of
dead and living nature" (85). Pasteur held that not even race-
mates could be prepared synthetically from the elements, although
they could be obtained from achiral precursors with a vital
origin. The best that synthesis could accomplish was the détordu
meso form. When Dessaignes reported the preparation of aspartic
acid by the action of heat on ammonium fumarate (86) Pasteur was
incredulous and visited Dessaignes in Vendome to examine his
product. It was inactive, and so too was the malic acid prepared
from it, and Pasteur concluded that Dessaignes' product was an
untwisted meso form. It could not be the racemate, "for in that
case not only would one active body have been made from an
inactive one, but there would have been two such prepared, one
dextro- and the other levo-rotatory" (85).

Pasteur was even more astonished in 1860 when Perkin and
Duppa (87) obtained tartaric acid from succinic acid, following
Simpson's synthesis of the latter from ethylene in the previous
year (88). Pasteur resolved a sample of the synthetic tartaric
acid sent to him by Perkin, proving that it was the racemic acid
and that two optical isomers had indeed been synthesised from
an optically inactive compound. However, Pasteur declined to
modify his demarcation criterion. The initiatory 1874 stereo-
chemical papers by van't Hoff (89) and Le Bel (90) were greeted
by Pasteur reiterating his view in the following year that "in
science there does not exist a single example at present of an
inactive substance which can be transformed into an active com-
pound by our laboratory reactions" (91).

Pasteur was never greatly concerned with the internal
development of the chemical science of his time, with the radical
and type theories, with the debates on atoms, volumes, and
equivalents, with the structure theory of Kekulé and the stereo-
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chemistry of Le Bel and van't Hoff. His reaction to main-stream
chemistry was often the negative one of defending his criterion
for vitalism against the encroachments of organic synthesis.
Pasteur's contributions to microbiology were so monumental that,
after the assimilation of the new stereochemistry, it was felt
that his contributions to chemistry too were more than merely
suggestive, and that he out-ranked Kekulé, Le Bel, and van't
Hoff as the 'Founder of Stereochemistry' (10, 11).

VI. CHEMISTRY IN SPACE

Although Kekulé had been a student of architecture at
Giessen before turning to chemistry under the inspiration of
Liebig's teaching, his structural insights were largely two
dimensional and confined mainly to aromatic substances. The
isomerism of open-chain unsaturated compounds long remained a
problem for Kekulé. Initially in 1860-1863 he suggested (92)
that where two affinity units of carbon are not saturated there
is a kind of hiatus or gap, and the two carbon atoms are "some-
how pressed together." Both maleic and fumaric acid are derived
from succinic acid by the loss of two hydrogen atoms from carbon,
and the two isomers differ in that the two hydrogens are lost
from the same carbon atom in the more reactive maleic acid but
from adjacent carbon atoms, which then became bound by twoc af-
finity units, in the less reactive fumaric acid (92).

The problem of isomerism in saturated open-chain compounds
was first studied systematically, although largely theoretically,
by Butlerov who drew up in 1863 tables of possible isomers based
on the structural theory (93). The corresponding experimental
thrust came notably from Johannes Wislicenus (1835-1902) whose
early work at Ziirich centred on the lactic acids (94). By 1869
Wislicenus had distinguished three isomers; the optically inac-
tive lactic acid from sour milk, the optically active sarcolactic
acid from animal tissues, and the 'ethylidene lactic acid' he
had prepared by hydrolyzing ethylene cyanchydrin. He concluded:
"Thus is given the first certainly proved case in which the
number of isomers exceeds the number of possible structures.
Facts like these compel us to explain different isomeric com-
pounds with the same structural formula by different positions
of their atoms in space, and to seek for definite representations
of these" (95). "Present formulae can do no more than represent
a picture of the compound in one plane," Wislicenus noted, and
in 1873 he again emphasized the need for three-dimensional
structural models.

The challenge was taken up by van't Hoff (1852-1911) while
still a graduate student at Utrecht in 1873. After a visit to
Bonn, where he found Kekulé rather remote, he moved on to Wurtz's
laboratory in Paris and met Le Bel (1847-1930), returning to
Utrecht in mid-1874 to publish his pamphlet on chemistry in
space {89) in the autumn and defend his doctoral thesis at the
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end of the year. Quite independently and apparently without
contact with van't Hoff on the subject, Le Bel published in the
same year his paper on the relation between organic structures
and optical activity (90). Later van't Hoff observed "That
shortly before this we had been working together in Wurtz's
laboratory was purely fortuitious; we never exchanged a word
about the tetrahedron there, though perhaps both of us cherished
the idea in secret. To me it had occurred the year before, in
Utrecht, after reading Wislicenus's paper on lactic acid...Le
Bel's starting point was the researches of Pasteur, mine those
of Kekulé...My conception is...a continuation of Kekulé's law

of the quadrivalence of carbon, with the added hypothesis that
the four valencies are directed towards the corners of a tetrahe-
dron, at the center of which is the carbon atom" (Fig. 9) (96).

rear

R
(a) {b) {c)

Fig. 9. The representation by van't Hoff in 1874 of (a) the
optical isomers resulting from an asymmetric carbon atom, (b) the
geometric isomers of an olefin arising from two tetrahedra sharing
the common edge AB, and (c) the linear triple bond array formed by
two tetrahedra sharing the common face ARD.

Wislicenus immediately accepted the new theory and con-
tributed an introduction to the German edition (1877) of van't
Hoff's book, Chemistry in Space (97), which elicited a cool
response from Kekulé (98) and a choleric attack on Wislicenus,
Le Bel, and especially van't Hoff by Kolbe from his editorial
chair of the Journal fur praktische Chemie (99). Kolbe had been
outstanding, both as a teacher and experimentalist. In addition
to the 'Kolbe reaction' and the 'Kolbe synthesis' he was the
first to synthesize an organic compound, acetic acid, from an
inorganic basis, despite Berthelot's later claims. From about
1850, however, the severity of Kolbe's attacks on fellow organic
chemists came to provide a rough measure of the historical
significance of the latters' theoretical innovations. In 1881,
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when stereochemical theory was gaining wide acceptance, Kolbe
reviewed the history of organic theory in the following terms:
"The classificatory type theory of Gerhardt and Kekulé was
succeeded by the paper chemistry which is called structural
chemistry, which...many young chemists pursue thinking that they
are gaining insights into the spatial arrangement of atoms as
they draw their drawings and paint their pictures., But in fact
they have brought chemistry not a step forward by these means;
rather, this is a reversion to the old Naturphilosophie...It was
of course much easier to prepare a few new compounds from some
substance or other, in order to assign these to the type that
was apparently appropriate...rather than investigating the chem-
ical constitution of a compound in Berzelius'® sense of the term,
that is, examining the nature of the more intimate components
and the functions that these fulfil" (100).

By 1880 Kolbe stood alone for the bygone age of the radical
theory. Contrary to Kolbe's assertion, the stereochemical theory
was fecund with insights and testable expectations, particularly
the more structurally based van't Hoff version. Both Le Bel and
van't Hoff rationalized the known cases of optical isomers con-
taining an asymmetric carbon atom in terms of a tetrahedral ar-
ray of the carbon valencies, but it was van't Hoff who predicted
the 2" isomers of a compound containing n different asymmetric
carbon atoms, and the ¢i8 and transe isomerism of 1,2-disubsti-
tuted olefins, thereby illuminating the still-enigmatic isomerism
of maleic and fumaric acid and analogous cases. As late as 1880
Kekulé explained the isomerism by supposing that fumaric was a
polymer of maleic acid (101). The optical activity of 1,3-disub-
stituted allenes and the general alternation of geometric with
optical isomerism in the cumulene series with an odd and even
number of double bonds, respectively, were further predictions
made by van't Hoff, together with the linearity of the acety-
lenes (97).

The approach of Le Bel, deriving from Pasteur's concept
of molecular dissymmetry as the basis of optical activity, was
less rich in testable expectations. In 1874 Le Bel supposed that
olefins might be either planar or antiplanar and that, in the
latter case, the 1l,2-derivatives would be resolvable into opti-
cal isomers (90). Le Bel adopted Ladenburg's trigonal prism
structure for benzene and pointed out that, for homodisubstitu-
tion, one resolvable and two inactive isomers would result (90).
"Mr. Kekulé's hexagon" was adopted for an analysis of cyclohexane
derivatives on the assumption of a planar ring (90). The novel
predictions specific to Le Bel were that the optical isomers
obtained from a symmetrical precursor would be produced generally
in a l:1 ratio, but that the ratio could be changed by the use
of an optically active catalyst in a thermal reaction, or by
employing circularly polarized light in a photochemical reac-
tion (90). In 1874 circular dichroism was as yet unknown for
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homogeneous solutions, and the first unambiguous dissymmetric
photolyses were accomplished more than half a century later
(102).

The French preoccupation with the mutual analogies between
crystal morphology and molecular form led Le Bel in 1892 to the
disastrous conclusion that the valencies of carbon are not tet-
rahedrally disposed but form an array of square pyramidal or
lower symmetry (103). He discovered that the crystals of car-
bon tetrabromide and carbon tetraiodide are biaxial and monoc-
linic, whereas isotropic cubic crystals were expected, from the
macroscopic-microscopic analogy, for a tetrahedral molecular
symmetry. Thereupon Le Bel revived his nonplanar model for
ethylene and vainly attempted the resolution of citraconic and
mesaconic acid (103). Whereas Pasteur had been gortunate in
crystallizing sodium ammonium racemate below 27 C, above which
the racemate crystallizes as such, and so had obtained both the
d- and l-crystals, Le Bel was correspondingly unfortunate in
crystallizing carbon tetrabromide below 47°C, above which this
substance crystallizes in cubic form. While for Pasteur the
morphological analogy between the molecule and the correspond-
ing crystal had proved to be fruitful and rewarding, for Le Bel,
enmeshed by the analogy at the point of its breakdown, it was
catastrophic and led him to a model at variance with the wealth
of structural evidence which had accummulated since his seminal
paper of 1874.

VIIT. CONCLUSION

In so far as any branch of chemistry ever has a unique
progenitor, the 'founder of stereochemistry' was not so much
Pasteur as his teacher, Laurent. From Laurent, Pasteur derived
the concept that chemical compounds are "molecular edifices"
with an architecture mirrored in the corresponding crystal
morphology (104). From Laurent, Kekulé obtained both the struc-
tural concept of the aromatic nucleus, perhaps even the par-
ticular hexagonal benzene form, and the insight that, while
unambiguous rational structures cannot be derived from reactions,
the outcome of reactions can be deduced, and can thereby dis-
criminate between, possible rational structures. It was an
insight pursued into two-dimensional detail by Kekulé in decuc-
ing the possible isomeric products of the substitution reactions
of hexagonal benzene, and extended to the third dimension by
van't Hoff in predicting the optical and geometrical isomerism
of organic compounds containing asymmetric carbon atoms or
multiple bonds.

The third major articulation of Laurent's chemical meth-
odology in the development of classical stereochemistry came
with the first renaissance of inorganic chemistry. Even during
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the lifetime of Berzelius it was perceived that organic chemistry
was fast becoming the dominant branch of the science. As early as
1835 Dumas wrote, "The future progress of general chemistry will
be due to the application of the laws observed in organic chem-
istry...and far from limiting myself to taking the rules of
mineral chemistry to carry into organic chemistry, I think that
one day, and perhaps soon, organic chemistry will give rules to
mineral chemistry" (105). Dumas himself gave an impetus to this
trend. In 1851, lecturing at the British Association meeting in
Ipswich, Dumas conjectured that related inorganic elements, such
as the alkali metals or the alkaline earths, were in reality
homologs since they differed by a constant increment or incre-
ments in equivalent weight, just like the members of a homo-
logous organic series (106).

Kekulé and his students saw organic chain structures as
the models upon which inorganic graphic formulas should be based,
writing for, e.g., perchloric acid, H-0-0-0-0-Cl. Blomstrand
(1826-1897) and J8rgensen (1837-1914) took up these organically
based formulations of inorganic compounds and extended them to
the transition-metal complexes, viewing such compounds as
[Co(NH3)6]Cl3 as made up of a chain or chains of NHj3 groups,
like the CH, groups of an organic chain (Fig. 10).

The autonomy of inorganic chemistry was reasserted by
Alfred Werner (1866-1919), who emancipated the chemistry of
coordination compounds from the trivial and unproductive organic
analogies that had dominated it for half a century by reverting
to the fundamental chemical methodology of Laurent. Of the
probable regular geometries for the hexacoordinate complexes,
the possible isomerisms of substitution products had been pred-
icted for the hexagon by Kekulé and for the trigonal prism by
Ladenburg, Werner deduced the outcome for the substitution
reactions of an octahedral array of ligands around the metal ion,
predicting only two geometric isomers for homo-disubstitution,
the ¢is and the trans, and two optical isomers for tris-chelate
complexes, such as those from ethylenediamine. By exploring ex-
perimentally the isomeric complexes formed by a given transition
metal ion with two distinct ligands, and by optical resolutions
of-chelated metal complexes, Werner established between 1893 and
1914 the octahedral geometry of the 6-coordinate compounds
and the square-planar structure of the 4-coordinate complexes
studied (107).

The final defense of Pasteur's demarcation criterion bet-
ween chemistry and life lay in the view, adopted by Francis Japp
(1848-1925) and other organic chemists who shared Pasteur's
theology and methaphysics, that one or more carbon atoms were
essential for optical activity (108). Most of the terrestial
carbon had participated in the vital processes of a living
organism at some stage in its history and carried the imprint
of the experience, albeit in a form that defied definition. Up
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Fig. 10. The structural formulations (a) by Jérgensen (1877)
of the bis-acidotetrammine cobalt(III) complexes, (b) by Werner
(1893) of the trans and ¢i1s isomers of bis-acido-tetrammine metal
complexes, and (c) of the optical isomers of tris-ethylenediamine
complexes by Werner (1911).

to 1914 all of Werner's chiral metal complexes had contained
carbon, and their optical activity was ascribed to that carbon
rather than the asymmetric metal ion or the dissymmetry of the
complex as a whole. By resolving a purely inorganic tris-chelate
complex, the dodecammine hexa-u-hydroxo-tetra cobalt (III) ion,
[Co{(OH)ZCo(Nﬂg)q}3]6+, wWerner disposed of the vitalist conten-
tion that organic carbon is the essential concomitant of optical
activity (109). with this tour de force the rationale for a
primary science of specifically organic stereochemistry was
dispelled. As Wurtz had put it half a century earlier, "there

is but one chemistry" (110, 111).
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I. FOUNDATION
A. Background

Mass spectrometers allow chemical observations, in the
gas phase, in states of controlled intermolecular inter-
actions. Because this chemistry must inevitably depend
on structure, and because stereochemistry is an excellent
source of structural and mechanistic information, it is not
surprising that geometrical questions were asked early in
the study of the behavior of organic molecules in mass
spectrometers.

A classic case in point is the finding by Field and
Franklin (1) that the three carbonium ions represented in
Figure 1 were formed from their bromides with differing

/4%\\
Appearance

Potential (ev) 10.66 998 9.6

® @

Fig. 1. Dependence of appearance potential on molecular geo-
metry.

appearance potentials. They noted the correlation between
these potentials and the geometric constraints of forming

a planar array in the bicyclic systems (1,2). The first
observations of the dependence of the electron inpact (EI)
fragmentation pattern on stereoisomerism came shortly there-
after (3-6).

Early studies of the mass spectra of a series of epi-
meric alcohols and acetates (4) led to the postulate (7,8)
that stereoisomeric effects in mass spectrometry may arise
from the relative energies of the epimers and, as well, that
stereoisomeric differences may be emphasized (8) by "facili-
tation of a rearrangement process in one of the isomers due
to a favorable configuration, holding the two atoms or groups
involved in close proximity, while keeping them apart in the
other isomer." Rearrangement reactions in mass spectrometers,
as elsewhere, involve bond making and bond breaking (9).
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D'Or, Momigny, and Natalis in the same year (10) reviewed
their results on the EI fragmentation of geometrical isomers.
For these cyclic and olefinic diastereomers that underwent
simple cleavage reactions (9), they postulated that the
excess internal energy of the less stable (AH) isomer would
be available, after ionization, to drive the decomposition
and thus lead to diminished intensity of the molecular ion
from the less stable epimer of a pair.

These early ideas sparked other observations, and by
1968 there were numerous examples of stereoisomeric depen-
dence of the mass spectra of organic molecules. This
research was collected and critically sorted out by Meyerson
and Weitkamp (11). Their general conclusions, which have
been borne out and amplified by the studies reported herein,
were succinctly stated in the paper's abstract (Fig. 2).

Abstract—The unimolecular reactions that give rise to mass
spectra are controlled by spatial relationships and energy con-
siderations. In molecules that contain a heteroatom, elimina-
tion reactions, involving bond-making as well as breaking, are
often prominent, e.g. loss of water from alcohols. The ease of
such reactions depends on spatial relationships in the molecule,
and the resultant ion intensities in the spectra of geometric
isomers can consequently be correlated with differences in
geometry and hence furnish a basis for assigning structures.
Processes that do not involve bond-making do not have such
rigorous geometric requirements, but depend rather on attain-
ment of a transition state defined in terms of a minimum energy
content. Common product ions from stereoisomeric hydrocarbons
seem often to arise via a common transition state. When this
condition holds, the difference between the enthalpies of the
isomers is reflected in the relative appearance potentials and—
though the cause-and-effect relationship here is less direct and
more readily obscured by other factors—relative intensities of
the common product derived from the isomers. In both classes of
processes, the spectra of stereoisomers can be simplified and
made more distinctive by lowering source temperature and ioniz-
ing voltage.

Fig. 2. Abstract from the S. Meyerson and A. W. Weitkamp
1968 review (11).

B. The Structures of Reacting Molecular Ions

Mass spectra are most often overtly different for
stereoisomers. It would be useful to discuss and in-
terpret this stereochemistry in the framework of the prin-
ciples of accessible phase conformational analysis (12). The
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validity of this approach is directly dependent on the degree
of structural correspondence between molecules encountered
in an accessible phase and in mass spectrometers.

The problem is complicated because the ions of interest
here are not only short lived, 10'6 sec or less, but are
present at low pressure as well, in the range of lO'6 mm.
Blthough a large literature exists directed toward the eluci-
dation of the structure of these gaseous molecular ions,
Bentley and Johnstone (13) have correctly pointed out that
"All of the methods used to investigate ion structures in
organic mass spectrometry involve comparisons amongst ions
and except for atoms and a few simple molecules no ion
structures have been absolutely determined." Others (14) have
stressed that present studies directed toward molecular ion
structure in mass spectrometers yield no information on the
nonbonding properties that are central to conformational
analysis.

The work reviewed in this chapter demonstrates that a
coherent framework for the stereochemical observations in
mass spectrometers may be achieved by applying the principles
of conformational analysis (12). This success, even in the
absence of more direct approaches to structural information
lends strong support to the view (15-18) that for at least
those molecular ions under scrutiny here, there is close cor-
respondence in structure to their neutral precursors.

For this reason the structures of the reacting molecular
jons discussed will be presented as if the removal of an elec-
tron to furnish the relaxed ionized state were not a major
perturbation on the overall arrangements of the atoms. This
hypothesis is simple and highly useful. After a discussion of
the relationship between ion intensity and kinetics, immedi-
ately below, there is presented a number of EI studies of
stereoisomers (Sect. I-D) which lend strong support to this
point of view.

C. Ion Intensity and Kinetics Following Electron Impact

The intensity at any m/e value in the mass spectrum is
directly proportional to the number of ions of that mass to
charge ratio impinging on the detector. This concentration of
ions is a function of a large number of variables which are
not completely defined.

At this time it is hypothesized that a neutral molecule
is vertically promoted to the ionized state on electron
bombardment, that is, in a time so short that there is no
atomic movement. The ion lifetime under normal operating
conditions is believed to be many orders of magnitude longer
than the time necessary for equilibration to take place com-
pletely among the available energy states of the ion. The
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detected ions are isolated and undergo no collisions after
ionization until they hit the detector. The ion energy, or
that energy left to the ion above the ionization energy
(ionization potential), is a complex function of the
structure and the energetic state of the molecule prior to
ionization. The function that defines the probability of
internalizing energy E is known as the P(EF), and these values
are accessible in some cases by photoelectron spectroscopy.
In general, the molecular ions of a complex organic
molecule will be produced with energies varying from zero
(ionization without excess energy transfer from the 70 ev
electron beam to the molecule) to about 10 eV over the
ionization potential. The various fragmentations possible are
characterized by rate constants which are a function of this
range of molecular ion energy. The qualitative form of the
equation relating unimolecular rate constant to ion energy is

shown below (eq. [1]). F and F, are, respectively, the
internal energy of the ion and the activation energy for the
fragmentation.
m
E-Eo
e (52)
Y\ % [1]

The exponential term is taken to the power m, which is
related to the effective number of oscillators among which
the energy is distributed. The preexponential term Yy is

key, since it is very different for the two general classes
of reactions observed in mass spectrometers. For simple
cleavages, or bond breakingi Y wili be of the order of magni-
tude of a vibration, ca. 10 3 sec” ~. For any process (e.g.
rearrangement) involving restrictions in the motions of the
molecule as a prerequisite to reacf%on, this y term may
change considerably, e.g., from 10 sec™! to 102 sec—1.

For rearrangement fragmentations on electron impact
(EI), the energy of activation (F,) will usually be less
than for simple cleavages. Model calculations and inspection
of eq. [1] show that for an ion of high internal energy
(E>>E,), cleavage reactions will predominate, while for ions
of low internal energy (E=F.), rearrangement reactions will
be most competitive. This expectation is well borne out by
experiment (19,20).

These ideas are important with regard to the effect of
stereoisomerism on mass spectra. The molecular ion intensity
at the detector depends on the ease of fragmentation of these
ions, and this in turn depends on the range of internal
energies for an array of molecular ions [P(E)] and the modes
of unimolecular reactions open to each ion. Under any condi-
tions molecular ions that remain intact long enough to
traverse the focusing fields are those of lowest internal
energy. The depletion of the molecular ion intensity will be
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most effective when processes of low activation energy are
available, since these fragmentations are accessible to the
lowest energy ions. It follows that molecular ion intensity
is very sensitive to the availability of rearrangement reac-
tions, and that ease of rearrangement will act to diminish
the molecular ion intensity. This is, of course, also true
for extremely facile (low Eo) cleavages, for example, loss

of Br- from tertiary butyl bromide. In that case no molecular
ion is observed (1,2). The ease of rearrangement will depend
on the proximity of the groups necessary for bonding, and
this in turn depends on the geometry or steric disposition of
the molecular ion.

It follows from the above discussion that possible
rearrangement fragmentations will cause molecular ion inten-
sity to be heavily a function of molecular ion geometry. In
other words, for isomeric substances, where the P(E)
functions and available modes of decomposition are closely
similar, the relative intensities of the stereoisomeric
molecular ions will reflect the ability of these ions to
undergo rearrangement fragmentation. Molecular ions with
available elimination reactions of lowest E. and fastest
Y will exhibit reduced molecular ion intensity over isomeric
molecular ions.

The intensity of a fragment ion is a still more complex
problem (21). This intensity depends not only on the rate of
formation of the ion but on its rate of further fragmentation
as well. The ions may be produced with a range of energies,
and this range will certainly affect the number of ions
which reach the detector. Nevertheless, ions arising via
rearrangement are produced, as discussed above, predominantly
from low-energy parents. It follows that such rearrangement
ions will have less available energy for further fragmenta-
tion than ions produced via high-energy pathways. Thus the
ion intensity for rearrangement fragments will reflect more
the ease of their creation than of their destruction. This
will be the case at 70 eV, and more so at lower beam energies.
As seen below from the results reported, higher intensity of
rearrangement ion is always consistent with structural
features easing rearrangement.

Although ideally one would like to have in hand the
absolute unimolecular rate constants for fragmentation from
a molecular ion of known energy, these rates are not directly
accessible from the mass spectrum as routinely taken. Present
research is directed toward gathering these numbers (22).

In the absence of these data, the comparisons within sets of
stereoisomers of relative intensities (percent of total ijoni-
zation) , of fragment ions or molecular ions constitute defen-
sible methods for gaining insight into relative molecular

ion reactivity. As will be shown, this reactivity certainly
reflects molecular geometry.
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D. The Extrapolation of Accessible Phase Conformational
Analysis to Molecular Ions

Supported by deuterium labeling and the observation of
metastable ions, the following mechanism has been proposed
for two major fragments from the alcohols shown in Figure 3

ot

—_—s M 56

o+

— M M-55

M 106

Me M-105

CHy R
—

M/e 56/ M-55 | We106 /M/e M-105
R 1t 1e i 2t 2e
cHy 101 98 371 333
}fcm 132 128 488 455
(CH3lCH 98 9N 444 400
(CH3hC 65 64 328 318

Fig. 3. Relative ratios of cleavage and rearrangement.
Compounds studied on an Atlas CH-4 mass spectrometer at 220°C and
70 ev.

(16) . The quantitative competition between rearrangement
and cleavage was determined as a function of both stereo-
chemistry, i.e., 1t versus le and 2t versus 2e, and substitu-
tion (varying R) and these results are presented as well.

The numbers in each series (1 and 2) are ratios of
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rearrangement to cleavage. In every case the threo compounds
1t and 2t find greater ease of rearrangement. In addition,
the smaller R groups in each series show greater propensity
for rearrangement from either isomer. These results are
entirely consistent with a higher energy state for rearrange-
ment when the necessary eclipsing interactions in the
hydrogen-transfer transition state are emphasized. The
latter problem will be larger in the erythro isomers and
with large R groups as well. The differences are notable
when one considers that the conditions of reaction are bom-
bardment with 70 V electrons in a high vacuum container with
walls at 220°C.

In a study under less energetic conditions of tempera-
ture and beam energy, the diastereotopic hydrogens on C-4
of 2-pentyl chloride (Fig. 4) (17) were shown to be trans-

.+ o4
D Cl ot H Cl
wH aH (M-DCI) WD Y uH
(M-DCI+ (M-HCI)
3
3 4
302 .260

Fig. 4. Stereochemical dependence for elimination of HC1l
from 2~chloropentane. Data taken at 10 eV and 30°C on a CEC-103
spectrometer.

ferred unequally for loss of HC1l from the molecular ion. The
analogous alcohol showed preference for the same diastereo-
topic deuterium atom as in 3. Whatever may be the conforma-
tional basis for this effect, the conformational sensitivity
was used to support proposals of identical mechanism for
1,3 elimination of Hy0 and HCl. Significantly, if the trans-
fer step of hydrogen to X in 3 forms a 1,3-dimethylcyclo-
pentane-like transition state, the stereoselectivity is in
line with the greater known stability of the cis epimer (17).
As will be seen below this proposal finds support in systems
with direct thermal analogs.

Brown and co-workers studied an unusual EI 1,2 elimina-
tion of water and methanol from 5§ through 8 in Figure 5 (23).
The system is well chosen in terms of the clear-cut conforma-
tional predictions for elimination from a state avoiding
phenyl-phenyl eclipsing.

The results (Fig. 5) obtained at threshold voltages and
a source temperature of 80°C are precisely in line with these
conformational prerequisites. In both loss of water and loss
of methanol, 7 and 8 exhibit increased loss of ROD.

Similar conformational studies on the elimination of
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o+ .+
L4 P
H ] .- H ®
[m-RoD:M-ROH]
H D D H
OR 5| 36:64 OR
6| 3169
5 R=H 7] 4852 7R M
6 R=CHy 81 3565 8 R- CHy

Fig. 5. Elimination of water and methanol under electron
imapct. Data taken on an Atlas CH-4B mass spectrometer at 10 eVv
and 80°C.

acetic acid from acyclic acetate molecular ions (18,24) yield
increased insight (Fig. 6) since pyrolytic analogs exist.
Deuterium labeling was used to identify the diastereotopic
hydrogens H, and Hy,.

o+

(g [ M-HOAc/M HOA].+
— M- -
N e
b R H
9 |R=methyl 121
10 |R=phenyl 14/1

11 |R=a-napthyi 161

Fig. 6. Stereochemical dependence for elimination of
acetic acid. Data taken from a MS-902 mass spectrometer at
15 ev and 135°C.

Although the stereoselectivities were expectedly not
quantitatively identical to the pyrolytic system (25}, the
results fit into the conformational scheme for cis elimina-
tion in which these pyrolyses are framed. It is neat that
the relative difference between loss of HyOAc and HpOAc
increases as the size of R increases from methyl through o-
naphthyl.

Research on an entirely different rearrangement, the
1,4 elimination of water from acyclic alcohol molecular ions,
reinforces these proposals of conformational correspondence.

Alcohol molecular ions, when possible, eliminate water
through loss of a C-4 hydrogen (26,27). Alkoxy radicals show
identical regioselectivity for intramolecular hydrogen
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HaHa Ha
—_— 0
R 4
of
o o) OHg
Ha Ha Q‘o\ o'q,ﬂ.
POl
R
2
OH e R Jla
o+
—  [mHeon]
12 R- CH3 R
- O
13 R- CeMny ) H

Fig. 7. Putative correspondence of alkoxy radicals and
alcohol molecular ions.

transfer from carbon to oxygen (Figure 7).

In the alcohol shown in Figure 7, the methylene hydro-
gens in focus are diastereotopic by internal comparison.
This fact was used as a handle by which to compare the
conformational prerequisites for hydrogen abstraction in the
two reactions. The results of studies on the deuterium-
labeled diastereomers are shown in Figure 8 (28,18).

,\\\\Hb
R m
OH
s
kp
M-H0
| R 70ev | PblOAc) | AgyO/Bry

12 !TE’,,hY',,% _wo | w23 19 |
13 | cyclohexy! 119 132 129

Fig. 8. Comparative stereoselectivity for alkoxy radicals
and alcohol molecular ions (see Figure 7). The final products of
the Pb(OAc)y and the Ag,0/Br; reactions were the cis and trans
2,5-dimethyltetrahydrofurans. Mass spectral results from an
MS-902 mass spectrometer at ca. 100°C and 70 eV.

The data (18) showing corresponding preference for Ha
and increasing stereoselectivity from methyl to cyclohexyl
speak well for the hypothesis of structural correspondence.
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TI. STEREQISOMERIC NPEPENDENCE IN THE ELECTRON IMPACT INDUCED
(EI) REARRANGEMENTS OF ALCOHOLS AND ALCOHOL DERIVATIVES

A. Alcohols and the EI Elimination of Water

As discussed above (Figs. 7 and 8), the EI elimination
of water from open chain alcohols exactly parallels the
regioselectivity and stereoselectivity for intramolecular
hydrogen abstraction of alkoxy radicals (29,30). As is seen
(Fig. 9) the regioselectivity for loss of water from
cyclohexanol is lower (31).

®

Q. o+ o L.
H 25% C-3 (statistically
O/ —_ [M - H2O] 75 % C-4 corrected.)

Fig. 9. Elimination of water from cyclohexanol. CEC-103
mass spectrometer at 70 eV and ca. 125°C. Relative ratio from
C~3 and C-4. There is an additional loss of ca. 5% from C-2,

The EI behavior of cyclohexanol and related molecules
has received a great deal of attention. Early work (32) on
1,4-cyclohexanediol demonstrated that the cis and trans
isomers chose unique pathways for elimination of water
(Fig. 10).

trans cis
ot o+
"\ .
o, M| —> [MHpO] < [ H

0—H &
l |
H H

14 15

Fig. 10. Mechanism for water loss from the stereoisomers of
1,4-cyclohexanediol.

The trans isomer molecular ion eliminates water eight
times more effectively than its cis isomer as measured by
the relative percentages of total ionization for M-18. This
suggests that the elimination of water takes place from an
unrearranged, ring intact, molecular ion. This important
conclusion is now known to be true for a large number of
systems.
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A key study (33,34) was carried out on the ¢is- and
trans-4-t-butylcyclohexanols, Utilizing photoionization and
emphasizing the deleterious effects of high temperature on
the mass spectra of alcohols, it was demonstrated that the
loss of water from trans-4-t-butylcyclohexanol yielded the
base peak while the comparable elimination from the cis
isomer is vanishingly small (Fig. 11). Photoionization (35)
is not a prerequisite for these observations since EI
results on these materials and other related molecules give
similar stereospecificity (36). Later work with deuterium
labeling (37,38) demonstrated that the cis C-4 hydrogen is
lost as shown in Figure 11.

ot (CHylsC B
o+
{CHa)AC: —> [M-HQO] “«H—
OH
OH
16 17

Fig. 11, Photoionization (21.2 eV) at room temperature on
the stereoisomers of 4-fert.-butylcyclohexanol (34).

In line with this the deuterium labeling of the C-4 dias-
tereotopic hydrogens in cyclohexanol demonstrated that the
1,4 EI elimination of water is at least B80% stereospecific
(Fig. 12) (37,39). In contrast, the less favored 1,3 elimin-

*+ o+

> Dkoourtﬁ—ﬁL_.

onr

D
18 19

Fig. 12. Stereospecificity of 1,4 loss of water; each
deuterated isomer exhibits loss of Hy0 as well; results from an

MS-902 and a CEC-103 mass spectrometer at 70 eV and threshold
voltage.

ation from C-3,5 (Fig. 9) is nonstereospecific (Fig. 13)
(37,40).

The differing stereospecificities for 1,4 and 1,3
elimination were hypothesized (37) to follow from the closer
distance of approach between the hydroxyl group and the
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Fig., 13. Stereospecificity for 1.3 loss of water.

C-4 hydrogen over the C-3,5 hydrogens. The longer distance
for abstraction from C-3,5, in requiring a higher energy of
activation, would give the competitive g-cleavage greater
chance for intervention. The a-cleavage process would, in
opening the ring, scramble the diastereotopic hydrogens on
C-3 or C-5. This cleavage is a major route to fragmentation
in EI ionized alcohols and alkoxy radicals (37). In support
of this hypothesis the loss of DOH from 3,5-d;-cyclohexanol
has a 0.8 eV higher appearance potential than loss of HyO.
In the 4 ,4-d;-cvclohexanol the appearance potential for loss
of DOH is now lower than that for H,0 by 0.5 eV (37).

It follows from this proposal that increasing ease
of abstraction of the C-3,5 hydrogens would lead to increased
competition with a-cleavages and thereby to the observation
of stereospecificity for 1,3 loss of water. As seen below,
this stereospecificity has been found to be the case for 3-
alkyl-substituted cyclohexanols wherein the C-3 hydrogen,
now tertiary, may be abstracted with a lower energy of
activation than in cyclohexanol.

These results, combined with regioselectivities for
elimination of HX from RX (X=Cl, Br, F, SH) compounds of
varied structure led to the idea that the abstracted hydrogen
needs to be both spatially accessible and within certain
maximum allowable distances (37,41). The proposal of 1.8 &
for the (8'+ H-) distance for abstraction of secondary
hydrogen in ionized alcohols (for elimination of water)
significantly matches independent proposals for the same
distance for hydrogen abstraction by alkoxy radicals (42) and
EI ionized ketones (43).

The effect of distance between abstracted hydrogen and
hydroxyl oxygen is nicely emphasized by MacLeod and co-
workers' studies on the isomers of bicyclo{3.3.1l]lnonanols
(Fig. 14) (44).
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dy dy . b b

M H '*
Mp 30 40 45 14 50

Fig. 14. Water loss intensity from 3,3,1 bicyclic
alcohols. Data taken from an MS-902 mass spectrometer at 12
eV and 150°C.

b &

(PhJP)RhCI
HO, H
ev D
29
o+ -+
HO, H H. OH
—#—> M-DOH <«—
D D
30 31

Fig. 15. Assigmment of configuration to 27 by mass spectro-
metry (see Figure 14.)

The ease of elimination of water as measured by the
ratio [M-H20/M]-4 was connected by the authors (441 to the
availability of abstractable hydrogens within 1.8 A, Deu-
terium incorporation shows that in the 3-exo alcoheol, loss
of water occurs predominantly from C-9; in the 3-~endo, this
loss is found overwhelmingly from C-6,7,8; in the 9-alcohol
loss occurs from C-3 of the synbridge. The 2-endo alcohol
was not labeled at C-7. Significantly, the 2-exo alcohol
(Flg 14) allows no hydrogen to approach within less than
2.5 & to the hydroxyl oxygen. In the 3-exo and endo and the
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32 ,:;l 33 é 3233 - 2%,

C(CH3)3 CCH3)3
OH
CH3 CHg
34 CH3 35 CH3 34/35 - ]8/]
(CH3)3 C(CH3)3
H OH
- 1
36 | I 37 @ 3%7 = Vo
“vC(CH3)y “ClCHa)y
OH
V OH

HC H3C
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38 (CH3)3 39 ™C(CH3)

Fig. 16. Loss of water from various tertiary butyl-substi-
tuted cyclohexanols. Percent of total ionization above m/e 24
(Zp4 m-18). Data taken on an MCH-1303 mass spectrometer at 70 eV
by direct inlet. Temperature not specified.

9 alcohols, at least two hydrogens, Ehown by labeling to be
eliminated, may approach within 1.8 A. This careful study
(44) (Fig. 14) allowed the authors to assign the configura-
tion at C-10 to the closely-related bicyclic alcohol produced
by lithium aluminum hydride reduction of 2-bicyclo[4.3.1]-
decen-10-one (27) (Fig. 15) (45).

The 10-alcohol in the [4.3.1] system, syn to the 3-
bridge, could not be obtained as reduction gave only the
epimeric alcohol syn to the larger bridge (Fig. 15).

The absence of loss of heavy water from 29 demonstrates
that the hydroxyl group faces away from the unsaturated
bridge in the precursor 28. That the unobtainable syn alcchol
in the [4.3.1] system would yield loss of heavy water is
strongly suggested by the results on 30 and 31.

Further insights into these phenomena arise from results
on tertiary butyl-substituted cyclohexanols (Fig. 16).

An important point to be derived from these data (Fig.
16) is that energetic parameters are not determinant. There
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is no correlation between elimination and axial or equa-
torial hydroxyl groups. Moreover, the molecular sets, 32/33
and 34/35, with available and unavailable tertiary hydrogens
at C-4 (six-membered ring-transition state for elimination)
exhibit the greatest differences. This is consistent with
the results found for cyclohexanol (37). Further, gem-
dimethyl substitution, weakening the bond to the carbinol
center and thus enhancing the stereoisomerically destructive
a-cleavage, decreases the stereoselectivity. The differences
in the 3-t-butyl substituted alcohols, 36/37 and 38/39,
strongly suggest that 1,3 elimination of tertiary hydrogens
occurs stereospecifically, in contrast to unsubstituted
cyclohexanol (46). Similar general conclusions may be drawn
from Russian work (Fig. 17) on 4-methoxy-3-f-butyl substi-
tuted cyclohexanols (47).

40 a 42 43
CoHg OH CoHs OH
L.OH f-nuCZH5 WOH
(CHyC" i (CHPL" (CHyC" (CHy)C™
.. OcHy OCH, OCH, OCH,
M-H0
™ 60 o % 06

Fig. 17. Elimination of water demonstrating dependency on
the 4-substituent. See Figure 16 for instrumental conditions.

Alcohols 41 and 42 with access (through the boat
conformation) to the available hydrogen at the carbon bearing
the methoxy group eliminate water readily. The ease of
elimination of water from 40 over 43 almost certainly arises
via abstraction of the activated hydrogens on the methoxyl
group as will be well supported by research to be discussed
below. Russell (48) has discussed ease of hydrogen abstrac-
tion by free radicals. Substitution by electron withdrawing
groups decreases the bond dissociation energy thereby giving
increased propensity for transfer of hydrogen atoms.

Related research on 3- and 4-substituted cyclohexanols
(Fig. 18) (49) indicates that the presence of competitive
cleavages and rearrangements will preempt the loss of water
in less attractive situations (i.e., 33, 35, 36, 38, 43). In
¢is- and trans-4-methylcyclohexanol, although a C-4 tertiary
hydrogen is available only in the trans isomer, the
[M-H20/M] ** ratio for trans to cis is only 13/1. The ratio
obtained under the same conditions for 32/33 (Fig. 16) is
340/1 (Fig. 18). The rapid loss of the tertiary butyl group
from 33 (M-C4Hg or C4H9+) was proposed (49) as providing
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Fig. 18. Stereoselectivity for water loss. Data taken from
an Atlas CH-4 mass spectrometer at 70 eV and <70°C,.

preemptive competition to the slower 1,3 available elimina-
tion.

The strange decrease from ethyl to isopropyl in the
4-substituted cases led to the suggestion (49) that 1,5
elimination from the isopropyl group in the cis compound
could compensate for 1,4 elimination of the available
tertiary hydrogen in the trans-4-isopropylcyclohexanol. This
would act to decrease the observed difference in elimination
of water from the isomeric ¢is- and trans-4-isopropylcyclo-
hexanol. Brown and co-workers (50) have shown that loss of
water may occur through seven-membered ring-transition states
(1,5) when the hydrogens transferred are accessible and
activated. Studies cited above (32) on the 1,4~-cyclohexane-
diol stereocisomers demonstrated elimination of water through
a seven-membered transition state.

Deuteration (51) of the tertiary hydrogens at C-4 and
on the pendant isopropyl group did reveal that the ¢is- and
trans-4-isopropylcyclohexanol isomers eliminate water in the
hypothesized (49) highly stereospecific manner (Fig. 19).

It is clear from the results in Figure 19 that proximity
of approach of the hydroxyl group and the isopropyl group in
the cis isomer allows loss of the available hydrogen. These
interactions were presumed to occur through boat (or flexible
form) intermediates. Reactions through unstable conformations
of cyclohexane are well documented in accessible phase
reactions (52), and thus proposals of highly energetic
molecular ions are not necessary.

These ideas of elimination of water occurring in compe-
tition with other fragmentations and via the abstraction of
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OH OH OH
; ; D; KCH H” —CHy
e, hy e
44 45 47
%M-DOH | %M-HOH
44 13 87
45 81 19
46 82 18
47 17 83

Fig. 19. Stereoselectivity for water loss revealed by
deuterium labeling; CEC-103 mass spectrometer at 70 eV and 130°C.

hydrogens that can be brought within bonding distance are
supported by a general study on t-butylcyclohexanediols
(Fig. 20} (53). The decrease in elimination of water and the
absence of stereochemical dependence for 48-51 (R=CH3) is in
line with increased a-cleavage (C-1, C-2) of the tetra-
substituted bond. Such weakening of this bond will act to
preempt loss of water by making other cleavage processes
more competitive. Further, only in 48 does the tertiary
hydrogen on C-4 become available to both hydroxyl groups
through 1,4 and 1,3 abstraction.

These ideas find further support in a wide range of
alcohols discussed below.

o+

M-H,0

{ 2/N\]U?ev) 975 | 028 | 002 | 087 | R-R,-H
04 04 04 04 R‘ =CH3;R2= H

Fig. 20. Effect of geminal substitution on elimination of
water. For Rj=H, Ryp=CH3; R;=R;=CH3 there occured no water elimina-
tion. From an MS-902 mass spectrometer at 70 eV and 80°C.
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B. Steroid, Terpene, and Related Alcohols

The large literature on the mass spectra of compounds
of these classes has shown that it is typical to observe
stereoisomeric dependence in the spectra. This work,
including general papers on the mass spectrometry of these
compounds, has appeared in review (54) without stereochemical
emphasis.

Klein and Djerassi studied the mass spectra of the 3a
and 38 alcohols of 5B8-cholane (55). Significantly, the 3a
alcohol, which bears an equatorial hydroxyl group, eliminates
water on EI (12 eV) to give an M-18 ion three times more
intense than that observed for the axial 38 alcohol. They
noted the potential elimination of the C-9 tertiary hydrogen,
which would be available only in the 3¢ alcohol. Such a 1,5
abstraction would parallel the situation in ¢is-4-isopro-
pylcyclohexanol (51). Their results on the C-9 deuterated
58-cholan-3a~- and 3B-ols are presented in Fig. 21. For the
30 alcohol, about 80% of the loss of water appeared as loss

—> M-DOH <«—H— III'I'i!II I
HO' H 53

Fig. 21. Stereosepcific water elimination from a 58 sterol.
Data at various beam energies on the MS-9 mass spectrometer at
180°C by direct inlet.

of heavy water (M-19), while the 3B isomer exhibited only
elimination of water (M-18). Models show that the C-9
tertiary hydrogen may be brought within 0.4 % of the 3-
hydroxyl group in the boat conformation of ring A.

Many exemplary studies demonstrating the principle of
proximity for bonding have been carried out at the USSR
Academy of Sciences. This work has been critically discussed
by Meyerson and Weitkamp (11) and Budzikiewicz (56). The
observations of a wide spectrum of structural types are
exceedingly useful. The mass spectral results on elimination
of water from the methyl ethers of l4-hydroxy-D-homoestrones
(54-57) and isoestrones (58, 59) are presented in Fig. 22
(56, 57).

Dreiding models snow that the C-9 tertiary, benzylic
hydrogen may be brought, without undue strain, within 2 }
of the abstracting hydroxyl oxygen atom in all cases where
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Fig. 22. Elimination of water from homoestrone stereoisomers.
Direct inlet at 70 eV on an MX-1303 mass spectrometer; the numbers

are the ion intensity ratios for M-H,0/M.

this hydrogen is cis (55, 56, 59) to the hydroxyl group. The
C-9 hydrogen in the trans isomers (64, 57, 58) is not acces-
sible without prior ring rupture. The ease of spatial acces-
sibility of this rather activated hydrogen is certainly re-
flected in the greater propensity for water loss (Fig. 22).
An attempt at deuterium labeling, although with poor incor-
poration, nevertheless demonstrated (57) greater loss of
heavy water (M-18) in 65 (9,11 dy) and 56 (9,11 d,) over 54
(9,11 dy) and 57 (9,11 dy). The molecules deuterated at C-8
gave molecular ions that in no case eliminated DOH (57).

The ll-hydroxy- and lé6-hydroxyprogesterone (£0-63)
stereocisomers provide another molecular set demonstrating
these proximity effects (Fig. 23) (58).

Models show that the hydroxyl group in 6I cannot
approach the secondary hydrogens at C-1 within 2R and that
the 1,4 related C-14 hydrogen is available only through the
impossible C~ring boat. The hydroxyl group in 63 may abstract
hydrogen only from the methyl group. Both compounds (61 and
63) show little loss of water. In contrast, both ring
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Fig. 23. Water loss from progesterones. Mass spectra by
direct inlet on an MX-1303 mass spectrometer at 145-165°C at 70
ev.

juncture methyl groups in 60 are within bonding distance
(1.4 A) without conformational change. The intense loss of
water from the molecular ion of 62 is remarkable if it
involves the C-14 tertiary hgdrogen. The distance in the
relaxed Dreiding model is >3A. The speculative correlation
flowing from the data of Figures 22 and 23 is supported

by the addition of further studies on bile acids. These
interesting molecular templates (Fig. 24) provide a useful

CO2CH3 COxCHy
e s D
{M-Hao/M]™*
~OH POSITION [] a

64 3a 50 23
65 38 15 07
66 7a 23 13
67 78 5 13
68 12a >14 >N
69 6a 50 —

Fig. 24. Stereoisomeric dependency for water elimination
from bile acids. Mass spectra on an LKB 9000; temperature and
voltage not specified.
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test of predictability of the propensity for EI elimination
of water (59).

The speculative correlation that flows from the data
of Figures 22 and 23 is supported by the addition of
further studies on bile acids. These interesting molecular
templates (Fig. 24) provide a useful test of predictability
of the propensity for EI elimination of water (59).

The two configurations exhibiting the highest ratio of
[M—Hzo/M]'+ are the 3a and 6a alcohols of the 58 cholanic
acids (648 and 69B). The former molecule is directly
analogous to 5B8-cholan-3a-o0ol studied by Klein and Djerassi
(55). As they round, the 3a alcohol loses water on EI by
abstraction of the C-9 tertiary hydrogen while the
38 epimer has no such possibility. The 6o-alcohol molecular
ion is also well disposed for elimination. Models show that
the twist-boat conformation of ring B(rings A and C, chair)
is relatively free of eclipsing }nteractions and the
60-~hydroxyl group is within 1.6 A of the C-1 and C-3 a
hydrogens. These abstractable hydrogen atoms are also
related 1,4 (six-membered ring for transfer) to the hydroxyl
group. The 1,4 relationship for elimination is highly favored
in both cyclic and acyclic model alcohols (26, 27, 37). A
less distinct situation exists for loss of water from the 7a
alcohol (668) in the 5f cholanic acid. The all-chair
conformation allows this hydroxyl group to approach within
1.6 R of the C-4 a hydrogen. This abstraction is related
through a six-membered ring as for 698 above. Significantly,
698 eliminates water on EI with twice the relative intensity
of [M-H20/M]-+ and has available two similarly related
carbon-bound hydrogens (see above). Similar conjecture
serves for analysis of the other isomers as well, and models
show reasonable consistency with the ease of elimination of
water. The system clearly calls for further scrutiny by
deuterium labeling. It seems very likely that studies of
detail will reveal that the positions of hydrogen abstraction
are conformationally sensible.

An apt demonstration of this regioselectivity for
elimination of water is found in studies (60) of 38,12q,
178-trihydroxy-50-androstane (70) and the 128 isomer (71)
pictured in Figure 25.

In both 70 and 71 the ion for elimination of water on
EI is intense. Nevertheless, the molecular ion from 70 is
absent from the spectrum while 71 yields a low-intensity
molecular ion. These results imply that 70 has available a
lower energy pathway for decomposition than does its 128
isomer. Indeed, 70 exhibits only two major ions, M-H,0 and
M—H20—CH3, while the M—Hzo ion from 71 fragments to
eliminate a methyl radical to only a small extent. The
ready loss of a methyl radical from the M-H0 ion derived
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Fig. 25. Androstane isomers studied for water elimination.
Measured on an Atlas-CH-4 mass spectrometer at 70 eV and 80°C.

from 70 and a lower molecular ion intensity from 70 both
find ready explanation in potential loss of the accessible
170 activated hydrogen. This hydrogen of reduced bond energy
(48) provides a radical site adjacent to the C-18 methyl
group, enhancing its loss, and providing as well a low-
energy pathway for water elimination. This will reduce the
intensity of M+t from 70. Although the C-18 methyl group

was not labeled, the l17o-hydrogen was substituted by
deuterium in both 70 and 71, The former sterol (70) elimin-
ates DOH, while the 128 epimer does not (60).

Karliner, Budzikiewicz, and Djerassi have uncovered
stereospecificity for EI elimination of water from the C-3
epimers of cholestan-3-ol (61). Their case is unique in that
elimination of water occurs only after loss of a methyl
radical from the molecular ion. Figure 26 presents their
findings. The percentages are the fraction of water loss
appearing as heavy water. Again, as in the androstanes (60),
an activated (i.e., bond weakened) hydrogen is sterically
accessible in a 1,3 relationship to the hydroxyl group. The
significance of the fact that the cholestanol study involved
elimination from an overall even-electron ion is not
presently apparent.

Further evidence for the EI steric sensibility of
sterols and related fused rings comes from the findings by
Fenselau and Robinson (62) that steroid diols capable of

Cghyy Cghhz

—B3%,  [m-DOH-CHy)" <11

H

on

Fig. 26. Unusual water elimination from an even electron ion.
Data taken on a CEC-21-103C spectrometer at 70 eV and direct inlet.
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internal hydrogen bonding in solution exhibit EI loss of
dideuterium oxide from the deuterium exchanged diols.

This predictability is manifested in understanding the
relative ratios of [M—18/M]°+ from the mass spectra of
various 3—methoxy—l7—alkyl—A113'5(10)'BD—homestratetraen—
17-0ls (74-77, Fig. 27) (63).

Ry | R [tm1s/mI?
74 | on CHy 04

75| cHy | oH 32
76 | oH CoHs 0.2
CH. 30 77 C2H5 OH 23

Fig. 27. Stereoselectivity for water loss from homoestra-
tetraenols. Spectra taken on an MX-1303 mass spectrometer at 70 eV
by direct inlet at 100°C.

Dreiding models show t?at the hydroxyl group in 75 and
77 may approach within 1.8 A of the tertiary allylic hydrogen
at C-14, and further, that this may occur in the chair
conformation of ring D. This attractive hydrogen is unavail-
able to the B alcohols in any conformation. The prediction
of increased water elimination from the molecular ions of
75 and 77 is in line with the facts (Fig. 27) (63). Similar
findings were obtained on the analogous five-membered
D-rings of 74-77 (64). Early success in the observation of
stereoisomeric dependence of the mass spectra of sterols led
this Russian group to presciently conclude (63) that "The
results obtained permit a new approach to the determination
of the configuration of steroid and possibly other cyclic
alcohols by means of mass spectrometry."

In a series of sixteen pairs of diterpene epimers
studied by Enzell, Wahlberg, and Gunnarsson (65) these prin-
ciples were applied to relating the relative EI elimination
of water to the configurations of these materials. Certain of
their data are reproduced in Figure 28.

Although the foundations of the stereoselectivities
observed (65) for compounds 78-83 may only be revealed by
necessary labeling experiments, one can already see the
return on earlier investments on model systems. Thus both
78a gnd 79a allow the hydroxyl group to approach well within
1.6 A of the C~-5 hydrogen in the boat conformation of ring A.
This proximity to the C-5 tertiary hydrogen is denied to the
B epimers. This situation parallels that for the isomers of
4-t-butylcyclohexanol where high stereospecificity was ob-
served for EI loss of water (33, 34). The hydroxyl group of
the B-isomer has available only more costly carbon-hydrogen
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Fig. 28. Water elimination from diterpene epimers. Mass
spectra taken on an LKB 2000 by direct inlet and source tempera-
ture 270°C. o and B refer to the configuration of the hydroxyl
group (o, down; B, up). The numbers are expressed as percent of
total ionization; the M'' intensity was not given; the numbers
here are the average of values given in the original paper (65).

bonds to break to form a molecule of water for elimination.
It seems significant that substitution (80 and 8I1a,B) adja-
cent to the carbon bearing hydroxyl group has been seen
before to substantially reduce or eliminate stereoisomeric
dependence for EI water loss (Figs. 16 and 20) and this is
found for 7Yaq,B compared to 80wu,B and 81a,B. In addition,
in both 80a and 818 the C-5 tertiary hydrogen is now related
in a less favorable 1,3 position to the hydroxyl function.
This allows more energetic routes of the B alcohols to com-
pete more effectively and thus reduce the stereochemical
effects.

Series 81 and 82 offer a significant contrast. In both
820 and 82B the hydroxyl oxygen may approach to within 1.4 A
(Dreiding Model) of the tertiary benzylic hydrogen on the
pendant isopropyl group., The increase in EI loss of water
between these constitutional isomeric sets is a startling
demonstration of the importance of this proximity.

The isomeric difference in 83 may be ascribed to the two
1,3 related tertiary hydrogens in the isomer unavailable in
838. Model studies on 3-t-butylcyclcohexanol discussed above
(Fig. 16) demonstrated that 1,3 tertiary hydrogen availa-



60 MASS SPECTROMETRY AND STEREOCHEMISTRY

bility leads to large isomeric effects on EI elimination of
water. The lower activation energy (E. in eqg. [1], Sect.

I-C) for rearrangement by abstraction of the bond-weakened
tertiary hydrogens is nicely reflected in the reduced molecular
ion intensity for 83a (Fig. 29). This is a general phenomenon.

100
245 83
80—
60—, 260
40—
20—
M
278
c | I 1 I
[ | ]
120 160 200 240 280
100
834
80—
60— M
278
263
40— 245
20—
L1
o
| 1 |
120 160 200 240 280

Fig. 29. Mass spectra showing relationship of water loss to
molecular ion intensity (see Figure 28). Spectra taken at 70 eV,

Similar arguments regarding the other isomeric sets
studied (65) may effectively rationalize the observations.
Although the qualitative principles seem established, the de-
tailed validity of these arguments must await more focused
experiments. Such experiments are also awaited to elucidate
other stereocisomeric effects on sterol mass spectra (66).
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C. Polyalcohols and Ethers

Although there is an infinite difference in the EI loss
of water from the stereocisomers of c¢is- and trans-4-t-butyl-
cyclohexanol (33, 34), the methyl ethers of these isomers
show difference measured under the same conditions that are
less distinct (67). The trans isomer continues to find less
energetic routes to elimination, methanol in this case, while
the cis isomer exhibits a substantial ion intensity at [M—CH3-
OH] ** as well (Fig. 30).

ocH, OCH,
o+
84 85 O [M-CHgo%] 8%4:11.4
ko b

Fig. 30. Stereoselectivity for elimination of methanol.
Photoionization at rocom temperature on an MS-9 mass spectrometer.

These results (67) may be interpreted as demonstrating,
first, that the proximal effects for rearrangement loss of
water are in force in the related ethers. Second, the reduced
stereospecificity for EI elimination of methanol is consis-
tent with studies on cyclohexyl methyl ether and cyclohexyl
chloride. Klein and Smith (68) found for cyclohexyl methyl
ether that the 1,3 EI elimination of methanol is enhanced
over the EI 1,3 elimination of water from cyclohexanol.
Whereas the ether exhibits 66% of abstracted hydrogen from
C~-3 and C-5 of the ring, the alcohol shows only 41%. The
increased availability of 1,3 hydrogens in the cis-4-t-
butylcyclohexyl methyl ether opens a competitive route for
elimination of methanol from the less-favored isomer.
Significantly, increased EI 1,3 elimination of HCl from
cyclohexyl chloride was shown to involve only the ring
hydrogens cis to the pendant chlorine, while EI 1,3 elimina-
tion of water involved both geminal diastereotopic hydrogens
on C(3) and C(5). This result suggests ring rupture and
thereby higher energy of activation. The demonstrated in-
creased ease of EI 1,3 elimination of HCl is reflected in no
observable difference for EI loss of HCl between ¢Zs- and
trans-4-t-butylcyclohexyl chloride (37). It was proposed
the trans isomer eliminated HCl via the C-4 tertiary
hydrogen, while the cis isomer has available the now acces-
sible C-3,5 hydrogens. This increased abstraction of hydrogen
through larger distances (i.e., models show a hydrogen
on C-4 may approach a group located on C-1 closer than a
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hydrogen on C-3) has been quantitatively related to the
size of the abstracting atom (37, 41). Significantly, the
O-H bond distance in R-O-H is longer than that for H,0 (69),
in line with these ideas that ethereal oxygen has a longer
reach than hydroxyl oxygen.

The symmetrical 1,3,5-trimethoxycyclohexane epimers
(70) provide a demonstration of this ease for 1,3 elimination
and as well introduce a rearrangement unique to dimethyl
ethers. As exhibited in Figure 31, the fragmentation pathways

ot [
OCH, QCH,

— M-CH2O“M-CH3OH —
HCO OCH, Hco" “0CH,
86 87

Fig. 31. Spatial dependency for rearrangements of ethers.
70 eV and 150°C on an MS-9 mass spectrometer.

lead trans-1,3,5-trimethoxycyclohexane (87) to eliminate
CH30H under electron impact while the cis isomer uniquely
pushes out CH,O. Deuterium labeling showed that 90% of the
CH{0H lost from 87 involved the axial methoxy group and,

as expected, that the elements of CH,0 from the molecular ion
of 86 involve a methoxyl methyl group. These findings are
consistent with a favorable 1-3 abstraction of hydrogen to the
axial methoxyl group in 87, In 86, on the other hand, where
no EI loss of CH,OH is observed, these hydrogens are inac-
cessible. Significantly, the loss of CH,O takes precedence
over the structurally possible but inactive 1,4 elimination
of methanol. The authors (70) propose that hydrogen transfer
from one ethereal methyl group to a cis ethereal oxygen in
the molecular ion of 86 is the fount of this rearrangement
loss of CH20. Hydrogen transfer of this type finds support in
studies of other ethers (71).

EI measurements on 1l,3-dimethoxycyclohexane and 1,4-
dimethoxycyclohexane isomers (70) nicely demonstrate (Fig.
32) the proximity effects necessary for observation of the
[M-CH.O0]*% and {M-CH.OH] -t ions. The trans isomers in both
the 174 and 1,3 series (89 and 91) allow bonding interactions
between one of the methyl ether groupings and an activated
ring-bound hydrogen. This geometry, which obviously enhances
loss of CH_OH, simultaneously does not allow the pendant
ether groups to approach each other. Loss of CH_ O from the
trans molecular ions (89 and 91) is hardly observed (Fig. 32).

Stereoisomeric dependence data from the mass spectra
of various 1,4-decalindiols and their methyl ethers (72)
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Fig. 32. 1Isomeric dependence for loss of formaldehyde and
methanol. Numbers are the percent of total ionization for the
designated ions, i.e., [M-CH30H] 't measured as specified in
Figure 31.
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H = H = H
H H 2 H
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R | 92 [ 93 | 94 | 95 | 96 | 97
M-H0 H | 88 | 18 | 98 | 74 | 18 | 20
M- D0 D | 03] 17 | 03 | 04 | 14 | 13
M-CHO [ CH; | 02 | 08 | 02 | 02 | 06 | 12
M-CHOH CH, [ 50 | 26 | 59 ] 39 TT18 | 30

Fig. 33. Rearrangement as a function of stereochemistry in
decalins. All data presented as percent of total ionization (%I39);
mass spectra taken on an Atlas SM-1B and an Atlas CH-4 at 70 eV
and 150°C.

are presented in Figure 33.

There is already gratifying stereosensibility even in
these first-generation observations. The molecular ions, with
R=H, of 92, 94, and 95 exhibit enhanced elimination of water
over the other epimers. These three molecules are unique in
allowing one hydroxyl group access to the bond weakened (73)
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(i.e., activated for abstraction) carbinol-bound hydrogen.
Consistent with the less specific demands for methanol loss
(68), these same materials with R = CH3 exhibit decreased eli-
mination compared to the epimeric diethers (93, 96, 97, R =
CH3). Further, the alcohols 93, 96, 97 (R = H) in which the
1,4 alcohol functions are rolated cis, exhibit decreased EI
loss of water, and that water which is lost is shown by
deuterium labeling to involve interaction of the diol func-
tions: M-D_O in 93, 96, 97 (R=D). These results are entirely
consistent with the observations on cyclohexane-1,4-diol (32).
In that epimeric set, the trans isomer shows facile elimina-
tion of water on EI while the decreased banishment of water
from the cis isomer arises by loss of D0 from the dideuter-
ated diol. The cis methyl ethers, 93, 96, 37, (R = CH3), in
the related observations show enhanced EI elimination of
CH,O, which is again consistent with the proposed hydrogen
transfer from one methoxyl group to another (71). Recent

work from the same laboratory (74) on decalin-1,5-diols and
dimethyl ethers provide another example (Fig. 34).

OR OR
H H
S H - H
OR OR
100 101 102
98 99 100 | 101 102
M-R,0 43 | 33 | 30 | 42 [ 49 | R-H
M-CHOH | 16 | 14 [ 15 [ 18 | 15 [ R-CH,
M-CH,O 0 0 0 | 13 ]100 | R=CH,

Fig. 34. Rearrangement from isomeric decalins. Mass spectra
were taken on a MAT-CH-4 mass spectrometer at 70 eV and 150°C. The
numbers are the percent of total ionization above m/e 39.

The measurements on the isomers 98-102 with R = H and CHjy
are instructive in that only elimination of CH.O shows overt
dependence on stereoisomerism. This follows from the nature
of this fragmentation, which requires interaction of the two
functional groups. This interaction is only possible without
rearrangement or bond cleavages of the decalin framework in
102, R = CH3. Following from all the results presented above
on these and related molecules, it is extremely likely that
the elimination of CH30H and Hp0 from the other isomeric mole-
cular ions occur both regio- and stereospecifically. In the
absence of deuterium labeling, these effects will not be
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revealed when various more-or-less equivalent hydrogens are
available for elimination (51).

