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INTRODUCTION TO THE SERIES

During the last fifteen years several texts in the areas of stereo-
chemistry and conformational analysis have been published, including
Stereochemistry of Carbon Compounds (Eliel, McGraw-Hill, 1962) and
Conformational Analysis (Eliel, Allinger, Angyal, and Morrison, Inter-
science, 1965). While the writing of these books was stimulated by the
high level of research activity in the area of stereochemistry, 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texts are already inadequate or out of date, although the student of stereo-
chemistry 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 publica-
tions 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 re-
membered, however, that the above-mentioned texts were themselves not
treatises and did not aim at an exhaustive treatment of the field. Thus the
present series has a second purpose, 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 for 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 import 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 stereo-
chemical aspects of inorganic chemistry and biochemistry.

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.
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viii Introduction

We are fortunate in having been able to secure the help of an interna-
tional 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 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.

E. L. Eliel
N. L. Allinger

June 1978



PREFACE

The first of the four chapers in Volume 10, by Benzion Fuchs, is
about the stereochemistry, and, in particular, the conformation of five-
membered rings, both carbocyclic and heterocyclic. In contrast to the cyclo-
hexane ring and its heterocyclic analogs, which lie in deep energy wells
represented by the chair conformations, five-membered rings are known
to be highly mobile, conformationally speaking. It was recognized early
that cyclopentanes are puckered and that there are two nonplanar confor-
mations more symmetrical than the others: the half-chair or C. and the
envelope or C, conformation; it was also recognized that cyclopentane
rapidly “pseudorotates” between these conformations and an infinity of
other, less symmetrical ones. Nevertheless there arose a tendency to over-
interpret the behavior of substituted cyclopentanes or heterocyclopentanes
in terms of the two symmetrical conformations of the parent compound. In
his chapter, Fuchs has critically examined the conformational behavior of
a number of such compounds both on a theoretical and on an experimen-
tal basis, with the emphasis of the experimental work being on spectro-
scopic and diffractional behavior. While the chapter does not purport to
be exhaustive, it hopefully deals with enough systems to allow workers in
the field to generalize the findings to whatever saturated five-member ring
they may have encountered.

Topics in Stereochemistry has sometimes been criticized for its pau-
city of coverage of the extensive field of inorganic stereochemistry. This
has largely not been by choice of the editors, but has resulted from the
difficulty we have encountered in interesting inorganic chemists to con-
tribute to a stereochemistry series in which the emphasis has been on the
organic side. We are constantly endeavoring to correct this situation and
are pleased that, in the present volume, there is a purely inorganic-
stereochemical chapter by Y. Saito concerned with the absolute stereo-
chemistry of chelate complexes. Determining the absolute configuration
of a representative series of chiral compounds is basic to the understand-
ing of any area of stereochemistry; the emphasis in Saito’s chapter is on the
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X Preface

determination of configuration of inorganic complexes, in most cases by
the Bijvoet method (X-ray fluorescence). Saito proceeds to discuss the
correlation of absolute configuration and optical rotatory dispersion (or
circular dichroism), the hope being that the much simpler and quicker
technique of ORD-CD may take the place of the relatively tedious crystal-
lographic determinations of configuration, at least when complexes of
similar structure are compared. This correlation is so much the more im-
portant, since chemical interconversion—so popular in the determination
of configuration of organic compounds—is generally not an available option
for inorganic species which may differ in the nature of the metal as well as
that of the ligand.

The third chapter in this volume, by H. B. Kagan and J. C. Fiaud,
deals with asymmetric synthesis. The topic of asymmetric synthesis was cov-
ered exhaustively in Asymmetric Organic Reactions by J. D. Morrison and
H. S. Mosher in 1971. (The hardback edition of this text is now out of
print, but fortunately, the book has been reprinted as a paperback by the
American Chemical Society.) However, much has happened since 1971—
indeed, the subject of asymmetric synthesis has been a very popular one in
recent years, with one or more articles or communications appearing in
nearly every issue of the major organic journals today. The practical
importance of synthesizing chiral compounds directly (avoiding the need
for resolution) is self-evident and several efficient methods, both chemical
and catalytic, have been developed in recent years (though the literature
also abounds with cases which are clearly of no practical utility). Kagan
and Fiaud have reviewed and organized the various types of syntheses
developed or refined since the appearance of the Morrison-Mosher book
in a chapter containing over 300 references.

The fourth chapter, by G. Sullivan, deals with the determination of
optical purity by chiral shift reagents. In Volume 2 of Topics in Stereo-
chemistry we published a chapter by Raban and Mislow dealing with the
general topic of determination of optical purity; this chapter has now
become the classic in the field. The one important method which it does
not include—because the method had not yet been discovered when the
chapter appeared in 1967—is that involving chiral lanthanide complexes.
Sullivan has discussed this method with special emphasis on the practical
aspects, with the thought that the method will be much used in the future
even by investigators who have little prior experience with the use of
lanthanide shift reagents and that these investigators will appreciate any
help they can get in planning their experiments with maximum oppor-
tunity for success.



Preface xi

We are saddened to have to report the death, on November 13, 1977,
of William Klyne, one of our advisors and one of the world’s experts in the
area of stereochemistry. We shall miss his sage advice and his loyal friend-
ship. This volume is dedicated to his memory.

ERNEST L. ELIEL
NoRMAN L. ALLINGER

Chapel Hill, North Carolina
Athens, Georgia
June 1978
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2 Conformations of Five-Membered Rings

I. PROLOGUE

Next to the six-membered ring, the five-membered one is
probably the most widespread and important building block of
Nature's molecular edifices. Thus one can find the five-member-
ed carbocyclic or heterocyclic ring--substituted or fused,
mobile or rigid--in a variety of natural products and their
synthetic derivatives: steroids (D ring), amino acids (prolines),
carbohydrates (furanosides, dioxolane acetals), mono- and
sesquiterpenoids, cyclitols (five-membered), antibiotics
(sarkomycin), alkaloids (pyrrolidines, pyrrolizidines, tropanes),
prostaglandins, and so forth.

Attempts to tackle the problem of cyclopentane conforma-
tional analysis appeared as early as the early forties and
steadily developed in the direction of theoretical, physical,
and stereochemical studies. This development has been, how-
ever, overshadowed by the extensive treatment given to the
six-membered ring, which led to a tremendous and sophisticated
knowledge of its framework. While much of this information
greatly contributed to the study of other systems, it also
created preconceived notions that became firmly, but not always
justifiably, implanted in extraneous grounds. Indeed, the con-
formational analysis of the five-membered ring turned out to be
much more complicated than had been anticipated, for reasons
elaborated in this chapter.

Some early, general reviews are available (1-3) on the
subject. At present the information on the conformational
analysis of five-membered rings has accumulated to a level that
requires a unified and critical treatment. This is attempted in
the present chapter.

IT. INTRODUCTION

The idea of a nonplanar five-membered ring did not strike
immediate roots in chemical thinking. Even after much and sound
evidence for nonplanarity became available-vide infra-one still
could find in the literature rationalizations invoking planar
cyclopentane. Sometimes this assumption had no immediate bear-
ing on the conclusions (4,10), but other times it led to quite
erroneous results, as in the case of the guantitative relation-
ship between the IR frequency and the H+**°*OH distance in
intramolecular hydrogen bonds (5).

Aston and co-workers (6) were the first to rationalize a
puckered cyclopentane; in a study involving calorimetric
measurement coupled with spectroscopic assignments the planar
form was found to be incompatible with experimental entropy
data. Thus (Table 1), when the entropy was calculated on the
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Entropy of Cyclopentane (ideal gas, 1 atm, 230.00°K)

TABLE 1
(6)

Entropy
Method Symmetry (cal/deg mol)
Calculated Cs (0 =1) 65.65
(from spectroscopic data) Cr (0 =2;4d,1) 65.65
D2n (¢ = 10) 61.08
Experimental
(calorimetry) 65.27 + 0.15
e 3 L

Envelope

"
N
w

(Cs)*
1

%

Half-chair (Cp)*

*The

2

trivial terms envelope (Cs) and half-chair (C;)

originate with Brutcher and co-workers (10). It had also become
customary (2,3,10) to characterize the exocyclic bonds in terms

of axial (a), equatorial

(e), pseudoaxial (a'), pseudoequator-

ial (e'), and bisectional (b) or isoclinal (11). The forms on
the right carry the notation introduced by Bucourt (11) to
describe the ring torsion angles.



4 Conformations of Five-Membered Rings

basis of symmetry number (¢) 1, 2, and 10, only the first two
values agreed with the calorimetric result (6,7). This excludes
the planar form (Dsp, ¢ = 10) and is in accord with the pucker-
ed forms having one carbon out of plane, 1 (Cg, 0 = 1) or two,
one above and the other below the plane, 2 (Cy, 0 = 2) but two
enantiomexs giving an entropy contribution of -R 1ln 2 + R 1n 2
= 0) (6,8). Any attempt to rationalize the conformation of
cyclopentane (and its derivatives) needed to account for its
strain energy of 6.2 kcal/mol (12), that is, the difference in
heat of combustion per CHp as compared to cyclohexane or open-
chain saturated hydrocarbons. Evidently this could not be
related to the small deviation of the bond angles in cyclo-
pentane from the tetrahedral value, and torsional strain, i.e.,
repulsive forces between vicinal bonds, was invoked (6-9) as
being responsible for the strain energy and for the puckering
of the ring.

III. THEORETICAL CONFORMATIONAL ANALYSIS
A. Cyclopentane

A systematic approach to the problem of cyclopentane con-
formational analysis (geometry and energy) was made by Pitzer
and co-workers in a series of pioneering and, to this day,
significant papers (7-9). To account for all experimental re-
sults, namely heat of formation and particularly the different
entropies derived from thermodynamic and spectroscopic measure-
ments, a puckering of the ring had to be assumed (6,8) as well
as the existence of an additional degree of freedom (7-9), in
the form of a rotationof the puckering around the ring. This
internal rotation, characterized by two coordinates, an ampli-
tude of puckering g and a phase angle f, has no angular
momentum associated with it and therefore was defined as a
pseudorotation. Objections against this concept were rejected
later on both theoretical and experimental grounds (vide
infra). A recent chapter (13) on pseudorotation in five-
membered rings provides an excellent account of this phenomenon.

To describe the pseudorotation of puckering, the follow-
ing expression for the perpendicular displacement Zj of the jth
carbon from the plane of the unpuckered ring was proposed (8,9):

1/2
2 = <§> q cos 2(?;‘ * f) (1]

where q is the amplitude and f the phase angle of puckering,
i.e., the normal coordinate of pseudorotation with f = 1m/10
for Cg and £ = (21 + 1)7/20 for Cy (where 1 =10, 1, 2. . .).
The coefficient (2/5)1/2 is a normalization factor that gives
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25=l z% = gz. As f varies from 0 to m the structure goes
tﬁrough all possible Cs and Cp, forms.

The energy of cyclopentane as a function of the degree of
puckering was calculated by Pitzer and Donath (9) with respect
to angle bending strain, torsional strain, and nonbonded
interactions (of the attractive kind only). The calculations
were carried out only on the symmetric C, and Cg forms which,
at a puckering amplitude of 0.48 R, were found to be of lowest
energy, with the envelope form (Cg) preferred by ca. 0.5
kcal/mol, a value that is well within the error of the treat-
ment. As postulated (6,7), the torsion&l strain appears to be
the main factor in this energy scheme. The torsional angles
thus calculated are presented, together with later results
(vide infra), in Table 2.

Starting with a potential function of the type V = 1/2 Vij
(1L + cos ¢ij) (where the position indices 1 and j = 1 + 1 can
take the values 1 to 5), and using the calculated torsional
angles ¢jj (Table 2), the following expression was developed
for the torsional barrier to pseudorotation Cs =+ Cp (9) in
monosubstituted five-membered rings:

AVe = 1.45 Vi, - 0.55 Vo3 - 0.91 Vg, [2]

i.e., cyclopentane itself is a practically free pseudorotator,
since Vi, = Vo3 = V3y = Vethane- (Note that AVe is not the
energy difference between separate potential minima but the
height of the energy barrier restricting pseudorotation.)
Thus, if position one in cyclopentane is substituted, the
barriers are 2.8 kcal/mol except for V), = Vg, yielding for
Cg > Cy

AV, = 1.45 (V12 - Vethane) kcal/mol [3]

Hence, when a position in or on the ring is substituted,
the potential barriers for rotation around the bonds adjacent
to the alterated center change, with corresponding inhibition
of pseudorotation. As these potential barriers (V);) increase
or decrease, the Cs or C, form (each one representing either a
maximum or a minimum in the pseudorotation potential) should
be favored, respectively. Known values of potential barriers
were used in an attempt to evaluate the preferred conformation
of various cyclopentane derivatives; e.g., for methylcyclo-
pentane V), = 3.40 (the torsional barrier of propane) and
AVe = 0.9. Hence a preference for the Cs form was predicted.
On the other hand, for cyclopentanone Vjp = 1.15 (the torsional
barrier in acetaldehyde) and AVe = -2.4; thus a Cp form was
predicted.

The following points emerge from this treatment: (1) The
extent of puckering (i.e., its amplitude) oscillates about a
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Benzion Fuchs 7

stable eguilibrium value (0.48 &) and the puckering rotates
around the ring in a pseudorotation. (2) The energy appears to
depend largely on the degree of puckering but is rather insen-
sitive to change in the phase angle f; i.e., the potential
barriers in the pseudorotation circuit are very small. The
molecule is, consequently, able to invert into its mirror
image without passing through the high-energy [4-5 kcal/mol
(9,20)] planar form. (3) Ten Cs (envelope) and ten C, (half-
chair) forms are available in the whole circuit (Fig. 1).

(4) In the absence of substantial potential-energy barriers,
that is, in cyclopentane, intermediate nonsymmetrical forms

in the pseudorotational itinerary have energies similar to
those of Cs and C;. (5) In monosubstituted cyclopentanes,
conformations obtained by placing the substituent in an un-
symmetrical position (in Cg or C3) have energy values inter-
mediate between those.of the symmetric forms.

In his pioneering molecular mechanics computer calcula-
tions, Hendrickson (14) minimized the total energy of cyclo-
pentane with respect to bond angle strain and nonbonded
interactions with both attractive and repulsive terms, by
defining one dihedral angle and three internal ones, then
varying the latter independently through a range near the
tetrahedral value, until a conformation of minimum energy was
reached for each value of the dihedral angle. Thus no symmetry
restrictions were imposed, and for all values of ¢; below 45°
cyclopentane conformations of similar energy are obtained, the
Cs and Cy forms occurring at the two extremes of this conforma-
tional spectrum (Table 3).

Following this work, more efforts have been devoted to
improve and refine molecular mechanical techniques (15),
the criteria being the duplication and prediction of experi-
mental results, namely, enthalpies of formation as determined
thermochemically and structural properties as found from
X-ray- or electron-diffraction studies.

In their "consistent force field," Lifson and Warshel
(16) use a set of energy functions to calculate equilibrium
conformations, vibrational frequencies, and excess enthalpies,
optimizing the parameters by comparison with a large number
of available experimental data. This turns out to be gratify-
ing for cyclopentane: a reasonable strain energy value is
obtained and a pseudorotational, equipotential (to less than
5 cal/mol) path is calculated by keeping one torsional angle
¢3 constant and minimizing the energy with respect to the
other variables. This was repeated at small intervals of ¢3,
whereby elliptic curves were obtained (Fig. 2) and the inter-
dependency of torsional angles was found to follow an expres-
sion similar to that (vide infra) obtained earliexr by Altona
and co-workers (17) in the framework of extensive investiga-
tive efforts, both experimental and theoretical, on five-
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10 Conformations of Five-Membered Rings
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Fig. 2. Plot of ¢; (i = 1-5) vs. ¢3 in the course of cy-
clopentane pseudorotation (taken from ref. léa by permission).

membered rings, carried out in the Leiden laboratories
(17,19).

These authors (17a,b) plotted the torsional angles ¢q4+i
( = 1-4) against ¢j from Pitzer's (9) and Hendrickson's data
(14) as well as their own standardized experimental data for
steroidal D rings (l7a), obtaining similar graphs (Fig. 3),
that is, nearly perfect ellipses. Analyzing these data, they
found the torsional angles to be interrelated by a function
of type

4 . .,
9541 = ¢g cos(z "I + P); =1, 2,...,5 (4]

where ¢g is the torsional angle for maximum puckering and the
phase angle is 0 £ P £ 2m. Thus alternating Cs and C, forms
exist for evexry P = 1 x 7/10 (1 =0, 1, 2,...) in the course of
the pseudorotation circuit, or in total there are 10 Cg and 10
Cy forms, each form having its mirror image at a distance of
P =1 (c£. Fig. 1).

A useful expression for the phase angle of pseudorotation
P for any ring in a defined pseudorotation circuit, as shown
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Fig. 3. Another representation of the interdependency
of torsional angles during pseudorotation. Thin line, theoret-
ical model of ref. 9; heavy line, theoretical model of ref.
14; dotted line, standard steroid ring D as evaluated in ref.
17a from various X-ray studies (see Sect. IV-C) {(taken from
ref. 1l7a by permission).

in Figure lb, was also derived (l7a,c):

$3 + 95 = ¢ = ¢y

tan P = 3.0777 63

(5]

To deepen the understanding of these phenomena it should
be emphasized that, as a consequence of the puckering, the
bond angles (8) are smaller than the theoretical value (108°).
Their interdependence (9j+1 vs. 07) is indeed described by a
graph similar to that shown in Figure 2, hence by similar
cosine functions. Moreover, since the 8's change with a
periodicity twice that of the torsional angles, a plot of Gj
vs. ¢35 (16,17) yields a graph of Lissajous curves (Figure 4)
from which one can see that the periodical angular change
associated with the pseudorotation lies between ca. 102.5 and
106.5°, the largest internal angle being associated with the
"tip" of the half-chair and the smallest angle with the "flap"
of the envelope. The value of ¢p calculated by Lifson and
Warshel (16) is 42°, as compared to 44° (Hendrickson's value
(14) and 48° [Pitzer and Donath (9)]. The 20 forms (5 enantio-
meric Cp pairs and 10 Cs forms) of cyclopentane are presented
in Figure la, and a portion of the pseudorotational circuit
emphasizing the change in the sign of the torsional angles
when gradually changing the phase angle, that is, moving from
one form (C; or Cg) to another (Cs or C;, respectively), is
depicted in Figure lb.
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Fig. 4. Plot of 8; (i = 1-5) vs. ¢5 during pseudorotation
(taken from ref. 16 by permission).

Allinger and collaborators have used (20a) and later
improved (20b) a force field that yielded good heats of
formation inter alia for cyclopentane and some of its deriva-
tives. The cyclopentane envelope and half-chair emerged as
equienergetic with ¢g = 44° (20) and, interestingly, the
steric energy in either conformer was found to comprise a
ratio of bending, torsional, and van der Waals strain of ca.
1:1:1, in contrast to all other rings. We attribute signific-
ance to this result in explaining cyclopentane behavior.

The striking fact that the same results are obtained from
different sources, that is, force fields with different
potential functions and on the other hand purely structural
data, indicates that the outcome largely reflects the peculiar
geometrical features of the five-membered ring, as contended
by Lifson and Warshel (16) and implied by Altona's group
(17,18), rather than energy arguments. Dunitz (21) has ela-
borated on this aspect, providing mathematical proof of the
empirical expression (eq. (1)) put forward by Pitzer and
co-workers (7-9), showing that, for infinitesimal displace-
ments of a regular pentagon from planarity, a direct linear
relationship between torsion angles and displacements is
obtained, thus allowing the amplitudes and phase angles to
be rigorously derived.

Other interesting points were also stressed (21), such as
the fact that, independently of the phase angle, the algebraic
sum of the torsional angles in the five-membered ring vanishes;
that is, I ¢jk = 0. Furthermore, an approximate method of
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evaluating the puckering amplitude g from a knowledge of bond
or torsion angles was derived (21):

L ¢jk° (deg?) = 6 x 10" g2
and
L 65 (deg) = 240 g? (for 0.1<g<0.3)

Cremer and Pople have most recently (22a) generalized
expression [l] for any ring, in a mathematical formulation
whereby a unique mean plane (z = 0) is defined so that dis-
placements perpendicular to this plane satisfy the following
expression for cyclopentane:

2\1/2 F+d4m(j - 1
zj = <§> g cos —5_5'7———)' [6]
where F in eq. [6] corresponds to 2f in eqg. [l] and there are
10 envelope (Cs) forms, for F = 0, 36, 72°, ..., and 10 half-

chair (C;) forms, for F = 18, 54, 90°. ... One important
feature of this procedure is that it can be readily carried
over to the general five-membered ring with different bond
lengths and angles.

In a recent investigation by Brutcher and Lugar (23),
force-field calculations of cyclopentane using bond~bending,
torsional, and (H, H) nonbonded interactions with apparently
judicious choice of parameters yielded results largely
similar to those of previous methods (Table 2) except for
unusually small bond angles at the "flap" of the envelope
(96.3°) and at the "tip" of the half-chair (102.8°) (cf. Fig.
4 and preceding discussion). Whether and when this is true is
hard to say.

We conclude this section by considering the quantum
mechanical effort that has been invested in cyclopentane
study. It appears that extensive and in-depth investigations
along these lines are still prohibitive and, therefore, only
limited information confirming experimental or molecular
mechanics results is available. Usually, mainly because of the
computational limitations, only the symmetric forms have
been considered. Thus Hoffmann (24) started out by perform-
ing extended Hickel calculations on, strangely, Brutcher's
maximally puckered forms. Nevertheless, a reasonable stability
order {planar < half-chair < envelope) was found; reasonable
results were also obtained in a modified approach of this
type (25).

In another, Hiickel MO approach (26) resonance integrals
between nonneighboring atoms (24) were deleted. Acceptable
relative results were obtained for cyclopentane as well as
for its mono- and dimethyl derivatives.
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Other semiempirical methods such as MINDO (27) were also
used to provide similarly limited information, in particular
on relative energies.

An energy gradient method using extended Hiickel theory
was applied to cyclopentane (28). Good agreement with experi-
mental and molecular mechanical results was obtained, con-
cerning free pseudorotation, puckering amplitudes, and barrier
to planarity. Moreover, the independence of the energy on the
phase angle P was nicely confirmed.

An ab initio calculation was also reported (29), with the
expected relative energies of the symmetric cyclopentane
conformations, but a rather high (8.27 kcal/mol) energy
difference between the puckered and planar forms.

A group theoretical analysis of cycloalkane conformations
has been published (30). A freely pseudorotating cyclopentane
emerged from this approach also.

Finally, in a most recent ab initio MO study (22b) using
a carefully defined geometrical model (22a) (vide supra),
Cremer and Pople studied the potential surfaces in the pseudo-
rotation of five-membered rings. For cyclopentane, equienerget-
ic Cs and C; forms emerge, which are, however, flatter (gy =
0.37 &) than experimental and molecular-mechanics results
indicate. (For barriers to pseudorotation see Fig. 5).

V (¢){kcal/mol)
30—

11

180 200 220 240 260 280 300 320 340 O 20 40 60 80 100 120 140 160 180
¢ (deg)

Fig. 5. Pseudorotation potential calculated (4-31G basis
MO study) for oxolane (1), 1,3-dioxolane (2), and cyclopentanone
(3) (taken from ref. 22b by permission).

B. Substituted Cyclopentanes
The method that Pitzer and Donath (9) used to predict the

conformations of monosubstituted cyclopentanes was outlined in
Sect. III-A). It should, however, be noted that this rational-
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ization, for all its originality, took into account only the
symmetrical Cs and C, forms of the ring and, although the
authors pointed out that intermediate forms exist, some
subsequent workers were biased in discussing conformations of
five-membered rings in terms of symmetrical envelopes and
half-chairs only, without paying due attention to the possible
(and probable) occurrence of intermediate, nonsymmetrical
forms.

Monosubstituted cyclopentanes were initially taken to
exist in the symmetric Cg (envelope) form with the substituent
equatorial on the "flap" of the envelope 3 (9). This was also
the outcome of Allinger's (20) force-field calculation for
methylcyclopentane. Lugar, however, calculated (23) conformation
4 to be most stable, along with envelopes carrying the sub-
stituent in "bisectional" conformation. As the size of the
substituent increased to isopropyl, the equatorial form 3
became favored (23).

R
R = Me (9,20,23)
R = i-Pr {23)
3 R =F (9,34)
R = Cl, Br (32,33)
Me

A similar controversy exists in the 1,3-dimethylcyclo-
pentanes. After configurational reassignment (see Sect. IV-B)
the cis isomer had been concluded to be of lower enthalpy
(12c), and this greater stability was rationalized (9,114)
by invoking a 2,5-diequatorial envelope form 5. Force-field
calculations (20,23), however, indicate that the cis-2,4-
diequatorial half-chair 6 is the lowest form (by ca. 0.3
kcal/mol) over the best choices of the trans form, namely 1,3-
bisectional-equatorial 7 or 2,5-diequatorial 8. The situation
is, therefore, far from being straightforward, and simple-
minded analogies drawn from the six-membered ring behavior
are certainly not desirable. For one reason, as has been
predicted(9), the axial-eqguatorial energy difference should
be smaller in cyclopentane than in cyclohexane [A value (2)].
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Me

Me
Me

Me
Me
Me

Me

This was indeed substantiated in subsequent experimental
investigations (see Sect. IV).

Some simple, Pitzer-type (9,32,33) calculations of halo-
genocyclopentanes have shown low positive potential barriers to
pseudorotation [AVg = 0.7 for F (10) and AVe = 1.1 for Cl and
Br (32,33)], indicating that the corresponding envelope {(Cg)
forms 3 are somewhat preferred. It is, however, agreed that the
energy wells are rather flat and that consequently, a multitude
of conformations may coexist. In a more sophisticated and
recent CNDO/2 study (34) of fluorocyclopentane, a single
minimum pseudorotational potential was again predicted, with
an equatorial fluorine. Altona and co-workers (33) have per-
formed further calculations (based only on torsional and non-
bonded strain terms) on trans-1,2-dichloro- and trans-1, 2-

X X =Cl, Br
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dibromocyclopentanes. The notion of "pseudolibration" was
introduced (33) to describe the oscillation of the puckering
amplitude in a limited phase angle range of an energy minimum
in a restricted pseudorotation. They concluded that the trans-
1,2-dihalogenocyclopentanes occur as diaxial forms 9 (slightly
favored) and 10 with the halogens occupying the most puckered
part of the ring and the pseudorotation barrier being ca. 1.7
kcal/mol. The Leiden group also performed extensive experimental
work on these and related substrates €o substantiate these
findings (cf. Sect. IV-B).

Ouannes and Jacques (39) used a Pitzer-type approach and
a Hendrickson procedure to calculate energies of substituted
cyclopentane and cyclopentanone derivatives. Thus the 20 sym-
metrical forms in the pseudorotational circuit (Fig. 1) were
considered, with the substituents in the different positions
on the ring. Reasonable results were obtained and confirmed
experimentally (Fig. 6; cf. Sect. IV-B.,).

kcal.” mole
- -
o N
T
|

-
N

10

Fig. 6. Pseudorotation potential of 3-methylcyclopentan-
one (solid line), trans=-3-methylcyclopentanol (broken line),
and cis-3-methylcyclopentanol (dotted line) (taken from ref.
39 by permission).

Fuchs and Wechsler (35), who performed energy calculations
for cis- and trans-1,3-dichlorocyclopentanes (using torsional,
nonbonding, and dipole-dipole interaction terms), interpreted
the results in terms of a (Boltzmann) population distribution
of the thermal equilibrium mixtures of all possible Cs and C,
forms in the pseudorotational circuits (Figs. 7 and 8). This
distribution was applied to theoretical dipole moments of all
conformers as well as to coupling constants to yield values
in good agreement with the experimental values for cis-1, 3~
dichlorocyclopentane but more modestly so for the trans isomer.
The results indicate a rather broad energy well for the cis
isomer with conformation XI preferred, together with VIII, IX,
and X (Fig. 7a) and an even flatter potential for the trans
isomer having V at the bottom, accompanied by the I-VIII forms
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Fig. 7. Pseudorotation circuits for cis (a) and trans (b)
1,3-disubstituted cyclopentanes (taken from ref. 35 by permis-

sion).

(Fig. 7b). In both cases intermediate unsymmetrical forms

must exist. These results, in conjunction with those of the
previously described studies as well as a wealth of experiment-
al evidence (vide infra), seem to indicate a complex situation
in simply substituted cyclopentanes, with no exclusively
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Fig. 8. Pseudorotation potential of cis- and trans-1,3-
dichlorocyclopentanes (taken from ref. 35 by permission).

populated conformations. Consequently it was suggested (35)
that to discuss such cases in terms of well-defined "envelopes"
or "half-chairs" with "eqguatorial" or "axial" substituents
probably leads to gross oversimplification and, in the hands of
the uninitiated, to erroneous interpretations.

C. Fused Cyclopentanes

The basic systems that have been theoretically dealt with
in this series are cis-bicyclo[3.1.0)hexane (I1) (37) and cis-
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12
13 14
15 16

17

and trans-bicyclo[3.3.0)Joctane (pentalanes 12, 13) (20,37),
cis- and trans-bicyclo[4.3.0]lnonane (hydrindanes 14, 15) (17,
20,37,38), and cis- and trans-bicyclo[S5.3.0)decane (perhydro-
azulenes 16, 17) (37).

Boyd and co-workers (37) have used force-field calcula-
tions with energy minimization to investigate, among other
compounds, strained cyclic hydrocarbons, the criterion of
success being, as is usually the case, the agreement of cal-
culated heats of formation {hence strain energies) with experi-
mental values (see Table 4 for structural parameters).

Significantly, cyclopentane, as well as some of its
derivatives, seems to present some difficulties in Boyd's work
(37). Although their strain energies generally compare well
with experimental values, trans-pentalane (13) is a notable
exception, the calculated strain energy exceeding by over 6
kcal/mol the experimental value. Also, for the cis isomer 12,
Boyd's valence-force calculations failed to converge, and only
by using a Urey-Bradley force field (37) was reasonable agree-
ment with experiment obtained. It is worth pointing out that
a puckering amplitude of g = 0.38 & [cf. that of ref. (9),
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0.48R) was calculated for cyclopentane. Finally, a number of
calculated geometries (Table 4) are in agreement with other
theoretical as well as experimental findings (cf. Sect. IV-E).
Allinger and co-workers (20) calculated acceptable heats
of formation for trans-pentalane (13) and cis-pentalane (12).
The latter was calculated (20b) to occur as Cy (crown 19) and
Cs (20} conformations in a roughly 1:2 ratio, in agreement with
spectroscopic evidence (vide infra). For hydrindane, the trans
isomer was calculated (no structural details were given) (20a)
to occur in the C; conformation 21 and the cis isomer as 22
with higher enthalpy by 1.66 kcal/mol, which exceeds the exper-

<7~
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22
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imental difference by 0.6 kcal/mol (20). Notably, the Schleyer
force field (15) gives good agreement with experimental
enthalpies of formation for 12 and 13. Bucourt and Hainaut
(38) calculated, inter alia, cis—- and trans-hydrindane geom-
etries by plotting the energies of the six-membered ring in
conjunction with those of the five-membered one with small
torsional gradients. Reasonable structures were obtained al-
though, notably, the torsional angles at the fusion of trans-
hydrindane, which were found to be 70° in the cyclohexane
moiety and 50° in the cyclopentane partner, proved to be in
error for reasons outlined below (cﬁx however refs. 11 and
53).

For the best-known fused cyclopentane system, ring D of
steroids, extensive theoretical and experimental efforts have
yielded a rather detailed understanding of its conformational
features.

Brutcher and Bauer (4la) had adopted essentially a Pitzer-
type approach in evaluating energies, using maximally puckered
cyclopentane models. They defined one of the torsional angles
to be ¢ = 60°, all other geometrical parameters being adjusted
correspondingly by vector analytical techniques. The rationale
of fered for this assumption was the need for fitting the
torsional angles of cyclopentane to that of cyclohexane in
trans-fused six-five systems as in the steroid ring D (41b).

Although Brutcher's approach provided interesting insight
into cyclopentane geometry, the assumption of ¢z = 60°
turned out to be erroneous because (cf. Sect. IV-E) the
deformability of the diequatorial bonds in cyclohexane had
been underestimated. For that reason this approach was
abandoned following a review of X-ray-diffraction data (41lc)
and evidence from other laboratories.

The most informative investigations in this field have
again come from the Leiden group (17,18). As a result of their
detailed steroid structure studies, Altona and co-workers
(17a,b) developed their theoretical description of the five-
membered ring (see Sect. III-A). The maximal torsional angle
in all steroid rings D was found to be ca. 47° and, by using
essentially eq. [4], ring D was calculated to exist only in a
few instances as a C(l4) envelope 23 or a half-chair 25, never
as a C(13) envelope 24. The majority of molecules have ring D
in forms intermediate between envelope and half-chair. As in
trans-hydrindane, pseudorotation is limited to about one tenth
of its phase angle itinerary (360°) because ring C does not
allow the torsional angle at the fusion ¢p (17-13-14-15) to
continue closing. The fact that the Brutcher (41) and Bucourt
(38) assumptions are thus refuted is reasonably explained (17a)
in that trigonal symmetry does not hold, the sum of the tor-
sional angles on each side of the trans junction being smaller
than 120° and dependent on the degree of substitution. Thus,
for example, 2B,3a-dichloro-5a-cholestane 26 has ¢p = 47.0° and
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26 27

¢c = 60.0°, that is, ¢p + ¢¢c = 108.6° and the D ring in a con-
formation intermediate between half-chair and C(13) envelope
(see also Sect., IV-E).

In subsequent valence-force calculations using modified
Allinger (20) and Boyd (37) force fields, Altona reported (18)
on some steroid systems, with calculated parameters in good
agreement with X-ray diffraction results, for example,
androsterone (27) (Table 5) (18). The Allinger force field
itself (40a) yielded satisfactory structures of keto-D-rings
and related hydrindanones. Bucourt and Cohen (36) also performed
successful calculations on related structures.
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26 Conformations of Five-Membered Rings
D. Bridged Cyclopentanes

This type of system is attractive insofar as it apparently
ensures rigidity, thereby offering a testing ground for five-
membered rings of fixed conformation, albeit with considerable
added strain.

The most extensively investigated system of this sort is
undoubtedly norbornane (28) and its various relatives. The two
interlocked cyclopentanes make it particularly interesting.
Early calculations at various levels of sophistication have
been reported (42-44). Recent force field calculations (15,20)
have attained good heats of formation with a bridge bond angle
8 (C1C7Cy) of 93° and Cyyp symmetry.

The latter was confirmed for norbornane or its symmetri-
cally mono- or disubstituted derivatives 29 in valence-force-
field calculations by Altona and Sundaralingam (45). The inter-
esting finding, however, was (45) that an asymmetrically
substituted molecule, for example, 30, may depart from Cjy

R R
7 R
L’ 1)
5 3 R
6 1 '
Rll R
R
28 29 30
(a) R=R' = H; R" = Me R = OH
(b) R' = H; R=R" = Me (@) R' = Me
(¢) R=R" = H; R' = Me (b) R' = CHpNMeBz

symmetry as a result of strain induced by certain substituents,
in two possible modes of twist as exemplified in the projection
formulas 31 and 32 (18,45). Twisting angles of up to 14° were

31 32

calculated and good agreement with X-ray-diffraction data was
obtained (45; see Sect. IV-F).
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E. Cyclopentene (33)

Relatively little theoretical effort has been invested
in this system (46,47,53). It is worth mentioning that it falls
into the category of pseudo-four-membered rings (13) with two
out-of-plane ring puckering modes, one involving twisting around
the double bond and the other an envelope-type ring bending.

0
33 34

Pseudorotation is evidently strongly restricted to the cor-
responding phase angles, the largest ring torsional angle (at
the flap) being calculated to be 20-25° (46,53).

F. Cyclopentanone (34)

This molecule, with its restricted pseudorotation, has
been shown (2) to prefer the Cj (half-chair) conformation by
0.9 kcal/mol. Subsequent analyses of the parent molecule (22,31)
and substituted derivatives (10,39) as well as fused ones (18)
have largely confirmed this feature, and experimental structural
work has substantiated it (Sect. IV-6). As expected, a flat
minimum is indicated with a small puckering amplitude, g = 0.22
R (22).

Allinger and co-workers (40b) have reported interesting
results from their improved force-field calculations on ketones
in general and cyclopentanone in particular. A C,; conformation,
in agreement with experimental structural data, was arrived at
with a 3,22 kcal/mol barrier to pseudorotation,

G. Heterocyclic Five-Membered Rings

As postulated earlier (9), heteroatoms are bound to cause
restriction of pseudorotation in the five-membered ring as a
result of the adjacent nonethanelike torsional barriers (Sect.
III-A). Various investigators have performed more detailed
studies, most of them in connection with spectroscopic work
(13) (see Sect. IV-G).