In the isomers of monobenzyl monotrimethylsilyl-1,4-
cyclohexandiol, the rearrangement reactions are easily per-
ceived since they give rise to stereoisomerically unique
fragmentations involving the interaction of the formally
remote groupings (75). One of these processes that stands
tall among many differences between the mass spectra of the
cis and trans isomers (103 and 104, Fig. 35) is the elimina-

o+ ot
OSilCH4)y OSi(CHq)4

> 115% [M-pCHO| 1.5% «———

OCH® éCHfP
103 104

Fig. 35. Isomeric dependence for functional group inter-
actions in 1,4 diethers. Percentages of the total ionization at
12 eV taken on an MS~902 mass spectrometer at 200°C.

tion of the elements of benzaldehyde, M—C7H60, from the
molecular ion of the cis isomer. Labeling experiments show
that a single benzylic hydrogen is retained in the loss of
CyHgO. It is reasonable and consistent with observations on
the methyl ethers discussed above (70) to propose that a
boat or twist boat conformation of the molecular ion of only
103 allows transfer of a benzylic hydrogen to the silyloxy
group.

D. Sugars and Related Molecules

A number of workers have studied the stereoisomeric
dependence of rearrangements in the mass spectra of glycols,
sugars, sugar derivatives, and their models (76). This re-
search shows that there is invariable but small dependence of
the fragmentation fingerprint on stereochemistry. The founda-
tions of these phenomena remain unresolved. In certain cases,
EI reactions of derivatized saccharides are extremely sensitive
to configuration (77, 78). These latter effects, which have
been ascribed to steric crowding, are exemplified by the
mass spectra of the various sets of epimeric benzylidene
acetals (106-110) reproduced in Figure 36 and the trifluoro-
acetylated adenosine isomers (111-114) reproduced in Figure
37. In spite of these clear suggestions (Figs. 36 and 37) of
the sensitivity of mass spectrometry to saccharide derivative
stereochemistry, and although mass spectrometry is widely
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used in structural work on sugars (79), the technique has not
been exploited to gain configurational information on these
molecules.

In an alternative approach, DeJongh and Biemann con-
verted saccharide stereoisomers to constitutionally isomeric
isopropylidene derivatives (80). The latter materials could
easily be distinguished by mass spectrometry, thereby
secondarily distinguishing their precursor stereoisomers.
Pattern recognition has been proposed as a way of consistently
distinguishing the mass spectra of stereoisomeric sugars (81).
This technique does not require understanding of the funda-
mental relationship between saccharide structure and the
chemistry observed on electron impact. This relationship is
the key to progress in this area.

IT1. STEREOISOMERIC DEPENDENCE IN THE ELECTRON IMPACT
INDUCED (EI) REARRANGEMENTS OF CARBONYL COMPOUNDS

A. Spatially Dependent EI Rearrangements
of Carbonyl Compounds

The electron-impact-induced gamma-hydrogen transfer to
carbonyl oxygen followed by beta-bond cleavage (eq. [2]) has
been named in honor of one of its early investigators, F.W.
McLafferty. A review has appeared (82).

o+ o+

Ha o Ha ~o

| _— Cate + )\ [2
=

The allowable distance between the transferred hydrogen
(Hy, eq. [2]) andothe carbonyl group has been suggested to
be less than 1.8 A, on the basis of studies of steroid ketones
by Djerassi and co-workers (83). The maximum allowable angle
between the plane of the carbonyl group and that of the
transferred hydrogen has been suggested to be about 50 deg.,
based on studies of medium ring ketones (84),

This research (83, 84) on the spatial dependence for
hydrogen transfer has not involved the direct observation of
the McLafferty rearrangement but rather the observation of
secondary fragmentations postulated as deriving from the
McLafferty rearrangement. In addition to this obscuring
factor, the molecules studied involve (83, 84) many structural
changes in addition to that focused on, i.e., distance and
angle between the carbonyl group and the potentially
abstracted hydrogen. These widely variable structural pa-
rameters and their affect on fragmentation are illunderstood,

—
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leaving one assigning McLafferty rearrangement propensities
to factors somewhat arbitrarily chosen. This research,
although weak in making general and extrapolatable assign-
ments of quantitative distances and angles, nevertheless is
extremely useful in leaving no doubt that these spatial
factors are heavy determinants in the possibility for hydrogen
rearrangement to carbonyl groups under electron impact. This
spatial dependence must give rise to stereoisomeric dependence
on these and related EI rearrangements. This has been
observed.

Thomas and Willhalm (85) early found that the mass
spectra of the exo and endo acetyl- and formylnorbornanes
(116-120) were first, widely different (Fig. 38) and second,

e Me
o)
— 71 b — 9
.
CH3
115 o ~cny 116
s s
CHy 79 E%O
"7 O4C\CH3 118 CH3
—_— 109
CHy g;o
N
19 > 71 120 H
o?“~H

Fig. 38. Stereoisomeric dependence for rearrangement in
bicyclic ketones. The ions designated are the most intense peaks
(m/e) in each mass spectrum.

interpretable, if viewed as spatially dependent McLafferty
rearrangements (Fig. 39).

In each case, (Fig. 38) the ion intensity at the alterna-
tive m/e position is minor for each epimeric set. Clearly
there is a driving force for rearrangement uniquely at work
in the endo isomers 116, 117, and 119. The exoc compounds
exhibit expulsion of the acyl grouping (Fig. 39). As will be
seen below, the loss of R,CO from the molecular ions of the
exo compounds appears to ge one example of a general pheno-
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Fig. 39. Possible ion structures for the rearrangement ions
of Figure 38.

menon studied in detail in the norbornyl bromides. The
elimination of the C_ fragment in the exo series, leaving an
ion with the elements of [A]'+, was not confirmed, since
labelling experiments at the position of proposed hydrogen
transfer were not carried out. Nevertheless the differential
observations for exo and endo isomers are striking and
entirely consistent with the spatial accessibility for 1,4
hydrogen transfer for rearrangement only in the endo compounds.
In line with Djerassi's view (83), the Ce endo hydrogen is
ca. 1.2 & from the carbonyl oxygen, while the syn hydrogen on
the one-carbon bridge also related 1,4 to the exo carbonyl
grouping is 2 R away.

The 50, and 58 epimers of 4,4-dimethyl-6-androstanone
(121, 122, rig. 40) undergo a rearrangement involving loss of
ring A (86). This was seen by the authors as an example of
the McLafferty rearrangement. Their proposal (Fig. 40) is
independently identical to that hypothesized by Thomas and
Willhalm (85) for the rearrangements observed in 115-120.

Deuterium labeling of the gem dimethyl groups showed
that the transferred hydrogen was largely from the methyl
groups in both epimers 121 and 122, although the transfer was
not clean. The spectra are striking in comparison since the
m/e 219 ion in 122 takes the lion's share of the fragmenta-
tion (% 20.8%), while the ion of the same m/e value in
121 is one of many intense peaks in the spectrum (I 3.8%).
Significantly, in line with an easy low energy rearirangement,
the 58 compound 122 molecular ion intensity is less than
one third of that of 121.

Dreiding models show that the ring-intact all-chair
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ot

s — 5 Me 2w

H.C CHy O 0
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Fig. 40. Stereoisomeric dependence for rearrangement in 5a
and 58, 6-ketosteriods. Measured on an Atlas CH-4 mass spectrometer
at 70 eV and 200°C; percent of total ionization from m/e 28 to the
molecular ion.

conformations (rings A and B) of 121 and 122 allow the car-
bonyl group to approach within 1.6 R of the hydrogens on the
C-4 o methyl group. The apparent ease of rearrangement in
122 over 121, although subject to quite reasonable conforma-
tional proposals, is a subject for further experiments.

Other examples of stereoisomeric dependence for proposed
rearrangement of hydrogen to carbonyl (87, 88) demonstrate
that proximity of hydrogen is the key. In particular, the
later reference (88) is rich in stereoisomerically dependent
fragments involving proposed and likely regiospecific
hydrogen rearrangements. The various hypotheses (88) were
not further supported by deuterium labeling. These stereo-
isomers are exhibited in Figure 41 (88).

The EI elimination of methanol and methoxy radical by
123 and 124 wane and wax with the former preferentially
cleaving (M—OCH3)°+ while the latter exhibits a more intense
ion at (M—CH3OH)-+. This behavior may be postulated as arising
from the accessibility of the C-9 (bridge) tertiary hydrogen
only in 124. Significantly, in the related stereoisomers 125
and 126 there is no cleavage to yield (M-OCH,)*, but rather
both compounds eliminate the elements of methanol on electron
impact, 125 with far greater facility. In each case the
benzylic (125) or tertiary hydrogen (I126) is accessible to
the carbonyl group (within 1.6 &) in the intact molecular
ion. The carboxylic acids 127 and 128 in contrast show
mutually exclusive EI elimination of the elements of HCO,H



72 MASS SPECTROMETRY AND STEREOCHEMISTRY

HiGC H
C g
R, R,

123 coxCHy CHy
124 cHy  COtHy

HG K

g

R

R, R

125  COxtHy CHy
126 oy CO4CHy
127  coMH  CHy
128 cny COH

Fig. 41. Bicyclic isomers studied for the epimeric depend-

ence of their mass spectra (88).

and COoH, respectively. Whatever may be the ultimate sources
of this behavior, it is likely that the presence of the

benzylic endo hydrogen within 1.6 R of the carbonyl group is
important to this difference. It is precisely this access of

a carboxyl grouping to a benzylic
and related compounds that is the

hydrogen in gibberellins
foundation of a mass spec—

tral approach for assignment of stereochemistry in these

molecules (89).

The various gibberellins studied by Gray and Pryce

(89) are represented in Figure 42.

T4,

129 CH

131

133

Fig. 42. Giberellin isomers
In each case R=H or D,

130

132

T,

134 g ot

studied by mass spectrometry.
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The mass spectra of the epimers, taken at 250°C and
70 eV, are distinct. The most intense ion in the spectra of
130 (R=H), 131 (R=H), 133 (R=H), and 134 (R=H) appears at
m/e 138, and is shown by high resclution mass spectrometry
(89) to correspond to the EI loss of the elements of the
carbomethoxyl group plus a single hydrogen. The spectra of
the other isomers 129 (R = H) and 132 (R = H) are more compli-
cated, show a higher intensity molecular ion, and exhibit in
both cases an ion at m/e 139 of higher intensity than that
at m/e 138. This ion (m/e 139) involves the loss from the
molecular ion of only the elements of the carbomethoxyl group.
Substitution of deuterium for hydrogen in all cases (R=D)
causes at least 80% of the hydrogen atom involved in the
formation of m/e 138 to be replaced by deuterium, i.e.,
{M-C,H30,D] -+ instead of [M-CoHLO5] °+.

It is clear that the EI elimination of the benzylic
tertiary hydrogen cis to the pendant carbomethoxyl group in
130, 131, 133, and 134 (all R = H) is responsible for the
intense ion of m/e 138. The first point of interest is the
exceptional distance between the carbomethoxyl group and this
hydrogen which is >2 2 in the relaxed Dreiding model. This
appears to be another example in which decreased bond strength
for the eliminated hydrogen allows a longer distance between
the heteroatom and the hydrogen in the abstraction step. The
stereoisomerically dependent elimination of C,H,0, from the
molecular ions allowed the assignment of configuration (89)
to two unknown molecules of this structural type (Fig. 43).

Fig. 43. Molecular configurations assigned by mass spectro-
metry (89).

The two materials, 135 and 136, were known to be
epimeric at the carbon bearing the carbomethoxyl group. One
of the unassigned stereoisomers gave a mass spectrum, under
the same conditions as for compounds 129-134, in which the
most intense ion appeared at m/e 171. The other exhibited a
slightly less intense ion of m/e 170. The two fragments
correspond to [M—C2H302]-+ and [M—C2H402]'+, respectively,
and, therefore, the molecule giving rise to the most intense
ion m/e 170 was assigned structure 136 (Fig. 43) (89).
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Lansbury and his co-workers (90) have utilized a similar
phenomenon to assign configuration to the epimeric synthetic
intermediates 137 and 138 (Fig. 44).

Fig. 44. Configurations assigned by mass spectrometry (90).

The two stereoisomers of unassigned configuration were
known to be epimeric at the carbon bearing the carbomethoxyl
group (137 and 138). The stereoisomers were distinct in all
their spectral properties including the mass spectra. Only
the last distinction allowed assignment of stereochemistry.
Both isomeric molecular ions lost the elements of the chlori-
nated side chain to vyield [M—C4H5C1]'+ ions. This fragment
ion went on to eliminate CH30H from only one of the isomers.
The two materials were deuterated at the open methylene
group adjacent to the carbonyl function and the isomer that
exhibited an ion for loss of CH30H now lost CH30D. Molecular
structure 137 was therefore assigned to the material that
lost CH3OH. As the structural representation shaws (Fig.

44), only in this isomer {137) will the carbomethoxyl group
have access to the abstracted hydrogen. This ion subsequently
expels a molecule of carbon monoxide, thereby completing the
total elimination of the carbomethoxyl group plus one
hydrogen. This loss of carbon monoxide in a second step
offers a clue to the unusual but proposed (88, 89) elimina-
tion of the entire carbomethoxyl or carboxyl groups plus one
hydrogen in 130, 131, 133, 134, and 127, respectively (Fig.
41 and 42). In each case there is no evidence offered to
preclude the more satisfying elimination of the elements of
methanol or water, respectively, followed by loss of carbon
monoxide. The stereochemical arguments are unaffected by

the stepwise or concerted nature of the fragmentation.

There is in this work the question of the abstraction
from the methylene group adjacent to the carbonyl function
in the endo carbomethoxyl group versus the formally available
syn tertiary hydrogens in the exo isomer. The latter elimina-
tion, which does not occur, would involve transfer through a
six-membered ring, while that observed involves formal
hydrogen transfer through a seven-membered ring. Interestingly,
models indicate that the ring breathing or bellows motion
that brings the endo carbomethoxyl group well within 2 R
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of the eliminated hydrogen is subject to greater flexibility
than the motion that brings the tertiary syn hydrogens to the
equivalent position in the exo carbomethoxyl group. Whatever
may be the fundamental source of this distinction, these
workers (90) found the elimination of ROH to be predominant
for the endo isomers depicted in Fig. 45, and thus general
for these fused molecules. They did not comment on the exo
isomers in that series (Fig. 45).

o+
CH3

SRy
H3C?C®E° ——  [M-rod”
*oh
R - H.CH3.CgHs
139 R‘ = H or alkyl

Fig. 45. Stereospecific loss of ROH from the Lansbury and
Wang endo stereoisomers (90).

Mandelbaum and his co-workers, consistent with Lansbury
(90), had earlier demonstrated (91) that the EI elimination
of the elements of methanol from carbomethoxyl groups are
not limited to six-membered rings, but may proceed through
apparent five- or seven-membered transition states if the
distances are appropriate. The molecules under consideration
and the ion abundances for loss of CH3OH and CH30* are por-
trayed in Figure 46.

Both the endo (140) and trans (I142) series show easy

(CHgln (CHo)
~CO2CH3 COQCHg
1CO9CHy COACH,
(CHgln {CHY)n
140 141 142
| n | m-CHe0)” (M-CryoHT [M-CHy0) * | (M-CHyOHY| (M-CHz0] * | M-CHyOHH
] 11 46 21 04 20 55
2 11 80 22 06 05 104
3 08 67 14 03 1.2 122
4 13 71 09 02 17 121

Fig. 46. Elimination of methanol or methoxyl radical from
stereoisomeric diesters. Data taken on an Atlas CH-4 mass spectro-
meter by direct inlet at 70 eV. Data reported as percent of total
ionization (%Iyg).
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EI elimination of the elements of methanol [M—CH3OH]'+ for
all values of n. This result is reversed in the exo isomers
(141) where the cleavage loss of the methoxy group from the
molecular ion waxes over the rearrangement process.

Extensive deuterium labeling (91) revealed the foundation
for this stereoisomeric dependence. The endo series (7140)
molecular ions lost the elements of methanol by abstraction
of hydrogen from the allylic methylene group through an
apparent seven-membered ring~transition state or intermediate.
This process is not possible for the exo series (147).
Further, the trans diesters (142) carried out the rearrange-
ment via specific abstraction of the hydrogen on the carbon
bearing the vicinal carbomethoxyl group and from no other
position. This involves a five-membered ring transition for
abstraction. Models indicate that the hydrogens on the allylic
methylene may be brought to well within 2 & of the oxygen
bearing the methyl group in the endo series diesters (740).
The absence of elimination from the tertiary allylic hydrogen
in the trans diesters (I142) and the only slight elimination
in the exo epimers (747) is notable and inexplicable.

As seen below (Section IIIB), cleavage of the methoxyl
group which is most competitive in the exo series (141), is a
general interactive phenomenon for cis dicarboxyl groups
when rearrangement paths are less available.

B. Fragmentations of Carbonyl Compounds Involving the
Spatial Integrity of Double Bonds

There is a body of evidence strongly suggesting
spatial integrity of double bonds in a wide range of ole-
finic carbonyl compounds under electron impact. These facts
are presented below starting with a study in Israel on the
3,4-diethylmuconates exhibited in Figure 47 (92).

COCH3
Cofs ~ CMN N coychy Cmr:cozcm
s N s Cps” NS

CO,CH3 COzCHg

143 144 145

Fig. 47. Mass spectra of stereoisomeric diesters taken on
an Altlas CH-4 mass spectrometer by direct inlet at 70 eV (92).

The most intense ion in the mass spectra of all three
materials appears at m/e 167. This corresponds to the loss
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of one of the carbomethoxyl groups. The fact that the inten-
sity of this ion moves from 15-36% to a remarkable 44% of
the total ionization (%I,.) in 143, 144, and 145, respec-
tively, suggested to the authors (92) that the process was
assisted by the remaining carbomethoxyl group. In support of
this proposal they (92) noted the thermal transformation (93)
exhibited in Figure 48. This proposal suggests that the

CO2CHy
NN 7
) 4 ®
HCOxC
146 147

Fig. 48. Thermal reaction as a possible analog for the
behavior of 144 and 145 (Fig. 47).

geometry of the double bonds guides the fragmentation. In
line with this view, only the molecular ion of 143 exhibits
loss of the elements of methanol ([M-CH3OH])'+. The other
stereoisomers, either without access to the allylic methylene
group, i.e.. 145, or with access to the facile competitive
rearrangement to m/e 167, i.e., 144 and 145, show only loss
of the methoxyl group from their molecular ions.

Examples of cis-trans dependency on the EI fragmentation
of vicinal olefinic and cyclic dicarboxylic acids and their
derivatives are now commonplace. A consistent picture is seen
in the mass spectra of the dicarboxylic acids featured in
Figure 49 (94). Only from the molecular ions of 149, 150,
152, and 1563 is carbon dioxide eliminated. This loss of 44

COgH COoH :C02H D’COQH

COgH "/COH CoH "COH
148 149 150 151
COH COH COM COzH
£, . .J .C
COM COH  HOZC HOZC
152 153 154 155

Fig. 49. Mass spectra of stereoisomeric diacids measured on
a Hitachi RMU-6D mass spectrometer at 70 eV.
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mass units is vanishingly small or unobserved in the alternate
stereoisomers 148, 151, 154, and 155. The interaction of the
adjacent carboxyl functions as the driving force for the
elimination of CO; is well supported by the fact that phthalic
acid is the only isomer of the three benzene dicarboxylic
acids that fragments to eliminate COy (94, 95). Although the
precise atomic and electronic motions for this dicarboxylic
acid participation remains a subject for speculation, an
attractive mechanism (94) would involve the transfer of a
hydroxylic hydrogen through a seven-membered ring-transition
state to one of the oxygen atoms of the adjacent carboxyl
group. Decarboxylation would then involve homolytic cleavage
of the vinyl bond to yield a vinyl radical. This mechanistic
format and the intermediacy of vinyl and phenyl radicals is
precedented (96).

Stereoisomeric dependence is, as well, readily observed
(1562-155) in the mass spectra of 1,2-dicarboxylic esters of
cis olefins (97, 98).

A very pretty demonstration of double-bond steric inte-
grity follows from Meyerson's convincing mechanism for the
apparently inexplicable loss of R* from A2-unsaturated
esters 156 (99) (Fig 5~0). This proposed process (99) queues

R H o8 R . HO® Xy HO®
| — | —
X OCH3 X OCH3 X OCH3
156 R

Fig. 50. A mechanistic proposal for loss of R° from unsatu-
rated ketones.

up with the stepwise nature of the photochemical analog (100)
and further explains the ready loss of Cl° only from 3-
chloroalkancates (157) and not from the structurally isomeric
2- and 4-chloroalkanoates (99) (Fig. 51).

R H C.)@ R H\O@ R: H\O®

T — JJ— &

cl OR ct OR’ OR
cr

Fig. 51. A mechanistic proposal for loss of Cl° from certain
chloroketones.

Consistent with both this mechanism and substantial
double bond steric integrity is the fact, pointed out by
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Meyerson (99), that methyl cis-2-octadecencate on EI gives
rise to the base peak at m/e 113 [M-R]'t, while the trans
epimer shows much reduced intensity at m/e 113 (Fig, 52)

o4 o .+
%o |
R o — > Mey3 —— | o NF
g 126]33]
OCH3 R
R-CisHzy
158 159

Fig. 52. Stereoisomeric dependence for loss of R° from cis
and trans fatty esters. Data taken at 70 eV and 200°C on a mass
spectrometer constructed by R. Ryhage.

(101) . The term substantial integrity used above is cer-
tainly in need of clarification by techniques accessible in
the present day state of the art (15, 22).

The unique pathways for fragmentation of the double bond
stereoisomers of the a-ionones are certainly due to the
accessibility for hydrogen rearrangement of the carbonyl group

in the c¢i8 but not the trans isamer (Fig. 53) (102). The
AN o] X
o)
160 161

Fig. 53. a-Ionones studied by mass spectrometry. Spectra
measured at high and low voltage on a Varian-MAT 711 mass spectro-
meter at 125°C.

molecular ion of 160 fragments with loss of CyHg [presumed
from the ring (102)], which may be seen as an example of the
well characterized EI retro-Diels-Alder (RDA) reaction (103,
Section IV). In the 161 molecular ion, on the other hand,
the carbonyl group may roam over the ring in the isolated
gas phase ion radical. The authors proposed, but did not
support, a variety of rationales involving hydrogen transfer
to the acyl grouping of the 161 molecular ion (102). No

more than a trace of RDA fragmentation ion is observed in
the mass spectrum of 161.

In general it seems very likely that when the stereo-
isomerism of double bonds is key to allowing or disallowing
favorable rearrangements (bond forming reactions), one can
expect high dependency of the fragmentation processes on the
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configuration about the double bond. The other side of this
picture is seen in the results of the Swedish group (101) on
other double-bond stereoisomers of unsaturated fatty acids where
little overt dependence is observed. The same reason explains
the very similar mass spectra observed for the cis,trans isomers
of otherwise unfunctionalized olefins (11, 104).

IV. STEREQISOMERIC DEPENDENCE IN ELECTRON IMPACT INDUCED
(ET) APPARENT ELECTROCYCLIC FRAGMENTATIONS

A. Hydrogen Rearrangements and the Retro-
Diels-Alder Reaction {RDA)

In a series of molecules related to the dicarbomethoxy
esters discussed above (91) (Fig. 46), Deutsch and Mandelbaum
found (105) that the RDA fragmentation (103) of the adducts
of p-benzoquinone and bi-l-cycloalkenyls occurs with an
unusual transfer of two hydrogens. This EI reaction (105)
is exemplified in Figure 54.

o}
— W —— [, Me -0
o}
162

Fig. 54. Example of an RDA-2 reaction (105). Spectra taken
at 70 eV on an Atlas CH-4 mass spectrometer. The RDA-2 ion gives
the most intense ion in the spectrum.

This ion fragment (m/e 160) corresponds to loss of the
quinone moiety with two hydrogens transferred to it from the
bicyclohexenyl moiety. The normal RDA fragmentation would
have yielded an ion at m/e 162.

There are a number of points of interest about this
fragmentation. Extensive labeling (105) demonstrated that
the two hydrogens are lost one each from the two allylic
methylene groups, both in 762 and in its analog with five-
membered rings (163). This is precisely the position from
which hydrogen is abstracted in the related carbomethoxy
esters in Figure 46 (91) and suggests that the carbonyl groups
are involved in the hydrogen transfer. As in that rearrange-
ment (91), the dione moiety (162) is related endo to the
remainder of the molecule.
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The fragmentation intensity is markedly dependent on
the size of the rings in the bicycloalkenyl component. These
data are presented in Figure 55 (106).

Hy
HL Hy
[o]
CHy
(o] (o]
He oty
CHy
163-169 170 m
nim %Iy
163 | 11| 256
164 (112 215
165 (3|3 29
166 |4 | 4 13
167 |13 134
168 [ 1]4 54
169 [ 24 23
170 | — | — 94
7 |[—|—]| 135

Fig. 55. Ring size dependency for RDA-2 reaction (see Figure
54). The data presented are the percent of total ionization (%Iyg)
for the RDA fragmentation minus two hydrogens as depicted in
Figure 54 for 162.

Inspection of models caused the authors to propose that
the allylic hydrogens, known to be abstracted in 162 and 163
(105, 106), became less sterically accessible to the carbonyl
groups. They presumed that the carbonyl oxygen is the terminus
of transfer. This may or may not be the case in these mole-
cules, although it is in line with the rearrangements in the
esters (91) (Fig. 46). In the latter molecules the site of
abstraction was also a function of ring size (91). The regio-
selectivity for hydrogen abstraction was not determined in
the RDA-2 fragmentation except for 162 and 163. Whatever
may be the ultimate source of this phenomenon, it is clear
(Fig. 55) that there is a marked dependence for the observa-
tion of this fragmentation on ring size. The compared data
(Fig. 55) for 170 and 171 versus that for 166 is especially
convincing.
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There is alsoc a heavy dependency on the stereoisomerism
at the ring juncture between the dione and dicycloalkenyl
components. As may be seen in Figure 56, the RDA-2 fragmen-

CHn o CHn o
(cHp  © (CHln

n 172 173

1 204 09

2 128 03

3 14 as

Fig. 36. Stereoisomeric dependence for the RDA-2 fraquenta-
tion (see Figure 54). Numbers are the %I,; for the RDA-2 frag-
mentation.

tation exhibits a highly stereospecific cis requirement in
these related molecules (107).

Mandelbaum and his co-workers (107) concluded that the
RDA-2 fragmentation in these molecules is a concerted electro-
cyclic process with stereochemical requirements paralleling
the thermal Diels-Alder reaction. As will be seen immediately
following, these workers have uncovered a large number of
related fragmentations which show this stereospecificity.
Nevertheless, this RDA-2 fragmentation is unique in the
feature of double hydrogen transfer. Models show that both
carbonyl groups cannot simultaneously approach the allylic
methylene hydrogens, and thus at least in the intact molecular
ion, the double-transfer step cannot be concerted to the
carbonyl groups. In addition, the geometry of the trans
compounds (173) does not allow any portion of the enedione
moiety to approach the sites for hydrogen abstraction. Thus,
the trans isomers (I73), independent of the requirements of
the fragmentation step, are constructed so as not to allow
the prerequisite hydrogen transfers. Related studies exist
(109, 110).

The RDA-2 fragmentation does not occur in the saturated
analog (174) and is substantially repressed in the aromatic
analog (I75). These compounds and the percent of total
ionization for the RDA-2 fragment are shown in Figure 57
(108). These materials (174 and 175) easily undergo normal
RDA reaction on electron impact (103) to yield ions that
have the elemental composition of the diene and enes
from which 174 and 175 were thermally constructed. The
characteristics of this reaction in these and related mole-
cules is part of the subject of the next section.
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Fig. 57. Structural dependence for the RDA-2 fragmentation
(see Figure 54). The ring juncture stereochemistry is cis.

B. The Electron Impact Induced Retro-Diels-Alder Reaction
and the Question of Orbital Symmetry

Mandelbaum and Bel have studied the stereoisomeric
dependence for the EI RDA fragmentation (103) in the iscmers
shown in Figure 58 (107, 111).

There is a clear requirement for cis stereochemistry
at the critical ring juncture. This geometric prerequisite
is also in force in the related ketones presented in Figure
59 (107).

CHy

(o] C [o]
Hy H3(: |
_.O H O‘O N
H H3C:
H3

CHy O 176¢is o 177cis CH3 OR  17Bcis
CH3CH30 CH3CH3
BOCSINOSS
CH; O NOy CH3
179cis 180cis

. o+

[RDA Tovm]

cis trans

176 40 .01

177 16 .05

R=H| 178 31 16

R=COCHs| 178 | 200 A

179 4.5 .01

180 8.1 3

Fig. 58. Stereoisomeric and structural dependence for the
RDA fragmentation. Only cis isomers are shown (see Figure 54).
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181 182 183 184
42 o1 243 02  RDA%L,,

Fig. 59. Mass spectral results on the RDA reaction (see
Figure 54); measured from the mass spectra published in the
microfilm edition (107).

The highly specific demand for cis stereochemistry at
the critical ring fusion for the EI-RDA reaction in this
fragmentation is not precedented. Early observations demon-
strated that both stereoidal olefins and fused ring models
showed abundant RDA fragment ions for trans fused compounds
(103, 112). In addition, others have demonstrated that the
molecular ions of olefins undergo extensive rearrangement
processes which scramble hydrogen atoms (113, 114, 115).
These rearrangements preceed RDA reaction in at least one
of these systems (115). Such goings on would provide a ready
mechanism for epimerization and seem consistent with the
previously observed absence of cis stereospecificity even if
this were an orbital requirement. Indeed, the elimination of
the elements of ethylene from tetralin, which is a formal
analog of the RDA reaction, has been shown to occur following
extensive rearrangement (116). Determination of the rate
constants for hydrogen scrambling in cyclohexene has been
accomplished via field ionization kinetics (FIK) (117).

These results (117) show that scrambling is complete within
1077 sec. after ionization, and demonstrate that the loss of
CoH, from the field ionization produced molecular ion of
3,6-tetradeuterocyclohexene occurs only in the shortest lived
ions. This observation is consistent with the lack of observed
stereospecificity for RDA fragmentation (112-116) since
hydrogen migration would likely epimerize the ring juncture

in the precursor cis and trans molecular ions. The determina-
tion of the stereospecificity for RDA cleavage using FIK

(22, 117) would make an important contribution to this area.

With regard to the fundamental nature of the RDA frag-
mentation the results of Smith and Thornton (118) (Fig. 60)
have been quoted by others (107, 111) to support a concerted
mechanism. They find that the RDA cleavage product ion is
formed preferentially from the side chain component. Their
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Fig. 60. Experiment to determine the structural source of
the charged fragment in the RDA reaction. Electron voltage
determined using argon to standardize the scale. 185 and 186
gave the same result.

data do not demand a concerted process. Staley and Reichard
(119) have found that the natures of the RDA fragmentations
from the molecular ions of the double bond isomers 187 and

188 (rig. 61) are different. Both materials exhibit ions at

187 188

Fig. 61. Diastereomers which give rise to different RDA
reactions as observed in their mass spectra. Spectra taken at 70
eV on an LKB 9000 mass spectrometer.

m/e 56 and 94 in their spectra. These ions correspond to the
two fragments from RDA reaction with charge retention on one
or the other component. The ratio of m/e 94:56 is 30.3 for
188 and 49.2 for 187. These data do not argue for or against
any mechanism for EI RDA fragmentation. As the authors
proposed (119), the results find a possible explanation in
the more effective charge stabilization by the easier pla-
narity of unsaturated charged fragment, m/e 94. This ion
carries the elements of the sterecisomerically dependent
double bond.

Hammerum and Djerassi (120), drawing attention to the
interesting questions of stereospecificity for the EI RDA
fragmentation, published their results on the two configura-
tionally assigned decalin olefins in Figure 62. Under the
conditions of their measurements, there seems to be little
stereoisomeric dependence in this EI fragmentation.

Nevertheless, the results of the work at the Technion
(Figs. 58 and 59) discussed above, unequivocally demonstrate
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CH, CH,
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Fig. 62. Molecules exhibiting no clean dependence on
stereoisomerism for the RDA reaction. Measured at 70 eV on an
MS-9 mass spectrometer.

that overwhelming dependence on configuration is the case in
the EI RDA fragmentation from the molecules studied. This
work (107, 111) is unique in the sense that the molecules
studied (176-184) are ornamented by oxygen and aromatic
functionality, while the observations of stereochemical
independence (103, 112, 120) were made on less or unfunc-
tionalized olefins. It seems likely that this is a signifi-
cant difference with regard to these observations, since the
burden of the missing electron must be displaced from the
site of fragmentation in the aromatic and ketone olefins.
How these structural effects and the necessarily dependent
charge distributions (the large difference in stereospecifi-
city between 178 R=H and R=COCHg [Fig. 58] may be seen as an
example of the proposed charge displacement) relate to the
RDA reaction and to the hydrogen scrambling that likely ob-
scures the stereochemistry in simple olefins is unknown. The
stereochemistry of these electrocyclic formal analogs is a
potential key element for extending orbital symmetry arguments
(121) to these gaseous cation radicals formed by electron
impact. In this regard there has been put forth a claim
(122) that the molecular ions of eis- and trans-3,4-
cyclobut-l-enedicarboxylic acids are in equilibrium with the
dienes formed by disrotatory electrocyclic motions. This, if
so, would be allowed in the Woodward-Hoffman sense (121) for
the first excited state. The results on the stereospecific
RDA reactions discussed above are consistent with the mole-
cular motions demanded by a thermal highest occupied molecular
orbital (HOMO) .

Williams and Hvistendahl have found high kinetic energy
release for metastable ions in the 1,2 loss of H, from various
mass spectral ions (123). This finding suggests that the
reverse reaction, i.e., 1,2 addition of hydrogen to these
radical ions, is energetically costly. The thermal HOMO
would make this process of suprafacial 1,2 addition of hydro~
gen to a 7 bond unfavorable. The mass spectra of carotenoids
(124) are understandable in terms of thermally allowed
electrocyclic rearrangement, although the critical experi-
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ments to sort out the thermal from the electron impact reac-
tions now veil the conclusions.

In related work on the stereochemistry of a putative
electrocyclic fragment, Baird and Reese (125a) found that
the isomers of l-bromo-2,3-dimethylcyclopropane and 1,1-
dibromo-2,3-dimethylcyclopropane fragment on EI to eliminate
a bromine atom. Significantly, they showed that the stereo-
isomers of each set which lose bromide anion most readily
(125) also exhibit the highest ratio of [M-Br/M]-* on
electron impact.

This finding is in line with expectation for the steric
effects following disrotatory opening of the 2,3-cyclopropane
bond leading to an allyl carbonium ion. This is the behavior
found in the solvolyses of related tosylates and predicted
for a thermal HOMO symmetry controlled process (126). This
system is worthy of much further study.

Esters seem to be yet another class of molecules which
maintain the same HOMO in the precursor neutral and the EI
cation radical. Thus Winnik makes a persuasive case, in a
review on methanol loss from the molecular cation radicals
of methyl esters (125b), that hydrogen is transferred from
carbon to carbonyl oxygen and that this itinerant hydrogen
atom does not transfer further via a direct 1,3 process to
the oxygen bonded to methyl. This behavior is in line with
orbital symmetry requirements in which the HOMO is unchanged
on ionization by electron impact.

V. STEREQOISOMERIC DEPENDENCE IN ELECTRON IMPACT INDUCED
BOND CLEAVAGE REACTIONS

A. Hydrocarbons and the Meyerson-Weitkamp Hypothesis

As has been discussed in Sect. I-C above, molecular-ion
intensity is primarily and reversely related to the availa-
bility of low energy of activation fragmentations (20). Such
fragmentations are most often rearrangement reactions, and
thus ease of a rearrangement will generally be revealed by
low-intensity molecular ions. There is no such parallel
expectation for the cleavage or simple bond breaking frag-
mentations available to saturated hydrocarbons. The latter
decompose on electron impact primarily by high energy of
activation cleavages. There is, therefore, no straightforward
theoretical expectation of a correlation of molecular ion
intensity with the structure or enthalpy of the neutral
precursors of these molecules. This will also be the case
for other molecular ions which decompose primarily by non-
rearrangement, high energy of activation pathways. There are,
of course, certain simple bond-breaking pathways that involve
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low energies of activation, and these materials will exhibit
reduced or even absent (1,2) molecular ion intensity.

There is, in line with these ideas, no general experi-
mental correlation of molecular ion intensity with the
relative stability or heats of formation of stereoisomers
(3, 10, 127). Meyerson and Weitkamp have discussed (11l) the
attempts to force this correlation. In a subsequent paper
(128) , they demonstrate that for a wide range of hydrocarbon
diastereomers, all with methyl substituents, the intensity for
the ion formed on loss of methyl radical from the molecular
ions is always greater for the more stable (enthalpy)
stereoisomer of each set of constitutionally equivalent
isomers. Meyerson and Weitkamp proposed that the epimers
lose methyl radical to form identical fragment ions that
differ in energy by virtue of the enthalpic memory of their
precursor molecular ion stereocisomers. The extra energy
thereby in the [M—CH3]+ ion from the higher enthalpic isomer
(less stable) is available to speed the rate of its further
fragmentation.

If the energy distributions among the molecular ions of
the compared stereoisomers were closely similar, where
closely similar means that the difference is small compared
to the enthalpic difference between the epimers, one could
comfortably understand the correlation. The energy imparted
to molecular ions is nonrestorable since the ions are isolated
after ionization. If the two stereoisomeric molecular ions
form identical [M-CH ]+ ions, as the authors propose (128),
the higher enthalpic isomer will do so with an energy of
activation which is lower. The strain of this molecular ion
brings it closer to the product [M—CH3]+ ion. Therefore, the
[M—CH3]+ ion from the more enthalpic epimer will have an
energy residue which is less depleted, i.e., is greater, and
the [M- CH3J+ ion from this less stable epimer will fragment
further faster and yield a lower intensity [M-CH ] on.
These questions of the distribution of molecular ion energy
for stereoisomers and the related question of stereoisomeric
ionization potential are of increasing interest (129, 130).

The central idea (128) of forming structurally identical
ions by fragmentation from two isomers of differing initial
enthalpy would require that the appearance potentials for
these processes be different by exactly the AAH for the two
isomers. This must be so in principle since the appearance
potential is a measure of a state function, i.e., the thermo-
chemical difference between the precursor neutrals and the
ionic and neutral fragments. In practice, these numbers as
determined in mass spectrometers are uncertain due to
experimental difficulties as well as excess energy involved
in the formation and observation of the ionic fragments
(131). Natalis has pioneered these measurements on stereo-
isomers (132). Jalonen and Pihlaja, in a recent review (133),
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have collected these data and added studies of their own
demonstrating that there is excellent agreement in a number
of stereoisomers between the appearance potential differences
for a common fragmentation and the AAH between the compared
stereoisomers. These workers have pointed out (133) that the
experimental uncertainties and excess-energy terms that
normally obscure these measurements (131) are most likely to
become cancelable terms when comparing isomers. Thus if

two stereoisomers fragment to yield a common ion designated
At and AI, respectively, it follows that AP([A]+)- AP([A1]+)=
AHf(Ml)-AHf(M). The compared isomers are M; and M, and AP is
the appearance potential. There even seem to be a number of
cases in which the difference in ionization potentials
between two stereoisomers reflects the AAHg between them
(133, 134). This could only be the case for a vertical ioniza-
tion when the initially produced molecular ions are relieved
of the source of the differential strain or stabilization as
a consequence of ionization (134). An exemplary portion of
Meyerson and Weitkamp's data is presented in Figure 63.

q-cus CH3 ’—cna '—cn3
tH, HC

-3096(2.12) ~3267(2.23) —32 47(4.04) -31.93(3.80)

GECE, e @

-4302037) -4115099) -4220068) —44.16(200) —4412177) —42. 22(165)

Fig. 63. Mass spectral results on diastereomers giving
support to the Meyerson-Weitkamp hypothesis. See (128); data
taken from various literature sources by the authors; averages are
shown here; the numbers refer to the structure above as AHg (3I-
M-CH31™) .

A potential further test of the Meyerson-Weitkamp
model (128) is provided by the mass spectra of the two
atropisomers 203a and 203b (Fig. 64) studied by Iwamura (135).
Both stereoisomers (Fig. 64) fragment to lose the essential
structural atropisomeric feature, thereby reasonably forming
identical ions. The ion intensities for loss of the cyano-
methylethyl bridgehead functions were published as ratios for
203a and 203b {(135).
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Fig. 64. Atropisomers exhibiting different mass spectra.
Spectra taken on a Hitachi RMU6 mass spectrometer by direct
inlet at 150°C and 70 eV.

The data in Figure 64 show that the [M-C(CH3),CN] ‘¥ ion
from 203a suffers less subsequent fragmentation to the
[M-2(C(CH3)2CN)]+ ion than its epimer 203b. Equilibration
(136) shows that 203a is favored over 203b by 65:35. Never-
theless, because this is exactly what is predicted from the
entropy difference alone if 203a is the d,1 pair (the other
isomer would be meso), the system is an inadequate test of
the hypothesis until the enthalpic difference is measured.

Karpati and Mandelbaum (137) studied the mass spectra of
the e¢is~ and trans-1,2,3,6-tetrahydrophthalic anhydrides
204 and 205 (Fig. 65). The large difference in elimination of

o m-com]”
R R cis | trans
o H | 260 | 06
R ) CHs| 51| 03
204 205

Fig. 65. Stereoisomerically dependent mass spectra sup-
porting the Meyerson-Weitkamp hypothesis. Data taken from an Atlas
CH-4 mass spectrometer via direct inlet at 70 eV and ambient
temperature.

carbon monoxide was presented by the authors as ratios of
[M-col - T /M- %,

Equilibration of the isomers at 200°C gives about 80%
of the cis isomer (137, 138). If the enthalpic term is in
the direction of the favored 204, the greater intensity of
the [M-CO]'+ ion from the molecular ion of 204 would be con-
sistent with the Meyerson-Weitkamp hypothesis (128). It is
difficult to see the entire difference, though, as arising from
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the subsequent fragmentation of the [M-CO]}-:* ion from 205, The
critical experiment of lowering the beam energy and therby
decreasing subsequent fragmentation of the [M-CO)-t ion was not
carried out (137). Other observations (139) on hydrocarbons may
be related to these effects (128).

B. Bicyclic Molecules and Related Examples

Exo and endo norbornyl bromides offer an example in
which the intensity ratio of the [M-Br]¥/[M]‘t ions is
greater from the more stable exo norbornyl bromide (140).
Although this is consistent with the Meyerson-Weitkamp model
for further subsequent fragmentation for the [M-Br}t ion from
the endo norbornyl bromide molecular ion, the increased ratio
of the [IVX—B1:]+/X"1-+ ion from the exo bromide is maintained at
low ionizing energies where further fragmentation is repressed
(141). Thomas and Willhalm had earlier (85) noted the
increased ion intensity for loss of the acetyl group from exo
over endo acetylnorbornanes (Fig. 38 and 39).

The question of the relationship between these EI
phenomena (85, 140, 141) and the much discussed character of
the norbornyl cation (142) is not without interest. In this
regard, Dimmel and Seipenbusch have uncovered an unusual
Stereoisomeric dependence in exo and endo borneols (143).
Their results are compiled in Figure 66.

o M-HyO'M-DHO 0 " M-HyOM-DHO
D ——> 4555 <«—— oH o —> 8515
O. H “H QH
6 7 208

20 20

D ) H
0 —» 5644 <« H D —— 928
209 Oy 210 ~H 2

11 Oy

Fig. 66. Deuterium labeling results on exo and endo
norborneols. Arrows symbolize EI on a CEC-103C mass spectro-
meter at 70 eV and 245°C; numbers are the percentage loss of
H,0 and HDO.

The loss of heavy water from the molecular ions of 206
and 209 is highly unusual, since elimination of water nor-
mally does not occur 1,2 (26, 27, 37). The results for 207
and 208 caused the authors (143) to hypothesize that hydroxyl
radical is eliminated leading to an ion of proposed norbornyl
cation structure. This latter species, on elimination of a
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hydrogen atom, would complete the formal loss of the elements
of water. Experimentally this view finds support in the fact
that both 207 and 210 eliminate the exo deuterium atom, while
this loss from the endo position in the molecular ions of

208 and 211 is much smaller (Fig. 66). This behavior is
analagous to that observed in accessible phase studies where
movement toward and away from the norbornyl 2-bridge occurs
preferentially from the exo face (144). In addition, these
workers point out that hydroxyl groups bonded to potentially
stable cation centers, and with unavailable hydrogen for
elimination via 1,4 and 1,3 states, show precedented loss of
hydroxy radicals (143). For example, loss of hydroxyl radical
leads to a more intense ion than that for loss of water from
the molecular ion of 2-butancl (145). Robbiani and Seibl

(146) have investigated the mass spectra of the same molecules
(Fig. 66). Their results confirm the experimental observations
(143) . They, as well, found metastable ions for loss of water
from the heavy and light borneols and isobornecls. This obser-
vation normally calls for a single-step mechanism, in conflict
with the Dimmel and Seipenbusch mechanism (143). There are,
though, a number of examples of EI two-step processes which
lead to the observation of apparent metastables for a single-
step mechanism (147).

In contrast to the borneol and isoborneol EI behavior, the
norborneol system is subject to much more extensive rearrangement
randomization prior to fragmentation (148). The published mass
spectra of epimeric 7-substituted norbornenes show great overt
dependence on stereoisomerism (149). These have not been ex-
plored beyond their observation.

The loss of the acetyl side chain at C-17 from Al6 steroids
has been proposed to occur via methyl migration from the adjacent
tertiary center (150). The proposal was offered to account for
the unusual observation of loss (formally) of a vinyl-bonded
group on EI. Inspection of models and consideration of the orbi-
tal geometries leads to the conclusion that the methyl transfer
would be best when the dihedral angle between the double bond
and C-13; C-18 tertiary carbon-to-methyl bond is 90 deg. and
this is closely the case in Dreiding models of A'® steroids with
a trans-C/D ring juncture. Fehlhaber, Lenoir, and Welzel (151)
have studied the ease of formation for this [M-43]% ion in five
systems in which this dihedral angle is systematically varied
(Fig. 67).

It is easy to criticize this work, and one could generate
arguments in which differing structural features in each mole-
cule offer an array of mechanisms affecting the ion intensity
for the loss of the acetyl group. The differing behavior, though,
of the stereoisomers 212 and 216, and the steady correlation
with bond angle for loss of the acetyl group leaves the authors’
proposal (151) as the most satisfying and comfortable hypothesis
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for explaining these data (Fig. 67) and, as well, supporting the
original idea of methyl transfer (150).

DIHEDRAL ANGLE | %L4oM"CaH30
212 90° 6.7
213 110° 35
214 120° 16
215 140° A3
216 140° 17

Fig. 67. Proposed dependence on C-18 methyl to D-ring
double bond dihedral angle for loss of CyH30. Spectra taken on
an Atlas CH-4 mass spectrometer at 70 eV by direct inlet; the
dihedral angle is taken from the publication (151); see the
text.

C. Heterocyclic Molecules

In the mass spectrum of deuterated methyl-20-conanine (152),
there appears a highly stereospecific loss of a methyl radical.
The results are presented in Figure 68. The alkaloids 217 and
218 are diastereomers by virtue of the labeling of the o and B
methyl groups at C-20. The results, therefore, reveal the favor-
able driving force for cleavage loss of the a-methyl group of
the disatereotopic gem-dimethyl function in the unlabeled mole-
cule. Although the dependence of selectivity on R is a subject
for speculation, the favorable loss of the o or exo grouping is
sterically sensible because exo approach in condensed phase to
the heterocyclic ring is highly favored as shown in Figure 69

The structure of 219 with participation of the nonbonding
electrons on nitrogen could be envisioned as a model for the
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Fig. 68. High stereoselectivity for loss of methyl radical
from conanine cation radical. Measured on an MS-9 mass spectro-
meter by direct inlet at 70 eV.

219 218
Fig. 69. Demonstration of favored approach to the exo face.

[M-methyl]t ion in the mass spectrometer and movement toward
and, therefore, away from the exo face is more facile. This is
in direct analogy to the behavior of the well investigated nor-
bornyl system (140, 141, 144).

This conformational approach finds general support in the
mass spectrometry of the stereoisomeric B-lactams (153) presen-
ted in Figure 70.

Inspection of the data (153) reproduced in Figure 70 demon-
strates first, that in each case the ion. A is preferentially
formed from the molecular ion of the cis isomers (220 series)
over the trans isomers. Second, this preference grows as R
increases in bulk. Third, and expecially for the cis isomers
(220 series), the intensity of ion A grows at the expense of
competitive ion B. As is seen from the general structure in
Figure 70, the cleavage of the ring to yield ions A and B is
such that only ion A would immediately relieve the strain of the
juxtaposed cis R and phenyl groups. This would be true if these
cleavages to ions A and B take place from an unrearranged mole-
cular ion of structure comparable to its accessible phase pre-
cursor., The steric sensibility of the results certainly supports
this view., Others have utilized steric effects to explain the
cleavage of stereoisomeric small rings (154-156). The credibility
of their conclusions draws sustenance from the work discussed
above (153).
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_vion A (T/e -181)

T~a ion B (Z/e =(R))

o oF

H
— 220 — — 221 —
R ion A ionB jon A ionB
CHa 92 251 61 324
CoHs 143 175 92 292
(CH3)}CH 24 98 90 190
(CH3)3C 290 29 97 134

Fig. 70. Stereoisomeric dependence in the fragmentation of
a four-membered ring. Spectra taken at 70 eV on an AEI MS-9 mass
spectrometer at 180°C. The numbers, which are highly temperature
dependent, are the percent of total ionization (%Iyg).

This newly lowered threshold for credibility stands as well
for proposals of a strain-dependent driving force for loss of a
hydrogen atom from the molecular ions of various epimeric aza-
bicycloalkanes (157). The mass spectra of a series of hetero~
cycles first demonstrated that [M--l]+ fra:qimentation was common
for structures such as 222 and 223 but not for 224 (Fig. 71).
In addition, deuterium labeling at the bridgehead carbons, and
at the one carbon bridge, gave rise to no ion at m/e M-2. In
line with the known behavior for B cleavage of amines, which
is exemplified in methyl conanine (152) (Fig. 68), they
(157) reasonably concluded that the hydrogen arose from the
starred (*) carbons in 222 and 223. In a series of fourteen
heterocycles of variable n and differing R groups, (Fig. 71)
the epimers (222 and 223) with the larger group facing the heter-
ocyclic bridge always exhibited significantly more intense [M-1]%
ions. They (157) saw this as relief of the 1,3 nonbonded inter-
action but did not investigate the phenomenon further. Strain
arguments have served to rationalize stereoisomeric dependence in
the mass spectra of 6-aza-bicyclol[3,2,1]octanes (158) and quino-
lines (159) and perhaps oxindole alkaloids (160).
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Fig. 71. Stereoisomeric azabicycloalkanes studied by mass
spectrometry.

/e (44+R) %L oS Strans

99 n.s

59 20

227 59 500

231 228 59 180
229 59 50

230 59 32

231 59 23

Fig. 72. Stereoisomeric dependence for formation at m/e (44
+ R) from morphine derivatives. See the text. Spectra taken on an
Atlas CH-4 mass spectrometer at 70 eV; only ¢78 isomers shown.

In a stereoisomeric mass spectral study of morphine deriva-
tives, Mandelbaum and Ginsburg (161) have uncovered a highly
Stereoselective fragmentation apparently unrelated to the strain
arguments made above. All isomers in the series with a ¢Z8 junc-
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ture of rings B and C and a hydrogen at C-14 exhibit an intense
fragment ion at an m/e of (44 + R) where R is bonded to nitrogen.
Their results (161) are presented in Fiqure 72.

The authors (161) ascribed this effect to a mechanism
involving migration of the C-14 hydrogen only available in the
¢t8 isomers shown (2825-231), to the departing nitrogen fragment.
Others had proposed similar mechanisms in these molecular types
(162). These proximity-for-bonding effects have also been pro-
posed as the foundation for the overt stereochemistry of the
molecular ions of N-tosyl-3-aza-7-carbomethoxybicyclo[3,3,1]~-
nonanes (163) and matridine (164) isomers.

D. Other Examples

Although stereoisomeric dependence founded on proximity
effects for rearrangement are encountered most commonly in car-
bonyl compounds, alcohols, and related molecules discussed
extensively above, there are unusual cases in saturated ster-
oids (165) and phenyltetraline (166).

In another effort involving proximity effects, the EI elim-
ination of CH3SOH from the R and S enantiomers of 3B-hydroxy-
20-thia-17a- and B~5-pregnene oxides (17a and B methylsulfoxides)
was found to parallel the pyrolyses (167). The R configuration
at sulfur in the 170 molecule exhibited the most intense elemi-
nation ion. Moldowan, in a contradictory report (168), has
studied the EI elimination of RSOH from sulfoxides and sug-
gested that the configurational stability of the sulfoxide
is lost on ionization. The elimination of RSOH from dialkyl
sulfoxides appears to be a true electron impact process (169).
tion of RSOH from dialkyl sulfoxides appears to be a true
electron impact process (169).

In an entirely different area, Schulten and Beckey (170)
found that the isomers of aldrin diol eliminate water unequally
by field desorption mass spectrometry (171) (Fig. 73).

a ¢ o
al o _fo %M-HO <P«

i OH Cl OH
“lpa 2 | 34 Ve

a <l
232 233

Fig. 73. Field desorption spectra of aldrin diol measured on
a CEC-110B mass spectrometer; numbers are the percentage of the
molecular ion.

Here, as is predictable on the basis of extensive studies
by electron impact, the compound with proximal hydroxyl group
and tertiary hydrogen (233) eliminates water most readily.
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Stereochemical phenomena have been uncovered in chemical
ionization mass spectrometry (172). In one extensive study,
Longevialle, Milne, and Fales (173) showed that 5Sa-pregnanes
substituted with hydroxyl and amino groups on ring A exhibit
loss of water from the [M + H]* ion only when there is no intra-
molecular H-bonding. Occurance of the latter was demonstrated
by infrared spectrometry (173). A portion of their results are
shown in Figure 74.

CH3 CH3 H CHg CH3
H{C— y.‘)‘" ﬁ HaC— r{ ﬁ HyC— h{‘\ ; e N\\\\
CHy CHj CHy CHy OH
234 235 236 237
“u[mH-Hz0) 0 0 26.5 410
H H3C\N/CH3 CH3
HaC /Nzw@ Ho™ réq
CHy
242
%[MH-HpO* 140

Fig. 74. 1Isobutane is the reagent gas (contributes H+) in
the chemical ionization spectra of ring A substituted 5-a-preg=
nanes. Spectra measured on an MS-9 modified mass spectrometer;
only ring A (see the text) is shown. The % [MH-HZO]+ is the per-
cent of the total ions observed.

In 234, 235, and 238 infrared measurements (ir) show no
free O-H stretching vibration (173). In 237, 239, 240, and 241
all the O-H absorption in the ir is free of H-bonding. Compounds
236 and 242 exhibit both free and H-bonded hydroxyl groups (173).
The reduced intensity of the [MH-H,0]+ ion in 236 and 242 was
convincingly suggested to arise from that portion of the (MH]*
ions that were free of H-bonding. These workers proposed (173)
that H-bonding stabilized the protonated ions, and acted to
place the ionizing proton intermediate between the nitrogen and
oxygen. This would raise the energy of activation for loss of
water. There exist other studies, of a preliminary nature, on
stereoisomeric dependence in chemical ionization mass spectrome-
try (174).

Ion cyclotron resonance {icr), which, like chemical ioniza-
tion, involves intermolecular interactions (175), has also been
shown to be sensitive to the expected (176) differential reac-
tivity of diastereomers. Bursey and his co-workers have found
the CgHgO3 positive ion, formed from a neutral 2,3-butanedione
molecule colliding with a molecular ion of 2,3-butanedione, is
an effective reagent for acetylating oxygen compounds under icr
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conditions. This transfer of acetyl cation appears to be sensi-
tive to steric effects (177) in a manner predictable by applying
accessible phase structural considerations (178, 179). Other icr
studies of stereochemical interest exist (180, 181). In one of
these studies (181), chloride anion was shown to displace

bromide anion from c¢is- and trans-4-hydroxycyclohexyl bromide
with ca. 90% inversion of confguration. Assignment of configura-
tion to the neutral chloride products followed from the different
overt mass spectra of the epimers (181).

E. Final Notes

(1). The chemistry observed in mass spectrometers is heavily
dependent on stereoisomerism. This fact in combination with the
extreme sensitivity and wide structural applicability of mass
spectrometers should make these instruments highly suit-
able for stereochemical research. In this regard, the poten-
tial stereoanalytical utilization of mass spectrometers, recog-
nized some time ago (182), is, with necessary mechanistic under-
pinnings, just now of beginning importance in solving difficult
configurational problems (45, 892, 90, 181, 183). The use of
spatially dependent rearrangement reactions (37, 51) for this
purpose is especially satisfying because the principle involved
is identical to traditional methods of configurational assign-
ment (184).

(2). The various techniques of mass spectrometry allow
chemical observations in the gas phase at pressures varying from
high vacuum to nearly 1 atmosphere. The resultant reacting media
vary from states of unimolecular kinetics in the absence of all
intermolecular perturbation to states of heavy intermolecular
contact and multimolecular kinetics. It follows from this vari-
ability that these instruments can be utilized to yield informa-
tion on intermolecular phenomena such as, for example, solvation.
A seminal example is seen in mass spectrometric studies of
alcohols where it has been demonstrated that the relative acidi-
ties of a range of alcohols in the gas phase are reversed from
the acidities in solution. This has led to new insights allowing
discrimination between previously confused intrinsic molecular
properties and solvative effects (185). The literature reviewed
in this chapter shows that stereochemical questions offer a
great deal of information on the fleeting species under view in
mass spectrometers (186). This information takes two general and
dependent forms. First, the stereochemical results may be seen
as bridges connecting the structures of the molecules in mass
spectrometers to the more directly observed structures of mole-
cules in accessible and familiar enviromments. This will, and
in fact has begun, to act to raise the certainty of structural
assignments in mass spectrometers where this information is
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available (15, 18). Second, as the structural assignments for
reacting molecules in mass spectrometers grow more certain,
then stereochemical theory will allow answers to mechanistic
questions concerning the effects of structure on reactivity
under the unique conditions of stress and molecular isolation
encountered in mass spectrometers.

These molecules certainly cast a beautiful three dimen-
sional shadow on our senses.
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I. INTRODUCTION

The discovery by Hinckley (1) that large isotropic chemical
shifts are produced in the pmr spectrum of cholesterol without
concomitant undesirable line broadening when tris(dipivalometha~-
nato)europium(III)dipyridinate, Eu(dpm)3(py)o, is added to the
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solution of this substrate triggered rapid development in what
has become an important specialized area of nmr spectroscopy.
Attempts were soon made to improve the shift reagents [the metal
(2,3) as well as the ligand (4,5)] and to explore the applica-
bility of the new method to a variety of functional organic
molecules. The technique was then extended to other nuclei than
by, 13¢ lanthanide induced shifts, especially, proved to furnish
valuable complementary information, and the method was applied
to less common nuclei (1“N, 19F, 31P) as well.

From the very beginning there was interest in the quantita-
tive interpretation of the observed phenomenon. In the first
attempt in this direction a pure dipolar shift mechanism was
assumed, which led (in its simplest form) to a r-3 dependency of
the induced shifts, r representing the distance from the observ-
ed proton to the metal ion. This approach was modified by several
authors but soon it was demonstrated that angle dependency could
not be ignored since shifts in the "wrong" direction were found
(6), the ™ method failing not just with respect to magnitude
but with respect to sign as well. Later on, the methods for
interpreting the numerical values of lanthanide induced shifts
(LIS) became more and more sophisticated through use of elabo-
rate computer programs for the necessary extensive calculations.
The model underlying these calculations has often been questioned,
but the apparent success of the LIS method is impressive enough
to make it into one of the most powerful tocls in conformational
analysis, especially for organic molecules in solution.

Determination of molecular topology by LIS is more general
than use of the nuclear Overhauser effect (NOE) where the
maximal distance for a detectable effect is limited to about
3.5 A. There is almost no distance limit in the case of LIS,
even in large molecules (the effect is still observable at 10 A
or more). The two techniques, in fact, complement each other.

A third, not yet fully exploited complementary technique,
related to the LIS method, should be mentioned here. This is the
use of relaxation reagents (7), which are chemically equal to
shift reagents, but carry a different lanthanide ion, (GA(IIT))
which produces no shifts but, instead, broadening of signals
caused by enhanced relaxation rates. The point of interest is
that the lanthanide induced relaxation (LIR) is proportional to
r7% and no angular dependency is to be expected, thus allowing
simple calculation of the distance: observed nucleus to G4 (III).

The most interesting and fascinating applications of lan-
thanide shift reagents (LSR) take advantage of the numerical
value of the LIS. This quantitative aspect is our major concern
in this Chapter. Nevertheless, the qualitative use of LSR just
for simplification of nmr spectra is of tremendous help for
interpretation of the line pattern. This was demonstrated most
impressively by Sanders and Williams (4), who obtained a first-
order spectrum for #n-hexanol in the presence of Eu(dpm)j. The
dramatic shifts induced by LSR are different for each of the
nuclei in a molecule, and virtually all accidental coincidences
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of resonance signals are removed. This improvement of resolution
cannot be matched by any other methods enhancing the magnetic
field. Aromatic-solvent-induced shift (ASIS) is a much less
powerful method, and the construction of stronger magnets to
increase the primary, external homogeneous magnetic field is
limited and very costly. Adding a "pinch of lanthanide chelate"
(8), in contrast, is inexpensive and highly efficient, the
lanthanide ion producing an additional secondary, internal
anisotropic magnetic field.

Utilization of the resulting high resolution includes
such applications as determination of ratios of diasteromeres
by means of LSR, determination of enantiomeric purity using
chiral LSR, and, most important, analysis of nmr spectra is in
general greatly simplified because the spin-spin couplings are
reduced in order. The latter point is of special interest for
conformational analysis in that it allows torsional angles to be
deduced by relationships such as the Karplus equation. Since
these applications are extensions of already well known tools
in stereochemistry, they are not treated explicitely in this
report; recent detailed reviews are available (9, 10).

In the following pages the theory of LIS will be presented,
and the simplifications assumed in the calculations of LIS are
indicated. Evidence for the justification of the computational
approaches is presented, including arguments, pro as well as con.
The precautions to be taken in the experimental techniques for
obtaining reliable values for the parameters to be extracted
from experiment will be discussed in the light of theoretical
considerations. Finally, there is extensive comment on stereo-
chemical information obtained for a variety of organic mole-
cules by the LIS method. The literature up to December 1974 is
covered, and the examples concerning conformational analysis
should offer a representative survey of compounds studied so far.

IT. THEORY AND COMPUTATIONAL TECHNIQUES

Incorporation of a paramagnetic metal ion into a substrate
molecule by means of some kind of complexation or chelation
modifies the external homogeneous magnetic field, at least in
the close vicinity of the metal ion. When calculatinog the induced
additional chemical shifts one has to reason carefully whenever
simplifications are made, which is usually the case. We discuss
here what kinds of effects are to be expected and what types of
approaches in computation are the most effective with regard to
accuracy as well as simplicity.