Oxolane 35a had been predicted, through use of eq. [2] (9),
to be a restricted pseudorotator with a preferred half-chair
(Cy) conformation and a barrier to pseudorotation of 2.5
kcal/mol. Later more sophisticated calculations (22,31) largely
confirmed these findings, as did experiments (Sect. IV-G),
albeit with lower barriers to pseudorotation (Fig. 5). Thus,
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O O/\_/\O O/\_/\S

X

35 36 37
(a) X =0
(b) X = NH
(c) X =8

using a Hendrickson (14) procedure, Seip (48) calculated that

a Cy form was preferred though it is energetically quite close
to a Cg form. The geometrical data were in very bad agreement
with experiment (Sect. IV-G), and we attribute this to the
rather crude parameterization of the force field (48). An ab
initio MO study (22) led to reasonable structures (C, preferred
by less than 1 kcal/mol over Cg with a 1.3 kcal/mol barrier).

Pyrrolidine (35b) was predicted (9) to occur as a Cp; form
with rather low barrier. Very little further information exists.
A theoretical analysis (49) in connection with proline-dimer
conformation appears to lead to similar conclusions.

Thiolane (35c) was initially calculated {(9) to have a
quite restricted pseudorotation (AVg = -3.0 kcal/mol) with a
preferred C; form. A Hendrickson-type calculation (50) similar
to that for 35a (48), yielded reasonable agreement with the
previous results as well as with experiment.

Calculations have also been performed on some dihetero-
and trihetero-substituted five-membered rings. According to an
MO study (22) 1,3-dioxclane (36) has a preferred C» conforma-
tion with low barrier (1 kcal/mol, Fig. 5) and a 0.27 R degree
of puckering. The conformation of 1,3-oxathioclane (37) has been
calculated (51) by energy minimization but using a rather crude
force field (Eg + E¢ + Eyqw), notably without electrostatic-
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interaction terms. Shallow minima were obtained with envelope
conformations having the sulfur atom in position B to the "flap"
and a ca. 3 kcal/mol barrier to pseudorotation.

Various 1,2,3- and 1, 2,4-trioxolanes, (38,39) have been
analyzed. A molecular-mechanics calculation on 39 of the type
mentioned for oxolane (48) showed it to be in a C, form,
although the Cg form was only ca. 1 kcal/mol higher in energy.
A CNDO/2 calculation of the ozonides of type 38 and 39 (52),
performed in connection with olefin ozonization mechanisms, was
reasonably successful (in contrast to EHT). The half-chair 40
was calculated to be the preferred‘conformation for 39, whereas
for 38 two lowest-energy half-chair forms, 41 and 42, were
predicted.

IV. EXPERIMENTAL CONFORMATIONAL ANALYSIS

This section deals with the conformational behavior of
five-membered rings, as determined by various physical methods,
and with the chemical consequences of this behavior.

A. Cyclopentane

It was the early thermodynamic data for cyclopentane
(6,56,57), which were subsequently confirmed and strengthened
(58,59), that led to the interpretation in terms of puckering
(6) and, with the aid also of spectroscopic data, to the post-
ulation of pseudorotation (7-9,13) (cf. Sect. III-A).

The conformation of cyclopentane can be regarded as a
consequence of its out-of-plane ring vibration. Since any
(near-)planar N-membered cyclic molecule has n-3 out-of-plane
ring vibrations, the two associated with cyclopentane can be
described as a radial and a pseudorotational vibration. The
first is in fact the oscillation of the puckering amplitude
associated with the displacement of a ring atom (parallel to
the fivefold axis) about an equilibrium value gg. The second
vibration, however, is unique in that it involves the displace-
ment of successive atoms in a wavelike motion around the ring.
The out-of-plane displacement of an atom j is, therefore,
associated with the amplitude gy and a phase angle f, as
expressed in eq. [1l] (7). The actual out-of-plane displacement
was assigned a vibration of fundamental frequency vg = 288 cm~!
(Raman line), whereas the pseudorotation, whose energy levels
are given by

n?p?
E = En_ZmTZ =n?B (n = 0,%1,+2) (7]
was considered equivalent to a real rotation of frequency
around 165 cm~! (7-9).
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Objections to pseudorotation (60-62) were soon overcome
through heat-capacity studies (58,59) and, although some
further Raman studies (63) were inconclusive concerning
pseudorotation, a mid-IR spectral study (33-4000 em~1l) (64)
provided evidence for pseudorotational structure in a CHp
deformation band at 1460 cm~% A constant B of 2.54 cm~! was
obtained leading to gqgp = 0.48 &, in excellent agreement with
the early value (9). IR and Raman selection rules leading to
consistent assignments were subsequently deduced (65), and
recalculation (66) of energy levels actually led to an
identical value of gg (0.48 &) and to a barrier to planarity of
ca. 5.52 kcal/mol, slightly higher than the Pitzer and Donath
value (4.80 kcal/mol).

The value for gy = 0.47 & was reconfirmed in a Raman
spectral study of gaseous cyclopentane (67) using a per-
turbation technique (68). The barrier to planarity was also
evaluated as 5.21 kcal/mol, again in excellent agreement with
calculated values (9,14,16).

Turning to electron diffraction (ED), after a number of
early investigations (70-72), a recent study (73) is very
informative and instructive concerning the structure and con-
formation of cyclopentane. Thus an equilibrium puckering ge
= 0.438 R was obtained (and defended), significantly lower
than the spectroscopic values and some calculated ones
(Table 6). A rationale was offered (73) for this discrepancy,
but in view of the more accurate recent spectroscopical results
(67) the matter is not settled.

TABLE 6
Ring Puckering Amplitude in Cyclopentane (g, &)

Calculated: 0.427 (16); 0.49 (14); 0.44 (17); 0.42 (23)
Spectroscopic: 0.479 (64), 0.48 (66), 0.47 (67)
Thermodynamic: 0.48 (9)

Electron diffraction: 0.438 (73)

Another interesting feature (73) is the significant
lengthening of the C-C bond in cyclopentane (1.546 2) as com-
pared to those in n-alkanes (1.533 R). This was rationalized
(73) as being caused by increased nonbonded repulsion between
carbon atoms, the mean nonbonded C-C distance being 2.444 R in
cyclopentane vs. 2.545 R in n-alkanes, and by bond-bond
repulsion encountered during or near eclipsing. The geometrical
parameters of cyclopentane as calculated in this ED study (73)
are presented in Table 7.

It is now widely accepted that NMR spectroscopy is the
most informative spectroscopic method in both static and
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dynamic conformational analysis. The five-membered ring is no
exception to this assertion although there are some reserva-
tions.

Cyclopentane itself exhibits, as expected, a singlet at
1.51 ppm (CCly) (74). It stands to reason that no DNMR study
is possible in this case due to the low barrier (near kT) to
pseudorotation (vide supra) (69). Another primary objective is,
however, correlation of vicinal coupling constants with dihedral
angles. This has been attempted on cyclopentane or, rather, on
1,1,2,2,3,3-cyclopentane-dg (43) (as well as some substituted
derivatives) (75), by measuring 13c_gatellite spectra with
deuterium decoupling. Thus an AA'BB' spectrum of 43 was obtain-

Dj
Dy Dy
H H_,
A HBHA' B
43

ed and analyzed by interative simulation techniques. The
coupling constants thus derived were Jiyans = 6.30 Hz and Jcig
= 7.90 Hz. The problem was now approached using the R-value
method, which is summarized in Figure 9 and which has been
used with considerahle success in six-membered rings (76,77)
and some larger rings as well (75). As is evident from Figure
9, the main advantage of using R is that one does not need to
be concerned with the Karplus constant A because it is canceled
out (75). Unfortunately the result for cyclopentane is R = 0.80,
indicating an average dihedral angle of 40° in contrast to the
experimental ED value (73) or the calculated (14) value of 27°
(73). This failure was tentatively but reasonably attributed

to the breakdown of the threefold symmetry of projection

angles in cyclopentane, that is, to appreciable deviation of x
from 120° (Fig. 9) (cf. Sect. III-C for a similar argument in
fused systems).

The effort (75) was, however, not in vain, since one can
reasen back that the change in x influences Jgrans but has no
effect on J ijg = A cos?¢. Hence a value of A = 9.95 is extract~
ed by using this relation and the average ¢ of 27° (73,14).

Use of this A constant in other systems led to torsiocnal angles
that are in fair agreement with known values (vide infra).

In a similar, independent study Lipnick (78) used deuter-
ated cyclopentanes for NMR analysis. For 43, at room tempera-
ture, he quotes (78a) Jtrans = 6.33 Hz and Jcig = 8.18 Hz and
substitutes the resulting Rexp = 0.77 for an expectation ratio
<R> correlated to the maximal torsional angle (¢m) via an
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Fig. 9. Newman projection of a CH;-CHR grouping in a
cyclopentane derivative, with expressions for the torsion
angles, 3J, and R for the general case, and for X = 120°
(taken from ref. 35 by permission).

3JHH 2 A cos?¢ (Karplus)

bag = x * ¥ 2 2

R = Jtrans _ Blcos(x + ¥) + cos“(x - ¥)]
bee = X — ¥ Jcis cos?y
bae = bea = ¥ = L - cosx .k

¥ arc cos [2(R — cosZXﬂ

P 120° R 3 - 2 cos?y and ¥

= =7 =
or X 4 coscY

3 %
arc cos [2 s 4R]

equation of type [4]. Unfortunately the result (¢p = 60°) is
again in poor agreement with experiment, probably because here
also a projection angle of 120° was assumed. It might be
expected that, once this assumption is disposed with, reasonable
results would be obtained.

B. Substituted Cyclopentanes

In this class the halogenocyclopentanes in particular
have received early and considerable attention.

As mentioned in Sect. III-B, simple calculations for
monohalogenocyclopentanes (9,32,33) had led to the conclusion
that the barriers to pseudorotation should be small (ca. 1
kcal/mol) and that a multitude of conformations may exist. The
IR (32,79) and Raman(79) spectra have been analyzed. The Brussels
group (32), in a liquid-phase study, emphasized the diffuse
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character of the v (C-X) bands (582 em~! for x = Cl1, 512 em~! for
Br, and 475 cm~! for I, and of the band in the 600-700 cm™!
region., These bands sharpen somewhat in the solid. They reason-
ably attributed this observation to the large number of confor-
mations that must exist as a consequence of the low pseudorota-
tion barriers.

The Leiden group, however, interpreted their findings
(Table 8) by suggesting that the C-Cl(Br) stretching frequencies
indicate a preponderance of axial halogen, albeit with a con-
siderable amplitude of pseudolibration. Simple (Karplus-type)
NMR considerations appeared to support this contention (79).

Fkejiuba and Hallam (81) have performed IR and Raman
spectroscopic phase~dependence studies on all halogenocyclo-
pentanes in the 4000-200 cm~! region as well as temperature-
and solvent-dependence studies in the IR (800-400 cm‘l,
1200-950 cm~!) (Table 8). From low-temperature spectra they
assigned the v (C-X) doublets of the fluoride and chloride to
axial and equatorial conformers, with the former predominating,
whereas the bromide and iodide allegedly occur as axial con-
formers only.

The Durig group (82) also dealt with chloro- and bromo-
cyclopentane in phase-dependent IR and Raman (33-400 em™ 1)
spectra., In this range the radial (ring-puckering) modes are
seen in the liquids as doublets (268 and 195 em~! for RC1,

231 and 190 cm~! for RBr) that reduce to singlets in the solid
(174 cm~! for R Cl, 152 cm™} for RBr). The C-X bending modes
similarly occur as doublets that reduce to singlets in the solid.
It is again concluded that two types of conformers exist, equa-
torial and axial, with the latter preferved (and exclusive in
the solid); low barriers to pseudorotation are reaffirmed (82a).

An exclusive axial conformation has been assigned to the
chorine in solid chlorocyclopentane (at 77°K), by comparing
the experimental (584 em~l) and calculated (585.4 cm™’) C-Cl
stretching frequencies for a Cg (envelope) form with axial Cl
at the flap (83).

Fluorocyclopentane has been further investigated both
by vibrational (84) and NMR spectroscopy (85). The IR and
Raman spectra (1300-1330 em™l) revealed an unsplit absorption
at 972 cm~! (cf£. Table 8) and radial and pseudorotational
modes which indicate a low (<1 kcal/mol) barrier. The NMR
spectrum is interpreted in terms of a single minimum pseudo-
rotational potential, apparently with equatorial fluorine, as
theoretically predicted (34) and in contrast to the other
halogenocyclopentanes. The argument rests on the fact that in
temperature-dependent spectra the signal width of both 19p ang
the a-proton remain unchanged over a +100 to -112°C range. In
chloro-, bromo-, and iodocyclopentane considerable line-width
narrowing occurs upon cooling, which is taken to confirm an
axial conformation,

As matters stand it might appear that the conformation of
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halogenocyclopentanes is fairly well understood. We feel,
however, that this state of affairs has been overinterpreted
on various occasions, as for example in the assertion that
"most investigators agree that the chloro-, bromo-, and iodo-
cyclopentane molecules are bent, with the halide in the axial
position of the flap" (85).

It appears that these conclusions and assignments should
be regarded and used with caution. The terms "axial" and
"equatorial," in the context of conformational analysis of
flexible five-membered ring compounds, have qualitative mean-
ing at best and, in our opinion, should be taken to represent
a range of phase angles in the pseudorotational circuit: the
lighter the substitution, the larger this range of "pseudo-
libration" (33).

An attempt at quantitative analysis of the conformation
of monosubstituted and 1,l-disubstituted cyclopentanes by NMR
spectroscopy of specifically deuterated derivatives has been
published (78). For all the careful and considerable experi-
mental effort, the approach via the R-value method is plagued
by the assumption that the projection angles are 120° (vide
supra). Nevertheless some significant results were obtained.
Thus the deuterium decoupled AA'BB' spectra of 44 (R = OH, OAc,

R
Dy 12
g H.  H &3
B A'
44

Cl, Br, Ph) as well as those of some 1,l-disubstituted
derivatives were analyzed, some of them as a function of
temperature, and data on chemical shifts and coupling constants
were obtained. The expression for R as defined in Figure 9
(76,77) (with § = 120°!) was used to obtain an average torsional
angle ¢3v in the range 32 to 40° for all the above substrates.
This was taken to indicate almost free pseudorotation with only
slight preference for envelope like conformations, which is
probably correct qualitatively even though the above numerical
result is unwarranted (75). A detailed study in this series was
made of methylcyclopentane (78c), for which the experimental
vicinal couplings were compared with those calculated for the
whole pseudorotational circuit (still assuming ¢ = 120°). A
restricted pseudorotation circuit was deduced with a number of
preferred conformations having equatorially bonded methyl.

Attempts to investigate the conformation of cyclopentanol
and derivatives have been made by examining the behavior of



Benzion Fuchs 37

the C-0 stretching bands around 1000 cm~! (86-88). The
approaches consisted in inducing shifts of the C~OH absorption
bands by varying solvent polarity (87) or by using gaseous HC1
in an inert solvent to form the oxonium species C-OHp (86);
tentative conformational assignments were then made (86,87).
The results, however, were subsequently shown (88) to be
internally inconsistent, since the shifts were rather erratic.

Another approach was based on the absorptions in the O-H
stretching frequency region, in a study of temperature, solvent,
and concentration dependence. Thus cyclopentanol was reported
(89) to give a rather poorly resolved doublet at 3630 and
3626 am!, assigned to the equatorial and axial hydroxyl with
the former predominant. It is, however, doubtful that this
method can be of general diagnostic value.

For disubstituted cyclopentanes, a large amount of
information is available to be put together to give a unified
picture.

It is perhaps adequate at this point to mention early
contributions, mainly of a sterochemical nature. Thus Chiurdoglu
(90) has synthesized and attempted to differentiate according
to chemical behavior a number of stereoisomeric 1,2-dialkyl-
cyclopentanes. Vavon and co-workers (91) have studied stereo-
isomeric 2-substituted cyclopentanols, and have concluded from
chemical equilibrium studies that the trans isomers are thermo-
dynamically more stable and that they are more slowly oxidized
by chromic acid. This is, of course, in good agreement with
results in six-membered rings and straightforward to interpret.

Hickel and co-workers (86,92-94) were among the first to
investigate the influence of cyclopentane conformation on the
chemical behavior of its derivatives. They were soon driven to
the disappointing statement that "Konstellationsunterschiede
gibt es in der Cyclopentanreihe nicht" (92) and that the con-
figuration of the stereoisomers directs the outcome of reactions
such as the solvolysis of tosylates (93).

In 1,2-dialkylcyclopentanes the trans isomers appear to be
thermodynamically preferred (96). Thus for cis < trans-1,2-
dimethylcyclopentane, AG° lies in the range -1.73 to -1.94
kcal/mol (97,98). The same trend has been found for the 1,2-
dicarbomethoxy- (99) and 1,2-diphenylcyclopentanes (100).

There is little doubt that this preference for the 1,2-trans
geometry stems from vicinal steric interference of substituents
and not from ring-conformational effects.

In this series vicinal dihalogen cyclopentane derivaiives
also have received much attention. Thus in Brutcher's group
(101) the dipole moments of cis-1,2-dibromo- and cis-l-chloro-
2-bromocyclopentane were measured (Table 9) and compared with
calculated values for model C; and Cg molecules of Pitzer and
Donath-type (9) geometry having the two cis-vicinal halogens in
various positions on the ring. The apparent torsional angles for
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the cis-1,2-dibromo- and cis-l-chloro-2-bromo-derivatives were
calculated as 59 * 2° and 56 * 2°; when strain energy (torsional
and nonbonded) was taken into account to eliminate high-energy
forms, conformations 45 and 46 [(@) ¥ = 2.90 D; (b) u = 2.99 D]
were deduced, with a slight preference for 45.

Y

45 46

(a) X
(b) X

Y = Br
Cl; Y = Br

Essentially similar approaches were used by many sub-
sequent investigators with added refinements or other support-
ing methods. The Leiden group dealt extensively with the trans-
1, 2-dihalogenocyclopentanes. We have already mentioned (Sect.
III-B) their theoretical calculations relating to this system
(33). Experimental dipole moments (Table 9) were compared (103)
with calculated ones for the various trans-1,2 positions in Cg,
and the results were taken to indicate a solvent-dependent
equilibrium aa 2 ee, with the former, diaxial conformations
9 and 10 strongly preferred (especially when X = Br). When an
empirically adjusted Karplus relationship was used with NMR
measurements and calculated coupling constants, these assign-
ments seemed to be confirmed. The authors, however, caution
(103) against overlooking the relatively low pseudorotational
barriers of this still flexible system.

In this framework the same group (104) found a correlation
between dipole moments u and vicinal coupling constants J of
the form

du? _ (ude - uda) (8]

dJ (Jee - Jaa)

(where the subscript ee and aa refer to vicinal diequatorial
and diaxial substituents, respectively).

Thus, for a series of conformationally inverting ring
compounds having similar polar substituents and similar
geometry, such as the series just described, this correlation
is linear. The method appears useful in providing a test for



40 Conformations of Five-~Membered Rings

isogeometry of a series of compounds and making possible the
evaluation of Karplus constants and conformational equilibrium
constants for compounds in such series. However, little use
was made of it, probably because a large number of compounds
and parameters are necessary to ensure reliability.

The above-mentioned assignment of predominant diaxial
forms 9 and 10 for the trans-1,2-dihalogenocyclopentanes has
apparently also withstood an IR and Raman spectral examination
(105,106) with the only additional provision that the dichloro
derivative seems to undergo enhanced pseudolibration over a
continuum of forms, more so than was previously thought.

Trihalogenocyclopentanes were also investigated, namely
1,1,2-trichloro-l-chlorocyclopentane (107a,108) and trans-1,2-
dibromo-l-chlorocyclopentane (107b,108), using IR (107) and NMR
spectroscopy (108) as well as dipole moment correlation for the
latter. The data appear to indicate a conformational equilibrium
with preponderance of polar forms (107). These were assigned
the diequatorial conformations 47 and 48 (108).

X

47 48

All these assignments are of a qualitative character [cf.
also (118) for NMR spectral data on 2-hydroxycyclopentane-
carboxylic acid derivatives] and should only be used to describe
certain trends in spatial arrangement, in constrast to the
well-defined meaning of such assignments in six-membered rings.
Only quantitative methods of structural study can provide
accurate data for flexible five-membered rings.

One such investigation is the three-dimensicnal X-ray-
diffraction study of racemic and optically active trans-1,2-
cyclopentanedicarboxylic acids (49) (109). The results (Fig.
10) are very interesting because they provide not only
accurate geometrical parameters but also excellent agreement
of the latter with theoretical approaches (14). The racemic
pair occurs in a half-chair (C;) conformation with ¢y = 40°,
whereas the optically active form is very close to an envelope
with ¢g = 41°.

An X-ray-diffraction study coupled with an ESR investigation
of cyclopentane-1,l-dicarboxylic acid(50) (110) showed that the



o(1) 0(2) 0(4) 0(3)

B (optically active)

Fig. 10. Geometry of trans-1,2-cyclopentanedicarboxylic
acid as obtained from X-ray studies (taken from ref. 109 by
permission).
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HO,C COyH

v
A
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/

HO,C  COoH

49 50 51

3-carbon atom undergoes rapid thermal movement, an interesting
case of pseudolibration (33) occurring even in the solid. On
the other hand phenylcyclopentane-l-carboxylic acid (51) was
found (111) to exist in the crystal as a rigid five-membered
ring of intermediate gecometry between C; and Cg with gy = 0.42
R. The torsional angles in 51 (1ll) compare well with those
calculated by Adams and co-workers (73) for a phase angle P =
10° (cf. eg [4] albeit with gg = 0.435 §.

We turn now to 1,3-disubstituted cyclopentanes, an inter-
esting class of derivatives from the point of view of stereo-
chemistry and conformational analysis.

The stereoisomeric 1,3-dimethylcyclopentanes had become
notorious for the ambiguities encountered in their behavior;
stereospecific synthesis has led to reversal of their original
configurational assignments (112) and the cis isomer thus
turned out to have a lower heat content (97), in disaccord
with the Auwers-Skita rule (2,113). This apparently abnormal
behavior has been rationalized (114,113b,c) by invoking a cis-
diequatorial conformation (114,9), but much later theoretical
calculations (cf. Sect. III-B) have shown that other forms are
equally possible.

Another case of mistaken assignment is that of the stereo-
isomeric 1,3-dihydroxycyclopentanes. The original assignments
(115) had to be reversed subsequently (116,117).

Fuchs and Haber (119,88,120) have initiated a study of
1,3-disubstituted cyclopentanes, reasoning that in these mole-
cules spurious steric interference should be at a minimum (in
contrast with 1,2-disubstituted compounds) and ring conforma-
tional effects should come into play in accounting for physical
and chemical behavior.

Various cyclopentanols substituted in the 3- and 3,4-
positions (88,119-123) as well as other 1,3-disubstituted
cyclopentanes (35,36,125-128) have been studied using NMR
spectroscopy (88,121,35), dipole moments (35), CrO3 oxidation
kinetics (120-123), relative stabilities of stereoisomers
(120,122,124), and chemical behavior (120,122,126,127).

The following conclusions were reached: (1) NMR chemical
shifts of methyls in 3-position show practically no(through
space) deshielding effects by cis-hydroxyl as expected (88);
(2) CrO3 oxidation rates (Table 10) are extremely close for
cis-trans isomers, and the most crowded 3,3,4,4-tetramethyl-
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cyclopentanol is oxidized 8 times faster than cyclopentanol

as compared to a factor of ca. 50 for 3,3,5-trimethylcyclo-
hexanol vs. cyclohexanol (123); (3) stereoisomeric pairs of
1,3-disubstituted cyclopentanes (35,88,94,119-126) exhibit
very similar physical properties (boiling points, refractive
indices, IR and NMR spectra, GLPC retention times), so much so
that they are extremely difficult to analyze and to separate;
(4) relative cis-trans stabilities are close to 1 (Table 11),
the free energies being near zero in slight favor of the trans
epimers (except for the 1,3-dimethyl derivative); (5) acetolysis
rates are strikingly similar for stereoisomeric tosylates
(94,127,128) as well as similar to cyclopentyl tosylate itself
(Table 12). .

TABLE 12
Acetolysis Rates of 3-Substituted Cyclopentyl Tosylates

Tosylate Relative rate Reference
Cyclopentyl 184-¢ 127,128
3-Methyl (cisttrans) 0.91% 127
cis-3-t-Butyl 1.18b 127
trans-3-t-Butyl 1.11b 127
3,3-Dimethyl 0.81% 128

AThe relative rates were calculated separately for each
investigation.

bysec.

€e5°C.

All these results must certainly be manifestations of
the flexibility of the five-membered ring and can be explained
(123-35) by its tendency to minimize nonbonded interactions
and its ability to do so by pseudorotational movement, thereby
smoothly distributing the strain through small torsional and
valency angle changes.

It is interesting that even the well-known conformation
fixator, the t-butyl group, (2,3) exercises no appreciable
physicochemical effect on remote substituents on the ring in
appropriately substituted cyclopentane derivatives (Tables
10-12) (see also ref. 18). However, it has been calculated (23)
that a t-butyl group actually effectively inhibits pseudo-
rotation and distorts the ring badly both by flattening it and
by changing its bond angles.

The 1,3-dichlorocyclopentanes serve to confirm some of
these points. In a study of experimental (Table 9) vs. theo-
retical dipole moments (35) the latter were submitted to a
Boltzmann distribution as obtained from energy calculations
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(cf. Sect. III-B). The same treatment was given the theoreti-
cal NMR coupling constants for the grouping -CHC1l-CH,-CHC1-,
which were calculated using a Karplus relationship (cf. Fig.

9) for all appropriate dihedral angles in the pseudorotational
circuit (Fig. 7). Good agreement between such calculated values
and observed ones was obtained for the cis isomer, and modest
agreement for the trans isomer. The overall picture is, however,
one of a multitude of conformations existing in a shallow
minimum for the cis and an even flatter double minimum for the
trans isomer.

C. Cyclopentanone and Derivatives

Many spectroscopic studies of cyclopentanone have been
reported (128-134) but only those of immediate conformational
relevancy are discussed here.

It should be recalled that theoretical considerations
indicate preference of the half-chair (Cy) form with restricted
pseudorotation and AV, = -2.4 kcal/mol (9) or, from molecular
mechanics, 3.22 kcal/mol (40). Indeed far-IR and Raman
spectroscopic studies indicate pseudorotation barriers in this
range, namely, 2.8 * 0.7 (129), 3.72 (130), and 2.15 kcal/mol
(131) (cf. also Fig. 6). Similar conclusions can be drawn from
various other recent vibrational spectroscopic investigations
(132-134,67,68) although some authors (132) derived selection
rules by treating the molecule as a dynamic C,y system that
undergoes continuous change, via a quasi-equipotential path,
between two limiting C, forms. Early microwave studies (136,
137) indicated a puckered and pseudorotating cyclopentanone,
and a more recent study (138) confirmed a twisted C, conforma-
tion 52.

The most informative recent work on cyclopentanone is an
ED study (139), fxom which a value of gg = 0.38 R (corresponding
to a maximal torsion angle ¢g = 37.2°) was extracted, flatter
than cyclopentane itself as expected (40). Internal bond and
torsional angles are depicted in formula 52.

Accurate geometrical parameters for an interesting
related compound, chiral spiro(4,4)nonane-1,6-dione (53)

53
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(b)

Fig. 11. Experimental (X-ray) (a) and calculated (val-
ence-force) (b) geometries of (S)-(-)-spiro[4.4)nonane-1,6-
dicne {(taken from ref. 140 by permission).
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were obtained (140) from an X-ray analysis (and valence-force
calculation). The structural parameters are given in Figure
11, from which one sees that both rings adopt a conformation
intermediate between envelope and half-chair but closer to the
latter.

Early NMR studies on cyclopentanone were largely incon-
clusive as to its conformation in solution (74,141). Recently
attempts to approach the problem using the R value method
(75,78) failed quantitatively although a C, conformation could
be deduced. On the other hand a Karplus approach (75) led to a
calculated torsional angle ¢y = 34.5°, in fair agreement with
the accepted experimental value of 37.4° (139).

For substituted cyclopentanones ORD (142) and CD (143)
measurements on mono- and polysubstituted cyclopentanones
yielded clear-cut, albeit qualitative, confirmation of the
existence of an equilibrium mixture of several preferred
conformations as previously calculated (39). Even the intro-
duction of a t-butyl group (144) has no influence on the
conformational flexibility of the ring as indicated by ORD and
CD studies (144).

trans-3,4-Dimethylcyclopentanone has been studied both by
vibrational (IR and Raman) (145) and NMR spectroscopy (146).
While the former method pointed to a C, conformation (145), the
latter indicated a net preference of diequatorial methyl groups
as in 54 (146-148).

The same trend toward half-chair conformation was found
for a-halocyclopentancnes in an attempted quantitative treat-
ment {(l0) of the well-known bathochromic carbonyl shift (149).
In conjunction with dipole moments the results were taken to
indicate (10) a half-chair form, 55. A UV study (150) was less
convincing.

Ccl
Me o)

Me

54 55 56

The trend toward flattening in cyclopentanones culminates
in 3,3,5,5-tetramethylcyclopentane-1,2-dione (56), which was
shown, by X-ray diffraction, to be essentially planar (151).
On the other hand cyclopenten-3-ones were shown (149) to be
nonplanar,
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D. Cyclopentene and Derivatives

We do not dwell on the topic of vibrational spectroscopy
of this system, since it has been recently and competently
reviewed in the class of pseudo-four-membered rings (152). What
appears clear is that these compounds, and specifically cyclo-
pentene, occur as severely restricted pseudorotators in an
envelope form, with a flap inversion barrier of <1 kcal/mol.

Microwave (MW) spectra qualitatively confirm this
situation (153,154) and lead to an estimate of the puckering
(out-of-plane) angle of 22 + 2°.

ED studies (155) indicate a puckering angle of 29 + 2,5°
and the following internal bond angles for 33: 6, = 104.0°,

83 = 103.0°, and 8; = 111.0°.

Attempts to gain conformational information from vinyl-
allylic proton spin coupling were only qualitatively success-
ful (156). Various 3,5-substituted derivatives of 33 were also
examined by NMR. Envelope conformations were largely confirmed
(158,157), with a value for tthe puckering angle in 33 of ca.
21°, and in cis-3,5-dibromocyclopentene of ca. 19° (158); higher
values were proposed for other substituted cyclopentenes (157).
Among the benzocyclopentenes l-mono- and 1,2-disubstituted
indanes have been investigated, mainly through NMR spectro-
scopy (159), with support from dipole moment measurements and
IR and Raman spectroscopy (159b). The trans-1,2-dihalogen
compounds 57 seem to prefer "diaxial" conformations (15%a,b).
The epimeric l-indanols have also been studied (159¢).

e X

57

E. Fused Systems

The simplest system in this series is, of course,
bicyclo[3.1.0]lhexane (I1l). Its basic conformation is imposed
to the extent that the fusion must be cis and the five-
membered ring constrained to an envelope, but it can, in
principle, choose between a chair or a boat conformation. It
turns out that the latter is the actual form of occurrence for
virtually all derivatives (58-65) that have been investigated
structurally.

The most recent information on this system is available
from MW studies of 58 (160), 59 (l6l), 60 (162), and 61 (163),
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58 59 60

61 62
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64 66
65

which were also investigated through far-IR studies (164). The

latter show single minimum potential functions, implying con-

formational homogeneity, and the MW spectra give rotational
constants in accord with the geometrical data of boat forms
58-61 (Table 13).

TABLE 13
Structural Parameters (degqg) of Bicyclo[3.l.0]hexane
and Its Analogs, from MW Spectroscopic Studies (160)2

Compound 01 02 03 T

57 108.1 100.8 107.9 35
58 109.6 98.3 108.6 42
59 105.4 101.1 111.3 40
60 107.8 99.7 112.8 41

4Internal bond angles (8) are numbered according to 57 and T is

the puckering angle, that is, 180°-[LC1C,CyCs5-C2C3Cyul.
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The most accurate data available, from an X-ray-diffraction
analysis of 62 (R = HNSO,CgHyBr), show internal bond and
dihedral angles as given in 63 (165) [cf. the good agreement
with the calculated structure 11 in Table 4 (37)].

A boat form also emerges from earlier NMR studies on 63
and related compounds (166,167), as well as from dipole moment
measurements on 61 (164) and derivatives of 59 (168).

Following earlier NMR (169) and ORD (170) studies on
various thujane (65) derivatives, recent LIS-NMR (171) and
13c_NMR (172) studies were published. All data indicate boat-
like conformations of these derivatives.

The accepted explanation (160,172) for such exclusive
preference of the bicyclo[3.1.0lhexane system for the boat
conformation is the tendency to avoid the eclipsing strain of
the cis-1,2 (and 4,5) hydrogens (or substituents) in the chair
form 66. In the boat form 58 all cis-vicinal bonds are gauche
to each other.

A representative and interesting system in this class of
fused five-membered rings is, obviously, bicyclo[3.3.0]octane
(pentalane). The cis (12) and trans (13) isomers and various
derivatives were synthesized and studied by Linstead (173,174)
and Granger (175,176). The peculiarity of this system was soon
recognized in the fact that the trans isomer 13 is appreciably
less stable [AAH® = 6 kcal/mol (12a,37)] than the cis isomer
and that the system does not conform to the Conformational
Rule (177,178,113). The reason for this behavior (178) seems to
lie in the considerable bond angle strain imparted by the trans
fusion in 13 (37) as compared to that in the cis isomer 12, The
latter, albeit of smaller molar volume, should easily be able
to minimize the nonbonded interactions associated with this
situation, whereas the trans isomer 13, due to its rigidity,
caunot distribute and thereby alleviate the imparted strain.
This, in our opinion, serves as an additional caveat against
interpreting the conformation of trans-1,2-disubstituted
cyclopentanes in terms of "diaxial" or "maximally puckered"
half-chairs or envelopes.

Unfortunately there are no accurate structural data for
these systems, as far as we know. IR and Raman spectroscopic
studies on the stereoisomeric hydrocarbons and the 3-oxo
derivatives have been carried out (179). Qualitative assign-
ments of the double-half-chair conformation 18 to trans-
pentalane (I13) (179a) and of the double-envelope (CS) conforma~-
tion 20 to the cis isomer (12) were made. Similarly the trans-
and cis-bicyclo[3.3.0]hexan-3-ones have been assigned conforma-
tions 67 and 68; the latter assignment does not appear to be
definitive, however.

Attempts have also been made to assign preferred conforma-
tions to some 2-hydroxy (180) and 2,3-dihydroxy derivatives
(181) using NMR coupling constants, but, again, these assign-
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67 68

L (I

69 70

ments should be regarded with caution due to the problems
inherent in this approach (vide supra).

An interesting aspect of this system is that heterosub-
stitution, as in 69 and 70, improves the stability of the
trans isomer vis-a-vis the cis, as compared with the carbocyclic
pentalane pair (178b,182). The origin of this stabilizing effect
is still obscure.

We turn now to the important steroid D-ring system and the
hydrindane moiety it incorporates. These systems have formed
the subject of a large number of papers, many of them using at
one point or another stereochemical arguments. Only the most
relevant studies can be discussed here because of space limita-
tions. The early developments have been well reviewed (1-3),
and the reader is referred to these texts for literature up to
1963.

It is worth recalling (183) that, while the enthalpy of
trans-hydrindane (15) is lower (by 1.04 kcal/mol) than that of
the cis isomer (14), the entropy of the latter is higher,
probably because of its enhanced flexibility. Thus the trans
isomer (15) is more stable at room temperature, but this
order is reversed at high temperatures (above ca. 200°C).

It has been suggested (184) that the cis isomer of 8-
methylhydrindane is slightly more stable (20a).

This brings us to the D-ring in steroids. After the
early theoretical treatment of this system by Brutcher and
Bauer (4la,b), in which the three possible D-ring conforma-
tions, 23, 24, and 25, were put forward, many investigators
attacked the problem experimentally, using a variety of
methods. NMR coupling constant correlation with the CH-CH
dihedral angle in the D-ring was very popular (see, for
example, refs. 185-188). Altona (18) has pointed out, however,
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that such simple correlations (185) are probably in error,
due to the already mentioned departure from trigonal symmetry
in such systems. Conformational arguments have also been used
in chemical studies, such as the stereochemistry of enolization
of l7-ketosteroids (186b) and the equilibration of 2-hydroxy-
A-norcholestanol (189).

Extensive ORD and CD studies of A-nor and D-ring ketones
have been performed (190) with reasoning along lines similar
to those used by Ouannes and Jacques for substituted cyclo-
pentanones (39). h

Finally the ultimate method in structural study, X-ray-
diffraction analysis, has been applied to many steroids during
the last three decades with increasing levels of precision
and accuracy (336). The D-ring geometry started receiving
special attention in the early 1960s (41). Brutcher and
Lecopold (4lc) have examined a number of structural data
available at that time and evaluated torsion angles; they
concluded that their previously calculated "maximally puckered"
model (4la,b) was actually exaggerated.

The Leiden school has invested much investigative effort
in steroid structural analysis (193,17). Special scrutiny of the

¢1
by
(P = 18°)
(p = -18°)
72 73
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D-ring has also led to significant theoretical results (17,18).
Thus Altona and co-workers (l7a) have analyzed a series of 11
literature sterxoid structures (192-196) having a variety of
structural features in the steroid skeleton but having in
common the C/D trans junction, the angular 18-methyl group, and
various 17-f substituents. The valency angles were taken from
the literature and the torsion angles were calculated. The
weighted averages of torsional and bond angles of interest here
are depicted in formula 71. Referring to the basic formulas 23,
24, and 25, which we have written in equivalent form as 72, 73,
and 74, respectively, and to eq. [4] (¢p = angle of maximum
puckering), the authors (l17a) have evaluated the pertinent
structural features of ring D in the steroids under scrutiny.
Such information for four examples-26 (193b), 27 (194), 75
(195), and 76 (196)-along with the standard torsional angles
for the symmetric forms are given in Table 14 and Figure 12.

HO

75 76

The most important conclusions from this research are the
following: (1) no D-ring of exact Cg or C, symmetry has yet been
found, although 26 and 27 are very close to Cg and Cp, respec-
tively (this should serve as a caveat in the consideration of
other, nonfused systems as well); (2) the bending of valency
angles about the bridgehead atoms (cf. 71) accounts for a
large part of the strain and causes breakdown of trigonal
symmetry (the implications of the latter phenomenon have been
discussed here in context of theoretical calculations and NMR
measurements). An interesting discussion of the phenomenon of
conformational transmission in steroids and hydrindane systems
has recently appeared (194). The D-ring conformation has also
been discussed in a recent review in this series (336).



Phase Angles (P)

TABLE 14
Internal Bond Angles (8), Torsion Angles
(deg) in ring D of Steroids
[from Altona et al (17a)]

(¢), and

Steroid Standard
26 27 75 76 c,y Cs
0,3 99.8 99.2 103 102.4
81y 104.2 104.3 106 104.1
615 103.6 102.6 102 101.5
616 106.8 106.0 102 110.4
617 103.7 107.8 108 103.9
913,14 47.0 44.9 39.8 42.2 46.7 44.4
o14 15 -36.1  -38.6 -41.1 -33.5 -37.8 -27.4
015 16 10.7 16.6 25.1 10.8 14.4 0
$16 17 18.1 ir.s - 1.9 14.0 14.4 27.4
¢17:13 -39.1 -34.3 -23.6 -35.3 -37.8 -44.4
o 3.95 - 3.95  -19.9 2.2 0 18

9calculated using the weighted average ¢g of 46.7° ({(cf. 71).

bps defined in eq. [4] and 72-74.

26 18 21
18
13 %2___21
15 7N 13
16 17 22 15 16 11
14 0
14
8
15 18 16 1
16 17 13 o - - 21
15 =0 16 27N
13 15 17 22
14 14
Fig. 12. Ring D geometries in various steroids (cf.

Table 14) (taken from ref. l7a by permission).

55



56 Conformations of Five-Membered Rings
F. Bridged Systems
The bicyclo[2.2.1l)heptane (norbornane) system is the most

extensively investigated one in this class. The parent molecule
28 has been studied by electron diffraction (198-200) (Fig. 13),

119 (4)

101.8 (0.6)
103.0 (0.5)

1.678 (0.018)
112 (4)

Fig. 13. Norbornane geometry as evaluated from an ED
study (taken from ref. 200 by permission).

as has its 1,4-dichloro derivative (199). X-ray-diffraction
analysis has been performed on many derivatives (201-204). The
torsional angles of norbornane (28), 3-exo- (N-benzyl-N-methyl-
aminomethyl)-2-endo-norbornanol (30b) (202), and 1,1'-biapo-
camphane (77) (203), as determined in structural studies by
Altona and Sundaralingam (45), are given in Table 15, along with
the values calculated for 28, 30a, and 78 by these authors (see



-&1oaT300dsex ‘qog uTr BUuTa paISquBW-SATI IYBTI pue 3IST 9yl Iod,

*[y] *be e9s uorjzejzozopnasd jo ssTbue sseyd T0dy
*Z€ eTnuIoy 99s f{4+'-p

"7 BINWIOCI O3S u+~+.ﬂ

*€£0Z *3°1 woxd,

70T "3°X woxgp

*Kex-x5
- (o0z) aag
*gZz eTnwiog o3 buTpioooe ST BUuTIaqumu BYle
78+ ‘¥4 0 ‘0 yd
b b 7 ¥ 0 0 AISTML
L L 89 89 1L zL €-v-5-9
L 1L €L vL 1L L §-9-1-¢
L L L 8L L zL S-v-£-¢
L 0L L9 vo L L €~-2~-T-9
vs €5 9s €9 9s SS 9-1-L-¥%
Ss 929 69 LS 9s SS T-L-%-S
9 LE 1% 6€ 9€ S€ L-¥-6-9
0 4 v S 0 0 v-5-9-1
S€ €€ €¢ 153 9¢€ SE §$-9-1-L
vs €S LS 19 9s ] Z-1-L-¥%
5SS 9a 4] 9% 99 SS T-L-%-€
9t LE 1€ og 9€ 13 L=Y-€-T
0 T S 6 0 0 v-£-2-1
13 123 ov 4% 9¢€ S€ E-C¢-T-L
*ot1ed o7o dx® *oTeD p’o dxs ‘oTeD q dxs .
8L LL BOE qo0¢ 8c

[(Sp) weburTeaepuns PUR RUORTY WOIJF]
SOATIPATISQ POINITISANS SIT JO OM] PUB SURUIOGION
Jo (bsp) ssTbuy TeuoTsaol polreTnoTed pue TeiuswrIsdxy

ST I™YL

57



58 Conformations of Five-Membered Rings

78

77

79

ref. 45 and Sect. III-D). One can see that, indeed, significant
departure from the ideal envelope conformation is induced by
substituents, especially in positions 2, 3, 5, and/or 6. This
ring-twisting effect by substituents is gquite additive. Other
derivatives of norbornone, camphane, and norbornene have been
examined, and the findings confirm these trends (45).

These results provide interesting implications regarding
the physical and chemical behavior of norbornane derivatives
as dependent on interactions between substituents on the system.
Thus an NMR study (205) of the influence of substituents (e.g.,
methyl) in norbornanes on the chemical shifts of neighboring
protons indicated a linear dependence of Av = uye - vy (i.e.,

Vv with or without a vicinal methyl group) on the measured
distance between H and Me. However, the correlation coefficient
of only 0.89 may indicate that the evaluation of the distances
was probably not accurate as a result of the above mentioned
twisting phenomenon.

The existence of torsional effects, albeit small ones, in
endo-exo equilibration studies has been verified (206). In
another study (207) it has been found that there is no correla-
tion between A (or AG®) values of substituents (2) and their
conformational energies in norbornanes. In light of the
preceding discussion one may attribute this, in part at least,
to the different twisting influences of the various substituents
tested (207).

Another bridged five-membered ring that has been looked
at, both experimentally (ED) (208) and theoretically (20b), is
bicyclol2.1.1lhexane (79), which is shown with some of its
structural data in Figure l4. The two approaches are in quite
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Fig. 14. Bicyclo[2.1l.l]lhexane geometry as evaluated by
ED (taken from ref. 208 by permission).

good agreement [cf., for example, the calculated bridge bond
angle of 81.2° (20b)].

G. Heterocyclic Systems
Two reviews are worthy of consultation in this field, one
on pseudorotation and vibrational spectra (13), the other on
the geometry and conformations of oxygen- and sulfur-containing
five-membered rings (19).

1. Oxygen Heterocycles (13,19)

A far-IR spectral study of oxolane (tetrahydrofuran,
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35a) provided the first experimental evidence for pseudo-
rotation (209). More detailed far-IR work (210) as well as
MW studies (31lb) indicated a low barrier (ca. 0.14 kcal/mol),
that is, essentially free pseudorotation, with the C; form
only very slightly preferred (31b); this differs appreciably
from the predicted value of AVg = -2.4 kcal/mol (9) (cf. also
Fig. 5). The puckering amplitude was estimated at 0.44 (209)
and 0.42 & (66).

Two later studies (212, 213) were inconclusive as to
favored static conformations but confirmed pseudorotation; a
somewhat lower value of ¢ = 0.38 & was evaluated from ED
data (212).

The conformation of a considerable number of substituted
oxolanes was studied. Thus 3-halogeno- (80) and trans-3,4-
dihalogeno derivatives (81) were investigated using IR and

o} o)

X X X
80 81

Raman spectroscopy coupled with dipole moment data (213). The
authors compared the carbon-halogen stretching frequencies with
the empirical set worked out by Altona (80) (cf. also Table 8)
and arrived at 3-"axial" and 3,4-"diaxial" conformations for 80
and 81, respectively, contributing to the extent of 90% for 81
and almost 100% for 80. These assignments appear to be supported
by the comparison between experimental and calculated dipole
moments of 80 (Table 16); however, such a comparison is incon-

TABLE 16
Experimental and Calculated Dipole Moments
of 81 and 82 Derivatives (213)

u (D)
Calc.
Compound Exp. (CCly) aa ee
81 (Cl) 2.10 2.15 1.45
81 (Br) 2,03
82 (ClCl) 1.05 1.2
82 (ClBr) 1.01 1

82 (BrBr) 1.07 1.5
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clusive when applied to 81. Simple calculations following an
earlier procedure (33) (without inclusion of dipole-dipole
interactions!) are also in good accord with these assignments,
which are very similar to those of the halogeno- and trans-
1,2-dihalogenocyclopentanes (see Sect. IV-B), the main differ-
ence being that the energy wells in the pseudorotation potenti-
als of the heterocycles 80 and 81 are steeper than in the
corresponding cyclopentane derivatives.

An interesting point that has not been stressed but is
implicit in this study is that the high preference for an
"axial" conformation of X in 80 can be interpreted as the
tendency of the halogen to be "gauche" to the C-0 bond as
exemplified in 82 and in accord with a recently accepted
rationale (19,214). trans-2,3-Dichlorotetrahydrofuran was also
assigned a "diaxial" conformation (83) based on NMR measure-
ments (215).

Cl 0

82
83

An X-ray analysis of the more heavily substituted
oxolane 84 showed it to exist in the crystal in the half-
chair conformation 85 with ¢ oyt = 44° (216). Romers and co-
workers (19), using eq [4), have, however, calculated a
maximal torsional angle of ¢ = 40° for 85 (cf. Table XX in

o
o)
HO
44°
HO HOOH OH HO
OH
84 OH

85
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ref. 19), but this may again be a manifestation of the lack of
trigonal symmetry in five-membered rings.

Other polysubstituted oxolanes, 86, 87, and 88, have
been studied by NMR (217,218). In these cases no definite
conformations could be assigned but rather flexible states had

o e} o) Ar
Me Me
86 Me Me Me Me
87 88

to be postulated with a multitude of intermediate forms. Again
(218), the indiscriminate application of the Karplus equation
leads to results showing the futility of such an approach.

The introduction of one carbonyl group into the
oxolane ring not unexpectedly brings about a flattening of the
three- or four-atom moiety of which it is part. Thus,
D-galactono-y-lactone (89) (21%a) was found in the crystal as an

i
envelope with a coplanar C-0-C-C moiety and a puckering ampli-

tude of 0.64 &. This may be attributed to conjugation of the
nonbonded electrons with the carbonyl group as in 90a (219).

HQ OH

o) ?HOH
CH,OH

89

90

(a) R = CHOH-CH,OH
R' = OH; X =H
(b) R = Me; R' = H; X = Br

The NMR spectra of other substituted y-butyrolactones have

been analyzed accordingly (220). The analysis followed essenti-
ally a Karplus approach but, since substituent electronegativity
was not taken into account, the correlation with dihedral

angles cannot be regarded as quantitative. Nevertheless

for trans-4,5-dibromo-y-valerolactone a conformation 90b with
the two bromines nearly "diaxial" is apparently indicated by

the coupling constants (J3'k = 5.9, J3.,u = -0.2 Hz), similar

to other trans-vicinal, dihalogeno five-membered rings (vide
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supra). From NMR data on oxolan-3-one 91 and its various
derivatives very little conformational information could be
extracted (221) other than the conclusion that the system is
very flexible and amenable to conformational change dependent
on the substitution pattern.

As expected, the flattening effect of the carbonyl
group in this series culminates in succinic anhydride (92),
which is very nearly planar in the crystal (222).

91 92

We turn now to one of the more thoroughly studied
five-membered heterocycles, namely, 1,3-dioxolane (36) and
its numerous derivatives. The abundance of information in this
system is undoubtedly a result of its easy synthetic accessi-
bility, by acetalization and ketalization of aldehydes or
ketones with appropriately substituted ethylene glycols.

The far-IR spectrum of 36 (13,66,210,223) appears to
indicate once again only slightly (ca. 1.4 kcal/mol) restricted
pseudorotation and an equilibrium puckering amplitude of 0.41 &
(210) or 0.38 & (223), apparently smaller than ge in cyclo-
pentane and oxolane.

Strangely, accurate structural data are rather scarce.
An early X-ray-diffraction study of 2,2'-bi-1,3-dioxolane
shows it to occur in the anti form 93 in the crystal (224)
whereas in solution the gauche form predominates (19)]. The
two rings are enantiotopic, as indicated by the center of
symmetry found in 93 (224), and the torsion angles, as extract-
ed from crystallographic data (19,225), are ¢1,2 = - 28°,

(1)2,3 = +14°, ¢3,L+ = +5°, ¢L+’5 = -21°, and ¢5’1 = +30°; that is,
the conformation is intermediate between Cg (with O; on the
flap of the envelope) and C; (with O3 on the "tip" of the
half-chair). The relatively low maximal puckering angle of ca.
30° is qualitatively in accord with vibrational spectroscopic
results, as described above.

The conformations of 1,3-dioxolanes in solution were
investigated mainly by NMR techniques (225-228). Earlier studies
of this sort (229-240) dealt with the analysis of the
O-CHR-CHy-0 spectrum primarily in the context of configura-
ticnal assignments in substituted 1,3-dioxolanes. Thus initial
erroneous assignments for 2,4-disubstituted derivatives 94
(235) were subsequently reversed (236-240). Stereospecific
synthesis of cis-2,4-dimethyl-1,3-dioxolane (94) (R = R' = Me)
unequivocally supported these assignments (226).



64 Conformations of Five-Membered Rings

A study combining NMR spectroscopy (AA'BB' patterns)
with dipole moments of 2-alkoxy-1,3-dioxolanes (95) (225)
indicated that the ring geometry depends on the sidechain
orientation, which changes, according to the bulk of R in 95,
from anti (R-0O-C-R') for R = Me, R' = H to gauche for R =
t-Bu, R' = H [cf. also (24)]. Concomitantly a change of Jcig
in the AA'BB' spectrum occurs, indicating a change in ring
conformation, with a decrease of the 0-CHy-CH,-0O torsional
angle in the gauche form.

R R
R e
R' O-R R'

95 96

In another, extensive investigation of 2,4~dialkyl-
(94) and 2,r-4,cis-5-trialkyl-l,3-dioxolanes (96) acid-catalyz-
ed equilibration showed consistently small free energy differ-
ences between stereoisomers (226,238,2329). Thus (226) for nine
pairs in the 94 series -AG3s5 for trans Z cis is ca. 0.3
kcal/mol, increasing to ca. 0.5 kcal/mol when R' = t-Bu. Of 14
pairs in the 96 series -AG$5 for cis, anti I cis, syn is in the
range 0.4-0.7 kcal/mol for 10 of them; for the others, all
carrying one or more t-Bu groups, -AG3s5 decreases and even
changes sign.

In addition to having lower free energy in the 94 series
the cis isomers also exhibit lower refractive index and, with
few exceptions, a shielded H(2) as compared with the trans
isomers, providing a consistent picture similar to the
situation in 1, 3-disubstituted cyclopentanes (cf. Sect. IV-B).
Though the vicinal coupling constants are in good agreement
with previously measured values in the series (234,235), they
are largely inconclusive as to conformation. These findings
reemphasize the high flexibility of the five-membered ring and
the negligible magnitude of 1,3-nonbonded interactions (226).
Only in the 2-alkyl-4,5-di-t-butyl derivatives (96, R = t-Bu)
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can one find evidence for conformational rigidity, probably
associated with ring distortion.

NMR studies at 300 MHz of 2-methyl- and 2-trifluoro-
methyl-4-halogenomethyl-1,3-dioxolanes (97) have provided
(227,228) detailed chemical shifts and coupling constants for
ring protons, thus making possible accurate configurational
assignments. At the same time attempts were made at conforma-
tional analysis based on the original Karplus relationship or
on an R-value-type ratio (76). While some of the conformational
assignments seem qualitatively rédsonable, one should keep in
mind the limitations of these methods caused by substituent
electronegativity on the one hand and the presumable lack of
trigonal projection symmetry on the other (cf, ref. 75
and Sect. IV-A, B). Ethylene carbonate, a dioxolane bearing
a carbonyl group at C(2), exists as a puckered half-chair 98

CHo X

OYO ] O>=o

R
97 98
(a) R = Me
X =F, Cl, Br, (227)
(b) R =CF3; X = Cl (228)

in the crystal (243). Similar findings were subsequently
reported (244) for the gas phase on the basis of MW studies.

Finally 1,2,4-trioxolane (39) was investigated by ED
(245) using a Cp model (40), as suggested by a rather crude
theoretical calculation (48). A considerably puckered ring
was found (99). It is difficult to assert the origin of this
enhanced puckering.

99
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2. Nitrogen Heterocycles

Pyrrolidine (35b) appears to exist as a restricted
pseudorotator with a barrier of ca. 0.3 kcal/mol (cf. ref., 9)
derived from thermodynamic studies. In a recent ESR study of
radicals generated from pyrrolidine and some N-alkyl derivatives
(267) an approximate analysis assuming a B cos? ¢ relationship
(B ® 5.0 mT) suggested an equilibrating half-chair geometry 100.

N
R~

CH pra—_ HC

100

Most of the structural work in this area has been
spurred by investigations of amino acids and peptides. Follow-
ing an early X-ray-diffraction analysis of trans-4-hydroxy-
pyroline (101) (247), numerous such studies were performed.
The torsional angles in three sample structures are given in
Table 17. One can see that all are distorted envelopes with
atoms 4, 2, or 3 on the flap, depending, apparently, on the
substitution pattern in each case. In another recent structure
(104) (250), a nearly perfect envelope is found with atom 3

QCOZ- QCOZ'
Hp

101 102

NH

103 104
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0.60 & above the plane. Most examples, however, have atom 4 as
the most puckered center [ (249); cf. discussion and references
in ref. 252].

TABLE 17
Torsional Angles (deg) in Proline Rings
of Some Crystalline Derivatives

Compound $1,2 ¢)2,3 ¢3'q 4)4,5 ¢5,1 Reference
101 5.2 14.0 -27.2  29.9 -22.1 249,19
lo2 33.7 -35.0 23.0 -3.8 -18.4 250
103 16.1 -31.5 60.0 -25.1 4.5 251

Solution studies have also been performed using NMR
techniques. Quite early, proline derivatives were subjected to
a Karplus-type treatment (251). Thus 101, for example, was
assigned the envelope form l05a in analogy with the result from
X-ray-diffraction analysis [(247) and Table 17)], but with a
puckering angle of 53°! With present-day knowledge of the pit-
falls of such a treatment, one should regard this result with
caution despite the elaborate effort involved (251b).

NMR studies using Karplus techniques are also available
for L-proline (252) and its cis- and trans-4-fluoro derivatives
106 (253) in aqueous solutions. Highly puckered models are
generally accepted, and for 106 the dihedral angles (along with
other ring parameters) were calculated (253) by fitting coupling
constants (3JHH and 3JHF) to the calculated geometry through the
use of empirical Karplus-type equations. Since, however, the
geometry was obtained by assuming strictly tetrahedral ring
atoms, hence trigonal projection angles, one should again
regard the results with caution. Here also a slightly distorted
and strongly puckered (¢pax ca. 53°) envelope 105b was deduced
for trans-4-fluoro-L-proline [cf. 105a and ref. 251bl but a near
half-chair 107 ($pax ca. 52°) for the cis isomer [and not an

R
F
~0,C
+ -
H2+N N COy
(a) R = OH Hp
(b) R=F

105 106
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[\

N*H, HN NH

107 108

envelope as mentioned in the original paper (253)]. These large
torsion angles are in contrast to the much smaller ones measur-
ed in the crystals (Table 17). One must, of course, keep in
mind that the NMR spectra were taken in water solution; whether
the discrepancies in ring puckering are real or caused by sol-
vent vs. packing effects is hard to say at this stage.

The introduction of an sp2 center into the ring in this
class of heterocycles also causes flattening, and for ethylene
thiourea (108) a nearly coplanar structure was found (254,19).

3. Sulfur Heterocycles

Thiolane (35c) had been predicted to be a strongly inhibit-
ed pseudorotator [AV, = 3 kcal/mol (9)] and experimental work
soon confirmed this prediction.

Thus thermodynamic data indicated a barrier to pseudo-
rotation of 2.8 kcal/mol (255). Early IR and Raman spectra (54)
showed 35c¢ to be appreciably puckered, and later (256) far-IR
spectra clearly suggested restricted pseudorotation. A more
recent far-IR study (257,13) led to the value of a 2.21 kcal/mol
barrier with the C, form preferred.

An ED study of thiolane, in conjunction with energy-
geometry calculations (50b), indicated a Cy form (2-3 kcal/mol
more stable than a Cg form at P = 90° away) with internal
angles 6; = 93.4°, €, = 65 = 106.1°, and 03 = 8, = 105.0° (the
ring torsional angles are shown in formula 109). Similarly
large puckering angles were found in various other sulfur -
containing five-membered rings, such as 1,2- and 1,3-dithio-
lanes, which have been reported in crystallographic (258,259)
or solution (260,261) studies. Thus 2,2'-bi-1,3-dithiolane
(110) (258) was found to exist in the crystal as half-chairs
(L11) [the torsional angles (19) are given in the formula]
whereas crystalline 1,2-dithiolane-4-carboxylic acid was
found as a slightly distorted envelope (I12) (259). A temper-
ature-dependent CD study of (R)-a-lipoic acid (113) was only
qualitatively conclusive concerning its conformation (260).

Attempts to study the conformation of 2-substituted 1,3-
dithiolanes (261) and their 1,1,3,3-tetraoxides (114) (262) by
NMR spectroscopy using R values are subject to the same
criticism that this approach has met with in other five-member-
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111
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S
(CHz)gCOZH
113

ed rings (see Sects. IV-A, B.). The measured NMR data were

apparently overinterpreted, but the qualitative correlations
with torsion angles are probably conclusive for the
existence of large puckering angles for 1,3-dithiolanes and
somewhat smaller ones for the tetroxides 114 (262).

Similar remarks apply to solution studies of 2-substituted
1,3-oxathiolanes (115) (261,263,264) and 1,3-thiazolidines

(L16) (225). Although detailed NMR data have been presented for
0y s>/soz OYS NYS
R R R R

114 115 116
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all of them, such data are useful mainly for configurational
assignments and for assessing qualitatively the puckering
tendency in the ring. Thus the 1,3-oxathiolanes appear to
have normally puckered rings with the sulfur in the flat part
of the molecule (263). This agrees well both with results of
an X-ray analysis of cholestan-4-one-3-spiro(2,5-oxathiolane)
(117) (2066) and with force-field calculations (51). However,
the assertion that pseudorotation is absent in these systems
(263b) is not warranted, and calculations actually predict
considerable pseudolibration (51). A special caveat concerns
the calculation of conformational free energies for substituents
in such systems. Thus, for example, in 115 -AG for R = Me and
i-Pr was calculated (263b) to be 1.13 and 2.01 kcal/mol,
respectively. This was based on the assumption that 2-t-butyl-
1,3-oxathiolane (I15, R = t-Bu) is conformationally homo-
geneous and that the chemical shifts of the 5-hydrogens are
extreme values. It was, however, shown that in the cyclo-
pentane series even t-butyl-substituted compounds have
appreciable pseudolibration (18) and, moreover, that the
t-butyl group seriously deforms the ring (23) as it adopts a
more or less fixed conformation in relation to it. On the
other hand, in N-alkyl pyrrolidine radicals (100) the corre-
esponding hyperfine splittings are taken to indicate a
conformational free energy difference of 0.33 kcal/mol for

R = CH3 and 0.62 kcal/mol for R = t-Bu. To be sure one can
hardly regard these values, as well as the above NMR-derived
ones, as more than educated guesses.

We end this section by mentioning an ED study of 7-thia-
bicyclo[2.2.1]heptane (I118), which has been investigated
along with the [2.1.1] derivative and may be compared with the
parent compounds (Sect. IV-D).

o
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4. Selenium Heterocycles

Selenolane was studied in the crystal as an iodine or
bromine complex (119) (269,270). For both a nearly perfect
and extremely puckered half-chair (120) was found.

A far-IR spectroscopic study yielded, accordingly, a
very high pseudorotational barrier of 5.3 kcal/mol (271). MW
spectra seem to confirm these features (272).
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5. Phosphorus Heterocycles

In this class of compounds five-membered cyclic phosphites
12la, phosphates 122a, and the corresponding phosphinates 121b
and phosphonates 122b have been investigated (273-277) with NMR
techniques. In addition, some related sulfur-containing
derivatives 123 have been studied (278,279).

Recent consensus seems to favor distorted envelope or
half-chair ring conformations (124) with very slow (if any)
inversion at phosphorus.

[\ o [\

(@) X = (@) X = OR
0 o} o 0
Np” (b)) X =R N, (b) X =R
| A
X O '¢
121 122

124
123

A number of X-ray-diffraction analyses have also been
reported as, for example, that of methyl ethylene phosphate
(122a) (R = Me) (280), which was found as a slightly distorted
envelope having a puckering angle of ca. 11° (cf. also ref.
53).

An exotic molecule whose static and dynamic behavior has
been studied is (PCF3)s (125)., X-ray analysis provided qualita-
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tive evidence that the ring is in a conformation with symmetry
intermediate between C; and Cg (28l), and 19r_ and 31p_NMR
temperature-dependent spectra indicated (282) a barrier to
pseudorotation of ca. 23 kcal/mol.

CF 3\P /CF 3
—P
P/ \P Z S Z &
F3C~ N T~CF3 i Ge
l /\ /\
CF3

126 127
125

6. Miscellaneous Heterocyclic Systems

Both sila- and germacyclopentane (126,127) have been
studied by far-IR spectroscopy. The IR as well as Raman spectra
of 126 and MW spectra of 127 indicate Cy conformations with
high barriers to pseudorotation, ca. 4 kcal/mol for 126 and 6
kcal/mol for 127 (13).

Organocarsenic compounds such as dioxaarsolanes (l128a) and
some thia analogues (128b,128c) have been investigated (283,284)
by NMR spectroscopy, mainly variable-temperature technigues.
The conformation assignments vary between equilibrium mixtures
of half-chairs (129) (283) and of envelopes (130) (284). There
are many recent publications dealing with a variety of other
five-membered rings, from polysubstituted oxygen heterocycles
(285,286) through unsaturated oxygen and sulfur heterocycles
of type 131 (287-289) to bicyclic compounds such as 132 (289).

X\A N @) x=Y=0 .
S
(b) X=0; ¥Y=28
l (c) X =Y =5 \\\\As’/
x—
128
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The investigative tool in these studies was NMR at various
levels of sophistication. However, as in a number of previously
mentioned cases, it is hard at this stage to evaluate the
validity of the interpretations. In general the wealth of
available coupling constants that have been treated (or
mistreated) by simple-minded Karplus approaches should be
amenable to unifying and consistent reinterpretation (279).

H. Sugars

This class of compounds certainly deserves its own
section. The conformational aspects of six-membered carbo-
hydrates have been extensively reviewed in 1965 (2). The five-
membered-ring sugars had been relatively sparsely studied at
that time (2) buat have been extensively investigated during
the last decade.

To start with, one should mention the five-membered
cyclitols, that is, the polyhydroxycyclopentanes (291). Whereas
the six-membered cyclitols behave according to well-understood
conformational criteria (2), the physical and chemical be-
havior of the five-membered analogues is dictated almost
exclusively by configurational criteria (291b). Nevertheless
certain conformational aspects of various derivatives in the
series have been described (291,157,149a).

The furanose ring is obviously the most important member
of this category, both by itself (e.g., 133) and as the central
moiety (134) of the sugar phosphate chains of nucleic acids.
Its detailed structural features are rather well known from

R
-
OH
sout__° OR''! HOR2E o
OR' OR' OR OR'
133 134

X-ray-diffraction studies of nucleosides and nucleotides,
which have been exhaustively reviewed (292,17c). In solution
the method of choice was, naturally, NMR spectroscopy, which
has been extensively used in this area(293-305). After a
number of pioneering studies (294-297) the techniques were
gradually upgraded until it was found that reliable correla-
tions between coupling constants and geometry could be made
(193,305).

Altona and Sundaralingam (l7c¢) calculated the puckering
amplitude and its phase angle p of pseudorotation for the
furanose ring in a large number of B-purine and B-pyrimidine
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nucleosides and nucleotides using eq [4] (17) and the known
internal ring torsion angles. Performing a statistical classi-
fication of the compounds for which p is in a certain range,
they were then able to show (17c) that only two pseudorotational
ranges are preferred by B-sugars in solid form, each occupying
less than 10% of the total pseudorotational circuit. This
circuit is depicted in Figure 15, and the two "canonic" half-
chair (twist) forms of the furanose ring are shown in formulas
135 and 136. From the calculated p values a nomenclature
emerged, according to the range of phase angles, that is,
"type N" (i.e., North) in the 0° range or "type S" (i.e.,
South) in the 180° range (Fig. 16). This treatment is very
illuminating.

This approach was extended to solution studies by taking
external torsion angles ¢yy from X-ray studies and coupling
constants from literature data. A correlation was then per-
formed using a Karplus expression and allowing for pseudo-
rotation in the ranges N and S (293). The purine ribosides
showed a small conformational preference for the type S
conformer 136, and pyrimidine sugars a small preference for the

Fig. 15, Pseudorotational circuit of the furanose ring,
P = 0 to 360°, E = envelope; T = twist (half-chair) forms. The
heavy arrows indicate the preferred pseudorotational range
(taken from reference l7¢ by permission).
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B ~pyrimidines

Fig. 1l6. Phase angle (P) values for B-purine and B-pyrimi-
dine glycosides, Numbers refer to compounds tabulated in ref.
17c (taken from ref. 1l7c by permission).

type N conformer 135, Again the evidence is overwhelming (293)
and, with a few exceptions, recent studies appear largely to
confirm these results (299-304).

/
qSiii//\\\\a /N"’ CH0R N
P = 0° (type N) P = 180° (type S)

135 136

I. Prostaglandins

We end this chapter with a discussion of a worthy member
of the club--the prostaglandins. The tremendous development of
this class of biologically important compounds during the last
decade has included generation of conformational information
obtained mainly by X-ray analyses. Thus the conformations of the
five-membered ring in prostaglandins, F18 (306), A; (309), and
E, (310), are depicted in formulas 137, 138, and 139, respec-
tively. Once again it is seen that there is hardly any ring-
imposed conformational pattern but rather that the substituents
have the last word in the matter.
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138 139

V. CONCLUDING REMARKS

Beyond conveying specific information this chapter was
written in an attempt to convey a message. Most of those who
have actively contributed to the knowledge of five-membered
ring conformation have emphasized that, except for extremely
rigid or heavily substituted systems, ring conformation is
not well defined and one can speak only of more or less shallow
potential wells in the pseudorotational circuit. Moreover
the preferred forms are in most cases not symmetrical ring
conformations. Consequently the notions "axial" and "equatorial"
are not similar to their meanings for six-membered rings, mainly
in that they are not well defined. It would be useful if
educators would keep this in mind when teaching five-membered-
ring conformational analysis.

Finally, one might have expected a special section of this
chapter to be dedicated to conformation-reactivity relation=-
ships. There have been, indeed, a considerable number of
attempts to correlate various reactions with conformational
features. Most of them have failed to do so, and some have been
mentioned throughout the discussion. To mention the rest would
be prohibitive because of space demands and not very illumin-
ating. As it is, we have tried to be as comprehensive as
possible while keeping within the borders of conformational
analysis of five-membered rings. It is hoped that not many
papers in this area have escaped attention.
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VI. ADDENDUM

Since the completion of this chapter a number of addition-
al papers appeared. These are discussed here, the indexing
being in accord with the section designations of the main text.

III-B., Methyl- and fluorocyclopentane were calculated by
Pople and co-workers (311l) within the framework of the ab initio
MO theoretical treatment. Both substituents appear to favor the
envelope form, leading to two separate potential minima for
axial and equatorial substitution. However, while the equatori-
al form of methylcyclopentane is more stable, the reverse is
true of fluorocyclopentane. The latter result is supported
experimentally (see Sect. IV-B) but its origin remains rather
obscure. It should be mentioned that, again, the relative
energy differences are no more than 0.3-0.4 kcal/mol.

III-E, Cyclopentene as well as l-pyrazolines were subject-
ed to calculation by the LCMO method (312) with no essential new
features.

IV-B. It is becoming apparent that the chiroptical pro-
perties of five-membered rings are of considerable interest
(313). Thus chiraiity functions for some substituted cyclo-
pentanes (with idealized Dgp symmetryl) were developed and
compared with experimental values. As those initiated in
cyclopentane behavior would have expected, 1,2-disubstituted
derivatives show good agreement, but 1,3-derivatives do not.

IV-C. Still in the chiroptical context, very interesting
results on cyclopentanone derivatives have become available
(314-317). Thus CD data (n,n*) for chiral cyclopentanones (315)
were analyzed (314), and it was suggested that Cy~H bonds make
a dominant "antioctant"contribution. In other system, namely
(1S,58)-bicyclo[3.2.0]heptan-3-one, the unusually large rotatory
strength of the n,n* transition (316) was calculated (by
CNDO/S) to result mainly from the twisting of the five-mem-
bered ring (317).

Vibrational spectroscopy studies were performed on 2-
halocyclopentanones (318) and also on cis-3,4-dimethylcyclo-
pentanone, which was also investigated by NMR (319). The
molecules were concluded to exist in the ubiquitous half-chair
conformation.

Five-membered carbo- and heterocyclic radicals were
investigated by ESR in an attempt to ascertain shape and inter-
conversion, with modest success.

IV-E. 1In the bicyclo[3.l.0]lhexane series a MW spectral
study of the 6-thia derivative (321) led to the well-accepted
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boat conformation, whereas an NMR study of the isomeric
thujanols (322) led to a challenge of this form but with very
little solid evidence.

IV-G. The conformational aspects of a considerable
number and variety of five-membered heterocycles continue to
receive attention. Examples are 1,3-dioxolanes (NMR) (323)
and trioxolanes (MW) (324), substituted pyrrolidines (NMR) (325),
2-pyrazoline (326), 3-germacyclopentanols (as compared to the
carbocyclic analogues) (NMR-LIS (327), 1,3-dithiolans (UV-PES
and MO calculations (328), substitued 1,3-oxathiolans (epimer
equilibria, NMR) (329,330), 3-aryl-1,2,3-oxathiazolidin-2-
oxides (NMR) (331), and various arsolanes (NMR) (332, 333).
A noteworthy paper on proline conformation (molecular mechanics
and review of literature data on atomic coordinates) was
published very recently (334).

IV-H. A C-13 NMR study (chemical shifts) of furanosides as
compared with cyclopentanols has appeared (335).