A. Paramagnetic Shift
The lanthanide induced shift (LIS) value is defined as the

difference between the resonance frequencies of a substrate (S)
and the shift of the adduct (lanthanide reagent - substrate, LS):



114 THE LANTHANIDE INDUCED SHIFT TECHNIQUE

A = Vis = Vs 1
A is the observed induced shift, and since it represents the
average of the signal for complexed and uncomplexed substrate
(fast exchange of L and S with LS occurs on the nmr time scale),
A is proportional to the concentration of reagent (L) in solu-
tion. Thus a plot of A versus concentration of LSR is a straight
line passing through zero (see Sect. III-C). In cases where only
the relative induced shifts for the different nuclei of a sub-
strate are of interest, the A values can stand alone; otherwise
they need some specifications: units of ppm or Hz; molar ratio
of reagent to substrate (Ly,/S,) present in solution (in most
cases authors give A for Lo/So= 1:1, usually obtained by extra-
polation); and of course experimental information about reagent,
solvent, temperature, and instrument used.

When a paramagnetic shift reagent is used, this A is called
the "paramagnetic shift”, implying that the diamagnetic com-
ponent (11, 12) on complex formation is negligible.

Few authors worry about the diamagnetic component of the
observed shift (11, 12), and this simplification seems to be
justified. A simple test to assess this (minor) effect is to
measure the shift obtained with a chemically similar diamagnetic
ion, in this case, lanthanum(III). When using Eu(dpm)j as a
paramagnetic shift reagent it is possible to gain information on
the diamagnetic component by comparing the shifts adding La(dpm)gj
in a second experiment. The diamagnetic shift effects are usually
very small if detectable at all. In the most extreme cases they
amount to about 2% of the observed paramagnetic shift. Table 1
illustrates this for pyridine as substrate, and some additional
examples are given below.

Table 1. Paramagnetic, Eu(dpm)gs, and Diamagnetic, La(dpm)3,
shifts for Pyridine

LIS (ppm) n
LSR
H-2 H-3 H-4 N
2
Eu (dpm) 3 25.9 9.0 8.2 XN
La (dpm) 3 -0.28 0.02 -0.06
% Diamagn. 1.08% 0.22% 0.73%

The La(dpm)3-induced shifts for ethanol compared to those of
Eu(dpm) 3 are 2% for the OF and 0.12% for CH; for exo-exo-2,3-
camphanediol, 2% (protons at C-2 and C-3), 0% (CH3); for dieth-
ylamine no diamagnetic shifts are observed. (12).

Since the diamagnetic shifts are small we confine further
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considerations to the highly dominant paramagnetic shifts.

B. The McConnell-Robertson Equation for
an Axially Symmetrical Dipolar Field

For a metal possessing unpaired electrons the paramagnetic
shift (Apara) has two compounents: the dipolar or pseudocontact
term and the Fermi contact term. The first describes all magnet-
ic-dipolar types of interactions, the latter accounts for pos-
sible spin-delocalisation within the complex. The first effect
acts through space and can be formulated as a dipolar magnetic
field, the latter acts through the bonds and represents a
polarisation caused by a partially covalent bond between sub-
strate and lanthanide reagent.

Apara B Adip * 2 ontact t2]

We discuss Adip first; Acontact is treated in Sect., II-B-
1. To calculate the dipolar- or pseudocontact-term one assumes a
dipolar magnetic field. The origin of the field is thought to be
represented by the position of the lanthanide ion in the complex
(point dipole) with coordinates 0,0,0 in Figure 1. Now the
dipolar shift can be expressed (13) as a function of the internal
coordinates of the nucleus under consideration: r is the length
of a vector joining the paramagnetic center and the nucleus, §
is the angle between this vector and the z-magnetic axis, and w
is the angle which the projection of r into the xy-plane makes
with the X magnetic axis (Fig. 1.). The equation for this di-
polar shift in its most general form is (9,13-15)

3 cos?g - 1 sin?6 cos 2w
Ad' = K 3 - 53 (3]
ip ax r nonax r
V4
?
nucleus |
]
I
r/ |
]
[}
] :
'.
(0,00) - : —— )
$_g£/$\ E /'/
____________ et
X

Fig. 1. Definition of the parameters for the dipolar shift
equation [3)-[6]; the lanthanide ion is at the origin of the
coordinate system.
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The expressions in the brackets are called the "geometric fac-
tors"; they are dependent on the geometry of the complex formed
but independent of the lanthanide itself (except in so far as
the metalloorganic molecule used as a shift reagent may in-
fluence the substrate geometry significantly).

The constants Kpx and Kpopax are functions of the magnetic
anisotropy of the complex, determined by the electronic proper-
ties of the lanthanide in magnitude and sign (see Sect. III-A).
In the case of most common relaxation phenomena (13,16) (where
the tumbling time of the complex is much greater than the ele-
ctron spin relaxation time) these constants may be expressed as
functions of the three principal molecular magnetic susceptibili-
ties yg. Xy Xz (17), corresponding to the x, ¥, and 2 axes in
Figure 1. (N, Avogadro number):

1 1 1
Kax—_iv(xz—fxx_zxy) (4]
X

1
Konax = "2 Oz ~ y) (51

A special case is given for an axially symmetrical field
where Y Ex“ and xx=x =X Then Kpopax becomes zero, and the
nonaxial term in eq.” [3] vanishes. Equation [3] reduces to eq.
[6]. Equation [6] is valid for all i observed resonances of a
substrate.

2

3 cos“8; - 1
L= 2008 % = 2
Al K Pi [6]

Equation [6] is the McConnell-Robertson equation (18) for
an axially symmetrical dipolar magnetic field (point dipole). It
is used in most calculations of LIS values. K is treated as an
adjustable scaling factor to match the experimental to the geome-
trical factor (3 cos?8 -l)/r3. A. is characteristic for a par-
ticular nucleus %; g§. and r, depgnd on the geometry of the com-
plex and can be calculated %rom an appropriate model of the com-
plex for every nucleus %i; K is characteristic for the entire
complex and therefore equal for all 7 nuclei within the adduct.
If one knows the topology of the complex (geometry of the sub-
strate and position of the lanthanide ion), then the observed
induced shifts should be proportional to the calculated geomet-
rical factor (details for computational approaches in Sect.
I1-C).

It is a characteristic feature of the geometrical factor
that for 6 = 54.7 deg. the sign of the shift is inverted. Fiqure
2 illustrates the geometrical effect on the LIS.

In the following paragraphs we justify the neglect of con-
tact shifts and of the nonaxial term of the dipolar shifts.
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principal
magnetic axis

Fig. 2. The dipolar, axially symmetric field (point dipole);
positive lobes signify induced downfield shifts, negative lobes
upfield shifts for Eu(IiI); the reverse is true for Pr (III).

1. Contact Shifts

Returning to eq. [2], we see that in order to calculate
the paramagnetic shift we need to know something about the con-
tact contribution. Unfortunately the mathematical treatment of
contact shifts is as yet rather uncertain, and the only choice
we have to calculate Aparg is to keep the contribution of Aqgp-
tact as low as possible. This means the condition Aqgptact <<
Agip should hold, a point that has to be examined more closely.

There is a lot of evidence that the contact shift con-
tribution for !H resonances is rather small. This was demonstrat-
ed by calculation of the LIS on the basis of the complete pseudo-
contact eq. [3] plus egs. [4] and [5] using information on the
geometry of the complex gained by X-ray crystallography (153).
The experimental shifts could be reproduced very well with no
need for contact corrections (Table 2). The magnetic anisotropies
assumed in these calculations agree with single-crystal aniso-
tropy data (19).

The contact interaction is restricted to protons close to
the coordination site, since the "through-bond" interaction
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Table 2. LIS Values for All Protons of the Eu(dpm)j3
(pyridine),; Complex

A A

Proton LIS in ppm 8 bea eqs.c?§?§E5]a eq?a%g?b
LSR

methine -8.77 -8.69 =-7.27

t=-butyl -3.08 -2.29 -3.16
Substrate

ortho H 15.48 15.65 15.89
meta H 5.47 5.72 6.35
para H 5.07 4,72 5.43
RC 0.047 0.094

aComputational result for the complete dipolar shift model.

bcomputational result for the McConnell-Robertson equation;
K is fixed independently of solid state susceptibility data; the
principal magnetic axis, in disagreement with X-ray data, is
taken along the Eu-N line (see Sect. II-C-3).

CR is the agreement factor (see Sect. II-C-2).

decreases rapidly and vanishes beyond three or four bonds even
in systems where substantial contact contributions are found
(e.g., for all nuclei other than 1H).

There is still another reason why no large contact shifts
are expected for protons. There is evidence (8,20,21) that
contact shifts should be largest when the metal ion and the
observed nucleus are situated in the transoid arrangement.

Ry

Rz%\R3 =
2 L

L

=<
I

coordination site
lanthanide ion

n

If any of the substituents Ry, Ry, or Rj3 is 'y it will not as-
sume position R because the transoid arrangement provides the
favored site for the bulkiest substituent (as far away as pos-
sible from the bulky lanthanide shift reagent) or, stating it the
other way around, the LSR will preferentially orient itself in
such a way that steric interference is minimal.

Thus, while 1y contact shifts cannot be excluded a priori,
they should represent a rather small contribution to the observed
paramagnetic shift.

Some authors have found !H contact shifts up to about 10%
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of the still dominant pseudocontact contribution for some of the
lanthanides (22-25). The derivation of this value is not very
secure. Usually it is based on differences in the induced shift
ratios with respect to a series of different lanthanides. The
shift ratios for all protons in a particular substrate for dif-
ferent lanthanides (L; und Lj) should represent a constant fac-
tor; the geometrical factor in [6] cancels out:

A’I: (Ll) - K(Ll)
A’L' (L) K(Ljy)

= const.

Deviations from this simple relationship were interpreted as
being due to different contact contributions for the different
lanthanides. However, this computational approach suffers from
lack of knowlege of details in the geometry of the complex
(since even small differences in the position of the lanthanide
ions relative to the substrate might invalidate the assumed
cancellation of the geometrical factors) and from neglect of the
nonaxial term (which neglect introduces additional uncertainty).

It was found that (especially for 13¢) the LIS values
derived using Yb(dpm)3 fit better than the ones derived from
Eu{(dpm)3 to the values calculated using eq. [6].

In Figure 3 computational estimates of contact shifts of
the system 3-fluoropyridine - Eu(dpm)3 are shown (22):

@  H.5S, )  H*

-32.0 -38.83
126.0) 126.01)

1.4 30.5
(64.0) 164.0)

/
N hoH N N

-3.40
{36.60) {36.6)
Fig. 3. (a) Estimated contact shifts, in ppm, for 3-fluoro-

pyridine, Eu(dpm)3, scaled to yield best fit for the observed pro-
ton LIS; computed dipolar shifts in brackets; the sum of both is
the observed LIS value; (b) contact/dipolar ratio, in percent

(the corresponding values for 3-fluoropyridine, Yb(dpm)js3, are be-
tween -6 and +6%, for protons as well as carbon atoms.

The contact shifts in Figure 3 might be overestimated on
the grounds discussed above. With the complete dipolar eq. [3]
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used by Cramer (15) a perfect fit was obtained for the system
pyridine - Eu(dpm)3 without any need for contact interaction for
protons (Table 2). In this case one could argue that overcor-
rection for the nonaxial term overshadowed any contact devia-
tions. The general dilemma here is that the failure of a simpli-
fied model is attributed to one particular aspect of the simpli-
fication only. At any rate, 14 contact shift contributions
might exist on a very low level for protons in the a or B posi-
tion to the coordinating functional group.
While one may argue about the reliability of the values
for ?roton contact shifts, the magnitude of the values for 13¢
and !9 are rather convincing. For all nuclei other than 1H, both
pseudocontact and contact shifts are to be expected: 13¢ (22,
24-28), % (22, 29, 30), 3lp (31, 32), and 1*N (33). Close
to the coordination center, the contact interactions for
these nuclei are rather large. Highly dominating dipolar shifts
cannot be assumed safely when the nucleus (C,F,P,N) under con-
sideration is not at a distance of at least four bonds.
Estimation of the contact contribution to the induced shifts
might disclose regularities which might in turn be exploited to
derive stereochemical conclusions (20,21). The sign alteration
which is observed for the 13C contact contribution along the
carbon chain in pyridine was interpreted as spin delocalisation
in the o-bond molecular framework. INDO calculations (34) ap-
propriately simulate the change in sign of the contact contribu-
tion along the carbon chain (Table 3). It may be seen from Table

Table 3. Induced Chemical Shifts for Pyridine, Eu(dpm)j;
Calculated LIS on the Basis of eq. [6]

Position Proton LIS Carbon LIS 13¢ Relative Relative b
. . a .
obsd Acalcd Aobsd Acalcd diff. diff. diff. calcd.
o 31.02 31.10 90.0 67.78 22.22 1.00 1.00
8 10.68 10.59 -0.88 24.33 -25,21 ~1.13 -0.58
Y 9.71 9.33 30.22 18.73 11.49 0.52 0.34
astandardized on a-carbon "difference shift" = 1,00,

bpased on INDO calculation.

that the !H LIS are reproduced very well, emphasizing that the
proton contact shifts are obviously negligible despite the quite
sizable contact shifts for carbon. Similar good agreement for
the proton LIS of quinoline and isoquinoline is reported; there
seems to be no detectable contact contribution in these cases
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(47).

The carbon "difference shifts" (expected minus experimental
value, whereby the model for the geometry of the complex is
derived from proton LIS data) are clearly a measure for the con-
tact shifts of carbon. To keep this contribution low one should
choose reagents with lanthanides exhibiting a small "difference
shift" as compared to shifts calculated on the basis of results
for the purely pseudocontact shifting protons in the substrate
molecule. For Yb(dpm)j3, for instance, small contact contribu-
tions are reported (35) (see Sect. III-A), and for a series of
aliphatic alcohols an even better correlation of observed and
calculated induced shifts was obtained for !3C than for the lu
data (26) when the necessary precautions were taken. The contact
"contamination” of the LIS seems to be more disturbing for
easily polarizable molecules like pyridine (34).

The following points should be stressed again concerning
neglect of corrections for contact interaction:

1. !H contact shifts may be neglected; there is no real
hard evidence for sizable contact "contamination".

2. 13¢ contact shifts can be substantial, but can be safely
neglected for nuclei that are at least four bonds distant from
the coordinating atom; the situation is improved using the
proper lanthanide ion (the four bonds "for safety” may be
reduced to three or even two in favorable cases); scaling the
1y results seems to be an appropriate measure for estimating
contact contributions.

3. other nuclei (F,P,N,0) are of less importance and less
explored; the four-bond distance rule of thumb should hold,
however.

2. Nonaxial Contributions to Dipolar Shifts

The nonaxial term in the pseudocontact shift equation
vanishes for complexes of threefold or higher symmetry only (36).
Almost all calculations available [an exception is found in (15)]
are executed with the assumption that the complexes have, at
least effectively, axial symmetry and the McConnell-Robertson
equation [6] can be used. The obvious success of this approach
is rather puzzling if one checks with results obtained by X-ray
structural determinations of some of the complexes. For Eu(dpm)3*
(pyridine), (37) [which is of special interest because Eu(dpm)3
is one of the most often used reagents and the pyridine adduct
was the first LSR used by Hinckley who started the LIS-boom]
Cramer and Seff found no axial symmetry (37). Similar results
are reported by Horrocks et al. (38) for Ho(dpm)3: (4-picoline),.
One might argue that these findings in the solid state are not
pertinent to the situation in solution where 1l:1 (7-coordinated)
complexes are often known to dominate (see Sect. III-C). However,
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in those cases of 7-coordinated geometry where X-ray data are
available, there are again substantial deviations from axial
symmetry: Eu{dpm)g* (3,3-dimethylthietane-l1-oxide) (39), Lu(dpm)j3-
(3-picoline) (40), and Eu(dpm)3° (dimethylsulfoxide) (41).

All available X-ray evidence indicates that the simple ap-
proach [6] should not hold, but all nmr-solution experiments
show the contrary. (See Table 2, where the neglect of the nonaxial
term gives only a slightly worse fit, and see Sect. IV-B-3 for
the LIS analysis of 3,3-dimethylthietane-l-oxide).

One possibility is to assume free rotation (or an n-fold
barrier, nz 3) about an axis passing through the lanthanide
ion (42), the axis of rotation becoming the "effective" prin=-
cipal magnetic axis. This model encounte¥s difficulties even with
modestly bulky substituents, because in most LSR-S complexes
there would occur a close approach of atoms of the LSR with
those of the substrate thus hindering rotation. Another model
was put forward by Horrocks that accounts for the features shown
in solution and for the findings concerning the solid state (43):

The main assumption is that the LSR-S complex in solution
cannot be described by a single geometry but exists as an ensem-
ble of many rapidly interconverting geometrical isomers of
either 7- or 8-coordinated complexes (types LS or LS;). None
of these have to be of axial symmetry. Two additional reasonable
assumptions are necessary: {a) thirty or more individual forms
are taking part in the dynamic equilibrium, and (b) the sub-
strate exhibits a statistical bias to lie in proximity to an
extremum susceptibility axis (axis of maximum or minimum sus-
ceptibility) with deviations up to 45 deg. allowed. Calculation
of 30 - 50 randomly chosen geometrical isomers by means of the
complete pseudocontact eq. [3] and averaging of the computed
shifts yielded almost the same values as the result of a simple
approach neglecting the nonaxial term in egqg. [3]. The use of eq.
[6] seems adequate, therefore, as demonstrated for two represen-
ative substrates, cyclohexanol and isoquinoline (43).

The most important consequences from the model outlined
above are (a) a model assuming an "effective" axial symmetry is
justified; (b) the results obtained by this model are independent
of adduct stoichiometry.

C. Computational Approaches

In the previous sections (II-A and II-B) we have tried to
give an outline of all necessary assumptions leading to the
McConnell-Robertson eq. [6], which represents the focal point
of all common computational approaches (8,26,44-46,48-61,65).
We have shown that axial symmetry can be used to describe LSR-S
adducts but one guestion, namely, as to the orientation of the
principal magnetic axis in the complex (this is discussed in
Sect. II-C-3) still remains unanswered.
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The following listing gives a summary of all the assump-
tions usually adopted for the calculation of LIS:

1. The lanthanide reagent-substrate complex can be des-
cribed by a single set of coordinates (which may represent the
average of a multitude of rapidly interconverting geometrical
isomers) (Sect. II-B-2).

2. "Apparent" axial symmetry of the adduct in solution
(the nonaxial term in [3] is eliminated, and eq. [6] is suf-
ficient for mathematical treatment) (Sect. II-B-2).

3. The diamagnetic shift upon addition of LSR to the
substrate solution is negligible (Sect. II-A).

4. Contact interactions are negligible (a safe assumption
for 1H, not valid for other nuclei when close to the coordina-
tion site) (Sect. II-B-1).

5. The principal ("effective") magnetic axis passes
through the lanthanide ion and the coordination center of the
substrate (Sect. II-C-3).

1. General Procedures

Numerous procedures for simulating LIS are described in the
literature (8,26,44-46,48-61,65). The general procedure out-
lined here follows the method of Willcott III, Lenkinski, and
Davis (44), which is well documented and tested and is represent-
ative of others as well. Differences with other references in the
various steps of the procedure will be noted.

The geometry of the substrate is described with respect to
an internal Cartesian coordinate system (Fig. 4a).

@

Fig. 4. Basic coordinate parameters for computation of
LIS values; (a) Cartesian coordinate system, used for the atoms
of the substrate molecule; the coordinating atom (A) of the
substrate is at the origin; (b) Polar coordinateés, used for posi-
tioning the lanthanide ion (L); in the common approach L>A is
the principal magnetic axis (see Fig. 2).
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The coordinates are sometimes taken from X-ray diffraction
results (available in a few cases only), but more usually stand-
ard bond lengths and bond angles are used. For freely rotating
single bonds all possible conformations have to be checked. The
proposed geometry of the substrate can be derived from molecular
models (for instance, Dreiding) or, better, by using a computer
program converting the well-known internal coordinates of a mole-
cule (bond lengths, bond angles, dihedral angles) into Cartesian
coordinates (for instance, COORD or similar programs availabe at
the Quantum Chemistry Program Exchange, QCPE, Bloomington, Indi-
ana),. Usually the X-ray derived geometry and standard geometry
do not differ enough to change the results of the LIS analysis
significantly (51), since eq. [6] represents a comparatively
"soft" function of distance and angle. This is an advantage in
many cases (estimated coordinates for the substrate may be used).
On the other hand, it is a disadvantage when no clear cut deci-
sion between two closely related substrate geometries is possi-
ble (see Sect. II-C-2).

The coordination center of the substrate A (Fig. 4a) is
placed at the origin of the coordinate system, the bond A-B
defines the negative 2z axis, the 2y plane is defined by the
plane of atoms ABC. (For a keto group, A= oxygen, B= keto carbon,
and C= any of the next carbons; for a sulfoxide, A= oxygen, B=
sulfur, and C= any one of the atoms attached to sulfur).

In the course of calculating the optimal lanthanide ion
position (for optimal matching of the experimental LIS data) the
substrate coordinates are kept constant and the lanthanide ion
is allowed to move, its coordinates changing incrementally. Most
commonly the position of the lanthanide ion is described (Figq.
4b) by the distance between the coordinating atom A and the
lanthanide ion L (distance d), the angle made by the vectors AL
and B>A [colatitude angle p (44)] (the vector B+A is equal to
the positive 2 axis in our case) and the angle measured from the
X axis to the projection of vector 3 into the xy plane (azimuthal
angle ¢). Most aubthors prefer these polar coordinates for the
lanthanide ion because they offer immediate information on the
interesting data of coordination geometry, namely, the distance
from the coordination center to the metal and the colatitude p,
which should be comparable within a row of compounds of the same
functionality for coordination.

Changing p and ¢ corresponds to a movement of the lanthanide
ion over the surface of a sphere of radius d; for constant d and
¢ the movement corresponds to a circle described on the surface
of the sphere. In the program PDIGM (44) all positions for L are
screened varying d, p, and ¢ in incremental steps.

For each lanthanide position the variable term (3 cos? 84
—l)/ri3 in the McConnell-Robertson eq. [6] is evaluated for all
1 nuclei (corresponding to 7 experimental LIS values); r; is the
distance between the lanthanide ion and the Zth nucleus, and 07
is the angle made by the vector corresponding to r; and the prin-
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cipal magnetic axis of the complex (which is assumed to be rep-
resented by the vector lanthanide ion - coordination center).

The calculated geometrical factors are then scaled by a
least squares fit against the observed induced shifts A;, since
the experimental induced shifts are proportional to the geomet-
rical factor and the proportionality constant XK is not known
(eq. [6]).

After this scaling, the caluclated LIS values may be com-
pared to the experimental ones. Each particular lanthanide posi-
tion will yield a particular good or bad fit (characterized by
an error function, which will be discussed separately in the
next section). The lanthanide position yielding the best fit is
regarded the best possible one for the particular substrate
geometry presumed in this calculation. The next step, then, is
to change the topology of the substrate (e.g., to assume dif-
ferent conformations), again positioning the lanthanide ion for
best fit., Now the best fits for the different substrate geomet-
ries can be compared to decide which one would yield the best
overall fit (see Sect. II-C-2). For a decision between isomers,
only a few structures have to be tested; for a decision concern-
ing the conformation of a substrate, many proposals will have to
be tested (the infinite number of possible conformations are
approximated by incremental changes of rotational angles). The
final best fit corresponds to an optimal arrangement of all
nuclei (giving LIS values) with respect to the lanthanide ion,
restricted by chemical considerations (coordination site and
reasonable bond lengths and angles).

Modifications of this procedure include:

1. x, y, and 3 axes in the Cartesian coordinate system are
chosen differently, which is a trivial modification.

2. The lanthanide ion is placed in the origin of the co-
ordinate system, and the substrate is moved incrementally [pro-
gram PSEUDO (45)].

3. The error function is minimized in an iterative manner
in successive cycles [programs CHMSHIFT (8,65), LISHIFT (48)].

4. Equation [6] is expanded in a Taylor series, and an
iterative error minimization is employed (46, 51).

The outcome of the final lanthanide ion position in itera-
tive programs may depend on the choice of the initial position,
since local minima in the error function often occur. A global
search (complete search of all possibilities) avoids this danger.
The simplicity of eq. [6] allows many computations of values in
reasonable computing time, and the global search with the pro-
gram PDIGM (44) needs computing times in the order of minutes
(1-10 min, depending on the options used, on the number of LIS
values to be considered, and last but not least, on the computer
available).
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2. Agreement Factor and Significance Testing

There are a lot of individual error functions, to be found
in the relevant literature, which are used to assess the cor-
respondence between the observed and calculated LIS; some are
listed here ( is the total number of observed nuclei for the
particular substrate which is examined):

obs galc, o |1/2
F(Ai - 8571 ]

error = ” (Ref. 58)
cbs calc,2 J1/2 (57)
[E (Az — A'L ) ]
= n
average shift
1/2
[E(Agbs _ Agalc)gj (59)
= n

Other authors report correlation coefficients taken from a plot
of Agphg versus lAqz1c (26,65).
The most useful error function is the one chosen by Willcott
III, Lenkinski, and Davis, as is demonstrated in the following.
The agreement factor R is defined by

obs calc 1/2
Eag™ - 837 wy

[7) (44,61)
£ a9P%)2
7 T

R =

(Other expressions used for R in the literature include crystal-
lographic disagreement factor, reliability factor, Hamilton
agreement factor, or simply R factor.)

This form of an error function is suited to statistical
interpretation, which is treated extensively by Hamilton in (62).
Similar procedures of significance testing are used in the
evaluation of X-ray data for structural determinations and
should prove useful in the LIS method also (62).

In eq. (7] weighting factors (w;) are introduced; w;= 1 for
every signal yielding a LIS value, usually. Use of weighting
factors is advantageous for symmetrical molecules, or more gen-
erally for any molecule where one observed nmr-resonance signal
corresponds to two or more nuclei placed at different sites in
the coordinate system. The calculated LIS values have to be
averaged in these cases, and it is desirable to weight the single
contributions so as to keep the weights equal for each signal
rather than for the total number of nuclei producing the signal.

For instance, in pyridine the two 0 and the two m protons
must be averaged since only one LIS value each for 0 and m pro-
tons is obtained. When no averaging is done, the lanthanide ion
is forced artificially into the symmetry plane bisecting the
pyridine molecule adopting either one of the two equivalent
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positions above or below the pyridine ring; averaging corresponds
to a model allowing for four equally populated lanthanide ion
positions (Fig. 5).

{a) : (b)

L
i
&

Fig. 5. Possible lanthanide ion positions (L) for a com-
putational model allowing no averaging of LIS of symmetrically
positioned nuclei (a); averaging allowed (b); the pyridine mole-
cule is viewed from the front of the flat ring.

Similar examples, where averaging is necessary, are all
types of symmetrical cyclic compounds:

3! oH

For groups that are rotating freely and therefore exhibit
just one signal for several protons, similar problems arise. The
most common example for this is the methyl group. One can assume
three individual protons and calculate their individual LIS
values for the staggered position of the methyl group, then
averaging the three calculated LIS values and weighting the
three individual protons with a weight of 0.33 each. (In (51)
the free rotation of a methyl group is accounted for by cal-
culating 100 protons oriented along a circle and averaging, but
this seems a rather extreme procedure; see Sect. IV-B-2, example
£). The other approach used quite frequently is simpler (Fig. 6).

Since the three protons of a methyl group are rather close
together, they can be treated as one proton in a positionally
averaged site in the coordinate system. We have found that the
error thereby introduced is negligible except in cases where the
methyl is close to the coordination site and, therefore, close
to the lanthanide ion (this depends on the characteristics of
eq. [6]). Roberts (8) points out the nonequivalence of the two
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approaches; but the simplification introduced by position
averaging usually does not change results.

Fig. 6. Positional averaging of the methyl protons and
the protons of the heterocyclopentadienyl ring in a ferrocene
derivative; the average H position is indicated by an asterisk.

Figure 6 shows a similar problem caused by rotational free-
dom of the (hetero)-cyclopentadienyl ring in a ferrocene deriva-~
tive. Here positional averaging is not likely to yield reasonable
results because the error introduced by representing five rather
distant protons by one proton in the center of the hetero-ring
seems too grave. Nevertheless, even here such a simplification
would not lead to a wrong conformation with respect to rotation
about the single bond cyclopentadienyl - R (Fig. 6.; see also
Fig. 28, see Sect. IV-B-2). But the results obtained by calcul-
ating for five individual protons with averaging and weighting
of 0.2 for each one, yield more significant differences for the
proposed trial conformations of the compound investigated.

The application of the agreement factor, corresponding to
the least squares fit of a model, in assessment of reliability
of hypotheses has been studied extensively by Hamilton (62). His
statistical considerations (62) apply to the agreement factor R
defined by eq. [7] as well (44,61). One reason for preferring
the R factor introduced by Willcott III and Davis (44,61) in the
LIS method to other error functions is the possibility it pro-
vides for making the statistical R factor ratio test. Several
authors have already used the agreement factor for characteriza-
tion of the goodness of fit (45, 48, 50, 52-54, 158). The value of
R is zero for perfect fit; up to 0.10 may be regarded to represent
a good fit; agreement factors of about 0,04 correspond to agree-
ment within usual experimental errors. In (158) an additional
measure of reliability (W2 = (1-r?)n/(n-2)] is used together with
the R factor.

For each proposed geometry (conformers, isomers) of the
substrate one obtains an individual best R value for an optimal
LSR-S arrangement, the geometry exhibiting the smallest R factor
being the most_probable one. The confidence level at which one
model can be rejected in favor of another is determined by the
R factor ratio, Generally each individual geometry R factor,

(Ry) can be tested against any other (R;) by simply taking the
ratio Ryj/Rp (for Ry>R,) or R,/Ry (for R,>Ry). This ratio cor-
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responds to a particular confidence level that can be taken from
Table 4. Table 4 lists the values of the ratios necessary for

Table 4. K Factor Ratios for N Degrees of Freedom for
Decisions of One-dimensional Hypotheses on
Particular Confidence Levels (in percent)

N 50%2 75% 90% 95% 97.5% 99% 99.5%
1 1.41 2.61 6.39 12.75 25.47 63.67 100.00
2 l.16 1.51 2.29 3.20 4.50 7.09 10,01
3 1.09 1.29 1.69 2.09 2.61 3.52 4.42
4 1.07 1.21 1.46 1.71 2.01 2,51 2.97
5 1.05 l.16 1.35 1.52 1.73 2.06 2,36
© 1.04 1.13 1.28 1.41 1.57 1.81 2.03
7 1.04 1.11 1.23 1.34 1.47 1.66 1.82
8 1.03 1.09 1.20 1.29 1.40 1.55 1.68
9 1.03 1.08 1.17 1.25 1.34 1.47 1.59
10 1.02 1.07 1.15 1.22 1.30 1.42 1.51

AThat means no decision is possible.

certain confidence levels for different degrees of freedom for
the case of a one-dimensional hypothesis (62) (i.e., a yes-or-no
decision between two possibilities).

For use of Table 4 we have to know how many degrees of free-
dom are characteristic of the problem under investigation. The
number of parameters varied in the calculation of the LIS are
four: three parameters to define the position of the lanthanide
ion and one parameter to scale the calculated geometrical factor
to the observed LIS. At least four LIS data should be available
for proper adjustment of the lanthanide ion position. This con-
dition may be excessively stringent because small molecules with,
say, three (or even two) protons may yield quite a reasonable
metal position (135). This is possible because an additional
restriction is imposed by allowing only one particular coordina-
tion site. In the most rigorous statistical treatment (61) we
need at least five signals giving well defined LIS to apply the
R factor ratio test. The number of degrees of freedom is then
one, and a ratio K;/K, of 6.39 would be needed to reject the R
geometry (large R) at a 90% confidence level in favor of the R,
geometry (small R) (or the other way around, there is only a 10%
confidence level for the R; geometry). When we have six LIS
values for the significance testing of proposed geometries we
need only a ratio of 2.29 for the same confidence level (6-4=2
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degrees of freedom). This example demonstrates the desirability
for as many LIS values as possible (1H and 13c) and hopefully

a distinct minimum agreement factor for a particular geometry
proposed.

In treating conformational problems one has to test numerous
(strictly speaking, an infinite number of) slightly changed
geometries (conformations), each yielding an individual R factor
for the optimal LSR-S arrangement of that particular conforma-
tion. The conformation showing the minimum R is tested against
all cthers. Numerous examples are given in Sect. IV-B.

One important fact should be mentioned at this point con-
cerning the graphical representation of the goodness of fit
(represented for instance by the A factor) versus continuous
geometrical changes in substrate geometry. The minima of R
factors in plots used to illustrate locating the best fit are
to be understood as reliability maxima, and not as energy minima.
For examples of plots of Re or Re/Rmin versus the angle of rota-
tion 6 about single bonds see Sect. IV-B-2, Figures 19, 20, and
28-30.

(8) {(b)

Eg

Ee

) ' '
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E=Rpin E#¥ Rmin ¥ E,

Fig. 7. Idealized plots of conformational energy (Eg) and
agreement factor (Rg) versus torsional angle about a single bond
(6); energy diagram and reliability factor diagram: (a) only one
conformer is populated, (b) two conformers are populated.

The pattern of the Re versus 8 curve does not necessarily
reflect the pattern of the curve Ey versus 8 (Fig. 7). R minima
and energy minima will very often coincide (case a in Fig. 7), but
this is not necessarily so. In particular, when several low-
energy conformers are present in solution the R minimum may
represent an average determined by the population of these con-
formations according to the Boltzmann distribution (case b in
Fig. 7). It is interesting that an analogous case is found in
situations of strong disorder in X-ray crystal structure data
(e.g., 49a). Here the originally determined X-ray structure re-
fined to an unreasonable geometry; later the structure turned
out to reflect two superimposed conformational isomers.

For cases where a single highly preferred conformation is
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present in solution, a good fit should be possible; the results
can be compared to structure determinations by means of the X-ray
diffraction technique. One is tempted to call the LIS technique
the "X-ray method for the dissolved state". Parallels include
the use of the crystallographic R factor in the LIS method as
well as the use of structure plot programs by several authors
(48,49); ORTEP - type (Oak ridge thermal ellipsoid plot), giving
a stereoscopic view of the molecular structure determined. How-
ever, this analogy may reflect excessive enthusiasm. By way of
additional information about computational reliability, one may
observe the following characteristic features of the calculation:

1. Structural proposals giving an R>0.l1 are not likely to
be correct.

2. Significant changes for the R factor should be observed
when the lanthanide position is changed within a particular sub-
strate geometry; this criterion is used in a more guantitative
way in the significance test where several substrate geometries,
each with an optimally arranged lanthanide ion, are tested
against each other; for certain locations in space near the
lanthanide ion eq. [6] is unfortunately a rather soft function
(8). Possible pitfalls are pointed out in (8) and (158).

3. Finding a minimum value for R at an unreasonable
lanthanide position, for instance closer than 2 8 to, or further
than 3.5 from the coordination center indicates an accidentally
good but incorrect fit.

3. Orientation of the Principal Magnetic Axis

There has been some concern about the orientation of the
magnetic axes in the calculation of LIS for LSR-S adducts. Most
workers in this field have assumed the principal magnetic axis
to coincide with the orientation of the bond from the lanthanide
ion (L) to the coordinating atom (A) (Fig. 8), and the apparent
success of this procedure has been taken to justify it.

To account for cases in which this assumption might not be
true it was proposed to introduce an additional angle made by
the magnetic axis and the vector A>L (63). Later it was pointed
out that at least two additional angles are needed to define the
orientation of the magnetic axis relatively to the A-L bond and
the substrate molecule (64): ¢, defined by the angle made by the
principal magnetic axis and the vector A»L (Fig. 8), and w, rep-
resenting the rotation of the principal magnetic axis about the L-A
bond out of the 2y plane. w is not well defined when ¢ is close
to zero.

In principle, this implies two additional parameters in the
usual fit procedure. However, calculations by Roberts et al. (8,
65) using this approach for some representative molecules showed
that the deviations of the effective magnetic axis from the usu-
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principal
magnetic axis

y
<

A
/ substrate

Fig. 8. Defining the additional parameters ¢ and w, when the
principal magnetic axis is not assumed to coincide with the I-A
line (see Fig. 4).

ally assumed orientation (A-L) are not substantial. ¢s of 0.04 -
2.4 deg. were found for borneol and isoborneol. Ammon et al.
(51) found maximal deviations of 2 deg. and no significant im-
provement of the fit with the use of two additional adjustable
parameters.

The simplification concerning the orientation of the ef-
fective principal magnetic axis thus seems justified.

4. Simple Distance Relationships

The earliest correlations of LIS values with substrate
geometry were made using simple distance relationships, neglect-
ing the angular term in the McConnell=Robertson eq. [6] (1,66-70).
The LIS values are then proportional to r=3, The distance r from
the lanthanide ion to the nucleus under consideration had to be
estimated from models assuming a reasonable position for the
reagent in the complex. This method was modified by substituting
for r the distance from the coordination center to the nucleus
(r‘). In that case the r3 dependence no longer holds but a
proportionality factor of ca. r'”2-2 was found; the exponent
~2.2 reflects the artificially reduced distance parameter.

Usually log - log plots were used, in which case straight
lines result independently of the magnitude of the exponent (plot
of logA versus log r or r').

The McConnell-Robertson eq. [6] written in logarithmic form
illustrates these findings.

logh = -3 log » + log (3 cos? g - 1) + log X

If one takes the angular term as constant, the plot logA
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versus log r will be a straight line with slope -3. With r'’
(vide supra) slopes of about -2.2 are obtained.

This method can work only for regions of 6 where the expres-
sion (3 cos? 8 - 1) is not very sensitive to changes in 6, which
is the case from 0 to 40 deg. At 54.7 deg. inversion of sign
occurs, resulting in "wrong" shifts when the nucleus under con-
sideration is situated in the region § between 54.7 and 90 deg.
(see Fig. 2). This demonstrates the inadequacy of the simple
distance dependence for LIS analysis, and this method should,
therefore, be used only for simple stereochemical questions
(deciding between two stereoisomers, for instance), but never
for subtle conformational problems.

[II. EXPERIMENTAL TECHNIQUES

In this part the conditions for obtaining reliable exper-
imental data for LIS are discussed including considerations of
theoretical aspects.

A. Reagents

The properties of a lanthanide shift reagent (LSR) are
determined by the two components of which it consists: the metal
ion and the ligand.

For some purposes the inorganic salts of lanthanides are
used, e.g., for polar organic substrates in aqueous solution
which are of special interest in biological systems (50,71,72).
However, in most relevant papers metalloorganic LSRs are em-
ployed.

Let us first focus on the influence of the lanthanide ion,
keeping the organic ligand constant. Horrocks et al. (14) have
studied the shifting power of the complete lanthanide series in
the system Ln(dpm)3, Ln = Pr, Nd, Sm, Eu, G4, Tb, Dy, Ho, Er, Tm,
and Yb, for representative substrates (n-hexanol, 4-picoline-N-
oxide, and 4-vinylpyridine). For all substrates studied the
relative shifting abilities of the single lanthanide ions were
quite consistent, which is to be expected when the shifts are
dominantly of dipolar origin. In an isostructural series, A; is
proportional to X, which in turn depends on the magnetic proper-
ties of the metal alone (eq. [6]), provided dipolar or pseudocon-
tact interactions are solely responsible for the shifts. The
results are shown in Figure 9.

Pr and Eu exhibit the largest shifting power for the lan-
thanides of relatively low atomic number: Pr upfield and Eu down-
field. The shifts produced by the "higher" lanthanides are
larger (Dy causing the largest upfield and Tm the largest down-
field displacements), but the exploitation of the higher lan-
thanides is hampered by severe broadening of the signals upon
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Fig. 9. Relative LIS for a typical dipolar-shifted nucleus
in the region -54.7 <6 < +54.7 deg. for different lanthanide
ions.

addition of the reagent so that the exact signal position can
no longer be determined with the necessary accuracy. This means
the lanthanides of greatest interest for shifting experiments
are Pr and Eu.

For praseodymium reagents less accurate LIS values are
reported in (51) as compared to europium reagents. Praseodymium
reagents seem to exhibit a greater tendency to dimerize in solu-
tion [Ln(dpm)j3 reagents in general have a dimeric structure in
the solid state (73)]. Partial dimerization of LSR cannot be
excluded even in dilute solution; both monomeric (6-coordinated)
and dimeric species (which are 7-coordinated) for Eu(dpm)3 and
Pr (dpm) 3 have been observed in solution (74). At low concentra-
tions of the reagent (a higher concentration of substrate is
used) the dimeric form of the LSR is supposed to break up when
coordinating to the substrate, preferrably forming adducts of
1:1 stoichiometry (which are again 7-coordinated, symbolized by
LS), but 1:2 adducts as well (LS, 8-coordinated). There is some
evidence now that Pr-shift reagents coordinate to some degree in
the dimeric form. The corresponding complexes, LSR-substrate,
are then of the types L;S (one lanthanide ion 7-, the other one
8-coordinated) and L;S, (both lanthanides 8-coordinated). In
these complexes two lanthanide ions are close to one substrate
molecule, and two dipolar fields are superimposed. This gives
rise to less good agreement with eq. [6] and distances which are
too low in the fit. This is exactly what is reported in (51)
with the conclusion that Apy data are intrinsically less accurate
than Ap, data (the dpm ligand was used in these experiments).

Interesting facts concerning the tendency of lanthanide
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ions for contact interaction (of special interest for 13¢ - LIS,
Sect. II-B-l) are pointed out in (35) and (22). As can be seen
from Table 5 Eu(III) produces the highest contact shifts for
carbon resonances.

Table 5. R Factors for LIS Simulation and Estimates of
Contact Contributions of the System Isogquino-
line-Ln{(dpm) 3

Ln = Eu Nd Er Tb Ho Pr Dy Yb

R (Im)a 0.030 0.048 0.011 0.0l5 0.013 0.020 0.018 0.014
rR(lu, 13c)b 0.477 0.468 0.176 0.269 0.333 0.116 0.300 0.040

(o]
Alcontact)® o 457 0.25 0.21 0.19 0.15 0.13 0.05
A(dipole)

8proton LIS simulated.

Pproton and carbon LIS simulated.

CThe ratio contact/dipolar contributions to the observed
LIS represents an average for the carbons of the N-ring of
isoquinoline.

According to Table 5, the lanthanide of choice for 13¢c-11s
is, therefore, Yb(III), despite some line broadening; but
Pr(III) is not bad either. Eu(III) should be avoided in !3¢
LIS; ApSimon et al. (28), for instance, observed in a LIS study
of monofunctional keto and hydroxy steroids substantial contact
shifts for the carbonyl and hydroxyl carbons, as well as the
alpha carbons, with Pr(fod)j; with Eu(fod)3 the beta carbons
suffered contact interaction in addition.

Gadolinium does not produce any shifts (each f orbital is
singly occupied), but its broadening abilities are remarkable.
This has prompted some authors to use GA(III) complexes for
relaxation reagents, since the width of a resonance signal in
nmr is reciprocally related to the average length of time a
nucleus stays in a particular spin state. This relaxation time
is changed by a paramagnetic ion nearby, and the r—6 dependence
can be used to determine the distance from the relaxing nucleus
to the lanthanide ion. This technique [not necessarily using
lanthanide ions but other paramagnetic ions as well (7)] comple-
ments the information gained by the LIS technique [Literature:
Gd (75,76), Ho (50), Cr, Fe, and general considerations (7)].

Since this ?aper deals with LIS only, we confine ourselves
to Eu(III) (for 'H), Pr(III) (for 'H and !3C), and Yb(III) (for
3¢ 119).

Now let us consider the ligands attached to the lanthanide
ion. For most organic-chemical systems, one is usually confined
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to solutions in organic solvents; and thus there is need for
metalloorganic lanthanide shift reagents that are as soluble
as possible in the solvents most common in nmr spectroscopy,
namely, CDCl3y and CCl,. Most LIS work has been and is done in
these solvents.

Since LSR-substrate adducts are fast exchanging species of
the type LS and LS;, the observed shifts in the nmr spectra rep-
resent the concentration-weighted averages of all s, LS, and
LS, molecules. The LIS will be the larger, the more of the com-
plexed form of the substrate is present in solution. In the com-
plexing mechanism the LSR acts as a Lewis acid; high Lewis acidity
of the LSR will increase the degree of complexation to basic sub-
strates, but steric requirements of either reagent or substrate
will influence the complexation constant and thus the obtainable
LIS. One possible means of influencing complex formation is to
vary the ligand of the shift reagent.

Organic anions reported to be able to solubilize lantha-
nide (III) ions in nonpolar organic solvents are practically
all derived from 1,3-diketo compounds.

&
: 0
\__/
Rl/ \lfc\/ \Rz R1/ \C/ \Rz
H

The first reagent to attract the attention of organic
chemists was Eu(dpm)3(pyridine); (1). Eu(dpm)3 was demonstrated
{4) to exhibit better shifting abilities than the dipyridine
adduct, since, presumably, pyridine competes with the substrate
for coordination. The situation is similar with Eu(fod)3 which
is ordinarily obtained as monohydrate; when dried over P,01¢ in
vacuo the (now anhydrous) reagent shows shifting abilities, im-
proved by a factor of about two, since water no longer competes
with the substrate (41).

Eu(dpm)3 is still one of the most widely used LSR despite
the introduction of reagents of increased solubility and acidity.
For the most frequently used LSR and the usual abbreviations for
the organic anions see Figure 10.

To obtain LSRs with improved solubility and coordination
properties, partially fluorinated ligands were introduced (5,41).
A LSR that has gained or even surpassed the popularity of
Eu(dpm)3 is Eu(fod)3 which is superior to Eu(dpm)j3, especially
with weakly basic substrates where a strongly Lewis acidic
reagent is needed to obtain adequate complexation of the sub-
strate. In such cases the greater solubility of Ln(fod)3
reagents is of importance also, since higher concentration of
LSR increases the observed shift displacements.

Improved interaction between fluorinated LSR and substrate

=0
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Fig. 10. Most frequently used lanthanide shift reagents;
all combinations of the organic anions dpm = dipivalomethanato
(= thd = tmh = 2,2,6,6~-tetramethyl-3,5-heptanedionato) and fod =
1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionato, and
the cations Eu(11I1) (for 1H-LIS), Pr (III) (for ly and 13c), and
Yb(111) (for 3¢).

was independently demonstrated by studies using gas chromato-
graphy (77) (a column is loaded with LSR, and the substrate passed
through; the retention time allows conclusions concerning the
complexation of the substrate to the LSR).

Eu(fod) 3 usually produces larger LIS than Eu(dpm)3, but
this need not always be true as was pointed out in (78).

An argument in favor of dpm~ is that the f-butyl resonance
of the reagent is found upfield of the TMS signal and does not
interfere with substrate signals; the f-butyl resonance of fod~
remains in the &% 1.7 shift region and may cover up aliphatic
substrate protons.

There is still another reason for favoring Ln(dpm)3 over
Ln{fod)3, at least if the basicity of the substrate allows one
to obtain reasonable shifts with Ln(dpm)3. Many substrates of
interest possess more than one functionality, and very often one
of these is substantially more strongly basic than the others,
In such cases Ln(dpm)3 may still yield an easily interpretable,
well defined complex, whereas the stronger Lewis acid Ln(fod)j
might yield a mixture of complexes, the reagent interacting
with a multitude of strong and weak basic sites in the substrate.

A related effect is demonstrated quite impressively in the
following example (79). In this study of 3-aryl-l1,3,5,5-tetrame-
thylcyclohexanols a different pattern of LIS values for aryl=
o-methoxyphenyl was found as compared to aryl= m-methoxyphenyl,
p-methoxyphenyl, or phenyl when Eu(fod)j3 was used as reagent;
when Eu(dpm)3 was used this difference was not observed. This
suggests that the system 3-o-methoxyphenyl-1,3,5,5-tetramethyl-
cyclohexanol - Eu(fod)j shows uniquely anomalous behavior. An-
ticipating some of the results of the LIS method discussed in
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part IV, the anomaly can be interpreted in terms of aryl rota-
tion (illustrated in Fig. 11). The systems I and 3 (3 possess-

Eu(dpm)y

 Eulfodly Eulfodly Euldpm) Euldpm)y
}/ ,," 'l II
b o’l ! l, OMe /
0H 0. OH MeO oH oH
<
1 2 3

Fig. 11. Perspective structures of some 3-aryl-1,3,5,5-
tetramethylcyclohexanol - Ln(III) complexes.

ing two low energy rotamers) show a very similar orientation of
the aryl ring with respect to the cyclohexane ring, corresponding
to minimum steric interaction. In system 2 [Eu(fod); as reagent]
the aromatic ring is rotated towards the hydroxy group thus al-
lowing the stronger Lewis acid Eu(fod)j to form a bidentate
complex. The LIS value for the aromatic methoxy protons in com-
plex 2 is 1.40 ppm, for complex 3, 0.39 (the other protons in

2 and 3 do not differ so much and for all other LIS the values
for 3 are larger than the ones for 2). The LIS values for the
methoxy protons of the corresponding m- and p-methoxyphenyl com-
pounds with Eu(fod)3 as reagent are -1.54 and ~-1.70, respective-
ly. This proves that it is not simply a second LSR that is co-
ordinated in 2, since such coordination would show up in the

m- and p-methoxylated species also, causing a LIS value of
positive sign in these compounds (direct coordination to a
methoxy group always produces a sizable positive displacement

of the chemical shifts for the methoxy protons). All observed
LIS find a rationale in the assumption that a change of con-
formation is initiated by interaction of the substrate with
Eu(fod) 3. This change of conformation of substrate caused by the
reagents is a matter of great concern when using LSR for deter-
mination of substrate conformation. Clearly, a weakly interact-
ing LSR might be somewhat less likely to introduce unwanted
conformational changes in the substrate than a strongly com-
plexing one.

Beta-diketonate chelates other than the quite bulky ones
described above do not yield satisfactory shifts (80a). In
complexes with less bulky substituents there seems to exist no
preferred orientation of the substrate molecule within the com-
plex, and thus quantitative evaluation of the LIS is hampered.

If one needs a reagent with almost unlimited solubility
and high shifting power Ln(dfhd)j; might be of interest (80b)
(see Fig. 12). This reagent is highly acidic, and the lack of
aliphatic protons in the substituents is an additional bonus.
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F3C” N NCF,CF, CFy
H
dfhd -

FPig. 12. Structure of anions for LSR used for special LIS
problems; dfhd = 1,1,1,5,5,6,6,7,7,7-decafluoro-2,4-heptanedione
(extreme solubility in CDClj or CCly) and facam = 3-trifluoro-
acetyl-d-camphorato (most frequently used chiral anion in LSR).

For maximum resolution a "typical" ratio of 260 mg Eu(dfhd}j; to
20 mg n-heptanol in 0.5 ml CCly is reported in (41), a first-
order spectrum being readily obtained at this ratio.

For the special LIS technique of determining the enantiomeric
purity of chiral compounds, a series of chiral LSR have been
created, the most popular being "Eu(facam)3" [(8l) and references
cited therein] (see Fig. 12).

The following comparison of the two most often used LSR
ligands summarizes their relative advantages and disadvantages:

dpm fod

good solubility in (+) (+) (+)

organic solvents

excellent solubility
in organic solvents,
therefore, high con-
centrations possible
(good resolution)
good complexing with
strong bases as sub-
strates

good complexation

good complexing with (+) (+)
strong bases

less complexation (-) (+)

with weak bases
t-butyl of the
reagent very close
to TMS (in most
cases upfield)
less likely to (+)
influence substrate
conformation

unstable with weak (=)
acids (phenols and
carbonic acids)

(+) (+)

=)

(=)

(+)

even with weak bases
t-butyl of the LSR
may obscure aliphatic
protons of the sub-
strate

more prone to con-
formational inter-
ference with substrate
stable with weak acids

B. Substrate and Functionality

The extent of the lanthanide shift induced upon addition of

a particular amount of reagent is strongly influenced by the com-
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plexation constant. Since the LSRs are Lewis acids the complex
binding constant of the adduct is a function of substrate basic-
ity and, of course, steric effects, which play an important role
also,.

In (83) an almost linear correlation between basicity of
substrates (seven different p-substituted anilines) and LIS
values [for 0 and m protons, with Eu(dpm)3] is reported. This
does not hold true any more when molecules of different steric
requirement are compared. In (84) the observations are discussed
within the framework of HSAB (hard-and-soft acid-and-base)
theory: the LSR are hard acids, and interaction is better with
hard than with soft bases.

For the most common functionalities an order of basicity
may be given (80) (decreasing affinity to usual LSRs):

-NHp, > -OH > -C=0 > -COOR > -CN

This order is useful as a rule of thumb only. Tertiary
alcohols, for instance, coordinate more poorly than ketones
(137). The etheral function -0- can show very different behavior
from case to case; so the arylic methoxy coordinates poorly to
LSRs (compare sect. IV-B-3, example e) but the ether oxygen
incorporated in small rings are very efficient in complexing
(see Sect. IV-B-3, example c).

Coordination takes place with all kinds of bases (Lewis
bases), including a number of organic molecules of less common
functionality: sulfoxides (85), sulfites (86), sulfines (87),
N-oxides (23), N-nitroso compounds (88), azoxy compounds (89),
carboxylic acids (-COO~), and phenols (ArO~) (41,90), the last
two with Ln(fod)3 or other highly acidic LSRs only, Ln(dpm)j
being unstable with acidic substrates (41,90).

An attempt to obtain LIS with cations as substrates has
been reported (91). Cyanine dyes, quinolinium, and quaternary
ammonium salts (Lewis acids!) in CDCl3 with Eu(fod)3 yielded
induced shifts that were lower than the usual values for Lewis
bases, but were sufficient to simplify the nmr spectra. Contact
ion pairs were assumed, the substrate anion complexing with
Eu(III) directly. The cation - Eu(fod)j interaction is then a
consequence of contact ion pairing of substrate cation to sub-
strate anion. Another possibility for inducing shifts in cations
is to use diamagnetically active anions, for instance, the
tetraphenylborate ion (92). Though this case is far off our
main topic, it does show a possible extension of the induced-
shift method, at least if only simplification of spectra is
desired.

The relative shifting (and complexing) abilities of func-
tional groups can be determined by nmr, either by intermole-
cular (external) or intramolecular (internal) competition ex-
periments; the former is done with a mixture of substrates (93),
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the latter with a substrate containing more than one function.
This latter case is of great interest in practical terms, since
one frequently has to deal with polyfunctional substrates.
Double or higher complexation in polyfunctional molecules

shows up in the absolute shift values observed [large LIS, if
the different centers of complexation have comparable coordina-
tion binding constants, the induced shifts of the two or more
Ln(III) being additive]-or in a bend in the A versus LSR-con-
centration slope (at low LSR concentration the strongest basic
function is dominant, when the strongest base site approaches
saturation, the other (s) start to coordinate LSR too).

Some illustrative examples are discussed in the following.

Compound & represents a case where the functions are not
just comparable but identical. Therefore the A versus LSR con-
centration slope is a straight line. The LIS values are given
in formulas 4 and 5 for a molar ratio of Eu(dpm)3: substrate

of 0.3 (CDCl3).

14.0 37.0 122.5 70.5 40.0 70.5
H3C CH3 H3C H CH3 [68.2]calc
<) ) COOEt EtO0C N \ OOEt
NN N~ NH N o
H3C CHj H3C CH3
11.5 134.5 74.0 74.0
4 5  [73.0)calc

Since this is far from saturation, the two functionalities in &
compete for the reagent molecules and on the basis of the cor-
responding monofunctional compound 4, the LIS for the methyl
groups in 6 would be expected to be (14.0 + 122.5)/2 = 68.2 and
(1.5 + 134.5)/2 = 73.0, respectively. The observed values of
70.5 and 74.0 Hz are very close to the predicted values (94).

The additivity of LIS can be exploited to determine complex
populations in polyfunctional compounds by use of the LIS values
of monofunctional standard model compounds (95).

Distinct nonadditivity indicates some special effects. In
the series methoxy-, 0-, m-, p-dimethoxybenzene a remarkable
increase in the LIS (ratio LSR:S = 1:1, ppm) is observed for the
methoxyl groups in the ortho isomer only.

OCH3
OCH3
0.31
OCH3 OCH3
OCH3 OCHj3 8.57 CH3 CH3 H3CO.
0.5 0.89 TEu

6a 6b
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Clearly, 6a forms a strongly bound bidentate complex (6b). It was
found (95) that the o-dimethoxy arrangement in 6a appears to

have about twice the affinity for Eu(fod)3 as an aromatic ester
group. (An isolated methoxy function coordinates poorly com-
pared to the ester group.)

Eu
N
HyC ., CHy
0---- _//Eu 0 CHy ,/'EU
Hy€ e o":/
= / :0”
1 €=0 . / e
OCHj / 0CHs
4 - ’
oo
0CH3 3 CHy
7 8
Hz Hz
OCH3
200 OCHy 200
/——/ CHy
0 += T T —> [ T T
0 1 2 0 1 2 LS

Fig. 13. A versus Ly/S, plots for 7 and 8, showing that 7
forms a tridentate (9-coordinated) complex, whereas 8 incorpor-
ates a second Eu(III) at higher Eu(fod)3 concentrations.

Another interesting example (96) is illustrated in Figure
13, which shows the A versus [o/So (molar ratio LSR:substrate in
solution) plots for substrate 7 and 8. In substrate 8 a second
Eu(III) is incorporated at higher LSR concentrations, whereas
the LIS for 7 remain virtually unchanged after incorporation of
one lanthanide ion. This is due to formation of a tridentate
(9~coordinated) complex in 7, which represents a rather rare
case. The stereochemistry (syn or anti) can be deduced, in this
special case, from such simple considerations concerning the
mode of complexing alone (96).

All these examples demonstrate the special problems aris-
ing with polyfunct’ional substrate molecules. If the main purpose
of a LIS experiment is the elucidation of stereochemistry, and
especially of conformation, of the substrate, then well-defined
complex geometry is necessary. The simplest way to make the case
clear cut is to use a model compound with one, and only one,
strongly Lewis-basic functionality. If additional atoms with
free electron pairs cannot be avoided, as, for instance, in the
dipyrromethene system (formulas 4 and 5) (94), then the LIS of
the system without the dominating basic group should be checked
for reference under equal conditions. Fortunately, for dipyrrome-
thenes lacking the strongly coordinating carboethoxy group, no
detectable LIS are observed under the experimental conditions
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employed for 4 and § (vide supra).

Future developments in the computational approach will
include extension of the calculations to polyfunctional mole-
cules (60).

C. Extraction of LIS Parameters
from Experiment; "Bound" or "Limiting" Shifts;
Complexation Constant and Stoichiometry

Determination of relative LIS values by plotting A versus
the ratio molar concentration of reagent: substrate (plots of A
vs L,/Sy: Fig. 14) would seem to be a reliable and rather easy

0 1 2 Lf5, 0 2 Lo/

Fig. 14. (a) Ideal and (b) typical A versus Ly/Sp plot; in
(b) the plot should represent a straight line up to L,/S, ™~ 0.5
allowing extrapolation of the A value for the 1l:1 complex; Sy is
kept constant, Ly is varied in the experiment.

procedure. However, it has been shown that the values obtained
for the slope (at low LSR concentrations) differ for different
substrate concentrations despite equal LO/So ratios (97); this
finding and the nonlinearity of the plot at L /S, ratios higher
than 0.5 require explanation.

For strong Lewis-base substrates (e.g., amines, alcohols)
one can assume that at high concentrations of LSR a value for
the LIS is obtained which does not change upon further addition
of reagent, since no more lanthanide ions can be incorporated
into the complex, all coordination sites being saturated. In the
ideal case of a well defined 1l:1 complex, a very sharp bend
should show up in the plot (Fig. 14). However, this is almost
never true, thus indicating that a simple, one-step, 1:1 equili-
brium is not, in fact, the only one involved. Besides the species
L, S, and LS, the species LSy (1:2 stoichiometry) will be present
in solution, also (see Sect. III-A). Another factor complicating
matters is self-association of the reagents especially at high
concentrations (74) (see Sect. III-A). This adds the species L,,
LpS, and L3S, to the previously mentioned ones, LS, LSy and, of
course, L and S alone. Nevertheless, almost all methods to obtain
the intrinsic parameters of the reagent - substrate equilibrium
are based on the assumption of a 1:1 complex. The values given
in the literature are usually the extrapolated induced shift
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values for a molar concentration ratio reagent:substrate = 1:1,
taken from the linear part of the plot A versus L, /S, (Fig. 14).
We show in the following that this slope depends on the sub-
strate concentration and on the binding constant of the complex
formed for weakly Lewis-basic functional substrates.

A trivial reason for deviation of the straight line in the
plot A versus L,/S, at very low LSR concentration should be
mentioned at this point. Deviations of this type usually indicate
either some kind of impurity in the reagent or the presence of
a "scavenger" in the substrate solution (usually traces of water)
which binds the reagent.

Methods to extract the intrinsic LIS parameters even for
mixtures have been reported (98). We will, however, confine our-
selves to "simple" systems that are controversial enough, for
reasons to be discussed. Somewhat paradoxically, the controversy
is fueled by the rather fortunate circumstance, that good and
interpretable LIS data can be obtained by methods assuming rather
different mechanisms and using different analytical (mathema-
tical) methods.

The equilibrium for a 1l:1 complex can be formulated in the
following manner:

L+8S~1Ls [8]

The species of interest in solution are the shift reagent L, the
substrate S, and the coordination product LS. The observed lan-
thanide-induced shift A for any particular nucleus is an average
of the shifts for the complexed substrate and the uncomplexed

one in the case of rapid exchange on the nmr time scale [only a
few cases are known where, at low temperatures, the peaks for
complexed and uncomplexed substrate show up seperately in the nmr

spectrum (15, 99)], determined by the concentration of S and LS
in solution.

b=F 4 [9]

Where x is the concentration of the LS complex; S, is the total
concentration of the substrate (in complexed and uncomplexed
form); x/So is, therefore, the fraction of the complexed form,
LS, of the substrate; and A} is the induced shift of a particular
nucleus for the case that the substrate is completely bound to
the reagent [e.g., "bound chemical shift" (100); since this is
the upper limit for the LIS of the complex LS, another proposal
is to call this intrinsic parameter "limiting shift" (101)],
A = 4; for the pure LS complex.

The second characteristic parameter for the system [8] is
the equilibrium binding constant:
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LS X
Ky=—=15 = (Lo=2) (So=) (201

L, S, and LS are used in this and the following equations
to denote the concentrations of lanthanide reagent, substrate,
and complex, respectively, at the equilibrium; L, is the total
concentration of the reagent (bound to the substrate and free);
S, and & are as defined above. S, and Lo are determined by the
experimental conditions chosen.

By extraction of x from eq. [10] and substituting x in eq.
[9] one obtains an expression where A is a function of A;, Xi,
S0, and Ly. An iterative trial guess method can be used to com-
puter fit the experimental A to particular values of A; and KX;.
This is too complicated to be done by hand.

Reasonable simplifications in the mathematical treatment
are often introduced to allow manual (graphical) evaluation of
the experimental results. The experiments in turn are then
restricted to particular conditions in accordance with the
mathematical framework chosen.