IV-I. Finally, after a recent chapter on steroid
structures, Duax and collaborators (336) have reviewed prosta-
glandin conformations as they emerge from crystallographic
data (337).
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I. INTRODUCTION

This review comprises a survey of structural studies of
optically active complexes. The compounds included are
restricted to those chelate complexes whose absolute configura-
tion has been established by means of X-rays. At present such
complexes amount to about 90 (not counting organometallic
compounds), and the number is still growing at an increasing
rate. The X-ray method is the ultimate means of establishing
the absolute configuration of a molecule. At this time no
other physical method is capable of determining the absolute
configuration unambiguously. One of the more important aims of
absolute configuration determination is to establish an empiri-
cal rule relating the absolute configuration and circular
dichroism (CD). This would then enable one to determine the
absolute configuration by simply measuring CD spectra, a
procedure much easier to carry out and less time consuming
than the tedious X-ray method. This topic is discussed
separately in Sect. VI.

Almost all the chelate complexes included in this survey
are six-coordinate octahedral complexes. They are discussed in
groups as follows:

(a) tris(bidentate) complexes

(B) cis-bis(bidentate) complexes

(C) trans-bis(bidentate) complexes

(D) complexes involving multidentate ligands
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In each section some selected complexes of fundamental
importance are described in some detail and the remaining ones
are discussed briefly, with emphasis on the purpose of the
study of each particular compound.

A.

Designation of Absolute Configuration

The symbols used to denote the absolute configurations of
metal complexes in this chapter follow IUPAC convention (1,2).

acac
ala
arg
asp
atc
bigua
bpy
cat
chxn

cptn

dien
edda
edta
en
glut
gly
linpen

mal
N-meen
mepenten

MeTACN
(o34
phen
penten

pn
pro
ptn
sar
saxmp

Abbreviations of the Ligands

acetylacetonate

alaninate

argininate

aspartate

acetylcamphorate

biguanide

2,2'-bipyridyl

1, 2-benzenediolate
trans-1,2-diaminocyclchexane

(trans-1, 2-cyclohexanediamine)
trans-1,2-diaminocyclopentane
(trans-1,2-cyclopentanediamine)
diethylenetriamine
ethylenediamine-N,N'-diacetate
ethylenediamine-N,N,N',N'-tetraacetate
ethylenediamine

glutamate

glycinate
1,14-diamino-3,6,9,12-tetraazatetradecane
(pentaethylenehexamine)

malonate

N-methylethylenediamine
N,N,N',N'-tetrakis (2'-aminoethyl)-1,2-
diaminopropane
2-methyl-1,4,7-triazacyclononane
oxalate

1,10-phenanthroline
N,N,N',N'-tetrakis(2'-aminoethyl)-1, 2~
diaminoethane

propylenediamine

prolinate

2,4-diaminopentane

sarcosinate

B- (N-sarcosinato)propionate (sarcosinate-
N-monopropionate)
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sep 1,3,6,8,10,13,16,19-octaazabicyclo(6.6.6]-
eicosane

tame 1,1,1-tris (aminoethyl)ethane

2',2,2'-tet 3,8-dimethyltriethylenetetramine
(3,8-dimetrien)

2,3",2-tet 5,7-dimethyl-1,4,8,11-tetraazaundecane

3,2,3-tet 1,10-diamino-4, 7-diazadecane

3",2,3"-tet 1,10-diamino-1,3,8,10~-tetramethyl-4,7-
diazadecane

tetraen 1,11-diamino-3,6,9-triazaundecane
(tetramethylenepentamine)

tmd 1,4-diaminobutane (tetramethylenediamine)

tn 1,3-diaminopropane (trimethylenediamine)

trdta trimethylenediaminetetraacetate

TRI tribenzo[b.f.j] [1.5.9] triazacyclododeca-
hexaene

trien N,N'-bis (2'-aminoethyl)-1,2-diaminoethane

II.
A.

(trimethylenetetramine) (2,2,2-tet)

TRIS(BIDENTATE) COMPLEXES

Five-Membered Chelate Rings

The stability of complexes is known to be greatly en-
hanced if chelation involves five-membered chelate rings. The
best known bidentate ligand is probably ethylenediamine. When

three ethylenediamine molecules are coordinated octahedrally to
a central metal atom, two optically active isomers can be formed
(Fig. 1.). We call these isomers A and A, Since the five-mem-

v &

Fig. 1. Optical isomers of tris(bidentate) complexes.

bered chelate rings formed by ethylenediamine are not planar,
there exist enantiomeric conformations, § and A, as shown in
Figure 2. Accordingly there are eight possible configurations
for tris(ethylenediamine)cobalt(III) ions, namely

1 A (889) 2 A(SSX) 3 A(SAN) 4 A(AAX)
A(AAX) A (XAS) A(XE6) A(888)
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Fig. 2. Two possible conformations of a metal-ethyl-
enediamine ring viewed along the twofold axis.

The difference in the combination of A(S8) and A(X) is as
follows: In Figure 3 the A(S888) and A(AX)) isomers are shown as
examples. The C-C axes are eclipsed in the A(888) and staggered
in the A(AAX) form. In the former the C-C axis is parallel to

[
c /
/// // \C
N7 N
! I
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| |
/ \ ! / \ I /
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. /// \\\ //’ ~o
SN ~N c-——-N" SN
| \\
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c /
C
lel, ob,

Fig. 3. A(888) and A(AA)X) isomers of [Co(en)3]3+.

the threefold axis, whereas it is slanted obliquely in the
latter. Thus they are called the lelz and ob3 forms, respective-
ly (3).

Figure 4 shows a perspective drawing of the (+)s5gg-tris-
(ethylenediamine)cobalt (III)* complex ion (+)589-[Co(en)3]3+.
This is the first chelate complex whose absolute configuration
was determined by means of X-rays (4,5). The tris(ethylene-
diamine)cobalt (III) ion has the lel3 form, which agrees with the
result of calculation that the lel; form is more stable by about

*Because of the frequently large and anomalous optical
rotatory dispersion of complex ions in the visible region of
the spectrum, the sign of their rotation is not meaningful
unless indexed with the wavelength at which the xotation is
measured.
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Fig. 4. (+)589-[Co(en)3]13% (4).

7.6 kJ/mol than the ob3z form. The absolute configuration of
(+)589—[Co(en)3]3+ can be designated as A(d88). The complex
has D3 symmetry within the limits of the experiments. The
shape and size of the cobalt-ethylenediamine ring can be sum-
marized as follows (6):

Co-N = 1.978 % 0.004 & N-Co-N = 85.4 % 0.3°
N-C = 1.497 * 0.010 & Co-N-C = 108.4 * 0.5°
c~-C = 1.510 * 0.010 & N-C-C = 105.8 * 0.7°

N-C-C-N = 55.,0°
(dihedral angle)

The octahedron formed by the six nitrogen atoms is slight-
ly distorted: the upper triangle formed by the three nitrogen
atoms is rotated counterclockwise from the position expected
for a regular octahedron by about 5° with respect to the lower
triangle formed by the remaining three nitrogen atoms.

The carbon atoms of the chelate ring show thermal aniso-
tropy best described as an oscillatory motion perpendicular to
the C-C bond. A similar type of anisotropic vibration has also
been reported for other complexes with metal-ethylenediamine
rings {for example, [Co(SO3) (NCS) (eny)] (7), [Cu(en); (Hp0)12%
(8), [Co(NOy)5(en),]1t (9)}. This feature of anisotropic vibra-
tions of the carbon atoms seems to support the existence of a
puckering motion of the chelate ring in solution. Actually
Mason and Norman (10,11) measured the CD spectra of dissolved
[co(en)3]3* jons and suggested that different conformations of
[CO(en)3]3+ coexist in solution (12). Beattie examined the nmr
spectra of [Co(en)3]3+ and showed that the ligands undergo
rapid inversion between § and ) conformations in solution.
Together with the statistical effect he suggested that the most
abundant conformation in solution may be A(S8A) and not A(888)
(13).
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Before 1968, all crystal structures containing [Me(en) 3]
complex ions were found to exist as the Ielz conformers A{884)
or their enantiomers A(AAX). In 1968, however, for [Cr(en)3]3+,
examples were reported for each of the other three possible
configurations, A(88A), A(SAX), and A(AAA). In the structure of
[Cr(en) 3] [NL(CN)5]*1.5H20 the complex cations assume lelob; and
lelyob conformations, whereas in crystals of [Cr(en)3] [Co(CN)gl-
*6H 0 the complex cations have the obj conformation (14,15).
These results led the authors to suggest that hydrogen bonding
specifically stabilizes these conformations, since their
crystal structure permits more hydrogen bonds than the lelj
form. The lel3 form is the most compact and probably leads to
better packing in the lattice. Crystals of racemic [Cr{en)3]l~-
Cl3+3H20 contain the lel3 form, which is isostructural with
its cobalt(III) analogue (16).

Recently similar isomerism was observed for the first time
in the [Co(en)3]3+ ion. Crystals of [Co(en)3][SnCl3]Cly, contain
lel,ob isomers (17). Such isomers are again favored by N-H++*Cl
hydrogen bond formation in crystals.

When the bidentate ligand is propylenediamine, the number
of isomers of the tris(bidentate) complex [Co(ipn)g]3+ increases
to 24. They constitute two enantiomeric series with absolute
configurations A and A, respectively. In each of the series
there exist two types of geometric isomers, fac and mer, with
respect to the position of the substituted methyl groups for
lel3 and obj isomers, and four with lelj,ob and leloby con-
formers (18).

Early workers concluded that an optically active ligand
like (-)-propylenediamine favored the formation of one isomer
to the complete exclusion of the other, Thus it was believed
that (-)-pn gives only the (—)539—[Co(—pn)3]3+ isomer.

However, in 1959 Dwyer and his collaborators succeeded in
isolating (+)s5g9— and (-)s5g9-[Co(-pn)3]1I3 (19). Figure 5 shows

Fig. 5. (—)589—[Co(—pn)3]3+ (20).
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the structure of the complex ion (—)559—[Co(—pn)3]3+ (20), the
most stable isomer. The absolute configuration of the complex
ion may be designated as A(AAX), the lel3 form. The three
methyl groups are attached in facial positions. The geometry
of the five-membered chelate ring is very similar to that of
the cobalt-ethylenediamine ring. Methyl substitution on the
chelate ring does not seem to disturb the overall features of
the rings. Each C-CH3 bond lies in an equatorial position
relative to the plane of the five-membered chelate ring. For
[Co{(-)—R-propylenediamine}3]3+ complex ions there are four
possible isomers:

A(lely) (fac) A (lel3) (mer)
A(obj3) (fac) A (ob3) (mer)

MacDermott succeeded in separating the A(lel3) (mer) isomer
from the A{lels) (fac) isomer by fractional crystallization
(21). Yamasaki and his collaborators isolated the A (obj) {fac)
and A(obj) (mer) isomers in pure states by column chromato-
graphy on an ion exchange SP Sephadex column (22). Figure 6

Fig. 6. (+)sgg-[Co(-pn)3]3* (23).

is a perspective drawing of the complex ion (+)589-[Co(—pn)3]3+
as viewed down the pseudothreefold axis (23). This is the
facial isomer, in which the three chelate rings are puckered,
with the methyl groups in equatorial positions. The absolute
configuration of the complex ion may be designated as A (AAX).
The central C-C bond in the chelate ring is inclined by 61°
with respect to the threefold axis, whereas it is inclined by
only 5.7° in the case of the A(lel3) (fac) isomer. The geometry
of the chelate ring is not very much different from that of the
(lelj3) (fac) isomer. The only difference is that the N-Co-N
angle is compressed by about 1.7°,
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Unlike facial isomers, it was not possible to determine
the structures of the mer isomers because the salts containing
these isomers are amorphous glasses or because the complex
ions exhibit orientational disorder in the crystal lattice.

For example, (-)s5gg-[Co(R-pn)3](+)s589-[Cr(mal)3]+*3Hy0 crystal-
lizes in a rhombohedral space group R32 and the complex
cations are on a set of special positions with D3 site sym-
metry. The mer—[Co(R-pn)3]3+ ion has no strict overall
symmetry, but the nonmethylated fragment does have D3 sym-—
metry. The electron-density distribution of the complex

cation in the crystal looks like that of tris(R,R-2,3-diamino-
butane)cobalt (III), with methyl groups of half weight (47). The
hexacyanocobaltate(III) salt of the A(obj3) (mer) isomers is
cubic. Again the complex ions exhibit orientational disorder,
and no conclusion can be drawn about the structures of the mer
isomer (24).

It appears that there are packing problems for the mer
isomer which lead to a disordered structure that grossly
resembles that of the facial isomer. The free energy differ-
ence at 25°C of the lel3 and obj isomers was calculated from the
equilibrium concentrations of these isomers. The lel3 isomer is
moxe stable by about 6.7 kJ/mol (25). Recently Schidffer and his
collaborators determined the following free energy differences
between the isomers at 100°C (18):

AG® (oby > lely) = -6.73 kJ/mol
AG® (obylel ~ lelyob) = -2.56 kJ/mol
AG° (lelyob » lelz) = +0.50 kJ/mol

The isomers of [Co(ichxn)g]3+ comprise two enantiomeric
series with absolute configurations A and A around the cobalt
atom. The chelate rings formed by the ligands (-)-R,R-chxn and
(+)-S,S-chxn have the absolute configurations A and §, res-
pectively. For each configurational series the possible ligand
conformations give rise to four diastereomers:

lely, lelyob, obylel, and obj.

The structures and absolute configurations of all the
isomers have been determined. Figure 7 represents the complex
ion in the (-)s5gg- [Co(+chxn)3]Cl3°*5H0 crystal viewed along the
normal to the N(1)-N(2)~N(3) plane (26). The complex cation
has approximate D3 symmetry. Each ligand molecule in the complex
is coordinated to the central cobalt atom by its nitrogen atoms.
All the C-C bonds in the chelate ring are nearly parallel to the
threefold axis of rotation; that is, the complex ion has lelj
conformation. The geometry of the three-chelate-ring system is
very much like that of [Co(en)3]3*. The mean value of the
dihedral angle between the planes N(1)-C(1)-C(6) and N(4)-C(6)-
C(l) and the corresponding angles in the other two chelate rings
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Fig. 7. (-)sgg-[Co(+chxn)3]13* (26).

is about 59.3°, which is almost identical with the value
expected in a free trans-1,2-diaminocyclohexane molecule. Thus
the ligand molecule seems to be only slightly strained by the
formaticon of the chelate rings. The cyclohexane ring has the
chair conformation. All the bond distances and angles within the
six-membered chelate ring are quite normal and agree well with
those observed for other related compounds.

In the obj3 isomer, (+)589—[Co(-chxn)3]3+, shown in Figure
8, the central C~C bond in the chelate ring is inclined at an
angle of 66° with respect to the threefold axis. The cyclohexane
ring assumes a chair conformation. The absolute configuration
may be designated as A(AAA). The N-Co-N angle in the chelate
ring is 84.2°, smaller by about 2.4° than that of the lelj isomer
(27).

The crystal structure of (-)ggg-[Co(+chxn); (-chxn)]Cl3*5H,0
has been recently determined (28). Figure 9 shows a perspective
drawing of the complex ion. This is the lel,ob isomer and has
an approximate twofold axis of symmetry. Its absolute configura-
tion may be designated as A(S8A) or in full as A=(-)5g9-
[Co{(S,5)-(+)chxn},{(R,R) = (-)chxn}881] 3+, Each chelate ring has
an unsymmetrical skew conformation. The dihedral angles about
the C-C bond of the chelate rings are 53° on the average. The
nonbonded short hydrogen-hydrogen contacts occur between NHp
and CH groups in adjacent chelate rings. The average H+**°*H
distances are 2.46 between the lel rings and the ob rings.

The inclination angle of the coordination plane (formed by
Co and two N atoms) of the ob ring with respect to the pseudo-
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Fig. 9. (-)sgg-[Co(+chxn)j (~chxn)]13t (28).

threefold axis of the complex ion, 35.7° is significantly
larger than that in the lelj or obz-isomer (31.8 and 31.5°,
respectively). This difference in inclination angle serves
to alleviate the nonbonded hydrogen interactions.

Schdffer and his collaborators established the equili-
brium between the [Co(ichxn)3]3+ isomers on charcoal at 100°C
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and pH = 7.0. The AG° values are as follows (29):

AG® (lelzob + leljy) -0.93 kJ/mol
AG® (obylel » lels) -3.72 kJ/mol
4G° (ob3 > lely) -8.20 kJ/mol

The different stabilities of the isomers may be rationalized in
terms of the mutual interactions between the ligands. It is
generally accepted that nonbonded hydrogen interactions are
among the important factors determining the stability of such
isomers.

When a molecule of trans-1,2-diaminocyclopentane is coordi-
nated to a cobalt atom, the chelate ring system involves much
strain, Jaeger was the first to describe this complex (30), but
it was suggested later that its existence was doubtful (31).
Figure 10 shows a perspective drawing of the complex ion

Fig. 10. (-=)sg9-[Co(+cptn)3]3* (32).

Fig. 1l. Bond lengths and angles of a chelate ring, aver-
aged by assuming D3 symmetry (32).
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(-)5g9- [Co (+cptn) 313+ (32). The cobalt atom has a slightly
distorted octahedral coordination of six nitrogen atoms with

an average distance of 2.00 R. The N-Co-N angles in the five-
membered chelate rings are 86.7° on the average. The upper
N-N-N triangle is rotated by about 5.5° with respect to the
lower N-N-N triangle from the position expected for a

regular octahedron. All the C-C bonds in the chelate ring point
along the threefold axis of the octahedron, hence the conforma-
tion of the complex ion is lel3 and the absolute configuration
of the complex ion may be designated as A{888). The conformation
of the cyclopentane ring is half-chair. The bond lengths are
normal, as shown in Figure 1ll; however, angles C(b)-C(d)-C(d"')
of 101° and N(a)-C{d)-C(b) of 119° deviate substantially from
the normal tetrahedral angle. Corresponding angles in the
trans-1,2-diaminocyclohexane analogue are 112 and 110°,
respectively. The observed conformation of the chelate ring
system agrees well with the result given by strain energy
minimization for a free ligand except for the two bond angles
mentioned above (32).

B. Six-Membered Chelate Rings

The six-membered chelate ring is more flexible than the
five-membered chelate ring, and the conformational problem
presented by its complexes is similar to that posed by cyclo-
hexane, except that the metal ligand angle is nearly 90°.

There are three possible conformations for the cobalt-trimethyl-
enediamine ring: a chair form, a skewboat form, and a boat form.
Even simple molecular models, however, show at once that, owing
to steric hindrance, a boat form cannot accommodate the tris-
bidentate complex. The crystal structures of (-)sgg—[Co(tn)3]-
Br3*Hy0 and (-)s5g9-[Co(tn)3]Cl3°Ho0 have been determined
(33,34). Figure 12 shows a perspective drawing of the complex
ion (—)589—[Co(tn)3]3+, which has an approximately threefold
axis through the cobalt atom. The three six-membered chelate
rings are nearly but not exactly identical and assume chair
forms, The chelate ring is substantially flattened due to
nonbonded hydrogen interactions. The Co-N-C bond angles are
much larger than the normal tetrahedral angle, the average
value being 122.0°. The mean N-Co-N angle in the chelate ring
is 91.0°. Ellipsoids of thermal motion of that chelate ring
which is most loosely packed in the crystal indicate that the
largest amplitude of thermal vibration of the carbon atoms is
primarily perpendicular to the plane formed by the two C-C

or C-N bonds for each atom. This large thermal motion of the
carbon atoms is consistent with the results of conformational
analysis of the six-membered chelate rings (35,36) and suggests
a conformational equilibrium involving significant amounts of
two or more conformers in solution at room temperature (37).
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Fig. 12. (-)s5gg-[Co(tn)3]13% (34).

The chair form of a six-membered chelate ring is not
chiral but has a mirror plane. The skew~boat form is chiral and
its helicity can be defined by the line joining the two
coordinating atoms and the line joining the two adjacent atoms
of the ligand, When three (or two) 1,3-diaminopropane molecules
are coordinated to a metal atom to form three chelate rings with
chair conformations, chirality is generated. The arran%ement of
the three chelate rings in the complex ion A-[Co(tn)3] * defines
a clockwise rotation, as indicated by the arrow in Figure 13,
The chair may then fold in such a way that the outer edges of
the rings (C-C-C) define a direction parallel or antiparallel
to the direction of rotation determined by the three chelate
rings. Raymond (38) designated the two resulting conformations
as p and a, respectively. The fold direction is determined by

N
-

Fig, 13. 7Two chair conformers of Co-tn rings. The upper
ring is the p conformer; the lower is the a form.
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the orientation of the C-C-C plane. The complex ion [Cr(tn)3]3+
in crystals of [Cr(tn}3])[Ni(CN)s5]*2H,0 has a different conforma-
tion (39), one chelate ring taking a skew-boat form and the
other two chair conformations. The directions of fold of the
two chair rings are different. The complex cation may be
designated as A(p § a) or its antipode.

2,4-Diaminopentane acts as a bidentate ligand and forms a
six-membered chelate ring. Three isomers exist for this ligand:
R,rR, S$,5, and R,S. The equatorial preference of the C-CH3 bond
will fix the conformation of the chelate rings. Two isomers of
tris (R,R-2,4-diaminopentane)cobalt(III) were synthesized and
characterized (40). Figure 14 shows a perspective drawing of

Fig. 14. (-)syg-[Co(R,R-ptn)3]3* (41).

the complex ion (—)Sue-[Co(R,R—ptn)3]3+ (41) . The complex ion
has rigorous C; symmetry, combined with approximate D3 symmetry.
The mean Co-N distance is 1.984(5) . All other C-C or C-N
distances are normal. The N-C-N angles are 90°, the mean value
being 89.1(3)°. The equatorial preference of the two methyl
groups fixes the conformation of the six-membered chelate ring
in a twist-boat form. The six-membered chelate ring is thus
chiral and its absolute configuration may be designated as X.
The line joining the two asymmetric carbon atoms is inclined
by about 2° with repsect to the threefold axis. Accordingly this
is the lels isomer.

Figure 15 shows a projection of the complex ion (+)sye~
[Co(R,R-ptn)3]3+ along the threefold axis (41). The complex
ion has approximate D3 symmetry, the average Co-N distance is
1,99 &, and the N~Co-N angle in the chelate ring is 89°. The
chelate ring again assumes a twist-boat conformation with
C-CH3 bonds in equatorial positions. The chelate ring has the
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Fig. 15. (+)sug~[Co(R,R-ptn)3]3* (42).

absolute configuration A. This is the obj isomer, and the line
joining the two asymmetric carbon atoms is inclined by about
70° with respect to the threefold axis of the complex ion.

A metal-(R,S5~-2,4-diaminopentane) ring is expected to have
a chair conformation if the equatorial preference of the two
substituted methyl groups is taken into account. This was
indeed verified in the structure of (+)gjg-oxalatobis(R,5-2,4-
diaminopentane)cobalt (III) perchlorate monochydrate, (+)s5]1q-
[Co(ox) (R,S-ptn),]Cl0OL*HpO (43). The complex ion has the ab-
solute configuration A-trans (R,R)-cis(S,S) and the six-mem-
bered chelate ring takes on a chair form. As for the tris
complex involving this ligand, it was believed that the
facial isomer was obtained exclusively. Recently the mer and
fac isomers of [Co(R,S—ptn)3]3+ were successfully separated and
resolved by column chromatography on SP Sephadex (44). The
absolute configuration of the (+)ggg9-fac isomer was determined
to be A (45).

The chelated malonato-metal ring has a high degree of con-
formational flexibility. In the structure of A-[Co(R-pn)3]A-
[Cr(mal) 3] *3Hy0 the three malonato-Cr (III) rings are equivalent
by symmetry and possess an envelope conformation in which only
the methylene carbon atom is significantly displaced from the
plane of the chelate ring. In the diastereomer (+)gug-[Co(mal);
(en)](-)5g9-[Co(NOj), (en)2] both rings are reported to have
an approximately planar conformation. The largest deviation
from the mean plane of the Co-mal ring is 0.23 R for a ligating
oxygen atom, and the pattern for both rings suggests a
distortion toward a skew-boat conformation (46-48).

C. Seven-Membered Chelate Rings

The basic series of structures with three five- and six-
membered chelate rings has recently been supplemented by a new
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important member, the tris(l,4-diaminobutane)cobalt(III) ion,
containing three seven-membered chelate rings. The crystal
structure and absolute configuration of (+)sggg-tris(l,4-
diaminobutane)ccbalt(III) bromide has been determined (49).
The compound was synthesized by Fujita and Ogino (50) from
cobalt(II) nitrate and tetramethylenediamine in dimethyl
sulfoxide by air oxidation. It was resolved into optical
isomers by conversion to diastereomeric di-p-(+)-tartrato-(4)-
bis [antimonates (III)]. The resolution was also achieved by

SP Sephadex column chromatography. Figure 16 shows a ger—
spective drawing of the complex ion (+)sggg-[Co(tmd) , which
has D3 symmetry. The average C-N distance is 1.991 and the

Fig. 16. (+)sgg-(Co(tmd)3]3t (49).

average N-Co-N angle is 89.2°. The seven-membered chelate
ring is much more flexible than are six-membered chelate
rings. The chelate ring is strained; the Co-N-C, N-C-C, and
C-C~C angles are 123,2, 113.6, and 116.1°, respectively, all
greater than the normal tetrahedral angle. Figure 17 shows a
projection of the chelate ring along the twofold axis. This
chelate ring is chiral and may be designated as X provided
that the helicity is defined by the line joining nitrogen
atoms and the line joining the two carbon atoms bonded to the
nitrogen atoms. The line joining the two carbon atoms in the
chelate ring is inclined by about 0.6° with respect to the
threefold axis of the complex ion. Accordingly this is the
lel; isomer and may be designated as A4 (AAX) as a whole. It is
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Co C N

Fig. 17. Projection of the seven-membered chelate ring
along the twofold axis (49).

to be noted here that the conformation of the segment Co-N-C-C
is § and that of N-C-C-C is A.

D. Other Tris-bidentate Complexes

The lely and obj3 isomers of tris(trans-1,2-diaminocyclo-
hexane)rhodium (III) salts have been isolated as chlorides and
nitrates (51). The absolute structures of (+)5g9-[Rh(-chxn)3]-
(NO3) 3° 3420, ob3 isomer, and (+)sgg9-[Rh(-chxn)3] (NO3)3°3H0,
lel3 isomer, have been determined (52,53). The complex ion in
the former may be designated as A(AXX), that in the latter as
A(AXX). The geometries of the complex ions are very much like
those of the analogous Co(III) complexes, the only difference
being that the average Rh-N distance of 2.082 R is greater than
the Co~N distance of 1,978 (4) 2.

The absolute configurations of the following four D3 com-
plexes, as determined by X-ray analysis correlated with the
CD bands in the ultraviolet region:

(-)5g9- [Fe(phen)312*: A (54)
(+)589- [Ni (phen) 3)2F: A (55)
(+)5g9- [Ni (bpy) 31%%: A (56)
(-)589-[As(cat)3]™: A (57)

All the ligand molecules are practically planar and the com-
plex ions possess approximate D3 symmetry. The CD spectra of
these complex ions are discussed in Sect. VI.

The absolute configurations of (—)559-[Co(ox)3]3' (55) and
(+)589—[Cr(ox)3]3' (46) are A and A, respectively. Both complex
ions possess effective D3 symmetry. The ligand is planar and
has no significant deformation on forming a chelate ring. When
thiooxalate ion is introduced in place of the oxalato group,
(+)589—[Co(thiox)3]3' has the absolute configuration A (58).
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The three ligands coordinate to the cobalt atom with six sulfur
atoms, with the Co-S bonds ranging from 2.230 to 2.259 R and
the S-Co-S angles in the chelate ring from 89.3 to 89.9°. In
this complex ion the CoSg chromophore is elongated along the
threefold axis. The Co-S bond is inclined by 53.8° with respect
to the trigonal axis. (This angle would be 54.75° for a

regular octahedral arrangement of the six S atoms.)

There are four possible isomers of [M(S-am)3], where am is
an amino acid, such as the [Co(S—pn)3]3+ ion. Tris(S-alaninato)-
cobalt(III) may be regarded as the parent compound. The (+)s5gg—
a-isomer, the more easily obtainable violet isomer, was found to
have the absolute configuraiton A (59). This is the mer isomer
and it has no threefold axis. The chelate ring is nearly planar
and the three methyl groups are attached in equatorial positions.
The absolute configurations of a number of tris-amino acid
complexes have been deduced by comparison of CD spectra.

The absolute configuration of (-)syg-tris(acetylacetonato)-
cobalt(III), A, was successfully determined by means of
quasiracemic crystals containing the partially resolved
cobalt(III) complex and the racemic aluminum(III) analogue (60).
The absolute configurations of (—)589—[Cr(bigua)3]3+ (61) and
(+)589-[Cr(atc)3]3+ (62) have alsoc been determined to be A,

Some octahedral complexes have also been reported with
three chelate rings containing two different ligands. In
(+)589—[Co(en)2(tn)]3+ the Co-tn ring takes on a chair form and
the two Co-en rings assume the lel conformation. The absolute
configuration of the complex ion may be designated as A (86)
(63). (—)589—[Co(ox)(en)2]+ has the absolute configuration
A(SX); i.e., the two Co-en rings take lel ob conformation
(64). (-)589—[Co(acac)(tn)2]2+ has the absolute configuration
A, with the two Co-tn rings in chair conformation (65). Other
complexes of similar type containing amino acids or related
ligands are discussed in Sect. V-B.

I11. ¢is-BIS-BIDENTATE COMPLEXES

The cis-bis-bidentate complexes are structurally related
to the tris-bidentate complexes, and their CD spectra can also
be interpreted with reference to the parent tris-complexes.
Thus the structures of cis-bis-bidentate complexes are only
briefly reviewed here.

The (+)s5gg9-cis-dichlorobis (ethylenediamine)cobalt(III) ion
takes A absolute configuration, and the two Co-en rings have §
conformation; thus the ion is the lel; isomer (66). The
analogous platinum(IV) complex (+).+50—cis--[PtClg(en)2]2+
A(AA), i.e., the lelp; isomer (67). On the other hand, in
(—)589—[C0(N02)2(en)2]+ the two chelate rings adopt the obj
conformation. The absolute configuration of the complex ion
may be designated as A(SS8) (48). In crystals of (-)sggg-

is
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[Co(NO3) o (en)2] (-)589-[Co(NOy) 2 (ox) (NH3)2] the carbon atoms of
the Co-en ring exhibit the greatest thermal motion perpendi-
cular to the plane of the chelate ring (9). (+)s5g9-cis-
[Co(CN);, (en) ]t is found to have the absolute configuration
A(AX) (156).

The absolute configuration of (+)589—cis-[Co(N02)2(R—pn)zl+
was determined to confirm the assignment of the absolute
configuration predicted from a comparison of its CD spectrum
with that of (+)589-[Co(en)3]3+. The absolute configuration was
found to be A(AA), in agreement with the prediction (68). The
C-CH3 bond is in an equatorial position, and the methyl groups
of the two chelate rings occupy trans positions. The complex
ion (+)g5gg-cis-[Co(NO,)5(R-ala)s]” has a rigorous twofold axis.
The cobalt-amino acidato chelate ring is not planar but assumes
the form of an asymmetric envelope, with the methyl group in an
axial position. The absolute configuration may be designated
as A (69). This conformation of the metal-amino acidato chelate
ring is similar to one predicted by Freeman to be of minimum
energy (70). The corresponding argininato complex (-)ggg-cis-
[Co(NOz)z(S-arg)2]+ has the absolute configuration A (71).

The absolute configuration of the complex ion (-)s5gg-—
[Co(NCS)z(tn)z]+ may be designated as A(pa). This complex has
approximate twofold symmetry and the two six-membered chelate
rings take on chair conformations (72).

IV. trans-BIS-BIDENTATE COMPLEXES

The main source of optical activity of the trans-bis-bi-
dentate complexes [MeX; (bidentate),]™t lies in the dissymmetry
of the ligands. Only two absolute configurations of this type
of complex have been determined. In this section some results
obtained for square-planar bis-bidentate complexes are also
described.

The (-)s5gg-trans-dichlorobis (R-propylenediamine)cobalt (III)
ion has an approximate twofold symmetry along the Cl-Co-Cl
bond. The chelate ring adopts the A conformation with equatorial
C-CH3 bonds (73). The (~)sgg9-trans~dichlorobis (N-methyl-
ethylenediamine)cobalt(III) ion (—)589—[C0C12(N—meen)2]+ also
has an approximate twofold symmetry. The two chelate rings
assume the § conformation and the N-CH3 bonds are equatorial
with respect to the chelate ring. The absolute configuration of
both asymmetric nitrogen atoms is R (74).

The absolute configuration of (-)pgg—cis-dichloro (l-methyl-
amino-2 (S)-aminopropane)platinum(II) was determined (75). The
complex is square planar, with an average Pt-Cl distance of
2.303 & and an average Pt-N distance of 2.021 &, The five-
menmbered chelate xing adopts the gauche conformation with §
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absolute configuration. The methyl group on the carbon atom is
in the equatorial conformation with respect to the plane of

the chelate ring, while the methyl group attached to the nitro-
gen atom occupies the axial position.

In crystals of (+)3509—[Pt(R-pn) (Megen)] [Sby (+)-tart;] 2H,0
the complex ion is planar (76). The five-membered chelate ring
formed by R-pn assumes A absolute configuration, the C-CHj3 bond
being in equatorial position. The other five-membered ring com-
posed of the Mejen takes on the gauche conformation and the
absolute configuration is X too. The two substituted N-methyl
groups are both in equatorial positions. Thus the absolute
configurations of the asymmetric nitrogen atoms are both 5.

The structure of bis(S-prolinato)palladium(II) is also
known (77). The central palladium atom has square planar
coordination, with the two S-proline residues coordinated to it
in cis positions with respect to each other through imino nitro-
gen atoms and the carboxyl oxygen atoms. The two proline mole-
cules are coordinated to the metal atom, with two pyrrolidine
rings disposed on opposite sides of the coordination plane when
they form the square complex (Figure 18).

Fig. 18. [Pd(S-pro)y]1 (77).

The crystals of [PtCl, (-chxn),] [Pt(-chxn)y]Cly consist of
a stacking of chains along which square-planar [Pt(—chxn)2]2+
and tetragonal trans—[PtClz(-chxn)z]2+ alternate. The Pt-Cl
and Pt-N distances are 2.354 and 2.056 ﬁ, respectively, and the
conformation of the chelate ring is all (AX). The geometry of
the 1,2-diaminocyclohexane molecule is the same as that of the
isomers of [Co(—chxn)3]3+ (26,27). The analogous bromide
[PtBry (-chxn),] [Pt(-chxn),]Br, is isostructural (180).
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V. COMPLEXES INVOLVING MULTIDENTATE LIGANDS
A. Terdentate
1. N-(2'-Amincethyl)-1,2-diaminoethane(diethylenetriamine)
There are three different ways of coordinating two diethyl-

enetriamine molecules to a cobalt(III) ion, as illustrated in
Figure 19 (78). Of the three isomers the u-facial and mer

@) an (I1D)

Fig. 19. Schematic drawings of (I) s-fac, (II) u-fac,
and (III) mer-isomer of [Co(dien)2]3+ (79) .

isomers are chiral whereas the s-facial isomer is achiral. All
diastereomers and enantiomers in this system were isolated and
the diastereomeric confiqurations assigned to the optically
active isomers based on the difference in racemization be-
havior of the optically active u-facial and mer isomers (78).
The crystal structures of s-fac-[Co(dien);]Br3 and (-)s5gg-
u-fac-[Co(dien);] [CO(CN)g] *2H70 are known (79,80). This

latter crystal contains two different conformers. Figure 20
represents the two conformers of (—)589—u—fac-[Co(dien)2]3+.
Two ligand molecules are coordinated to the cobalt atom by six
nitrogen atoms, adopting u-facial configurations. Both cations
may be designated as skew chelate pairs AAA, and both have
twofold axes of rotation. In one complex ion (illustrated on
the left of Fig. 20) the conformations of the two chelate rings
formed by a dien molecule are § and X, whereas in the other
(right) they are both A. In the crystal these complex ions are
packed in such a way that their conformations permit more
hydrogen bondings than would a single conformer.

2. (8)-Aspartic Acid
Three possible geometric isomers of the bis (S-aspartato)-

cobaltate (III) ion exist when the ligand acts as a terdentate
(Fig. 21). Two of these three isomers were obtained and charac-
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Fig. 20. Perspective drawings of the two conformers of
(-) sgg-u-fac-[Co(dien),] 3+ (80).
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Fig. 21. Schematic drawings of (a) the trans (N), (b) the
cis (N)~trans (O5), and (¢) the cis(N)-trans{Og) isomers of the
[Co{S~asp)2]~ ion. Dots represent C atoms (83).

terized by Hosaka, Nishikawa, and Shibata (81). A few years
later all three isomers were isolated (82). Oy and Og refer to
those oxygen atoms that form five- and six-membered chelate
rings with amino nitrogen atoms, respectively. The stereo-
chemistry of aspartic acid as a terdentate ligand is different
from that of other terdentates. The three rings join on the
face of an octahedron at the asymmetric carbon atom in such a
manner that not all the rings define the edges of the octa-
hedron. The presence of this type of chelate ring leads to
complexities in the CD spectra which make it difficult to
correlate the absolute configurations on the basis of CD (see
Sect. VI).
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The IUPAC scheme for the designation of the absolute con-
figuration (1,2) cannot be straightforwardly applied for
assigning a label to the isomers shown in Fig. 21b and c¢. As
described above, three chelate rings join in a vertex on a
face of the octahedron at noncoordinating atoms. Even if the
number of skew chelate pairs could be counted, it would be
impossible to obtain net chirality. This type of difficulty
generally arises when a multidentate ligand has a branch with
a ligating atom at its end and this branch is bonded to a
nonligating atom. On the other hand multidentate ligands like
dien, edta, trdta, and penten do not give rise to such diffi-
culties. Figure 22 shows the absolute configuration of cis(N)-

Fig. 22, cis (N)-trans(05)-[Co(S-asp)y]”~ (83).

trans (O5)~-[Co(S-asp),]” (B3). Two aspartic acid residues are
octahedrally coordinated to a cobalt atom through two amino-
nitrogen atoms and four carboxylic oxygen atoms. Five-membered,
six-membered, and seven-membered chelate rings are formed.

Two oxygen atoms of the five-membered chelate rings are in
trans positions, and those of the six-membered chelate rings are
in cis positions. The conformations of the two five-membered
chelate rings assume the symmetric envelope form, whereas those
of the six-membered chelate rings are all asymmetric skew-
boat. Figure 23 is a perspective drawing of the cis(N)-

trans (Og) isomer (84), in which the oxygen atoms of the
five-membered chelate rings and those of the six-membered
chelate rings are in cis and trans positions, respectively. The
five-membered chelate rings assume the symmetric envelope form
and the six-membered rings take on an asymmetric skew-boat
conformation.
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Fig. 23. cis(N)-trans (0g)-[Co(S-asp)2]  (84).

3. (8)-2, 3-Diaminopropionic Aecid

The complexes of cobalt(III) with 2,3-diaminopropionic
acid (1,2) were prepared by the reaction of tris{carbonato)-
cobaltate(III) ion and (R,S)-2,3~diaminopropionic acid (85).

?OOH COOH
HzN-ClI-H H-C-NHj
CHyp~-NHj CHp-NHy
(s) (R)
1 2

The five possible diastereomers are illustrated in Figure 24.
All are labeled according to the convention that the carboxyl
groups are designated first, then the a-amino group, and final-
ly the B-amino group. Thus the five isomers may be designated
as (a) trans, cis, cis; (b) cis, cis, trans; (¢) cis, trans,
cis; (d) cis, cis, cis; and (e) trans, trans, trans. Isomers,
(&), (b), and (c¢) require two ligands of the same absolute
configurations (S in the above representations); (d) and (e)
require that the two ligands be enantiomeric. All the isomers
were isolated and, where possible, their configurations
assigned on the basis of absorption, ORD, and CD spectra as
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Fig. 24. Diastereomers of bis(2,3-diaminopropionato)-
cobalt (III) ion: (a) trans,cis,cis: (b) cis,cis,trans; (¢)
cis,trans,cis: (d) c¢is,cis,cis; (e) trans,trans,trans.

well as by chemical methods. However, unambiguous differentia-
tion of isomers (b) and (c¢) was impossible. The crystal
structure of the red crystals of (-)syug-[Co(C3H7N202)2]Br was
detexmined (86). This isomer proved to be the S-cis, trans,

cis isomer (Fig. 24c). The geometric arrangement of the donor
groups is shown in Figure 25. Two ligand molecules coordinate
to the central metal atom through four amino nitrogen atoms and
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Fig. 25. (-)syug-[CO(C3H7N202)01Y (86)

two carboxyl oxygen atoms to produce a distorted octahedral
coordination. Thus the ligand molecule acts as a terdentate
and forms a rigid fused-ring chelate system in which the ab-
solute configuration of the ligand uniquely determines the
absolute configuration of the complex.

4. B-(N-Sarcosinyl)propionic Acid (3)
The O, N, O-terdentate ligand coordinates facially to the

CH3

N-CHp -CH, -COOH

|

CH, -COOH

3

metal atom. In (+)5|+6—cis(o)—[Co(sarmp)(NH3)3]+ the resulting
six-membered chelate ring has the skew-boat form with & con-
formation, the N~-CHj and C=0 bonds both being in equatorial

positions. The five-membered chelate ring assumes an asymmetric
envelope form with X conformation (87).

5, Tribenzo[b.f.3](1.5.9])triazacyclododecahexaene (TRI) (4)
This terdentate ligand is the trimer formed by the self-

condensation of o-aminobenzaldehyde in the presence of metal
ions. This is a stereochemically rigid molecule. A cobalt(III)
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complex, (+)546—[C0(TRI)2]3+, is shown in Figure 26 (88). The
cobalt atom is coordinated to six nitrogen atoms, three from
each ligand. The three nitrogen atoms from each ligand molecule
define planes that are parallel to one another and that are
2.36 R apart. The three nitrogen atoms of each ligand form an
equilateral triangle, with the upper triangle rotated counter-
clockwise by about 8° from an octahedral arrangement. This
distortion of the CoNg chromophore occurs in the same sense as
that observed for A-[Co(en)j] *. BEach TRI ligand is propeller
shaped. The mean pitch (to the left) of the planar benzene is
14° with respect to the nitrogen planes.

Fig. 26. (+)syg-[Co(TRI),]3*.

The CD spectrum of this complex ion in an aqueous solution
in the first absorption region (i.e. the absorption region of
longest wavelength) is very similar to that of A-(+)g5gg~-
[Co(en)3]3f both showing a prominent positive peak at the longer-
wavelength side and a weak negative peak at the shorter-wave-
length side. This indicates that the distortion of the chrom-
ophore plays an important role in the optical activity of these
complexes.

6. (R)-2-Methyl-1,4,7-triazacyclononane (R-MeTACN)

This cyclic terdentate (5) and its cobalt (III) complex
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were synthesized by Mason and Peacock (89). The complex was
found to exhibit the largest yet recorded ring-conformation-

H
N
TN
(CHp) 2 (C?z)z
|
HN NH
\CI:H—CHZ
CH3
5

based optical activity for the [CoNg] chromophore.* The crystal
structure of (-)5g89-[Co(R-MeTACN),1I3°5H,0 was determined (90).
The electron-density distribution of the complex ion looks as
if the complex had D3 symmetry owing to the orientational
disorder. Three diastereomers are possible for [Co(R—MeTACN)2]3+
with regard to the positions of the three substituted methyl
groups. Figure 27 illustrates the structure of the complex.

Two cyclic ligands, spanned on a pair of opposite faces of an
octahedron, are coordinated to the cobalt atom with six
nitrogen atoms. The conformation of all the five-membered
chelate rings is A. The substituted methyl group is attached

in an equatorial position with respect to the average plane

Fig. 27. (=)s5g9-[Co (R-MeTACN),]3*,

*This activity is caused by the chiral conformation of
the chelate ring, which, in turn, induces optically active
transitions between the metal d-electron levels by the ligand
field.
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of the chelate ring, and the [CoNg] chromophore is twisted
around threefold axis in the same way as in A—[Co(en)3]3+.
Unlike the [Co(en)3]3+ ion [CoNg] is elongated along the
threefold axis, the Co-N bond being inclined at an angle

of 51.28° with respect to the threefold axis. This angle

is 54,75° for a regular octahedron. The distortion is of the
same type as that reported for (+)546—[C0(TRI)2]3+ (88) . The
existence of the six five-membered chelate rings with A con-
formation may give rise to a large ring-conformation-based
optical activity.*

7. 1,1,1-Tris(aminoethyl)ethane (tame)

This terdentate ligand, CH3C(CHyNHp)3, can conordinate to
the cobalt atom to form the bis-complex [Co(tame)2]3+. It has
its nonligating atoms above and below the trigonal glanes of
the ligating nitrogen atoms as does [Co(R-TeTACN);,] *. The
crystal structure of [(+)s5g9—[Co(tame),]]1CLl((+)5g89-R,R-
tart] *xHp,0 was determined (181). The complex ion has approximate
D3 symmetry. The conformation of the six-membered chelate ring
is intermediate between that of a regular skew boat and that of
a true boat, and may be described as an asymmetric skew boat.
The absolute configuration may be designated as A, with the
[CoNg] chromophore twisted around the threefold axis. The
distortion is equivalent to that in A—[Co(en)3]3+. Accordingly
the absolute configuration can be fully designated as AMX, where
the two A's refer to the conformations of the six-membered
rings formed by the two different ligands, respectively. There

X /N /(2
Ay AWy,
N

b) (c)

z

Fig. 28. Possible cobalt-trien coordination (44): (a)
trans, (my); (b) cis-a (£f2); (c) cis-B (mf). For the notation
in parentheses see Sect. V-D.

*This activity is caused by the chiral conformation of
the chelate ring, which, in turn, induces optically active
transitions between the metal d-electron levels by the ligand
field.
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are three possible isomers: AA, 88, and A8 (or 8)). The former
two are enantiomers, the last a meso isomer. Strain energy
calculation showed that the racemic isomer is more stable by
about 6.70 kJ/mol. The isomers may interconvert by a trigonal
twist of the ligand, whereby the methylene groups move from
one side to the other of the plane formed by the cobalt,
nitrogen, and the quaternary carbon atom. In fact, the
[Co(tame)2]3+ conformers equilibrate in solution. Thus the CD
spectrum was recorded for finely ground and dispersed powders
in polystyrene.

B. Quadridentate

1. 1,8-Diamino-3,6-diazaoctane (triethylenetetramine,
trien, or 2,2,2-tet)

The linear tetramine trien can act as a quadridentate
ligand and form complexes with Co(III). The three possible ways
of coordinating a trien molecule to a cobalt(III) ion are shown
in Figure 28. Further, two conformations of the trien ligand
for each cis-g isomer are possible, controlled by the symmetry
about the two secondary nitrogen atoms, which are shown in
Figure 29. Both conformations were detected in the A-cis-B-

(a) ()

Fig. 29. (a) A-R,R-cis-B and (b) A-R,S-cis-B isomers (94).

[Co(trien) (Hyp0),]13* ion: A-cis-B- (RR) and A-cis—B- (RS), which
mutarotates to the thermodynamically more stable A-cis—-B8-(RR)
conformer (AG® 12.6 kJ/mol) (91). The A-cis-B-(RS) isomer could
not be obtained in a stable crystalline form. Freeman and
Maxwell determined the structure of racemic cis-B8- (chlorocaqua-
triethylenetetramine)cobalt(III) perchlorate. The structure
contains A-cis-f-(SS) and A-cis-f8-(RR) isomers (92). When a
substituted trien ligand such as 3(S),8(s5)-2',2,2'-tet was
used, the cis-R-(RS) form was obtained in the crystalline
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form together with the cis-o isomer (93). Figure 30 shows the
complex ion (-)syg—cis-B-[Co(NO2)z (3(S),B(S)-2',2,2'-tet)]* (94).
The absolute configuration of the complex is A. The two

Fig. 30. (-)s4g-[Co(NO2) 2 (3(S),8(S)-2',2,2'-tet)]t (94).

terminal chelate rings assume § ‘conformations, with the C-CHj3
bonds in equatorial positions. The central ring assumes the A
conformation., The absolute configurations of the asymmetric
nitrogen atoms are enantiomeric, N(2) being (R), and N(3) (S).
One of the terminal five-membered chelate rings, I, is in the
eclipsed envelope conformation, while in the other terminal
chelate ring, III, the two carbon atoms are on the same side

of the plane formed by the two nitrogen atoms and the central
cobalt atom. The central chelate ring has an unsymmetrical skew
conformation. In the crystals of cis-B8-[CoCl (H0) (trien)] (C1lOy),,
the two outer chelate rings have unsymmetrical skew conformation
and the central one is of the envelope type (92). The C-C
distance in the central chelate ring of the present complex
ion, 1.57 3, is somewhat greater and those in the chelate rings
at the two ends, 1.49 and 1.46 &, are shorter than the normal
C-C bond distance of 1.52 R in such chelate rings. This is in
contrast to the distances in cis-B—[CoCl(HZO)(trien)]2+; here
the C-C bond in the central ring is shorter than those in the
outer rings. The steric strain that arises from cis coordina-
tion of a substituted trien ligand appears to be partly accom-
modated by such distortion of the ligand.
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The structure of (-)s5gg-cis-a-[Co(NOy),(3(S),8(S)-2',2,2'-
tet)]" is also known (95) . Figure 31 shows a perspective draw-
ing of the complex ion, which has approximate C, symmetry

HC(83) HC(62)

Fig. 31. (-)sgg-cis-a-[Co(NOy)j (3(S),8(S)-2',2,2'-tet)]t
(95).

through the central cobalt atom and the midpoint between N(2)
and N(3). The absolute configuration can be described as a skew
chelate pair A. The combination of the conformations for three
chelate rings is §, A, and ¢, and the two methyl groups lie in
equatorial positions with respect to the planes of the chelate
rings. As a result the absolute configurations about the two
asymmetric nitrogen atoms are S. The angles subtended at the
cobalt by the outer two chelate rings are 86.2° on the average,
whereas the angle subtended by the inner chelate ring is
slightly larger (87.6°). The two outer chelate rings have un-
symmetrical skew conformations. In the central chelate ring, on
the other hand, the skew conformation is nearly symmetrical.
Figure 32 represents a perspective drawing of the complex
ion (-)ggg-trans-[Co(NOy)7(3(S),8(S)-2',2,2'-tet)]t (96). The
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Fig. 32. (-)sgg-trans—[Co(NOy),(3(S),8(5)-2",2,2"'-tet)]*
(96) .

complex ion has an approximate twofold axis of rotation through
cobalt, bisecting the C-C bond in the central chelate ring. The
two nitro groups are in trans positions. The quadridentate
ligand forms a girdle about the cobalt atom, coordinating to
the cobalt atom with its four nitrogen atoms. The conformations
of the two chelate rings with methyl groups are §; that of the
other ring is A. The two methyl groups lie in equatorial posi-
tions with respect to the plane of the chelate rings. As a
result the absolute configurations of the two asymmetric
nitrogen atoms are both R. The N-Co-N angles in the outer
chelate rings are 85° and that in the central one is 88°. The
angular strain of the ligand is further in evidence at the two
asymmetric nitrogen atoms and at the two carbon atoms in the
central chelate rings. The bond angles involving these atoms
deviate considerably from the regular tetrahedral angle of
109.5°. The two outer chelate rings have unsymmetrical envelope
conformations, whereas in the central chelate ring the two
carbon atoms are on the same side of the plane formed by the
central cobalt and the two nitrogen atoms. The strain energies
of the three isomers were calculated according to Boyd's
procedure (97,98). The bond lengths and angles in the three
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isomers, reproduced within twice the standard deviation of the
values obtained by crystal structure analysis, are shown in
Table 1. The major angular distortions observed in the crystals
were accurately predicted from the minimization calculations.
For example, a remarkable angular strain was found in the

trans isomer at the secondary nitrogen atoms and the asymmetric
carbon atoms, as mentioned earlier. The calculated bond angles
involving these atoms agree well with observation. The final
energy terms obtained from the minimization for the three
isomers are tabulated in Table 2. The calculations indicate

TABLE 2
Distribution of Conformational Strain Energy (kJ/mol)

cis-a cis-B trans

Bond length deformation 2.5 5.4 2.9
Bond angle deformation 5.9 8.8 24.3
Torsional strain 22,2 17.6 10.0
Nonbonded interaction 23.0 14.6 14.2
Total conformational energy 53.6 46.4 51.4
Energy difference 7.2 0.0 5.0

(relative to cis-B)

that each isomer has a different prominent energy term. Of the
total strain energy, torsional strain and nonbonded interactions
are most prominent. The relative energy differences between the
cis-a and cis-B isomers and between the trans and cis-B
isomers are 7.2 kJ/mol and 5.0 kJ/mol, respectively. The result
indicates that the cis-B form is the most stable of the three
isomers. This is supported by the fact that the trans isomer
is easily isomerized to the cis-f form by recrystallization
from water. The calculation indicates that angular distortions
are important in deriving the relative stabilities of the com-
plex ions. In fact, bond angles deform with a comparatively
small expenditure of energy for changes as large as several
degrees., Similarly, torsional angle distortion occurs easily.
These angular distortions can largely alleviate otherwise
serious nonbonded hydrogen interactions.

In 1974 Yoshikawa and his collaborators (99) isolated
(+) 5g9—cis-B-carbonato (3(S),8(S)-2',2,2"'-tet)cobalt (III) salts,
and the crystal structure of the perchlorate was determined
(100). It turned out to be the A-cis-f-R,R isomer, whose
structure is shown in Figure 33. In place of the two nitro
groups a planar carbonato group is coordinated to the cobalt
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Fig. 33. (+)sgg~cis~B-[Co(CO3) (3(S),8(S)-2",2,2'~tet)]*
(100) .

atom. The absolute configurations of the three chelate rings
are A, A, and §, respectively. One of the two substituted methyl
groups—--the one in the apical chelate ring--is bonded axial with
respect to the chelate ring, whereas the other one--bonded to
the in-plane chelate ring--is in an equatorial position. (There
is space to accommodate an axial methyl group, since instead
of the two nitro groups a planar carbonato group is coordinated
to the fifth and sixth sites and the 0-Co-0 angle is compressed
to 68.6°.) The absolute configuration about both asymmetric
nitrogen atoms is R. One of the two secondary nitrogen atoms
connecting the two in-plane chelate rings is bonded to the
cobalt atom with a significantly shorter distance (1.935 R)
than other Co-N distances (1.951 & on the average). It is
also to be noted here that the bond angles including this
particular nitrogen atom are considerably distorted from
the normal strainfree) angle. The chelate ring with an axial
methyl group assumes an unsymmetrical skew conformation. The
other two rings both assume an eclipsed envelope conformation.
The cis-a and cis-B isomers of [Coxz(trien)]“+ allow cis
coordination of a bidentate. If the bidentate is unsymmetrical
like glycine, two cis-B isomers are possible: cis-f1, with the
amino group of glycine in a trans position to a terminal NH,
group of the trien ligand; and cis-f,, with the amino group in
a trans position to the secondary nitrogen atom of the quadri-
dentate (101). The two isomers are shown in Figure 34. The
structures of A-(-)ggg~(R,R)- and A-(R,S)-B1-[Co(gly) (trien)]2+
were determined and the geometries were also adequately repro-
duced by strain energy minimization calculations (102). Table 3
shows the final energy terms for the minimized structures. The
total strain energy difference between the 4-8;-(R,R) and A-Bi-
(R,S) isomers is calculated as 3.4 kJ/mol in favor of the R,R
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N N
A~cis—ﬁ, A—cis—f

Fig. 34. A-cis-B; and A-cis-By configurations of the
[Co(gly)(trien)]2+ ion.

TABLE 3
Final Energy Terms (kJ/mol) for Minimized Structures

A-B1-(R,R) A-81-(R,S)
Bond length deformation 2.1 2.1
Bond angle deformation 16.3 18.4
Torsional strain 23.9 26.0
Nonbonded interaction -13.0 -13.8
Total strain energy 29.3 32.7

isomer. Bond angle and torsional terms make the most significant
contribution to the difference in the total strain energy.
The measured difference in AH, obtained from the temperature
dependence of the equilibrium constant, is less than 1.3 kJ/mol,
which is in reasonable agreement with the calculated value at
this stage of the development of force-field calculations. The
strain energy calculated for A-B,; isomers showed that the A-B,-
(R,R) isomer is favored by about 14.6 kJ/mol, which may be
compared with the calorimetrically measured AH8gg of 4.6 kJ/mol.
Thus the calculations correctly predict that the R,R isomer is
more stable in both the 8; and B, systems but by smaller a
margin for the B isomers. This is caused by the different
orientations of the glycine ligand in the cis-B; and cis-8,
coordination.

The structures of A-B- (R,R,S)-[Co(S-pro) (trien)]1?t and
A-Bz—(S,S,S)-[Co(S—pro)(trien)]2+ were also determined (103).
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Crystals were obtained from the reaction products of B-[Co (OH)-
(trien)(HZO)]2+ and (S)-proline. The coordination of (S)-proline,
with the O trans to the N of trien(fy;-coordination) agrees with
the prediction that large nonbonded interactions would occur in
the alternative B; configuration. Rough measurements using
Dreiding stereomodels and a conservative H*+*H nonbonded
potential function indicated that the formation of the A-8;-
(5,5,5) form might be impossible owing to the nonbonded
repulsions between the amino acid and the chelate ring. Un-
like in the case of 82-[Co(sar)(trien)]2+ (104), no stereo-
selectivity was observed, however, in spite of the fixed
configuration at the nitrogen atoms of (S)-proline by virtue

of the five-membered pyrrolidine ring; viz. two [Co(S-pro)-
(trien)]2+ species A-B, (R,R,S) and A-B,(5,5,S), were shown to
be formed from the reaction mixture in approximately equal
amounts (105). The result of X-ray structure analysis showed
that the formation of the A-B3-(S,S,S) isomer is much more
reasonable than originally expected. The relative ease of bond
angle bending can be an important factor in determining the
stability of isomers. The major geometrical difference between
the A-8,-(R,R,S) isomer and A-B,-(S,S5,5) isomer consists of the
relative orientations of the proline moieties. In the A-B,-
(S,5,5) isomer the pyrrolidine ring is oriented toward the
apical trien rings, whereas in the A-87-(R,R,S) isomer it is
remote from the apical chelate ring. The measured free energy
difference between these two isomers was only 5.4 kJ/mol in
favor of the A-B,-(R,R,S) isomer. This small energy difference
is consistent with the conclusions based on the isomer
geometries determined by X-ray analysis. In fact, when

hydrogen atoms were placed at calculated positions on the

final crystal structure model of A-B8,-(S,5,S) the resulting
interactions were relatively small. The expansion of N(proline)-
Co-N(trien) and Co-N(proline)-C angles clearly alleviates close
nonbonded interactions between the amino acid and trien
moieties, where N(trien) stands for a secondary nitrogen

atom of the trien ligand in cis position with respect to
N(proline).

In a recent study of the related complex ion, N-methyl-
(S)-alaninatobis (ethylenediamine)cobalt (III) (106), it was
shown that at pH > 12 mutarotation about the C center of the
alaninato chelate occurred, and that the equilibrium A-R : A-S
ratio was about 4; no mutarotation was observed at pH < 7. The
crystal structure of A-R-[Co(en); (N-Me-(S)-ala)lI, was deter-
mined (106). In this complex ion the two ethylenediamine cobalt
rings adopt ¢ and A conformations. The amino acid contains
trans methyl groups with the (R) and (S) czonfigurations around
the secondary nitrogen atom and the asymmetric carbon atom,
respectively. Both methyl groups are attached in equatorial
positions with respect to the chelate ring. The methyl nitrogen
bond is largely distorted owing to the steric repulsion
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between the methyl group and the cobalt ethylenediamine ring,
the Co-N-C(methyl) angle being 120.2°. The observed geometry
of the complex ion agrees well with the results of strain
energy minimization. The calculated strain energy increases in
the order N(S)-C(R) < N(R)~C(S) < N(S)-C(S) < N(R)-C(R). This
relationship results in large part from the nonbonded inter-
actions between the methyl groups bonded to the carbon atom of
the amino acid ligand and the neighboring ethylenediamine ring.
The number and severity of the nonbonded H*<°*H, Ce+*+*H, and
C++*+C contacts increase in the order S(R) < R(S) ~ S{(S) < R(R)
for the & configuration.

2. (+)y95-[(S-Glut)(en)y)*

The absolute configuration of (+)yg5-[Co(S-glut) (en),17
was determined to be A(8S), where § refers to the two five-
membered chelate rings (107). The y-carboxylate group forms
an intramolecular hydrogen bond with the amino nitrogen atom
of S-glut, the N-H+++0 distance being 2.8 &. The tendency for
stereoselective reaction of (S)-glutamic acid is relatively
small, since the chelated amino acid ring is nearly planar.
The reaction of (S)-glutamic acid with racemic [Co(COa)(en)zl+
results in (+)- and (—)-[Co(S—glut)(en)2]+ in equal amounts,
though kinetically stereoselective formation of first the
(t+)-isomer and then, on further reaction, the (-)-isomer
was observed (108,109).

3. (-)sgo-[Co(sar)(en),]?t

The stereochemistry of the sarcosinatobis(ethylenedi-
amine)cobalt (III) complex ion was first studied as early as in
1924 (110). This complex ion contains two chiral centers, one
around Co(III) and the other around the asymmetric nitrogen atom
of the coordinated sarcosine. Isolation of all four possible
isomers was claimed (110), but when the work was repeated
very carefully, only two forms were obtained (111). The newer
study produced evidence from a number of sources that the
sarcosinato ion was coordinated stereospecifically about one
configuration of the Co(en); moiety. The stereospecificity
involved in this system was verified by the crystal structure
analysis of (-)s5g9-[Co(sar)(en);3]I»*2Hp0 (112). Figure 35 shows
the absolute configuration of the complex ion. The sarcosinato-
cobalt (III) ring is slightly puckered, the conformation of the
five-membered chelate ring being A. The two cobalt-ethylene-
diamine chelate rings assume § and A conformations, respective=-
ly. These combinations of the chelate ring conformations
presumably minimizes the H(methyl)+e**H(amino) interactions.

The absolute configuration of the whole complex may be designat-
ed as A(AgayAenben). The absolute configuration of the asym-
metric nitrogen atom is S. In this stable A-S5 form the hydrogen
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Fig. 35. (-)ggg-[Co (sar) (en),]2*.

atom is balanced over the adjacent Co(en) ring and the CHj
group lies in the space between the two ethylenediamine rings.

In 1976 Yamatera and his collaborators (113) succeeded in
separating all four possible isomers by chromatography on an SP
Sephadex column. The crystal structure of the less stable isomer
is not yet known. From the formation ratio the A—[Co(R—sar)(en)2]2+
isomer appears to be only 3.8 kJ/mol less stable than the
A—[Co(S—sar)(en)Z]2+ isomer. This experimental difference in
AG®° is about half the value of 7.1 kJ/mol calculated by strain
energy minimization (106).

4. 5(R),7(R)-Dimethyl-1,4,8,11-
tetraazaundecane(R,R-2,3", 2-tet)

The structure of (-)s5yg-cis-B-[Co(ox) (R,R-2,3",2-tet)]Cl0Oy
was determined to establish the conformation of the central
six-membered chelate ring (114). Figure 36 shows a perspective
drawing of the complex ion. The quadridentate ligand coor-
dinated to the cobalt atom with four nitrogen atoms has cis-f
configuration. The absolute configuration of the complex ion
may be designated as A; those of the two terminal five-member-
ed chelate rings are §. The central six-membered chelate ring
takes on a chair conformation, with one methyl group axial and
the other equatorial, unlike the cobalt-(R,R)-2,4-diaminopentane
chelate ring in (—)546—[C0(R,R-ptn)3]3+ (41) and in (+)s5ug-—
[Co(R,R—ptn)3]3+ (42) . The two secondary nitrogen atoms have the
absolute configuration S. It is to be noted here that the
Co-N(2) distance of 2.007 % is longer than the three other
Co-N bonds, the average being 1.950 &. This particular nitrogen
atom [N(2)] is bonded to the carbon atom to which the methyl
group is attached in an axial position. The N-Co-N angle in the
six-membered chelate ring is 93.5°, while that in (-)gyg-
[Co(R,R-ptn)3]3* is 89.5°., The other two N-Co-N angles in
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CH3

Fig. 36. (-)syg-cis-B-[Co(ox) (R,R-2,3"',2-tet)]™".

the five-membered chelate ring are both less than 90 deg., as
is the 0-Co-0 angle in the oxalato-cobalt ring. Thus the
distortion of the CoNg chromophore is similar to that in A-
[Co(en)3]3+ and in A—[Co(ox)(en)2]+. In fact, the CD spectra of
these compounds are very similar in the first absorption
region: they display a prominent positive peak on the longer
wavelength side.

5. 1,10-Diamino-4,7-diazadecane(3, 2, 3~tet)

trans-Diacidato complexes of cobalt(III) with 3,2,3-tet
were studied to establish a rule that would allow the predic-
tion of absolute configurations from CD spectra associated with
d-d transitions. A new source of dissymmetry arises in the
trans structure from the secondary amines. There are three
possible isomers depending on the configurations at the two
secondary nitrogen atoms: the enantiomeric R,R and S,S forms,
and the internally compensated (R,S) (meso) form. A study of
a molecular model shows that for the (R,S) configuration the
ethylene fragment in 3,2,3-tet will assume an eclipsed form,
whereas the R,R or §,S configurations result in a gauche con-
formation. The trans-[Co(N02)2(3,2,3—tet)]+ cation was resolved
and the absolute configuration of (+)syg-[Co(NO2)2(3,2,3-tet)]t
determined (115). The result is shown in Figure 37. The five-
membered chelate ring adopts the gauche conformation, with
absolute configuration §. The two six-membered chelate rings
assume the chair conformation. The absolute configurations of
the two asymmetric nitrogen atoms are both (R). Two additional
sources of dissymmetry, apparently contributing to the observed
optical activity in the solid state, were recognized. First,
the four ligating nitrogen atoms of the tetramine ligand in
the equatorial plane of the coordination octahedron showed
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Fig. 37. (+)s4g-[Co(NO2)2(3,2,3-tet)]t (115).

alternate deviations from the plane. This kind of deviation
generates two nonorthogonal skew lines that define a chiral
system at the cobalt atom. Second, the two trans ligands are
not axially symmetric. The plane of one nitro group is rotated
by about 10° around the NOy-Co-NO; axis relative to the plane
of the other nitro group. In the case of a cation containing
the same tetramine ligand, but with axially symmetric chloride
ion, (—)589—trans—[CoC12(3,2,3-tet)]+, the deviations of the
four nitrogen atoms are similar in magnitude but opposite in
sign to those observed in (+)546—[C0(N02)2(3,2,3—tet)]+ (lle).
The coordination geometry of 3,2,3-tet is the same as that in
the trans-dinitro analogue.

6. (IR, 3R,8R, 10R)-Tetramethyl-4,7-diazadecane-
1,10-diamine (R,R,R,R-3",2,3"-tet)

The complex ion trans—[Co(NOz)z(R,R,R,R-3",2,3"—tet)]+ has
a rigorous twofold axis of rotation (117). The absolute configu-
rations of the two secondary nitrogen atoms are both S. The
central five-membered chelate ring assumes the gauche conforma-
tion with & absolute configuration. The two six-membered
chelate rings take on the skew-boat conformation with methyl
groups in equatorial positions. The absolute configuration of
these chelate rings is A. The geometry of the complex ion
agrees with the prediction based on the strain energy minimiza-
tion technique (118). (-)syg-[Co(ox) (R,R,R,R-3",2,3"-tet)]"
assumes A absolute configuration (119). The quadridentate
ligand has the cis-B configuration, and the absolute configura-
tion of the two asymmetric secondary nitrogen atoms is S.
Both six-membered chelate rings assume chair conformations and
in each ring one methyl group is axial and the other equatorial.
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Of the axial methyl groups one is attached to the carbon atom
next to the terminal nitrogen atom of the in-plane six-membered
chelate ring and the other to the carbon atom next to the
secondary nitrogen atom in the out-of-plane six-membered
chelate ring. The five-membered chelate ring is normal and its
conformation is 6.

7. Ethylenediamine-N,N'-diacetic Acid (edda)

For complexes of the type [Co{edda) (L)]", where L repre-
sents a bidentate ligand, two geometric isomers were possible:
symmetrical cis (s-cis or cis—-a) and unsymmetrical cis (u-cis
or cis-f) (Figure 38). The cis-B coordination is most similar
to that of chelated edta, possessing both an in-plane girdling
ring and an out-of-plane ring. If the ligand L is R-pn, there
are four possible isomers of cis—B-[Co(edda)(R—pn)]+, as shown
in Figure 39.

br
)
N N
F
d )
N
\
C\ !
o/

s-cis-[Co(E DDA)(R-pn)]'

Fig. 38. Two possible isomers of [Co(edda) (L)]1.

Figure 40 illustrates the molecular structure of one of
the four isomers, AAAA—cis,trans—(N—O)-cis—B—[Co(edda)(R-pn)]+,
as revealed by X-ray structure analysis (120). The quadridentate
edda-Co(III) chelate is essentially a fragment of the larger
sexidentate edta~Co(III) chelate (Fig. 49). The absclute con-
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Fig. 39. Isomers of cis-B-[Co(edda) (R-pn)1t (120).

Fig. 40. AbAA-cis,trans-u-cis-B-[Co(edda) (R-pn)1* (120).
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figurations of the secondary nitrogen atoms are found to be

R,S. The R-pn ring conformation is X with the methyl group in

the stable equatorial position. A structural study of [Co(edta)]l”
has shown that the in-plane girdling glycinate rings are

quite strained compared with the backbone ethylenediamine ring
and an out-of-plane glycinate ring (121). In the present com-
plex, however, the ring strain is distributed over all three
rings.

C. Quinquedentate
1. 1,11-Diamino-3,6, 9-triazaundecane(tetraen)

There exist four modes of coordination of 1,4,7,10,13-
pentaazatridecane to the cobalt(III) atom [Fig. 41, (I)-(IV)]

N/N\ N—\ N\ /N
/N

NI NN NS o///N N ////N
= E e =
X X X X

h (nh 1 (av)

Fig. 41. Four possible geometrical isomers of [Co(tetraen)-
X]2+ (122): (I) f3; (II) fom(mfy); (III) fmf; (IV) fmp (mpf).

(122). Form (I) has a plane of symmetry, if the conformations
of the chelate rings are ignored; (II), (III), and (IV) will
always be dissymmetric. In addition to the stereochemistry
generated by the topology of the coordinated ligand, the
coordinated secondary nitrogen atoms become chiral. This leads
to two diastereomeric forms for the fpm structure and four
such forms for the fmy structure. The two orientations of the
central NH proton in the fmf array lead to identical structures,
since they are equivalent by rotation around the vertical
N-Co-X axis. Several isomers of cobalt(III) complexes of
[CoCl(tetraen)]2+ have been isolated (122,123). The structures
of f3-[CoCl(tetraen)]?t, (+)syg-fomS-, and (+)syg—fomR-
[CoCl(tetraen)]2+ are known (124,125). These structures were
submitted to a full and quantitative energy minimization
procedure to determine whether the conformation found in the
crystal corresponds to the calculated "gas state" geometry
(125,126). Figure 42 presents the fymS- and fomR-isomers. The
absolute configurations are both AAA, and the chelate rings in
sequence I ~ IV have the conformations AASS for f£omS and ASAS
for f,mR isomers, respectively. The fusion of the AX rings in



142 Absolute Stereochemistry of Chelate Complexes

Fig. 42. fomS- and f;mR-isomers of [CoCl (tetraen)12* (122).

the fomS isomer is energetically less favorable in terms of the
torsional energy, though not in overall energy.

D. Sexidentate
1. 1,14-Diamino-3, 6,9, 12-tetraazatetradecane(linpen)

Linear pentaethylenehexamine (6) can act as a sexidentate
ligand. It consists of two dien parts linked by an ethylene
HyN- (CHp ) 2—NH- (CHy) Z-I\llf-l
(CHp) 2
HoN- (CHz) 2=NH- (CHZ)Z_NHZ

Fig. 43. Four possible geometric isomers of [Co(linpen)]3+
(127).
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group. The four possible geometric isomers of [Co(linpen)]3+
are illustrated in Figure 43.