One experimental restriction to simplify matters is to use
low reagent concentrations:

So >> Lo

in which case x will be small too (r is the LS concentration)
So >> x

Upon introducing this condition, eq. [10] becomes

x _ x
{Log-x) Sg  LoSo-ZSo

Ky =
extracting &,

z = K1Lg So
1 + 55 K3

and substituting in A (eq. ([9]) yields

_ KiLg A
A T+ 5, K (11]

Egqs. [10] and [11] are the basic equations for the two most
important approaches to obtain intrinsic LIS parameters.
Approach 1. A versus Lo/So plot at constant S,. The most-
used graphical method is the one where the substrate concentra-
tion Sy is kept constant and the reagent concentration Lo is
varied (the condition Sy >> Lg remaining valid). In practice,
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a nmr sample of the substrate is prepared, and the nmr spectra
are recorded for various concentrations of the reagent, which is
added incrementally. The slope of the plot A versus Lo/So is assume
to give a measure of the "bound" or "limiting" shift.

To check the validity of this assumption we have to con-
sider two limiting cases:

1. strong.binding of the substrate to the reagent: this
means K;So >> 1 in [11]), then [11l] becomes

s < Kalg A
SoK1

or
b=b; Lo (12)

Equation [12] corresponds to a straight line for the plot A
versus Lo/So passing through the origin, with slope equal to the
bound chemical shift A;. For high S5 (So>>Lg) and good complexing
( a large value for K;) this method will yield correct results.

2. Weak binding of the substrate to the reagent: this
means X)}So <<l in [11]), then {[11] becomes

A = K]_Lo Al
or
A = Ki1So Ay :g_g [13]
o

Equation [13], too, corresponds to a straight line in the plot
of A versus Lo/Sp, but the slope is not equal to A; any more.
It is also dependent on the substrate concentration and the
binding constant of the complex formed.

Taking the A versus Lo/So plot at several different sub-
strate concentrations helps one to decide if the slope can be
regarded as the limiting shift or not. But even for case 2,
where the slopes for the individual nuclei are not equal to Ay,
the relative values should still be proportional to Aj;. Since
in the McConnell-Robertson eq. [6] only the relative values are
of importance, the LIS can be used in either case as the slopes
of the plot discussed.

Approach 2. Plot of So versus 1/A at constant Lo. This
approach was introduced by Armitage (97, 100). It offers the
bonus that values for A; and X; are obtained as well. Some re-
cent authors seem to favor this method over the older approach
1 (48, 10la).

We write eq. [10] in the following form
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X = x
17 T80 - Sox = Lox + 272

We have assumed So >> Lo; therefore, x (concentration of LS)
will be low and x? will be very small, therefore, negligible.

Rearranging eq. [9] to extract x (x = A Sg/A;) and sub-
stituting in X,

A
T 81Lo - 8.50 - Lob

K

rearranging to extract Sp yields

1
S5¢ = A1L0<z-> - (Lo + 7{—11-> (14)

Equation [14] predicts a straight Sp versus 1/A plot with a
slope of Lo A; and a y intercept of -(Lp + 1/K;), thus yielding
values for both intrinsic parameters A; and X;. A typical
(idealized) plot is shown in Figure 15. The separate lines for

So Hy
H,

v/ 1/a

Fig. 15. Idealized Sy versus 1/A plot for three nuclei 6f
a particular substrate; at low LO concentrations a straight line
is expected; L, is kept constant, S, is varied in the experiment.

all protons converge to the same intercept, which corresponds
to a consistent value of X; obtained from any one of the protons.
For K}>100 the y intercept is so small that only a lower limit
for Xj can be given. This is the case if Eu(fod)3 is used in the
examples shown in Table 6. The binding constants for Eu(dpm)j in
these examples are much smaller. Interestingly enough, the values
for the bound chemical shifts do not differ very much, evidencing
that the induced shifts for the "pure" complexes are mainly
dependant on the lanthanide ion and to a lesser degree on the
ligand of the reagent.

All previously derived equations ([8] - [14]) are valid
for a "one step - 1:1 binding model". To account for the
expected 1:2 complexing, also, the equations can be modified
easily for the assumption of a "one step - 1:2 binding model"
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Table 6. A; and Kj Values Evaluated by Means of a So versus 1/A
Plot at Small Lo with Ly Constant; Two Examples

81 K S| K
CH3
H3C-—<f—CH2—OH
CH3l
2
Neopentyl Alcohol
Eu (dpm) 3 Eu(fod) 3
H-1 19.7 9.7 20,8 2100
H-2 7.6 9.8 8.3 2100
H3C—CH>—CH»—NH»
3 2 1
n-Propylamine
Eu (dpm) 3 Eu (fod) 3
H-1 12.8 32.1 19.0 2100
H=-2 7.7 32.9 12.7 2100
H-3 4.1 37.8 6.6 2100

of the type, L + 25 ~ LS. The formulas hold in a similar form
and the plot to be evaluated is then S,% versus S¢ (1/4). Thus
the system norcamphor - Eu(fod)j3 in CCl, yields (105) a straight
line in the S, versus 1/A plot (treatment as a 1:1 system); in
CDCl3 a one-step 1:2 system seemed to be the appropriate model,
since no straight line was obtained in the S5 versus 1/4A plot
but a 502 versus So/A plot did fit very well. The mechanism
proposed (105) is interesting and indicates what kind of com-
plications may occur. The authors (105) propose a 2:2 stoi-
chiometry (instead of the apparant 1:1) in CCl,, with two ligand
oxygens bridging the complex, so that after adding two substrate
molecules a coordination number of eight is obtained (complex of
type L2S;). The more polar CDClz would cleave the dimer and a
second norcamphor molecule would occupy the vacant eighth co-
ordination site of the Eu(III).

The assumption of purely 1:1 (or purely 1:2) complexing
seems rather artificial. Both modes of complexing have been
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proved by independant methods, and both have to be accounted
for in an analytical approach.

The following summary represents a cross-section of all
kinds of evidence available concerning the stoichiometry of
LSR-substrate complexes:

1. Ilow-temperature nmr (99, 102, 103): the exchange is
slowed down so that the resonances of complexed and free sub-
strate can be observed seperately, thus allowing determination
of the composition of the complex directly. This method will
only work with strongly interacting combinations of LSR and
substrate, a weakly bonded complex will not "freeze." Strong
interaction favors 1:2 complexing, so this method in most cases
observed supports the LS, type.

2. X-ray structure determination: both 1:1 complexes
(39-41) and 1:2 complexes (37, 38, 41) have been observed in
the solid state (see Sect. II-B-2).

3. Analytical methods like the A versus Lo/Sp plot or the
So versus 1/4 plot should show deviations from the straight
line if the assumptions made concerning stoichiometry are wrong.
Shapiro et al. (101) have demonstrated that the common analyt-
ical procedures used in evaluating LIS data are too insensitive
to decide between the possible mechanisms of complexation (vide
infra). In most cases, the simple relationships outlined in
approaches 1 and 2 yield straight lines despite the simplifying
assumptions. Shapiro and Johnston (101) obtained an improved
fit for a two-step mechanism involving both LS and LS, type
complexes. Their model is discussed extensively below.

4. A sensitive analytical method for obtaining information
concerning the composition of the complex is offered by the "Job
plot" used by Roth et al. (104). The concentration of the com-
plex is plotted against the molar fraction of substrate present
in solution, keeping Sg + Lo = constant; a 1l:1 complex is
indicated by a maximum of the curve at a molar fraction of S, =
0.5; deviations are evidence for some kind of complication. The
Job plot in Figure 16 indicates 1l:1 stoichiometry for t-butyl
alcohol [Eu(fod)j, CCl,, and CDCli} but not for t-butylamine
(same experimental conditions) where some mixtures of complex
species cause displacement of the maximum in the plot.

5. By electronic spectroscopy both 1l:1 and/or 1:2 com-
plexing was found for a variety of alcohols in CCl, solution
(114), either by studying the effect of added substrate on the
intensity of absorption bonds of lanthanide ions (l14a), or by
observing the circular dichroism of Ln(III) bands upon com-
plexation to optically active substrate (114b).

Altogether we can say that the numerous pieces of evidence,
although not too convincing and unambiguous in many cases, imply
that both LS and LS; complexes are to be expected in general.
Most experiments are executed at small reagent concentrations
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os.] :

—_
0 0.5 1 LoflLy*S.)

Fig. 16. Job plots for Eu(fod)3 complexes with tert-butyl
alcohol (a) and teri-butylamine (b); A4Sy is taken as a measure
for the concentration of the complex; So + Lg = constant.

relative to the substrate concentration. This should increase
the importance of the LS, species but suppress complex species
of the type Lj;S.

A two-step mechanism should provide a reasonable model for
the equilibria involved in the complex mechanism (101).

L + S&LS

LS + S==1S, [15]

By analogy with eg. [9], the actually observed induced shift for
a particular nucleus A can be expressed in terms of the molar
concentration of the LS species (x), with the individual shift
(limiting shift or bound chemical shift) A; for this complex,
and in terms of molar concentration of the LS; species (y) with
Ay (which is defined in analogy to A}).

b=% (x Ay + 2y by [16]
(o]

K; and K, are defined as follows (derived from the equilibria
[15])

_ LS _ z
K1 = £75 = Tomm2p) (Toa7) 07
Ky = =252 - ¥ (18]

LS*S X (So-x-2y)

In principle, x and y can be extracted from egns. [17] and
[18] and substituted in [16] to solve this four-parameter
problem for A;, A and Kj, K;. This was done by an iterative
computer-fit procedure for the system 3- (p-chlorophenyl)-3,5,5-
trimethylcyclohexanone - Eu(fod)3 in CCly,. The fit by the two-
step mechanism is much better than for the assumption of a one-
step equilibrium. Nevertheless, evaluation of the LIS data by
the comparatively simple plot methods of approach 1 (plot A vs



OTMAR HOFER 151

Lo/So) and approach 2 (So vs 1/A) yielded straight lines allow-
ing one to extract A; and X) also. A; and K; corresponding to
the 1:1 model without further approximations were calculated as
well (entry "two parameter computer fit" in Table 7); this cor-
responds to the complete solution of the system egs. [9]) and
[10]. In Table 7 the results are summarized for all procedures
discussed so far. Inspection of the table shows that the rela-
tive LIS values are comparable for all methods (the values are
normalized for easier comparison in the last five rows). This is
rather fortunate and suggests (101) that for structural deter-
minations the observed LIS may be used and determination of limit-
ing or bound chemical shifts may not be necessary. The important
result of these exacting studies (100, 101) is that LIS values
at small Lg/So ratios (0 £ Lg/Sp s 0.4) are simply proportional
to A; as well as Ap; in the most extreme case, the LIS values

at a single (low) concentration of reagent can be used for
structural determinations, but this procedure is not recommended.
For reliable values any of the linear relationship-plot methods
can be used safely, since the slope is not based on just one
experiment (three to six points are recommended).

Matters are different for the absolute values of A; and K.
These depend decisively on the mechanism assumed in deriving
their values. Withjn a series of experiments (and employing the
same procedure for extracting 4; and Kj) the values doubtlessly
represent a measure for the bound shifts and the complex binding
affinity. A} and X; derived by different analytical methods
cannot be compared for reliable conclusions.

It is interesting that the validity of the graphical plot
methods can be derived for the two-step mechanism with the same
assumptions as was done for the one-step mechanism in egs. [8]-
[14]. The condition S5 >> L, may be valid; then eqns. [16], [17],
and [18] assume the following form when 2yAp >> xA) is assumed
for (16] and Sy >> x, Sp >> 2y is assumed for {17] and (18]:

_ 2yhy
A= —ﬁig— [19]
x
Ky = 5y (Lo-2-7) [20]
- =
K> z So [21]

Equation [21] upon rearrangement is
y =& So Ko
Equation (20] upon rearrangement is

K],SOLO - KISox - K]_Soy =X
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Equation [21] substituted in [20] is
K1S0Lo - K180t - K1SogxSeKy = & [22]

Now &, extracted from [22] is

K150L¢g 5
= 3
T + K150 + K1K2802 (23]
Equation [23] substituted in [21] becomes

K\K, Sg2 Lg [24]

=1 + K180 + K K507
and eq. [24] substituted in [19] becomes

24, K1K»802L
- So 1 + K155 + K1K2302

A

Now the assumption 302 K1Ky >> 1 or K155 is introduced, yielding

K1Ko55L

250

rearranged becomes

A= 2A2<-é’ﬁ> [25]
o]

and rearranged again becomes

So = 28 Lo(}%> [26])

Comparison of egns. [25] and [26] with [12] and [14], respec-
tively, demonstrates that for both complexation models (1:1,
one step, and 1:2, two steps) the plots A versus Lp/So and So
versus 1/48 yield straight lines, the 4; in [12] and [14] heing
equal to 24, in [25] and [26] (compare with the results listed
in Table 7).

IV. STEREOCHEMICAL APPLICATIONS
OF LIS VALUES

Generally, the use of LSR might be (somewhat arbitrarily)
divided into two categories:

1. simplification of spectra: one wants to separate all
accidentally coinciding resonances.
2. Utilization of the numerical LIS parameters: in most
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cases the bound or limiting shifts or simply relative LIS values,
in a few cases the binding constant of the complex.

1. Typical uses include the determination of optical
purity of enantiomers (106, 107, 81, 82); recently used for the
correlation of configuration in closely related compounds [ (108)
and references therein]; the manifestation of a secondary
isotope effect (109), in this case the separation of resonances
of deuterated and undeuterated compound is not due to the dif-
ferences in the geometrical factor but in the complex binding
constant (deuterium substitution near the coordinating func-
tionality increases the basicity of the substrate); for simpli-
fied interpretation of nmr spectra of complicated systems, e.qg.,
polymer molecules (110); for separating out the different proton
signals for C-H heteronuclear double-resonance experiments, thus
extending this technique of 13¢ resonance assignment to other-
wise lnaccessible nuclei (111); and, last not least, the extrac-
tion of coupling constants from simplified low-order spectra.

2. This invariably involves some correlation of the to-
pology of molecules with the experimental LIS data, e.g., in
problems concerned with isomerism and conformation. Since the
LIS values have to be assigned to particular nuclei an addi-
tional bonus is the assignment of resonances of the undoped
spectra. Unidentified resonances will match experimental data
well if assigned to the correct nuclei, so in cases where
assignments cannot be made with certainty a reordering of the
dubious assignments may improve the fit. An algorithm for
automatic sorting of signals is reported (112), and most com-
putational approaches (computing programs) allow for groups of
unidentified signals which are assigned by the computational

fit (for instance two vinyl, or three methyl resonances within
a molecule).

An example where assignments can be made easily on grounds
of LIS data is shown below for tertiary amides (113) (9-11);
here a model compound is used for a fixed c¢igs-N-methyl group
(9). The results agree with previous findings; the LIS are

given in ppm extrapolated for a 1l:1 complex with Eu(fod)j; in
CCly.

10.12 10.18 9.32
O\C—N /CH 3 O\C_N/CH 3 O\C—N /CH 3
/ VAN N\
Hzc\\ //CHz H3C CH3 H CHj3
13.33 °C 5.49 11.39 5.24 13.42 4.04
Hp
5.09

9 10 11
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In some cases the assignment of resonances may constitute the
main task, especially in 13¢ nmr spectroscopy (111, 115).

We focus on the quantitative use of LIS (type 2) but, in
this section, also discuss the utilization of coupling con-
stants, not only because of its relevance to conformational
problems but also because a comparison of coupling constant
data for undoped and doped spectra allows an estimation of
(unwanted) changes in conformation of the substrate introduced
by the interaction with the lanthanide shift reagent.

A. Identification of Isomers

LIS methods have been used for determination of positional
isomers in a few cases (30, 89, 116) when other methods have
failed.

The true domain of LIS concerning isomerism, however, lies
in deciding between structures related as e¢ig-trans, syn-anti,

E - Z, exo-endo, and other types of diastereoisomers.

Identification of isomers was one of the first broadly
used applications of LIS, since in most cases a simple log 4
versus log r plot (Sect. II-C-4) permitted a crude estimation of
substrate topology. In some cases the result is obvious at first
glance; nevertheless, the reliability of the results is greatly
enhanced by a full treatment, taking account of distance as
well as angle dependence.

The examples given here are considered representative for
problems of this type.

1. A typical example for configurational assignment is
that of ¢Ze- and trans-3-hydroxy-l-cyclohexyl-2-phenylazetidine
(12 and 13) (117).

Ph OH Ph
N N
/ .
CgHi c18 CgH11 trans
12 13

The phenyl protons in the c¢is isomer (I2) are shifted downfield
upon addition of Eu{dpm)3 (in CDCl3) more strongly than those in
the trans isomer (I3) and vice versa for the proton at carbon-2.
A check with 3-cyano-l-cyclohexyl-2-phenylazetidine showed that
the pmr spectrum was unaffected by addition of Eu(dpm)3 in the
concentration range of interest, thus demonstrating that the
dominant coordination site is the hydroxyl group.
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2. The following oximes (I4-17) are representative of a
number of compounds studied (68b). Eu(dpm)i3, CCly, LIS in ppm:

19.8 14.0 10.5 252 18.6 8.2 9.2 CH3 3.3
H3C CH3 H3C - HoC CHoCH3 21.0 14.7
\c/ Ne”
5 g
e N
HO 14 HO 15 HO 18
21.2  16.2 7.7 12.8 24.0 12.0
H3C CHoCH3 H3C CHoCH3
\ﬁ / \E /
N N
Ho” 17a Now  17b

A plot on a log-log scale for the obtained LIS values versus
either the estimated distance from Eu to proton or from O to
proton, taken from molecular models (Sect. II-C-4) yielded
straight lines for a series of syn and anti oximes, including
the illustrative compounds shown above.

3. Willcott III and Oth (69) in the course of their
research isolated 7-hydroxybicyclo[4.3.1)deca~2,4,8-triene and a
stereochemical question arose: is the hydroxyl group exo (18) or
endo (19) to the butadiene bridge?

H
H H H
OH
’
= OH
NS NS
18 19
exo endo

relative to the butadiene bridge

Analysis of the shift data (plot log A vs log ¥, r=distance O-**
H) favored the exo arrangement for the compound in question; the
conformation of the six-membered ring could be deduced from
coupling constants favoring the half-chair conformation of the
cyclohexene ring.

4. The last example of this type discussed demonstrates
the superiority of a quantitative treatment of LIS data for
problems of isomerism. In this example the log A versus log r
relationship would fail, because induced shifts of opposite sign
to the usual direction are observed (negative sign in the LIS
values given below indicate upfield shifts, the usual shifts for
Eu(III) reagents are downfield). The reagent used was Eu(dpm) 3
in CDCls, the LIS values are given in Hz for a concentration
ratio LSR:substrate = 0.33:1, (118), calculated As are in brac-
kets.
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41.5 190.3
69.1 .
(36.7)H CHj (68.6) (190.1)
AN
\ CH3 0
H3C H 182 H3C 4, 169
-17.8 194. (178.3) 7.7 3 (167.7)
(-21.3) (197.9) (11.5) (69.4)
Z E
20 21

The LIS values of the protons of the A3-pyrrolin-2~one ring do
not depend on Z or E configuration but those of the methine
proton and the p-tolyl protons do. An additional complication
is the rotational freedom of the aromatic ring. Fortunately the
position of the p-methyl is not subject to change caused by
rotation and the methine proton of the bridge plus the methyl
protons of the aromatic ring are ideally suited to prove either
Z or E configuration for a particular isomer. Five resonance
signals can be utilized in the computation [program PDIGM (44)];
therefore, the significance test can be applied for one

degree of freedom; the results are listed in Table 8.

Table 8. Results of Computer Simulation of the LIS Data
for 20 and 21 (Eu(dpm)j3, CDCl3), Including
Significance Testing

Z (20) E (21)

Computed positional pagameters 2.7 & 3.1 R
for the lanthanide ion 50.0 deg. 50.0 deg.
246.0 deg. 222.0 deg.

R factors for assignmentb

Correct 0.029 0.024
Incorrect 0.12 0.14
R factor ratios: £l$2££§EEl 4.14 5.83
R(incorrect)
Degrees of freedom 1 1
Reliability of the better nB83% NB9%

hypothesis

AThe pyrrolinone ring is kept at the same coordinates for
the calculation of either Z or E; the parameters found indicate
comparable positions of Eu(III) in both compounds.

bpive protons were utilized in the calculations (see text).
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B. Conformational Analysis

Conformational analysis is the most thrilling aspect of the
LIS technique because a wealth of information concerning the con-
formation of molecules in solution can be gained. However, there
are some complications to be mentioned in brief at this point
which are discussed in more detail for specific cases later.
Important questions are:

1. 1Is it feasible to assume an average conformation of the
substrate in the complex that oscillates only a little about a
singular representative conformation?

2. Or is the calculated average conformation instead an
average of two (or more) dominant conformations?

Usually the fit is bad if the assumptions made for the
geometry of the substrate are wrong, but it might happen that
a minimum R value is found for a "wrong" structure that even
passes the significance test. This is one reason for using all
accessible techniques for gaining information, e.g., NOE meas-
urements, lanthanide relaxation reagents, theoretical quantum
chemical model calculations, decoupling experiments, coupling
constants, etc.

3. If a singular structure is found to present by far the
best model for a LIS fit, another crucial question arises: Is
the conformation derived from a LSR-substrate complex valid only
for this complex or does it represent the structure of the pure
substrate as well?

Problems of this type are treated in the next Section.

1. Conformational Changes
Introduced by Shift Reagents — Yeg or No

Gross changes in substrate conformation are not expected to
be induced by the weak coordination of a lanthanide ion to the
substrate molecule, especially when the coordination site is
well accessible by the Ln(III) on steric grounds. If, however,
the binding LSR-to-substrate is greatly facilitated by minor
changes in the conformation (see Sect. III-A), it might happen
that the conformation will change to allow for better binding.

A method well suited to investigate these problems is to
observe the coupling constants for the complexed and uncomplexed
substrate. This has been done in a few cases. Unfortunately, the
evidence that changes in coupling constants are due to conforma-
tional changes is sometimes inconclusive since other causes may
be responsible. The aromatic coupling constants of compounds 22
and 23 have been investigated by high-resolution nmr spectroscopy
(220 MHz for 22 and 300 MHz for 23) and upon addition of Eu(dpm)3j
at 60 MHz. Iterative computer-fit analysis (LAOCN-3) yielded
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different coupling constants for the doped spectra. The authors
(119) suggest caution in deriving conclusions from aromatic
coupling constants for complexed substrates; yet the aliphatic
couplings that are much closer to the coordination site seem
to remain unchanged by Eu(dpm)j.

Cl
Q- o ?y hr
[e]
24 25

22 23

For compound 24 the observed geminal couplings (for in-
stance, of the protons at C-2) increase proportionally to the
amount of shift reagent added [from -13.72 to -14.38 for
Eu (dpm) 3:substrate ratios of 0:1 to 1:1; from -13.72 to -14.89
for Eu(fod)j]. The effect seems to be due to some kind of sub-
stituent effect ("substitution" meaning binding of a Lewis acid
to the substrate) rather than to a change in conformation. Ine
deed, the C-2 protons of camphor (25), which is not conforma=-
tionally mobile, show exactly the same change in coupling. The
effect is larger for Eu{fod)j, which is the stronger Lewis acid
(120).

Another case where the coupling of complexed and uncomplexed
substrate was thoroughly checked is represented by substituted
bicyclo[3.3.1]nonanes (compounds 62 and 63). No change of coupl-
ings and, therefore, no conformational changes were detectable
(121).

An example where the conformation seems to be changed is
reported in (26). The conformations for all 18 possible six-
carbon aliphatic alcohols were determined, and in four cases
couplings of doped and undoped spectra could be recorded. In
three cases no change in the couplings were detectable, but for
3,3-dimethyl-l-butanol changes in the coupling pattern of the
a and B protons were observed in presence of even small quan-
tities of Eu(dpm)3. This was explained by an equilibrium shift
between anti and gauche forms favoring the anti conformer in the
complexed alcohol (Fig. 17). The equilibrium was estimated to
shift from anti : gauche about 75 : 25 to > 90% anti. This means
that the f-butyl group is removed from the vicinity of the co-
ordination site.

Another quite sensitive equilibrium was reported (122) for
3,3'-disubstituted diphenylsulfines (27).
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OH OH
H t-Bu H H
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Fig. 17. gauche - anti Equilibrium for 3,3-dimethyl-l-
butanol (26).
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Upon addition of Eu(dpm)3 the equilibrium shifts to the right
side (e.g., favoring Q); the substituent X in conformer Q does
not interfere with Eu(III) coordinated to =S$=0. This effect
cannot be due to change of polarity of solvent, since the less
polar molecule Q is favored despite the increase of medium
polarity when the reagent is added. Typical values in these ex~
periments are: for X= Cl in CCly, conformer P (uncamplexed)= 45%, P
(complexed)= 29%; for X= CH3 in CCly, P (uncomplexed)= 72%, P
(complexed)= 45%. In this example relative LIS values were used
for the analysis of the conformational equilibria.

Similar effects are observed in equilibria of six-membered
ring systems if the coordination site is involved in a (possible)
conformational change. For instance, in the equilibrium of 1-
methylcyclohexanol [-OH axial or equatorial; see Sect. IV-B-3,
example (e)] the conformer with -OH equatorial is favored when
Eu(dpm) 3 is added. In cyclohexanones the determination of con-
formational equilibria is consistent with the results obtained
by other than the LIS method [see Sect. IV-B-3, example (d)].
Here the keto part in the molecule represents a rigid structure,
and the Eu(III) bound to it is not significantly involved in the
conformation of the substrate.

For the special ring system of alkyl-substituted 1,3,2-
dioxaphosphoran-2-one a sizable effect of a shift in equilibrium
was observed (123) by analysis of coupling constants in the
absence and presence of Eu(fod)3. A steric dependence is not
consistent with the findings for this system; there might be an
electronic interaction involving the phosphoryl oxygen that
causes the abnormal effect.
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Another example indicating the limits of the induced shift
method (as well as of other methods) is the question of axial
or equatorial preference of the lone pair in piperidine and
derivatives (28). This is a matter of much controversy (124-126)
which involves a number of current methods of conformational
analysis. Paramagnetic shift data could not provide hard evidence
either; Refs. (125) and (126) contradict each other. Since the
reagent [Cobalt (II)acetylacetonate,Co(AA),, was used in the ex~
periments] complexes in piperidines exactly at the conforma-
tionally most sensitive center in the molecule, no unambiguous
results can be expected in these experiments.

So far we have used paramagnetic shift data and coupling
constants to point out possible complications in substrate con-
formation or conformational equilibria caused by interaction
with shift reagents. Another parameter obtainable by nmr may be
included in these considerations, namely free energies of
activation.

() R R\c/O
Ng :%NQ 3
LT e’ e
28
29

Free-energy barriers to rotation, AG*, have been determined
for complexed and uncomplexed amides, R=alkyl in 29 (127). No
remarkable differences in activation energy were found for com-
plexed and uncomplexed N,N-dimethylamides at very low Eu(fod)j
concentrations (which sufficed to increase the separation of the
diastereotopic N-methyl signals, thus facilitating analysis of
the spectra). For trimethyl carbamate (R= OCH3 in 29) the free-
energy barriers of rotation were determined at higher Eu(fod)j
concentrations as well, and a substantial increase of AG* for
rotation about the C-N bond was found when the amide was bound
to the reagent (128). The values found are: AG* = 15.5 kcal/mol
for the pure substrate; and AG* = 18.0 kcal/mol extrapolated to
the 1:1 complex. This increase of AG* in the complexed substrate
does not necessarily mean that AGY for equilibrium changes too
[Sect. IV-B-3, example (f)].

In this section we may have overemphasized cases where some
perturbation of properties of the substrates were found to be
caused by interactions with the shift reagent; in what follows
many successful applications of the LIS technique will be pres-
ented, and the results in general agree very well with known
results whenever comparison is possible. In most cases the con-
formation of a substrate seems not to be influenced by complexing
to a LSR. In some particular cases this might not be true, e.qg.,
when steric hindrance for complex formation can be readily
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decreased by conformational equilibration between low-energy
forms and the free energy of activation is low, also. If the co-
ordination site itself is the key to conformational changes in
the molecule, one has to be very careful in the interpretation
of LIS experiments [Sect. IV-B-3, example (e)]. On the other
hand, if the coordination site is incorporated in a rigid part
of the molecule and the conformational problem is somewhat
distant from that site, a change of conformation induced by the
LSR can be safely excluded.

2. Torsion about Single Bonds
not Incorporated in a Cyclic System

a. a,B -Unsaturated keto compounds have been studied
thoroughly by several groups: aldehydes 30a (53, 54, 129),
ketones 30b (53, 54, 68a), amides 30c¢ (53, 54, 130), and esters
30d (53, 131).

R o R o H
\( p— \( X,v,z=( 31kYL
& /,C\\ aryl
 NXe—y  v—c? x halogen
| | 30a R =H
2 2z b R = CHs
o _ ¢ R = N(alkyl),
&-c18 20 8-trans d R = oCHj

Earlier calculations used simple r dependence of the LIS
and assumed either one or the other of the (planar) rigid struc-
tures (8-ci8 or s-trans) to be the one exclusively present in
solution, 1i.e., the equilibrium 30 was assumed to lie completely
to the right or to the left.

The approach of Montaudo et al. (53, 54) is a different one.
They simulated the observed LIS values, not by presuming a single
conformation to be present (either a planar or a nonplanar form
is possible in principle), but by the assumption of an equilibrium
between the two planar forms 30. The population ratio between
8-ci8 and s-trans forms can be calculated if the McConnell-
Robertson eqg. [6] is written in the following form:

A=K [w Gl + (1-w)) 02]

w) is the molar fraction of form 1, (1-w)) the molar fraction of
form 2, and G; and G, the geometrical factors for a particular
nucleus for forms 1 or 2, respectively.

For a particular lanthanide ion position, only the values
K and w) are independent variables, since G and G, are fixed for
an assumed LSR-substrate arrangement. By this reasoning the con-
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clusion is arrived at (53) that a minimum of three LIS values
will yield solutions which are mathematically determined. How-
ever, the more rigorous approach applied in (61) would require
at least six observations for a two-~conformer system to evaluate
the statistical reliability of a particular hypothesis: three
variables for the Ln(III) position, one scaling factor X, and
the additional variable introduced by the population ratio of
the two conformers leaving one degree of freedom for significance
testing. Nevertheless, the results obtained by the simpler
method for some thirty aldehydes, ketones, amides, and esters
fit well into the picture already gained by other methods. The
population ratios determined are quite reasonable, and the
perturbation of the equilibria by the shift reagent (Yb(dpm) s,
Eu(dpm) 3, or Pr(fod)3) is not significant. In some sterically
hindered cases the planar forms assumed might be idealized, the
most stable form being one in which the carbonyl group is ac-
tually somewhat rotated out of the C-C double-bond plane, as

has been suggested for a,B-unsaturated ketones (132); the
decrease of orbital overlap might be more than counterbalanced
by avoiding steric crowding.

The aldehydes are found to be more or less predominantly in
the s-trans conformation; and so, generally, are the ketones,
but when the a-substituent is hydrogen and the two B-substituents
are bulky, the s-cis form becomes favored; thus for mesityl
oxide (35) 72% s-c¢is was found. To find general trends for pre-
ference of s-cis or s-trang forms for esters (37-39) and amides
(40-42) seems, as yet, to be somewhat problematic.

In the scheme below, representative compounds are shown
with experimental and (calculated) LIS in ppm (for LSR:substrate
= 1:1); the favored conformer is illustrated in each case; the
calculated values are for the conformer ratio indicated.

b. Purely aliphatic molecules (aleohols and amines). Com-
parison of the values of the LIS of the four isomers of butanol
(133) leads to important conclusions with respect to conforma-
tion. The absolute values of the LIS (extrapolated to 1:1 com-
plex, in ppm, see Fig. 18) show similar values for all compounds
for comparably positioned protons; therefore, the lanthanide ion
is pasitioned similarly in the series of compounds, and direct
comparison of the LIS values is permissible. The same applies to
the corresponding amines (Fig. 18).

Extensive calculations have been performed (26) for all 18
possible six-carbon aliphatic alcohols utilizing 1y r1s [Fu (dpm) 3]
as well as 13c Lis [Yb(dpm)3]. For preliminary screening of
meaningful structures, Dreiding models were used to keep com-
puter time within reasonable limits. For computation an oxygen-
lanthanide ion distance of 3 & and a carbon-oxygen~lanthanide
ion angle of 130 deg. were assumed; this was justified by com=-
parison of relevent references for rigid alcohols: bornedl d=
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98.6 98.2 98.4 974
140 OH 16.0 OH OH 158 160 9H
H H H H HiC H H CHy
H H H.C CH H H H.C H
3 3 26, 3 26,0
24.5 qHz 97 H CH3 6.4 H
CH 9.8
346
93.9
202 NH2 17.9 NH2 NH2 202 223 NH2
H H H H /ﬁcjztI:H H:E$;:CH3
H H H,C CH H H H.C H
3 3
32,5 ‘I:HZ " H CH3 35.2 3 H 334
CHy 63 1.8

Fig. 18. Lanthanide-induced shifts in ppm downfield for n-
butanol, tert-butanol, isobutanol, Sec-butanol and n-butylamine,
tert-butylamine, isobutylamine, sec-butylamine; FEu(dpm)3 in CHClj
or CDClj at 32°C; extrapolated to 1l:1 complex.

2.4-2.7 &, p = 129.5-133 deg. (65); d = 3.2 R, p =130 deg.

(44, 61); and adamantan-2-ol d = 2.3 &, p = 139 deg. (57). The
goodness of fit was expressed in terms of a correlation coef-
ficient [A (obs) versus A (calc)], which was usually better for
the results based on !3C than on 'H data; but the results are in
all cases virtually the same for both nucléi.

It is somewhat problematic to apply the LIS technique to
purely aliphatic systems when no possibility exists to. orient
the lanthanide ion with respect to some rigid partial structure
of the molecule. In some cases the "softness of the function"
used (8) to calculate the LIS for particular conformations does
not allow one to decide in a straightforward manner between
several possible structures. The main purpose for calculations
performed on purely aliphatic systems, where all bonds are free
to rotate, is to check if the intuitively assumed conformations
are, in fact, compatible with the observed LIS.

The situation is better for aliphatic chains attached to a
large rigid system [example (k)]; or any of the following
examples where one freely rotating group is connected to a larger
system; even introduction of a double bond cuts down the multitude
of possible conformers drastically; in the previous example (a)
rotation was hindered on grounds of the reasonsble assumption
that orbital overlap of conjugated double bonds retains such
bonds in a plane.

e. 2-formylpyrrole, -thiophene, and -furan. These compounds
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have been thoroughly investigated by numerous methods (134): nmr
studies (coupling, temperature studies, NOE measurement, solvent-
induced shifts), X-ray diffraction, ir studies, gas-phase micro-
wave spectroscopy, dipole-moment study, and Kerr-constant deter-
minations. Most of the evidence leads to the conclusion that 2-
formylpyrrole and 2-formylthiophene are quite preponderantly in
the syn (2) arrangement 43 and 44; whereas 2-formylfuran is con-
sidered to represent a mixture of both syn and anti isomers in
comparable amounts (45). The results are shown in the formulas
below, A in ppm, calculated A in brackets.

(1.66)  (4.25)
L.53 4.25 (1.24) (2.06)
HyC—CH, CH3 1.67 2.17
7\ 17.45 [\, o5t
(8.22) H3C N F (17.44) 2,99°8 (9.82)
H 5 (1.52) o
syn or 2 syn or 2
(1.66) (4.46)
1.98  4.52
2.69</§\)\( g 878 :[X(o
(1.82) © 8.51 0o z
0 H
syn or Z anti or E
50% 45 50%

The LIS method can be applied here in a very simple and success-
ful manner. Figure 19 shows the change in the agreement factor
for rotation about the single bond of the formyl group. The
three curves for 43, 44, and 45 exhibit interesting features.
The curves for the substituted 2-pyrrolaldehyde (118) and for
2-thiophenaldehyde (54) show a broad but clear minimum at 180
deg. corresponding to the syn form being present in solution.
The curve for 2-formylfuran exhibits two very flat minima near
8= 60 and 300 deg. They might correspond to two out-of-plane
forms, but an assertion to this effect demands a check of whether
a mixture of dominant conformers might not account better for
the experimental LIS. In this case (45) a mixture of about equal
amounts of syn and antt (Z and E) isomers is the better choice,
based on external evidence as well as R factor analysis of the
LIS fit (53, 54). Decisions of this type are the easier the more
LIS values can be obtained for a system.
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] 45 I

I \ . .o
X : 4 A
H
43

0.00 . - .

0° 180° 9 360°

Fig. 19. Plot of the agreement factor R versus the torsional
angle O of the formyl single bond in 3,5-dimethyl-4-ethyl-2-
formylpyrrole (43), 2-formylthiophene (44), and 2~formylfuran (46);
the starting conformation is shown.

d. N-vinyl-1-pyrrolidone. The vinyl group in N-vinyl-1-
pyrrolidone (Fig. 20) can, in principle, adopt the following
conformations: either one of the two planar forms (keto syn or
anti to vinyl), all possible rotational conformers about N-C
(vinyl), or any mixture of two or more favored conformers. The
single minimum at 180 deg. with an excellent agreement factor
proves that the anti form is highly predominant (Fig. 20). The
experimental values (54) are not accounted for better by any
kind of mixture.

0.05 1
R
N: =0
LS
0.00 T T T
a° 180° @ 3s0°

Fig. 20. Plot of the agreement factor R versus the torsional
angle O of the N-C(vinyl) bond in N-vinyl-l-pyrrolidone; the starting
conformation is shown.

e. Methoxyzanthones., An interesting study of 1-, 2-, 3-,
and 4-methoxyxanthone by Willcott ITI and Davis (135) points out
the limits of the LIS method when no additional external informa-
tion is available. We pick 4-methoxyxanthone for discussion as
typical for the series [except for l-methoxyxanthone which forms
a bidentate complex with Eu(dpm)j3; for the three other isomers
complexation takes place solely at the keto-oxygen]. 1y L1s
(excluding the methoxy protons) were used to determine the posi-
tion of the lanthanide ion [Eu(dpm)3, CDClsz, A extrapolated to
LSR:substrate 1:1, program PDIGM (44), agreement factor less
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than 0.0l for the parent compound]. Then the LIS values to be
expected for the methoxy protons upon rotation about the ring-
oxygen bond are calculated in incremental steps and compared with
the actually observed ones (Fig. 21). Figure 21 shows that either
a conformer with methoxy 90 deg. out of plane or a 1l:1 mixture

of the two planar forms (0 and 180 deg.) would account for the
experimental value. Based on external evidence that anisoles
should have at least twofold rotational barriers, the authors
favor the solution in terms of two equally populated planar
forms.

Acalcd
3
0
488
(N 14 T 7
CHy 0° 90° @ 180°

Fig. 21. Plot of calculated lanthanide induced shift for the

methoxy group of 4-methoxyxanthone; the starting conformation is
shown.

A twofold rotational barrier was found by analysis of the
far infrared and Raman spectra of anisole (135a,b). The rota-
tional barrier in anisole is 3.6 kcal/mole in the gas phase. In
the liquid state higher values were found. For additional dis-
cussion concerning the planarity of anisoles see (135c¢).

fv Exo-2-methoxy-3-aza-4-keto-7,8-benzobicyclo [4.2.1]
nonene (48). Compound 48 (Fig. 22) provides a perfect model for

(c)

”
%0, o H
’

41,.. 'y !0-

3
model (i)  -—---- Ct

fii}

48
0 0
Fig. 22. (a) Perspective structure of 48; (b) Computational
models used: (i) positionally averaged central H and (ii) the "100
H circle"; (c) results of models (i) and (ii) compared to the X-ray

structure determination illustrated by a Newman projection looking
down the O—C-2 bond.
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studying the CH30—C torsion by means of the LIS method because
the rest of the molecule is rigid. The structure of 48 has been
determined (51) by X-ray diffraction analysis as well as by the
LIS technique, using Eu(dpm)j and Pr(dpm)3 as LSRs. The lan-
thanide ion position was obtained by means of the LIS of the 12
ring protons; an iterative computer fit of the experimental LIS~
ratios using the geometry of the substrate determined by X-ray
analysis was made. Eu(III) yielded the significantly better fit
(see Sect. III-A), and therefore, the conclusions based on the
Eu(III) shift data are discussed below. With the geometry of the
rigid part of the molecule established relative to the Eu(III)
position, the methoxy group was allowed to rotate about the
0—-2 bond, searching for the position of the methoxy protons
yielding the best fit. Two models for the methyl group were
used: (i) an "average" proton positioned along the O*CH3 vector
at a distance of 0.36 & from the methyl-C (this is the usual
positionally averaged methyl-LIS; 1.09 cos (180-109.5 = 0,364,
using tetrahedral angles of 109.5 deg. and C-H distances of
1.09 R in the calculation) and (ii) a "100 H circle," syn-
thesized by rotating a proton in 3.6 deg. increments about

the H3C—O bond and averaging the calculated shifts for all 100
fictitious positions. (i) corresponds to positional averaging
and (ii) to LIS averaging for a representative set of probable
positions of the nuclei under consideration.

The position found for the methoxy protons deviates slight-
ly from the one measured in solid state. The best fit for model
(i) lies 17.3 deg. off the position determined by X-ray analysis
(towards N-3; see Fig. 22), the best fit for model (ii) is
located 10 deg. on the opposite side (Fig. 22). Model (ii) allows
a better fit than model (i), the "100 H circle" obviously
representing the actually freely rotating methyl group better.

The simpler approach of positioning the methyl group so that
the protons are staggered with respect to the substituents on
the neighboring atom might be physically more meaningful, since
a whole circle puts the protons in positions where they never
are (see Sect. II-C-2).

g. 3-Aryleyclohexanones (136) and 3-arylecyclohexanols (6b,
79, 137) have been studied extensively by Shapiro et al. In most
cases the orientation of the aryl residue relative to the
cyclohexyl moiety is the expected one (in terms of minimal steric
interaction) - for instance in ei8-3-a-naphthyl-1,3,5,5-tetra-
methylcyclohexanol (49) (Fig. 23). Matters seem to be different
for 50 and 51. The induced shifts for the aromatic protons in
trans-3-o-naphthyl-1,3,4,4-tetramethylcyclohexanol (50) and eis-
3-B-naphthyl-1,5,5-trimethylcyclohexanol (51) exhibit interest-
ing features. Usually Eu(III)-induced shifts are downfield; how-
ever, the LIS of the protons 6 and 7 in 50 and 4, 5, 6, 7, and
especially 8 in &1 are strongly upfield., This is possible only
when the aromatic moiety is turned towards the hydroxyl group.
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49 50 51

Fig. 23. Perspective structures for compounds 49, 50, and 51.

Figure 23 illustrates the proposed conformations for the aromatic
residue of compounds 50 and 61.

These conformations are surprising. If the lanthanide ion
were to influence the conformation to some degree, the conforma-
tions would be exactly the other way round (aryl turned away
from the hydroxyl group). Compounds 50 and 61 assume a rather
compact form, and the smaller size of the molecules in solution
might be of importance in explaining these results. This effect
("internal pressure" of the solvent) (147) is real, but since it
is small (0.2 to 0.3 kcal/mole for solvation in ordinary
solvents, relative to the gas phase) it is unlikely to be the
full explanation for the conformation found. Hydrogen bonding
to the aromatic ring might be of importance too.

h. cis- and trans-2-Benzyleyclohexanol (52a and b) present
a case where analysis of coupling constants led to ambiguous
results with respect to the C-2-benzyl bond (the phenyl is rota-
tionally free). Either conformation I or II (Fig. 24) accounts
for the observed coupling pattern. LIS (Eu(dpm)3, CDCls3, log A
versus log r plot) allowed a decision in favor of conformation
I in both cases (52a and D) (138),

Ry

i "

H, Ha
H ph LA
52q: Ry=0H,Ry=Hjcis I I

52b: Ry=H, Ry=0H; trans

Fig. 24. Possible conformations I and II for the compounds
52a and b.

i. Pyrromethenes and pyrromethenones were studied (94,
139) with respect to torsion about the methine bridge bond, as
indicated in Figure 25. In the pyrromethenes 53 and 54 a carb-
ethoxy group was introduced to furnish a good coordination
site (the two ring nitrogens do not show any complexation to
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Fig. 25. structures of the pyrromethenes 53 and 54 and the
pyrromethenones 65 and 66, showing the LIS-determined torsional
angles about the methine-bridge single bonds.

Eu(dpm) 3 in the concentration range of interest; this was
checked with the corresponding compound lackirg the carbethoxy
group). Since no information concerning the rotational preference
of the ester C=0 was available, the carbon of the ester group
was taken as the coordination site in the computation [program
PDIGM (44)]; the excellent fit justifies this assumption. The
-C(=0)-..Eu(III) distance computed in the fit is 3.8 & for 53,
and 3.7 & for 54; the corresponding (-C)=0--+Eu{III) distances
are, therefore, about 2.6 A for 53 and 2.5 R for 54, which

are very reasonable values; the corresponding angles ring-
carbon, ester-carbon, Eu(III) are 60 deg. for 63 and 50 deq.
for 54 (94).

Figure 26 shows all possibilities of rotation in compound
54; only rotation about single bonds is considered in the indi-
vidual quadrants of Figure 26, but the special pyrromethene
system allows the bonds in the methine bridge to change single
and double bond character by tautomerism.

The best fit was obtained for the conformation correspond-
ing to formula 63 in Figure 25, the pyrrole ring being out of
plane by approximately 30 deg. (agreement factor R = 0,014) (94).

Things are different for the protonated form 54. The posi-
tive charge is averaged completely over the molecule [the
electron distribution in the two Ns is completely averaged as
was demonstrated by photoelectron-spectroscopic methods; for
63 two distinct Ns were shown to be present (140)]). As a con-
sequence, simultaneous torsions about both methine bridge bonds
have to be considered possible in 54. The best fit was found for
Y = w = 0deg. (R = 0.013) indicating an average planar Z-syn-
conformation for 564. Figure 27 illustrates the results of the
calculations (94).

In the pyrromethenones 55 and 56, only torsion about the
single bond in the methine bridge is possible and, judging from
space filling molecular models, necessary. Compound 56 is
especially well suited for study of this torsion because the
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Fig. 26. Plot of R/Rpipn calculated for all possible
tautomer conformations of 63 using a cyclic coordinate
system (180 deg. torsion corresponds to 20 deg. in the figure);
the shaded area indicates the R/Fmin limits within which
conformations cannot be rejected at least at the 90% level
(similar, but linear plot in Fig. 28); M stands for COOEte***°+~
Eu(dpm) 3. Taken from Monatsh. Chem., 105, 1004 (1974), used by
permission from Springer Verlag.

protons of the hetero ring of the ferrocene moiety are far off
the axis of rotation and should display great differences in

LIS values, even for small torsional angles. In principle the
cyclopentadienyl hetero ring could be turned towards the N-H of
the pyrromethenone ring (this should be unfavorable on steric
grounds) or in the opposite direction (this should be favorable).
The best fit was found for a torsional angle of 50 deg.

away from the pyrrolinone ring as indicated by the arrow in
Figure 25 (defined as positive torsion in Fig. 28). In Figure 28
the computational results are shown for both treatments of the
five hetero ring protons giving one experimental LIS value (see
Sect. II-C-2)., The fit is good for both (R about 0.03) but the
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Fig. 27. Three-dimensional plot for R/FRpmin values (2 coordi-
nate and corresponding contour lines in the figure) versus vari-
ation of the torsional anglés of both methine bridge bonds of 54
(x,y coordinates); the shaded area indicates the 90% confidence
level (see Figs. 26 and 28); M has the same meaning as in Figure

26. Taken from Monatsh. Chem., 105, 1004 (1974), used by permis-

sion from Springer Verlag.

minimum of R is very flat for positional averaging, thus jeopardiz-

ing meaningful significance testing because almost all possible

conformers are within the 90% confidence level (dashed line in

Fig. 28). Averaging of the calculated LIS for the five hetero

ring protons (staggered to the homo ring) and comparison with the
(118).

experimental shift favors a torsion of 50 t+ 15 deq.
For 56 the best fit was found for a torsional angle of 40
(R = 0,078), (139).

The determination of the structure of the tetrahalo

J.
terpene alcohol 57 (isolated from the California Sea Hare,
Aplysia Californica) was described by Willcott III and Davis

deg.
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-o] 902 level

T T
-90° 0° +80° O

Fig. 28. Plot of R/Ryi, for torsion about the methine
bridge single bond of 55; the sign of the torsional angle is
taken to be positive as indicated by the arrow in formula 56
(Fig. 25); 90% confidence level is indicated; two different
models for the cyclopentadienyl hetero-ring were used (see
text) .

in some detail (135).

57
To simplify the problem, the first step was to convert the
alcohol to the epoxide 58. The olefinic protons are trans
(coupling constant) and the proton at C-4 is ¢i8 to the methyl
at C-3 (NOE).

Br H CH3
58

Next epoxide 58 was treated with Yb(dpm)3 to obtain LIS values.
A reasonable Yb position was calculated based on the epoxide
ring alone. The two hydrogens at C-5 were located by calculation
of a dummy hydrogen which was rotated about the C-4—C-5 bond in
small increments; with the additional restriction of tetrahedral
angles, two positions were chosen for which the fit, calculated
to experimental LIS (program PDIGM (44)), was good.
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58a 58b

The next step, locating the proton at C-6, turned out to yield
two possible positions for one hydrogen. By means of first-order
coupling analysis it was obvious that the possibility putting
the C-6 proton anti to the one with the LIS index 4.32 was the
right one (58a).

Now the proton at C-6 is fixed, but as yet there was no
decision between the possible positions or -Br and -CCl (CH3),.
This decision was again made by calculating the hypothetical LIS
of the three staggered rotamers for a geminal dimethyl group for
both possible configurations (X = Br, Y = CCl(CH3)p, or vice
versa in 58b). The experimental LIS for the two geminal methyls
at C-7 are 0.66 and 1.05, respectively. The calculated (hypo-
thetical) LIS for X=Br, Y=CCl(CH3), are 0.66, 0.96, and 1.59 for
the three staggered conformers and 3.68, 1.00, and 2.12 for
X=CCl (CH3)2, Y=Br. Matching of the values 0.66 versus 0.66 and
1.05 versus 0.96 is convincing, and the structure determination
is complete.

To summarize the general features in this sophisticated
procedure: a rigid partial structure carrying the coordination
site is utilized to fix the lanthanide ion position, then the
structure is fitted step by step to the experimental LIS,
using whatever external evidence is available. The lanthanide
ion position can be recorrected for each newly attached group
furnishing LIS data during the procedure.

k. Chloroquine (an antimalarial) presents a case where the
conformation found for the dihydrochloride in the crystal by
X-ray structure determination differs substantially from the
conformation found for the base in solution using the LIS tech-
nique (49).

N—3/——
N-2 N
N N
Distance N-1 to N-3:
<:> solid state (X-ray) 14.1 R
N acetone solution 20°C (LIS) 7.4 &
N-1 acetone solution 48°C (LIS) 9.3 &

59
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The shift reagent Pr(dpm)3 was found to complex preferential-
ly to the aromatic nitrogen (N-1), the other potential coordina-
tion sites [a secondary nitrogen (N-2) and a tertiary one (N-3)
in the aliphatic chain] being at least ten times weaker in bind-
ing to the LSR. The orientation of the lanthanide ion with res-
pect to the quinoline ring was determined in the first step of
the computational procedure, then in the second step the side
chain conformation was determined. The procedure used was to
vary the dihedral angles along the entire chain in a sequential
manner through 360 deg., with restrictions imposed by possible
bonding arrangements {(bond distances, bond angles). For protons
where rotational motion (and/or torsional oscillation) gave rise
to averaged LIS values, this was accounted for by corresponding
computational averaging of the LIS.

The conformation found [Pr(dpm)j3, acetone solution, best
overall least squares fit)] at 20 C is a rather compact one, in
contrast to the one in the solid state.

The X-ray structure determination was done on the dipro-
tonated form of 59 (N-1 and N-2) (141). In the solid. state the
aliphatic side chain is directed out of the quinoline plane at
a roughly normal angle. The bonds of the backbone of the side
chain are oriented in all-anti fashion, which is typical for
alkanes. The distance N-1 to N-3 that comprises some measure of
the compactness of molecule 59 is 14.1 R in the solid state.

At a temperature of 20°C in acetone solution, the N-1 to
N-3 distance for the complexed chlorogquine is only 7.39 &,
indicating a rather compact structure with the side chain curled
over the plane of the quinoline ring. The backbone bonds adopt
a staggered form in solution with the overall net effect amount-
ing to a curling of the side chain over the center of the quino-
line ring.

At a temperature of 48°C the structure opens up somewhat by
thermal motion, the N-1 to N-3 distance now being 9.33 R.

The conformations found in solution represent a statistical
mixture of various possible conformations. Eight single bonds
correspond to 38 possible conformations; even when many are
sterically forbidden a large number of energetically similar
conformers will still be left. The significance of the "average
structure" obtained is problematic.

L. The conformation of cyclic B-adenosine-3',5'-phosphate
(3',5'-aMP, 60) was determined by Lavallee and Zeltmann (50) in
aqueous solution (Pr(ClOy)3, D0 over a pD range of 2.2-5.3) by
means of the LIS technique.

The crystal structure of 3',5'-AMP shows two species in the
asymmetric unit (142) that have very different orientations of
the purine about the glycosyl bond. One conformation present in
the solid state is a rather compact one (purine syn to the
phosphate-ribose unit, torsional angle 102 deg.) the other one
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is extended (anti arrangement, torsional angle -50 deg.).

(The torsional angle is zero when the oxygen of the ribose

and C-4 of the base are antiplanar, and the sense of torsion is
positive for a clockwise rotation of the ribose unit when viewed
in the direction C-1' to N-9,)

The question of conformation in solution arises, since the
two different forms of 3',5'-AMP in the solid state seem to be
determined by crystal packing forces. Careful analysis of the
LIS data revealed the conformation of 60 to resemble the syn
conformation of the crystalline state, the torsional angle found
being 86 deg. with error limits of + 22 degq.

The first step to determine the structure via LIS analysis
(program MSEARCH; R factor) was to find the position of Pr (III)
considering only the ribose unit. Both phosphate oxygens were
found to coordinate with the lanthanide ion; the conformation of
the ribose unit was found to be consistent with the structure in
the solid state (with the phosphate ring in the chair form).

Broadening information with HO(III) was used as an agreement
criterion [based on the r=6 relationship (Sect. III-A)] to aid
the assignment of resonances.

The next step was to rotate the base about the glycosyl bond
and to check the fit for different torsional angles. The best
agreement (R = 0.048) between calculated and observed shifts
was found for a glycosyl torsional angle of 86 + 22 deq.

The following structural formulas illustrate these findings;

NH»
NH» <
¢ )
rd
N ~ N
v{/ °N y
0 n=/ o) S
N HO No HO
O//R;\O 0 O”\:‘O
(0} 0
Extended form: Compact form: crystalline

crystalline state state and in aqueous solution
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3. Conformations of Cyclic Systems

For problems concerning the conformation of ring systems
either one of the following methods may be used: analysis of
coupling constants or simulation of the LIS values of the doped
spectra. Both kinds of information should be used for conforma-
tional evidence, since each supports the other.

In some cases the LSR-doped low-order nmr spectra were used
primarily to extract coupling constants and thereby to derive
the conformation; this was done (121, 143) for the cases given
below; other examples come from terpene chemistry (144) and from
the carbohydrate field (145). Evaluation of the couplings from
doped spectra is the method of choice, especially for polyfunc-
tional cyclic systems where computation of LIS is tedious, if
at all possible. Since in unfavorable cases the interaction with
the reagent might influence the conformation and the coupling
constants, some care is advisable; cases are even known where
the coupling constants change without conformational perturba-
tion (See Sect. IV-B-1). Extrapolation to a reagent concentra-
tion of zero is possible in many cases and prevents errors of
this type.

OH
COOCH3
R)
COOCH4
QOH{H
H
R, OH
Ry= 3,4,5-trime~
thoxyphenyl
Ry= piperonyl
61 62 63

In 61 (epiaschantin (143), a lignan found in a Formosan
medicinal plant, Hernandia ovigera Linn.) the two oxolane rings
form a rooflike structure with the 3,4,5-trimethoxyphenyl groups
in the exo and the piperonyl group in the endo positions.

For 62 (3a,7a~bis-2-(2-hydroxypropyl)bicyclo[3.3.1]nonane)
a double twist conformation was found by analysis of coupling
constants [Eu(dpm)3 (121)]. Compound 63 (30,70-bicyclo[3.3.1]1-
nonanedicarboxylic acid dimethyl ester) shows an important con-
tribution of the chair-boat conformation, where both the chair
and the boat might be flattened to some extent (121).

In all three cases (61-63) the coupling pattern was not
interpretable in the undoped spectra.

We now focus on examples where the LIS values were ex-
ploited for determination of conformation in cyclic systems.
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Wood et al. (86) used Eu(dpm)3=-induced shifts in a qualitative
way to confirm other conformational evidence (from nmr and
dipole moments) for the equilibrium positions in differently
substituted trimethylene sulfites.

The following nine examples are devoted to conformational
problems solved by quantitative use of LIS values, either by
comparison with model compounds (which is of particular advantage
for studies concerning conformational equilibria, examples 4, e,
and g.) or by full computer simulation of the relative LIS (for
cases where highly favored single conformaticns rather than
equilibrium mixtures. are present in solution).

The order of examples is in accordance with increasing ring
size.

a. c¢i8- and trans-1-Cyano-2-vinyleyelobutane (64 and 65)

Willcott III and Davis (135) have investigated 64 and 65 by
LIS simulation [program PDIGM (44)]. The LIS values for the
cyclobutyl resonances were fitted to several conformations of
the cyclobutane ring corresponding to folding of the ring from
+60 to -60 deg. on either side of the average plane (Fig. 29).

eis
64

0.10 - -

1]
0.05 L

0.00 -
-60° 0° +60°

Fig. 29. Plot of the agreement factor R for different
angles of folding for 64 and 66; the ring is folded up on
either side of the average plane.

The results are illustrated by a plot agreement factor R versus
folding of the ring in Figure 29. For the trans isomer (65) a
folding of -20 + 5 deg. was found, for the e¢is (64) +20 x 5 deq.;
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this corresponds in either case to a puckering of the cyclobutane
ring of about 40 deg. Previous determinations (146) of the
topology of the cyclobutane ring are quite comparable with these
findings.

0.05

6 6 0 T LI T
-30° 0° 30° 60°

Fig. 30. Plot of the agreement factor R for different
angles of puckering of the ring system 66.

b. The system 3, 3-dimethylthietane-I1-oxide (66)-Eu(dpm);
(Figure 30) has been described in detail by Uebel, Wing, and
Andersen (39, 45). The structure of the 1l:1 complex was deter-
mined by X-ray diffraction, and calculations based on the
McConnell-Robertson equation were carried out as well.

With their program PSEUDO the authors encountered difficul-
ties in matching the experimental LIS data to the geometry
derived from X-ray data. It was necessary to include three
weighted rotamers about the O-S bond to fit the LIS properly
{otherwise the assignment of the two methyl groups came out
wrong). Since the assumption of three rotamers introduces two
additional variables, this approach appears rather unsatisfacto-
ry.

A check of the data (39) with the program PDIGM (44)
revealed that the LIS values can be simulated very well assuming
only one particular geometry for the entire complex. Figure 30
shows the results (118).

The minimum agreement factor (for ring puckering of 35 deg.)
is 0.012, whereas for the reversed (wrong) assignment of the
methyl resonances it is 0.043. The calculated LIS values for the
two identical C-2 axial and C-2 equatorial protons. respectively,
were averaged in the computational procedure to avoid feorcing
the Eu(III) into the symmetry plane of the molecule (Sect. II-
c-2).

The calculation yields an O-:-Eu distance of 2.5 B (2.40
& obtained by X-ray determination) and a puckering of 30-40 deg.,
which is in excellent agreement with 35 deg. determined by X-ray
analysis of the solid complex.

¢. The conformations of sterically hindered oxetane ring
systems were investigated by Farid et al. (57).
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CHj 20 CH3 40
deq. CH3 degq.
puckering o puckering
CH3
67 68

Interestingly enough, in 67 and 68 not the hydroxyl group
but the sterically less hindered ether oxygen is the center of
coordination for Eu(dpm)3 (in CCl,). An angle of 17 deg. between
the planes of the two benzene rings was assumed, thus allowing
an unstrained structure for the six-carbon ring. Only the
puckering of the oxetane ring was varied, and the best fit for
differently puckered conformers was calculated allowing the
Eu(III) to assume the optimal position for all proposed con-
formations.

A puckering of 20 deg. for the geminal 3,3-dimethyl compound
(67) and 40 deg. for the 2,3-dimethyl compound (68) was found.
In 68 hoth methyl groups assume equatorial positions to minim-
ize steric hindrance.

d. The conformational analysis of 2-alkyleyclohexanones
(69) via the Eu{fod) 3 complex, described by Servis and Bowler
(148), is typical for evaluating conformational equilibria by
comparison with conformationally "rigid" model compounds.

In principle one could compare the chemical shifts of par-
ticular characteristic protons of the lanthanide complex in
model compounds with corresponding shifts in the compound
under consideration. An easier and more reliable way is to scale
the induced shifts internally since chemical shifts of complexes
are, in most cases, not reliable enough for basing results on
absolute shift values.

In 2-alkylcyclohexanones the C-5 axial and C-5 equatorial
protons are well suited to serve as probes for the determination
of the equilibrium of interest.

Me

H R =
5 = 5 ° Et
t-Bu
R
69
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The conformationally rigid model compound chosen is 4-tert-
butylcyclohexanone, where the LIS values for the C-5 axial and
C-5 equatorial protons can be observed in the absence of con-
formational averaging. As parameters independent of the complex
binding constants of all molecules involved, the values

<X—Ai‘qr> = e or (r—ﬂixr> =ta
ax eq/ 4tBu ax eq/ 4tBu

are taken to be characteristic for the "pure" axial or equatorial
position of the protons at C-5. A necessary assumption is that
the lanthanide ion position in the model compound and the com-
pounds under investigation is the same.

The experimental values for 4-tert-butylcyclohexanone are

g = 0.393 and A, = 0.607.

If a similar system is conformationally mobile the value
—feq = Ag for the equatorial positioned proton is an
(Bax + leg)

average of Ag and Ag according to the molar fractions, 7ne and

na present in the equilibrium: Ag = He Ag + (l-ne) Aa or Az =
(L-n3) Ag + n5 Aa. For 2-methylcyclohexanone for instance a value
of 0.415 was obtained for Ag ; therefore, 0.415 = 0.393 ne +
0.607 (1-ng) whence ne = 0,897, This means 89.7% of the protons
observed are in an equatorial position, and, therefore, the
conformation with the C-2 methyl equatorial (equilibrium 69) is
preferred to the same extent, corresponding to a AGo of -~1.33
kcal/mol; this value is, of course, directly valid only for the
complexed 2-methylcyclohexanone.

The values found by the LIS method for the equilibria 69
are listed in Table 9 together with the values for similar
systems previously determined by other methods.

The conformational free-energy differences agree very well.
This indicates that the equilibria are not perturbed by inter-
action with the shift reagent to any appreciable extent.

e. In the case of I-methyleyclohexanol (70) things are

different from example (d) because the coordination site is
involved in the conformational changes directly (150).