In isomer A the six nitrogen atoms are involved in forming
the facial structure exclusively. Accordingly, this isomer may
be designated as fy. Isomer B, containing one NH group exhibit-
ing meridional structure, may be represented by fomf or by fmf,
starting from the other end of the chain molecule. In the same
way we can designate C as fmyf and D as mfom. The number of
isomers increases to eight if the absolute configurations
of the dissymmetric secondary nitrogen atoms are taken into
account:

Symmetry
A fy-R,$,S,R =1 Co
B fymf-R,5,5,5 = II-1 (o]
fymf-R,s,5,5 = II-1 (o8]
C  fmyf-S,R,R,S = III ¢y
fmy£-$,5,5,8 = IV o
D mfom-R,R,R,R =V Co
mf,m-R,R,R,S = VI ¢l
mf ym-S,R,R,5 = VII Co

hmong these eight diastereomers I, III, IV, V, and VII have
twofold axes of rotation. All eight have corresponding enantio-
meric forms, Yoshikawa and Yamasaki (127) obtained the complex
by the reaction of the ligand and [CoBr (NH3)s5lBr; in the pres-
ence of active charcoal. They separated all the eight diastereo-
mers by means of column chromatography on SP Sephadex and
characterized them by their electronic and IR absorption, CD,
and PMR spectra. Isomers II-1 and II-2 were labile, isomeriz-
ing into a mixture of the two during isolation; they could not
be obtained in pure states. Unfortunately only one isomer, I,
gave good crystals for X-ray structure analysis: (+)s5gg-
[Co(linpen)] [Co(CN)gl*3Ho0. The crystal structure and

absolute configuration were determined to verify the character-
ization and to gain conformational details of the complex cation
(128). Figure 44 shows a perspective drawing of the complex ion
(+)589—[Co(linpen)]3+, isomer I. The ligand molecule is
coordinated to the cobalt atom with the six nitrogen atoms to
form an octahedral complex. Any three consecutive nitrogen
atoms are in the facial positions. The complex ion has an
approximate twofold axis of rotation. None of the five-membered
chelate rings is planar. The conformations of the chelate rings
are §, A, &, X, and &, respectively. The deviations of the two
carbon atoms from the plane defined by the cobalt and the two
nitrogen atoms in each ring are not symmetrical with respect to
the plane. In Figure 45 the chelate rings A, B, and C have an
unsymmetrical skew conformation, ring D is of an eclipsed
envelope type, and in ring E the two carbon atoms are both on
the same side of the N-Co-N plane. The average value of the
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Fig. 44. (+)sgg-I[Co(linpen)]3+ (128).

2(R)
j B
A
1 3(S)
c
v
4(S)

£ D

5(R)

Fig. 45. Labeling of the chelate rings and absolute config-

uration of the secondary nitrogen atoms in (+)589—[Co(linpen)]3
(128).

dihedral angles about the C-C bonds in the ligand is 42.7°,
much smaller than that in a typical gauche structure. The
conformations of the chelate rings may be largely determined by
the nonbonded hydrogen-~hydrogen interactions (129). The
absolute configuration of the complex ion may be designated as
AAAL, and the absolute configurations of the secondary nitrogen
atoms are (R) for N(2) and N(5), (S)for N(3) and N(4).
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Since the crystals of the other isomers were not suitable
for X-ray work, the strain energy minimization was carried out
for all the possible diastereomerxs. Table 4 lists the final
energy terms and formation percentages of the isomers (129).
Isomer I contains only the facial arrangement of coordinating
nitrogen atoms. Accordingly the strain for the bond angle in it
is smaller than that in the other isomers, which contain meri-
dicnal arrangement of nitrogen atoms. By the same token, isomers
III to VII, containing two meridional arrangements, have quite
large strain for angle bending with the exception of the isomer
V. The angle strain of this latter isomer seems to be alleviated
by increasing the torsional deformation. Figure 46 shows a plot

2.0
ov
3 ou
8
(=
)
2 1.0}
2 I
[=4
S
g 1o 2
5 b
- v
s
ol 1t
1 i
100 110 120

Energy (kJ/mol)

Fig. 46. Plot of log of formation percentage vs. minimiz-
ed strain energy.

of formation percentage vs. minimized strain energy. As can be
seen from the figure, a very roughly linear relationship

exist, suggesting that formation percentages are largely
thermodynamically controlled. In constructing this plot, the
formation percentage of II-1 and II-2 has been divided by 2 to
take into account the statistical factor. The points for VI and
VII deviate appreciably, indicating higher than expected
abundance of these isgomers. This suggests a mechanism of forma-
tion and/or interconversion in which the very high stability of
isomer V seems to result in excess formation of the VI and VII
isomers.
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2. N,N,N',N'-Tetrakis(2'-aminoethyl)-
1, 2-diamincethane (penten)

The ligand 7 can act as a sexidentate one, giving com-

HzN-CHz-CHz\ CHp=-CHp=NHp
N-CHp~-CHp-N
HyN-CH2-CHjp CHp-CH»-NH»y

plexes related to those derived from ethylenediaminetetraacetic
acid (130,131). The complex is dissymmetric and can be resolved
into optical isomers. However, the absolute configuration pro-
posed on the basis of CD spectra by Yoshikawa, Fujii and
Yamasaki (132) and by Gollogly and Hawkins (133) is enantiomeric
to that proposed by other workers (131,11). The crystal struc-
ture of (+)g5g9~[Co(penten)] [Co(CN)g] *2H20 was determined (134).
Figure 47 shows a gerspective drawing of the complex ion

(+) 589 [Co(penten) ] *. The six nitrogen atoms surrounding the

Fig. 47. (+)5g9-[Co(penten)]3t (134).

cobalt atom form a distorted octahedron. The angles N(7)-Co(l)-
N(10) and N(9)-Co(l)-N(12) are 102.2 and 97.6°, respectively.
Five five-membered chelate rings are formed in the complex
cation. Roughly speaking, three of the five chelate rings form
a girdle about the cobalt atom. Approximately at right angles
to the girdle and to one another are two other five-membered
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chelate rings. The N-Co-N angles in the chelate rings are 86°
except for N(8)-Co(l)-N(9), which is 89.5°. The deviations of
the two carbon atoms from the plane formed by the cobalt and
the two nitrogen atoms are not symmetrical, unlike those of
the chelate rings in [Co(en)3]3+. The chelate rings A and D
take the § conformation, whereas B, C, and E are A. The dis-
tortion of the chelate rings B and C is most noticeable: the
two carbon atoms are both on the same side of the coordination
plane. This is clearly a result of the constraints attending
multiple, as well as fused, ring formation. Nevertheless, the
disposition of bonds around the tertiary nitrogen atoms is

nearly regular tetrahedral. The absolute configuration of the
complex ion is AAA.

3. (=)-N,N,N',N'-Tetrakis(2'-aminoethyl)-1, 2-diaminopropane
(mepenten)

This ligand is a methyl substituted penten (8). Optically

HpN=-CH,~CH» /CHz-CHz—NHZ
N-CH-CHy-N
HyN-CH,-CHy CHy—-CHp-NH»
CHjy

8

active (-)-mepenten obtained from (-)-propylenediamine coor-
dinates with cobalt to give (—)589—[Co(—mepenten)]3+. No
evidence for the second isomer could be found. The sexidentate
ligand complexes in completely stereospecific fashion (131).
Figure 48 illustrates the absolute configuration of (-)ggg-
[Co(—mepenten)]3+, as determined by means of X-rays (135). The
absolute configuration of the unique chelate ring A is A, with

Fig. 48, (—)539—[Co(—metpenten)]3+ (135).
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the substituted methyl group in an equatorial position. The
configuration of rings B and C is &8, whereas it is A in D and
E. In (—)589-[Co(—mepenten)]3+ the conformations of the

chelate rings are enantiomeric with those in (+)ggg-[Co (penten)
except for ring E. The 6 conformation of the ring E is impossible
owing to steric repulsion. The conformation of the complex

cation agrees with the prediction by Gollogly and Hawkins (136)
based on the strain energy minimization technique.

]3+

4.  Ethylenediaminetetraacetic Acid (edta)

HOOC—CHz\ //CHZ—COOH
/N—CHz-CHZ—N\
HOOC-CH» CHo-COOH

9

The structure of the complex ion [Co(edta)])  was determin-
ed in 1959 (121); however, its absolute configuration was
established only recently by means of X-rays (87). Figure 49
shows the complex anion (+)546—[CO(edta)]—, whose absolute
configuration is AAA. The central five-membered chelate ring
has the asymmetric gauche conformation A. The two glycinato
cobalt rings that lie in the same plane as that of the central
diamine ring are strained and nonplanar, assuming an asymmetric
envelope form with § conformation, whereas the other two
glycinato chelate rings, which are nearly perpendicular to the
first two, also take envelope forms but are less strained than

Fig. 49. (+)s5yug-[Co(edta)}” (87).
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the former (121). That this strain can influence chemical be-
havior has been demonstrated in a structural study of the penta-
coordinate edta complex of the larger cation, Ni(II), in

which one of the in-plane acetate arms fails to coordinate
(137). Also the a-carbon protons of the out-of-plane glycinate
ring of [Co(edta)]” and similar metal chelates exhibit a much
more rapid rate of H-D exchange than those of the correspond-
ing in-plane chelate ring (138-141).

5. Trimethylenediaminetetraacetic Acid (trdta)

Cobalt (JII) and chromium(III) complexes with trimethylene-
diaminetetraacetic acid, Hytrdta (20), were synthesized and the

HOOC-CHy /CHZ-COOH
N-CHy~CHy-CHp~N
HOOC-CHj CH,-COOH

10

ligand was shown to act as a sexidentate ligand in both cases
(142,143). The potassium salt K[Co(trdta)]+2H,0 was found to
undergo spontaneous resolution at room temperature. Figure 50
presents a perspective drawing of the complex ion (-)gyg-
[Co(trdta)]™ (144).

The shape of the complex ion is broadly similar to that
of [Co(edta)]” (87,121). It has a twofold axis of rotation

C(4) 0(2)

Fig. 50. (-)gyp—[Co(trdta)]l™ (144).
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through the cobalt atom and the carbon atom of the central
methylene group. A glycinic chelate ring that lies in the plane
of the six-membered chelate ring, forming a girdle around the
cobalt atom, shows significant departure from planarity, and
O(l) is 0.18 & out of the plane of the chelate ring. This
strain is similar to but not as great as that observed in
[Co(edta)]”™ (121). Another crystallographically independent
ring that lies in a plane nearly perpendicular to the girdle
is almost planar, and O(3) deviates by about 0.11 R from the
average plane of that chelate ring. The six-membered chelate
ring assumes a twist-boat form with the absolute configuration
d. The whole absolute configuration of the complex anion is
AAA .

6. 1,3,6,8,10,13,16,19-Octaazabicyclo [6.6.6]eicosane
(Sepulchrate, sep)

The ligand 1l acts as a sexidentate one, and the metal ions

CHy-NH-CHyp~CHy-NH-CHy
NZ~CHyp-NH-CHp~-CHp-NH-CHp,—N
CHp-NH-CHy-CHo-NH-CH)

11

are encapsulated in the cage-shaped ligand. The cobalt(III)
complex [Co(sep)]3+ was prepared by condensation of [Co(en)3]3+
with formaldehyde and ammonia. The crystal structure of (-)ggg-
[Co(sep)}]Cl3*Hy0 was determined (182). The complex ion has
approximate overall D3 symmetry. Its geometry can be most con-
veniently described as a A(édﬁ)—lel3—[Co(en)3]3+ ion to which
the two tris (methylene)amino caps are added at both ends. The
absolute configuration of the six ligating nitrogen atoms is

S. The encapsulation of metal ions in the cage ligand inhibits
ligand substitution but offers interesting prospects for the
study of intramolecular rearrangements, electron transfer, and
spectroscopic properties. The complex ion [Co(sep)]3+ can be
reduced to [Co(sep)]2+ with retention of absolute configuration.
[Co(sep)]2+ can be easily oxidized to [Co(sep)]3+. This is
essentially a reversible redox phenomenon. The measured electron
transfer rate was about 10°-fold greater than that for
[Co(en)3]2+/[Co(en)3]3+. The reason for this pronounced differ-
ence is not yet fully understood.

VI. EMPIRICAL RULES RELATING ABSOLUTE
CONFIGURATION AND CD SPECTRUM

The absolute configuration of transition metal complexes
can be determined by using the X-ray anomalous scattering
method. The absolute configurations of about 90 complexes have
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now been established by means of X-rays. The known absolute
configurations of the complexes thus determined taken in con-
junction with CD studies allow the configurations of the en-
antiomers of a number of complexes to be settled with reason-
able certainty. The alternative method for determining absolute
configuration is the nonempirical calculation of exciton CD.
There are, however, some necessary premises for this method to
be applied successfully. In this section some empirical rules
are reviewed that are mainly applicable to cobalt(III) com-
plexes containing nitrogen atoms as ligating atoms.

In 1955 it was shown that the tris(ethylenediamine)cobalt
(III) isomer, (+)sgg-[Co(en)3]13t, which is dextrorotatory at
the sodium D line, has the A configuration (4). An absolute
basis was thus provided for the empirical relation of Mathieu,
who had proposed that tris-chelated complexes having the same
configuration as (+)539—[Co(en)3]3+ give a predominantly posi-
tive CD in the longest-wavelength absorption (145). The absorp-
tion spectra of hexaammine complexes of cobalt(III) containing
the octahedral [CoNg] chromophore consist of two weak ligand-
field bands, one in the visible (the first absorption band),
the other in the near UV (the second absorption band), plus a
strong ligand-to-metal charge-transfer band in the far UV (CT
band). In solution the optical activity associated with the
first absorption band is generally more pronounced than that
associated with the second absorption band. In the case of
[Co(en)3]3+ it consists of a major positive and a minor nega-
tive CD band. These bands are ascribed to 1A1 + 1F and 1A1 >
1A2 transitions of Op parentage in a D3 environment. The
crystal measurements showed that the observed solution CD
spectra are the residual wing absorptions resulting from
extensive cancellation of the large rotatory strengths of
the two transitions E and A;. The longer-wavelength band was
assigned to that of F and the shorter one to that of A, sym-
metry (146). The CD associated with the first absorption band
is diagnostic of the absolute configuration of the complex
ion. Table 5 shows the CD spectra of some tris-bidentate
cobalt (III) complexes having five-membered chelate rings. With
the sole exception of (+)589—[Co(cptn)3]3+ those complexes
that show prominent positive CD in the first absorption
region possess A absolute configuration. The symmetry of the
longer-wavelength bands is E (147).

Table 6 lists the CD bands of tris-diamine complexes con-
taining six-membered chelate rings. Except for [Co(tn)3]3+ the
same empirical rule described earlier holds for these complexes.
The CD spectrum of A—[Co(tn)3]3+ in solution changes with tem-
perature. It consists of two bands of opposite sign at room
temperature, the longer-wavelength band being negative. On
lowering the temperature the longer-wavelength negative peak
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progressively increases in strength, with concomitant
diminution of the positive peak. This observation may be
related to the flexibility of the unsubstituted six-membered
chelate rings: there may be conformational equilibrium in
solution between a tris-skew boat and a tris-chair form (37).

The absorption and CD spectra of A-[Co{HzN(CHZ)nNH2}3]3+
[n =2, 3 (151), 4 (50)] are compared in Figure 51. The CD

log €

A
| | | | | |
20 30 40
10%/cm

Fig. 51. Absorption and CD spectra of A forms of [Co(en)3]3+

(—), [Co(tn)3]3¥(-+~+=), and [Co(tmd)3]3* (----) (50).

spectrum in the first absorption region changes markedly with
n; however, the sign of the longer-wavelength band is always
positive and that of the first CD band in the UV region is
negative throughout the series. The longer-wavelength positive
CD band of [Co(tmd')3]3+ (n = 4) was found to have E symmetry by
single-crystal CD measurement (147).

In [Co(en)3]3+ the transition of E symmetry dominates the
sign of the CD for the first absorption region. The sign will
be carried over to the two A(E) levels and A; in the complex
ion [Co{(amino acid)(en)2]2+ ([CoNs0] chromophore, Cyv). These
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suggestions were supported by the structural analyses of
[Co(sar) (en),12% (112) and (+)495-[Co(S-glut) (en),1% (107).
Thus all complexes in this series having a positive CD peak at
500 nm may be safely assigned the same absolute configuration
(see Table 7). Furthermore (+)sgg-A-o-mer-[Co(S-ala)3] (59)
shows a dominant positive CD band on the longer-wavelength side
of the first absorption region (Table 7). This suggests that the
series of complexes mer-[Co(amino acid)3] may all be assigned
the A configuration if a predominant positive CD band is
observed on the longer-wavelength side of the first absorption
region,

Table 8 lists the CD data of four tris-bidentate complexes
with A absolute configuration involving [Mog] or [MSgl chromo-
phore. It may be said that those complexes exhibiting prominent
positive CD in the first absorption region have A absolute con-
figuration.

A. cis-Bis-bidentate Complexes, cis-[(:oxz(en)z]”+

The replacement of one chelate ligand in a tris-bidentate
complex (of D3 symmetry) by X; converts it into a [CoNyX,] type
chromophore of C; symmetry. In the C, ligand field the first
absorption arises from two transitions with B symmetry and one
with A symmetry. The A transition arises from desymmetrization
of the EF transition in the C; field. This lowering of symmetry
results in the shifting and splitting of absorption bands. The
corresponding CD spectra vary in appearance with the nature
of X. Table 9 lists the CD spectra of some cis-bis-bidentate
complexes whose absolute configurations were established by
means of X-ray analysis. The observed CD spectrum is interpreted
as an unresolved composite of A + By (E) and B; (Ap). The sign
of the former is that of the parent (E) transition, namely
positive for A absolute configuration (155). The shifting and
splitting of the energy levels depend on the nature of the
ligand. The spectrochemical series provides a convenient
arrangement of the various ligands in order of increasing
ligand field splitting of the energy levels for a fixed metal
ion. Thus the ligand CN or NO, is behind en in the spectro-
chemical series, and the prominent A, + By band lies on the
longer-wavelength side in the first absorption region. In the
case of [CoClz(en)2]+, Cl comes prior to en in the series, and
the positive A; + By band is shifted to the shorter-wavelength
side of the first absorption band. This means that the same
empirical rule may be applied to these complexes as that which
correlates the absolute configuration of [Co(en)3]3+ and its CD
spectra.
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B. Multidentate Complexes

Correlation of the absolute configuration of multidentate
complexes with their CD spectra may be achieved using two
methods. One is Hawkins and Larsen's octant rule (158); the
other is the "ring pairing method" of Legg and Douglas (159).
The two methods are essentially equivalent and both are empiri-
cal. Thus only the ring pairing method, which is more conven-
ient to apply, is briefly described here. For a given complex
all possible combinations of the two chelate rings are written
down and the chirality (A or A) according to IUPAC convention
(1,2) of each set is determined. The net (or dominant) chirality
should be governed by the chirality that occurs the greatest
number of times. If the net chirality is A, the CD spectrum of
a cobalt(III) complex will show a positive Cotton effect in
the longer-wavelength band in the region of the octahedral T1g
absorption (1A1g > 1Tlg); if it is A, the longer-wavelength CD
band will have a negative sign. In Legg and Douglas' original
paper the use of A and A is opposite to that of IUPAC nomen-
clature used here. For example, (+)589—[Co(penten)]3+ has the
absolute configuration AAA, which gives the net chirality A.
The complex shows a positive CD at the longer-wavelength side
of the first absorption region, as shown in Table 10.

Table 10 lists the CD data in the first absorption region
of complexes containing multidentate ligands. As shown in the
table, the ring-pairing method covers the chromophores
[CoNg], [CoNyuOs], and [CoNyO4], and the signs of the Cotton
effect in the first absorption region can be correlated with
the net chirality. In addition to these rules, more refined
regional rules correlating the position of a substituent to
tetragonal or octahedral chromophores (160-162) have been
devised to predict the optical activity of the d-d transitions
of these complexes. They require, however, somewhat more
detailed geometrical information about the complex, hence,
are less useful in predicting the absolute configuration on the
basis of CD.

The ligand 2,3,2-tet and related linear gquadridentate
ligands are of interest in explaining the origins of optical
activity in trans-diacidato cobalt(III) complexes. The optical
properties of these complexes arise from the conformations of
the chelate rings, since no net chirality is associated with
these materials (163). A series of optically active linear
quadridentate complexes of cobalt(III) containing different ring
sizes have been described (163) and their CD spectra interpreted
on the basis of chelate ring conformations (164-166). No simple
empirical rule has yet been obtained.

An example is presented here to illustrate the case in
which the assignment of the absolute configuration on the
basis of CD is ambiguous. Figure 52 shows the CD spectra for
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Fig. 52. CD spectra of the two cis(N) isomers of
[Co(S-asp)o]” and of the related complexes used as reference
complexes.

two of the possible three isomers of [Co(S-asp),] . They are
cis(N) isomers, separated by ion-exchange column chromato-
graphy. In these complexes the three rings join on the face of
an octahedron at the asymmetric carbon atom in such a manner
that the rings do not define the edges of the octahedron (Fig.
2l). In fact, two opposite assignments were made. On the basis
of the CD and PMR studies of (+)g45— and (~)syg-{Co(edta)]” of
known absolute configuration, the second and the third

eluates were assigned as cis(N)-trans(0g) and cis(N)-trans(Osg),
respectively (167). On the other hand, opposite assignments
were made on the basis of CD and PMR studies of the closely
related (S,S)-ethylenediamine-N,N'-disuccinic acid complex

of cobalt(III), [Co(edds)]™, in which three chelate rings

join on the face of an octahedron at noncoordinating atoms
(168). As seen in Figure 52, pretty good correlations

are recognized between CD spectra of the reference complexes
and those of the isomers in question. The X-ray study verified
the latter assignment for the two isomers: the second eluate
cis (N)-trans(Os5), the third eluate cis(N)-trans(Og) (84).
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1. Ion Pairing

CD spectra are generally measured in solution, but some-
times they are measured in KBr or polystyrene matrices or in
single crystals. A number of resolved tris-diamine complexes
exhibit marked changes in CD when various electrolytes are
added. This effect has been extensively studied, and the
appreciable change caused by the addition of oxo anions such
as selenate or phosphate ions is now one of the useful methods
of assigning the symmetry of CD bands in the first absorption
region (169). The interpretation has been that the selenate or
phosphate ion forms a specific ion pair (10,170,171).

On the other hand, the influence of the counterions that
comprise the complex salts has been considered to be negligibly
small. This is generally true for those complexes with five-
membered chelate rings. A—(lel)a—[Co(R,R-ptn)3]3+, however,
affords an exception to this general observation. The solution
CD spectra of this complex ion are seriously affected by its
counterions (172).

The CD spectra in solution of some tris-chelated complexes
containing six-membered chelate rings differ from those in KBr
matrix.

2. Exeiton CD

In a tris-bidentate complex containing unsaturated ligands

a major source of optical activity is the coulombic coupling

of the allowed 7™ > T* transitions in the individual ligands.
This coupling gives rise to component transitions that are
intrinsically optically active and that have Cotton effects
whose signs can be determined by the phase relationships of

the individual dipoles (173,174). The following are typical
unsaturated ligands:

o~ OO0~
|

y y

phen bpy
12 13
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They possess Cyy sSymmetry, and the electric moments associated
with their m = 7* transition are parallel to the long axis of
the ligand (x axis) or perpendicular to it (y axis) and in the
molecular plane. When three such ligands enter into combination
with a metal atom to form a trigonal complex having D3 sym-
metry, the x-polarized transitions of the three ligands in the

Bs A

(b)
1
(c) #
ﬂ ;
1
1

Fig, 53. Absorption spectra and exciton CD bands of a
tris-bidentate complex containing unsaturated ligands: (a)
absorption spectrum of the ligand; (b) absorption spectrum of
tris-chelated complex; (c) CD spectrum of a A form; (d) CD
spectrum of a A form. The left side of the figure shows the case
when the transition moment is parallel to the x axis; the right
side, when the moment is parallel to the y axis. The wave number
increases toward the right side of the abscissa. Numerals stand
for relative intensity.
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complex couple to each other and give rise to two electronic
transitions, Ay} > A and A} > E. On the other hand the y-
polarized transition cannot produce zero-order rotatory power,
since it has no magnetic moment. It was found that the &4; > E
band appears at longer wavelength than the A; -+ A, band (175,
176). The theory predicts that these two transitions will

give rise to typical exciton CD bands having opposite signs and
equal magnitudes. The signs of the two bands depend on the
absolute configuration of the complex, as illustrated in

Figure 53. The X-ray determinations of the absolute configura-
tions of such complexes verified that the exciton treatment
indeed leads to the correct configuration. One example is
illustrated. 1,2-Benzenediol exhibits three electronic
absorption bands in the UV region. Figure 54 (broken line)
illustrates its absorption spectrum with the intensity scale
multiplied by a factor of 3 (curve 2). The full line indicates
the absorption spectrum of (-)s5gg-K[As(cat)3]. It also contains

51
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Fig. 54. Absorption spectrum of Catechol (1,2-benzenediol)
in aqueous solution (curve 2) (with the intensity scale multi-
plied by a factor of 3), the absorption spectrum (curve 1), and
the CD spectrum (curve 3} of (~)s5g9-K[As(cat)3].l.5H20 in
aqueous solution (177).
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three bands with slightly different frequencies, indicating that
the metal ligand interaction by charge transfer is small. The

CD spectrum (curve 3) resembles typical exciton CD spectra in
the region of 52 x 103 em™l. The longer-wavelength CD band

has negative sign, and the absolute configuration can be
designated as A, in agreement with the result of X-ray struc-
ture detexrmination (57). Thus the exciton treatment of optically
active coordination compounds affords reliable stereochemical
assignments of absolute configuration. This method is, however,
subject to two major qualifications: (1) It is essential that
the absorption bands of the free ligand be distinguishable

in the spectrum of the complex and appear with an intensity
appropriate to the number of ligands in the complex at frequen-
cies close to the values for the ligand. (2) It is necessary
that the CD connected with a given ligand absorption band have
the characteristic exciton form shown in Figure 53; otherwise

it is difficult to identify it.

To sum up, it may be said that the absolute configura-
tions of transition metal complexes can be assigned with reason-
able certainty on the basis of their CD spectra. In making such
assignments reference complexes are needed for which both
crystal and molecular structure and CD data are known in detail.
Preferably these reference compounds should have high conform-
ational and configurational stability to minimize the possibil-
ity of alteration during phase changes from solid to solution.
Reference complexes having the same chromophore should be used
to assign relative configuration.

VII. CONCLUSIONS

This chapter surveys the structure and conformation of
optically active chelate complexes whose absolute configurations
were established by means of X-rays. The choice of topics has
been largely determined by the author's own interests, As a
result of the accumulation of structural knowledge on metal
chelate complexes, it is now possible to predict with reasonable
certainty the conformation and strain energy of an unknown com-
plex. A consistent force-field approach, as used for biopolymers
(183,184), is desirable for metal chelate complexes and, in fact,
such a program is now being elaborated (185). The absolute con-
figuration of the complex can be determined on the basis of its
CD spectrum if a reference complex of known absolute configura-
tion is appropriately selected. The cobalt(III) complexes con-
taining nitrogen as ligating atoms have been most extensively
studied. It is hoped that complexes containing metals other
than cobalt and ligating atoms other than nitrogen will be
investigated in similar detail.

Recent improvements in experimental and computational
techniques in X-ray crystallography have made it possible to
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estimate the atomic charge density in a transition metal com-
plex, based on accurate intensity data (186). This information,
combined with the absolute configuration, will eventually
enable one to rationalize the stereospecificity of reactions

of metal chelate complexes at the quantum mechanical level.
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I. INTRODUCTION
A. Definition

"Asymmetric synthesis" is a term first used in 1894 by
E. Fischer and defined in 1904 by Marckwald (1) as "a reaction
which produces optically active substances from symmetrically
constituted compounds with the intermediate use of optically
active materials but with the exclusion of all analytical
processes." A broader definition was proposed by Morrison and
Mosher (2): "Asymmetric synthesis is a reaction in which an
achiral unit in an ensemble of substrate molecules is convert-
ed by a reactant into a chiral unit (3) in such a manner that
the stereoisomeric products (enantiomeric or diastereomeric)
are formed in unequal amounts." With this definition we may
consider the stereoselective (4) reduction of 2-methylcyclo-
hexanone to trans-2-methylcyclohexanol (5) an asymmetric
synthesis, whether the ketone is used as a single enantiomer
or as the racemic mixture.

Asymmetric synthesis requires that asymmetric induction*

*A chemical process is said to involve asymmetric induc-
tion if it leads to the creation of a new chiral unit [as
defined by Cahn, Ingold, and Prelog (3)] with one configuration
present in excess over the other. According to the type of
asymmetric synthesis (see Sec-II-B-6) the result may be the
formation of two diastereomers or of two enantiomers in
unequal amounts.
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occur. Conversely, however, asymmetric induction does not
necessarily result in the formation of optically active products
(Sect. I-E.). Nevertheless the understanding of factors affect-
ing asymmetric induction is essential for an understanding of
asymmetric synthesis.

This Chapter concentrates mainly on the methods useful
in obtaining optically active compounds (Marckwald definition).
The synthesis of chiral molecules is an important problem from
a practical point of view, since many substances are needed
as the pure enantiomers. The main interest lies in the pharma-
ceutical area. An increasing number of drugs, food additives,
and flavoring agents are being prepared by total synthesis,
and asymmetric synthesis is an appropriate way to obtain
optically active intermediates. However, in this introductory
section we attempt to present all new ideas on asymmetric
induction which may be of interest to the synthetic organic
chemist, even if the chemical system under consideration cannot
give rise to practicable asymmetric synthesis.

In addition to the synthetic application of asymmetric
synthesis we must mention its usefulness for determinations of
mechanism and for configurational assignments. This latter
point was the subject of a recent article (6) and will not be
developed here. Basically, the purpose of this chapter is to
review significant progress in preparative asymmetric synthesis
since 1974 and, especially, to describe and discuss the most
recent approaches.

Generally, in a multistep total synthesis, asymmetric
synthesis is most conveniently applied at the point where the
first chiral center is created. In some cases several chiral
centers are formed in the same reaction, for example, in an
asymmetric Diels-Alder reaction (7). This chapter, however,
largely concentrates on asymmetric induction of one or two
chiral centers in a single reaction step. Asymmetric reaction
of a racemic mixture is a special case, requiring separation
of optically active epimers; this is discussed on p. 229.

The field of asymmetric synthesis has been reviewed
several times during the last 10 years (8-12). The most comple-
te review, covering all literature data up to 1970, is the
book by Morrison and Mosher (2). The literature between 1970
and early 1974 is available in the review article of Scott and
Valentine (13). Several recent reviews on asymmetric catalysis,
a field that is expanding rapidly, are quoted in Sect. IIIL.

B. Criteria for a Good Asymmetric Synthesis

The requirements for an efficient asymmetric synthesis have
been reviewed by Eliel (14):
1. The synthesis must lead to the desired enantiomer with high
stereoselectivity and high chemical yield.
2. The chiral product must be readily separable from the
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chiral auxiliary reagent that is needed in the synthesis.

3. Unless the chiral auxiliary reagent is very much cheaper
than the desired product, the auxiliary reagent must be
capable of being recovered in good yield with undiminished
enantiomeric purity.

In addition to these conditions we must consider the
amount of optically active material produced relative to the
amount of chiral auxiliary material. The best balance is ob-
tained if the latter is incorporated into a catalyst. In
principle a chiral catalyst is able to produce an unlimited
amount of chiral product. Catalytic asymmetric synthesis thus
embodies the most promising and spectacular progress achieved
during recent years. Sect. II-C and III are devoted to this
area. The choice of the substrate in an asymmetric synthesis
is not always obvious. Asymmetric synthesis operates most
efficiently in the first steps of a multistep total synthesis.
The advantages and disadvantages of the various strategies for
obtaining an optically active molecule are presented in ref.
15 for the total synthesis of steroids.

For a long time it was questioned whether high optical
yields* could be effectively attained by the organic chemist
without the help of enzymes. An increasing amount of recent
data (optical yields greater than 90%) demonstrates that
versatile and efficient nonenzymatic asymmetric syntheses are
indeed possible. Of course, much work must be done to find
general methods. The most serious obstacle continues to be the
lack of basic understanding of factors mediating asymmetric
induction. The optimization of optical yields remains essenti-
ally empirical, requiring many experiments. Nevertheless some
concepts are slowly emerging from the large amount of experi-
mental data, and it is to be hoped that the element of mystery
about asymmetric induction may be gradually diminishing.

C. Factors Affecting Asymmetric Induction
1. Introduction

A typical case of asymmetric synthesis, involving in this
case addition of hydrogen or a hydride to a (C=0) double bond
is shown in Figure 1, where Z* represents a chiral moiety. In
(I) (Fig. 1), where a and b are achiral groups, the two faces
of the carbonyl groups are enantiotopic. Izumi proposed (16)
the term enantioselective asymmetric synthesis for a reaction
in which an enantiotopic face or ligand is selectively

*By "optical yield" we mean the enantiomeric excess (opti-
cal purity) of the product divided by that of the starting
material (or auxiliary chiral reagent or catalyst), and multi-
plied by 100.
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a
. Z*H a. H

—e] —_— +  Z* [T]
Vani
b b OH
a u a. H a. H

(\:O _L. ) e )< + Z* [II]

Z*h Z*p OH b OH
Fig. 1

attacked. For (II) the asymmetric synthesis is the result of

a selective reaction on one of two diastereotopic faces; such

a reaction may be called a diastereoselective asymmetric synthe-
sis. The desired optically active product is obtained after
cleavage and removal of the chiral inducer Z*. The ratio of
enantiomers of abCHOH, of course, will be identical to the
ratio of the diastereomeric precursors if the cleavage is
gquantitative. If, however, one diastereomer is selectively
cleaved, the enantiomeric excess of the final product may be
changed from the diastereomeric excess in the reaction involving
asymmetric induction. The origin of the asymmetric induction is
generally hard to define, especially in those enantioselective
syntheses in which the transition state is not cyclic. In many
diastereoselective syntheses the inducing chiral centers are
more or less fixed with respect to the prochiral center, parti-
cularly in the case of cyclic structures. If information is
available concerning the reaction mechanism (which is often not
well understood), it may become possible to predict or inter-
pret the steric course of the asymmetric synthesis. All the
different factors on which reaction rates depend can in prin-
ciple affect the extent of asymmetric induction, which is the
net result of competitive reactions. Since all effects are
interrelated and overlap each other, a rigorous classification
of the various parameters is very difficult.

Before beginning to discuss these effects in the light of
recent experimental results, we shall mention an attempt to
predict optical yield and absolute configuration in an asym-
metric synthesis without knowledge of any details about the
conformation of the pertinent transition states.

2. Ruch Ugi Model

The stereochemical analogy model of Ruch and Ugi (17)
starts with the idea that much uncertainty is introduced when
a model of asymmetric induction is proposed, since the resulting
prediction depends on the assumed conformation of the transition
state, which is often not precisely known. A mathematical treat-
ment with the help of group theory led Ruch and Ugi to a general
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expression correlating O (the ratio of the two stereoisomers P3
and P) formed in the reaction) with parameters (X values) that
are specific to the groups placed around the asymmetric centers
of the system. This mathematical analysis applied well to
"corresponding reactions" such as

Py« (s EL A E o5 f o g, (1]

where a substrate A undergoes transformations to products P; and
P, (enantiomers or diastereomers according to the type of asym-
metric synthesis). In corresponding reactions the two transition
states [Sli] and [Szi] are considered to be in thermodynamic
equilibrium. In this type of reaction Q is independent of the
initial concentrations of the starting materials. If a dia-
stereoselective asymmetric synthesis is performed on a system
such as that depicted in Figure 2, a very simple expression

L - ~N L] Li
L3 LY
X
Diastereomeric L} L3
transition
— | states _—
'
L7\ Ly L . Ly” VLoDl \NLy
L L3 L3
Py Py
Py
Q = 2
P2
Fig. 2.

can be used to correlate QO and the nature of the inducing and
induced chiral centexs:

log 0 = 8p(Xy = Ap) (Ap = A3) (A3 - A}) [2)

The A values are numbers that characterize the substituents
around the inducing asymmetric center, with the scale chosen
such that Ay = O and XCHS = l. The numbers were originally cal-
culated from the A-values (-AGRz»e Values) for various R groups.
These values are well known from studies on axial-equatorial
equilibria in cyclohexane (18). It was assumed that the apparent
"size" of R as deduced from AGg+e is proportional to that
deduced from the A = values. Values of AR were calculated by
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means of the following equation:
Ag = 0.82 YBGR_,, [3]

The p-value, which is specific to the reaction under consider-
ation, encompasses all experimental details (e.g., tempera-
ture, solvent, and reagent). The absolute configuration of the
newly created asymmetric center is given by §, which can only
take the values +1 and -1.

The Ruch-Ugi equation works remarkably well in predicting
quantitatively (19) most of the results obtained by Prelog in
his atrolactic acid asymmetric synthesis. Other experimental
data in agreement with eq. [2] were published by Tomoszkosi

0 OH QH
]
R R R
LAH

[P, +

ether

-10°C ,
1 cis-2 trans-2

and co-workers (20), who investigated the LAH reduction of
seven 2-alkylcyclopentanones (I1). The cis-trans ratio Q of
diastereomers cis-2 and trans-2 obeys the eq. [4]

log 0 = -ajAR + ax\r%; a; =1.95, a; = 1.46 [4]

where the XAp's are the original values given by Ruch and Ugi
for the various R substituents (17). Equation [4] is a modified
form of eq. [2] where

Az = Ay = O; Al = AR, A2 = Aring

Unfortunately, as stated by Ruch and Ugi (19), the A-values
generally depend on the chemical system that is examined. This
removes most of the predictive power of eq. [2], since for a
given system not only p but also a minimum set of A-values

have to be determined experimentally. For example, let us com-
pare the phenyl and t-butyl groups in the Prelog atrolactic
synthesis (17) and in the stereoselective acylation of a racemic
alcohol by phenyltrifluororomethyl ketene (19). In the first
reaction Aphenyl = 1.24, At-putyl = 1.45; in the second Aphenyl
= 1.60, At-putyl = 1.25. There is evidently a reversal of the
values which cannot be predetermined without experimental data.
Recently (21) the Ruch-Ugi model was applied to the Horeau
method of kinetic resolution. However, a further detailed

study by Horeau and Vigneron (22) demonstrated that the Ruch-
Ugi eguation cannot be used in this particular case. The exact
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scope of the Ruch-Ugi method in asymmetric synthesis is still
uncertain, but its successful use at present is clearly limited
to very specific systems. The main difficulty lies in finding
values that remain specific for groups when the other substitu-
ents are changed. For example, it is well known that even A-
values are not invariant, thus they do not apply to geminal
substituents on the cyclohexane ring (23).

3. Salem Model

Salem (24) analyzed several aspects of the asymmetric
induction occurring in a diastereoselective synthesis by
choosing specific cases where a chiral center lies in the pro-
chiral plane of the molecule (Fig. 3). He compared the energy
of pairs of transition states with the reagent W attacking
above or below the prochiral plane. By assuming, in the transi-
tion state, an additivity of the interaction energies between
W and the a, b, ¢ groups that form the chiral centers, he
demonstrated the great importance of the rotation barriers. Let
us assume that the chiral center turns rapidly in the transi-
tion state (relative to the time spent by the reagent) and
that there is a low asymmetric barrier component in the transi-
tion state (the three components of the potential, V5, Vp, and
Vo, which measure the contribution to the asymmetry of the
barrier from substituents a, b, and ¢, are ca. 1 kcal/mol).

Since internal rotation in the transition state is fast,
the reagent W will see all possible conformations.* The average
energy difference AE between the two approaches+ can be cal-
culated, taking into account the Boltzmann probability of
each conformation. The ratio Q of the two diastereomers formed
in the reaction is related to AE and is given by the following
equation for a small assumed onefold potential Vj:

2 Z 1 va
109 0= /2 5 Gy {'2_ (pFp - rofe) +

%2 (reFe = raFa) + _‘;’_c_ (raFa - erb)} (3]

where 7, ra, rb, and ro are defined in Figure 3; Fy, Fp, and

*This situation is included in the Curtin-Hammett prin-
ciple (4), which states that if two conformers react slowly
relative to their interconversion rate, the product distri-
bution is related to the difference in energy between the two
competing transition states, and is independent of the ground
state conformations. For a recent discussion see (306).

tIt is assumed that the quantity 2 (in the transition
state) is the same in the two approaches. This is only an
approximation (see also Sect. I-C-6.).
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~
N
Dw
Fig. 3. Model (24) for diastereomeric transition states
in asymmetric induction (W and W' represent the two competitive

diastereomeric approaches of the reagent; ry, rp, and r, are the
lengths C-a, C-b, and C-c, respectively).

F. represent the forces resulting from the a, b, ¢ substituents
on W. It is interesting that eq. [5] possesses a symmetry
similar to the Ruch-Ugi equation, since eq. [2] can be express-
ed in the form

1og 0 = Ag(Ap2 = Ag2) + Ap(Ae? - 2a%) + Ac(Aa? - Ap2)  [6)

However, Salem pointed out that egs. [5] and [6] are identical
only in very special cases. In comparison with [6] the Salem
equation has the advantage of relating A to physical values.
Interestingly, log Q in eq. [5] is a function that varies as
7-2, and not as =1, as classicaly postulated. The existence
of this unusual temperature effect will be difficult to demon-
strate for molecules having a geometry compatible with that
shown in Figure 3, Usually the temperature range for an
asymmetric synthesis is quite limited and the measure of Q is
not highly accurate. In the few asymmetric syntheses for which
the influence of temperature has been studied it is easy to see
that log Q0 = £(1/T); that is, log Q = £(1/T2?) can equally well
correlate the experimental data, because of the errors in @
and T.

If rotation in the transition state is slow, a different
averaging procedure is necessary to evaluate AE. Calculations
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were performed for the case where the onefold potential energy
is dominated by one substituent (V5 >> V3, V.). Log @ is then

a function of V3 and an inverse function of absolute tempera-
ture T (24). Several limiting cases were discussed by Salem and
related to experimental data. The Salem calculations show how
difficult it is to quantify the asymmetric induction by a
general expression, even assuming a model as simple as that in
Figure 3.

4. Steric and Conformational Effects

The most popular way of predicting the direction and size
of asymmetric induction has been, and remains, based on simple
steric considerations. Only a minimal understanding of the
mechanism of the reaction is necessary. It is particularly
important to be sure that the reaction is under kinetic control.
It is then safe to estimate the relative energies of the dia-
Stereomeric transition states involved in the process. One
cannot always ascertain where the transition state lies. It
may be "reactantlike" (steric approach control according to the
Dauben nomenclature) (25) or "productlike" (product development
control) . Isotopic effects sometimes give useful information on
the structure of the transition state (26).

It is generally assumed that ketone reduction proceeds
through a reactantlike transition state (27), although some
uncertainties remain (28). A very elegant study of the
reduction of some ketones by simple or complex hydrides gave
strong evidence for the importance of steric approach control
(29).

Rigid ketones (3-5) were selected; their geometry is such
that steric approach control or product development control can
be clearly distinguished. Relative rates of reaction on faces
(a) and (b) of ketones 3-5 were calculated. It was clearly
demonstrated that attack on face (a) (exo attack) is not
perturbed by the methyl group in 4 or 5. This rules out
any contribution of product development control, since an
alkoxide on the (b) face strongly interferes with the methyl
group of 4 (as demonstrated by equilibration under Meerwein-
Ponndorf conditions, which gives exclusively the anti-alcohol).
As expected on the basis of a steric approach control, attack
on face (b) of 4 is inhibited by the syn-methyl group but the
anti-methyl group of 5 has no effect on the relative rate of
reaction at the (b) face.

The situation in cyclohexanones is more complex because
other factors can influence the overall stereochemistry (29).
Nevertheless good predictions concerning the prevalent stereo-
isomer can be obtained if it is assumed that a sterically

hindered reagent cannot easily react on the axial side of the
carbonyl group.
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Thus, for example, in the reduction of substituted
cyclohexanones remarkable stereochemical control of the
reduction was obtained by Brown (5) through use of boro-
hydrides substituted with bulky groups. Equatorial attack is
highly preferred, and the axial alcohols are formed in ex-
cellent yields.

Interaction between gauche vicinal hydrogens has received
much attention from Wertz and Allinger (30). They concluded
from melecular mechanics calculations that the gauche-butane
interaction is the result of a minimization of the number of
gauche vicinal H/H interactions. This effect is found again
in the cyclohexane, with the consequence that a hydrogen in an
equatorial position should be more sterically hindered than one
in the axial position. The well-known equatorial preference of
a substituent is then interpreted as the result of mostly of the
axlal preference of the hydrogen on the carbon bearing the sub-
stituent. With this concept Wertz and Allinger (30) explained
the axial attack of unhindered hydrides which give the equatori-
al alcohol. The driving force here results from the hydrogen
being less hindered in the axial than in the equatorial posi-
tion. This explanation is not contradictory to one based on
torsional strain (see p. 191).

Simple steric considerations often lead to straightforward
predictions of the direction of an asymmetric synthesis if the
inducing asymmetric centers are in a cyclic structure or in a
cyclic transition state. For example, optically pure aspartic
acid can be prepared in excellent chemical yield (31) by the
three-step synthesis outlined in Figure 4. erythro-1,2-Diphenyl-~
aminoethanol (6), was deliberately chosen to place two phenyl
groups cis to each other in the cyclic compounds 7. Without
knowing the actual conformation (7a or 7b), it may be expected
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Fig. 4. Asymmetric synthesis of optically pure aspartic
acid (31).

that a phenyl group will remain pseudoaxial, strongly inter-
fering with the catalyst in the adsorption step. This argument
leads to the prediction of a reduction trans to the axial phenyl
group. If 7a is the conformation involved, then equatorial
attack is operating. If 7b is the actual conformation, the
stereochemistry is controlled by a remote substituent (here the
axial phenyl group in position 4). Such long-range effects are
not unusual for heterogeneous reduction: for some examples see
ref, 32.

Predictions based on simple steric grounds also operate in
Meyers' asymmetric syntheses with chiral oxazolines, which are
presented in Sect. II-B-5.

Uncertainties can arise when predictions are based on simple
steric considerations. This is well illustrated by reduction
of the bicyclic ketone 8. When R is phenyl, the attack is trans
to R, giving the cis-alcohol (attack a) as expected. But when
R is methyl or isopropyl, the trans—alcohol is predominantly
formed by attack from the b side (33). An explanation was re-
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cently given by Lefour (34), based on small deformations of
the bicyclic skeleton and on calculations analogous to those
developed in Sect. I-C-6. (For an alternative explanation, see
p. 195).

A conformation-dependent measure of steric environment
was proposed by Wipke (35) to predict the preferred addition
on diastereotopic faces of a ketone. A new concept was defined,
the steric congestion C(x) at a reaction center x. Steric con-
gestion is a property of the substrate molecule in its ground
state, and is independent of reaction partners and transition
state structure. It represents only a part of the total effect
called steric hindrance. C(x) is the inverse of the accessibil-
ity Axa (i) of x, on side a, for example, with respect to an
atom i that hinders the approach of the reagent W. If r; is
the van der Waals radius surrounding group i, a cone of pre-
ferred approach can be defined (Fig. 5) which intersects a

=~
)“—‘\%’
X v
AN \ )
\‘\'l’ \ a side
R\ \
~ Qv
[ (6]
/ )
b side
Fig. 5.

sphere of unit radius centered on x. The spherical cross section
of the preferred approach is obtained in terms of a solid angle
which is then equated with Axa. Equation [7) expresses Ay, (i)
using the conventions of Figure 5.

For each hindering atom I, there is defined a cone of pre-
ferred approach, centered on the perpendicular and tangent to
the sphere of van der Waals radius rj of surrounding atom i.
Intersection of this cone with a sphere of unit radius centered
on x defines a spherical cross section of preferred approach;
Axa (i) is the accessibility of x on one side a, with respect
to i. The angle 6 is easily derived from rji, dj (distance from
X to 1) and hj (height of i about the plane), and is expressed
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as
Axa (i) = 2r2(1 - cos 8) (7

The congestion for side a is the sum of the contributions from
each atom located on this side:

1

Axa (D) (]

Cxa =L Cxali) =1
1 1
It is assumed in this calculation that the attack of the
nucleophilic reagent is perpendicular to the carbonyl, as
indicated in Figure 5. A nonperpendicular attack on the double
bond was considered the preferred approach only in highly
congested ketones. If atom i overlaps the line of perpendicular
approach, a corrective displacement term is added to C,,. Com-
putations of congestion have been made for several sterically
hindered ketones (35). The calculated congestions allow cor-
rect prediction of the stereoselectivity but do not correlate
quantitatively with the absolute rates of reaction, which
depend on the transition state. When the difference between
the congestion on the two sides is small, and when one is not
very congested (C < 30), predictions are not always correct,
since steric control as defined here is no longer strictly
operative. The size of the reagent can, for example, influence
the side of attack on an unhindered ketone such as 3-chole-
stanone, and a more refined approach is needed.

Steric congestion is a useful concept that allows pre-
diction of stereochemistry in additions to congested prochiral
ketones or olefins. It works if the steric congestion is high
and if the transition state is more reactantlike than product-
like (25,27). Perhaps better correlations between rates of
reaction and congestion will be obtained by using corrective
terms characterizing other effects such as the torsional effect
(27).

Wipke and Gund (35) did take into consideration a nonper-
pendicular attack of the double bond as the preferred approach
only for highly congested ketones. It has recently been found,
however, that nonperpendicular attack is quite general for any
carbonyl group, the angle of approach being 110° (Fig. 6).

This finding, which rests on both experimental data (36)
and calculations (37), should have important consequences in
stereochemistry. Until now, with rare exceptions (38) perpen-
dicular attack has always been considered to be preferred (39).
Recently Baldwin (40) pointed out that the postulate of non-
perpendicular attack is of great help in predicting the stereo-
chemistry of addition to the carbonyl function of cyclo-
hexenones (in both mono- and polycyclic systems). He developed
a vector-analysis method for estimating the direction of
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Fig. 6. Preferred attack of a nucleophilic reagent on a
ketone (36,37). According to the distance at which the transi-
tion state is established the carbonyl will be more or less
pyramidal.

approach for the nucleophile. If the carbonyl is considered to
be essentially nonconjugated to the double bond, the approach
will be as described in Figure 6. If complete conjugation
occurs, the enclate structure must be considered, and the 110°
attack with respect to the C=C double bond will force the
nucleophile to arrive from a different direction. The vector-
analysis method is based on the mixing of the two preceding
extreme cases, by assuming a mesomeric structure for a cyclo-
hexenone. This allows one to estimate the preferred approach
of the reagent, and it is then easy to see which substituents
in the molecule mediate the stereoselectivity of the addition
by steric effects.

In the preceding examples, as well as in most of the
cases given in the literature, emphasis is placed mainly on
repulsive steric effects. It is, however, well known that
attractive van der Waals forces can operate at long range,
though they are seldom taken into account when asymmetric
induction is concerned. Attractive steric effects should play
a role in chemical reactions, but it is difficult to devise
the proper experiment to demonstrate them. Evidence for such
effects may be found in some simple molecules. For example,
it was shown by NMR studies (41) that 1,3,5-trineopentyl-
benzene prefers the syn conformation 9, presumably because of

t-Bu

t-Bu
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the attraction of the alkyl groups for each other. Discussions
of attractive steric effects may be found elsewhere (42,43).

It may be expected that more attention will be given to
steric attractions in asymmetric synthesis.

An example of attractive forces increasing asymmetric
induction was described in the total synthesis of prostaglandin.
Highly stereoselective reduction of 10 to 11 (15-S configura-
tion) is very difficult. It would require a highly preferred
attack (a attack) on a single enone conformation. With various
small R groups 10 shows approximatively 50:50 distribution
between the s-cis- and s-trans-enone conformers. It was
found (44) that if R is a p-phenylbenzoyl moiety, the reduction
by 12 of 10a is very stereoselective, leading to lla. In the
case of 11b the stereoselectivity is even higher (84% e.e. of
the S configuration). Molecular model analysis of the conform-
ation of precursors 10 indicates excellent contact between
the long chain R and the enone chain in the s-cis conforma-
tion. There is thus a "freezing" of one reactive conformation
of a chain by attractive interactions with another chain. The
reagent 12 is allowed to approach only from the a (pro-R) side,
hence produces the desired 15-S alcohol 11.

. ®
Li
(a) R = -CO H\g _thexyl
Cl{\a
CHj
(b) R = -CO-NH
12

Conformational factors are important in control of the
steric course of reactions (18). Conformational, steric, and
polar effects are inextricably mixed. Preferred as well as
disfavored conformations are well known for certain standard
structural units of organic compounds, and it may be useful to



H. B. Kagan and J. C, Fiaud 191

take them to into account when models of asymmetric induction
are elaborated. For example, a CSP3-CSP3 bond generally avoids
eclipsed conformations.

The eclipsing effect, hypothesized to be of importance
in the transition state for ketone reduction, led to the
Felkin model (27) for acyclic ketones. Karabatsos (45) pro-
posed a different model of asymmetric induction for the same
compounds, taking into account the experimental fact that very
often a carbonyl group likes to eclipse a vicinal C~H or C-C
bond. These two modifications of the classical Cram's rule
are discussed on p. 199, Prelog's rule (46) was established in
1953 to accommodate the known conformational data on a-
dicarbonyl compounds and esters. The Prelog conformations of
phenylglyoxylate esters have even been used in a semiquantita-
tive analysis of asymmetric induction in atrolactic ester
synthesis (47).

In fact, however, it appears that the preferred conforma-
tion of a-keto esters such as (-)-menthyl phenylglyoxylate is
different from that assumed by Prelog (48). According to their
authors (see note 9 in ref. 24) the Cram and Prelog rules
remain empirical models that successfully correlate experimental
data with configuration of starting material. However, the con-
formations chosen are not necessarily those actually found in
the transition state. In all models of asymmetric induction,
especially in acyclic molecules, one of the more difficult
tasks is deciding which are the actual conformations involved
in the transition state.

Many six-membered ring transition states are known or
postulated in organic chemistry, as in some Grignard reductions
of ketones in Diels-Alder reactions, in [3,3)-sigmatropic
rearrangements, and in Meerwein-Ponndorf reactions. A chair-
like transition state is generally considered to be preferred
to a boatlike conformation, as in cyclohexane itself. This
hypothesis is routinely employed to correlate absolute
configuration of reactants and products when an asymmetric
reduction passes through a six-membered cyclic transition
state. Many examples may be found in the Morrison and Mosher
book (2) (see also citations in ref. 49). The detailed geo-
metry of transition states for hydrogen transfer in the
reduction of ketones by Grignard reagent was discussed more
recently (50).

The extension of conformational analysis from cyclohexane
to six-membered transition states (in which some sp2 charac-
ter may be found on several atoms of the ring) has until now
been surprisingly successful. It has even been possible to
predict the cis/trans ratio of olefins produced by a Claisen
rearrangement of substituted vinyl allyl ethers, as well as
by other [3,3])-sigmatropic rearrangements. Through examina-
tion of a chair ("cyclohexanelike") model for the transition
state, Faulkner (51) was able to correlate the axial/equatorial
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free-energy differences of the substituents in this model
with the cis/trans ratio of the olefinic products.

Nevertheless it would be dangerous to envisage chair
conformations for six-membered transition states in all
instances. For example, the pyrolysis of B-hydroxy olefins
goes through a concerted cyclic process, and may be described
as a suprafacial 1,5-hydrogen migration.

Coos oie 13 (5) - (+)-14

A \(—PhCHO)

Ph
(R)-(-)-14
25% e.e.

13D

Fig. 7. Asymmetric synthesis in the pyrolysis of B-hydroxy
olefin. Conformation of the transition state (49).

The rearrangement of acyclic B-hydroxyolefin 13, like a
[3,3)-sigmatropic rearrangement, may take place through a
transition state with a cyclohexanelike (chair or boat) geo-
metry. Examination of the asymmetric induction in the "self
immolative" asymmetric synthesis of (R)-(-)-14 from (R)-(-)-13
(Fig. 7) clearly demonstrates that transition state 134 is not
preferred (49). The experiment does not, however, tell us that
the less stable transition states 13B or 13C are to be con-
sidered as leading to (R)-(-~)-14. In fact, the more plausible
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explanation, (52) involves a well-documented effect in cyclo-
hexane rings the "gem effect," which forces phenyl groups with
geminal substituents to be axial. It is known that in l-phenyl-
l-methylcyclohexane, there is a reversal of the apparent

"size" of groups as compared to their A-values (53). Thus 13D
will be the preferred transition state, leading to (R)-14.

5. Polar Effects

Polar effects, which may be defined quite broadly, cover
dipole-dipole and ion-dipole interactions. These interactions
may influence the conformation of reactants and the structures
of transition states, especially in ionic reactions. Some
aspects of polar effects are discussed here.

One of the first classical examples of polar effects in
stereochemical control of reaction comes from the work of
Henbest and co-workers (54), who demonstrated that a CN group
far away from a double bond can determine the direction of
epoxidation at that double bond. Thus in compounds 15 and 16

CN CN

|

1 '

H H H
15 16

the attack is mainly trans to the -CN group, the proposed
explanation being a dipole~dipole interaction between the
electrophilic reagent and the nitrile group. This inter-

action decreases as the distance between the double bond and
the -CN function increases; it is also decreased by polar
solvent molecules. Similar polar effects have sometimes been
invoked to explain steric control by a function far away

from a double bond (for one example see ref. 55), and could be
in part responsible for long-range effects in steroids. A
special situation is the formation of charge transfer complexes.
The first case of asymmetric induction directly connected with
charge transfer complexes was recently demonstrated (56a). It
concerns (Fig. 8) the asymmetric reduction of p-substituted
benzophenones by chiral Grignard reagents (which are known to
react through a cyclic transition state). The para substituents
X (on the ketone) and Y (on the Grignard reagent) cannot give
rise to steric effects. No asymmetric induction could be
expected fram such experiments. However, when X = CF3 and Y =
OCH3, one aromatic ring becomes the acceptor and the other the
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CHyMgC1
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X = CF3 Y = OCHj

Yield 82%
cl1 32% e.e. (R)configuration

--C. .C

: - : “~CyHg

AT

Fig. 8. Asymmetric induction by charge transfer (56).

donor for charge transfer interactions.* The preferred transi-
tion state is predicted to be A' (Fig. 8), which is suitable for
charge transfer. Experiments show an appreciable asymmetric
induction (32% optical yield), the absolute configuration of

the formed chiral benzhydrol being in agreement with the transi-
tion state AT, It is interesting to note that asymmetric
induction here is brought about by an attractive force. In this
case steric repulsions lead to the wrong prediction of the
direction of asymmetric induction. When X = CH3, Y = OCH3z,

the optical yield drops to 2%, presumably because charge
transfer is no longer operating. When X = Y = CFj3, the optical
yield is 16% with a transition state A+ prevailing; this
interesting result (56b) demonstrates an attractive effect
between two CF3-CgHy rings in the transition state. Inter-
pretation of hydride reductions of bridged ketones such as 8

is difficult (see p. 186). A detailed study (57a) of various

*Chiral sensitizers are able to induce asymmetric reactions
via exciplex formation (see Sect. IV-B), which probably involves
a charge transfer.
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models related to 8 led to a new hypothesis: an "anisotropic
induction effect." The electron-releasing induction effect of
alkyl groups would be anisotropic, decreasing, in 8, the
reactivity of the (a) face which is trans to the alkyl groups.
This factor could be of importance in the addition of various
nucleophiles to carbonyl compounds.

Asymmetric induction was observed in some 1,3-dipolar addi-
tions of N-alkoxyalkylnitrones derived from sugars to activated
or isolated olefins. The isoxazolidine ribosides that are
formed can be cleaved to chiral N-unsubstituted isoxazolidines
of high optical purity (57b). The stereoselectivity of the
reaction (in the cycloaddition step) was ascribed to a new
stereoelectronic effect, a "kinetic anomeric effect."

6. MO Methods

MO methods are developing rapidly, and calculations often
give qualitative or quantitative information in good agreement
with experimental data. It is only very recently that MO methods
have been used in an attempt to determine the origin of asym-
metric induction in specific systems.

A prochiral carbonyl group connected to a chiral center will
lose its symmetry plane, whatever its molecular conformation.
The electron density on each face is no longer the same on the
basis of this symmetry argument. It seems reasonable to assume
that a driving force in the steric course of the addition of a
nucleophilic reagent will be its preference to react on the
face bearing the least electron density. Ab initio calculations
(58) have been performed on one or two fixed conformations of
simple molecules such as 2-chloropropanal. Calculations for a
given conformation show that the m-electron cloud indeed
becomes dissymmetric and that the difference between the
electron densities of the two faces can be estimated.

A similar treatment was later published (59) for norbor-
nene, a rigid olefin for which exo stereoselectivity in electro-
philic additions is well recognized. Results of the calculation
show that electron density is higher at the exo face.

Electronic effects on the stereochemistry of attack on
trigonal atoms in six-membered rings have also been considered
(60). The steric course of attack was rationalized on the
basis of an interaction of the m-orbital of the trigonal atom
with one o-orbital of the ring, leading to different electron
densities on the two faces of the trigonal atom. However,
calculations were not performed to support these hypotheses.

The preceding approaches do not take into account the
nature of the reagent or all the interactions occurring in the
two competing transition states. Recently Nguyen Trong Anh and
his co-workers (61) published a complete ab initio study of
1,2-asymmetric induction. The calculations were performed
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on the "super molecule"” formed from a nucleophile and a pro-
chiral aldehyde such as CH3CH(CyHgs)-CHO. All conformations of

the system were considered. The result is expressed in terms

of two curves for the conformational energy of the diastereomeric
supermolecules. The curves for 2-methylbutanal are shown in

aesetvea,,

Fig. 9. Analysis of the various transition states for the
nucleophilic addition of H to Me(Et)CHCHO (61). Solid line,
conformational enexgy of A; dashed line, conformational energy
of B. F, Felkin-like transition state; C, Cram-like transition
state; K, Karabatsos-like transition state. Part of this figure
is taken from ref. 61, and is reproduced with the permission of
the copyright holder, Nouveau Journal de Chimie.

Figure 9. These curves allow one to predict the stereochemistry
of the predominant product if it is assumed that the Curtin-
Hammett principle applies. One needs only to compare the
relative energies of the minima of the two curves. Calcula-
tions were refined by changing the distance between H~ (the
nucleophilic reagent) and the carbonyl group, or by optimizing
the angle of attack of H~ [taking into account the possibility
of a nonperpendicular approach (36,37)]. A further optimization
was obtained by introducing electrophilic assistance by Lit,

or solvation of H . The general shapes of the curves are only
slightly changed. The main conclusion is that the minima of the
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curves always have a conformation similar to that previously
postulated by Felkin (27) for the transition states of the
reaction. The conformations proposed by Cram (62) or Karabatsos
(45) also lead to correct predictions of the stereochemistry,
but do not seem to have a physical meaning. The origin of the
stability of staggered "Felkin-type" conformations has been
discussed (61). It is thought that this geometry allows a
stabilization of the ﬂéo MO by a good overlap with 0&,_1 (Cq
is an asymmetric carbon atom; L is the largest group on Cy).
The interaction of the C=0 LUMO with the H~ HOMO will be
enhanced, especially if the nucleophilic reagent is placed
antiperiplanar with respect to Ca-L. This antiperiplanar
disposition is assumed to be of importance also in nucleophilic
additions of substituted cyclohexanones (63). Without entering
into the details of this paper (63), we point to another of
its conclusions, namely that, other things being equal, the
proportion of axial attack will increase with increase in
charge control (or hardness of the reagent) whereas the pro-
portion of equatorial addition will increase with increase in
orbital frontier control (or the softness of the reagent). Of
course the usual steric factors such as sizes of substituents
also need to be considered. In conclusion one may hope that MO
methods will be able, in the near future, to give insights into
the complex phenomena of stereoselectivity if more emphasis is
given to solvation and the nature of the nucleophilic reagent.
These new approaches should permit the prediction of the con-
figuration of the preponderant product and the ratio of the
the stereoisomeric products if the nature of the transition
states is reasonably well known. It is sometimes difficult by
these methods to decide when steric factors play a greater
role than orbital factors. Steric factors are implicitely
considered when the molecular geometry of the transition

state is taken into account for detailed calculations.

An interesting idea pointed out in ref. 63 (and in some
references cited there) involves consideration of the dichotomy
between charge control and frontier orbital control. In
orbital control (soft reactants), since the reagent is closer
to the substrate in the transition state, steric effects should
be more pronounced and stereoselectivity should be enhanced.
This provides a guideline for modifying in a predictable way
the structure of reactants for improving the optical yield in
an asymmetric synthesis. It is difficult to gain experimental
evidence, in a given reaction, that the length or structure of
the transition state changes with the nature of the reactants.
It should be possible, however, to investigate this field,
as was done recently for the Sy2 reaction (64) and for the
NaBHy reduction of saome (alkyl-substituted) indanone-tricar-
bonylchromium complexes (65) where isotope effects were
examined.
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D. Strategy in Asymmetric Synthesis
1. Recovery of the Chiral Agent

Asymmetric synthesis is becoming a preparative method in
organic chemistry. New approaches are employed that fulfill
several of the criteria given in Sect. I-A.

The recovery of the chiral inducing moiety often presents
a difficult task, especially in a diastereoselective synthesis,
since it is necessary to cleave the bond connecting the chiral
inducing moiety to the remaining part of the molecule. Of
course the reaction must be mild enough to avoid any racemiza-
tion of the newly created asymmetric center.

Cleavage reactions have been designed to regensrate, in
the chiral product, certain functional groups: OH, NHy, COjH,
and CHO. More work is necessary to improve the efficiency in
these processes.

In an enantioselective synthesis the optically active
product is usually not connected to the chiral inducer. For
example, in asymmetric reductions of ketones by LAH modified
by yuinine the chiral alcohol that is formed is not bonded to
the alkaloid and can be easily recovered. However, in some
enantioselective syntheses, such as the Diels-Alder condensa-
tion of a prochiral diene with dimenthyl acetylenedicarboxylate,
the primary product has to be transformed with removal of the
inducing alcohol.

Asymmetric catalysis combines two advantages: the amount
of chiral catalyst is small with respect to the number of
molecules synthesized, and by its essence the catalyst does not
remain bound to the optically active product.

2. Structure of the Chiral Inducer

The main problem in an asymmetric synthesis is achieving
a high optical yield. As mentioned previously, in recent
years optical yields of 90% or higher have been reported, but
unfortunately there are no general rules to allow one to
predict such yields in a specific case.

The choice of the chiral inducer is still largely
empirical, the custom being to use available optically active
materials such as terpenes, alkaloids, and aminoacids. If a
modest optical yield is initially obtained with a given system,
it is sometimes possible to optimize the stereoselectivity by
making systematic changes in the structures of the reactants.
Spectacular results have been obtained in several cases by this
method. The necessary modification may be based on an evaluation
of the steric effects involved in the synthesis. If it is
suspected that a given group behaves as.a "large" group, it may
be useful to prepare a molecule in which this group is replaced
by an even bigger group. For example, the efficacy of menthol
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in many asymmetric syntheses is well known, and can be tenta-
tively related to the steric relation between the oxygen atom
and the isopropyl group. The replacement of the isopropyl
group by the -C(CHj3),CgHs group gives a phenylmenthol in which
a very bulky group is vicinal to the hydroxyl. This alcohol
gives rise to exceptional stereoselectivity in catalyzed
asymmetric Diels-Alder addition (6) when used as a acrylate
ester (in place of menthyl acrylate).

Evaluation of steric effects is very difficult, since the
familiar "L, M, S" approach of Cram's and Prelog's asymmetric
syntheses can be applied only to very simple molecules having
one asymmetric center. Even here the effect of change on L, for
example, cannot be safely predicted, since conformational pro-
perties may be changed. As previously stated, cyclic structures
or cyclic transition states permit an easier prediction of the
direction of the asymmetric induction because fewer degrees of
freedom are left in the system. Perhaps as a result, high
optical yields are very often observed. It seems that the more
organized and the tighter the transition state is, the easier
it is to attain good asymmetric induction. Secondary inter-
actions (attractive or repulsive) do not necessarily by
themselves introduce rigidity in the competing transition
states, but they help increase the free energy difference
between them. It should be recalled here that a difference in
activation energies of AAG35 = 1.5 kcal/mol is large enough
to lead to an optical yield of 92% at 25°C. It may thus be
very useful to devise systems in which the chiral inducer is
modified in such a way that the chiral unit is involved in a
ring. This approach was used (31) in the synthesis described
in Figure 4. An efficient general asymmetric synthesis of
o-amino acids is based on the same principle (66). Some
asymmetric hydrogenations described in Sect. III-A are
relevant to this concept. Hydrogen bonding or chelation can
replace covalent bonding in the introduction of one or
several rings in the system. A very good example is the use
of metalated chiral oxazolines in asymmetric synthesis. As
described in Sect. II-B, alkylation of these compounds is
highly stereospecific only when the oxazoline bears a methoxyl
group on a side chain. This group coordinates the metal
(lithium bound to a nitrogen atom), forming a chelating ring.
The oxazoline ring is now transformed temporarily into a
bicyclic system whose shape induces a substantial difference
between the faces of the prochiral center. Whenever the transi-
tion state involves secondary or temporary bonding, it is
difficult to rationalize the asymmetric induction by direct
interactions between the inducing asymmetric center and the
reagent. An analysis of the preferred conformations (necessarily
involving molecular chirality) in the transition states would
be helpful in deciding how to modify the chiral inducer. Lack
of understanding of the details of reaction mechanisms is one
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of the major obstacles to the improvement of optical yields.
For example, in a given case it may be more useful to check
the effect of solvent or temperature changes, salt effects,
and so forth, rather than to perform extensive structural
modifications of the chiral inducer.

3. Importance of Experimental Conditions
and Prochiral Substrate

Very often asymmetric induction is strongly solvent
dependent. Sometimes opposite configurations are obtained in
two different solvents (see the example given in Sect. III-A).
The E,Z configuration of a prochiral center (olefin, imine, etc.)
should influence the configuration of the chiral center formed
in a diastereoselective synthesis if the same side remains

H—Ry H——Ry,

H } R, He 4 Ry
E H >=< Z
R 139] R3 R

3 1

Ry Ry
R3—CH2‘<~R1 R3-CHy—< <R,

R2 1

Fig. 10. Influence of E, 2 configuration on asymmetric
induction in a diastereoselective synthesis. If the isomeric
chiral olefins are assumed to be strongly hindered on the
underside, the opposite confiqurations for the products should
be obtained.

shielded from the reagent (Fig. 10). The extreme specificity
depicted in Figure 10 may not necessarily be in evidence;
nevertheless some examples of obtaining opposite configurations
in related asymmetric synthesis have been described in recent
years (67). Also the first examples have been observed in
asymmetric reduction of E,Z olefins through use of a chiral
catalyst (see Sect. III-A). If there is a slow E,Z inter-
conversion during the reaction, the optical yield will of
course decrease, as the result of an averaging effect. Such
an effect has not been clearly demonstrated yet, however,

A decrease in temperature is classically related to an
increase in stereoselectivity (this is true below the isokinetic
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point, where k; and k; are equal). Unfortunately the temperature
ef fect is often more complex than that. Salem (24), as indi-
cated previously, predicted in some circumstances a 72
dependency of log ki/kp. A serious difficulty lies in the fact
that actual reactions are much more complicated than a simple
set of two corresponding reactions (see eq. {1]). The follow-
ing type of kinetic scheme may frequently apply:

3

Py [9]

where A and B are two isomeric chiral species involving the
prochiral center that are interconverted. In this simple
scheme it is assumed that diastereomeric products P; and P,
are stereoselectively formed from B and A, respectively. In

a 1,2 asymmetric induction (such as the reaction of Grignard
reagents with an a-aminoketone) a competition was established
between two mechanisms (68); the reaction follows a kinetic
scheme such as that given in eq. [9]}. The situation is similar
in the alkylation of chiral oxazolines {(see Sect. II-B-5). The
asymmetric induction in eqg. [9] will depend on four rate con-
stants, and the temperature effect becomes very difficult to
predict. Because of the temperature dependence of the four
rate constants, the optical yield must be optimal in a given
range of temperature.

It is difficult to give general guidance to the organic
chemist planning an asymmetric synthesis. The method must ful-
£fill the conditions expressed by Eliel (ref. 14, Sect. I-B). The
maximum efficiency of the synthesis will be attained after
optimization of the structure of the reactants (one of which is
chiral) as well as of the experimental procedure., Diminish-
ing the flexibility of the transition state or the number of
competitive pathways often improves the optical yield. Finally
a greater insight into the reaction mechanism involved in a
synthesis can be of great help in making a rational change in
the makeup of the system leading to asymmetric synthesis.