OH CH3

N\cm _ N\OH

a 70 e

The complete equilibrium pattern, including the complexed and
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Table 9. Conformational Free-Energy Differences for
2-Alkylcyclohexanone - Eu(fod)3 Complexes,
Using the LIS Technique, Compared to the
Results for 2,6-Dialkylcyclohexanones and
2-Alkyl-4-t-butylcyclohexanones, Determined
by Base Interconversion of the Equilibria

[~1, [ LT

R LIS Method terconversio
AG31,9% (148) AGys (149a) AGy5 (149b)
Me -1.33 -1.82 -1.51
Et -1.05 -1.21 -1.06
i-Pr -0.71 -0.56 -0.57
t-Bu -1.57 -1.52 -1.61

AThe AG® values obtained by the LIS method are primarily
valid for the equilibrium of the complex LSR-substrate; AG? in
kcal/mol; equilibrium type 69.

uncomplexed species, actually consists of four equilibria with
four equilibrium constants (150, 151).

K
L+ 8 S— L+ 5
Xa |} b Xe
LS, === LSe
KC

K and K. are the equilibrium constants for the uncomplexed and
complexed substrate molecules, X3 and Ke are the complex binding
constants for the substrate with OH axial and OH equatorial,
respectively.

The following relationships _are obvious from the equilibra-
tion scheme (70, Eu(dpm)3): K = EE and K*Kg = Kz*Ke. The

equilibrium constant for the free substrate (X) is determined by
the ratio of the molar fractions of both conformers; the second
relationship takes advantage of the cyclic character of the
scheme.

In order to solve this conformational problem, Bouquant et
al. (150) determined the complex binding constants Kz and Ke
(for pure 70a and 70e) with suitable reference compounds, namely,
the corresponding 4-t-butyl-l-methylcyclohexanols assuming the
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conformational equation for averaged properties (P = ng Pg + 75
P3). The 4-t-butyl group is supposed to have no influence on the
constants, which seems reasonable because this holding group is
far from the coordination center.

The complex binding constant of the conformationally mobile
system 70 (Kn) is then an average of X3 and Ke, determined by
the molar fractions of 70a and 70e present in solution: Xy = na
Ka + (l-ngz) Ke. )

The experimental complexation constants are (in mol'l, at
3139k, Eu(dpm)3, CHCl3): K = 95, Ko = 124, K, = 70. Therefore,
95 = 70 ng + 124 (l-na) and ng = 0.538, ne = (l-na) = 0.462.

Now X can be calculated : X = 0.462/0.538 = 0.86, which cor-
responds to a AG§13 of 0.1 kcal/mol.

This compares very well with the results obtained by other
methods: 0.2 kcal/mol in aqueous acetic acid (152a) at 298°K and
0.24 kcal/mol in aqueous dioxane (152b).

The equilibrium constant for the complexed forms a and e

may also be calculated: Ke = K %g = 0.86 lgg = 1.52 (AGgls -
a

-0.3 kcal/mol). This means that the equatorial conformation of
the hydroxyl group is favored in the complex.

The use of complex binding constants to assess conforma-
tional equilibria requires comment.

The constants were determined using the method described
in (153); this method is a variation of the ones discussed in
Sect. III-C assuming a l:1 complex and deriving absolute values
for K by use of a plot A versus (A/So)l/2 with the experimental
condition Sg = Lo.

Since a simple 1:1 complex was assumed, the absolute values
for the complex binding constants are not likely to be correct,
but fortunately only ratios of the constants enter in the rela-
tionships used; and relative binding constants, all determined
in the same manner, are once again meaningful.

f- The conformational analysis (154) of triscyclopenta-
dienyl-(cyclohexylisonitrile)-praseodymiwm(III) (71) is a very
special case because there is a direct covalent bond between the
lanthanide (II1I) and the isonitrile group.

X e
‘el

equatorial axial
71
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The equilibrium can be determined directly, since the seven
proton resonance signals in the widely spread nmr spectrum
(resulting from rapid inversion of the ring) at room temperature
separate into thirteen signals at -70%C. The lines can be as-
signed by using the McConnell-Robertson equation, and the ratio
of axial to equatorial form can be determined by simply integrat-
ing the peaks. The corresponding AG? is -0.282 + 15 kcal/mol at
-75%.

It is interesting to compare this value with those obtained
for similarly substituted cyclohexanes. Some values for CgHjX
systems similar to 71 are (155) X = -N=C, -0.210 + 13 at -80°C;
X = =C=N, =-0.240 % 13 at =79°C; X = -F, -0.276 + 15 at -86°C;

X = -N=C=S, -0.284 %+ 13 at -79°C; X = -C=CH, -0.410 + 50 at
-80°C (kcal/mol).

Interestingly enough, the "bulky" substituent X = -N=C-Pr
(CsHg) 3 acts like a similar substituent of much smaller size.
The conclusion to be drawn is that only the -N=C- part of the
substituent is decisive since the -Pr(CgHs)3 part is already too
far from the cyclohexane ring to interact sterically; despite
the covalent binding, the conformational influence of the lan-
thanide ligand is negligible.

g. Equilibrium constants for N-nitrosopiperidines have
been determined (88) using a similar technique as described in
example (d). An internal reference shift is used for obtaining
induced shift ratios which are independent of the complex bind-
ing constant. The 4-t-butyl-substituted compound 72 is assumed
to represent the conformationally rigid standard compound. From
the nine compounds investigated in (88) we pick two to illustrate
the calculation.

340 426
462
3“W\* W
N E82 1'\‘1/ 063
o o}
72 73

A values in Hz, Eu(fod)j3, for 1:1 complex extrapolated

The probe proton is taken to be Hjyeq, the internal standard

(Hgeq + Hgax): the following relationship holds: (the index ©
refers to the standard 72)

A2e (obs) A 284
=n ——S-LE—+(1—71 — A
L6e (obs) *+ Bsa(obs) € ABe + O¢a e) b8e + LBa
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1063 882 505
362 + 426 - " 365 + 340 * 7€) 365 1 340

From these equations ne = 0.90, corresponding to a strong pre-
ponderance of the conformer with axial ethyl (compound 73).

For the 2~-methyl compound (with the nitroso group syn to
the methyl group) the result is ne = 0.85, again indicating
strong preference for the axial orientation of the methyl group
in the complex. This agrees well with the results of other
authors for the free substrate (156), based on analysis of
chemical shifts and coupling constants.

h. Bieyclol6.1.0lnona-2,4,6-triene derivatives were
investigated by Cheer, Rosen, and Uebel (52). In these compounds
two conformers are possible: the folded and extended conforma-
tions are in equilibrium 74 (in 74 all compounds studied are
shown) .

X Yy

y ——
—_—— — X

folded 74 extended

a - series: X
8 - series: Y

CH,OH, COOCH3, CN; Y = H
CHpOH, COOCH3 ; X =H

Using the LIS method (Eu(dpm)3 and/or Eu(fod)3 in CDClj,
McConnell-Robertson equation, R factor) the authors proved the
extended conformation to be the preferred one in all cases. For
all five compounds studied the folded form gave a poor fit
(high R factors), with the extended conformations allowing
significantly superior fits (low R factors). The ratios R factor
(folded):k factor (extended) are between 3.8 and 4.9 for the a
series and about 14.0 for the s series; this constitutes convinc-
ing evidence in favor of the extended conformers in 74. Apply-
ing the most rigorous condition for significance testing (see
sect. II-C-3) we have 5-4=1 degree of freedom; the corresponding
significance levels for the extended forms are, therefore, about
80% for the a series and about 95% for the & series.

For the anti-p-bromophenylester (a series; X = COOCgHy-p-Br;
Y = H) the extended conformation was determined to be the
one favored in the solid state, too (Ref. 13 in 52).

Two typical examples (one from each series) are shown
below; the induced shifts are given relative to the proton
geminal to the methyl ester group.
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0.32 ,y4 0.22 COQCH3

0,01 0.25
cooca3
a 8
R(folded) = 0.363 R (folded) = 0.909
R (extended) = 0.096 R (extended) = 0.069
R factor ratio = 3.8 R factor ratio = 14.3
80% significance in favor 95% significance in favor
of the extended form of the extended form

7. An interesting case is the problem of the relative con-
formation of the two macrocycles in the chlorophyll a dimer.

COOphy

COOCH3

7

chlorophyll a

rings numbered from I to V; meso positioned C are indexed o to §

Methyl pheophorbide a (76) has two hydrogens instead of Mg
and methyl in place of phytyl (phy); methyl bacteriopheophorbide a
(77) has, in addition, a saturated ring II.

Trifunac and Katz (48) tested the LIS approach to this type of
macrocycle on methyl pheophorbide a and methyl bacteriopheophor-
bide a; the geometry of the first one is known from X-ray
studies, and a LIS computer fit [Eu(fod)j, CgDg, program LISHIFT]
proved to be in agreement with the X-ray diffraction data (157)
of 76 giving an excellent fit of R = 0.087.

The fit for 77 is less good (R = 0.20) since the geometry
derived from the crystal data of 76 was used for 77, despite
the expectation that the geometry of the latter must differ
slightly because of saturation of ring II. Nevertheless the
results indicate that 76 and 77 are of similar structure.

Now let us turn to the chlorophyll a dimer problem.
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Chlorophyll a (75) has the tendency to form dimers in solvents
like benzene or carbon tetrachloride and oligomers in aliphatic
hydrocarbon solvents. This is caused by the donor and acceptor
groups present in the molecule: the ring V keto C=0O group is
the donor, and the central Mg atom can function as acceptor.
Trifunac and Katz (48) demonstrated the dimer to be present
in CgDg and CCly by the unusual pattern of the plot A versus
Lo/So (the spectra are not well resolved and, therefore, do not
permit more quantitative study); Figure 31 shows a typical,
somewhat idealized, plot.

A $
b
H f
2 /
0 —
1 0.5 1.0
4 - oL o/

Fig. 31. Observed LIS curves (plot A vs. Lo/So) for the
system chlorophyll a (76), Eu(fod)3 in CCl,; the LIS of the
methine protons o, 8, and § are shown.

The methine o and B protons show a shift to higher field
up to a Lo/So ratio of about 0.5 (for a) and about 0.3 (for B);
at higher concentrations the induced shifts switch to the
expected sign again [Eu(fod)3 was used].

At low reagent concentrations there is only one coordina-
tion site free in the dimer; at higher LSR concentration the
chlorophyll a dimer units are broken apart, thus the slope
changes at about Lo/Sg 2 0.5.

Two opposing shift effects might be responsible for this
unusual behavior: (i) the w-7m interactions that are dependent
on the degree of macrocycle overlap and (ii) the usual lan-
thanide induced shifts.

A rationalization of the observed effects is that a number
of different dimer conformations are present in solution and a
more overlapping conformer of the chlorophyll a dimer becomes
more favored as the Eu(fod)3 concentration is increased; at
higher concentrations (Lo/Sq > 0.5) effect (i) gradually disap-
pears as the dimeric units are successively broken up.
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I. INTRODUCTION

Only very simple molecules undergo conformational
change by passing over a single well-defined barrier.

The best known example is the inversion of ammonia or
simple amines (1) to an identical or enantiomeric confor-
mation, which must proceed by total flattening; the barrier
top or transition state can be confidently defined as a
planar molecule. Likewise, cyclobutane undergoes ring
inversion through total flattening of the carbon skeleton
(2). The rotation about the partial CN double bond of
amides, like formamide, is an example of interconversion

of rotational conformers inveolving a single barrier (3).

The simplest example of a multistep mechanism is the
passage of a 1,2-disubstituted ethane (butane; 1,2-
dichloroethane) from one gauche conformation to the
enantiomeric gauche conformation (4). The syn barrier
(0°)° being much higher than the anticlinal barrier
(120 ) separating it from the anti conformation, the
interconversion obviously proceeds most easily in two
distinct steps via the intermediate anti conformation.*
Both the initial, intermediate, and final conformations
are here well defined, and the mechanism by which each
barrier is passed is essentially a simple rotation
about the central bond.

In cyclic compounds of normal ring size the constraints
of the ring structure will make the conformational
processes more complex. Thus, the chair conformation of
cyclohexane is transformed to the inverted chair by passing
through an intermediate boat conformation, but although
the boat is clearly separate from the initial and final

* That the anti conformation is more populated than
the gauche conformation is irrelevant for this argument.
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chairs, it is ill defined geometrically and energetically
(boat or twist-boat), as are the barriers (C_ or C.)
separating it from the chairs (5). Also, the conformational
change is not localized in one or a few bonds, but

concerns all bonds of the ring skeleton.

In cyclopentane the situation is further complicated
by the fact that although nonplanar conformations of
specific symmetry can be defined (envelope and twist-
envelope) , they happen to be extremely close in energy (6).
If the twist-envelope is for a moment considered as a
conformational minimum, it can exchange the sites of all
hydrogens and of all ring atoms by passing repeatedly
over envelope barriers to equivalent twist-envelopes.
However, the mechanism is really a degenerate molecular
vibration (pseudorotation), and individual conformers
are not distinguishable spectroscopically (7). This kind
of interconversion therefore is not considered here as
a multistep mechanism.

The present chapter deals primarily with cases where
well-defined conformational minima have been demonstrated
to exist, or are with good reasons believed to exist,
and where local or partial conformational changes can
occur without major accompanying changes elsewhere in
the molecule. Open-chain compounds satisfy best these
criteria, but are trivial because almost any sequence
of changes can occur. Rings of medium and moderately
large size are much more interesting since conformational
changes can to a large extent be of localized character.
Yet, restrictions due to the ring structure limit greatly
the type and number of possible changes and the number
of populated and intermediate conformations on the multistep
interconversion path which has to be followed in order
to exchange nonequivalent conformational sites for ring
atoms or substituents which are constitutionally equivalent.

The main source of experimental information available
to us about conformational processes is dynamic nmr
spectroscopy (8). The coalescence at a certain temperature
of two or more signals from conformationally different
sites for constitutionally equivalent atoms in the same
molecule, or in different molecules, yields the rate
constant at that temperature for the critical or rate-
determining step in the site-exchange process. Whether
the process consists of only this step or of a sequence
of steps cannot be decided experimentally, and one must
rely on a more or less intuitive interpretation. With a
knowledge of the geometry and symmetry of the populated
conformation(s), available in principle by static nmr
spectroscopy below the coalescence temperature or by
other spectroscopic methods and diffraction methods, it



202 MULTISTEP CONFORMATIONAL INTERCONVERSION MECHANISMS

is often possible to postulate a mechanism which fits

the data. Additional support can be provided by comparison
with gqualitative, semiquantitative, and quantitative
calculations (9) of relative strain energies of conformational
minima and lowest barriers between them.

In certain cases partial site exchange is possible
over only low barriers, whereas full site exchange
requires the passage also over high barriers. Particularly
useful information can often be obtained by the combined
use of "H and 13C nmr spectroscopy in cases when both
processes are observed in the 1y spectrum but only
the lower-energy process in the 13C spectrum. The occurrence
of several processes may even permit conclusions to be
drawn about the symmetry of the stable conformation,
since those symmetries may be excluded that are such
that a single low-energy process must affect full site
exchange,

When two (or several) conformers are populated and
observable in the low-temperature spectrum, more extensive
conclusions can sometimes be drawn about the interconversion
mechanisms. Thus, if the same critical barrier that
separates two conformers also hinders full site exchange
in one of these conformers, it becomes very likely that
its exchange path requires the other as an intermediate.

It may even happen that both use each other as intermediates
for full exchange.

The simplest situation in dynamic nmr spectroscopy
is the degenerate case when a conformer is converted to
an equivalent one having the sites for one or several
sets of constitutionally identical atoms exchanged.

A more complex situation arises when the other conformer
is not equivalent and has a higher energy and therefore

a lower population (8). In both cases, however, there is
thermodynamic equilibrium between the conformers. It

is, on the other hand, also possible, when the critical
conformational barrier is relatively high, to follow

the irreversible conversion of a crystal conformer (less
stable in solution) to the equilibrium mixture of more
stable conformers in solution by dissolving the crystalline
substance at a temperature sufficiently low to give a
reasonable lifetime, and then observe its transformation
by subsequent heating (10). This is, of course, equivalent
to following the isomerization of an unstable configura-
tional isomer, but now performed at low temperature,

and is outside the scope of this review.

For further details and a critical discussion of dynamic
nmmr spectroscopy and strain-energy calculations, as well as
an exhaustive literature compilation of applications, the
reader is referred to the recent review by Anet and Anet (9).
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[I. TERMINOLOGY AND GRAPHIC REPRESENTATION

Terminology in connection with conformational processes
varies considerably. Very often in the study of cyclic
compounds, depending on which nuclei are observed, it may
seem natural to describe a process either as an inversion,
if the exchange of geminal substituent sites is the
observable result, or as a pseudorotation, if the exchange
of ring atom sites is observed. However, since the real
mechanism is very often the same in both cases, we
prefer in this review the terms "inverted" or "pseudorotated"
conformation in order to imply that only a particular
result of some process is meant. The terms "inversion"
and "pseudorotation" will be reserved for the description
of actual mechanisms, such as the total flattening halfway
in the inversion of amines and the molecular vibration
mechanism in the special case of cyclopentane pseudorotation.
The word "conformer" is simply an abbreviation of "con-
formational isomer," while "conformation" is used
descriptively for a given molecular species. "Conformer"
and "conformation" are also often given the meaning
"conformational energy minimum," whereas a “barrier"
or "transition state" is never referred to as a
conformation; it is the lowest pass between two given
minima. The term "torsional barrier" when used in connection
with cyclic molecules is an abstraction and refers to
the torsional barrier in a given bond when such a bond
occurs in a small ethane-like molecule.

The graphic representation of three-dimensional
molecular conformations also shows a great variation,
and quite different systems are in use for the various
types of compounds. For acyclic compounds the Newman
projection is widely used but is limited to ethane
derivatives; larger molecules are usually represented
by some type of perspective drawing. Cyclic compounds
of the normal ring size (5-8 ring atoms) are well rep-
resented by the familiar side-view perspective drawings,
but the larger rings are more clearly represented by
bird's eye-view drawings (11). For the following discussions
of stepwise conformational changes, it is very important
to have graphic representations revealing clearly the
symmetry, and it is also advantageous to use the same
system for chain molecules, normal rings, and large
rings. The two versions of a wedge-type system shown in
Figure 1 will handle all molecules of saturated type,
either each used in pure form, or mixed., The preferred
conformations for cyclohexane, cyclooctane, and cyclodecane
are shown as illustrations. If also the torsion-angle
sign is added alongside each gauche bond, or anticlinal
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A B C

Fig. 1. Wedge-type representation of the preferred confor-
mation of cyclohexane (A), of cyclooctane (B), and of cyclode-
cane (C). Torsion angle signs are indicated by + and -.

bond in olefins, it becomes particularly easy to follow
the stepwise changes on an interconversion path. Anti-
bonds will generally not need a marking although they
can of course deviate from 180°.

III. OPEN CHAINS

Unbranched saturated-chain molecules in the liquid,
in solution, or in the gas are unconstrained, and any
interconversion between conformers can occur by a
repetition of simple rotations about skeletal bonds over
the lower anticlinal barrier (v4 kcal/mol for alkanes
(11) )without ever needing to pass the higher syn barrier
(v7 kcal/mol for alkanes (11)). Thus, a monogauche
conformer of an n-alkane can be converted to a positionally
different monogauche conformer most simply either by
passing first to the all-anti conformer, whereafter the
new gauche bond is formed, or by forming first the new
gauche bond, whereafter the old gauche bond is changed
to anti. Certain pathways may, however, be excluded
because they involve intermediate conformers of forbiddingly
high energy. Thus, a sequence of gauche bonds with
alternating sign produces very serious 1,5-interactions
(12), although in a sequence of gauche bonds of the
same sign the strain energy due to 1,4~ interactions
is simply additive (12).

As an example, consider the conversion of g a pentane
to the identical a g conformer or to the enantlom$rlc
a g conformer (Fig. 2). For conversion to the a g
conformer both two-step paths A ~ B ~~ A' and A ~~ C ~— A'
are probably comparable energetically and involve passage
of only anticlinal barriers. The conversion to the a g
conformer, on the other hand, can only go via the a_a
conformer (A ~— C ~— A,), since the energy of the g*g~
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Fig. 2. 1Interconversion paths for conformers of pentane.

conformer on the other path (A ~ D ~ A,) is expected to
exceed the energy of the anticlinal barriers.

In the crystal lattice all m-alkanes are present
as the extended all-anti conformer (13). Although this
rod-like chain can undergo rotation about its long axis
in an expanded crystal phase existing over a short tem-
perature range just below the melting point (13), the
rotation does not involve any conformational change.

This is understandable in view of the drastic change

in overall shape if one or several bonds had been converted
from anti to gauche. However, chain molecules carrying
substituents at certain points usually crystallize in

other conformations (14), for example, in the shape of
helices or roughly planar "meanders." Conversion from

one folding pattern to a different one may not necessarily
involve gross changes in overall shape.

An interesting example of a conformational change
taking place in the solid state far below the melting
point is provided (15) by meso-bigeranyl tetrahydrochloride
(2,6,11,15~tetrachloro-2,6,11,15-tetramethylhexadecane)
(Fig. 32. A metastable hexagonal crystalline form (a),
m.p. 95 C, is converted to a stable crystalline form (C),
m.p. llOOC, even at room temperature, requiring weeks,
and more rapidly at higher temperature, the corresponding
activation energy being AG# ~26 kcal/mol. The crystal
structures (16) show that a migration of two gauche
bonds, each by one step along the chain and with change
of sign has taken place. If then the gross shape of the
molecule is to be maintained all along the conversion,
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Ci Ci

C

Fig. 3. The conformational change occurring in the solid
phase of meso-bigeranyl tetrahydrochloride. Hydrogen atoms are
not drawn.

the barrier (B) must involve anticlinal eclipsing of
alltogether six chain bonds. Depending on the severity
of the constraints of the crystal lattice, the passage
of the six barriers may be more or less synchronous and
would alone correspond to most of the activation energy
(<24 kcal/mol), but more likely other constraints make
up a considerable part.

The corresponding conversion in solution is no doubt
of a multistep nature, but the roughly synchronous
eclipsing of two bonds occurring at each of the two chain-
bends (Fig. 3) is an "elementary process" that may be
of interest also in free molecules where the constraints
are looser, for example in large cyclic structures
(17). wWhen only one such process occurs locally, the
chain ends do change orientation (Fig. 4), and for
smaller rings other elementary processes are more efficient
in preserving ring shape (see Sec, IV).

- +120-120 *
- -

- N /

A 8 c

Fig. 4. Elementary process for the migration of a gauche
bond by one position with sign change.

IV. MONOCYCLIC COMPOUNDS OF SATURATED CHARACTER

The different types of cyclic compounds having a
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saturated ring skeleton are conveniently treated together
since the conformational properties depend more on ring
size than on whether the ring contains simple substituents
(methyl groups, ketonic oxygen) or simple hetero atoms
(amine nitrogen, ether oxygen). It is also most natural
for the present approach to the analysis of conformational
paths to start out with the largest rings where the
elementary step processes can to a better approximation
occur locally than in smaller and more constrained rings.
Also, a sufficiently large saturated ring will in the
equilibrium and intermediate conformations to a greater
extent be defined by a sequence of clear gauche and anti
bonds, and will, therefore, be in relatively deep energy
minima separated by the maxima of the barriers; these
latter are defined (17) by having at least one completely
eclipsed bond.

A. 18-Membered Rings

Cyclooctadecane is the smallest cycloalkane which can
have a diamond lattice conformation with isolated gauche
bonds (18); it has the torsion-angle sequence a a g+a agra
a gta a g”a a gta a g~ (fig. 5A). Although this is

Fig. 5. Six-step interconversion cycle for ring-atom site-
exchange in cyclooctadecane and 1,4,7,10,13,16-hexaoxacyclooctade-
cane (oxygen positions indicated).
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probably not the most favored for the hydrocarbon itself
(18), the 1,4,7,10,13,1l6-hexaoxa derivative takes this
conformation (19,20) when complexing cations like potassium,
rubidium and cesium (Fig. 5A, with oxygen positions
indicated). In still larger rings, the conformational
feature of isolated gauche bonds may have widespread
occurrence since it is found in many types of polymer

chains carrying substituents or hetero atoms (14).

For full exchange to occur in this type of ring
conformation, a mechanism must be devised that permits
migration of a gauche bond to all ring-bond positions,
as well as the change of sign of its torsion angle.

The elementary process in Figure 4 does move a gauche

bond by one position with sign change, but entrains too
large geometric changes even for this 18-membered ring.
There exists another elementary process (fig. 6) which

- -120 -120
PR -

A B C

Fig. 6. Elementary process for the migration of a gauche
bond by two positions without sign change.

will move a gauche bond by two positions without sign
change (a a g~ ~ g~a a) and which requires little
geometric change outside the three-bond unit involved
(17) . The maximum energy for this process is "8 kcal/
mol if the two bonds which must pass through an anticlinal
torsional barrier are eclipsed synchronously; most likely
this is not necessary.

When this elementary process 1is applied repeatedly
to cyclooctadecane in a systematic sequence (fig. 5),
an equivalent conformation is obtained with all carbon
atoms moved by two positions. A second cycle will lead
to full exchange of all carbon sites, but only to partial
exchange of hydrogen sites, geminal hydrogens remaining
different. Further repetitions of this cycle can never
lead to exchange of geminal hydrogen sites. Thus, protons
a and ¢ will visit only outer equatorial and inner axial
positions, while protons b and d will visit only outer
axial and inner equatorial positions. The result is that
only the pseudorotated conformers are produced, not the
inverted. It is of interest that one of the necessary
intermediate conformations (Fig. 5C, with oxygen positions
indicated) is identical with the one that the noncomplexing
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1,4,7,10,13,16-hexaoxa derivative chooses in the crystalline
state (21). In the hydrocarbon this, as well as all other
intermediate conformers B and D, must be of relatively

high energy because of repulsive 1,5 interactions (g*g~
sequences) .

To produce also inverted conformers of A requires
the turning of each gauche bond over a syn barrier in
a sequence of six steps. This type of process is, however,
accompanied by more severe geometric changes elsewhere
in the ring and is therefore expected to have a higher
barrier than the path leading to pseudorotated conformers.
Only geminal exchange of hydrogens, but no exchange
of ring atoms, can result from the high~energy process,
but since the low-energy process will be occurring even
more rapidly, full exchange should be observed.

The interconversion scheme shown in Figure 5 can of
course also be used to effect full carbon exchange in the
1,4,7,10,13,16-hexaoxa derivative, taking the stable
noncomplexing conformation C with six different carbon
sites as the starting point and running through several six-
step cycles C ~D ~~ C' — B' ~— A' — B, ~— C,. The pre-
sence of oxygen atoms will of course make the critical barrier
in each cycle different depending mainly on whether the
barriers in a cycle involve double eclipsing in COCC
fragments or in OCCO fragments.

No change of their nmr spectra with temperature has
been reported for these compounds, and no strain-energy
calculations are available.

B. 16-Membered Rings

The lowest energy conformation for cyclohexadecane
and a series of tetraoxa-derivatives is found both
experimentally (22-25) and by strain-energy calculations
(11,23) to be of the "square" diamond-lattice type
a a gtgta a g"g”a a gtgta a g~g~ shown in Figure 7. It

Fig. 7. 1Initial and final conformation in an eight-step
interconversion cycle for partial site exchange in cyclohexa-
decane based on the elementary process aag ~ g aa.
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is briefly designated as [4444] since it is made up of
four extended chains or "sides," each with four bonds,
joined together at "corners" having adjacent gauche bonds
of identical sign. No conformation with isolated gauche
bonds is competitive in this ring size (11).

For conformational site exchange the elementary
process shown in Figure 6, more completely given here
as a a gfgt ~— g+a a g+, is inefficient in this ring.
First, two subsequent steps of this process, which are
needed to move a corner by two positions, effect here
essentially a rotation "through" the ring of the
methylene group between the old and the new corner
(fig. 8), and some of the eight steps necessary for a

+1204 +120 +120 4120
+

BVZRERN 70N
A C E

Fig. 8. Elementary two-step process for the migration of a
g*gt corner by two positions without sign change.

full cycle (Fig. 7) must be very high in energy in this
(and smaller) rings (17). Second, also the seven inter-
mediate conformations are very high in energy (17).
Finally, only partial site exchange can be obtained; thus
the four corner carbons are exchanged only with the four
central "side" carbons after one cycle, and their hydrogens
after three cycles, while the eight remaining carbons

stay invariant but get their geminal hydrogen sites
exchanged after one cycle (Fig. 7).

A much more efficient and less energy demanding process
for this type of conformation (17) is the one shown in
Figure 9, which moves a g+g+ corner by one position with
torsion angle signs changed in both bonds. It is true
that the transition state, if it is symmetric, has as
many as three eclipsed bonds, one of which is even on
the higher-energy syn barrier, but if the ring constraints
are not too severe, the three bonds need not be fully
eclipsed simultaneously. Calculations (17) based on the
assumption that the barrier top is reached the moment
the bond between the old and the new corner atoms becomes
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Fig. 9. Elementary process for the migration of a g¥g*
corner by one position with sign change.

syn-eclipsed, so that a planar four-carbon system can be
defined and the energy minimized by adjusting the rest

of the molecule, show that one adjacent bond has already
gone through the anticlinal eclipsing and the other has
not yet become eclipsed. A clear advantage of the process
for this ring, and particularly for still smaller rings,
is that the outward flattening releases internal hydrogen
crowding.

A complete cycle consisting of four such steps,
operating once on each corner, can be devised in several
different ways, two of which are calculated (17) to be
of the lowest energy (Fig. 10). They are seen to lead

Fig. 10. Four-step interconversion cycles for full site
exchange in cyclohexadecane and 1,5,9,13-tetraoxacyclohexade-
cane f{oxygen positions indicated).

not only to full exchange of all carbon atoms if run
through systematically three times, but also to full
exchange of all hydrogen atoms after six cycles; an inner
hydrogen atom stays inner as its carbon moves along one
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side, then occupies a corner position (both of which
are equivalent), and then becomes outer on the next side.
The intermediate conformers are all of quadrangular type
and happen to be exactly those of next-lowest calculated
energy. The rectangular conformation [3535] is 1.9
kcal/mol higher (23) than [4444], the others (11l) about
3 kcal/mol. The barriers have also been calculated by
semiquantitative methods (17) that give maximum values
of 12-13 kcal/mol (more likely estimates (23) are about
7 kcal/mol), the itinerary via [3454] being favored
over that via [3535], and the first step having the
critical barrier. Experimentally, a single process is
in fact observed (23) for full site exchange with an
activation energy of AGE = 6.7 kcal/mol.

The 1,5,9,13~tetraoxa derivative adopts (22,24)
a very much preferred [4444]) conformation with all oxygen
atoms in central side positions (marked in Fig. 10).
The conformational symmetry is thus so close to the
constitutional symmetry that the occurrence of the
interconversion process in Figure 10 should only be
observable as an averaging of inner and outer o hydrogen,
four cycles being needed.

The 1,3,9,1l1~-tetraoxa derivative adopts a mixture
of [4444] and [3535] conformations (25,26), both having
the 1,3-dioxa groupings across corners (Fig.ll). The

Fig. 11. Partial exchange path for the rectangular confor-
mation of 1,3,9,11l-tetraoxacyclohexadecane.

former will again be so close to the constitutional
symmetry that the only remaining possible averaging is
between inner and outer o and B hydrogens, obtainable
after four of the cycles shown in Figure 10. The [3535]
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conformation, on the other hand, has a lower symmetry

and can undergo partial averaging to obtain the apparent
symmetry of the [4444] conformation, which it actually

goes through half-way on its interconversion path (Fig. 11).
This path consists of four steps with syn eclipsing of

only CC bonds. Since syn eclipsing of CO bonds in COCC
units are expected to be of higher energy (27), and

since also intermediate conformations with the 1,3-dioxa
grouping in noncorner positions are of higher energy

(28), the full averaging through further steps must

require higher energy. A corollary from this analysis

is that an intermediate temperature must exist when a
mixture of the square and rectangular conformation cannot
be seen as separate species in the nmr spectrum even though
the geminal exchange is frozen.,

The effect of introducing one or more gem—-dimethyl
substituents will be to raise the critical barrier for
full exchange because the syn eclipsing energy in the
adjacent and penadjacent ring bonds must increase. On
the other hand, partial exchanges not involving eclipsing
of these bonds may not be influenced. Simpler examples
are given in the discussion of smaller rings.

C. 15-Membered Rings

There is no experimental information about the
preferred conformation for cyclopentadecane, but semi-
quantitative calculations (11l) suggest that a quinquangular
conformation [33333] is of lowest energy with several
other guinguangular conformations only slightly higher.
A great number of interconversion schemes can be devised
(17) depending on which conformation is considered for
possible exchanges. They are, however, quite involved
and interwoven and are not further discussed here since
the principles can be better demonstrated on the smaller
cycloalkanes.

D. 14-Membered Rings

For cyclotetradecane, both the experimentally observed
in solid (29) and in solution (30) and the calculated
(11,31) lowest-energy conformation is the "rectangular"
[3434] conformation of diamond-lattice type (Fig. 12).
Applying the elementary process a gtg? ~~ g~g~a (Fig. 9)
in four subsequent steps, one can arrive at the pseudorotated
{3434] conformer by several paths, two of which (Fig. 12)
have been calculated (31) to involve the lowest barriers.
These differ in the identity of the second intermediate
conformation. On one path this is equivalent with the
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[3344] [3344]

Fig. 12. Four-step interconversion cycles for cyclotetra-
decane. The upper path led to exchange of only carbon atoms, the
lower double cycle to full exchange.

starting conformation, so that we have really a double
cycle; on the other it is a strained [3335] conformation
of high energy. The calculated (31) heights of all barriers
are similar; on the double-cycle path all four are identical
(8.0 kcal/mol), on the other the two central barriers
are slightly lower (7.3 kcal/mol). Full carbon exchange
is obtained already after two (double) cycles on the
first path but needs five (single) cycles on the second.
Hydrogen atoms will never be exchanged completely on the
second path, since one half will always be outer on the
long "side" and inner on the short "side," and vice
versa for the other half. Also, the locally very similar
geminal corner substituents are really different on the
[3434] conformation. Passing through the [3434] conformation
half-way through each cycle on the first path has the
effect of exchanging geminal substituents, and after
six double cycles all hydrogen sites are exchanged.
Experimentally (30), only one process is indeed seen in
both the lH and the 13C spectrum with an activation
energy of AGE & 7 kcal/mol, and line shapes can only be
fitted if the [3344] ~ [3335]) barrier is lower than the
[3434] ~ [3344] barrier, in agreement with calculations.

The intermediate conformations in the interconversion
schemes (Fig. 12) are identical with the next-lowest
calculated conformations for cyclotetradecane (31);
[3344] is 1.1 kcal/mol higher, while [3335] is 2.4
kcal/mol higher.

The effect of gem-dimethyl substitution is to increase
the activation energy for full exchange, not only because
the syn eclipsing energy in certain ring bonds is raised,
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but also because a methyl group when intraannular on
noncorner positions in otherwise low-energy minima will
cause transannular repulsion with ring methylene groups
or other intraannular methyl groups. Among those
bis(gem-dimethyl)=substituted derivatives that fit the
most stable [3434] conformation in having the substituents
on corner positions, neither 1,1,4,4- nor 1,1,5,5-
tetramethylcyclotetradecane can undergo partial exchange
over unchanged barriers, whereas 1,1,8,8-tetramethyl-
(and 1,1--dimethyl~)cyclotetradecane (Fig. 13) should
have such an easy process leading to the constitutional
symmetry for the ring atoms and substituents in 1 and 8
positions (32). Geminal hydrogens in other positions are
thereby not exchanged.

R' R

R? R?
B34y]

Fig. 13. Low-barrier partial exchange paths for 1,l1-dimethyl-
cyclotetradecane (R1 = Me; R? = H) and 1,1,8,8-tetramethylcyclo-
tetradecane (R1 = RZ = Me).

E. 13-Membered Rings

Nothing is known experimentally about the preferred
conformation of cyclotridecane, but semiquantitative
calculations (17) suggest that two conformations of
quinquangular type, [12433) and [13333], are lowest, and
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that two of triangular type, [355] and [445], are only
slightly higher. The interconversion paths to be considered
for site exchange depend on which conformation is taken

as the starting point; they are numerous and interwoven,
and are not discussed further. Dynamic nmr spectroscopy
suggests (30) that critical interconversion barriers

are lower than "6 kcal/mol.

A close relationship exists (11) between each conformation
of triangular type and one or two conformations of
quinquangular type having a centrally located one-bond
side. Thus when the three sides of a triangular conformation
are of comparable length and all interior bonds in these
sides are reasonably near anti (torsion angles >>120°), the
triangular is by far lower in energy than the quinquangular.
As an example, [445] is calculated (1ll) to be more than
11 kcal/mol more stable than [12442] (Fig. 14); in fact,

[4 45] [12442]

Fig. 14. A conformational pair of cyclotridecane with the
triangular partner strongly favored.

the latter should not be considered as a conformation

since there is hardly any barrier separating the two,

even though three bonds must pass anticlinal torsional
barriers in the conversion of one to the other. When,
however, one side is clearly longer than the other two

in a triangular conformation, so that some of the "interior"
bonds are closer to the anticlinal torsional barrier,

then the energies of the triangular and quingquangular
partners are more similar, but still there is no clear
barrier between them. As an example, [12433] is calculated
(11) to be about 4 kcal/mol more stable than [346] (Fig

15). Finally when one of the sides in a triangular con-
formation would have been very long, with several bonds

on anticlinal barriers, the related quinquangular conformation
is by far the better. The extreme example is here [13333],
calculated (11l) to be about 7 kcal/mol more stable than
[337), which again represents no real conformational
minimum (Fig. 16).
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Bag [12433]

Fig. 15. A conformational pair of cyclotridecane with both
partners of comparable energy.

[337] [13333]

Fig. 16. A conformational pair of cyclotridecane with the
quinguangular partner strongly favored.

It will be noted that the three gauche bonds around
a one-bond side have torsion—angle signs alternating in
exactly the same way as in the corresponding near-anti
bonds on the "convex" side of the related triangular
conformations. Also on this formal basis, they are, therefore,
naturally related and conveniently treated as being
of the same family. Interconversion between distinctly
different conformers always requires a sign change.

F. 12-Membered Rings

The "square" [3333] conformation, although not of
the diamond-lattice type, is distinctly preferred for
cyclododecane according to all strain-energy calculations
(11), and is also the one observed in the solid (33)
and in solution (30). The preferred interconversion
path (17) is shown in Figure 17. It involves again the
use of the a gtg* ~ g-g~a elementary corner-moving
process on all four corners in succession, and leads
to the pseudorotated and inverted mirror-image conformation.
The second barrier in this cycle is calculated (34)
to be higher than the first (8.4 against 7.9 kcal/mol)
and hence corresponds to the one observed experimentally
(30) both by 13¢ and ld nmr spectroscopy (AGF = 7.3
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Fig. 17. Four-step interconversion cycle for full site-
exchange in cyclododecane.

kcal/mol. In fact, this cycle must lead to full exchange;
all carbons are exchanged after two cycles, while four
cycles are needed to exchange all hydrogen sites. The
necessary intermediate quadrangular conformations happen
to be exactly those two calculated (34) to be of next-—
lowest energy; [2334] is 1.6 kcal/mol and [2343] is 3.0
kcal/mol higher.

Gem-dimethyl substitution leads to no interesting
partial exchange processes when the substitution pattern
fits the most stable [3333] conformation. Only when
this is made impossible and less symmetric ring conforma-—
tions take over can partial exchanges be observed (32).

The 1,4,7,10-tetraoxa derivative, both as the free
molecule and when it complexes lithium and sodium cations,
has been shown (27) also to adopt the [3333] conformation
with the oxygen atoms in side positions. When the four-
step cycle mechanism of Figure 17 is applied to this
molecule (Fig. 18), it is readily seen that two different

Fig. 18. The three interconversion cycles needed for full
site exchange in 1,4,7,10-tetraoxacyclododecane.

types of cycles exist. One of these (A ~ A') involves

lower critical barriers, since in all four steps only

CC bonds become syn eclipsed. The other (A' ~— B or B ~— A,)
involves higher critical barriers, since in all four

steps now only CO bonds become syn eclipsed. Going through
the low-barrier cycle once transforms the stable conformation
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A to an equivalent A' whereby all carbons become exchanged,
but the four types of hydrogen are only exchanged pairwise
(@ with ¢, b with d). Going through only the high-barrier
cycle twice, via the intermediate less stable conformation
B, transforms A' to A,, whereby once again all carbons
become exchanged, and the hydrogens are now exchanged in
different pairs (a with d, b with ¢). At a temperature when
this occurs rapidly, of course also the low-barrier process
occurs rapidly, and so full exchange must be observed. This
agrees perfectly well with the observation (27) that only
the low-barrier process is seen in the 13¢ spectrum and both
processes in the ly spectrum (AG# = 5.5 and 6.8 kcal/mol).
A completely analogous situation is expected for
cyclododecanone since it is clear from the low-temperature
H spectrum (35) that its conformation is unsymmetric
with the carbonyl group in a side position. The observation
of a single process in ~H spectroscopy (35) can, therefore,
only mean that both types of interconversion cycles have
critical barriers of similar heights.

G. 11-Membered Rings

For cycloundecane, the low-temperature nmr spectrum
(30) indicates very low conformational barriers. Strain-
energy calculations (11,34) show that two triangular
conformations, [344]) and [335], and two unrelated quin-
quangular conformations, [12323] and [13223], are lowest
and very close in energy (1.2, 0, 0, and 1.5 kcal/mol).
The interconversion between the triangular conformations
is particularly easy, whereas it is particularly difficult
to interconvert directly the quinquangular conformations
(17). In fact, the [12323] conformer can more easily
change slightly uphill to its triangular partner [236],
which by the usual corner-moving steps undergoes full
site exchange (17).

Of particular interest is the possibility for the
[344] conformation to be converted in one step directly
to an equivalent conformation over a low barrier [calculated
(34) to have a height of 5.7 kcal/mol]l without the
necessity to pass through any intermediate conformation
(Fig. 19). This step must of course be repeated three
times to effect migration of all ring atoms by one step,
and so it is really the triple cycle shown in Figure 19
that is to be compared with other cycles for interconversion
of triangular conformations. Eleven steps (3 2/3 cycle)
are needed to exchange all carbon atoms, whereas fifteen
steps (5 cycles) are needed to exchange all hydrogens.

Energetically, however, it is even more advantageous
(34) to pass the still lower barrier (calculated height
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Fig. 19. Triple interconversion cycle involving only the
most regular triangular conformation of cycloundecane.

4.2 kcal/mol) for conversion of the [344] conformation

to [335]. Thus, by the repeated intermediacy of the

[335] conformation, a multistep path can be devised for
the full exchange of [344], while, on the other hand,
full exchange for [335] is obtained by passing repeatedly
through the [344] conformation, and so their most easy
interconversion mechanisms are completely interwoven
(Fig. 20).

Fig. 20. Lowest-energy interconversion path for triangular
conformations of cycloundecane.

Cycloundecanone adopts in the solid (36) a [335]
conformation with the carbonyl group unsymmetrically
located near the middle of the five-bond side. If this
is also the single conformation seen by nmr in solution
(35) the observation of two processes in the lH spectrum
(AG* = 6.0 and 6.9 kcal/mol) can be nicely explained; a
partial averaging process [335] ~— [344] ~— [344] ~— [335]
gives the ring skeleton the constitutional symmetry,
but in order to obtain geminal exchange, further steps
which must bring the carbonyl group into corner positions
are required, and more severe transannular hydrogen
repulsions will raise the energy of these intermediates
and adjoining barriers.

Since gem-dimethyl substituents can only occupy
corner positions, one or a few ring conformations will
become favored when two ring atoms are gem-dimethyl
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substituted (32). A great variety of situations will

arise, illustrated by 1,1,4,4-tetramethylcycloundecane.

In the [344] conformation no partial exchange over unchanged
barriers can take place. In the [335] conformation,

however, the symmetry will be lower (Fig. 21), with four
different methyl groups, and a partial exchange can take
place over unchanged low barriers via the [344] conformation,
whose symmetry it acquires by this averaging (Fig. 21).
Thereby the ring carbon skeleton gets the constitutional
symmetry, but geminal methyl groups and hydrogens, except
the 8-hydrogens, remain different. The chirality of the
conformation is preserved during the process.

[335] [344] (335]

Fig. 21. Low-barrier partial exchange path for 1,1,4,4-tetra-
methyl cycloundecane.

H. 10-Membered Rings

The lowest-energy conformation for cyclodecane
established experimentally for the hydrocarbon in the
gas phase (36a) as well as for many crystalline derivatives
(37), and also according to most strain-energy calculations
(26), is the rectangular [2323] conformation of diamond-
lattice type.

Several interconversion paths with retention of
symmetry in barriers and intermediates have been discussed
(5), but the calculated activation energies are too high
compared with experimental values. The path shown in
Figure 22 with only unsymmetrical barriers is derived
in the usual way by successive corner-moving steps
(17,37). As for cyclotetradecane, the initial conformation
is reproduced already half-way through the cycle, so that
it is really a double cycle with the same barrier in
all steps. The calculated (26) barrier height (6.6 kcal/
mol) is in excellent agreement with the observed (30)
value (AG# = 6 kcal/mol). Full carbon exchange requires
only six steps(l 1/2 cycle), while for full hydrogen
exchange four double cycles are needed. The intermediate
conformation [2233] is identical with the one that
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Fig. 22. Double interconversion cycle for full site exchange
in cyclodecane.

calculations (26) show to be third lowest in energy
(1.3 kcal/mol).

Conformations having one-bond sides, such as [1333],
{1324]), and [1414], are also competitive in this medium
ring; calculated energies are 0.4, 1.6, and 1.5 kcal/mol,
respectively (26). The bond arrangement at the one-bond
side in these quadrangular conformations is more clearly
defined as gtg~g* than in the quinquangular conformations
of the larger odd-membered rings discussed so far, but
on the basis of the torsion-angle sign sequence, the
above conformations may also be called biangular ([1333] =
{37); (1324] = [28)) or nonangular ([1414] = [10}).

The migration of a one-bond side with its two corners
by one position involves a particular elementary process
a gtg-gt ~ g-g*g~a (Fig. 23), whereby only anticlinal

~120 +120

+

A B c
Fig. 23. Elementary process for the migration of a one-bond
side by one position.

torsion barriers have to be passed more or less synchronously
in two bonds (17). A simple example is the conversion of
[1324] to its mirror image over a very low barrier
(calculated (26) at 2.6 kcal/mol) of this kind (Fig. 24).
This barrier has a higher symmetry than the unsymmetric
conformational minima which it separates, in contrast

with the more common situation that the first barrier
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@eg*e- ‘Q_Qe@- -
[1333] [1324] (28] [1324] [1333]

Fig. 24. Low-barrier-partial exchange path within the [28]
family of cyclodecane and its use for interconversion in the
[37] family.

away from a symmetric minimum is unsymmetric. The path
[1324] ~ [28] ~ [1324] in Figure 24 produces partial
averaging, so that even at the lowest temperature the
nmr spectrum will correspond to the symmetry of the
biangular barrier [28], and sc this symbol may well be
used to describe a whole family of nmr spectroscopically
nondistinguishable conformers. Full ring-atom exchange
can be achieved by interconversion through other biangular
families like the [37]) family, including (1333]) (Fig. 24),
over a barrier calculated (26) to be 6.3 kcal/mol, but
no geminal exchange is possible since a given hydrogen
will always be inner on the short side and outer on the
long side, or vice versa. Full exchange requires further
conversion over a still higher barrier (26) of 7.5 kcal/mol
to conformer [2233] of unambiguous quadrangular type
on the exchange path given in Figure 22.

The crown- or trans-decalin-like conformation [1414]
demonstrates a situation becoming increasingly more
common as the ring size gets smaller, that it sometimes
may be more economical to perform changes in two or more
regions of the ring simultaneously than to pass through
two or more steps. The conversion to a pseudorotated
equivalent conformation goes over a symmetrical barrier
calculated (26) to be 7.5 kcal/mol (Fig. 25), and repetition
will exchange all ring atoms but not geminal hydrogens, all
inner hydrogens remaining inner and all outer remaining
outer. The signs of the torsion angles alternate around
the ring and do not change during the process, so that
this whole crown-family of minima and barriers may be
called nonangular and designated [10]. To obtain also
geminal exchange requires the passage over a much higher
barrier calculated (26) to be 17 kcal/mol, to the biangular
[28] family and from there to any of the two quadrangular
conformers on the exchange path shown in Figure 22.
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Fig. 25. 1Interconversion path for ring-atom site exchange
within the crown family of cyclodecane.
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Fig. 26. Low-barrier partial exchange path for cyclodecanone.

Cyclodecanone adopts preferentially the unsymmetric
[2323) conformation (A, Fig. 26) where transannular
hydrogen repulsions are best relieved (35). A simple
passage through the cycle of Figure 22 will give the
carbon skeleton an averaged symmetry corresponding to
the constitutional symmetry of the intermediate conformation
C (Fig. 26). To achieve also geminal hydrogen exchange,
further cycles must be run through, whereby the carbonyl
group will have to occupy also corner positions. Certain
barriers must then be raised because of the more severe
transannular hydrogen repulsions. This explains why two
processes (AG” = 6.5 and 7.3 kcal/mol) are seen in *H
spectroscopy, but only the lower of these in 13¢ spectroscopy
(35).

Among the gem-dimethyl substituted derivatives
1,1-dimethyl- and 1,1,6,6-tetramethycyclodecane should
have interesting partial-exchange processes (32) over
unchanged barriers (Fig. 27); these are analogous to
those shown for corresponding cyclotetradecane derivatives.
The constitutional symmetry is thereby acquired by the
ring atoms and for the Rl and RrZ substituents, but not
for the remaining geminal hydrogens.
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RZ
[2233)

Fig. 27. Low-barrier partial exchange paths for 1,l-dimethyl-
cyclodecane (R1 = Me; R? = H) and 1,1,6,6-tetramethylcyclodecane
(Rl = R? = Me).

[. 9-Membered Rings

The lowest calculated conformation (26) and the
major one observed (38) for cyclononane is the triangular
[333). Its interconversion path (Fig. 28) provides a good
demonstration of the energetic advantage of passing in
several steps (here three) with localized changes to
the both pseudorotated and inverted mirror-image conformation,
instead of more directly with synchronous changes. It
also demonstrates the unsymmetric nature of the barrier
(A, Fig. 28) in the first conversion step from the symmetric
minimum [333] and the symmetric nature of the barrier
B between the two equivalent unsymmetric intermediate
minima {234]. If the highest possible symmetry were retained
during the whole process, all nine ring bonds would
become eclipsed simultaneously at the barrier top C,
three of them at the high syn torsional barrier, and the
required energy would be very high. A two-step path of
somewhat lower symmetry has therefore been proposed (5);
it goes through an intermediate "conformation" that is
identical with the central barrier B of the three-step
path, whereby only four bonds must go through eclipsing
during the passage over each of the two undefined barriers.
This is still too high in energy, and the use finally
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[234)

Fig. 28. Interconversion cycles for full site-exchange in
the [333) conformations of cyclononane. Dotted line: one-step
cycle over the high-symmetric barrier C. Dashed line: two-step
cycle over B as intermediate. Full line: three-step cycle over
the barriers A, B, and A'. Relative energies are only semi-
guantitative.

of the [234] conformation as an intermediate [calculated
{26) energy 3.2 kcal/mol] divides the process into three
steps (17) each involving the eclipsing of only three
bonds, resulting in a calculated (26) critical barrier
for the first (and last) step of 6.9 kcal/mol in excellent
agreement with the observed (38) barrier for full exchange
(AG# = 6.0 kcal/mol). The central barrier is much lower
[calculated (26) at 4.4 kcal/mol]. Two cycles will
exchange all carbons and four cycles all hydrogens.
The detailed calculations (39) also confirm that the
assumption made earlier (17) that the barrier top is
reached when the bond between the old and new corner
goes exactly through syn eclipsing, is valid for the
barriers involved in this cycle and others mentioned below.
A minor conformation of cyclononane in solution,
calculated (26) at 1.7 kcal/mol, but nevertheless found
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in the crystal structure of derivatives (37), is quin-
quangular of type [12222]) and also classifiable as triangular
[225]; this is often more convenient in discussions of
interconversions. The pest mechanistic path for full
exchange (Fig. 29) goes through the same intermediate
conformations [234] as were needed for interconversion

of the [333] conformation (Fig. 28). An even lower critical
barrier (5.9 kcal/mol) is calculated (26) for this cycle;
it occurs in the first and last step. Because of the
particular sequence of corner-moving operations and the
symmetries involved, one cycle will here move all ring
atoms by two positions. As many as eight cycles are,
therefore, needed to exchange all carbons, and twelve

to exchange all hydrogens.

[225)

[228]=[12222]

Fig. 29. Three-step interconversion cycle for full site
exchange in the [225] conformation of cyclononane.

A fourth conformation, which can be considered either
as triangular [144] or as uniangular [9], is also calculated
(26) to be of low energy (1.2 kcal/mol) and found in
trace amounts in cyclononane solutions (26). It can
exchange only over a barrier calculated (26) to be 8.5
kcal/mol, and which is essentially of a gtgt ~— g—g~a
type, but much less symmetric (26) than the schematic
synchronous process shown in Figure 30. There are also

Fig. 30. Interconversion step for full site-exchange in
the [9] conformation of cyclononane.
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adjustments on the opposite end so that the one-bond
side moves by one position over a barrier of a gtg—gt ~
g-gtg-a type. By repeating this double step, not only
do all carbons migrate to all ring positions, but also
geminal exchange is obtained.

Cyclononanone has been shown (40) to take an unsymmetric
[12222] conformation in a crystalline HgCl, complex (A
Fig. 31). This conformation is also in accord with the

+ 0 + 0 - + Q - o -
- Coal + o C - *+ A0 +
i } - + X J
. - . . <> [ + -
+ -
- + + - - +
-+ - + - e

3 steps 3 steps 3 steps
A B B’ A

Fig. 31. Low-barrier partial exchange path for cyclononan-
one.

observation in solution of two processes (AG# = 5.0
and 6.5 kcal/mol) in dynamic 1y nmr spectroscopy, but
only the lower~energy process in 13¢ spectroscopy (35).
Three cycles of the type shown in Figure 29 will take the
molecule through two intermediate [12222] conformations
(B and B', Fig. 31) to an equivalent conformation A‘',
whereby the carbonyl group will remain all through the
process in positions where it relieves transannular
hydrogen interactions. The carbon atoms are thereby
averaged to the constitutional symmetry. Geminal hydrogen
exchange, however, requires further cycles where the
carbonyl group must also occupy corner positions, and
some of these barriers will be higher due to more severe
transannular hydrogen interactions.

The low-temperature nmr spectrum of 1,4,7-trioxacyclono-
nane reveals a single conformation having no symmetry,
and two processes (AG¢ = 7.3 and 7.9 kcal/mol) are seen
both in lH and 13c spectroscopy (41), the low—garrier
process leading to pairwise averaging of six 1 C lines
before on further heating the three lines coalesce to one.
One [12222] conformer and three different [234] conformers
satisfy these observations, and a choice can only be
based on assumptions about relative heights of critical
barriers on various interconversion paths. The original
conclusion (41) was that the low-barrier partial averaging
was represented by the simple process B ~ C ~ B' (Fig.
32), but it may also be represented by the three-step
process, A~ B ~ C ~— B' ~— A', shown in the same
figure.
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Fig. 32. Low barrier partial exchange path for 1,4,7-tri-
oxacyclononane.

Among gem-dimethyl substituted cyclononanes, both
the 1,1-dimethyl and 1,1,4,4-tetramethyl derivatives
will fit and further favor the lowest [333] conformation.
No partial averaging process is possible, and full exchange
requires passage over increased barriers. This is in
accord with observation (38, 42); the barrier increases
from 6 kcal/mol to 9 and 20 kcal/mol, respectively, for
these two derivatives. The nonadditivity is easily
explained as due to 1,4-methyl-methyl interaction as
compared to hydrogen-methyl interaction in the critical
barrier of the second cycle of the type shown in Figure
28 when the C3C3 bond goes through syn eclipsing.

J. 8-Membered Rings

The dynamics of eight-membered rings has been fully
elucidated by Anet and recently reviewed by him (43).
Nevertheless, a brief description of interconversion
schemes is given here from a somewhat different viewpoint,
using terms, symbolism, and graphic presentation of the
type introduced for the larger rings. In this and smaller
rings even "long" sides will contain only bonds with
torsion angles smaller than 120°, and so it is convenient
to extend the definition of a "side" to include a sequence
of bonds with alternating torsion-angle signs, and call
any ring atom between two bonds of the same sign a '"corner."

The conformation of lowest energy for cyclooctane,
both by strain-energy calculations (44) and established
experimentally (45), is not the square diamond-lattice
type [2222], but a biangular [26], usually called boat-
chair (Fig. 33). Its most easy interconversion requires
the intermediacy of another biangular conformation [35],
usually called twist-boat-chair, which is only 1.7
kcal/mol higher in energy (44). The nature of the transition
state is adequately described as a corner movement
with syn eclipsing of one bond, although the exact
angle is calculated (44) to be not of 0° but 8°. The
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Fig. 33. Two-step interconversion cycle for ring-atom site
exchange in the [26] conformation of cyclooctane.

two-step cycle (Fig. 33) with both barriers calculated
(44) at 3.3 kcal/mol, and estimated from experimental
data (43) at 3.7 kcal/mol, will average all carbon atoms
after seven repetitions, but geminal hydrogens will never
be exchanged since they stay inner on the two-bond side
and outer on the six-bond side, and vice versa. To effect
full exchange, formally the [26] conformation might

first be distorted to its quadrangular partner [1223]

of higher energy and converted by one corner movement

to the [2222] conformation, whence it could be taken

back in a different direction so as to produce the set

of inverted [26] conformations. Calculations show, however,
that it is more economical in this ring to perform the
conversion in a symmetric fashion (44), which demonstrates
that the constraints in this ring are too severe to permit
freely any type of localized conformational change.

The direct symmetric conversion of [26] to the [2222]
conformation, from which it can return to the inverted
[26] conformation (Fig. 34), has a calculated barrier (44)

Fig. 34. Two-step interconversion path for geminal site
exchange in [26] conformation of cyclooctane.

of 10.7 kcal/mol. A still more favorable process (Fig. 35),
with a calculated (44) barrier of 7.5 kcal/mol, in excellent
agreement with the observed (46) AG¥ = 8.1 kcal/mol,

leads from the [35] conformation over a doubly eclipsed
symmetric barrier B, usually called chair, directly



JOHANNES DALE 231

Fig. 35. 1Interconversion paths for geminal site exchange in
the [8] and [35]) conformations of cyclooctane.

to the mirror image [35]. Inner hydrogens on the three-
bond side remain thereby inner when arriving on the
five-bond side, so that full exchange can be obtained.
The next-lowest conformation of cyclooctane is the
quadrangular [1313] conformation, usually called twist-
chair-chair (Figs. 35 and 36). It is the lowest-energy

-~ - + - etc.

(1313)] (e] [1313]

Fig. 36. Interconversion path for ring-atom site exchange
in the [8) conformation of cyclooctane.

member of the nonangular [8] family, usually called crown-
family. Calculations (44) place it 0.8 kcal/mol higher
than [26] and observation 1.7 kcal/mol higher (47).

All carbons, but not geminal hydrogens, can be exchanged
(44) by passage over very low symmetric double barriers
(Fig. 36). To exchange also geminal substituents it is
necessary to pass a relatively high symmetrical barrier
(d, Fig. 35), calculated (44) at 10.3 kcal/mol, to a

[35] conformation maintaining the twofold axis. This then
passes over the lower chair barrier B to its mirror image
[35] and finally over A' to the inverted [1313] conformation.
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The conclusion to be drawn is that if cyclooctane
consists of a mixture of [26] and [1313], then the single
1y nmr signal at high temperature should on gradual
cooling, neglecting vicinal coupling, split first into
a single line for [26] and a quartet for [1313]; then the
single line should also become a quartet, and finally each
quartet should be further split into several quartets
corresponding to the real symmetry (five and two,
respectively). The lowest barrier processes can, however,
not be frozen experimentally (47).

Cyclooctanone and oxacyclooctane provide examples of
derivatives which among the five different positions for
these groups on the [26] conformation, have a particular
preference for those where the group can best relieve
transannular hydrogen interactions (43). This is illustrated
for cyclooctanone by A in Figure 37. By going through

2steps 2steps ¥ T 2steps

A B

Fig. 37. One of the two interconversion paths for ring-atom
site exchange in cyclooctanone (a=b=H), and the exclusive one for
S-t=butylcyclooctanone (@ = H; b = t-Bu).

four full cycles of the low-energy process shown in

Figure 33, the mirror image A' can be reached in two

different directions (43). The one shown in Figure 37

is favored for S5-f-butylcyclooctanone since the bulky

substituent will then remain extraanular in all seven

intermediates and all eight barriers, while the other

path would make it intraannular on the short side. For

cyclooctanone itself the path shown is less favored since

the carbonyl group must pass through the corner positions

where it can not relieve transannular hydrogen interactions.

The averaging produced by any of these two paths gives

the carbon skeleton the constitutional symmetry, and,

in fact, the observed barrier (43) is higher for the

t-butyl derivative (AG* = 8.0 against 6.3 kcal/mol).

To exchange also geminal hydrogens (possible only in the

unsubstituted ketone) requires the passage over the

higher barrier (43) shown in Figure 35 (AG¥ = 7.5 kcal/mol).
Similarly, 1,3-dioxacyclooctane strongly prefers to

have the 1,3-dioxa group situated across a corner atom

(48,49) and so fits the [26] conformation only in the
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way shown for A in Figure 38. Constitutional symmetry

is obtained for the carbon atoms by running through two
cycles of the same low-energy process (Fig. 33) and geminal
exchange by using also one of the higher-energy processes
[26] ~— [26]' (Fig. 34) or [35] ~ [35]' (Fig. 35),

and, in fact, two processes (AG¥ = 5.7 and 7.3 kcal/mol)
are observed (49).

-+ + - - s

- - - + + -

- + + - - +
- + + - - +*

2 steps 2 steps
A B A'

Fig. 38. Interconversion path for ring-atom site exchange
in 1,3-dioxacyclooctane.

1,5-Dioxacyclooctane and cyclooctane-1,5-dione should
be biased even more strongly and have both functional
groups in the preferred positions of the [26] skeleton
(similar to A and A' in Fig. 37), as has, in fact, been
found to be true for the diketone (50) and a derivative,
eis, trans,eis-2,4,6,8-tetrabromocyclooctane-1,5-dione
(51) . For the observed partial exchange of the latter,
a symmetric one-step mechanism has been proposed (51),
but it is entirely possible also to devise a three-step
path based on the mechanisms shown to be favored for
other cyclooctane derivatives. Thus, the path, [26] —
[35] ~ [35]' ~ [26]', will effect the same exchanges,
the bromine substituents remaining unhindered during
the whole process.

1,3,5,7-Tetraoxacyclooctane shows a single 14 nmr
line at room temperature. On cooling it splits directly
into a single line for the [26] family of conformers
and one quartet for the [8] family (48,49). This can be
taken as an argument that geminal hydrogen exchange in
[8] can only take place via conversion (Fig. 35) to the
same [35] conformer that is accessible over a lower
barrier from [26] (Fig. 33).

K. 7-Membered Rings

Hendrickson's pioneering analysis of the dynamics
of cycloheptane (5,6,52,52a) needs no revision, and the
common perspective drawings of the conformations involved
are satisfactory for visualization. For certain purposes,
schemes of the type used with the larger rings nevertheless
present some advantages.
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The preferred conformation of cycloheptane, usually
called twist-chair, can be described as triangular [133]
or better as uniangular [7]. By the familiar corner-
moving step (Fig. 39) it can pass over a low barrier,
usually called chair and calculated (52) to be 1.4 kcal/mol
higher, to its mirror image with all carbons moved by
one position. Repetition of this step will exchange all
carbon sites and also geminal hydrogen sites.

The effect of gem-dimethyl substitution has been
analyzed (53) on the basis of Hendrickson's "pseudorotation"
paths and calculated conformational energies for methyl
substituents (54). With reference to the present scheme
(Fig. 39), the methyl groups of 1,l-dimethylcycloheptane
will prefer the g+g+—corner (or isoclinal) position,
but will already in the second step, when the C3C3 bond
goes through eclisping, give a strong l-methyl-4-hydrogen
interaction, and this barrier, estimated to be 5.3 kcal/mol,
will be decisive for any site exchange.

(7] =[133]

Fig. 39. Interconversion path for full site exchange in the
chair conformation of cycloheptane.

Of particular interest is 1,1,4,4-tetramethylcycloheptane
(53), since only one gem-dimethyl group can occupy the
g*tgt- corner position. This unsymmetric conformation
(A, Fig. 40) can, therefore, undergo partial exchange
over medium barriers, but full exchange is hindered

A B c B' A

Fig. 40. Low-barrier partial exchange path for 1,1,4,4-
tetramethylcycloheptane.
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by the very high barrier that arises from 1,4-dimethyl
repulsion when in further steps the C3C3 bond becomes
eclipsed. In the partial exchange A ~~ A' the ring atoms
obtain the constitutional symmetry, like the intermediate
conformer C, but geminal methyl groups and hydrogens
(except the C-6 hydrogens) are not exchanged, and the
mechanism for full exchange has been proposed (53) to
go via the so-called boat family.

The energy minimum of the boat family, calculated (52)
at 2.4 kcal/mol, may be described as triangular [223]
and can be reached over a much higher barrier (Fig. 41).

()= [133) [223)

Fig. 41. Interconversion between the chair and boat family
of cycloheptane.

In this twist-boat conformation, however, there is so

much eclipsing distributed over many bonds, that unsubstituted
cycloheptane will interconvert smoothly with itself over

a very low boat barrier (calculated (52) to be only

0.3 kcal/mol higher) with substantial simultaneous

changes in all bonds of the whole ring. A description

in terms of distinct step processes is, therefore, no
longer valid, even though the process can be formulated

as a series of corner-moving steps (Fig. 42) whereby

all carbons migrate now by two positions in each step,

and repetition leads to full exchange. The actual mechanism
is here no doubt very close to a genuine pseudorotation,
that is, a molecular vibration.

~= etc.

223] (223]

Fig. 42. 1Interconversion path for full site exchange in the
boat conformation of cycloheptane.



236 MULTISTEP CONFORMATIONAL INTERCONVERSION MECHANISMS

L. 6-Membered Rings

The conformational situation in cyclohexane is of
course better known and has been more studied (5,6,52,
100,54a) than that of any other ring system. Only a brief
outline is given here from the viewpoint employed in the
analysis of the larger rings.

The chair form can be considered (Fig. 1) as quadrangular
[1212], which disquises its high symmetry, or as nonangular
[6]. It is converted (Fig. 43) over a high barrier [AGH =
10.8 kcal/mol (55)] having four (nearly) coplanar ring
atoms to the twist-boat, which is here considered biangular
[33], and back again to an inverted chair. All carbons
are, of course, already identical in the chair, and the
result is simply the exchange of geminal hydrogens
(axial ~ equatorial).

Fig. 43. Interconversion path for geminal site exchange in
the chair conformation of cyclohexane.

The twist-boat [33] converts smoothly to itself
over a boat-barrier of such a symmetry that two bonds
are eclipsed simultaneously (Fig. 44). By repeating

a c _a
d b d b d b
- + - + - +
-~ -~ > efc.
+ - + - + -

[33] (33]

Fig. 44. 1Interconversion path for full site exchange in the
twist-boat conformation of cyclohexane.

this step, all carbons, which are here of two types,
and all hydrogens become exchanged. The barrier is

only slightly higher (calculated (52, 100, 54a) less
than 1 kcal/mol) than the twist-boat, so that this
process may perhaps be considered as a genuine pseudor-
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otation rather than as a multistep interconversion.

In substituted and hetero derivatives the process
in Figure 44 need not have a low barrier, and the exchange
may well occur in several steps through distinctly
different intermediate twist-boats. In fact, there are
cases, such as bis-pentamethylene-s-tetrathiane (56),
where the [33] conformation is not only populated, but
Predominant over the [6] conformation, and where one
particular twist-boat with the gem-dimethyl substituted
carbon atoms on the twofold axis is much more stable
than other twist-boats. The reason for this preference
is that the methyl groups then occupy the two corner
positions and that the SS bonds with the highest torsional
barrier become fully staggered. Experimentally (56),
the [33] ~[33]) barrier is found to have a value between
V11 kcal/mol, corresponding to a faster process in the
spiro-linked cyclohexane rings, and V16 kcal/mol,
corresponding to the slower [6] ~— [33] interconversion
of the tetrathiane ring.

A special type of multistep process must occur in
aza-cycloalkanes when a conformational cycle in the ring
as such must be combined with inversion at the nitrogen
atom to arrive at an equivalent conformation with all
sites exchanged. In six-membered rings, the critical
barrier is usually (57) hard to define, but can become
a clear nitrogen inversion in N-chloro derivatives
(57) or when the ring is made "flexible" by a carbonyl
group (58). However, it is difficult to decide at which
point nitrogen inversion takes place, that is, whether
the equatorial substituent becomes axial in the chair
as a first step and vice versa in the last step, or whether
inversion takes place during the stay in the boat family.
It is even possible that it is synchronized with the
passage of an adjoining bond through syn eclipsing.

M. 5-Membered Rings

For cyclopentane the formal extrapolation from multistep
processes in the larger rings suggests that the uniangular
[5] conformation, or twist-envelope, should be considered
as the stable form, and that it is converted to itself
in a corner-moving step over an envelope barrier (Fig.

45), After five such steps all ring atoms and geminal
hydrogens have been exchanged. Of course, in this particular
case, the twist-envelope and the "barrier" are so close

in energy that the whole process is really a molecular
vibration, and we recognize the classic example of
pseudorotation (7).

As an attempt to demystify this concept, it may be
stressed that the particular situation is a consequence

237
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<~ etc.

(5] (=]

Fig. 45. Interconversion path for full site exchange in
cyclopentane.

of accidental closeness in energy and of symmetry degeneracy
(all minima are identical and all barriers are identical).
In other five-membered rings of lower symmetry, or with
another balance between valency angle potentials and
torsional potentials, the interconversion process in

Figure 45 may well become an ordinary multistep process.

V. CYCLIC ACETYLENES

When a multiple bond is "inserted" into a saturated
chain, the simplest conformational situation results
when this is a triple bond. The linear geometry of the
acetylenic C4 unit means that, as far as valency angles
are concerned, only an extension of a single bond has
taken place. On the other hand, there is practically
no torsional barrier in the single bonds adjoining the
triple bond (59), and the net result is free rotation
about the "extended" single bond. In open chains this
has of course the consequence that any set of three
conformations in a given bond, together defined by an
identical anti-gauche sequence in the other CC bonds,
becomes replaced by a continuous family of conformations.
In cyclic compounds this is not necessarily so because
of the restrictions of the ring. Particularly interesting
cases are obtained if two acetylenic groups are introduced
diametrically in even—-membered cycloalkanes. Thus,
cyclotetradeca~-1,8-diyne (60) has two conformations,
B and C (Fig. 46), directly derivable from two of the
best cyclodecane conformations without any change in the
saturated parts. Of these, B is the low-temperature
crystal conformer, and C is the solution conformer.
The conformational process which leads to geminal hydrogen
exchange in conformer C (the carbon skeleton of C has
already the constitutional symmetry) might have been
thought of as a simple flipping of one pentamethylene
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+

- N + - -
i, % © 0
+ B : ' H
B . + + - h
A

B C D

Fig. 46. Conformations of cyclotetradeca-1,8-diyne. A and B
are derivable from the [2323] conformation of cyclodecane, C from
the [1414]) conformation.

chain to give the intermediate conformer D, which by
flipping of the other chain would produce the inverted
conformer C. This requires, however, the concerted
eclipsing of two CC bonds in each step, which would
require a much higher energy than the observed (60)
barrier (AG# = 5.0 kcal/mol). By using energetically
less expensive steps, each involving syn eclipsing of
only one CC bond, it has been possible to devise two
different multistep paths to achieve the same result
(60) . One path is composed of eight steps, and conformation
D is one of the intermediates. The other path has ten
steps, and conformation A and B occur twice each as
intermediates.

VI. CYCLIC COMPOUNDS CONTAINING CIS DOUBLE BONDS
OR EQUIVALENT UNITS

The rigid angular Cp unit of a cis double bond in
saturated surroundings is roughly equivalent to an
extra CH, group (Fig. 47), although valency angles and

H H H H
+60 )< +60 +120 -120

A " B

Fig. 47. A stable conformation of the cis double bond in
saturated surroundings (B) compared with the CHp-group in "corner"
position (A).
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preferred torsion angles in the adjacent CC single bonds
are different (61). This means that molecules like
cyclopentene and cyclohexa-1,4-diene have the same
conformational degrees of freedom as cyclobutane, and
cycloheptene and the cyclooctadienes correspond to
cyclohexane. The cis double bond unit fits well, of

course, the geometry of normal rings, but is also efficient
in creating the necessary corners in the larger rings,
although the geometry and torsion-angle sign sequence

(+ =) of such a corner is different from that of a
g+g+—corner in saturated compounds (Fig. 47). The
conformational mobility of ring systems is quite differently
influenced by the presence of one or more cis double

bonds, depending on ring size. Thus, in normal rings the
cis double bond lies so near the mean plane of the ring,
that it can flip through the plane in an outward motion
even more easily than can a CH, group. In larger rings,
however, such a flipping may entrain an inward motion

of the B-carbon atoms and is more strongly resisted than
the corresponding movement of a CH, group.

A variety of medium-ring compounds contain in saturated
environments two or more cis double bonds or groups
derivable therefrom, such as the annelated benzo group,
or other groups resembling it conformationally, such
as the cie-amide group. These compounds show interesting
exchange processes observable by dynamic nmr spectroscopy,
and are treated together in order of increasing relative
unsaturation. The conjugated compounds are beyond the
scope of this chapter, due to the inherent complexities
(tendency towards coplanarity, bond shift and aromaticity
effects in annulenes (62), etc.).

A. cis-Cyclooctene

The preferred conformation for this olefin (A, Fig. 48)
has no element of symmetry (63). On the basis of the
sign sequence of the torsion angles it can be defined
as uniangular, with the corner in 4 position. Any exchange
process must consist in moving this corner to the 7
position, and this can occur stepwise (Fig. 48) either
along the saturated part (A ~~ B ~— C ~ B' ~ A')
or through the double bond (A ~ X ~ Y — X, ~A4,).
Both paths lead to the averaged constitutional symmetry
for the ring atoms, but only to pair-wise averaging of
geminal hydrogens. Thus, the first path exchanges only
cig-related protons and introduces a plane of symmetry
as in the central barrier C (@ = d; b = @), whereas
the second path exchanges only trans-related protons and
introduces an axis of symmetry as in the central barrier
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Fig. 48. The two interconversion paths needed for full site
exchange in ¢is-cyclooctene.

Y (@ = e; b=d). only at a temperature when both processes
can occur will full geminal exchange be observed by
nmr spectroscopy. Experimentally, two processes are
indeed seen (63) in the “H spectrum (AG# 5.8 and 8.2
kcal/mol), and the lowest is found (9) to correspond to
A ~ A,. This suggests that in this ring it is easier to
"flip" the double bond (X ~ Y ~ X,) than to move the
corner along the saturated chain.

In agreement with these mechanisms, only one process
is observed (64) in the 19 spectrum of l-fluorocyclooctene.
Both paths (Fig. 48) will exchange the two fluorine
sites, and only that of lowest barrier (A ~ A,) can,
of course, be observed (AG* = 6.1 kcal/mol). In cis-
cyclooctene oxide, which has the same type of conformation,
the constitution is such that only c¢is-related protons
can undergo degenerate exchange, and so, of course, the
only observed (65) process (AG# = 8.0 kcal/mol) must
correspond to A ~ A',

B. Cycloheptene

The best conformation for cycloheptene (66) is the
chair (A, Pig. 49), definable as nonangular. Since the

Fig. 49. Interconversion path for geminal site exchange
in cycloheptene.
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chair has already the constitutional symmetry for the
ring skeleton, the only possible process is geminal
exchange. As for cyclohexane, it is necessary to pass
through the biangular boat (B, Fig. 49), but because of
the lower symmetry, one pseudorotation-like step via the
twist-boat C is required before passage back to the
inverted chair A' can occur by the same mechanism (B' ~— A')
as in the first step (A ~ B). According to the strain-
energy calculations (66) the cis double bond "flipping"
shown in Fig. 49 is of lower energy than the alternative
S5-methylene "flipping," and represents the critical
barrier (5.2 kcal/mol). The boat is hardly any minimum

at all and continues over a low barrier (3.4 kcal/mol)

to the twist-boat minimum, which is only 0.6 kcal/mol
higher than the chair. Experimentally, the barrier height
for cycloheptene (67) agrees well (AGF ~ 5.0 kcal/mol),
but for a variety of benzocycloheptenes (68) it is much
higher (AG¥ = 10-14 kcal/mol). This may in part be

due to the greater resistance of the benzene ring to the
necessary valency angle widening at the double bond during
the flipping process, but predominantly to the relief

of torsion angle strain in the CC bonds next to the
double bond when cycloheptene goes from the chair to the
critical barrier; in benzocycloheptene there is no such
torsion strain to be relieved (66).

Fig. 50. Interconversion path for geminal site exchange
in cyclohexene,

C. Cyclohexene

The half-chair of cyclohexene (A, Fig. 50), definable
as uniangular, is also so symmetric that only geminal
exchange can be observed. This goes through the boat B,
but it is not quite clear whether the boat represents an
intermediate on a two-step path or is the barrier top
in a direct conversion. The calculated (66) energy of the
boat (6.4 k;al/mol) agrees well with the observed (69)
barrier (AG" = 5.4 kcal/mol).
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D. eis,ecis-Cyclodeca-1,6-diene

This hydrocarbon and a series of 4,9-disubstituted
and 4,9-bis-hetero derivatives have been shown (70)
by several methods to have a very well defined chair-like
conformation (A, Fig. 51) with perfect torsion angles
in all bonds and no transannular repulsion. The mechanism
by which geminal a-hydrogens are exchanged with relatively
high observed activation energies (ranging from 10 to 20
kcal/mol) is, of course, most simply envisaged as a
flipping of one double-bond unit to a boat-like conformation
B and then a second flipping to the inverted chair A'

(Fig. 51).

An interesting correlation between the height of the
observed barriers and the torsional barriers in the
CX bonds to be expected from simple model compounds
(71) gives strictly no clue to the real mechanism, since
by any mechanism these bonds must at some point pass
through syn eclipsing. It is more significant that the
4,9-dioxa and dithia derivatives are exceptional in that
they show lower barriers than expected from this correlation,
thus suggesting a transannular interaction involving
the 4 and/or the 9 group in the critical barrier (70).
Based on a symmetric path of the type shown in Figure 51,
it has been proposed (70) that the 4 and 9 groups come
very close to each other on the barrier top. A symmetric
two-step path seems improbable, however, in a ring of
this size and flexibility. Also, there is no compelling
reason to accept that the unfavorable boat is necessarily
an intermediate conformation.

An analysis of possible multistep paths is best made
with the chair drawn as in Figure 52A. If this is to be
inverted to A', the four a-CH, groups must be turned
outwards and to the opposite side in a sequence of four
steps. The least expensive elementary process is considered
to be the eclipsing of the 3,4 bond, requiring coplanarity
of the 2,3,4,5 system, immediately followed by eclipsing
of the adjacent 2,3 bond, requiring coplanarity of the
10,1,2,3,4 system. Two torsion angles thereby change sign.

: § ;é : @\/ —_— W
A B A:
Fig. 51. Interconversion path over symmetric barriers for

geminal exchange of a-hydrogen sites in eils,cis-cyclodeca-1,6-
diene.
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Fig. 52. Interconversion path over unsymmetric barriers
for geminal exchange of a-hydrogen sites in ¢i8,c¢is-cyclodeca-
1,6-diene. a and b may also represent lone pairs or a double
bond in derivatives. Note that a zero torsion angle value in
the 2,3 bond represents a staggered minimum.

The first step to B and the fourth step (B' ~ A')
are then uniquely determined by the symmetry of A, whereas
for the central intermediate, three different conformations,
hence three different processes, must be considered. The
one chosen in Figure 52 seems most favorable. This mechanistic
path does not go through the boat, but satisfies the
criterion that the bulk of the 4 and 9 groups is critical
in at least one step, namely the first (and the last)
leading from A to B. The transannular interaction is not,
however, between these groups, but between one of them
and an a-CH,. Also in conformation B (and B') this interaction
remains guite serious.

No quantitative calculations of barriers have been
made for this system.

E. ets,ets,ets-Cyclododeca-1,5,9-triene

The restrictions of the three rigid eis-olefin units
in this ring are such that only two conformations can be
envisaged, both of which have the CHpCH, units in anti.
One of these (A, Fig. 53) has D3 symmetry and has been

Fig. 53. Interconversion path for geminal site exchange
in ets,cis,cis-cyclodeca-1,5,9~triene.
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referred to (72) as "propeller"; the other (B) has C,
symmetry and has been referred to (72) as "helix." If

the propeller is considered the more stable, its only
possible site-exchange process is the geminal exchange

of inner and outer methylene hydrogens. The best elementary
process seems to be a synchronous rotation of the preserved
anti CHoCH, unit about the two adjacent single bonds,
whereby one CH, group must go "“through" the ring, the other
making an outward motion (73). At the barrier top not

only these four carbons, but also one olefin unit must

be roughly coplanar.* One such step leads to a helix
conformation B, a second to an equivalent helix B', and

a third step to the inverted propeller A' (Fig. 53)

with all geminal hydrogens exchanged.

If the helix, which is favored by the presence of
a "wrong" ++ conformation around only one of the ¢is
double bonds, is considered the more stable, it needs
only to interconvert repeatedly with itself using steps
of the kind B ~ B' (Fig. 53) in order to achieve full
site exchange. After two such steps the three types of
methylene carbons are exchanged, and after three further
steps also inner and outer methylene hydrogens become
exchanged.

The H nnr spectrum of eis,eis,cis-cyclododeca-1,5,9-
triene is in fact temperature dependent (74), but no
conclusions could be drawn.

On the other hand, a tris(3,6-dimethylbenzo) derivative
(A, Fig.54) has been studied successfully by dynamic

Me Me R' R?
CH  CH, I
Me CHZ CHZ Me RZ 0ocC 0 R1
CH,~CH; 0—C
(o]
R! RZ
8,C,D

Fig. 54. Tris (3,6-dimethylbenzo)cyclododeca-1,5,9-triene
(a), and cyclic trisalicylides (B: R1=R2=Me; C: R1=Me, R2=iPr;
D: Rl=iPr, RZ=Me).

*Although the motion of a CH, group through the ring may
seem energy demanding in a l2-membered ring, the other
possibility, a rotation about the CH5CHy bond in an outward
motion and through syn eclipsing is severely hindered by
the rigid cis geometry of the double bonds.
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nmr spectroscopy (72) and found to be present in the

helix conformation exclusively, interconverting over a
barrier of AG* = 17.1 kcal/mol. Strain-energy calculations
(72) give 16.7 kcal/mol for the B ~ B' barrier (Fig.

53) and a similar value for the unobserved A ~— B barrier,
but these can not be simply related to the triolefin,
because of the steric hindrance of the aromatic methyl
groups and the lack of torsional barriers in the CC bonds
next to the aromatic ring.

A series of cyclic trisalicylides (B,C,D; Fig. 54),
where the CHZCH2 units are replaced by trans ester units,
provide examples of compounds with both helix and propeller
conformers populated, the propeller even predominantly,
and both barriers can be determined (73). The best direct
comparison is the tris-3,6-dimethylsalicylide (B, Fig. 54)
where the barrier separating the helix conformers is even
lower (AG” = 14 kcal/mol) than in the hydrocarbon. This
supports the proposed mechanism, since the larger carbonyl
group turns outward and the ring oxygen, being smaller
than a CH, group, goes through the ring. The gther barrier,
separating propeller and helix, is higher (AG” = 18
kcal/mol) . With larger substituents (C and D; Fig. 54)
both conformational barriers increase because of steric
hindrance (73).

F. eis,ets-Cycloocta-1,5-diene

The CH,CH, units of this smaller ring cannot be
anti; even in the chair form they are only 120° and thus
eclipsed. The favored conformation is a distorted biangular
boat (A, Fig. 55) which averages over a boat barrier

Fig. 55. Interconversion paths for c¢ig,eis-cycloocta-
1,5-diene.

(B) of only 4.3 kcal/mol with its mirror image (A') to
obtain the symmetry of the barrier (75); only c¢is-related
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hydrogens are thereby exchanged. A similar pseudorotation-
like movement in the opposite direction leads to a
twist-boat C, also called skew form, which is an intermediate
or barrier to the inverted distorted boat A, (Fig. 55). By
this process the carbon sites are again exchanged, but

now only trans-related hydrogens exchange sites. This

may correspond to the higher-energy process (AG” = 4.9
kcal/mol) seen only (75) in the 1H nmr spectrum, since
full exchange results when both processes occur rapidly.
It will be appreciated that both these processes involve
the whole ring and, due to the constraints of the ring,
have no localized character. The whole path A' ~— A ~— A,
shown in Figure 55 has the flavor of boat-cyclohexane
"pseudorotation."

An alternative mechanism for geminal exchange is
the conversion to the nonpopulated chair conformation
of nonangular type (D, Fig. 55) and back again. This
process can occur (76) from either of the boat conformers,
for example, from B, by bringing six ring carbons
(—C—C—C=C—C—C—) 1into coplanarity or from C, by bringing
four ring carbons (=C—C—C—C=) into coplanarity. The
analogy with the cyclohexane boat ~— chair transitions
is again evident.*

The corresponding dibenzo derivative exists as a
mixture of the "pseudorotating" boat (presumably also
distorted) and the chair, as seen in the low-temperature
nmr spectrum (76,77). The barrier between them can,
therefore, be observed and is much higher (AG" = 10.2
kcal/mol) . The barrier to equilibration within the boat
family is lower (AG” = 7.5 kcal/mol) (77). Strain-energy
calculations (76, 76a) give similar energies for the
chair and the boat minima, 4.7 and 6.8 kcal/mol respectively
for the critical "pseudorotation” barrier and 11.5 kcal/mol
for the lowest barrier separating these forms from the chair.**

Several hetero analogs have also been studied (78).
The replacement of the CH,CH, unit by CHyS favors the
boat and raises both critical barriers. The introduction
of one ester group will, of course, stabilize the boat
by the planarity of the cis ester, and the barrier between
boat and twist-boat is doubled (10 kcal/mol). With two
ester groups, as in substituted cyclic disalicylides,

*The former barrier is calculated (76a) to be of slightly
lower energy than the pseudorotation barrier C (5.2 against
5.9 kcal/mol), so that either of the two may correspond to
the observed higher-energy process (75).

**The increased height of this latter barrier in the
dibenzo derivative, as compared with the diene itself, is
again rationalized on the basis of torsion-strain release in
the barrier of the diene.
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this barrier is 18 kcal/mol. The N-benzylamide group,
with its still stronger requirement for planarity, increases
the barrier even more (21 and >27 kcal/mol, respectively).

G. ois,cie,cis,cis-Cyclododeca-1,4,7,10-tetraene

The conformational freedom in this ring is severely
limited by the rigid cZs-olefin units. Just four conformations
are possible, different only in the up-down relationship
between the four CH, groups. Of these, the one with up-down
alternation is probably the least favored as it has two
very close transannular CH, interactions. It is also
not needed as an intermediate in the interconversion of
the remaining three conformations (A, B and C; Fig. 56).

Fig. 56. Interconversion path for geminal site exchange
in eis,cis,cls,cis~-cyclododeca-1,4,7,10-tetraene,

The mechanism of their interconversion is particularly
interesting because the outward bending of a CH, group

is made difficult by the ring geometry imposed by the
neighboring cis double bonds, whereas, on the other hand,
the rotation of a CH; group through the ring is surprisingly
favored in spite of this being a medium ring.

The tetraene itself is not known, but the corresponding
tetrakis (4,5-dimethoxybenzo) derivative (cyclotetraveratrylene)
has been studied by nmr (79) and found to take the
"sofa" conformation A, with full exchange occurring over
a barrier of AG" = 13 kcal/mol. It has been proposed
(79) that the mechanism is a successive rotation of the
four CH, groups, probably via the "crown" conformation
C. This is in accord with the detailed path shown in
Pigure 56. It is not obvious, however, that the CH
groups must necessarily pass through the ring; it may well
be so in the second (and third) step, but an outward
motion seems more likely in the first (and fourth) step.

H. eis,eis,eis-Cyclonona-1,4,7-triene

In this smaller ring the constraints of the cis
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double bond unit definitely exclude the possibility
that the CH, groups can be turned "through" the ring.
The preferred conformation (80-82) is a crown with all
CHy groups on one side, all double bonds on the other
(A, Fig.57). The activation free energy for the only

Fig. 57. 1Interconversion path for geminal site exchange
in eis,cis,cis,eis-cyclonona-1,4,7-triene.

observable process, geminal hydrogen site exchange,
is found (82) by nmr spectroscopy to be 14.5 kcal/mol and
represents most probably the passage over the first
barrier on the interconversion path shown in Figure 57.
Whether the mechanism is a CH, flipping or cis double-
bond flipping is not clear, but in analogy with the related
situation in cycloheptene, the latter mechanism has been
chosen in Figure 57. The resulting intermediate boat
conformation B is then further converted in a pseudorotation-
like movement over lower barriers to the twist-form
C, thence to a second boat B', and finally to the inverted
crown A'. A one-step synchronous ring-flattening inversion
of the whole molecule has been favored (8l) on the
basis of an observed, apparent, very large, negative
entropy of activation, but is utterly unlikely.

The aromatic analogs, the tribenzo derivative (83)
and the tris(4,5-dimethoxybenzo) derivative (84) (cyclo-
triveratrylene), have also the crown conformation, but
the barrier for geminal hydrogen exchange becomes unobservable
(84) by dynamic nmr spectroscopy up to 200°. A conforma-
tionally chiral derivative has even been resolved (85), and two
conformationally different alcohols isolated (84), and so
the barrier must be higher than 23 kcal/mol. That the
barrier is higher than for the triene may again be due
to relief of torsional strain in the transition state
of the triene, to the smaller ring valency angles at the
aromatic nucleus than at the double bond (120 vs 123°),
and to the higher resistance to twist of the aromatic
nucleus, making the flipping process more symmetric and
concerted in several bonds. It may also be of importance
that during the flipping of the aromatic group (A ~~ B,
Fig. 57) the other two groups come close to each other
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across the ring; this then is a reason to exclude the
alternative CH, flipping mechanism.

The intermediate conformations become populated
exclusively when substitution creates steric hindrance in
the crown, for example, geminal substitution of one methylene
group with methyl and hydroxyl (84). The better conjugation
of a carbonyl group with the aromatic nuclei is assumed
to be the reason why the monoketone prefers to be exclusively
in a rapidly interconverting twist form (84). When the
carbonyl group is replaced by an exocyclic methylene
group, both crown and twist conformers are populated, and
the barrier between them becomes measurable by simple
equilibration (84) and is found to remain very high
(20-24 kcal/mol). It is, therefore, unlikely that the
low-barrier process becoming slow in dynamic nmr spectroscopy
at -80 to -90°C in the oxa derivative (AG# = 9 kcal/mol)
is the passage of a crown to the boat to obtain CH,
exchange (83), but rather the repeated interconversion of
boat and twist forms. If the boat (B, Fig. 57) with
ether oxygen pointing into the ring is the preferred
conformation, all geminal hydrogens will be exchanged
after six steps of the type B~ C ~ B'.

Finally, the cyclic tripeptide of sarcosine (86),
which has all three N-methylamide groups cis, shows a
barrier to geminal CH; exchange of 20 kcal/mol, and again
an interconversion scheme of the type shown in Figure
57 has been proposed (87). That the barrier is also here
higher than for the olefin is difficult to understand,
because twisting of the amide bond should be more easy.
Possibly the resistance to valence angle opening is
increased due to the greater size of the NCH, and C=0 groups
as compared with the olefinic CH groups. Also, the trans-
annular repulsion referred to in the discussion of the
benzo derivatives may play a greater role between two
N-methylamide groups than between two cis double bonds.

VII. CYCLIC COMPOUNDS CONTAINING TRANS DOUBLE BONDS
OR EQUIVALENT UNITS

The rigid C4 unit of a trans double bond in saturated
surroundings is not just an extended single bond like the
acetylenic C4 unit. First of all, the geometry is not
linear, and in any scheme for full interconversion the
trans double bond has to be rotated about its adjacent
single bonds, whereby one carbon makes an outward motion
and the other has to pass "through" the ring (Fig. 58).
This rotation is, therefore, more or less hindered,
depending on the substituents on the double bond. Secondly,
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Fig. 58. A stable conformation of the trans double bond
in saturated surroundings (A) and an unstable situation (C)
resulting from its rotation by 180°.

rotation about adjacent single bonds is not free as in
acetylenes, but hindered by well-defined torsional barriers
(61) so that the orientation as shown in A (Fig. 58)
represents an energy minimum. After 180° rotation the
adjacent single bonds will be in eclipsed positions, and
the result C is therefore no conformational minimum.

On the other hand, any process in the saturated part
of the cyclic chain, which is also necessary for geminal
exchange, will lead to the same wrong conformational
situation about the trans double bond. Both processes must,
therefore, occur to obtain full exchange. If a ring contains
one or more trans double bonds, it is sufficient that the
rotation of one of these is blocked, and full site exchange
or even partial exchange becomes impossible, no matter how
mobile the saturated part or the other trans double bonds
are.

Since a certain ring size is necessary to incorporate
stably a trans double bond in a ring system, and the
rotation of this double bond as such should become very
easy once a critical ring size is exceeded, it is not
surprising that known examples of cyclic trans-oclefins
which show temperature variation of their nmr spectra,
are restricted to 10-, 11-, and l2-membered rings.

A. trans,trans,trans-Cyclododeca-1,5,9-triene

The crystal conformation of this triolefin (88) is
shown in Figure 59A, and it is characterized by having
all single bonds correctly staggered. Conversion of the
three CHyCH) bonds from g~ to g: in three steps of syn
eclipsing (A' ~~ B) can only lead to the unstable conformation
B. Also, rotation of all three trans double bonds in three
steps (A ~ B) can only lead to this same wrong conformation.
Both processes must occur in order to observe geminal
CH, exchange, and the activation energy corresponds to
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Fig. 59. Interconversion path for geminal site exchange
in trans, trans,trans-cyclododeca-1,5,9-triene.

that one of the processes which has the highest barrier.
The experimental value (89) is so high (AG? ¥ 9 kcal/mol)
that it most likely represents a trans double bond rotation
step.

B. trans,trans,trans-Cycloundeca-1,4,8-triene

The crystal structure of the 2,6,6,9-tetramethyl
derivative (humulene) shows here a conformation related
to that of cyclododeca-1,5,9~triene with only trans
double bonds (90). Two of these carry one methyl substituent
each, but rotation is still possible since the remaining
olefinic hydrogen can be the one that is turned "through"
the ring. A relatively high ac;ivation energy for geminal
exchange has been observed (AG" = 10.6 kcal/mol), and the
possible processes involved have been discussed (91).

C. trans,trans-Cyclodeca-1,5-diene

The crystal conformation observed (92) for the
1,5-dimethyl-8-isopropylidene derivative (germacratriene)
is of type A shown in Figure 60. This may be thought of
as derived from the [1333] conformation of cyclodecane
by placing the two trans double bonds in three-bond
sides and rotating both to satisfy the torsion angle
requirements in the adjacent single bonds. There are thus
no "corner" atoms according to the torsion-angle sign
definition, and the conformation may be called nonangular
or "crown."

If only one trans double bond is rotated, conformation
B is obtained; it has two "corners" and may be characterized
as biangular. The process (Fig. 60) which exchanges the
geminal hydrogens of A must necessarily involve rotation
of both double bonds, and B will, therefore, be an
intermediate. It is also necessary to move a g+g+ corner
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Fig. 60. Interconversion path for full site exchange in
trans, trans-cyclodeca-l,5-diene.

in the saturated part by three steps over presumably

lower barriers through the intermediate conformers C and C'
to arrive at the mirror image conformer B', which then by
rotation of the second double bond over a high barrier gives
the inverted conformer A'.

The temperature variation of the nmr spectrum of 1,5-
dimethylcyclodeca-1,5~diene (93) can be explained on this
basis. In addition to conformer A (=A'), two other conformers
are also seen in the low-temperature spectrum (93).

They can be identified as B and B' (which are now different
due to the methyl substituents) on the basis of coupling
constants and chemical shifts, and they interconvert over

a relatively low critical barrier (AG” = 8-10 kcal/mol)
which must be one of the three barriers on the path
B~-C~C'~ B' (Fig. 60). To interconvert also with

A, so as to get full exchange of all the three populated
conformers, the passage over a higher barrier (AGT =

15-17 kcal/mol) is necessary. This then is the energy
required to rotate the trans double bond, with the olefinic
hydrogen passing through the ring, the methyl group out.

This analysis is in agreement with the original
discussion (93), but differs from it in the way the
possible conformations are derived and in the detailed
mechanism for the interconversion of B with B'.

D. trans-Cyclodecene

The crystal conformation of this trans-monoolefin
(94) as silver nitrate complex (A, Fig. 61) is derivable
from the [2323) conformation of cyclodecane by placing
the trans double bond in a three-bond side and rotating
it to obtain correct dihedral angles in the adjacent
single bonds (37). The torsion-angle signs define it as
biangular [37). With this high s{mmetry, only one process
should be observable in dynamic -~H nmr spectroscopy and
none in 13c spectroscopy if A is the exclusive conformer
in solution. The fact that in addition to a high-barrier



254 MULTISTEP CONFORMATIONAL INTERCONVERSION MECHANISMS

Fig. 61. Interconversion path for trans-cyclodecene.

process for geminal exchange (AG# = 12.0 kcal/mol)
also a low-barrier process is observed (95), would,
therefore, mean that there is in solution either a single
conformation of lower symmetry which by partial averaging
over a low barrier acquires the constitutional symmetry
for the ring atoms, or that there is a mixture of several
conformations. The latter possibility is the more 1likely,
since the 3,3-difluoro derivative (96) shows the same
high-barrier process for geminal exchange (AG” = 12.4
kcal/mol) and a low-barrier process representing the averaging
of at least five different conformers, all of which are
appreciably populated.

On this basis the interconversion scheme in Figure
61 is proposed. Some of the intermediate conformations
(B and C) are of the same biangular type as the crystal
conformation (A) in being derivable from low-energy quad-
rangular cyclodecane conformations (B, or [28], from [2233]; C
or [19], from (1333])). In addition, a fourth conformation
of the same type (D, or [37], derived from [1333]) should
exist, and has, in fact, been found in the crystal structure
of trans-5-cyclodecenyl p-nitrobenzoate (37), but it is not
needed as an intermediate on the interconversion path for
A, For the unsymmetric 3,3-difluoro derivative there will
be an additional variant of B and of D. All these biangular
conformers may be expected to be of low energy, and they
can be interconverted by the familiar corner-moving steps,
but without effecting geminal exchange. It seems, therefore,
highly probable that these are the six conformations that
can be populated by 3,3-difluorocyclodecene, five of which
are observed in the 1°F spectrum (96). They average over low
barriers to give the constitutional symmetry for the ring atoms,
but one fluorine atom will remain "axial" and have anti coupling

I
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to the olefinic and one aliphatic proton, whereas the
other will remain "equatorial" and have only gauche
couplings; this is all in accord with the spectra (96).

To achieve geminal exchange, the trans double bond
must be rotated through the ring at some point, most likely
in the crown-like nonangular conformation C (Fig. 61).
The resulting biangular conformation V can then proceed
by four successive corner-moving steps to the inverted
crystal conformation A'. All these intermediate conformations
(V,X,Y,Z2) are probably unpopulated, since there is more
eclipsing strain in the saturated part.

The important conclusion is now that, contrary to
what has been assumed in earlier discussions (95,96),
it is not necessary to perform a high-energy rotation of
the 6,7-CH2CH2 group as such through the ring, only of
the rigid double bond.

VIII. CYCLIC COMPOUNDS CONTAINING BOTH
CIS AND TRANS DOUBLE BONDS

Examples of nonconjugated cyclic olefins containing
both cis and trans double bonds are few, and still fewer
have been studied from a conformational point of view.
Cyclic peptides, however, can be considered as belonging
to this category if the conformational barriers for the
ring skeleton are lower than the barrier for cis-trans
isomerization of the amide groups. Nevertheless, for
simplicity, the olefin case is shown for the general
discussion of interconversion mechanisms.

A. cis,trans,cts,trans-Cyclododeca-1,4,7,10-tetraene

Since there are only single CH, groups between the
double bonds, the conformational freedom is restricted
to the up or down orientation of these groups. Furthermore,
the geometry is such that the two CH, groups adjoining
a cis double bond must be on the same side, and so the
three conformations A, B, and C (Fig. 62) become the most
likely. Among these, the crown-like conformation A has
the most favorable torsion angles in the single bonds
and is indeed the type observed for a series of cyclic
tetrapeptides (97,98).

The number of possible interconversion paths is
reduced by the restriction that if one CH; group is
turned in an outward motion over to the other side of
the ring, the resulting strain will force the one on the
other side of the cis double bond to follow immediately
(87). Conformation A can thus be converted in a kind of
unsymmetric cis double bond flipping to conformation B,



256 MULTISTEP CONFORMATIONAL INTERCONVERSION MECHANISMS

+ - - + - + -
+ - + - + + + +
- - - -
+ - + - + + + +
- - + - + - + -

A B C D A

Fig. 62. Interconversion path for geminal site exchange
in eis, trans,eis, trans-cyclododeca-1,4,7,10~tetraene.

and by a second flipping further to conformation C (Fig.
62). This is, however, how far this type of mechanistic
step will take it, and it can only return from these
unpopulated conformations to the original one, A, It is
necessary also (87) to rotate both trans double bonds

as such, one after the other, to proceed further via
conformation D to the inverted conformation A', Strictly,
the sequence of cis double bond flipping and trans

double bond rotation steps may be different from that
shown in Figure 62, but this does not alter the argument.
If both hydrogens of at least one of the trans double
bonds are substituted, the step involving rotation of this
bond may become critical and prevent geminal exchange. No
hindrance is expected if there remains one olefinic
hydrogen on each, since this is then the one which turns
through the ring.

The nmr spectrum of cycloglycylsarcosylglycylsarcosyl
(98) reveals this type of conformation with both trans
positions occupied by the two CONH amide bonds, and the
CH, exchange occurs (87) over a relatively low barrier
(AG# = 13-14 kcal/mol). The smaller substituent NH can
here pass through the ring with little hindrance. On
the other hand, dynamic nmr spectroscopy of both
cycloglycyltrisarcosyl (98) and cyclotetrasarcosyl (86)
reveal much higher barriers (V23 kcal/mol) for CH,
exchange, in fact, higher than necessary for cis-trans
isomerization of free amide groups. The smallest substituent
on one or both trans-amide groups is here C=0, and this
is too large to be rotated through the ring. A rotation
about the CN partial double bond in an outward motion
to the ¢is-configuration and back to the other trans
configuration becomes necessary. That this is the mechanism
is supported by the fact that cis-trans configuration
exchange between all four amide groups occurs simultaneously
with CH2 exchange in cyclotetrasarcosyl (86) the only of
these compounds where the constitutional symmetry allows
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its observation by dynamic nmr spectroscopy.

a-Substituents can only be accomodated in the outer
position, hence may alter the population of conformations
A, B, and C. Thus, whereas cyclo-glycyl-L-prolyl-glycyl-
D-prolyl (99) fits the centrosymmetric conformations A
and C, but not the unsymmetric conformation B (Fig. 62),
the opposite is true for the L,L isomer (99). Geminal
exchange is of course not possible here, but for the L,L
isomer two trans—amide rotation steps (87,99) will effect
exchange with the pseudorotated conformation (A ~ A' in Fig.
63), whereby the molecule acquires by averaging the twofold
symmetry of the intermediate (unpopulated) conformation
B (Fig. 63). The observed activation energy (AG# = 13-15

(¢}
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HN (0] HN 0 HN co
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Fig. 63. Interconversion path for cyclo-glycyl-L-prolyl-
glycyl-L-prolyl.

kcal/mol) for this process (99) is very similar to that
observed for full exchange in cycloglycylsarcosylglycylsarcosyl,
and so supports the postulation of trans-amide rotation as

the critical step on the full interconversion path in Figure

62,

IX. BICYCLIC AND MULTICYCLIC COMPOUNDS

Fach ring in a bicyclic {(or multicyclic) compound
can be considered as substituted by the other ring (or
rings). In the same way as a monocyclic compound can obtain
geminal site exchange only if substituents occur as
geminal pairs of identical groups, similar conditions
must be satisfied in order to make geminal site exchange pro-
cesses possible in bi- and multicyclic compounds.

In the majority of commonly encountered cases this
condition is not met. Thus, in e¢is8- and trans-decalin
geminal site exchange is excluded; only ring-atom site
exchange can occur if the conformational symmetry is lower
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than the constitutional symmetry.

When a ring is substituted by two equivalent bridges
between the same two ring atoms, then, of course, geminal
exchange can occur, as in the simple flipping of the longest
bridge of bicyclo[3,1,1)heptane (100). Multistep mechanisms
become possible when all bridges are equal.

Only a limited number of examples of such conformational
processes have been observed. They represent such a variation
in type that each is treated separately, and no classification
in subgroups is attempted.

A. trans-Decalin

The strongly favored conformation for this bicyclo[4.4.0]-
decane isomer, with both rings in the chair form (101),
has already the high symmetry corresponding to the constitu-
tional symmetry for the carbon atoms (A, Fig. 64). This is
the real reason why trans-decalin behaves differently
from cis-decalin in dynamic nmr spectroscopy, not a
difference in flexibility; it is of course as easy to
get one or both rings into the boat form in both isomers.

If trans-decalin had the less symmetric boat-boat
conformation X (Fig. 64) with carbon atoms of five different

Fig. 64. The chair-chair form (A), and the interconver-
sion path for site exchange in the boat-boat form (X) of trans-
decalin.

types, it could have passed in two steps to the equivalent
boat-boat B' and acquired by such averaging the symmetry
of the intermediate twist-twist form Y with carbon atoms
of only three different types (as in the chair A). The
pseudorotation within each ring is limited by the trans
fusion to the process shown in Figure 64, and any change
in one ring is concerted with a corresponding change in
the other.

B. ectzs-Decalin
The interconversion of the favored chair-chair

conformation (A, Fig. 65) to an equivalent one must go
through several intermediates (102). Each ring is first
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converted from chair to boat, one after the other, and
then the boat-boat conformation C pseudorotates to an
equivalent boat-boat C' via the symmetric boat-boat D.
Finally, the inverted chair-chair is reached in two last
steps equivalent to the two first. The carbon skeleton
thereby acquires the averaged symmetry corresponding

to the central intermediate D, which is also the
constitutional symmetry. This process is best seen in the
13¢ nmr spectrum (103) and has an activation energy of
AG* = 12.6 kcal/mol; it corresponds most probably to the
barrier of the second step, B ~ C (Fig. 65). The process

+ 0 - 0_-
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Fig. 65. Interconversion path for site exchange in cis-
decalin.

is also seen, but much less clearly, in the 1y spectrum
(102) ; each proton goes from an axial to an equatorial
site, and vice versa, although no geminal exchange occurs.
The 2,2,7,7-tetramethoxy derivative (104) is very suitable
for the determination of the barrier,, since the four
methoxy signals coalesce to two (AG" = 12.4 kcal/mol).

In the 19F spectrum of the 2,2-difluoroderivative (105)
the same process is observed as the coalescence of two

AB quartets to one AB quartet (AG” = 12,3 kcal/mol);

the quartets belong to two different conformers present
in the ratio 3:1.

Strain-energy calculations (105) of the overall barrier
based on this multistep mechanism give a value of 17
kcal/mol. A simple estimate (9) based on adding a cyclohexane
barrier (10 kcal/mol) to the energy of a boat conformation
B (5 kcal/mol) gives an even better value of 15 kcal/mol.

C. ecis,syn,cis-Perhydroanthracene

When several cyclohexane rings are fused together,
it is sufficient that one of the fusions is trans to
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block a conformational exchange process.* The simplest
example of an interconvertible doubly cis-fused system
is eis,syn,cis-perhydroanthracene (A, Fig. 66). Its exchange

d

b

Fig. 66. Interconversion path for site exchange in cig, -
syn,cts-perhydroanthracene.

scheme must involve the conversion of all three rings

to boat forms, one after the other, to produce the central
intermediate conformation D with full constitutional
symmetry, from which the inverted conformation A' can be
reached. The sequence of steps is not uniquely given; it
is only certain that the middle ring can not be the first
to change to the boat form since it is locked by two
chairs. The critical barrier for this multistep process
has been determined on the 2,2,6,6~tetramethoxy derivative
(106) , where the four nmr lines corresponding to methoxy
positions a, b, e, and d (Fig. 66) become averaged to

two on heating (@ = d, b = @); the activation energy is
surprisingly low (AG# = 11.2 kcal/mol), probably because
1,3-diaxial strain caused by a or d in one of the chairs
raises the energy of the ground state (106).

*If one ring is large enough to connect the 1,2-diaxial
positions of adjacent cyclohexane rings, exchange processes
become possible, as observed recently (105a) in trans,syn,
trans-4,5:9,10-biscyclohexane-1,3,6,8-tetraoxacyclodecane.

A twelve-step interconversion scheme, different from the

one proposed (l05a), can be devised to explain the two
observed processes. It employs only the low-energy mechanistic
steps of Fig. 22 for the 10-membered ring, but requires
conversion of the cyclohexane rings to boat-forms in the
critical step of AG" = 11.7 kcal/mol observed by dynamic nmr.
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D. eis-A%,6-Hexalin

In contrast with the situation in e¢is-decalin, where
passage of the critical barrier and conversion to the
boat-boat conformation can occur before the need arises to
rotate about the central bond common to both rings (Fig.
65), no conformational change can occur in either of the
rings of this particular diolefinic derivative without
involving exactly this common central bond (Fig. 67).

This is because "inversion" of the favored conformation

of cyclohexene (as in both rings of A) implies eclipsing

of the single bond opposite to the double bond, and any
process in one ring must, therefore, be concerted with

the same process in the other ring. The critical barrier
should thus have both rings near a boat-like energy maximum
(B, Fig. 67).

Fig. 67. Interconversion process for site exchange in
eis-A21%_hexalin.

It is, therefore, not surprising that the activation
energy measured on 9,10-disubstituted derivatives (107)
is more than twice as high (AG” = 12-14 kcal/mol) as for
the isolated cyclohexene ring (AG¢ = 5.3 kcal/mol). The
barrier for ¢is-decalin, for comparison, is only 20%
higher than for cyclohexane.

It is likely that the symmetric form B (Fig. 67)
represents the barrier top rather than an intermediate
between two slightly higher equivalent barriers, and so
this is one of the few examples of a large molecule
undergoing only a one-step conformational process over a
symmetric barrier.

E. Tricyclo[4.4.4.0%,6]tetradecane

Very closely related to e¢is~decalin is this so-called
[4.4.4)propellane, which contains actually the ¢is8-decalin
skeleton three times (Fig. 68). In the same way as both
chairs of cis-decalin must be converted to boats before
the crucial rotation about the common bond (g¥ ~ g7) can
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Fig. 68. Interconversion path for site exchange in tri-
cyclo[4.4.4.01r6]tetradecane.

occur, with concerted pseudorotation in both rings, all
three chairs of the propellane (A, Fig. 68) must be
converted to boats, one after the other, before rotation
about the central bond can occur (B ~— C ~ B'), accompanied
by concerted pseudorotation in all three rings. In the
resulting mirror image conformation A' only geminal
hydrogens have been exchanged, the carbon atoms possessing
already in A .the constitutional symmetry. The total

number of steps in the interconversion scheme is increased
only by two as compared with eis-decalin.

By the same argument as was used for c¢Zg-decalin, the
critical barrier should occur in the third step, just
before reaching conformation B, and its height may be
roughly estimated at 20 kcal/mol. The experimental value
for the 3,3-difluoro derivative (107) is AG7 = 15.7
kcal/mol, only 50% higher than for cyclohexane, and may
be taken as a strong argument for a multi-step mechanism.

The 2,5,7,10,11,14~hexaoxa derivative (108) has a still
lower activation energy for geminal exchange (AG" = 12.6
kcal/mol), which is only 20% higher than for the monocyclic
analog, 1,4-dioxan.

F. Tricyclo[4.4.4.01,8]tetradeca-3,8,12-triene

This triolefinic [4.4.4] propellane derivative is the
tricyclic analpg of the c¢is-hexalin already discussed.
Again, the only possible conformational change in each
ring must involve eclipsing of the central bond common to
all three rings, and so must be concerted in all three.

In agreement with this, the observed activation energy

(107) is very high (AG# = 16.7 kcal/mol), more than three
times higher than in the monocyclic compound cyclohexene

(AG7 = 5.3 kcal/mol). This is a strong argument for a
one-step process as shown in Figure 69 with a B representing
the barrier top rather than an intermediate; the central
bond is then eclipsed, and all three rings are in boat-forms.
The mirror image of the barrier B as shown in Figure 69
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A B A'

Fig. 69. Interconversion process for site exchange in
tricyclo[4.4.4.01r6]tetradeca—3,8,12-triene.

is of course equally probable, but it suffices to pass
through a single one.

G. Bicyclo[3.3.3]undecane

This is the simplest example of a bridged compound
undergoing a multistep process.* The stable conformation
(110,111) is water-wheel-like (A, Fig. 70), having three
eight-membered rings in the [26] conformation. The
intermediate conformations (B and B') on its straightforward
interconversion path (Fig. 70) have two rings in the less
favorable [8] and [2222] conformations.

e o

Fig. 70. Interconversion path for site exchange in
bicyclo[3.3.3]undecane.

Only the 14 nmr spectrum can here be temperature
dependent, and a barrier of AG# = 11 kcal/mol is observed
(110) . Which of the two barriers, A ~— B or B — B', is rate
determining is difficult to gquess.

Also the l-aza-derivative has the same conformation
(112) and shows by dynamic nmr spectroscopy a process
with a similar activation energy (111).

*The slightly twisted chiral conformation of bicyclo[2.2.2]-
octane (109) is forced by the severe restrictions of the ring
systems to interconvert with its enantiomer over a single
barrier having all three CHZCH2 bonds eclipsed.
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H. Spiro[5.5]undecane

If both cyclohexane rings in this compound are in the
chair conformation, not only are all geminal methylene
hydrogens different, but also the 1 and 2 carbons are
each split into two different types. Inversion of one
ring will average its own geminal hydrogens, and the 1 and
2 carbons of the other ring, but not its own carbons.
Rapid inversion in both rings are needed to obtain full
exchange. There are all together four equivalent conformers,
pairwise identical and mirror images of the other pair.
All conformational barriers are, therefore, identical and
close to that of cyclohexane.

This is also the case for the 2,4-dioxa derivative
(Fig. 71, R=H), and a barrier of AG" = 10.1 kcal/mol has

A B Bl AI

Fig. 71. Interconversion path for site exchange in
2,4-dioxaspiro[5.5]undecane (R = H or Me). When R = H also
other paths are competitive. The dotted lines in B and B'
indicate steric interaction.

been determined by dynamic nmr spectroscopy (113). This
barrier would correspond to any of the four boat-chair
transitions of the type A ~ X occurring on each of the
paths A~ B~ A', A~ B' ~— A', B~ A ~— B', or
B ~ A' ~ B'. That the identical conformers A and A' are
here just mirror images of B and B' can only be appreciated
on models.

When trans-related methyl groups occupy the 1 and 5
positions (Fig. 71, R=Me), conformers A and A' become
really different from B and B'. The energies of the latter
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conformers, and probably also of the barriers leading to
them, are much higher in energy due to the "1,5-pentane"
interaction between one methyl group and a CH2 group of

the cyclohexane ring (113). Nevertheless, the observed
barrier (113) is only slightly higher (AG# = 11.4 kcal/mol).
The reason is no doubt that after one chair-to-boat
transition (A ~ X) it is not really necessary to proceed
to the high-energy conformer B. Instead, a second chair-to-
boat transition in the other ring leads to a boat-boat
conformer (YY), which can pseudorotate via the twist-twist
conformer (2) to the boat-boat (¥Y'), and this can finally go
further via X' to the conformer A' with all possible site
exchanges achieved. This process is thus not correctly
described as a concerted ring flipping (113), but rather

as a multistep interconversion through the boat-boat

family in much the same way as in cis-decalin.

I. Triarylboranes, Triarylmethanes, and Similar Compounds

A particular class of multicyclic compounds have a
central atom carrying three aromatic substituents and
comprises triarylboranes, triarylcarbonium ions, triarylme-
thanes, triarylsilanes, and triarylgermanes. These have
propeller-like conformations, and their conformational
freedom is limited to rotation about the pivot bonds,
which can occur either through the molecular plane or planes
perpendicular to it ("flipping"). Critical barriers have
been determined by dynamic nmr spectroscopy, and the
possible multistep interconversion mechanisms analysed.
This field has been reviewed very recently (114).
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I. INTRODUCTION
A. Steroid Function

The steroids are a group of naturally occurring
organic compounds and their synthetic derivatives, all
of which are characterized by a basic carbon skeleton or
nucleus consisting of three six-membered rings and one
five-membered ring (Fig. 1). The most important classes
of steroids include (1) the sex hormones, which are
responsible for the development and maintenance of primary
and secondary sex characteristics; (2) the adrenal cortical
hormones, which are essential for maintenance of salt and
water balance and carbohydrate metabolism; (3) bile acids
present in animal bile and used in chemical synthesis of
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Fig. 1. Basic steroid structure with standard atomic
numbering and ring designations.

anti-inflammatory agents; (4) sterol constituents of

cell membranes; and (5) cardiotonic agents useful in the
treatment of congestive heart failure. In addition to the
regulatory functions that steroids perform, they play a
significant role in the body responses to emotional and
physical stress and disease conditions.

The intimate involvement of steroids in the cause
and cure of cancer is illustrated by the therapeutic
effect of treating cancer victims with massive quantities
of specific steroids and steroid analogues. Regression of
breast cancer in women through estrogen, androgen, and
corticoid administration, the regression of breast cancer
in men through androgen and artificial estrogen administration,
and corticosteroid therapy of lymphomas and leukemias
are a few of the most common examples of hormonal cancer
theraphy.

The way in which a given steroid acts in a normal,

a carcinogenic, or a carcinostatic process is unquestionably
a function of its total structure. The more detailed
knowledge we have concerning the structures of individual
steroids, the easier it will be to correlate specific
structural features with the various steroid functions.
Minor changes in the basic steroid make-up totally alter
biological function. Compounds as similar as progesterone,
cortisol, and aldosterone (Fig. 2) are vital to such
dissimilar physiological activities as maintenace of
pregnancy, metabolism of proteins, and maintenance of
electrolyte balance. There is some overlap in the activities
of these steroids, and the question of which compositional
or structural differences are associated with each of the
functional changes is significant and challenging.

Although a specific biological function can be shown
to be directly dependent upon the action of a particular
steroid, the exact nature of all molecular level events
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OH
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Fig. 2. Three of the most active pregnane derivatives,
(a) progesterone, (b) cortisol, and (c) aldosterone, have
vastly dissimilar functions resulting from minor substitutional
variations.

involved in this structure-function dependence is not

fully understood. The complex nature of a single steroid's
interactions in the body is suggested by the steroid

"life cycle" depicted in Figure 3. This diagram is based
upon present knowledge and theory concerning the action of
estrogens and glucocorticoids. At any point in the sequence
of events including synthesis, transport, target interaction,
and degradation, specific structural features of a steroid
may be essential for optimum activity. Other steroids or
nonsteroidal molecules that share some of these features
further complicate the picture by competing in a particular
stage of the sequence. Conversely, the steroid of Figure

3 may interact with other proteins, secondary transport,

or target molecules, and metabolizing enzymes for which

it is not the primary substrate.

It is clear that the functions and activites of
steroids are determined by their composition, constitution,
configuration, and conformation. Composition defines the
number and kinds of atoms that make up the molecule and
is readily represented by its chemical formula. Constitution
refers to the connectivity of the molecule and is best
illustrated by diagramatically showing which atoms are
bonded to one another. Molecular configuration defines
the chirality of all asymmetric centers in the molecule.

In many instances conventions have been adopted that allow

the designation of configuration on connectivity drawings.
Conformation refers to the total geometric distribution

or disposition of the atoms in three dimensions. The molecular
conformations of steroids can be approximated by Dreiding
models. The concept of compositional and constitutional
control of function is readily accepted, and examples of
structural isomers having different functions are unnecessary
here. Functional dependence upon configuration is illus-
trated in the case of testosterone, a male sex hormone,
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STEROID LIFE CYCLE

Fig. 3. Natural steroid hormones are involved in a. complex
series of interactions with proteins that include (a)
biogenesis, (b) transport, (c) receptor binding, (d) entry into
the cell nucleus, and (e) metabolism.

and its inactive epimer, l7a-hydroxy-4-androsten-3-one
(Fig. 4). These molecules are configurational isomers
differing only in the stereochemistry at C(17). The

B face of a steroid is the surface normally containing

the C(18) and C(19) methyl groups, and the o face is

the flatter underside of the molecule. As indicated in
Figure 4, the 17-hydroxyl in testosterone is B substituted,
while the 17-hydroxyl in epitestosterone is o substituted.
It is noteworthy that despite the inactivity of epitestos-
terone the conformations are nearly identical, and the
relative locations of hydrogen bond acceptors from the
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Ho17)!

Fig. 4. The configurational difference at the C(l17) posi-
tion in the active androgen testosterone, AN1l4A, (solid lines)
and the inactive steroid epitestosterone, AN35, (dashed lines)
controls biological function. The directionality of the
hydrogen bonding in each structure as observed in the crystal
structures is indicated. R indicates the hydrogen acceptor.

170~ and 17B-hydroxyls in the two crystal structures are
within 1.5% of one another. an appreciation of functional
dependence upon steroid conformation has only recently
emerged. For example, the 178 side chain of progesterone
possesses conformational flexibility, and the orientation
of the 20-keto group relative to the bulk of the steroid
may determine its interaction with target proteins (Fig. 5).

Fig. 5. If simultaneous binding at both ends of the
steroid is necessary for interaction with a particular protein,
the conformation of the flexible 178 side chain needed for
optimal interaction may be greatly restricted. A conformation
having the 0(20) atom at position A may be compatible with
binding while conformation B is incompatible.
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The importance of steroid conformation to inm vitro
reactions is well established. The occurrence of conformational
transmission or long range effects (1-5) has been the
subject of extensive discussion over the past ten years.
Conformational transmission is the term chosen by Barton
to define the phenomenon whereby structural modification
at one point on the steroid skeleton is found to have a
profound effect upon the rate of a specific reaction at
some distant point (6). For example, base-catalyzed
condensations of benzaldehyde with triterpenes (Fig. 6)

H
CeHsC
CgH5CHO
—_—

X B

(100) (55) (17)

Fig. 6. The rate of benzaldehyde condensation at C(2)
in the A ring varies over a five fold range as a function of
structural differences at the B/C ring junction. The relative
rates of reaction are given in parenthesis. This long range
effect observed in steroids was referred to by Barton as
eonformational transmission.

were observed by Barton to be dependent upon substitutions
in the steroid at points remote from the reaction site.

The relative rates of condensation of lanost-8-en-3-one,
lanostanone, and lanost-7-en-3-one were found to be in

the ratio 100:55:17. Comparative analysis of conformational
data for closely related structures should provide details
of the molecular changes that are responsible for
conformational transmission.

B. Steroid Nomenclature

Steroid nomenclature has been derived from the
structural and functional characteristics of these compounds.
Although many of the trivial names that were derived from
molecular function or tissue of origin are still in use,
adherence to nomenclature based upon structural characteristics



278 CRYSTAL STRUCTURES OF STEROIDS

is necessary for rational comparative analysis. Because
structural classification followed the development of a
trivial nomenclature and because major functional variation
accompanies major structural variation, there is a parallel
development of the two classification systems as illustrated
in Table 1. The nomenclature for steroids has been
completely systematized by IUPAC conventions and all
steroids can be assigned unique names defining composition,
constitution, and configuration (7).

Table 1.
Steroid Classification

Structural Functional
Estranes Estrogens
Androstanes androgens
Pregnanes Progestins
Glucocorticoids
Mineralocorticoids
Cholanes Bile acids
Cholestanes Sterols

C. Crystal and Molecular Structures

X-Ray crystal structure studies have often been
conducted in order to determine the configuration of a
natural or synthetic product and have even been instrumental
in defining steroid composition and constitution. The early
work of Bernal, Crowfoot, and Fankuchen (8) played an
essential part in determining the connectivity of the
steroid backbone. This work showed that the then-accepted
structural formula for the steroids (Fig. 7), which had

Fig. 7. The connectivity proposed by Windaus and Wieland
for cholesterol was shown to be inconsistent with cell
dimensions for the crystallized compound.
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been proposed by Windaus and Wieland (9), was incorrect
inasmuch as compounds having this connectivity would not
fit the unit cells that had been determined by X-ray
measurements. Full X-ray crystal structure studies provide
the most precise and accurate details concerning molecular
conformation, the most favored orientation of side chains,
and the nature of the primary intermolecular interactions
that a specific steroid has with its environment.

The first complete X-ray crystal structure analysis of
a steroid (cholesteryl iodide) including determination of
atomic coordinates was reported by Carlisle and Crowfoot
in 1945 (10). Since that time full crystal structure
determinations have been published for 234 steroids. A
breakdown of these steroids according to class is presented
in Table 2. Only structures for which atomic coordinates
have been published, or privately distributed by the
authors as of November 1, 1374, are included in this table.
These structure determinations provide a wealth of raw
material concerning molecular conformation and intermolecular
interactions that is ideally suited to analysis of
structure-function relationships. In the Atlas of Steroid
Structure (11) all available data have been collected and
subjected to an exhaustive and uniform analysis in order
to delineate relative structure.

Table 2.
Steroid Crystal Structure Determinations since 1945,
Distribution According to Steroid Class

Class Determined Class Determined
Estranes 37 Cholestanes 19
Steroid alkaloids 11
Androstanes 75 Ergostanes 11
Pregnanes 59 Lanostanes 8
Cholanes 9 Cardanolides 4
Bufanolides 1

II. CONFORMATIONAL ANALYSIS
A. Conformational Flexibility

Steroids having saturated nuclei are relatively inflexible
molecules. However, the most active naturally occurring
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steroid hormones contain unsaturated bonds in their nuclei
and this unsaturation introduces a potential for conformational
flexibility. The A*-3-one A ring of many androgens,
progestins, and corticoids is the area of greatest
conformational flexibility in these molecules, whereas

the B rings are the focal points of conformational flexibility
in cholestenes and estrogens. It is reasonable to assume
that the conformational flexibility exhibited by these
naturally occurring hormones facilitates their highly
specific interaction with a variety of proteins including
synthesizing enzymes, transport proteins, and target
proteins. Furthermore, it is now apparent that additional
modification of these hormones (e.g., 9a-fluoro substitution)
may remove or greatly restrict the flexibility and limit

the range of molecular interaction of these analogs in

the biological setting. The conformational flexibility

of steroid molecules observed in the crystallographic

data will be discussed in this context. Special attention

is given to active hormones and their structural analogs

in which some conformational flexibility is observed.

In some cases, such as in the progesterone and corticoid

178 side chains, there is surprisingly little flexibility
and these data are also considered.

B. Quantitative Analysis of Ring Conformation

Molecular conformation is most conveniently and
precisely characterized by the torsion angles. An excellent
discussion of the torsion angle concept in conformational
analysis appears in a previous article in this series by
Bucourt (12), and the relative conformations of sidechains
are discussed in terms of their torsion angles in accordance
with Bucourt's presentation.*

In the case of five- and six-membered rings, the
endocyclic torsion angles redundantly define the conformation
of the ring in question (13). Clearly, if all bond lengths
and angles are held constant and closure is required,
two endocyclic torsion angles having only one common bond
will fully define the conformation of a six-membered
ring, Consequently, a two-parameter definition of the
conformation of a ring would be a desirable improvement
over the six~torsion-angle definition. It has been generally
recognized that the symmetry in a ring provides a qualitative

*An analogous geometric relationship relating four
atoms that are not contiguous is also being used in steroid
analysis. An example of such a pseudo-torsion angle is that
defined by steroid atoms C(19)-C(10)-+-C(13)-C(18). Note
that the C(10) to C(13) linkage is dotted to indicate that
this is not a bond.
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means of defining the ring's conformation. A thorough
analysis of symmetry in rings of various sizes has been
described by Hendrickson (14) and Pitzer and Donath (16).
The most widely used quantitative descriptors of ring
conformation other than torsion angles are the pseudo-
rotation parameters (A and ¢) defined by Altona, Geise,

and Romers (15). A quantitative evaluation of the conformations
of rings of any size from which comparative analysis can

be easily made is obtainable from a mathematical combination
of torsion angles. This analysis is based upon consideration
of approximate symmetry possessed by most rings.

1. Symmetry in Rings

The two types of symmetry that need to be considered
in order to define ring conformation are mirror planes
perpendicular to the dominant ring plane and twofold axes
lying in the ring plane. Either of these symmetry elements
may be present at any of the three kinds of locations
described below. The location of symmetry in a ring depends
on the number of atoms comprising that ring. If there is

‘
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Fig. 8. The signs of the torsion angles in five- and
six-membered rings describe the symmetrical positioning of
atoms related by the symmetry operation. Torsion angles of
atom sequences related by mirrors (- - - - - )}, have opposite
signs (a,b,c), whereas torsion angles of atomic sequences
related by rotations (¢) have the same signs (d,e,f).
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an odd number of atoms in the ring, all symmetry elements
pass through one ring atom and bisect the opposite bond
(Figs. 8a and d). In rings containing an even number of
atoms, symmetry elements may pass through two ring atoms
located directly across the ring from each other (Figs.

8b and e) or bisect two opposite ring bonds (Figs. 8c and f).

a. Five-membered rings. The ten symmetry elements
that are potentially possible in five-membered rings consist
of five mirror planes (perpendicular to the dominant
ring plane) that pass through the ring atoms and the
midpoints of the opposite bonds as well as twofold axes
passing through each ring atom and the midpoint of the
opposite bond. Figure 9 illustrates each of the ideal

HALF-CHAIR

Fig. 9. The three most symmetric conformations observed
for five-membered rings have the symmetries indicated at the
right.

conformations used to classify five-membered rings and

shows the locations of the symmetry elements. The planar
ring has the highest symmetry and possesses all ten possible
symmetry elements. The ideal envelope conformation has
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only a single mirror plane of symmetry passing through
the out-of-plane atom, and the ideal half-chair has only
a twofold axis of symmetry bisecting the bond between
the two out-of-plane atoms.

b, Six-membered rings. Six-membered rings possess
twelve potential symmetry elements that must be considered
in order to determine the ring's conformation. The two-,
three—, and sixfold rotations perpendicular to the
dominant plane of the ring are ignored for purposes of
this discussion. Figure 10 illustrates the symmetry

(a)
PLANAR
(b)
CHAIR
(c)
BOAT
(d)
TWIST
(e) f;
SOFA

¥ LALF-CHAIR

Fig. 10. The most commonly observed conformations of
six-membered rings. The mirror and twofold rotational sym-
metries are indicated on the right.

283
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elements that define the ideal forms of commonly observed
conformations. The planar ring is highly symmetric and
contains all possible symmetry elements (i.e., a mirror
plane and a twofold axis of symmetry at each of the six
possible locations). The chair conformation possesses the
next highest symmetry, having three mirror planes of
symmetry and three twofold axes of symmetry. The boat

and twist-boat conformations each have two mutually
perpendicular symmetry elements. The sofa and half-chair
conformations each have only a single symmetry element.

2. Asymmetry Parameters

Until now a formalism for precise measurement of
the degree to which a given ring deviates from ideal
symmetry has only been proposed in the case of five-
membered rings (15). The asymmetry parameters described
here precisely define the conformation of any ring
relative to ideal conformations (chair, boat, envelope,
etc.) and relative to any other ring of similar composition.
The asymmetry parameters of nonideal systems measure
the degree of departure from ideal symmetry (i.e., asymmetry)
at any of the possible symmetry locations. Related torsion
angles are compared in a way that will result in a value
of zero if the symmetry in question is present. Mirror-
related torsion angles are inversely related (same magnitude,
opposite sign), and such torsion angles are compared by
addition. The twofold related torsion angles are directly
related (same magnitude and sign) and are compared by
subtraction. The root-mean-square synthesis of these
individual discrepancies then yields a measure of the
ring's deviation from ideal symmetry at the symmetry
location in question. The two equations used to calculate
the asymmetry parameters are

m
Yy + a2

AC = 7
s

1/2

]
—

[1]
and

1/2

m
E (0, - ¢1)?

AC2 = 1=1

m [2]
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where m is the number of individual comparisons and ¢; and
¢i' are the symmetry-related torsion angles. Eguation

[1] is used to calculate mirror-plane asymmetry parameters
(ACg) . Figures 8a, b, and c illustrate the three types

of mirror symmetries. Similarly, eq. [2] is used to
calculate the twofold asymmetry parameters (AC,) and
Figures 8d, e, and f are examples of the twofold symmetry
locations. Although asymmetry parameters are measured in
degrees, for convenience the units have been omitted from
the legends of graphs in the data presented below.

It is also necessary to define which of the possible
locations the asymmetry parameter is describing. Therefore,
an atom or bond label must be included with the asymmetry
parameter that uniquely fixes the location of the parameter
in the ring. The atom label for the lower numbered atom
present in the symmetry location or the two-atom label
of the bisected bond containing the lowest numbered atom
will generally be sufficient to locate the position of the
asymmetry parameter uniquely (Fig. 11). In Figure 12 the
significance of the magnitudes of the asymmetry parameters
is illustrated using a typical steroid ring. The angles
depicted (Fig. 12) are between the least-squares plane
of the four atoms forming the seat of the chair and the
planes of the three atoms forming the back and the legs
of the chair. The averagecvalue of these angles in
undistorted chairs is 131 .

5
T~ ACg(2)
ACx(1-2)

Fig. 11. The nomenclature defining the location of an
asymmetry parameter includes the symmetry symbol and the
lower numbered atom or bond length intersected by the sym-
metry element.

The asymmetry parameters of saturated six-membered
rings are useful for detecting the nature of distortions
brought about by ring junction and substituent strains.

In a perfectly symmetric saturated ring in the chair
conformation, six asymmetry parameters (three rotations

and three mirrors) would have magnitudes of zero. Individual
saturated rings in a steroid molecule usually retain some
symmetry at the expense of others. The parameters that have
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Fig. 12. Distortions typical of saturated six-member-
ed rings are illustrated by the C ring of 178-bromoacetoxy-
18,2B-(1',1'-dichloro) -~ethylene-5a-androstan-3-one (ANOS8),
which has excellent mirror symmetry ACg(9) = 0.9 but is seen
to be flattened at C(9) and puckered at C(13) as indicated
by interplanar angles of 136 and 120 deg., respectively.

The ring is shown in the three possible views parallel to
lines joining the midpoints of opposite bonds.

larger magnitudes will distinguish symmetry loss due to
twist motions from symmetry loss due to flattening or
puckering of the rings. If a good mirror is orthogonal
to a poor rotation axis, the ring is flattened at one atom
and puckered at the opposite atom. If one good rotation
axis is retained and it is orthogonal to a poor plane of
mirror symmetry, the ring is twisted. The average value of
the absolute magnitude of the torsion angles in a ring will
distinguish between ring flattening (low average) and
puckering (high average).

In the simplest mode of distortion, one of the
six symmetries normally present in a six-membered chair
will be lost, and a symmetry orthogonal to this will be
retained. Since there are six symmetries in each ring,
there are eighteen simple modes of distortion conceivable
for the A, B, and C rings.

C. Overall Conformation
Because the B/C and C/D ring junctions seldom have

cis confiqurations, the least-squares plane through the
atoms of the B, C, and D rings [C(5)*C(l17)] has been
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chosen as a reference element for gross analysis of the
steroid conformations (Fig. 13). The distances of functional

2
OH17

o S

O3

Fig. 13. The least-squares plane of the atoms of the B,
C, and D rings of the steroid is used as a reference plane
for comparison of relative orientation of functional groups
on different steroids. The molecule is conveniently viewed
parallel to this plane and perpendicular to the C(8)~-C(14)
bond. The scale is in Angstrom units in all least-squares
planes diagrams.

groups from this plane have been tabulated and analyzed.
The angle of inclination of the least~squares plane through
the atoms of the A ring and the C(5)»C(17) reference plane
has also been compared for related structures. The twist
about the length of the steroid is measured in terms of

the torsion angles C(1)-C(10)-++C(13)~C(18) for estranes,
or C(19)-C(10)--.C(13)~C(18) for androstanes and pregnanes
(Fig. 14).

PR18 PRO9

Fig. 14. The twist about the length of many steroids,
reflected in the relative orientation of the angular methyl
groups, is conveniently viewed in a projection from C(10) to
C(13) and measured by the C(19)~C(10)+++C(13)-C(18) torsion
angle. The steroid conformations in structures having positive
and negative values of this parameter are exemplified by PRI1S8
and PRO9, respectively.

D. 178 Sidechain Conformation

Because over 90% of the pregnanes have a 20-keto
group, the least-squares plane of atoms C(17), C(20),
0(20), and C(21) and its orientation relative to the
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C(5)-C(17) reference plane may be used to compare conformational
features. The conformation of the side chain is also

defined by the C(13)-C(17)-C(20)-0(20) torsion angle

(Fig. 15). In structures having a substitution on C(21)

Ry

21 Oz0

20) Ro
R4=H,OH,Br
Ro=H, OH

Fig. 15. The conformation of the side chain typical of
progestins and corticoids is defined by the C(13)-C(17)-C(20)~
0(20) torsion angle.

the relative position of this atom is defined by the
0(20)-C(20)~-C(21)~R(21) torsion angle. In addition, the
conformations of 0(20) relative to C(13) and of R(21)
relative to 0(20) are assigned one of the qualitative
descriptors, synperiplanar, synclinal, anticlinal, or
antiperiplanar in accordance with the definitions of Klyne
and Prelog (17) as shown in Figure 16.

Periplanar(p)

-3d_< ead ol
clinal clinal  -9d) db «od
() (c) w
-1 150 180"

Periplanar (p)

Fig. 16. Nomenclature useful for the qualitative
description of the conformation of flexible substituents and
sidechains has been outlined by Klyne and Prelog (17).

E. Bulky Substituents

Many of the steroids contain acetates, benzoates,
or other bulky substituents. In some cases crystals of
a steroid acetate may have been of better quality than
crystals of the parent alcohol. The halogenated substituents
have usually been added to simplify structure determination.
Steroid p-bromophenol complexes have occasionally been
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prepared that allow the introduction of the heavy atom
useful for structure determination without masking a
possible functional site on the steroid. Patterns of
conformational preference have been observed for these
flexible substituents, and the relative conformations of
acetate and benzoate substituents are discussed in some
detail.

[IT. TINTERMOLECULAR FORCES AND CRYSTAL PACKING

Steroid packing is controlled by molecular conformation
and the hydrophilic and hydrophobic nature of molecular
surfaces. Although hydrogen bonds are the strongest
intermolecular interactions generally observed in steroid
crystals, the composite of all other molecular surface
interactions may be the most significant factor controlling
packing (18). The dominant packing features can be
characterized by means of a modified version of packing
notation originally outlined by Bernal, Crowfoot, and
Fankuchen (8). In this notation the orientation of the
steroid thickness (t), width (w), and length (l) relative
to the cell sides is recorded, and the number of steroid
thicknesses, widths, and lengths present in a unit cell
are recorded. The Hodgkin notation provides an easily
scanned label useful for detecting isomorphous crystal
forms. In the course of this analysis it was discovered
that a number of steroid structures had almost identical
crystal packings. Without questioning the importance of
hydrophobic interactions, it is often convenient to
consider the extended crystal structure in terms of the
linking of molecules by hydrogen bonds if they are
present.

A. Chain Formation

One characteristic pattern observed in steroid
packing is the appearance of infinite chains. Head-to-tail
hydrogen bonding is commonly observed to bind adjacent
links in these chains. The following are among the types
of chains commonly observed in steroid crystal structures.

1. Extended chains in which adjacent links are
translationally equivalent are usually formed by molecules
that are predominantly flat (the 1,3,5(10)-estratriene
structures) and have hydrogen bonding groups at the C(3)
and C(17) positions. The flat molecules occur less
frequently in twisted chains in which adjacent links are
related by rotation. In the three crystal forms of estrone
the head-to-tail hydrogen-bonded chains are observed
in three types of extended chains (Fig. 17).
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Fig. 17. The three crystal forms of estrone illustrate
the variety in appearance of chains of molecules that are head-
to-tail hydrogen bonded. In form (a) ES13B and adjacent chain
links are translationally related and in forms (b) ES13C and D
and (c) ES13A the links are rotationally related.

(2) Twisted chains in which adjacent links are
rotationally equivalent more commonly occur in crystals
of androstanes having some bowing toward the a face (Fig. 18).
The orientation of the length of the steroid relative
to the rotation axis will control the appearance of these
twist chains.

B. Layer Formation

In general, straight chains and twist chains are
packed together to form layers. The packing of the three
estrone chains in their respective crystals (Fig. 19)
illustrates that the layers are much better defined in
those structures having extended chains (19a and 19b)
rather than twisted chains (19c¢).

C. Coil Formation

Chains in which rotationally related steroids are
hydrogen bonded and in which the length of the steroid is
more nearly perpendicular than parallel to the rotation
axis, may also be described as coils. Coils are commonly
observed in the crystal packing of A%-3-one pregnanes in
which the A-ring unsaturation and the crowding of the
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55 P 55" Fa
7 Ry By

Fig. 18. The twisted chains of head-to-tail hydrogen
bonded molecules in 6a-bromo-178-hydroxy-17c-methyl-4-oxa-5a-
androstan-3-one (ANOY) approach a conformation that may be bet-

ter termed a coil. The chain is shown in two mutually perpendi-
cular views.

B face combine to accentuate the bowing of the molecule
that lends itself to coil formation. Two of the most common
coil forms are those observed in crystals of cortisol and
cortisone. In cortisone the steroid thickness is nearly
parallel to the rotation axis, and the C(6)-++C(1l4) edge

of the steroid is away from the coil axis (Fig. 20a).

In cortisol the steroid width is nearly parallel to the
rotation axis and the B face of the steroid is away from
the coil axis (Fig. 20b). The uncommon double coil of
6a-methylprednisolone (Fig. 21) suggests the complexity

of the extended structures that can be discerned in the
steroid packing patterns. Many structures, particularly
pregnanes in which there are a number of potential hydrogen
bond donors and acceptors, have interlocking patterns of
chains, coils, and layers.

D. Crystalline Polymorphs, Multiple
Asymmetric Units, and Conformational Isomers

The existence of polymorphs (different crystal forms
of the same molecule) is common among the naturally
occurring steroids. The analysis of several crystal
forms of the same steroid provides information concerning
the flexibility of the observed conformation or the
possible existence of conformational isomers.

In many cases a particular crystal form may contain
two crystallographically independent molecules. The
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Fig. 20. Two types of molecular coils commonly observed
are (a) that in which the dominant molecular plane is per-
pendicular to the coil axis exemplified by cortisone, PR20,
and (b) that in which the width of the steroid molecule is
parallel to the coil axis exemplified by cortisol, PR15.

293
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Fig. 21. A double coil of steroids is observed in the
structure of 6o-methylprednisolone, PR23. Individual coils (a)
have head to tail hydrogen bonding and two coils related by a
rotation axis at their core form a double coil (b).

asymmetric unit of such crystals is said to be doubled,
and the crystallographically unigue unit may be thought
of as containing a dimer. Careful analysis reveals that
in most cases the two crystallographically independent
molecules are also conformationally distinct. Analysis
of the steroid data suggests that the molecules are in
fact conformational isomers having a finite barrier to
interconversion. The relative population of conformers
and the polymorph that is crystallized are determined by
the solvent and conditions of crystallization.

IV. EXPECTED AND OBSERVED GEQOMETRY

The variation in bonds and angles observed in steroid
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crystal structures is a property of these molecules and

not merely a result of errors in measurement or artifacts

of packing forces. Perhaps the most striking example of

the variation of molecular geometry in steroids from
theoretical or expected values based upon consideration

of simpler systems concerns the valency angles C{(8)-C(14)-
C(15) and C(14)-C(13)-C(17). The average values of these
angles in 91 steroids are 119.3 * 1.9 deg. and 99.2 i 2.2 deg.,
respectively. This severe strain is a result of the fusion

of the five- and six-membered rings at the C(13)-C(14)

bond. Only three of the C(8)-C(14)-C(15) angles and six

of the C(14)-C(13)-C(17) angles in this sample are more

than two standard deviations from the average. Conformational
differences can be attributed to strain caused by unusual
substitution in some cases and regarded as an artifact

of an inferior determination in others.

In order to assess the importance of individual
variations in molecular geometry and conformations,
tabulations of the observed ranges of variation and the
average values of geometric parameters in subsets of the
steroid data are required. An excellent summary of steroid
molecular geometry derived from X~ray data and its
comparison to theoretical calculations has recently been
published by Romers, Altona, Jacob, and de Graaff (19).
The sample analyzed by Romers et al. contained 30 estranes,
37 androstanes, 30 pregnanes, and 21 steroids of other
classes.

The geometric and conformational analysis presented
in the following sections concerns subsets drawn from 42
estrane, 78 androstane, and 64 pregnane structures listed
in Table 3. Structural comparisons are made within subsets
defined according to the presence of one or a combination
of common characteristics. The members of a subset defined
according to A-ring constitution may differ greatly in
such things as D-ring constitution and the nature of ring
junctions. Subsets having a single type of steroid nucleus
may differ in substitution on that nucleus. For each subset,
the compositional and configurational elements defining
the set are stated. The structures comprising a given
subset are designated by their code number, and in many
cases comments on unusual characteristics of individual
members of a subset are included.

The subsets to be discussed include (a) structures
having the 1,3,5(10)-estratriene nucleus common to the
naturally occurring estrogens (b) structures having
A%-3-one constitution common to active androgens,
progestins, and corticoids, (c¢) 5-ene structures such as
cholesterol, (d) saturated structures having all trans
ring junctions, and (e) retro steroids (98,10a).
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Table 3.
Estranes, Androstanes, and Pregnanes
Analyzed by X-ray Crystallography

Code No. IUPAC Name Ref.

EsO1 178-Hydroxy-5(10) ~estren-3-one 20

ES02 5(10) ~estren-1768~yl-iodoacetate 21

ES03 178-Bromoacetoxy~7o-methyl-4-estren-3-one 22

ES04 178-p-Bromobenzenesulfonyloxy-28-methyl- 23
4-estren~3-one

ES05 1,3,5(10)-Estratriene-3,178-diol 24
hemihydrate

ES06 1,3,5(10) -Estratriene-3,178-diol 25
propanol (l:1)

ES07 1,3,5(10) -Estratriene~-3,178-diol urea 26
(1:1)

ESQ8 4-Bromo-1,3,5(10) -estratriene-3,178~ 27
diol methanol (1:1)

ESQ9A-C 2,4~Dibromo-1,3,5(10)-estratriene-3,17R8- 28
diol

ES10 1,3,5(10) -Estratriene-3,178-diol-3 -p- 29
bromobenzoate

EsS1l 3-Methoxy-88-methyl-1,3,5(10)-estratrien- 30
178-yl-bromoacetate

Es12 (t)-8-Aza-1,3,5(10)-estratriene-3,178-diol 31

ES13A-D 3-Hydroxy-1,3,5(10)-estratrien~17-one 32a
I, I1, ITI

ES13A 3-Hydroxy-1,3,5(10) ~estratrien-17-one II 32b

ES14 4~Bromo-3-hydroxy-1,3,5(10)-estratrien- 33
17-one

ES15 (*)-3-Hydroxy-8-aza-1,3,5(10) ~estratrien- 34
17~one hydrobromide

ESl6 (¥)-2,3-Dimethoxy~-18-nor-8,13-diaza- 35
1,3,5(10)-estratrien-17-one

ES17A,B 1,3,5(10) -Estratriene-3,16a,178-triol 36

ES18 17-Ethylenedioxy-3-methoxy-68,78,88- 37
methylidyne-1,3,5(10)-estratriene

ES19 3-Methoxy-8a-methyl-1,3,5(10) ,6-estrate- 37
traen-178-yl-bromoacetate

ES20 3-Methoxy-70,8c-methylene~1,3,5(10) - 38
estratrien-17g~yl bromacetate

ES21 (t)—3-Methoxy-12—amino—lB—nor—ll,l3-diaza— 39
8a-estra-1,3,5(10)-trien-17-one
hydrobromide

ES22 (*)-10-Aza-58,98-estr-8 (14) —ene-3,17-dione 40

ES23 17B8-Acetoxy-98,10a-estr-4-en-3-one 41
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ES24 (f)-3-Methoxy-8-aza-98-estra-1,3,5(10) - 42
trien-12-one hydrobromide

ES25 3-Methoxy-7-thia-98-estra-1,3,5(10),8(14)- 43
tetraen—-178-yl acetate

ES26 () -3-Methoxy-B-nor-98-estra-1,3,5(10) - 44
trien-17-one

ES27 (t)-18-Acetyl-3-methoxy-D-homo-6-thia- 45
18-aza-9B-estra-1,3,5(10)-trien-17A-
one nitromethane (1l:1)

ES28A,B 170-Bromobenzoyloxy-7,7-dimethyl-8c,14B8~ 46
estr-4-en-3-one

ES29 178 -Hydroxy—8(9-108) abeo~4-estrene-3,9~ 47
dione

ES30 2-Bromo-11,11-dimethyl-~1283,178-methylene- 48
3,14a,17a,17AB-tetrahydroxy-D-homo-
18-nor-6-oxa-13a—-estra-1,3,5(10) ,7~-
tetraen-15-one

Es31l 118-Methoxy-1,3,5(10)~estratriene-3,17- 49
diol acetonitrile (1:1)

ES32aA,B 9a,14a,170,17AR-tetramethyl—-D-homo- 50
1,3,5(10)-estratrien-170~-01

ES33 178-Acetoxy-l4a-methyl-8a,98,10a,130~ 51
estr-4-en-3-one

ES34 3,3-Dimethoxy~-5a-estran-178-yl p- 52
toluenesulfonate

ANO1 168,178-Dibromo-5a-androstane 53

ANQ2 Sa-Androstane-3a ,178-diol 54

ANOQ3 3a-Bromoacetoxy-5a-androstan-17-one 55

ANO4 38-Hydroxy-50-androstan-17-one 56

ANOQ5 3a~Hydroxy-5a-androstan-17-one 57

ANO6A,B 178-Hydroxy-50-androstan-3-one 58

ANO7 178-Hydroxy-5a-androstan-3~one monohydrate 59

ANOQS 178-Bromoacetoxy-18,28-(1',1'- 60
dichloroethylene) -50-androstan-3-one

ANQO9 6a-Bromo-178-hydroxy-170-methyl-4-oxa- 61
S5a-androstan-3-one

AN10O Sa-Androstane-3,17-dione 62

AN11A,B S5a-Androstane-3,17-dione p-bromophenol 63
(1:1)

AN12 40-Bromo-5ca-androst-2-ene-1,17-dione 64

AN13A,B 178-Hydroxy-4-androsten-3-one 65

AN14A,B 178-Hydroxy-4—-androsten-3-one monohydrate 66,67

AN15 17 B-Hydroxy-4-androsten-3-one mercuric 68
chloride (2:1)

AN1l6 178-Hydroxy-4-androsten-3-one p- 69
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bromophenol (1:1)

AN17 178-p~-Bromobenzoyloxy-4-androsten-3-one 70

AN18 178-Trimethylsiloxy-4-androsten-3-one 71

AN19 2,2,68-Trichloro-178-acetoxy-4—androsten- 72
3-one

AN20 178-Bromoacetoxy—-8f-methyl-4-androsten-3- 73
one

AN21 90-Bromo-17B8-hydroxy-1l7o-methyl-4- 74
androstene-3,1l1l1-dione

AN22 178-Chloroacetoxy~-2B-acetoxy-4—-androsten- 75
3-one methanol (1:1)

AN23 28 ,178-Diacetoxy-4-androsten-3-one p- 75
bromophenol (1:1)

AN24 4-Androstene-3,17-dione 77

AN25A,B 38-Chloro-5-androsten-178-0l1 methanol (2:1) 78

AN26 l70-Iodo-5-androsten-38-yl acetate 79

AN27 3B-p-Bromobenzoyloxy-5-androsten-17-one 80

AN28 178-Hydroxy~1,4-androstadien-3-one p- 81
bromophenol (1:.1)

AN29 1,4,6-Androstatriene-3,17-dione p- 82
bromophenol (1:1)

AN30 58-Androstane-30,178-diol 83

AN31 3B,68-Dimethoxy-5,19-cyclo~58~androstan- 84
17-one N-acetyl p-bromobenzenesul-
fonylhydrazone

AN32A,B 9-Hydroxy-9810a-androst-4-ene~3,17-dione 85

AN33 6a-Fluoro-178 -acetoxy-6B-methyl-98,10a- 86
androst-4-en-3-one

AN34 178-Bromoacetoxy-98,10a-androst-4-en-3-one 87

AN35S 1l70~-Hydroxy-4-androsten~3-one 88

AN36 98,10a-Androsta-4,6-diene~-3,17-dione 89

AN37 6B-Fluoro~178-acetoxy-6a-methyl-98, 10a~- 90

androst-4-en-3-one

AN38 3B-p-Bromobenzoyloxy=-13a-~androst-5-en- 91
17-one

AN39 (*) -178-Hydroxy-D-homo-12,18-dinor- 92
8a,13a,14B-androst-4-en-3~one

AN40 3-Methoxy-4B (10a) ~homo-19-nor-1(10) ,2,4- 93
androstatrien-178-yl p-bromobenzoate

AN41 30,17R-Diacetoxy—~28,l6f-dipiperidino- 94

5a~-androstane dimethylbromide
methylene chloride monohydrate (1:1:1)

AN42 3o-p~Bromobenzoyloxy-1lla~hydroxy-c-nor- 95
58,13a-androstan-118,178-carbolactone
AN43 2B8~-Methoxy-1B8-hydroxy-~18-nor-5,8,11,13- 96

androstatetraene-3,7,17-trione~-
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Code No. IUPAC Name Ref.
(6 ,5-b) -furan

AN44 (¥)-3-Chloro-4,5-seco-13a-androsta-2,8,14- 97
triene-5,17-dione

AN45 3B8,178-Dihydroxy-50-androstane monohydrate 98

AN46 la,40-Epoxy-A-homo-3-aza-5f-androstan-168- 99
ol hydrobromide methanol (1:1)

AN47 2a-Bromo-3a-hydroxy-17o-methyl-5a,148- 100
androstane

AN48 178-Benzoyloxy-3-oxo-4-androsten-19-al 101

AN49 178-Acetoxy-2,4-dioxa-3-thia-5a-androstan- 102
3-one

AN50 l6o-Bromo-38-hydroxy-5-androsten-17-one 103
methanol (1:1)

ANS51 28,178-Diacetoxy-4-androsten-3-one 104

AN52 178-p-Bromobenzoyloxy-2,2-dimethyl-5a- 105
androstan-3-one

AN53 5a-Androst-2-en-178-yl chloroacetate 106

ANS54 19-Hydroxy—-4—-androstene-3,l7-dione 107

ANSS 5-Androstene-38,178,19-triol 17-p- 108
bromobenzoate

AN56 178~Chloroacetoxy-2B~acetoxy-4~androsten- 109
3-one

AN57 2,4-Dioxa-5a-androstan-178-yl acetate 110

ANS58 140,150-Epoxy-5a,8B-androstane-38,178, 111
19-triol 3,17-diacetate

AN59 178-Acetoxy-68,78-methylene-4-androsten- 112
3-one

AN6O 3-Ethylenedioxy-5-androstene~178,19-diol 113
17-benzoate

AN61 3B-Hydroxy-17-oxo-5-androsten~19-al 114

ANG2 (¥)-4a,8,14-trimethyl-18-nor-5a,8a,148- 115
androst-9(11) -ene-3,17-dione

AN63 (t)-14B-Androsta-4,8-diene-3,17-dione 116

ANo64 2a,178-Diacetoxy-4-androsten-3-one 117

ANG6S (19R)-19-Methyl-5-androstene-38,178,19- 118
triol

ANGG6 20, 30-Epithio-5a-androstan-178-yl p- 119
bromobenzoate

ANG7 14f-Azido-5a—~androstane 120

AN6GS8 (19R) -Methoxy-5,19-methyleneoxido-178~ 121
acetoxy-58-androstan-3-one

ANG9 178-p-Toluenesulfonyloxy-5a-androstan- 122
3-one

AN70 4-Androsten-178-yl p-bromobenzenesul- 123
fonate

PRO1 168 -Bromo-3f,17a-dihydroxy-5a-pregnane- 124
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11,20-dione

PRO2 168-Bromo-3B-acetoxy-17a-hydroxy-50- 125
pregnane-11,20-dione

PRO3 21-Bromo=-38,1l70a-dihydroxy-5a-pregnane— 126
11,20-dione

PRO4A,B 5-Bromo=-68,19-epoxy-38-hydroxy~5a- 127
pregnan—-20-one

PRO5A,B (20s) -20-Chloro-50—-pregnane-38,16R- 128
diol di-p-bromobenzoate

PRO6G l6a-Ethyl-16(2)-cyano-16(2) ,21l-cyclo- 129
Sa-pregna-17(20) ,21-dien-38-yl
bromoacetate

PRO7 Trans-21,21l-tetrafluoroethylene-5a-pregn- 130
17(20)-en-38,20~diol 3-p-bromobenzoate
20-acetate

PRO8 4-Pregnene-3,20-dione 131

PRO9 6f-Bromo-4-pregnene-3,20-dione 132

PR10O 15,16-Di (trifluoromethyl)-14a,17a- 133
vinylene-4,15-pregnadiene-3,20-dione

PR11 120-Bromo-11f-hydroxy-4-pregnene-3, 20- 134
dione

PR12 170~Hydroxy—-4-pregnene-3, 20-dione 135

PR13 21-Hydroxy-4-pregnene-3,20-dione 136

PR14 170,21-Dihydroxy-4-pregnene~3,20-dione 137

PR15 118,17a,21-Trihydroxy-4-pregnene-3,20- 138
dione methanol (1:1)

PR16 60-Fluoro-118,170,21-trihydroxy-4- 139
pregnene-~3,20-dione

PR17 9a-Fluoro-118,17a, 21-trihydroxy~4- 140
pregnene-3,20-dione

PR18 9a-Bromo-118,17a,21-trihydroxy-4- 141
pregnene-3,20-dione

PR19 9a-Chloro-118,17a,21-trihydroxy—4- 142
pregnene-3,20-dione

PR20 17a,21-Dihydroxy-4-pregnene-3,11,20- 143
trione

PR21 21-Acetoxy-17a-hydroxy-4-pregnene-3,11, 144
20-trione

PR22 4-Chloro-170,21Bf-dihydroxy-4-pregnene-3, 145
11,20~trione

PR23 118,17a,21-Trihydroxy-6o-methyl-1,4- 146
pregnadiene-3, 20-dione

PR24 21-Bromo—-9a-fluoro-118-hydroxy-16a,170- 147
(22R) -methylphenylmethylenedioxy-4-
pregnene-3,20-dione methanol (1:1)

PR25 (18R,205)-18,11-Acetal-20,18-hemiketal of 148

118,21~dihydroxy-3,20-dioxo~-4-
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pregnen-18-al monohydrate

PR26A,B l60~Iodo-3B-acetoxy-14a,17a-ethylene-5- 149
pregnen-20-one

PR27 38-Bromoacetoxy-16a,170((1'S,2'S)-1"',2"'~ 150
dichloroethylene)~5-pregnen-20-one

PR28 16a,20-Tetrafluoroethyleneoxy-5,17 (20) - 151
pregnadien-38-yl p-bromobenzoate

PR29 60 ,70-Difluoromethylene-118,17a-dihydroxy- 152
21-p-bromobenzoyloxy-16a-methyl-2,4-
pregnadien-20-one (2,3-d)-1'-
phenylpyrazole

PR30 6a,7a-Dif luoromethylene-118~hydroxy~ 153
lea,l7a-isopropylidenedioxy~-21-p~-
bromobenzoyloxy-2,4-pregnadien-20-
one (2,3-d)-1'-phenyl-pyrazole
butanol (1:1)

PR31 98,10a0-Pregna-4,6-diene-3,20-dione 154

PR32 60a-Methyl-98,100-pregn-4-ene~3,20-dione 155

PR33 lla~Hydroxy-98,10a-pregn-4-ene-3,20-dione 156

PR34 4-Bromo-98,100-pregna~4 ,6-diene~3,20-dione 157

PR35 (20R) -20-Bromo-17A8~ (N-cyano-N- 158
methylaminomethyl)-0-homo-12,18-
dinor-5a,130-pregnane

PR36 Ja-Acetylthio-3-oxo-1l70-pregna-4-ene-21, 159
178 -carbolactone

PR37 17a-(9'=-0x0-10"'-chloridedecanoyloxy) -4- 160
pregnene-~3,20-dione

PR38 118,21~Dihydroxy-4-pregnene-3,20-dione l61

PR39 3,20-Bis (ethylenedioxy)-9,10-seco-5,7, 162
10(19) -pregnatriene

PR40 90~-Fluoro-118,17a,21-trihydroxy-4-pregnene-163
3,20-dione

PR41 3a,90-Epoxy-18,14B8 - (N-methylaminoethylene- 164
oxy)-58,14Bf-pregna-7,l6-diene-3R,
1la,20-triol 20-p-~bromobenzoate

PR42 (20S)-3a,90-Epoxy-18,148- (N- 165
methylaminoethyleneoxy)-58,148~
pregn-16-ene-38,1la,20-triocl 3-methyl
ether

PR43 6-Chloro-21-fluoro-17a-acetoxy-16- 166
methylene-4,6-pregnadiene-3,20-dione

PR44 178-Hydroxy-19-nor-17a~-pregna-4,9-dien- 167
20-yne-3,1ll-dione

PR4S 3,20-Bis(ethylenedioxy) -5,7-pregnadiene 168

PR46 9a~Fluoro~-11B8-hydroxy~2a-methyl-4- 169
pregnene-3,20-dione

PR47 9a-Fluoro-118,17a,21-trihydroxy-2a- 170
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methyl-4-pregnene-3,20-dione

PR48 19-Nor-5,14-dimethyl-18-aza-58,14B8- 171
pregnane

PR49 118,17a,21-Trihydroxy-4-pregnene-3,20- 172
dione pyridine (1:1)

PR50A,B 90~-Fluoro-11f,17a,21-trihydroxy-6a- 173
methyl-1,4-pregnadiene-3,20~-dione

PR51 (*)-90-Methyl-19-nor-4-pregnene-3,20-dione 174

PR52 9a~Fluoro-11B,21-dihydroxy-16a-methyl- 175
1,4-pregnadiene-3,20-dione

PR53A,B 5a,170-Pregnane-38,200~diol 176

PR54 6—-Chloro-l7a-acetoxy-1la,2c-methylene- 177
4,6-pregnadiene-3,20-dione

PR55 118,16a,170,21-Tetrahydroxy-1,4- 178
pregnadiene-3,20-dione

PR56 Potassium 17B~hydroxy-3-oxo-l7a-pregna- 179

4,6-diene-21-carboxylate

A. 1,3,5(10)-Estratrienes

1. Average Bond Lengths and Angles

Structures having the 1,3,5(10)-estratriene config-
uration are of particular interest because they include
the natural estrogens and many of their precursors and
metabolites. The average bond lengths and angles of
seventeen structures having 1,3,5(10)-estratriene composition
and all trans junctions are given in Figure 22.

The estimator of the standard deviation of the mean
of these dimensions is also included in the figure. This
parameter is defined as

n 1/2
Efl(n—l)_l E (qi—ﬁ)ﬂ [3]

1=1

wn
]

where 7 = number of observations and ¢ = unweighted
average of the measurements q;.

2. B-Ring Conformation
The principal point of molecular flexibility in this

series of steroids is in the B ring. The B-ring conformation
is observed to vary over a range extending from a 7o,8R
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1.555(1)

Fig. 22. Average bond lengths (a) and angles (b) for the
1,3,5(10) -estratriene structures ES05, 06, 07, 08, 09a, 09B,
o9c, 10, 11, 13A, 13B, 13c, 13D, 14, 17a, 17B, and 31. The
estimators of standard deviation are in parenthesis.

half-chair conformation to an 88 sofa conformation.

The two crystallographically distinct molecules of estriol
exemplify the extremes of this range. In ES17B the B

ring is observed in a nearly perfect 7a,8B half-chair
conformation. The displacements of atoms C(7) and C(8)
from the least-squares plane through atoms C(5), C(6),
C(9), and C{10) are -0.34 and +0.44 A, respectively. The
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nearly perfect rotation symmetry about a line joining

the midpoints of the C(7)-C(8) and C(5)-C(10) bonds is
reflected in the small magnitude of the AC,(5-10) asymmetry
parameter (3.5). In ES17A the B ring is observed in an

88 sofa conformation. The displacement of the C(8)

atom from the least-squares plane_ through the remaining
five atoms of the B ring is 0.70 A. The approximate

mirror symmetry across a plane intersecting atoms C(8)

and C(5) is indicated by the small magnitude of the

AC, (5) asymmetry parameter (4.2). The effect of this

B-ring conformational difference upon the orientation of
the A ring relative to the bulk of the molecule is illustrated
in Figure 23,

24

Fig. 23. Superposition of the B-ring sofa (dashed line)
and the B-ring half-chair (solid line) conformers of estriol
(ES17).

The relative conformations in the B-ring in the
1,3,5(10)-estratriene structures are displayed in a plot
of rotation asymmetry AC,(5-10) versus mirror asymmetry
ACS(S) (Pig. 24). The plot of these B ring asymmetry
parameters forms two straight lines that represent the
interconversion between a perfect sofa conformation
and a perfect half-chair conformation. The clustering
of points at each end of the line and the presence of
observations at either extreme of the line for molecules
of identical constitution (Table 4) and configuration
suggests that for many structures the 88 sofa and 7a,8B8
half-chair conformers are energy-minimum forms separated
by a finite barrier. Crystallization conditions and packing
forces may stabilize one conformer or the other (ES13A)
or may result in the co-crystallization of both conformers
(ES17A and B, ES13C and D, ES09B and C).

3. Correlated Changes

Specific changes in the molecular geometry and
conformation of other parts of the steroid can be correlated
with the 88 sofa to 70,88 half-chair transition. Because
some of these changes must be relevant to long-range
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Fig. 24. Correlated variation in principal asymmetry
parameters of the B rings in 1,3,5(10)-estratriene structures.
The rotational asymmetry parameter A(C3(5-10), is plotted versus
the mirror asymmetry parameter, ACs(5). Three aza-substituted
estrenes ([J) are also included in the figure.

or conformational transmission effects previously described,
the geometry of structures having 8B sofa B-ring conformations
are contrasted with those having 70,88 half-chair
conformations.

The bond lengths, valency angles, and torsion angles
for the 88 sofa subset, I (ESQ09A, 09B, 11, 13C, 14, 17a),
and the 74,88 half-chair subset, II (ES05, 06, 07, 08,
09c, 10, 13a, 13B, 13D, 17B) were averaged. The averages
for corresponding parameters were compared, and Student's
t-test was applied to determine whether observed differences
were significant. The magnitudes of differences in bond
lengths and valency angles that were above the 90%
level are recorded in Figure 25. The average endocyclic
torsion angles in the two conformers are compared in
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Table 4.
Conformational Isomers in the
1,3,5(10)-Estratriene Series

Structure B-Ring Conformation
8B Sofa 7a,8B Half-chair
Estriol ES17A ES17B
Estrone ES13C ES13a, 13B, 13D
2,4-Dibromoestradiol ESQ9B ES09C
4-Bromo-1,3,5(10) - ES1l4 (17-one) ES08 (17-ol)
estratriene

Figure 26. The differences that pass the t-test at the

90% confidence level are designated with an asterisk.

It is noteworthy that the magnitudes of the averaged

torsion angles of the A ring alternate in sign indicating

a slight symmetric puckering of the ring that is

significantly enhanced when the B ring has a sofa conformation.
Approximate relationships between torsion angles and

valency angles in five- and six-membered rings recently
derived by Dunitz (13) provide the basis for much of the
variation observed here.

The twist about the length of the stercocid [C(1l)-
C(10)--*C(13)-C(18)] is a function of the B-ring conformation
as illustrated in Figure 27. The subsequent dependence
of relative positions of bulky and functional groups
distant from the B rings is indicated in Figure 28, The
position of the C(18) methyl relative to the least-squares
plane of atoms C(5)+C(17) is seen to be correlated with
B-ring conformation to a greater degree than is the
position of the 0(3) atom relative to the same plane
(Fig. 28). The crowding of the B face caused by the 88-
methyl substitution in ES11 is responsible for conformational
anomalies evident in this structure. The C(18) distance
from the plane is also unusually large in the 4-bromoestrone
structure (ES14), but no simple explanation is evident.

The B-ring conformation is also observed to influence
the distances between the 0(3) and C(18) atoms (Fig. 29a),
the predominant symmetry in the C ring (Fig. 29b), and
the C(14)~-C(8)-C(9)-C(1ll) torsion angle (Fig. 29c).

The variation in these parameters is greater in structures
having 70,88 half-chair B-ring conformations [ACj,(5-10)
near 0.0] than in structures having 8B sofa B-ring
conformations. Once again the conformation of the 8R-
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HO

Fig. 25. The bond length and valency angle differences
that are correlated with B-ring conformational differences at
the 90% significance level or greater. The average magnitudes
of parameters in B-ring sofa conformers have been substracted
from the corresponding averages in B-ring half-chair conformers.

Fig. 26. Comparison of the average torsion angles in the
88 sofa and the 7u,8B half-chair conformers of 1,3,5(10)-estra-
triene structures. Differences significant above the 90% level
are marked with an asterisk.
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Fig. 27. Correlated variation in the twist about the
length of the steroid [<C(1l)-C(1Q)e+-C(13)-C(18)] and the B-
ring conformation. The points do not deviate appreciably from
their least-squares line.
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Fig. 28. The distance in Angstroms of (a) the angular
methyl carbon atom C(18) and (b) the 0(3) substituent from the
least-squares plane through atoms C(5)>C(l7) as a function of
B-ring conformation.
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Fig. 29. Correlated variations between the B-ring
conformation and (a) the O(3)°+++C{(18) interatomic distance,
(b) the symmetry in the C ring, and (c) the C(14)-C(8)-C(9)-
C(1ll) torsion angle.

methyl structure is atypical.
4, Restricted Flexibility

Certain configurations have less flexibility than
others. In all three crystal complexes of estradiol
(ESO5, ES06, and ESO7) the conformational variance in
the B ring in negligible. Crowding of the steroid nucleus
and heterosubstitution may result in the stabilization
of a particular conformer. The B-ring conformations in
two B8-aza-substituted steroids (ES12 and ES15) are nearly
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identical (Fig. 24). The B ring in an 8B-methyl derivative
of the 1,3,5(l0)-estratriene nucleus is in one of the

most perfect 88-sofa conformations thus far observed
[AC5(5) = 0.5]. With methylidyne addition to the C(6),
C(7) and C(8) atoms, the B ring adopts a 7ua sofa
conformation (ES18). This conformation is also observed

in an 8-aza-9B-estrene (ES24). The B rings of the two
5(10) ~estrenes (ES0l, ES02) have 7a,8B half-chair conformations
similar to those observed for 1,3,5(10)-estratrienes.

In these steroids the observed A ring conformations are

20 sofa in the structure having a 3~carbonyl substituent
(ES0l) and 2a,38 half-chair in the unsubstituted A-ring
(ES02) as illustrated in Figure 30.

I
) :0 35 ,:c;a

2

Fig. 30. A-ring conformations in the 5(10)-estrenes.

B. 8a-Estrenes

A number of Bo-estrene derivatives have estrogenic
activity comparable to that of estradiol. The striking
conformational differences between steroids having 8a
and 88 configurations are illustrated in Figure 31 in
which ORTEP drawings of estradiol (ES05), an 8a-steroid
(ES19), the plant estrogen bromomirestrol (ES30), and the
nonsteroidal estrogen, diethylstilbesterol, are compared.
The diethylstilbesterol molecule shown in the crystallo-
graphically observed form considered by Hospital and
Busetta to be the active conformer (180). The artificial
estrogen and the plant estrogen are seen to have conformations
more closely resembling the 8o estrogens than estradiol
itself. The interatomic distance between the terminal
oxygens 0(3)---0(17) is commonly regarded as a significant
parameter in determining estrogenic function. The 0(3)---0(17)
distances of the 8o and 88 derivatives are not significantly
different but the distance is much less than the 12.1 A
distance between the terminal oxygens in diethylstilbesterol
(Table 5).

Alternating } 12 deg. endocyclic torsion angles in the
Ba-substituted structure (ES19) clearly show puckering
of the phenolic A ring. In addition to having an 8o
configuration, structure ES28 has a 148 configuration.

The combination of these two unusual confjgurations
reduces the 0(3)°--0(17) distance to 9.3 A (Fig. 32).
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Fig. 31. Comparison of the overall conformations of
estradiol (ESO05), an 8a-estrene (ES19), bromomirestrol (ES30)
and diethylstilbesterol. @ = oxygen and @ = bromine.

Table 5.
Oxygen-0Oxygen Distances in Some Estrogens

Structure 0(3)++--0(17) distance (i)
ESOS 10.9
ESO6 11.0
ES19 10.7
ES30 10.9

Diethylstilbesterol 12.1
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Pig. 32. Overall conformation of the 8a,l14B-estrene
(Es28) .

C. 9B-Estrenes

The overall conformations of six estrenes having

98 configurations are compared in Figure 33. Most structures
are curved toward the o face, but the degree to which

they are curved is altered by configurational differences

in the molecules. The most pronounced bend is in ES27,

which has the 1,3,5(10)-estratriene configuration and

no other unsaturation. The bend in ES26 is less severe

ES 24

03 N8

o112

ES23
or
o
03
ES2% ES28 Esz7
? ! o
03

Fig. 33. Relative conformations of six 9B-estrene deri-
vatives, projected parallel to a line joining the midpoints of
the C(8)-C(14) and C(11)-C(12) bonds. The horizontal line is
the least-squares plane of the atoms of the C and D rings.

because of the five-membered B ring. The 10a-4-en-3-one
configuration of ES23 further relaxes the bend toward

the o face. Structures ES22 and ES25 each have an 8-14
double bond that draws the B ring up toward the average
plane of the C and D rings. While all rings in the ES22
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structure have normal conformations, the 6-thia-8-ene
configuration in ES25 appears to be responsible for the
presence of a boat conformation observed in the B ring

of this structure. The most unusual conformation observed
in the 9B-estrene series is that of ES24 in which the
steroid nucleus is nearly as flat as that in structures
having all trans junctions. This variation from the
pattern of the other 9B-estrenes is accomplished as a
result of the twist conformation of the C ring. It seems
likely that this twist conformation must result from the
8-aza substitution or the 12-keto addition or a combination
of the two.

D. a%-3-One Structures

The A%-3-one structure is common to numerous natural
and synthetic androgens, progestins, and corticoids.
The presence of the double bond introduces the potential
for conformational flexibility that may be vital to the
complex sequence of interactions in which an active
hormone participates. The A%-3-one structures for which
atomic coordinates are available include structures
having additional unsaturation in the nucleus as well
as various abnormal junction configurations. However,
the largest subset of these structures has no other
unsaturation or cis junctions. All A%-3-one structures
are catalogued in Table 6 and subdivided according to
differences in the steroid skeleton.

Table 6.
Classification of A%-3-One Structures

a. A*-3-one ESO3, ESO4; AN13A, AN13B, AN14A, AN14B,
AN15, AN16, AN17, AN18, AN19, AN20, AN22,
AN23, AN24, AN35, AN48, AN51, ANS4, AN56,
AN64; PRO8, PRO9, PR10, PR1l, PR12, PR13,
PR14, PRL5, PR16, PR17, PR18, PR19, PR24,
PR25, PR36, PR37, PR38, PR46, PR47, PR49,

PR51
b. A%-3,1ll-dione AN21; PR20, PR21, PR22
c. Alrd-3-0one AN28; PR23, PR5SOA, PR50B, PR52, PR5S
d. A%+6_3-0ne AN59; PR43, PR46
e. Al,%.,8_3-0ne AN29; PR54

£. 9B,100-A"-3-one ES23, ES35; AN32A, AN32B, AN33, AN34,
AN37; PR32, PR33
g. 98,10a-A%'6-3-  aAN36; PR31l, PR34
one
h. Other ES28A, ES28B, ES29; AN39; PR29, PR30
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1. Average Bond Lengths and Angles

The average bond lengths and valency angles of the
androstanes and pregnanes in categories (a) and (b)
in Table 6 are displayed in Figure 34. The magnitudes of
average bond lengths between spf carbons are observed to
vary from 1.522(3) to 1.567(2) A. The average magnitudes
of the endocyclic valency angles involving sp3 carbons
in the six-membered rings are observed to range from
108.1 to 113.4 deg. indicating a general flattening of the
rings.

1.537(6)

FPig. 34. The average bond lengths (a) and valency angles
(b) for the A*-3-one structure ESO3, 04; AN13, 14, 15, 18, 19,
22, 23, 24, 51, 54, 56, 59, 64; PRO8, 09, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 25, 36, 37, 38, 46, 47, 49, 51.
The estimators of the standard deviations in the averages are
given in parentheses.
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2. A-Ring Conformation

The A-ring conformations of 37 of the 43 steroids
in Table 6 vary from the la,2B8 half-chair conformation
observed in 12o-bromo-11f-hydroxyprogesterone (PR11,
Fig. 35a) to the la sofa conformation observed in 68-
bromoprogesterone (PRO9, Fig. 35b). The effect of this
A-ring conformational difference upon the orientation of
the C(3)-0(3) bond with respect to the steroid nucleus
is illustrated in Figure 35c. The relative conformations
of the A rings of the structures in Table 6 are displayed
in a plot of the rotational asymmetry parameter ACH(1-2)
versus the mirror asymmetry parameter AC (1) (Fig. 36a).
The A-ring conformations are observed to fall along a
straight line tracing the interconversion between the
perfect sofa and perfect half-chair conformations.

(@) {b)
2K 24 Br
o o -
2 2 03
3 03
(©) 8
" OHMN
2A 020
o D—
03
2 Br
3 03

Fig. 35. A*-3-0One A rings (a) in the 1o0,28 half-chair
conformation in 12a-bromo-1llB-hydroxyprogesterone (PR1ll), and
(b} in the la sofa conformation in é6B-bromoprogesterone (PR09).
The change in relative position of the 0(3) atom accompanying
the A-ring variation is shown in the superposition diagram (c).

The structures can be subdivided into groups I, II,
and III as indicated in Figure 36a. Fourteen of the
structures have A-, B-, and C-ring configurations identical
to that of testosterone. The A-ring conformations of these
structures are observed to fall in the middle range
(II) of the pathway of conversion from sofa to half-chair
(Fig. 36b). The remaining structures in the sample tend
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Fig. 36. The relative conformations of A%-3-one A rings

as defined by the rotational asymmetry [AC(1-2)] and the mirror
asymmetry [ACg(l)] of the ideal 1la,2B half-chair and the la
sofa conformers, respectively. The graphs include (a) all

A”-3-one structures,

of the testosterone nucleus.

(b) structures having the testosterone A,
B, and C rings, and (c) structures having further substitution

Pairs of conformational isomers

are shown in the fourth graph (d).

to be grouped on either side of the midpoint of the path

of conversion between sofa and half-chair (Fig.

36¢) .

Upon close inspection it becomes apparent that most
of the structures in ranges I and III differ in composition
from the structures in range II in a highly specific
way. The structures nearest the sofa conformation (range I)
and nearest the half-chair conformation (range III) are
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those having substituents in the B and C rings. This

further crowding of the steroid nucleus appears to remove
flexibility from the A ring and hold it nearer one of the
ideal symmetry forms. Perhaps the most interesting example

of this influence of C-ring substitution on the A-ring
conformation is observed in the structures of cortisone
(PR20) and cortisone acetate (PR21). The A-ring conformations
in these structures are a nearly perfect half-chair and

a slightly distorted sofa respectively (Fig. 37). The
separation between the cortisone conformations (Fig. 36d)

is greater than the separation between the most

dissimilar testosterone molecules. The existence of conforma-
tional isomers is not as easily demonstrated in the

A%-3-one structures as it was in the 1,3,5(10)~estratriene
series where there were numerous examples of cocrystallization
of steroids having 88 sofa and 74,88 half-chair conformations.
Some of the best examples of structures from the A%-3-one
series that have identical or nearly identical configurations
and are observed as 28 sofa and loa,2B8 half-chair conformers
are collected in Table 7. The separation in the A-ring
conformations of these paired structures is shown in

Figure 36d.

2R

Fig. 37. Superposition of the observed structures of
cortisone, PR20, (solid lines) and cortisone acetate, PR21,
(dashed lines) illustrating the difference in the A-ring
orientation accompanying la sofa and lao,2R half-chair variation.

Table 7.
Approximate Conformational Isomers in the A%-3-One Series

la Sofa la,28 Half-chair
PR15 cortisol PR49 cortisol
PRO8 progesterone PR13 21-hydroxyprogesterone

PR14 17a,21-dihydroxyprogesterone PR12 l7o-~hydroxyprogesterone
PR21 cortisone acetate PR20 cortisone
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3. Correlated Changes

Specific changes in the molecular geometry and
conformation of other parts of the steroid can be correlated
with the 2B sofa to la,2B8 half-chair transition.

a. Bond lengths, valency angles, and torsion angles.
Because R-face crowding introduced by the pregnane
side chain may have long-range effects comparable to the
geometric variations accompanying A-ring sofa to half-chair
conversion, the average geometries of the androstanes
and pregnanes have been considered separately. The bond
lengths and valency angles of the androstane and pregnane
subgroups defined in Table 8 have been calculated.

Table 8.
Subsets of Approximate A-Ring Sofa and Half-Chair Conformers
in 4-Androsten-3-one and 4-Pregnen-3-one Structures

la Sofa la,2B Half-chair

Androstanes (AN) 13A, 13B, 14B, 15, 14a, 16, 17, 18, 64
19, 20, 24, 48, 54

Pregnanes (PR) 08, 14, 15, le, 21, 37 11, 12, 13, 17, 18,
19, 20, 24, 36, 38,
46, 47, 49, 51

The averages of the corresponding parameters in these
subgroups were compared, and Student's t-test was applied
to determine the level of significance. The magnitudes

of differences in bonds and angles that were above the
90% level are listed in Table 9.

The parameters showing significant variation between
androstenes in which the A rings have sofa conformations
and the androstenes in which the A rings have chair
conformations are centered about the A/B-ring junction
(Table 9a). A comparison of the average geometries of
pregnenes in which the A rings have sofa or half-chair
conformations also shows significant differences to be
in the A and B rings (Table 9b). In contrast to this, a
comparison of the bonds and angles of androstenes and
pregnenes having A-ring sofa conformations (Table 9¢) and
of androstenes and pregnenes having A-ring half-chair
conformations (Table 9d4) shows that significant differences



Table 9.
Bond Length and Valency Angle
Significantly Correlated (>90%)

Differences

with Changes in A-Ring Conformation

Parameter Significance (%)
AS AH
C(6)-C(7) 1.520(8) 1.555(11) 97
C(1l)-c(12) 1.545(9) 1.579(15) 94
C(15)-C(16) 1.547(10) 1.576(11) 91
C(l0)-Cc(1)-Cc(2) 113.9(6) 111.8(4) 96
C(1l0)-Cc(5)-C(6) 118.0(3) 116.3(3) 99
C(6)-C(7)-C(8) 111.6(3) 109.9(7) 98
C(9)-C(11)-C(12) 112.4(4) 110.3(11) 93
PS PH
AS PS
C(13)-Cc(17) 1.544(8) 1.564 (o) 96
C(l)-C(2)-C(3) 110.1(8) 111.9(3) 93
C(l0)-C(5)~-C(®) 118.0(3) 116.8(3) 96
C(l0)-C(9)-C(11) 111.4(8) 113.5(6) 93
C(12)-C(13)~-C(17) 115.5(5) 116.8(2) 96
C(l6)-C(17)-C(13) 105.4(7) 103.4(4) 94
AH PH
Cc(l)-C(10) 1.559(5) 1.539(6) 91
C(e)-C(7) 1.555(11) 1.529(5) 98
C(l1)-C(12) 1.579(15) 1.540(3) 94
C(15)-C(16) 1.576(11) 1.546(4) 99
C(5)-C(6)-C(7) 110.9(8) 113.6(7) 96
C(6)-C(7)-C(8) 109.9(7) 111.9(4) 97
C(10)-C(9)-C(11) 110.7(7) 113.6(5) 99
C(9)-C(11)-C(12) 110.3(11) 113.6(3) 95
C(12)-C(13)-C(17) 115.0(4) 116.5(3) 98
C(le)-C(17)-C(13) 105.6(7) 103.5(2) 99
C(15)-C(l6)y-C(17) 105.3(4) 106.8(2) 99

AS , androstenes with A-ring sofa;
AH , androstenes with A-ring half-chair;

PS , pregnenes with A-ring sofa;

PH , pregnanes with A-ring half-chair.

319
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occur throughout the molecules. This indicates that
conformational variation in rings results in correlated
bond and angle changes that are located primarily within
that ring or adjacent rings. Substitutions such as the
pregnane 178 side chain have a longer range effect upon
bonds and angles. Average bond lengths and angles of the
13 4-androsten-3-ones were compared with corresponding
parameters of the 19 4-pregnen-3~ones without considering
A-~ring conformation. The parameters differing at the 90%
level are indicated in Figure 38, Similar differences in
the endocyclic torsion angles are indicated in Figure 39,

1M.0(4
Ma3y
4

Fig. 38. Bond length and valency angle variations signifi-
cantly (>90%) correlated with structural differences between 4-
androsten-3-~ones (top) and 4-pregnen-3-ones {(bottom).

Fig. 39, Average torsion angles in 4-androsten-3-one
(top) and 4-pregnen-3-one {(bottom) structures. Significant (>90%)
differences are marked with asterisks. The estimators of the
standard deviation of the average magnitude range from 0.4 to
1.4 deg.
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b. Other parameters. The dependence of the distance
of the 0(3) atom from the least-squares plane through
the bulk of the steroid nucleus {[C(5)*C(17)] upon the
A-ring conformation is illustrated in Figure 40a. The
line represents a least-squares fit to the points, and the
identities of structures farthest from the line are
recorded. In 4-estren-3-ones (ESO3 and ES04) the absence
of the 19-methyl group allows the A ring to arch upward,
bringing 0(3) closer to the plane of the other rings.
Similarly the crowding of the a face by chlorine or
bromine substitution at the C(9) position forces the
A ring up while the ring still retains a 10,28 half-chair
conformation. In contrast to this, the crowding of the
B face by 8f-methyl addition bows the steroid toward
the o face causing a greater deviation of the 0O(3) atom
from the plane than is generally observed in the case
of la sofa conformers.

The interdependence of adjacent rings is reflected
in the correlated variations of A-ring conformation and
the B-ring endocyclic torsion angle C(9)—C(10)—C(5)—C(6)
(Fig. 40b). The 12 deg. decrease of the C(9)—C(10)—C(5)—<(6)
angle closely parallels the half-chair to sofa conformational
transition, and the principal exceptions to this dependence
involve 19-nor structures (PR51 and ESO3) or 19-aldehyde
derivatives (AN48). The C(7)—C(8)—C(9)— (10) angle
increases as the A-ring conformation varies from half-chair
to sofa. Variations in the relationships between the
angular methyl groups are also correlated with A-ring
conformation. Although the distance between atoms C(19)
and C(18) is roughly constant, there is a slight decrease
in this magnitude as the A-ring varies from half-chair
to sofa conformation (Fig. 40c¢). In addition, the twist
about the long axis, as reflected in the C(19)—C(10) ---C(13)—
C(18) torsion angle, varies from -10 to +12 deg. as the
A ring varies from a half-chair to a sofa conformation
(Fig. 40d). In most cases, deviations of individual
structures from this pattern are related to unusual
substitutions in the C or D rings (AN64, PR24, PR25).

4. Restricted Flexibility

The flexibility of the testosterone nucleus can be
constrained as a result of additional substitutions or
ring unsaturation.

a. Substituent effect. The addition of substituents
in the B and C rings is observed to shift the conformation
of the A ring toward the ideal sofa and half-chair
conformations. 9a-Fluoro-11B-hydroxy substitution in
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Fig. 40. The A-ring asymmetry parameters, AC,(1-2), for
A%-~3-one steroids are plotted versus (a) the distance of 0(3)
from the mean plane of atoms C(5)>C(17), (b) the torsion angle
C(9)-C(1l0)-C(5)-C(6), (c) the nonbonded interatomic distance
C(19)+++C(18), and (d) the twist about the length of the steroid
as indicated by the torsion angle C{18)-C{13)<++C(10)—C(19).
Proceeding from left to right in each graph, the A rings vary
in conformation from la,2f half-chair, ACy (1-2) = 0, to lo
sofas, ACy(1-2) = 30. The straight lines are least-squares fits
to the observed data, and identities of structures at greatest
variance from the line are recorded.

A%-3-one steroids appears to remove the flexibility of

the testosterone nucleus as indicated by the fact that the

A ring conformations of PR17, PR46, and PR47 are nearly
identical (Fig. 41). Although the A rings in these three
structures all have lo,28 half-chair conformations,

other substituent differences alter the overall conformations
of the molecules (Fig. 42). The phenyl-methylene substituent
in a fourth 9a-fluoro-A“-3-one steroid (PR24) is probably
responsible for further alteration of the molecular

profile,
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Fig. 41. The A%-3-one A-ring conformation is influenced
by 9a substitution in a highly specific fashion.

oA, PRY7 oHm

OH

2R PRA47 oM 1

2 F9
03 OH17

PR46 oMM
020
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Fig. 42. The overall conformations of four 90-f luoro-A*-
3-one derivatives. Despite similar A-ring conformations other
substituent variations (2oa-methyl in PR46 and PR47 and 1l6a,170-
methyl-phenyl methylenedioxy in PR24) alter the overall confor-

mations.

The 9a-substituted cortisol series illustrates the
complexity of the influence of different substituents
at the same site upon overall conformation. The conforma-
tional result of electronic and steric effects illustrated
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in Figure 43, would be difficult to predict. The A rings in
all three halo-substituted cortisols have la,28 half-chair
conformations but the size of the larger halogens has the

net effect of flattening the molecule so that the sharpest

PR1S PR17

24 OHn 020 24 O:“ ‘ 020
» \

2Jd o3 OH 17

FR18 PR19
2A OHN 020 24 OH 1 02

OH21
o OH 21
2 03 2 3 cLg
OH17
Bro OH17

Fig. 43. Cortisol (PR15) and three 9a-halec derivatives
(PR17, 18, and 19) illustrate the differences in the location
of the 0(3) atom relative to the C(5)>C(17) plane. The maximum
deviation of 0(3) from the plane observed in the 9a-fluoro
derivative (PR17) 1is seen to resemble the bowing caused by the
2,4-diene constitution of 6oa-methylprednisolone (PR23).

bowing of the A ring toward the o face is observed in
the 9o-fluorocortisol structure. The profile of the %a-
fluorocortisol structure is most similar to that of 6a-
methylprednisolone, in which a second double bond in the
A ring constrains the ring to bend toward the a face.
This observation is of particular significance in view of the
enhanced glucocorticoid activity of prednisolone derivatives
and 9a fluorocortisol and the likelihood that 9a-fluoro
substitution has constrained the more flexible cortisol
molecule to the conformation optimal for binding to a
particular target protein.

The most unusual AY-3-one A-ring conformation thus
far observed is that found in 2B-acetate derivatives.
All four of the A¥-3-one structures that have 2B-acetate
substituents (AN22, AN23, AN51, AN56) are observed to
have an inverted 18,2c half-chair A-ring conformation.
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The overall molecular shape of A%-steroids with normal
lo,28 half chair A-ring conformations resembles that of
S5a-steroids, but the 28—acetate-A“—3—one structures
resemble 5B-steroids (Fig. 44). It is most probable

that the inverted A-ring conformation is adopted to relieve
diaxial strain between the 19-methyl group and the 28-
substituent.

Fig. 44. The conformation observed in four 2f-acetoxy-4-
androsten-3-one structures exemplified by AN23 (dashed lines)
is contrasted with (a) a 5B-androstane, AN30, and (b) a 5a-
androstane, ANQ2.

b. Unsaturation. Steroids having a 1,4-diene A-ring
configuration are of particular interest because of the
glucocorticoid activity of many members of this class.
Although further unsaturation removes flexibility from
the A ring and brings the 0(3) atom well below the mean
plane of atoms C(5) to C(l7), there is still considerable
variation in the relative orientation of the carbonyl
oxygen (Fig. 45). The distances of the O0(3) atoms from
the reference plane in these six structures are given in
Table 10. The 0(3) distances are similar to those in the
three 9a-fluoro derivatives.

E. 98,10a-4%-3-One Structures

Projections parallel to a line joining the midpoints
of the bonds C(11)-C(12) and C(8)-C(14) of nine A%-3-one
structures having the 98,10a configuration are compared
in Figure 48. The A-ring conformations of these structures,
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PR23

2A PRSOA

OH1
"
OH 6520
OH21
0
2 F9 OH17 03
3-%03
AN2B
2A PRSOB OH1N 020
H17
03
PR52 OH1 020
OH21
Fo
03

Fig. 45. A-ring orientations in 1,4-diene-3-one steroids
depend on the substituents.

Table 10.
Distance of 0O(3) from the Least-Squares Plane
through Atoms C(5)*C(17) for 1,4-Diene-3-one Steroids

Structure 0(3) Distance (ﬁ)
PR23 -1.95
AN28 -3.13
PR50a -2.63
PR50b -2.48
PR52 -2,19
PR55 -2.94

Structures having the double-bond sequences 4,6-diene
and 1,4,6-triene are also restricted in conformation as
illustrated in Figures 46 and 47. The A rings in PR43
and PR56 have nearly identical la-sofa conformations,
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indicating that little conformational flexibility remains
in the A ring after the addition of the 6-7 double bond.
Methylene substitution is comparable to introduction of

a double bond as indicated in Figures 46c and 47b.

(@) PR56 (b) PR3
2A

o

03 03 o7

o227 022

(0 ansg 24 crg

O
o3 020

Fig. 46. Conformations of 4,6-diene~3-one steroids illus-
trate the restrictive influence of conjugated unsaturation. A
B-methylene substitution at C(6) and C(7) has a similar net
effect upon the A-ring conformation and orientation.

(@)
AN 29
24
o
017
2
03
(b) PR 54

Fig. 47. While the conformations of a 1,4,6-triene-3-one
structure and a 4,6-diene-3-one structure having a la,2o-methy-
lene substituent are similar, the methylene structure has a
more nearly planar steroid nucleus.
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which range from 1B sofa to 1B,2a half-chair forms, are
displayed in a plot of the rotation asymmetry parameters
AC.(1-2) versus the mirror asymmetry parameters ACs(l)
in"Figure 49. Seven of these structures are observed
to have unexceptional ring conformations and similar
overall conformations. The exceptional structures are
AN37 and PR32. The B and C rings in AN37 are observed to
be midway between boat and twist conformations, and the
B ring in PR32 is observed in a nearly perfect twist.
The contrast in conformation between AN33 and AN37 is
remarkable considering that the confiqurational variation
is so slight (6a~fluoro, 6B-methyl in AN33 versus 6o-
methyl, 68-fluoro in AN37), It would appear that the diaxial
interaction of the 10o~ and 6a-methyl groups is sufficient
to destabilize B-ring chair conformations in these structures.
The 6a-fluoro, 1l0o-methyl crowding in AN33 is apparently
less severe. In the absence of a 6f-substituent, 6a-
methyl substitution in a 98,100 steroid causes a face
crowding that is relieved by the B ring adopting a twist
conformation. The further addition of a 6f substituent
results in distributing the strain through the B and
C rings.

The effect of introducing an additional double bond
at C(6)~C(7) is illustrated in Figure 50. In all three
structures having 98,100-4,6-diene-3-one constitution
the A rings have nearly perfect la sofa conformations.
The ACg(l) asymmetry parameters in AN36, PR31l, PR32 are
3.3, 1.6, and 4.5 deg., respectively. As previously noted,
additional unsaturation in the A and B rings removes
flexibility from A%-3-one structures and stabilizes a
particular conformation.

F. 5-Ene Structures

Cholesterol belongs to the class of steroids that
contain a 5-6 double bond and an otherwise saturated
steroid nucleus. This unsaturation provides the molecule
with conformational flexibility in the B ring. There are
15 androstane and pregnane structures having a 5-6 double
bond included in the present study. Four of these have
a sp2 hybrid carbon in the C(17) position. AN38 has a
130 configuration, and PR26 and PR27 have additional four-
and five-membered rings on the steroid D ring. The average
bond lengths and valency angles of the 5-ene structures
are displayed in Figure 51.

The conformations of the B rings of the 15 steroids
in this subset are equally distributed on either side of
an 88,9 half chair conformation (Fig. 52). Only one of
the structures (PR26B) is more than half way along the
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25

BCN

T T T T T —
10 15 20 25 30 35

0n—

Fig. 49. A-ring conformations of 98,10&—A“-3—one steroids
as defined by asymmetry parameters.

path of interconversion to a 9a sofa conformation, and
none approaches an 8B sofa conformation. Molecules
representative of the extremes of this conformational
variation illustrate the significance of the B ring
flexibility (Fig. 53). The two 5-ene structures that have
crystallized with two molecules in the asymmetric unit
exhibit differences in the conformation of the B ring
similar to those observed in 1,3,5(10)-estratrienes.
Differences in the B rings of the two molecules of PR26
are particularly clear. The B ring in PR26A is in an 88,9
half-chair conformation, and that in PR26B is in a distorted
9a sofa conformation. The differences between the two
molecules in AN25 are much less pronounced. Variations

in the B~ring conformation are observed to be correlated
with changes in A-ring conformation (Fig. 54) and the
overall twist about the length of the steroid (Fig. 55).

G. Saturated Structures

Thirty-one of the estrane, androstane, and pregnane
structures presently in the literature have all-trans
junctions and no endocyclic double bonds. Generally
speaking, these structures have little conformational
flexibility. However, ten crystallize with doubled asymmetric
units, and the conformational differences in these five
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2A AN36
o]
17
2
o3
PR31

R L

Cj Py
2 0/}f7fz:Zir
o3

PR34

2A:| o /Lv /'ozo

KV=¢

o3

Fig. 50. Restricted flexibility of 98,10a-4,6-diene-3-one
structures.

Table 11
Saturated 50 Steroids

a. all sp3 carbons ES34, ANO1l, ANO2, AN41l, ANA45,
PRO4A, PRO4B, PROSA, PROSB,
PR35A, PR53B

b. 3-keto ANOG6A, ANO6B, ANO7, ANO8, AN52, AN69
c. 17-keto ANO3, ANO4, ANOS5, PRO6, PRO7

d. 3,17-diketo AN10, AN1lA, AN1l1B

e. ll-keto PRO1l, PRO2, PRO3

f. heterosubstituted ANO9 (4-~oxa),
AN49 (2,4-dioxa, 3-thia),
AN57 (2,4-dioxa)
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1.548(6)

C(1)-C(10)-C(9)=107.9(4)
C(12)-C(13)~C(17)=116.6 (7)
C(14)-C(13) -C(18)=113.2 (8)
C(5)-C(10)-C(19)=108.7(5)

Fig. 51. The average bond lengths (a) and valency angles
(b) for the S-ene structures AN25A and B, 26, 27, 38, 50, 60,
61, 65; PR26A and B, 27 and 28. The estimators of the standard
deviations of the averages are given in parentheses.

pairs are discussed in detail. Only three steroids with a
58 configuration are among the androstanes and pregnanes
thus far studied by X-ray crystallography {(AN30, AN6S,
PR48) . There are other examples of 58 configuration,
particularly in the cholane series, that are not described
here. A detailed comparison of the molecular geometry

of S0~ and 5f~steroids is presented in the recent review
of Romers, Altona, Jacobs, and de Graaff (19).

The 31 saturated structures with all-trans junctions
are subdivided according to keto and heterosubstitutions
in Table 11. Projections parallel to the least-squares
plane through atoms C(5)>C(17) of representative structures
from this sample illustrate essential conformational
differences (Fig. 56).
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1. Average Bond Lengths, Angles, Torsion Angles

The average bond lengths, for the B and C rings of
5a steroids with all-ftrans junctions are recorded in
Figure 57. The accuracy of the estimators of standard
deviation can be judged by comparing the averages and
estimators from this sample of 24 estranes, androstanes,
and pregnanes with averages and estimators for the
seventeen 50 steroids in the sample studied by Romers.

The two samples have nine members in common. In all cases
the averages are within two standard deviations of one
another, and in 75% of the cases they are within one
standard deviation. The average valency and torsion angles
for the 24-compound sample are recorded in Figure 58.

The average A-ring bond lengths, valency angles, and
torsion angles for 38-hydroxy and 3-keto structures are
compared in Figure 59. Differences in the averages that
are significant at the 90% level are indicated with
asterisks. The average B-ring geometries of A%-3-cne
steroids (from Fig. 34) and saturated steroids are contrasted
in Figure 60. Similarly, the average bond lengths and angles
in C rings for the 1,3,5(10)-estratriene, A“-B—one, and
saturated structures are collected for purposes of comparison
in Figure 61.

2. Distorted Chair Conformations

The 29 most distorted chairs in the steroids of the
first volume of the Atlas of Steroid Structure exhibit
only seven of the 18 most probable modes of distortion.
Six of the seven involve the loss of rotation symmetry
with retention of the orthogonal mirror. The exceptions
are nine structures in which the ACS(9-11) symmetry is
retained in the C ring at the expense of AC (8) symmetry.
Representative examples of the seven distortion modes
appear in Figure 62. The asymmetry parameters for the 29
distorted rings are given in Table 12.

3. Cyclosubstitutions

The most significant variation in ring conformations
in the all-trans structures having no endocyclic unsaturation
generally results from cyclosubstitutions (Fig. 63).
The sulfur addition at C(2) and C(3) in AN66 has the same
effect as double bond addition, and the A ring is observed
in a 50,108 half-chair conformation. Similarly, the
methylene bridge across C(5)-C(10) in AN31l leads to 28,3a
half-chair and 7ua,8R half-chair conformations for the A
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5 10 15 20
ACH(56)

Fig. 52. Asymmetry parameters of 5-ene steroids illustrat-
ing conformational variations about the 88,9a half-chair form.

24~ PR26b
0
03
2

Fig. 53. Extremes of conformational variation in B rings
of 5-ene steroids illustrate the impact upon overall molecular
conformation,

and B rings, respectively, and the l4a,l5a-epoxide

in (AN58) flattens the five-membered ring to a perfect
138 sofa. The 18,2B-dichloromethylene addition in ANOS
produces a distorted 20,38 twist conformation. The effect
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55]

<
J 53+
0 51
k‘) -
:_O" 40 =
Q47
6, -
Y 45
43 ll;,,;]][[]lt]llli]
10 13 16 18 22 25 30
ACS(6)

Fig. 54. As the B-ring conformation of 5-ene steroids
changes from a 9o sofa to an 88 sofa, going from left to right
in the figure, the A ring torsion angle C(1)-C(10)~-C(5)-C(4)
increases by 10 deg. The labeled points were not included in
calculating the least-squares line through the other points.

= a N
b o N

<C(19)-C(10)-C(13)-C(18)
[e2]

-6 L LN B AL L BB |
10 13 186 19 22 25 30

BCg(6)

Fig. 55. As the B-ring conformation of 5-ene steroids
changes from a 9a sofa to an 88 sofa, going from left to right
in the figure the twist about the length of the steroid [C(19)-
C(10)++*C(13)-C(18)] varies from -6 to +20 deg.

of other cyclosubstitutions is less pronounced (e.q,
68,19-epoxide in PR0O4 and ethyl cyano cyclization in PRO6).

4. Heterosubstituted Structures

The three heterosubstituted androstane structures
are compared with natural analogues in Figure 64. The
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Br

Fig. 56. Typical examples of steroids with all-trans
junctions and no endocyclic double bonds. The relative orienta-
tions of the 0(3) atom in 3B-hydroxy, 3-keto, and 3a-hydroxy
derivatives are illustrated by AN45, ANO6A, and ANO2Z,
respectively. The relative orientation of the 0(17) atom in
17B-hydroxy and l17-keto derivatives is illustrated by ANO6
and AN11l, respectively. Finally, the differences in 178-
and l7a-pregnane structures are illustrated by PRO4B and
PR53B.

T}:

1.540(5) ..
539(5) "~
1529(5) 1553(7)
1.540(3) 1.536§4§
1544l4

. 1.534(5)
L -7 1.5362 1.521(3; 1.535(2)
e 1.535@3) .

1.553(2)

1.545(4)
1.549(4)

1.526(3)

1.526(43

1.533(5) 1528(3

Fig. 57. The average bond lengths in the B, C, and D
rings of 5a steroids having all-trans junctions. The averages
for the sample, ES34, ANOl, ANO2, ANO3, ANO4, ANO5, ANOGA,
ANO6B, ANO7, AN1O, AN1llAa, AN1l1lB, AN45, AN52, AN69, PRO1,
PRO2, PRO3, PRO4A, PRO4B, PR06, PRO7, PR53A, and PR53B, (top)
is compared with the averages for a sample of seventeen
related structures studied by Romers.
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C(1)-C(10)-C(9)=109.9(4)
C(5)-C(10)-C(19)= 111.4(9)
C12)-C(13)- C(17)= 115.6 ( 3)
C(14)-C(13)-C(18)=113.6( 3)

-~
\\\
<54.7(2) 5684 .
\.
)
]
'
52.7(4) -61.4(5)|45-8(6) :
'
b) < -
L7 \ 52.7(3) 58703
i %774 553
i
]
' -56.2(7)[59.5(6) -529(6
|
]

I / 59.6(8) 554(7

Fig. 58. Average (a) valency angles and (b) torsion
angles in the B, C, and D rings of 5a steroids having all-
trans junctions. The estimators of the standard deviations in
the averages are given in parentheses.

A rings of the AN49 and AN57 structures closely resemble
the A rings in the ANO5 and ANOl molecules, respectively.
However, the 4-oxa molecule (ANO9) has a 5a,108 half-chair
conformation with atoms C(1l), C(2), C(3), 0(3), and

0(4) being within 10.05 2 of coplanarity and is different
from aNO7.
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Fig. 59. A comparison of the average (a) bond lengths,
(b) valency angles, and (c) torsion angles in A rings having
3R-hydroxy configurations (above) and 3~keto configurations
(below) . Estimators of standard deviations are in parentheses
and significant (> 90%) differences are flagged.
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Fig. 60. A comparison of the average (a) bond lengths,
(b) valency angles, and (c) torsion angles in the B rings of
structures having A%-3-one constitution (above) and those
having saturated A rings (below). Estimators of standard
deviations are in parentheses.
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Fig. 61. A comparison of the average (a) bond lengths,
(b) valency angles, and (c¢) torsion angles in C rings of struc-
tures having 1,3,5(10)-estratriene (top), A% -3-one (middle),
and saturated (bottom) steroid skeletons. Estimators of stand-
ard deviations are in parentheses.
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Fig. 62. The seven principal modes of distortion ob-
served for steroid rings in chair conformations are exempli-
fied by (a) ACp (1-2) distortion in AN10O, (b) ACj (5-6)
distortion in PR33, (c) AC,(6-7) distortion in ES28B, (d)

AC, (8-9) distortion in AN31l, (e) AC,(9-11) distortion in
PR25, (f) AC,(8-14) distortion in ES28B, and (g) ACg(8) dis-
tortion in ES28A. The interplanar angles recorded in the fig-
ures are another indication of ring distortion. The average
interplanar angle in undistorted rings is 131 deg.
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Fig. 63. Conformational variation in cyclo derivatives
of steroids with all-trans junctions having no endocyclic un-~
saturation,
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ANS7 ANO1
2A Bri6
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Fig. 64. Comparison of profiles of A-ring heterosubsti-
tuted structures with their all carbon analogs.

5. Boat and Twist Conformers of Saturated Rings

In a few of the steroid structures, intramolecular
strain introduced by crowding is severe enough to
destabilize normal chair conformations and produce rings
with boat or twist conformations. The relevant asymmetry
parameters for 11 such rings are recorded in Table 13.

An ideal boat conformation has two mutually perpendicular
mirror planes, and the deviations from symmetry are

recorded for six boat conformers. Similarly, an ideal

twist conformer has two mutually perpendicular rotation
axes, and the deviations from symmetry are recorded for

five twist and two distorted twist conformers. The B and C
rings in AN37 are observed to be at the midpoint between

a perfect boat and perfect twist conformation as indicated
by the magnitudes of their asymmetry parameters. Representa-
tive boat and twist rings are illustrated in Figure 65.

6. Doubled Asymmetric Unit Structures

The five structures with saturated nuclei having
two molecules in the crystallographic asymmetric unit are
ANO6, AN1l, PRO4, PRO5, and PR53. In addition, ANO7 and
AN1Q are alternate crystal forms of ANO6 and AN11l,
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Fig. 65. The B ring of ES20 (a) and the C ring of ES24
(b) provide examples of highly symmetric boat and twist rings,
respectively.

respectively. The conformational differences between
crystallographically independent observations are not

as pronounced in saturated rings as they have been
demonstrated to be in the unsaturated rings previously
discussed. Nevertheless, there are significant differences
between molecules in a doubled asymmetric unit, and, in
two cases, a third independent molecule is observed to

be nearly identical to one of the pair in the first
crystal.

a. 17B-Hydroxy-Sa-androstan-3-one. Three independent
observations of the active androgen 178-hydroxy-5a-
androstan-3-one (dihydrotestosterone) are provided in
the crystal structures of the hydrated and anhydrous
forms. There are significant conformational differences
between the two crystallographically independent steroids
in the anhydrous form, ANO6. The original investigators
cited bond distance variations that include a C(1l)-C(2)
bond comparison of 1.48 and 1.56 X. In addition, the
dominant symmetries in the A, B, and C rings differ
between the independent molecules. The observed conformation
of ANO7 has an C ring that is nearly identical to that of
ANOGA. The average deviations of corresponding bond
distances, valency angles, and torsion angles are 0.02 A,
0.7 deg. and 0.6 deg., respectively. A similar comparison of
the C rings of ANO7 and ANO6B provides average deviations of
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OH17

ANOGA

2
03 .- __ANOBB

Fig. 66. A comparison of three observations of the con-
formation of 17B8-hydroxy-Sa-androstan-3-one, ANO6A, ANO6B,
and ANO7, illustrates the similarities between ANO7 and ANOGA
and the differences in ANO6B.

0.03 &, 1.7 deg., and 2.7 deg. While overall structures of
ANO7 and ANO6A are entirely superimposable, the C ring
difference in ANO6B is clearly apparent in the superposition
diagram Fig. 66,

b. Sa-Androstane-3,17-dione. Three independent
determinations of molecular conformations of 5ca-androstan-
3,17-dione are provided in the crystal structures of the
pure steroid and the (1:1) p-bromophenol complex. There
are significant conformational differences between the
two crystallographically independent steroids in the p-
bromophenol complex. Rings A and C of AN1l1B have distorted
chair conformations, and a pronounced flattening of ring
A results in a significant difference in the orientation
of oxygen atom O(3) relative to the bulk of the steroid.
The conformation of the 5a-androstan-3,17-dione molecule
AN10O is nearly identical to that of AN11lB. This similarity
is graphically accentuated in the superposition diagram
(Fig. 67).

e. 5-Bromo-68,19-epoxy-38-hydroxy-Sa-pregnan-20-one.
The conformations of tle two independent molecules in this
crystal structure are similar. Individual ring conformational
differences are subtle, but there is a perceptible difference
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Fig. 67. A comparison of three observations of the
conformation of 5a-androstane~3,17-dione,AN10, AN1llA, and
AN11B, illustrates the similarities between AN1O and AN11B
and the differences in ANllA.

in the twist about the long axis of the steroid nucleus. This

is observed in the tilt of the A ring in the C(5)->C(17)
reference projection and a comparison of the C(9)-C(10)---C(13)-
C(18) torsion angles (PRO4A, -15. deg.; PRO4B, -19.8 deg.).

A more pronounced difference is observed in the 178 side chain
orientation involving a 9.6 deg. rotation about the C(17)-

C(20) bond.

d. (208)-20-Chloro-5a-pregnane-38,168-diol di-p-
bromobenzoate. The bromobenzoate conformations differ
in the two molecules by 14 and 3 deg. rotations about the
C(3)-0(3) and C(1l6)~-0(16) bonds, respectively. The 178
side chain conformations are nearly identical. While the
A and B rings of PRO5A have normal chair conformations,
the A ring in PRO5B is significantly distorted and the
B ring is highly symmetric.

e. bo,l17a~-Pregnane-38, 20a-diol. The conformations
of the C and D rings in the two crystallographically
independent molecules differ significantly. One D ring
has a l4a envelope conformation (A = 4.6 deg., ¢ = 46.1),
and the other has a 13B,l4a half-chair conformation.
The differences in the C and D rings are discussed in
detail in the careful study by Romers, de Graaff, Hoogenboom,
and Rutten (176).
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H. D-Ring Conformation

The pseudorotation parameters A4 and ¢, have gained
wide acceptance for use in evaluating D-ring conformation.
A complete discussion of their evaluation and use in
steroid analysis has been given by Altona, Geise, and
Romers (15).

Standard torsional angles, A and ¢y values, and the
asymmetry parameters for the symmetrical 1l4a envelope,
138,140 half-chair, and 13f envelope conformations
observed in the structures of ES14, ES23, and ES17A are
given in Table 14. The conformations of these D~rings are
illustrated in Figure 68. A plot of A versus ¢m for all
five-membered D rings of estrane, androstane, and pregnane
structures currently available illustrates the distribution
of observed conformations (Fig. 69).

1.8 .

a) b) c)

4 16

3
< R - 16 A 1.7_/20 15 N,
14

Fig. 68. The symmetric D-ring conformations l4c-envelope,
138,14a half-chair, and 138 envelope are found in the
structures of (a) ES14, (b) ES23, and (c) ES17A, respectively.

+PR26A
62
PR26B
1 PROSB ANOS
58 . 9
*PRIO
54 1 *e - '0
] N
50 4 M + 7
é ] e “”&. S
46 N ES29
E h : H :o f’" '. * : *
B 424 pras  Cwelde ? €925
* +*
. * +ANS5
389 a3 Es288
341 ANS
L]
4 ES22 ES28A
301 AN62
26 T T v T v v "
-100 -80 -20 20 60 100 140
A

Fig. 69. The distribution of pseudorotation parameters
for 165 D rings. 4 values for ideal forms are given in
Table 14,
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Of the 34 structures having conformations intermediate
between 13R8,14a half-chair (A=0 deg.) and 140 envelope
(A=-3.50 deg.) forms, 24 are so constrained as a result of
sp2 hybridization at C(17). Of the remaining ten structures,
PR35A, PR53B, and PR56 have l7o-pregnane side chains,

ES26 has a l70-iodine substituent, PR27 and PR30 have
16a substituents, and ES18 has a l17-spiro configuration.

D Rings having all-sp3 hybrid carbons usually have
conformations intermediate between 138,140 half-chairs
(A=0 deg.) and 13B envelopes (A = 35 deg.). The 120 structures
shown in this range in Figure 69 include 178-ol estranes
and androstanes; 17R8-acetate, benzoate, and benzene-
sulfonyloxy derivatives; and l17B-pregnane structures.
Correlation between D-ring conformations and the nature
of this 178 substitution is apparent in Figure 70.

Q- o+ o = v oee s e v e s e e .
b . . T e s g o . e .
-
C+ te 0t +
d" + LARE Y * L4 - *
~
72 I 4 LR +e
| S A AR U AU N SN S SR LA S T
2 6 10 14 18 22 26 30 34 38

Fig. 70. Observed ranges of D-ring conformations differ
for (a) l7R-acetate, benzoate, and benzenesulfonyloxy struc-
tures, (b) 178-hydroxy androstane, (c) 178-hydroxy estrane,
(d) 17a,21-dihydroxy progesterone, and (e) other 178-
progesterone derivatives.

The D rings of steroids having 178-acetate and benzoate
substituents are observed to cover the entire range of
conformations from 138,140 half-chairs to 138 envelopes.
The 178-hydroxy-androstane D-ring conformations are
observed to extend over the middle of this range, and
the 17B8-hydroxy-estrane conformations cover a smaller
part of the range. A slightly different dependence is
noted in the pregnane structures. The distributien for
17a,21-dihydroxy-progesterone derivatives is shifted
significantly toward the 138 sofa conformation.
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V. SIDE CHAIN AND SUBSTITUENT CONFORMATIONS
A. Pregnane 178 Side Chain Conformation

Although Dreiding models suggest freedom of rotation
for the pregnane 178 side chain, crystallographic findings
demonstrate that rotation is hindered and that deviation
from a single conformation is highly restricted. Because
the sidechain of the naturally occurring progestins and
corticoids has a 20-keto substituent, this side chain
composition is often encountered in crystallographic studies,
and 41 of the 60 pregnanes have a 20-keto substituent.
Thirty-six structures having a saturated D ring, a 20-keto
function, and no constraint upon the side chain or D ring
imposed by addition of bridges to or within the D ring
are listed in Table 15. The nature of the substituents
at positions 170 and 21 and selected geometric parameters
defining the D-ring and side chain conformations are also
given in this table. The existence of structural data on
22 structures with a l7o0-hydroxyl group, 14 structures
without a l17a-hydroxyl, 17 structures with a 21-hydroxyl,
three with a 2l-halogen or other bulky group, and 16
with a 2l1-hydrogen atom allows the exploration of dependence
of side chain conformation upon substitutions.

In 35 of the 36 structures, the 20-keto bonds are
plus clinal with respect to the C(13)-C(17) bonds (Fig. 71).

Fig. 71. The C(13)-C(17)-C(20)-0(20) torsion angles
in pregnane 178 side chains having 20-keto substitutions are
in the range 75-115 deg.

The crystal-structure data demonstrate that 178 sidechain
orientation is influenced by 17a and 21 substitution.

The average C(13)—C(17)-C(20)~0(20) torsion angles are
102 and 89 deg. in structures having 170(H) and 17a (OH)
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substitution, respectively (Fig. 72a). This difference

Fig. 72. Observed values of the torsion angle C(13)-
C(17)-C(20)-0(20) that defines the 178 side chain orientation
relative to the steroid skeleton are dependent upon 17a and
21 substituents. The range of this angle in 17o-hydroxy
structures is contrasted with that in l7a-hydro structures
in (a). The dependence of the side chain orientation upon
21 substitution is illustrated in (b) and 17a,21 disub-
stitution effects are shown in (c).

and the associated differences in the C(16)-C(17)-C(20)-
0(20) torsion angle and the C(18)-0(20) distance are
significant at the 99% level. C(2l) oxygen and halogen
substituents are all observed to be * synperiplanar
relative to 0(20). Substitution at the C(21l) position
restricts the rotational freedom of the 178 side chain

(Fig, 72b). 17a,21-Dihydroxy-substituted molecules have
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conformers in which the average C(13)-C(17)—C(20)-0(20)
torsional angles are 85 and 100 deg., respectively. Molecules
of each conformer are cocrystallized in PR50. These data
indicate that the intramolecular control of side chain
orientation is neither an artifact of, nor is it masked
by, crystal-packing forces.

The only observation in which an unrestricted
sidechain is outside the plus clinal range occurs in
one of the l68-brominated structures, PRO2, and it is
worth noting that the conformation observed in the other
16B-brominated structure, PROl, is at one extreme of
the range normally observed. The 168 substitution crowds
the 20-keto in PR0O1l, and in PRO2 the side chain adopts an
alternative position in which the carbonyl nearly
eclipses the C(13)-C(17) bond (Fig. 73).

Fig. 73. The progesterone side chain in PR0O2 exhibits
an unusual conformation due to crowding by 1l6R-bromo sub-
stituent.

The introduction of groups that bridge the o face
of the D ring (PR24, PR26, PR27, and PR30) has little
effect upon the 178 side chain conformation.

B. 178-Acetate and Benzoate Substituents

The date for 25 structures having l178-acetate
substituents and eight structures having 178-benzoate
substituents (Table 16) illustrate that the substituents
are limited in flexibility of conformation. Their
orientation relative to the D ring is defined by the

1=The orientation of the side chain of So-pregnan-
20-one and progesterone in solution was determined by
dipole moment measurements quite long ago, and the value
found, C(16)-C(17)-C(20)-C(21) = 200-240 deg., is in the
range of the values seen in crystal structures (76).
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torsion angle C(13)-C(17)-0(17)-C(n), where C(n) is the keto
carbon. The observed values for these torsion angles in

the 26 structures are plotted in Figure 74. The substituents
are observed to fall in a 90 deg. range between positions
antiperiplanar to the C(13)-C(17) and the C(16)-C(17)

bonds. Observed conformations representative of the

extremes of the range are superimposed in Figure 75.

-g0°

-180°

Fig. 74. Distribution of the conformations of 178-
acetate and l7B8-benzoate substituents. Observed values of
the torsion angle C(13)-C(l7)-0(17)-C(n), where C(n) is
the keto carbon, are plotted with 178-acetates on Contour
1, 178-haloacetates on Contour 2, and 178-benzoates on
Contour 3.

Fig. 75. A superposition diagram indicating the range
in conformation observed for 178-haloacetate substituents.
The solid lines are ES02 and the dashed lines are ES1l.



358 CRYSTAL STRUCTURES OF STEROIDS

The l7f-acetate conformations are observed to be
distributed uniformly throughout this 90 deg. range. In
contrast to this, the conformations of 17B-benzoate
substituents are clustered at either extreme of the range.
Although there is someé preference for the extremes of
the range in the 17B8-haloacetate conformations as well,
the more significant feature of their distribution is
a correlation between the C(13)—C(17)-0(17)—C(n) torsion
angle and the torsion angle defining the orientation of
the carbon halogen bond relative to the keto oxygen.

As the acetate orientation varies from antiperiplanar

to clinal relative to the C(13)-C(17) bond the halogen
position relative to the keto moves through 260 deg. from
(-)antiperiplanar to (+)antiperiplanar passing through
the synperiplanar position as illustrated in Figure 76.

120
X 80
g 407
Y 0 +
< 4
G 497 o
T -80
= 1 17)
N -1202* 13
+
']60\v—-ﬁ*IElS1l1llll|rIvlivl]
-180 -160 -140 -120 -90

£ C(13)-C(17)-0(17)-C(n)

Fig. 76. The variation in the halogen orientation re-
lative to the carbonyl is correlated with a change in the
acetate orientation from antiperiplanar to clinal relative
to the C(13)-C(17) bond.

Inspection of the Hodgkin packing notation (8)
included in Table 16 reveals no perceivable pattern in
crystal packing of the l17B-acetate and benzoate derivatives.
The fact that the 15 acetates and 10 haloacetates are
observed in various modifications of eight basic patterns
[0221, 0212, 0122, 0411, 0141, Mabe, Mbca, and Meba)
indicates that the restriction of the acetate orientation
to the observed 90 deg. range is independent of crystal
packing. Furthermore, within this 90 deg. range there is
no apparent correlation between crystal packing and
conformation. For example, the acetate conformations in
the four structures that are packed Obca 411 (AN64,
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AN37, AN33, and ES33) cover most of the observed range.
Finally the crystal packing is totally different in each

of the 178-benzoate structures indicating that the

limited range of observed conformations is not an

artifact of molecular packing. The limited range of acetate
orientations, the even greater conformational preference
exhibited by benzoates, and the intramolecular correlations
in the conformations of the 17-haloacetates further
illustrate the intramolecular control of conformation
largely undisturbed by and independent of variations in
crystal packing.

C. 3p-Acetate and Benzoate Substituents

The 13 structures having bulky 38 substituents
include the seven acetates and six benzoates listed in
Table 17. The orientation of the substituent group
relative to the A ring is defined by the torsion angles
C{2)—=C(3)-0(3)—C(n) and C(4)—<C(3}-0(3)—<C(n), in which
C(n) is the keto carbon. The substituents are observed
to fall into two conformational classes, and representative
examples of conformers A and B are superimposed in
Figure 77. In conformer A, the 0(3)—C(n) bond is trans

Fig. 77. Comparison of the two conformational isomers
(A, dashed lines; B, solid lines) observed for 3B-benzoate
(and acetate) substituents on the steroid A ring.

to C(3)—C(4) and gauche to C(2)—C(3), and in conformer B,
the 0(3)—C{(n) bond is gauche to C(3)-C(4) and trans to
C(2)—C{3). It should be noted that a third conceivable
conformer, one in which the 0(3)—C(n) bond would be
gauche to both C(3)—C(4) and C(2)—C(3), is not observed.
A graph of torsion angles defining the orientation of

the substituent relative to the A ring (Fig. 78) reveals
a greater observed variability in conformers of type B.
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- - 75
c
O - 85—41 8
a - 95~1
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A - 115
o -1254
g - 1354 A
O -145
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<165 T T I T T ] T 1T T L] ] T T

T TI
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£.C(2)-C(3)-0(3)-C(n)

Fig. 78. The conformations of 3R-acetate and 3B-
benzoate derivatives are clustered in two regions. Variance
of conformer A is highly restricted. C(n) is the keto carbon.

The carbonyl conformation is also much more restricted
in conformer A as illustrated in Figure 79. As inspection

14
g B

8 —

L C(3)-0(3)-C(n)-O(n)
IN
1

16 .

75 90 105 120 135 150 1165
LC@)-C(3)-0(3)-C(n)

Fig. 79. The conformations of the carbonyl bond C(n)-
0(n), relative to the C(3)-C(3) bond in thirteen acetate
and benzoate derivatives are seen to be more restricted in
conformers of type A than in type B.

of Table 17 reveals, this difference in flexibility

of the two conformers is not a function of 38 substituent

(acetates versus benzoates), C(5) configuration (5a versus
5-ene), or crystal packing. 3B-Acetate substituents

are equally distributed between conformers A and B,

as are the 3B-benzoate substituents. Conformers A include

both 50 and 5-ene steroids, as do conformers B. Inspection
of the packing notation reveals that the only similarity
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in molecular packing is that in ten of the eleven crystals
there are four molecules in the unit cell. There is

no detectable difference in the packing patterns between
structures of conformers A and conformers B. This
conformational restriction observed in seven structures

in variable crystal environments is an intramolecular
property that is independent of crystal packing and
probably related to the asymmetry of the steroid molecule.

Table 16
Conformations of 178-Acetate and l178-Benzoate Substituents

a. l78-Haloacetates

ES03 AP -178. AC  -107.1 Mb 45°C6o°A3,°121
ANO8 AP ~168, AC -142.7 Ocg°bpg®agg® 221
ES11 AP ~166. AP ~151.6 Mep7°b23°a3,°211
AN34 AP -163.3 AC -91.7 Ocog°b37°%a5,%221
ES20 AP -162. SP ~29.6 0c1,°bg4%ay7°141
AN22 Ap -152.7 aAC ~-105.6 0cy0°agn°byp°221
AN56 AC -138.5 SP ~.6 0byg°ey7°ay 212
ES19 ac -109. AC 103.9 0ayg°C,,°b3g°212
ES02 AC -102.9 sC 72. Ma5°byg°c35°112
AN20 AC -91.4 sp 8.5 0c34°b51°ayp®221

b, 178-Acetates

ANSS AP -173.1 Oy ,°¢,c°b19°212
AN64 AP -168.6 0b3p°C)g°ay4°411
ANS7 AP -161.4 0c4,°bg)°a16°141
AN37 AP -154.4 Obg3°c30°ay4° 411
ES25 AC -147.3 Oaj3°cg®b1p°® 212
AN19 AC -137.7 Mag®c),°by5° 211
AN33 AC -132.5 0byg°c2°a13°411

AN51 AC -130. Oc37°a,.°b31°221
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BrB = bromobenzoate.

(2) C(5) configuration.

(3} The torsion angle C(2)—C(3)-0(3)—C(n) where
C(n) is the keto carbon.

(4) The torsion angle C(4)—C(3)-0(3)—<C(n), where
C(n) is the keto carbon.

(5} C(3)=0(3)—C(n)—0(n), where C(n)—0(n) is the
keto bond.

(6) Modified Hodgkin packing notation.

D. C€(19)-Substituents

Estrogen biosynthesis proceeds via a stepwise enzymic
oxidation of the C{19) methyl of testosterone with the
subsequent breaking of the C(10)—C(19) bond. Consequently,
the conformations of C(19) oxygen-substituted androstanes
are useful for the development of postulated mechanisms of
estrogen biosynthesis.

The conformation about the C(10)—C(19) bond in structures
having oxygen substitution at C(19) are illustrated in
Figure 80. The aldehyde bond eclipses the C(1)-C(10) bond

b) c)
(*} O)
OH e) f)
(o] OH
LR

g) OH

a)

d)

HO

Fig. 80. The conformations of 19-oxo derivatives in
(a) AN6l, (b) AN48, (c) AN55, (d) AN6O, {e) AN5S8, (f) AN54,
and (g) AN65.
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in AN61 and is nearly perpendicular to the C(9)—C(10) bond
in AN48. In both cases, the oxygen is antiperiplanar to
C(10)—C (5). The 19-hydroxyls are also positioned antiperi-
planar to C(10)—C(5) in the saturated structure AN58 and
in the 5-ene structures. In contrast, the 19-hydroxy in
the A%-3-one structure (AN54) is oriented over the A ring.
In the disubstituted 19-methyl-19-hydroxyl-5-ene structure the
oxygen is again antiperiplanar to C(10)-C(5), and the
methyl substituent is over the B ring. The fact that

these observations indicate a highly preferred position
for C(19) oxygen substituents in all but the A%-3-one

case lends credence to the use of the crystallographic
structures in postulating molecular level mechanisms.

VI. INTERMOLECULAR INTERACTION
A. Isomorphic and Polymorphic Forms

There are surprisingly few instances of identical
crystal packing (isomorphism) despite the similarities in
the molecular structures of the estranes, androstanes,
and pregnanes and the fact that 85% of them crystallize
in either the P2,2125 or P2, space groups. On the
contrary, there is an endless variety of packing patterns.
Only through the use of the Hodgkin notation has it been
possible to locate and define subsets of the packing
patterns which are commonly found in many crystal
structures (e.g., the 0212 subset where steroids are
positioned two thick, one wide, and two long in an
orthorhombic lattice). Patterns of extended structure
(chains, coils, planes) are also detected in different
crystal forms. However the total packing is seldom
identical. The ten isomorphous pairs and one isomorphous
triplet among the 164 crystal forms of Table 3 are listed
in Table 18, In six of the isomorphous pairs, the
hydrogen bonding observed in the two structures is
different, indicating that there is no simple correspondence
between hydrogen bonding and crystal packing.

Minor changes in molecular orientation greatly alter
intermolecular contacts. A 15 deg. difference in the orientation
of the steroid axis relative to one of the cell sides is
so magnified by symmetry operations that closest
intermolecular contacts differ substantially. A comparison
of cell dimensions of two structures having similar
gross packing but differing slightly in molecular
orientation (Fig., 81) provides an example of the subtle
differences in crystal packing that alter individual
interatomic interactions. The intermolecular contacts less
than 3.8 & for the two structures are listed in Table
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Fig. 8l1. Although the gross crystal packing in AN14B

(left) is similar to that in AN24, the closest intermolecular
contacts are totally dissimilar (Table 19).

19 and only three similar contacts are observed.

Another important facet of steroid crystal packing
that should be stressed is the fact that flexible steroids
such as estrone, testosterone, and progesterone have
polymorphic forms differing completely in crystal packing
(Fig. 19). It has already been pointed out that the
conformations of the molecules in the polymorphs vary
much less than the crystal packing. The greatest
conformational differences are between independent
molecules in crystals having a doubled asymmetric unit.
Conformations observed in other polymorphs of the same
molecules are observed to match one or the other of the
molecules in the doubled unit.

Despite the similarity in the composition and hydrogen
bonding potential of cortisol (PR15) and its three 9a-halo
derivatives (PR17, PR18, PR19), they have totally
different crystal habits ranging through three crystal
systems. Observations such as this further illustrate
the absence of strong correlations between molecular
composition and crystal packing.
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Table 19.

Comparison of Intermolecular Contacts (<3.8 &)
in the Structures AN14B and AN24

371

Hodgkin Notation
Cell dimensions (X)
a:
b =

e =

Contacts (R)

0D 5 90Cg0% g0

C(3)->0(20)
C(4)->C(18)
C(4)>0(20)
c(6)+C(18)
C(6)+0(3)
C(12)-0(20)
C(15)~0(20)
C(16)~>0(3)
C(16)=0(17)
C(16)>0(20)
C(16)+0(20)
C(17)~0(20)
C(17)~0(20)
C(19)>0(17)
0(3)+0(20)
0(17)-0(20)
0(17)~0(20)

411

DN WWWWWww
e ¢ s e & o + a s »
~
3%

ob

c(l)»>C(6)
C(1)->0(3)
C(2)>0(17)
C(4)~>C(15)
C(4)>C(18)
C(11)~>0(3)
C(16)->0(3)
C(16)>0(17)
C(18)>0(17)
C(19)>0(17)

36°921°%36°

411

3.67
.76
.59
.79
.68
.53
3.44
3.49
3.56
3.49

W wwww

B.

Gross Packing Features

As a result of the great variation in individual

crystals, few generalizations can be drawn from analysis

of the crystal packing patterns. However, some correlations
between conformation and one and two-dimensional extended
structures are observed. Estrane and androstane molecules

having all trans junctions and the 0O(3) and O(17) atoms

equatorially oriented pack in infinite chains aligned

head to tail with adjacent chain links related by cell

translation. The slight bowing of the A ring in 4-androsten-

3-ones causes the chains to twist about an axis parallel
to the molecular length. The increased o face bowing in
structures such as 4-pregnen-3-ones and 1,4-pregnadienes
produces coiled chains of molecules. Hydrogen bonding of

steroids in monoclinic crystals forms one- or two-dimensional
networks (chains and planes, respectively), whereas hydrogen
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bonding in orthorhombic crystals forms three-dimensional
networks as well. Consequently, a steroid having three or
more potential hydrogen bond donors will tend to
crystallize in an orthorhombic space group.

C. Hydrogen Bonding Patterns

The hydrogen bonding patterns of corticosteroid
molecules and analogues indicate a high degree of
directional specificity in the location of hydrogen bond
donors and acceptors (Fig. 82). The 1l1B-hydroxy is

Fig. 82. The directionality of hydrogen bonding is
observed to be dependent upon the conformation of hydroxyl
hydrogen atoms when the steroid is the donor and overall
molecular conformation when the steroid is acceptor.
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consistently hydrogen bonded trans to the C(9)—C(1ll)

bond and the 17a-hydroxyl is consistently hydrogen bonded
trans to the C(13)—C(17) bond. There is also a correlation
between the orientation of the C(3)—0(3) bond and the
location of hydrogen bond donors to that carbonyl. It is
apparent that for a 0.5 3 change in the relative position
of oxygen atom 0(3), the optimum location for a hydrogen
bond donor may vary by as much as 3.0 R. The directionality
of these hydrogen bonds is independent of the external
hydrogen bond acceptor or donor identity. For example,

the 0(11) hydrogen bond acceptors in nine structures include
the 0(3), 0(17), 0(20), 0(21), and F(9) atoms of adjacent
molecules (Fig. 83). This consistency in the directionality

6aF
o21 co

ci2 3
DEX
02
o21A
DEX

020

FeA03 gg_  O17
8aF o o2

Co-CN-ON---X

Fig. 83. The direction of hydrogen bonds involving
O(11) atoms as donors is independent of the acceptor atoms.
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of hydrogen bond donation and acceptance is perhaps the
most important pattern to emerge from the analysis of
intermolecular interactions in steroid crystal structures.
Interaction with the immediate environment is shown to

be independent of crystal packing arrangement and highly
controlled by intramolecular forces.

VII. SUMMARY

The most important features brought to light by
the comparative conformational analysis of steroids based
upon X~-ray observations are summarized below.

1. The conformations of steroids having flexible unsatur-
ated rings and substituents are observed to have characteristic
cluster patterns. These patterns of conformational isomerism
are most apparent in 1,3,5(10)-estratriene structures; 178-
benzoate, 3B-acetate, and 3f-benzoate derivatives; and At-3-
one structures having B~ and C-ring substituents. In three
observations estrone molecules have 7a,8B8 half-chair conforma-
tions that are indistinguishable, whereas a fourth molecule of
estrone is in the 8B sofa conformation. A 2:1 ratio of conformers
is observed for three molecules of each of the structures, 5o-
androstane-3,17-dione and 178-hydroxy-5a-androstan-3-one. The
greatest differences in conformational isomers are found between
two steroids in a crystal having a doubled asymmetric unit. This
clustering of conformations of cocrystallization of significantly
different conformers suggests equal population of the conformers
in the crystallization medium and an appreciable barrier to
interconversion.

2. Substitution will often remove, alter, or limit the
flexibility of a steroid ring or side chain. Although the
testosterone A ring ranges from la,28 half-chair to la sofa
conformations, most B- and C-ring substitutions produce a
clustering about one or the other of these symmetric forms.

For example 9a-halosubstitution stabilizes the la,2B8 half-
chair.

3. In contrast, the conformation of less flexible steroids
will be indistinguishable despite changes in crystal habit. The
conformation of the B ring of estradiol is a distorted 7a,88
half-chair in complexes with water, propanol, and urea.

4. Specific substitutions are observed to have character-
istic effects upon the conformations of flexible rings and
side chains. The stabilization of a nearly perfect half-chair
conformation brought about by 9a-~halo substitution and the
12 deg. shift in the relative orientation of the progesterone
178 side chain caused by l7a-hydroxy substitution are two of
the best examples of these substituent effects that are clearly
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illustrated by the crystal structure data.

5. Correlations between specific substitutions and changes
in bond lengths and valency angles at points distant from the
substituent are discernable in the data. The best example of
these conformational transmission or long-range effects are
illustrated in the significant difference in bond lengths and
valency angles throughout the steroid nucleus observed when
contrasting 4-androsten-3-ones with 4-pregnen-3-ones.

6. Definite patterns are observed in the directionality
of hydrogen bonds. Clearly, the trans orientations of the 118-
hydroxy and l7ac-hydroxy hydrogen bonds in cortisol derivatives
relative to the C(9)-C(1l1l) and C(13)-C(17) bonds, respectively,
are intramolecularly controlled. Consequently, details of
intermolecular interaction in the solid may have parallels at
binding and reactive sites in the biological setting.

7. Molecular packing patterns vary so widely in the 164
crystals that no packing patterns can be associated with a
particular hydrogen-bonding scheme, ring distortion, or sidechain
orientation. This evidence suggests that conformational features
are largely controlled by intramolecular forces rather than by
crystal packing.

The intramolecular control of conformation, the
crystallization of discrete conformational isomers, and
the minimal influence of crystal packing upon conformation
support the contention that the conformations observed
in the solid closely approximate the most probable conforma-
tions regardless of environment. Therefore, crystal
structure determinations provide precisely the information
most useful for the development of models describing the
action of steroids on a molecular level. The conformational
features of stercids elucidated by X-ray analysis have
already been used in a number of studies concerning steroid
conformation and function Zn vivo and in vitro. Ambiguities
in the interpretation of ORD and CD spectral data concerning
the flexible A%-3-one A-ring of substituted testosterone
derivatives have been resolved on the basis of crystallo-
graphically observed conformations (23,72,75). The detailed
stereochemistry of the nucleus and 178 sidechain
conformations of glucocorticoid hormones required for
optimum activity has been elucidated (140,181), and the
structural requirements for estrogenic activity are being
resolved through comparison of the structures of steroidal
and nonsteroidal estrogens (180). Development of a molecular
model for the mechanism of aromatization in which androgen
is transformed to estrogen by human placental aromatase
is being based upon X-ray structure studies (182).

Perhaps the most significant feature brought to light
by this analysis is the existence of significantly different
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conformational isomers of the most active natural steroid
hormones. It is highly probable that this conformational
isomerism facilitates interaction with a number of
different proteins and that for a specific interaction

a particular conformer may be optimal. Furthermore, many
synthetic steroids may have an inflexible conformation
that only competes for one of the protein molecules that
interact with the natural hormone.
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Abbreviations used: CONFO = conformation of
LIS = lanthanide induced shift in (or of)

MS

A ring conformation in steroids, 310, 319,
323,327,330, 338, 359
3B-Acetate conformation, in steroids, 359-
361
2B-Acetoxy-4-androsten-3-one, 325
Acetylenes, 26
Acetylnorbornane, MS, 69
Adenosine isomers, trifluoroacetylated, MS,
65
B-Adenosine-3',5'-phosphate, LIS, 177
Affinity to LSRs, 140
Agreement factor (R), in LIS, 126, 130,
168,178,181, 187, 188
plot versus torsion angle, 168, 173-175,
180
Alcohols, aliphatic, LIS, 163
Aldehydes, a,8-unsaturated, LIS, 162
Aldrindiol, 97
n-Alkanes, interconversion of conformers in,
204
rotation in, 204
Alkoxy radicals, MS, 43, 47
2-Alkylcyclohexanones, conformational free
energy difference in, 184
Allenes, 1,3-disubstituted, 26
Amides groups, cis, 240
cis, trans-isomerization of, 200, 256
trans, rotation, 257
Amides, rotation in, 200, 256
tertiary, LIS, 154
a,8-unsaturated, LIS, 162
Amines, aliphatic, LIS, 163
inversion of, 200
Ammonia, inversion of, 200
Ammonia type, 15
Ampére, A., 12
Androgens, 296, 313
Sa-Androstan-3,17-dione, 347, 348

mass spectrum of

Androstane(s), 57, 290, 318, 330, 349

Androstenes, 318

4-Androsten-3-ones, 318, 320, 371

Annulenes, CONFOQ, 240

Appearance potential, 36,47, 88

Arago, D., 21

Aromatic solvent-induced shift, 113

Arrhenius, S., 2

ASIS, 113

Asymmetric carbon atoms, 26

Asymmetric unit, multiple, 294

Asymmetry parameters, 284

Atomic heat rule, 7

Atomic oscillations, theory of, 20

Atomic theory, 3

Atropisomers, MS, 89, 90

Avogadro, A., 6

Avogadro’s hypothesis, 26

Averaging of calculated LIS, 127

Azabicycloalkenes, MS, 95

6-Aza-bicyclo(3.2.1] octanes, 95

1-Aza-bicyclo[3.3.3] undecane, CONFO,
263

Azacycloalkanes, CONFO, 237

8-Aza-9g-estrene, 310

Azetidines, LIS, 155

B ring conformation, in steroids, 307-309,
334, 335, 339, 345

Barriers, calculations of, 210

Baudrimont, A., 11

Benzaldehyde, elimination of the elements
of, 65

Benzene derivatives, structure of, 19

Benzo group, annelated, 240

3p-Benzoate conformation, in steroids, 360,
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Benzocycloheptenes, CONFQ, 242
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p-Benzoquinone, adducts with bi-1-cyclo-
alken-1-yls, MS, 80
Berthollet, C., 2
Berthollides, 2, 3
Berzelius, J., 2
Bicyclo[4.3.2] deca-2,4,4-trienes, LIS, 156
2-Bicyclo[4.3.1] decen-10-one, MS, 49
Bicyclo[3.1.1] heptane, CONFO, 258
Bicyclo{3.3.1] nonane, LIS, 179
Bicyclo[4.2.1] nonane, LIS, 169
Bicyclo[3.3.1] nonanols, MS, 47
Bicyclo[6.1.0] nona-2 4,6-triene, conforma-
tion of (by LIS), 187
Bicyclo[2.2.2] octane, CONFO, 263
Bicyclo[3.3.3]undecane, CONFO, 263
Bidentate complex, in LIS, 142
Bidentate Eu(dpm) complex, 168
Bidentate LSR-substrate complex, 138
Bigerany! tetrahydrochloride, conformation-
al change in, 205
Bile acids, MS, 55
Binding constant of LSR complex, 144
Biot’s law, 21
Biot, J., 21
Bird’s eye-view drawing, 203
Bis-pentamethylene-s-tetrathiane, CONFO,
237
Blomstrand, C., 28
Boat-boat conformation of trens-decalin,
258
Boat-chair conformation of cyclooctane,
229
Boat conformation, in cis,syn, cis-perhydro-
phenanthrene, 260
in [4.4.4] propellane, 261
in saturated steroids, 342
in tricyclo[4.4.41°¢] tetradeca-3,8,12-
triene, 263
of cycloheptene, 242
of cyclohexane, 200, 328
of cyclohexene, 242
of cis, cis-cycloocta-1,5-diene, 246
of cis, cis, cis-cyclonona-1,4,7-triene, 249
Bond angles, in steroids, variation of, 295
Bond breaking fragmentations, 87
Bond lengths, average, in steroids, 333, 336,
338-340
variation of, 295
Bound chemical shift, 143, 144
Boyle’s law, 6
Broadening abilities of Gd(III), 135
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Broadening of nmr signals by LSR, 133

178-Bromoacetoxy-18,26(1',1'-dichloro)-
ethylene-Sa-androstan-3-one, 286

1-Bromo-2,3-dimethylicyclopropane, 87

5-Bromo-64,19-epoxy-38-hydroxy-Sa-pregnan-
20-one, 347

6a-Bromo-178-hydroxy-17a-methyl4-oxa-
androstan-3-one, 291

12a-Bromo-11g-hydroxyprogesterone, 315

Bromomirestrol, 310, 311

68-Bromoprogesterone, 315

Bunsen, R., 8

2,3-Butanedione, 98

sec-Butanol, MS, 92

Butlerov, A., 18

t-Butylcyclohexanediol, MS, 52

3-t-Butylcyclohexanol, MS, 59

4-t-Butylcyclohexanol, MS, 46, 58, 61

4-t-Butylcyclohexyl methyl ether, MS, 61

4-t-Butylcyciohexyl chloride, MS, 61

5-t-Butylcyclooctanone, CONFO, 232

C(19)-substituents, CONFO, 365
Cacodyl, 8
Caloric, 6
Camphanediol, LIS, 114
Cannizzaro, S., 19
Carbomethoxy group, in MS, 74-77
Carbon dioxide, elimination of, in MS, 77
Carbon monoxide, elimination of, in MS, 90
Carbon tetrabromide, 27
Carbon tetraiodide, 27
Carbonium ions, 36
Carboxylic acids, MS, 71
Carotenoids, 86
Chain molecules, 204
Chair conformation, of cyclohexane, 200,
236

of cycloheptene, 242

of cis, cis-cycloocta-1,5-diene, 247

of trans-decalin, 258

of [4.4.4] propellane, 262

of spiro[5.5] undecane, 264
Charles’ law, 6
Chemical ionization mass spectrometry, 98
Chemical slide rule, 6
3-Chloroalkanoates, MS, 78
3-(p-Chlorophenyl)-3,5,5-trimethylcyclo-

hexanone, LIS, 150

Chlorophyll-a dimer, LIS, 188
N-Chloropiperidine, CONFO, 237
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20-Chloro-5a-pregnane-3g,16g-diol di-p-
promobenzoate, 348
Chloroquine, LIS, 176
58-Cholan-3a-0l, MS, 53, 56, 57
58-Cholanic acid, MS, 56
Cholestan-3-ol, MS, §7
Cholesterol, 278, 296
Cholesteryl iodide, structure of, 279
Circular birefringence, 21
Circular dichroism, 26
Circularly polarized light, 26
Citraconic acid, 27
Cleavage, in mass spectra, 41
simple, of ions, 39
Coalescence temperature, 201
Competition experiments in LIS, 140
Complex binding constants, 183, 184
Complex species, lanthanide, 143
Complexation constant for LSR’s, 139, 140,
143
Complexes of 1,4,7,10-tetraoxacyclodode-
cane, 218
Complexing abilities of functionalities, LIS,
140
Composition, definition of, 274
Computer program, CHEMSHIFT, 125
LISHIFT, 125
MSEARCH, 178
PDIGM, 124,168,172, 181
PSEUDO, 125, 181
Confidence level, 128
Configuration, absolute, correlation of, by
LIS, 154
definition of, 274
cis, trans configuration exchange between
amide groups, 256
Conformation, 203
by LIS analysis, 125, 130
definition of, 274
“ideal,” 284
inverted, 203
molecular, 280
of acetylenic C, unit, 238
of cis double bond, 239
of trans double bond, 250
of steroids with bulky substituents, 289
pseudorated, 203
s-cis, 163
s-trans, 163
Conformational analysis, by LIS, 125, 158
Conformational averaging, in MS, 37, 183

387

Conformational change, caused by LSR, 158
in the solid state, 205
Conformational dependence, of mass spec-
tra, 4244
Conformational energy, 130
Conformational energy minimum, 203
Conformational equilibria, analysis of, by
LIS, 160
Conformational flexibility, 276, 280
in steroids, 342, 345, 374
Conformational free-energy differences, by
LIS, 183
Conformational isomers, in crystals, 294,
359
Conformational transmission, 277, 305,
374,375
Conformer, 203
a,a, 204
a,gt, 204
a,g, 204
g'a, 204
g*g, 204, 205
Constitution, definition of, 274
Contact interaction of lanthanide ions, 135
Contact shift, 115,117, 120, 123
Coordination compounds, 28
Correlation coefficients, 126
Corticoids, 296, 313
Cortisol, 291, 317, 323
Cortisone, 291, 317
Cortisone acetate, 317
Cosmic dissymmetry, 22
Couper, S., 1
Coupling constants, 154
in conformational analysis, 179
in LSR-substrate complexes, 158
Crown conformation, of cyclodecane, 223
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of cis, trans, cis, trans-cyclododeca-1,4,7,10-
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Cyclic tetrapeptides, conformation of, 255
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ring inversion in, 200

LIS structure of, 180
Cyclobut-1-ene-3,4-dicarboxylic acids, 86
Cyclodeca-1,5-diene, CONFO, 252
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1,4-Decalindiol, MS, 62
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1,1-Dibromo-2,3-dimethylcyclopropane, 87
Dicarboxyclic acids, MS, 77
Diels Alder reaction, 82
1,4-Diene-3-one steroids, 326, 327
Diethyl ether, 12
Diethylamine, LIS, 114
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Diethylstilbesterol, 310, 311



SUBJECT INDEX

3,3-Difluorocyclodecene, 254
2,2-Difluorodecalin, CONFQ, 259
3,3-Difluoro[4.4.4] propellane, CONFO,
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Dihydrotestosterone, 345
17a,21-Dihydroxyprogesterone, 317, 351
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1,4-Dimethoxycyclohexane, MS, 62
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1,5-Dimethoxydecalin, MS, 64
N,N-Dimethylamides, barrier to rotation,
161
4 4-Dimethylandrostan-6-one, MS, 70
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Dipolar shift mechanism, 112
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Field desorption mass spectrometry, 52

Field ionization kinetics, 84

Flexibility of steroid structures, 309

Fluorinated LSR, 136

9a-Fluorocortisol, 324

1-Fluorocyclooctene, CONFO, 241

3-Fluoropyridine-Eu(dpm), , contact shifts
in, 119

FOD, 137

2-Formylfuran, LIS, 166
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H-bonded hydroxyl groups, in MS, 98
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at nitrogen, in amines, 200
in ammonia, 200
in azacycloalkanes, 237
Ton cyclotron resonance, 98
Ion intensity and kinetics, 38
Ionization potential, 39
of stereoisomers, 88, 89
a-lonones, MS, 79
de I'Isle, R., 10
Isoestrones, MS, 53
Isomorphism, 366
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4-Pregnen-3-ones, 318, 320, 371
Pr(fod),, 135, 163
Principal magnetic axis, 122
“effective,” 122
Principle of inertia, 16
Principle of minimum structural change, 16
Principle of unripe time, 1
Progesterone, 317
Progestins, 288, 296, 313
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of oxetanes, 182
Pyridine, LIS, 114, 118, 120, 127
Pyrrolinones, LIS, 156
Pyrromethanes, LIS, 172
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Quartz, 21
Quinoline, MS, 95
LIS, 120
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reaction
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Rearrangement fragmentation, 39
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Steroidal 17g-acetates, 354, 358
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olefins, MS, 84
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crystal packing in, 289, 366, 377
crystal structures, list of, 295-302
hydrogen bonding in, 289, 371
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boat conformation in, 342
conformations of, 330
twist conformation in, 331
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224

1,1,4 4-Tetramethylcycloheptane, CONFO,
234

1,1,4,4-Tetramethylcyclononane, CONFO,
229
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X-ray crystal structure studies, 278
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