E. Progress in Experimental Methods

A correct evaluation of the optical yield is absolutely
necessary for both preparative and mechanistic considerations.
Many earlier reports of asymmetric syntheses were erroneous
because optical rotations were measured on compounds purified
by crystallization, which may change the enantiomeric com-
position. When a mixture of enantiomers needs to be purified,
distillation, solvent extraction, or chromatographic methods
can be safely used. Contamination by impurities of high speci-
fic rotation remains a serious problem when optical yields are
measured with a polarimeter (see ref. 69 for a recent case).
Great care must be observed in diastereoselective asymmetric
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synthesis, since the primary products are diastereomeric.
Subsequent destruction or purification of the diastereomers
may lead to alteration of the enantiomeric purity of the
product. In an enantioselective synthesis the safest procedure
is to analyze the enantiomeric purity by nonpolarimetric
methods.* NMR analysis with chiral solvents (71) or chiral
shift reagents (72) is very useful but not general. Some-
times the spectroscopic properties of a partially racemic
compound differ from those of the pure enantiomer (73). GLC

on chiral phases is the most sensitive way of measuring
enantiomeric excess (74,75), and can be applied to a-amino
acids and to some acids or alcohols, In "direct methods" a
derivatization with a chiral reagent converts a mixture of
enantiomers into a mixture of diastereomers. To obtain good
results it is necessary to use an excess of the reagent (to
avoid partial reaction which would give rise to a kinetic
resolution). It is also important to have an optically pure
reagent. The most popular reagent is Ph(CF3)C (OMe)COCl (MTPAC1l),
developed by Mosher (76) for derivatization of chiral amines
or alcohols. NMR, GLC, or high pressure liguid chromatography
can often be used to determine the diastereomeric composition.
A recent illustration of the combined use of these methods may
be found in ref. 77. In diastereoselective synthesis the asym-
metric induction is related to the ratio of the two diastereomers
that are formed. A simplification, as far as the extent of
asymmetric induction is concerned, is to start from a racemic
mixture. If reaction [II] of Figure 1 is combined with its
mirror image, the system becomes racemic. The diastereomers
formed in the reduction are racemic, but the ratio of racemic
diastereomers is the same as in [II]. The asymmetric induction
is not changed.

*Morrison and Mosher (2) have proposed that the expression
"optical purity" be replaced by "enantiomeric excess."” The
percentage of enantiameric excess (% e.e.) in the product is
now widely used to express the result of an asymmetric syn-
thesis, since it avoids any reference to the method involved
for analyzing the enantiomeric composition. Optical purity
(calculated from specific rotations) does not always coincide
with enantiomeric excess. Horeau (70) found such a discrepancy
with 2-methyl-2-ethylsuccinic acid, whose enantiomeric com-
position can be safely deduced only by nonpolarimetric methods.

tas pointed out by Wynberg (78), this is only a first
approximation because with the optically active system (eq. [II]
in Fig. 1) the medium is chiral as a result of the presence of
the chiral reagent. This is equivalent to a chiral solvent
effect, if we assume some weak interactions (R/R for example)
between the chiral molecules of substrate (which are all of the
same configuration, R, for example). In a racemic system the
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This approach was taken (79) to reinvestigate an asymmetric
synthesis of a-amino acids where optical yields of 95% were
claimed (80), the chemical yield being in the range of 50%. The
reaction involved HCN addition to CgH5CH(CH3)-N=CHR. The result-
ing o-aminonitrile was hydrolyzed and hydrogenolyzed to
NH>-CH(R)COoH, Optical purity of the latter does not, however,
reflect the optical yield because of the experimental procedure
used (purification by crystallization of a diastereomeric mix-
ture of amino acids). Indeed when the extent of asymmetric
induction was appropriately measured (79) on the initial a-
aminonitrile mixture by NMR, it proved to be ca. 60%.

II. CHIRAL REAGENTS AND CHIRAL SUBSTRATES
A. Chiral Reagents

The classical, and still the most common, method of
generating optical activity involves the use of chiral reagents;
many examples can be found in ref. 2. We do not cover all the
new results obtained since 1972, but confine ourselves to new
trends or new approaches in this area. The following arbitrary
classification (II-A-1 through II-A-4) may be found useful,

1. Asymmetric Hydroboration

Asymmetric hydroboration remains an efficient method for
the conversion of prochiral olefins to chiral products, especi-
ally chiral alcchols (8l). An additional attractive feature of
this reaction lies in the accessibility of both enantiomers
of di-3-pinanylborane, the classical chiral hydroboration
reagent. This feature is examplified in the asymmetric hydrobor-
ation (82) of carbomethoxymethycyclopentadienes 17 by (-)- or
(+)-di-3-pinanylborane, which leads to the enantiomeric (R,R)
or (5,5) product 18 in high yield. (Comparison with the optical
rotation of fully resolved 18 indicates 96% e.e. for the
product synthetised.) Compound 18 is easily transformed into 19
and 20, which possess the four chiral centers required to
prepare natural prostaglandin Fp. In an analogous way and with
the same reagents (R,R)-21 and (S,S)-22 were prepared from
5-methyl-1,3-cyclopentadiene in 30% yield. The alcohols
produced were essentially pure trans, and showed at least 95%
e.e. (by Mosher's method of enantiomeric purity measurement

interactions are now different (R/R, S/S, and R/S), and some
changes may be expected in the asymmetric induction. Wynberg
states, "When a chiral substance undergoes a reaction, the
reaction rate and the product ratio will depend-inter alia-
upon the enantiomeric excess present in the starting material.”
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CH,COoCH3 H
,-CHp=CO>CHj
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with MTPACl*) or 98% e.e. (by comparison with optical rotation
of resolved material). This preparation allowed the asymmetric
synthesis (83) of loganin pentaacetate.

A promising new route for the asymmetric synthesis of
iodoalkanes from olefins was recently described by Brown (84).
(-)-Diisopinocampheylborane (23) (91% e.e.), when treated with

?zﬂs
H
RS
HB CH3 B e
I
-, 220 CHO L cyy-cH-coHg
CH3OH |
2 2 I
23 24 (R)-25
H202
CH3—TH-C2H5
OH
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* (R)- (+)-o-Methoxy-a~trifluoromethylphenylacetyl chloride.
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cis-2-butene, affords the borane 24. Reaction of iodine with
24 in the presence of sodium methoxide-methanol yields (R)-2-
iodobutane (25) in 84% e.e. From the (S) stereochemistry of
the alcohol 26 produced via treatment of 24 with Hy0p it was
concluded that the sodium methoxide-induced reaction of
organoboranes with iodine proceeds generally with inversion
of configuration at the carbon bearing the boron atom.

2. Other Chiral Reducing Agents

New modifications of lithium aluminium hydride (LAH)
have been introduced, and studies have been continued on the
already known complexes between LAH and alcohols, aminocalcohols,
or sugars (13).

(-)-Menthol was successfully used for the reduction of
f-aminoketones to (R)-(+)-B-aminoalcohols (27). A considerable
increase in optical yield, from a few percent to 70%, was
achieved by changing from a 1:1 to a 1:3 LAH/(-)-menthol ratio
(85).

A 1:1 mixture of cis-2,3-pinanediol (28} and CgHs5CHpOH
was effective in modifying LAH so that it would reduce diphenyl-
methyl alkyl ketones (29) asymmetrically (86).

Darvon alcohol* (30) is among the more efficient complex-
ing amino alcohols, yielding, with ethereal LAH solution, quite
a puzzling reagent (87). Depending on the length of time that
the reagent has been allowed to stand before it is used in
reduction of a carbonyl substrate, one or the other enantiomeric
alcohol may be obtained. With respect to the parameters of the
reaction, Mosher and co-workers made the following observations:
when acetophenone is added to a freshly prepared and heterogen-
eous solution of the reagent (LAH:30 in 1:2.3 ratio) in ether,
one obtains (R)-methylphenylcarbinol of 68% enantiomeric purity,
in a nearly quantitative yield; if the reagent is allowed to
stand for a few hours or is refluxed for a few minutes, the now
homogeneous solution reduces the same substrate to the S
enantiomer of the alcohol in 43% yield and 66% enantiomeric
purity. Additional experiments showed that the reversal of
stereoselectivity was not merely originating from the hetero-
geneous or homogeneous nature of the reducing mixture. The
nature and reactivity of the reducing mojeties are not well
defined, but the variation of the stereoselectivity in the
reduction of ketones probably reflects some change in the
reducing species with the age of the reducing mixture (88).

*Darvon alcohol is (+)-(25,3R)-4-dimethylamino-3-methyl-
1, 2-diphenyl-2-butanol (see Table 3). It reacts with LAH ac-
cording to the eguation

. n
LiAlHy + nR-OH =+ LiAl(OR)pHy_p, + 5 Hop.
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The use of LAD with 30 led to the synthesis of
CeHsCD (CH3)OH and CgH5D(H)OH with 80% and 40% e.e., respective-
ly (89).

LAH-30 has also been applied to the preparation of the
optically active cis,cis and trans,trans diols 32 and 33
through reduction of dl-cis-a-acetoxy ketone (31) with 64% and
67% optical purity, respectively (90). It is pertinent to this
case that the reaction of chiral reagents with racemic sub-
strates to give two sets of diastereomers, each one being
composed of enantiomers, has been discussed by Horeau and
Guetté (91). These authors established that the optical
purities of the diastereomers produced in such cases are in
inverse ratio to their respective amounts.

LAH/ (-)=-menthol

*
CGHS'ﬁ'(CHZ)Z'NRZ Cg Hg—CHOH- (CHy ) 2—NR

o]
27
H
OH
LAH/ CH3 +CeHs-CHyOH
28
HO *
(CgHs) 2CH—(|.‘1-R (CgHsg ) oCH—CHOH-R
o}
29
H CgHg
(CH3) pN-CHp-C——C~-CHp-CgHg Darvon alcohol
CH3 OH
30
0 HO HO
]
CeHs OAc CeHs OH CgHs OH
LAH/ (30)
—_ s +
31 32 33

By reduction of various substituted aromatic alkyl
ketones (34) with a 1:1:2 mixture of LAH, N-methylephedrine,
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and 2,6-dimethylphenol, Vigneron (92) obtained the alcohols 35
in enantiomeric purities as high as 88%. For these reductions

he also investigated the influence of temperature, a critical

factor in asymmetric induction.

The (-)-N-methylephedrine-LAH reagent also reduces 2-allyl-
1,3,4-cyclopentanetricne (36) regiospecifically and stereo-
selectively to the alcohol 37 with 55 to 58% e.e. This alcohol
can be further transformed to 38 (93).

Seebach (94) used stoichiometric amounts of aminoalcohol
39 (1,4-dimethylamino-2,3-butanediol, DDB) to modify LAH,
giving reagent 40, which reduces aldehydes, ketones, and
ozonides to optically active alcohols. Enantiomer 40 yielded
(S)-carbinols from dialkyl and alkyl ketones. Since DDB is
readily available from diethyl tartrate, both enantiomers of
DDB are accessible, leading to levo- or dextrorotatory products;
DDB is easily separated from the products and is recovered
without any loss of enantiomeric purity. The hydridoaluminate
40 was shown (95) to be useful for the reduction of pyrone
(41) to the (-) isomer of pestalotin (42). (1R)-3-endo-phenyl-
amino-2-exo-norbornancl (44) was also used to complex in the
asymmetric reduction of (-)- and (+)-dehydropestalotin to
pestalotin (42) (95).

From the reductions of alkyl aryl, dialkyl, or diaryl
ketones with LAH complexed with chiral amino alcohols,
Cervinka (96) deduced an empirical rule for establishing the
configuration of the preponderant enantiomer of the alcohol
obtained. Cervinka's rule states that reduction of a ketone
R-CO-Ar with the LAH-(~)-quinine reagent produces alcohols
of (R) configuration.

The use of LAD with an equivalent amount of (-)-quinine
makes possible the preparation of (+)-1l-deuteriocalcohols
R-CHDCH in 10 to 40% e.e. from the aldehydes RCHO (97).

Welvart (67) showed that Cervinka's correlation is valid
for the reduction of alkylidenemalononitrile with LAH complexes
of amino alcochols. As previously mentioned (Sect. I-D-3),
he observed opposite asymmetric induction in the reduction
of E and Z isomers, respectively, of alkylidenecyanoacetic
esters with the same reagents.

Landor (98) used an LAH-3-O-benzyl-l,2-0O-cyclohexylidene-
a-D-glucofuranose complex (45) for the asymmetric transforma-
tion of the enyne 46 to allenol 47. The complex 45 also yields
optically active amines 49 from oximes or their derivatives
(48, R?* = O-tetrahydropyranyl or O-methyl). Aluminohydride 45
tranfers two active hydride atoms. The first, which is the
more accessible, goes to the carbon atom of the oxime group in
48; examination of models for the two diastereomeric transition
States shows that the re face (99) of 48 is preferentially
attacked by the most reactive hydride to give optically active
amine 49 of the (S) configuration. In the ethanol-modified
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reagent an ethoxy group replaces the more reactive hydride,
leaving the other one for the transfer to the carbon of the
imine. Examination of the model indicates that attack on the
side of 48 is now preferred, leading to the amine of (R)
configuration. Only slight differences in the stereoselectivity
were found as a function of the nature of the R? substituent in
the oxime 48. For alkyl aryl ketoximes steric factors do not
determine the stereoselectivity. Desoxybenzoin oxime shows
higher stereoselectivity (25%) than do acetophenone oxime

(11%) and a-naphthyl methyl ketone oxime (10%) in contrast

to what would be expected from steric considerations only.

It is thought (100) that interactions between the benzyl
residue of the furanose ring and the aromatic group in the
oxime counteract the effect of difference in the bulkiness of
substituents.

L@
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Studies continue on reagents which reduce ketones or
activated olefins via a B-hydrogen transfer. To explain the
observed stereochemistry of the reaction, both steric inter-
actions and polar or electronic factors must be taken into
account.

B8-Hydrogen transfer of asymmetric Grignard reagents has
been used by Klabunovskii (101) for the reduction of a- or
B-amino ketones 50 in satisfactory enantiomeric purities,
although the yields were low (3-38%).

Guetté (56) has rationalized the results of the reduction
of p-substituted benzophenones by chiral Grignard reagents in
terms of charge transfer interactions between the aromatic rings
of the substrate and reagent (see Sect. I-A-3).

Nasipuri (102) carried out an investigation of the
reduction of phenyl alkyl ketones with chiral alkoxyaluminium
dichlorides (51), producing chiral alcohols with the configura-
tion shown in 53, via the preferred transition state depicted
in 52,

It was shown once more that Prelog's rule, which predicts
the stereoselectivity of nucleophilic addition to the a-keto
esters of chiral alcohols, is also valid for the reduction of
a,B-ethylenic esters by LAH (103). However, the rule is not
applicable to these substrates when Grignard reagents are used
as reducing agents. Reduction, by chiral Grignard reagents, of
alkylidenecyancacetic esters (ethyl Z- and. E-2-cyano-3-phenyl-
butencates) and acetophenones gives opposite stereochemical
results (67). This finding can be rationalized on the basis of
a cyclic mechanism for Grignard additions to ketones previously
proposed by Whitmore (Fig. 1l), whereas a noncyclic mechanism
(Fig. 12) (which may involve polar interactions between the
reagent and the substrate) is probably.involved in Grignard
additions to ethylenic compounds.

N- (¢~Methylbenzyl)-N-methylaminoalane has proved to be
highly enantioselective (84% e.e.) in the reduction of aceto-
phenone (104).

Optically active (+)-tris-(S)-2-methylbutylaluminum was
used (105) to reduce ketones R-CO-Me or R-CO~-Ph to the
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corresponding alcohols with up to 46% e.e. The steric and
electronic interactions in the competing cyclic transition
states for the B-hydrogen-transfer step were rationalized. It
was also shown (106) that chiral dialkyl zinc reagents such as
{[(S)-EtMeCH(CHp)pl},2n (n = 1, 2, 3) reduced isopropylphenyl
ketone to the corresponding (S)-carbinol with less than 15%

optical purity.

Totally stereoselective reduction of pyruvate to D- or
L-lactate is known to take place with NADH, using a D- or

L-lactate dehydrogenase catalyst (107).

211

A model of nonenzymatic reduction (108) is a nicotinamide

derivative, where R is a chiral moiety (r!

a-phenylethyl).
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Though 54, of course, does not induce asymmetry in the
reduction of achiral alkyl- or phenylglyoxylates, it reduces
(-)-menthyl benzoylformate to (~)-menthyl (R)-(-)-mandelate
(6% e.e.); the sense of this induction can be predicted by
Prelog's rule (109).

Inouye and co-workers (1l10) have developed a similar
reaction, also involving the nonenzymatic direct transfer of
hydrogen from 3,5-dicarboalkoxy-2,6-dimethyl-1,4-dihydro-

2
rR%0CO
1 Zn(II) CH3\
CH3-CO-COpR!  + _— c-CopR*
55 CHj HO
(a) R! = cHj 57
(b) R! = (-)-menthyl
(a) R? = CHj
(b) RZ2 = (-)-menthyl

pyridines (Hantzsch ecsters 56) to a-keto esters. They obtained
single and double asymmetric induction reactions, combining
chiral or achiral 56 with chiral or achiral 55. Thus chiral 56b
reacted with achiral 55a to yield (R)-(-)-57 in 47% e.e., while
the reaction of the chiral reagent 56b with the chiral sub-
strate 55b enhanced the asymmetric induction to 78% e.e. The
reaction works in the presence of Zn (II) species prepared by
a Reformatsky reactior. These biomimetic reactions are of inter-
est both from a mechanistic and a preparative point of view,
and improvements can be expected in the stereoselectivity
through use of more organized and sterically defined systems.
The stereochemical outcome of some asymmetric Reformatsky
reactions, involving reaction of a-bromoesters with (-)-menthyl
and (+)-bornyl pyruvates in THF or benzene, does not follow the
prediction of Prelog's generalization (111). Nevertheless, and
for the same reaction performed in the polar solvent DMF or
DMSO, the configurations of the products are in agreement with
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Prelog's rule. This would imply that in the former case a
chelate-like transition state, with the two carbonyl groups of
the keto ester and the metal, is likely to be involved, and
that a competition for zinc between the polar species (solvent
or substrate) occurs in the second case.

3. Asymmetric Olefin Mercuration

Asymmetric inductions of up to 32% have been reported in
the oxymercuration of styrene by optically active mercury salts.
Thus mercuric tartrate afforded optically active l-phenyl-
ethanol via the Sy2 attack of water on a molecular complex
whose stereochemistry was depicted as 58 (112).

. HO
Hg (OCOR) »
Al

CgHg—CH=CHp 1,0, THF
’

I
— CgHg-CH-CHj3
*

58

*
Hg (OCOR) 5
_— CHy—-HgOCOR*

*.
OH o~ OH

NaBHy
CHj

59

Oxymercuration of 2-allylphenol with mercury(II) salts of
chiral acids, followed by cyclization and demercuration, gives
optically active 2,3-dihydro-2-methylbenzofuran (59) (113).
Optical yields in this asymmetric cyclization are low.

4. Asymmetric Alkylation

Various chiral reagents (ylid reagents and cuprates) have
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been prepared recently for the creation of C-C bonds in asym-
metric syntheses.

Optically active dialkylamino alkylaryloxosulfonium fluo-
borates (60) give chiral ylides (61) when treated with base.
Reaction of 61 with benzaldehyde produces optically active
styrene oxide in 20% e.e. Reaction of 61 with an electrophilic
olefin leads to optically active cyclopropane derivatives.
Methyl trans-cinnamate affords methyl trans-2-phenylcyclopro-
panecarboxylate in 30% e.e. (114).

Reaction of chiral phosphonate carbanions 63 with ketene
62 leads to optically active allenic carboxylic acid esters
64 with 10 to 20% e.e. (115).

8, CgHg H
CHj3 CHy H>==;C02CH3 CgHs H
Ax S Axrw- S-aNR
T |S| NRp I 2 H CO,CH3y
o] o]
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R CgH gHCOOH R H CgH o]
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\C=C=O + \P/ —_— \c=c=c' + N
7 /N 7\ o
CgHsg CH30 (0] CgHs COoCH3 CH30 (0]
62 63 64
0
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0
/ CHj
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Cul/CH3Li/67 +
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Use of (~)-N-methylephedrine with cuprate reagents induces
asymmetric induction in the reaction of 65 with a,B-unsaturated
ketones; as an illustration reaction of 65 with 2-cyclohexenone
affords 3-methylcyclohexanone (66) (2% e.e.). The cuprate
reaction in presence of furanose (67) leads to 66 with 7% e.e.
(116). In view of the large variety of cuprate reactions in
organic synthesis it may be expected that more research will
be done on asymmetric reactions in this field.

Chiral polyaminoethers related to (39) (such as DAB 43),
as well as chiral diamines such as N,N,N',N'-tetramethyl-1,2-
cyclohexanediamine (117), are useful complexing agents in a
large variety of reactions involving condensation of organo-
lithium derivatives with aldehydes and ketones (118).

Diastereomeric (+)- and (-)-(pentahapto-cyclopentadienyl)-
(monohapto-methylmenthyl ether)-carbonyltriphenylphosphine-
iron complexes (68), when cleaved by HBF, in solution of trans-
l-phenylpropene, gave the (1R,2R)-trans-l-methyl-2-phenyl-
cyclopropane (26% e.e.) and (1S,2S)~-trans enantiomer (38% e.e.),
respectively (119).

B. Chiral Substrates

This section deals with reactions in which an achiral
reagent reacts with a chiral substrate containing a moiety
inducing chirality which, in a following reaction, is removed
and, if possible, recovered. A few useful examples of this
very general process are presented.

1. Total Synthesis of Steroids

Saucy (119) has developed various asymmetric reactions
leading to precursors of steroids. As an example the asym-
metric condensation of the Mannich base 69 with 2-methyl-
1,3-cyclopentanedione yielded 70 in up to 80% e.e. Further
stereospecific reactions created new asymmetric centers with
destruction of the inducing center, giving 71, a precursor
of estrone.
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2. Total Synthesis of Prostaglandins

Corey (7) has reported a highly stereoselective Diels-
Alder reaction involving addition of 5-benzyloxymethylecyclo-
pentadiene to the chiral acrylate 72 to give 73 (89% yield);
further transformations afforded the key prostaglandin ainter-
mediate 74 in optically pure form. Optically pure acrylate 72
was prepared from (-)-pulegone in 71% yield.

3. Synthesis of Chiral Dewar Benzenes

The first optically active "Dewar benzene" was produced
by the asymmetric cycloaddition reaction of (-)-menthyl phenyl-
propynoate 75 to 76 in 60% yield. The enantiomeric purity of
77 was shown to be 21% (121).

AJ.c13e -
p CH3 3 CoHs
CgHg-CZC-COp - (=) -menthyl + \®
75 Chig CH3  “co,menthy,
76
CHj
CHj CgHs

i, CHy  “co,Me

77

4. Asymmetric Synthesis of a-Amino Acids

Asymmetric synthesis of a-amino acids still commands
considerable attention. Improvements of many previously
described syntheses have been reported, involving new optically
active chiral aids.

The Strecker synthesis has been reinvestigated by Harada
(122), using the reaction of hydrogen cyanide with a mixture of
a chiral amine and aldehyde. Optically active a-amino acids of
22 to 55% e.e. were isolated. A related synthesis consists of
addition of Me3SiCN to chiral imines (78) to give o-amino acids
(79) in up to 70% e.e. (123).

Ugi (124), in studies of four-component condensations,
obtained an exceptionally high degree of stereoselectivity,
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using optically active ferrocenylamine (80) as chiral inducing
agent. He also pointed out a great difference between the rate

of cleavage of 81 to N-benzoyl- (S)-valine-t-butylamide (82),

the (R,R) diastereomer being cleaved about 50 times more rapid-

ly than the (R,S) isomer. Thus successive cleavage of a mixture
containing a high (R,S)/(R,R) ratio would produce, after half-
reaction, a residue still more enriched in the (R,S) diastereomer.
This method allows the synthesis of a-amino acids of very high
optical purity and was, also, used in polypeptide synthesis

(125).

R , 1) gt

N (CH3) 3SiCN

C=N-R' ———313°"-7_ R-CH-N-R' R-CH-NH
o Znl, 2)H,/Pd (OH) 2 2

CN Si(CH3)3 COOH
78 79
CHy GH3
CH

|,
+ CgHsCOOH + 0=C-CH  + C=N-t-Bu

|
CH-NH,
@ H CH3
Fe

CHjy
80 (Rl-NHp)
/NHt-Bu Rl /NHt—Bu
FO | /CO
(S)-valine = CgH5—-CO-NH-CH <~— CgHg-CO-N-CH
\c\fCH3 \CH/CH3
CHj \CH3
82 81

Optically active a-phenylglycine has been used as a chiral
auxiliary reagent for the synthesis of other a-amino acids by
hydrogenolytic asymmetric transamination (126). A linear rela-
tionship between the temperature and the inverse of log Q was
established (@ is the ratio of the diastereomeric products, as
defined in Sect. I-C-2.). An improvement of the transamination
reaction was made by Yamada (127), who used as chiral auxiliary
reagents t-butyl esters (83a) of chiral a-amino acids, thus
avoiding the hydrogenolysis step and replacing it by an oxida-~
tive decarboxylation (Fig. 13). By this process L-alanine was
prepared with up to 71% e.e. A similar procedure for trans-
amination from an optically active acid to a ketone was used
to prepare optically active amines. Thus 2-amino-3-phenyl-
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propane could be obtained in 56% yield and 87% e.e., starting
from 83b and benzyl methyl ketone (128).

R—f—X R-G-X
N pd-C/Hp
|
NH» R-CH-COpt-Bu
*
R-CH-CO, t-Bu
* * *
R-Ci-X R~CH-X
(@) X = CHj £-BuoCl
. el
(b) X = COOCH3 N NH2

l
R-CH-CO, t-Bu
*

Fig. 13. Asymmetric syntheses of amino acids and amines
by chemical transamination from optically active amino acids
(127,128).

Bycroft (129) reported an asymmetric synthesis of o-amino
acids from a-keto acids and ammonia, involving the stereo-
selective hydrogenation of 85, which substrate was synthesized
by coupling (S)-proline and an a-keto acid to give 84, which
was dehydrated to 85, The asymmetric induction in the hydro-
genation of 85 is better than 90%. The synthesis may be modified

,-H
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COch3 R3-Nﬂz N CF 3COCH N
———
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/ gl R2 R?
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= H
' 3 HZ
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NHR 7 gl

ard
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_-H JH
+ RY-CHO + C=N-R? ——& -
xlq COOH /N C¢O
NHp NH \O
c/
H—C—& ,
NR
Rl
_H
| |/.H
—— [ — \
N CONH-CH-CONHR2 N— SO
\
H Rl / /O
| H—C
86 (|:H-CONHR2 7 \c\\
r! R NR?

to lead to optically active N-methylamino acids. (S)-proline
proved to be the best inducing amino acid, and was also
recoverable,

An asymmetric synthesis of dipeptides was performed, using
L-proline as chiral reagent to yield L-prolyl-a-amino acids
(86) . The enantiomeric purities of the resulting peptides ranged
from 22 to 35% (130).

5. Chiral Oxazolines

Meyers has described the asymmetric synthesis of a great
variety of optically active compounds via chiral oxazolines
readily prepared from (+)-aminodiol (87). A review on asym-
metric synthesis with chiral oxazolines is available (131).

A typical example is the asymmetric synthesis of a-
alkanoic acids (132) (Fig. 14), which involves two steps,
abstraction of a proton in 88 by a base, then alkylation of
the resulting N-lithiated enamines 892 and 89B. It has been
shown that the temperature of the base abstraction reaction
has no influence on the enantiomeric excess of acid 90. This
rules out any enantioselective base abstraction of the proton
in 88, which would result in the formation of different
amounts of isomeric 89, and indicates that it is more likely
that the second step, alkylation, is the one responsible for
asymmetric induction. In fact, lowering the temperature in the
alkylation step increases the degree of asymmetric induction.
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CeHs
HO
LH
HoN
CH,0H
87
Ph Ph Ph
R-CH ° H\\ © = °
N S VAR
R N
CH ch s N /
2 1 Hp Li CHZ
CH3O/ \o/ \O/
! |
88 CH3 CH3
89a 89B
R'X R'X
k) k2
R
~
_CH-COOH
Rl
90

Fig. 14. Asymmetric synthesis of 2-alkylcarboxylic acids
via 2-oxazolines (132).

This is an example of a study in which asymmetric induction has
helped in the elucidation of reaction mechanism and stereochem-
istry. The postulated mechanism is consistent with the fact that
the attacking group R' approaches from the side opposite to

the R group already present, and the stereoselectivity reflects
differences in the rates k) and ky of alkylation, provided that
k) and k; are small compared to the rate of equilibration be-
tween 89A and 89B. Both enantiomers of the acid 90 may be
synthesized by reversing the order of introduction of R and R'.
The asymmetric reactions that can be performed through the use
of chiral oxazolines are listed in Table 1, which includes
information on yields and e.e. The main advantages of this
method are its versatility, satisfactory yields, high enan-
tiomeric excess in products, and the easy recovery of optically
active inducing material. Since 87 will presumably no longer be
commercially available in the near future, chiral oxazolines
derived from phenylalaninol were devised as alternate chiral
reagents (133).
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91
E = CHy=CH-CN
CHy=CH-COgMe
CHy=CH-CH,Br
1

: \CH-CHO + Rl\ /
r2” :ﬂ: Ncox ) /C=CH'T

R2

Rl— CHy /Rl
RZ2= éH a2
H3CO ! Vaats R
< “CHO
OCH3 CH3 o
OCHj
OCHj3 OCH3

Hj
93
CHj3 CH3 CH3 CH3
R'>c::<H —_ R'bqjldH —_— R'>(::<H —_— R'b(::qn

NH, N N-M N )
94 H
_.RZ __RZ
—
95 96

Fig. 15. Asymmetric synthesis of mesembrine (135).
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6. Asymmetric Alkylation of Aldehydes, Ketones, or Esters

Various reactions involving chiral enamines of aldehydes
and ketones, or their lithio salts have been described.

Yamada performed 2-substitution of various 2- or 4-
substituted proline esters (Fig. 15). The reactions with
acrylonitrile, methyl acrylate, allyl bromide, and bromine (134)
were investigated. This method was applied successfully to
the synthesis of (+)-mesembrine (93), which involved asymmetric
alkylation of chiral enamine 92 by methyl vinyl ketone (135).
Lithiation of 95 improved both the chemical and optical yields
of alkylation, leading to 96 in 40-50% yield and up to 37%

e.e. A stereochemical model was constructed to explain the
induction. Amine 94 of (S) configuration gave the ketone with
the configurational arrangement shown in 96 (136).

CHoPh
CH,Ph
]
BN 3
———— i N

g H3CO
X-R

97a 97b

A related reaction is the synthesis of optically active
a-cyclocitral through asymmetric cyclization of a chiral
enamine; unfortunately both chemical and optical yields were
low (137).

Low-temperature alkylation of a chiral lithiated enamine
97 followed by careful hydrolysis leads to optically active
a-alkylcyclohexanone 96 (138). As in other asymmetric syntheses
with chiral oxazolines, the methoxyl group in 97 plays a key
role. Coordination of lithium ion to the methoxy gives rise
mainly to conformers 97a and 97b, which have a trans-1,2-
disubstituted cyclopentyl structure in 97a and a cis-1,2-
disubstituted one in 97b so that 97a would be favored, In addi-
tion it is assumed that both coordination of the halogen atom
of RX with a lithium atom, and interaction between the m-bond
of the ring and the alkyl group of RX would favor transition
state 97a over 97b, leading to ketone 96. This is indeed the
case with a large number of alkylating agents (see Table 2).
This constitutes a very simple method of preparing quite a
variety of 2-alkylcyclohexanones in high optical purity and of
predictable configuration.
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TABLE 2

97 » 96
RX Chemical yield? % e.e, (configuration)
Me, S0y 72 82 (R)
EtI 56 (R)
nPrl 50 >95 (R)
CHy=CH-CHy Br 80 >90 (S)
Ph-CHyBr 56 (s)

4Based on chiral imine.

Lithio derivatives of the chiral oxazolines 98 may react
at different rates with the two enantiomers of a racemic alkyl
halide 99; in kinetic resolution of 99 by 98 enantiomer 99a
is recovered in excess while the 3-alkylcarboxylic acid 100a
is produced predominantly (139).

Ph Ph
0 H 0
CH3—< —_— K
N H
/
Li
H3CO Ao Me
]
CHj >| I
98 Ru
99
CH,CO5H
_-H
Me R
100a
I
Me R
99a

Asymmetric alkylation of ketones has also been performed
via alkylation of lithiated chiral hydrazones (140). The
inducing hydrazine 101 (Fig. 16) is readily available from
(S)~-proline, and recoverable from the nitroso compound ob-
tained by ozonolysis or hydrolysis of 102. Alkylated ketones
show enantiomeric purities reaching 87%.



0 Hdl H

)k 101 -’ P
N N
2
R
/JL\ e
r! CHyR? Rl Ch
r3
102
H—4 — H~<<i:1,7
- OCHj T OCH3
|
NH2 ko o
101 /JL\
R2
Rl cﬁ/
\R3

Fig. 16. Asymmetric alkylation of ketones via chiral
hydrazones (130).

H3C //OH H3C, OH
/
o N-CH,-COy t-Bu
—l
103
1) LDA/THF
2) RX
H3C, OH
/
N-CH-COz t-Bu
Hydrolysis | 2

NHZ—?H-COZt—Bu R
R

R = Me, n-Bu, benzyl

Fig. 17. Asymmetric synthesis of o~amino acids via chiral
imines (141).
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Yamada has reported an asymmetric synthesis of a-amino
acids by asymmetric alkylation of the carbanion produced from
the chiral Schiff base 103 (Fig. 17). This synthesis satisfies
most of the criteria for a good asymmetric synthesis, that is,
high asymmetric and material yields, plus the possibility of
recycling the chiral inducer which is available in both
enantiomeric forms (141).

Trost (142) has alkylated, in a stoichiometric reaction,
diethyl sodiomalonate with syn,syn-1,3-dimethyl-n-allyl
palladium chloride dimer 104, in the presence of chiral phos-
phines, to give chiral diethyl (E-hex-2-en-4-yl)malonate 105,
which, upon subsequent transformations, was converted into
chiral ethyl {(E)-3-methyl-4-hexenoate. Similar alkylation of
106 with methylmalonate anion leads to a mixture of optically
active 107 and 108. The distribution of compounds 107 and 108

PLAONN Phosphine* *
| ) + ScH(coEt)y — Z
Pd\ CH (COzEt) 2
Ql 105
2
104 \
"
CHpCOoEL

» CH(COyMe),

o Phosphine*
+ SCH(COoMe)p —m——89M8M8M8

106 107

+

% ~CH (COzMe) 2

108
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as well as the enantiomeric purities were dependent on the
chiral inducing phosphine (143). Enantiomeric purities as high
as 79% were attained.

Mikolajczyk developed interesting methods to prepare
optically active sulfinates (144) and phosphinites (145), by
reaction of alcohols to, respectively, sulfinyl chlorides and
phosphinyl chlorides in presence of optically active tertiary
amines; enantiomeric excesses may reach 43%.

7. Asymmetric Conversion of a Racemic Mixture

Efficient transformation of racemic compounds into a single
optically active form, which was considered in the total
synthesis of steroids (146), remains a major challenge. The
problem can be solved in certain cases: if the racemic compound
is converted into a labile racemic mixture that racemizes
faster than it is involved in a stereoselective process (cry-
stallization, enantioselective reaction, etc.), then a
complete asymmetric transformation is possible. The available
processes for a complete or almost complete conversion of a
racemic mixture into chiral products are summarized in Figure
18.

Optical activation of racemic aldehydes or ketones can be
pexformed via hydrolysis of their chiral enamines with an
achiral acid, or of an achiral enamine with a chiral acid.

Hydrolysis of 109 (one isomer) gave atropaldehyde in
optically active form (37% e.e.). Hydrolysis of the enamine of
optically active o-pipecoline and 2-methylcyclohexanone led to
about 20% e.e. in the ketone. Analysis of the situation is
more complicated in the protonolysis of enamine 110, which
exists as two isomers 1ll0a and 110b (ratio 60:40), and leads to
optically active 111 (147).

_.CHj _-CHj _~CHj

H H H

H

N A NG NG

¢ ¢ G CHO

I I I |

e PN PN /CQ

CH3 CaHs  CyHg CyHg  CoHg CyHg CoHg
109 110a 110b 111

The formation of the enamine of a racemic a-substituted
carbonyl compound with an achiral amine removes the a-hydrogen
atom, leaving a compound that possesses two enantiotopic faces
instead of a chiral center. That such an enamine is a labile
compound is shown by the rapidly reached equilibrium of the
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cis-trans isomeric enamines ll2a and 112b (148) (Fig. 19).
Camphosulfonate iminium salts Il3a and 113b are said to be in
equilibrium, and the enantiomeric purity of 114 thus reflects
the position of this equilibrium (148).

CHO

/

~ (|:/
114 C
™
A
Bl H \

B fo /113a A o)
c c’
|~ -~
HY C Bt Ht C m+
E A 2 B

112a \ / 112p

\c#
LN
/’v
C
H BA IHO
113b C
i
HB A
114

Fig. 19. Enantioselective protonation of achiral enamines
by chiral acids (148).

Hydrolysis of a Z:E mixture of the morpholino enamine of
atropaldehyde with a concentrated aqueous solution of tartaric
acid gives enantiomerically enriched atropaldehyde (up to 10%
e.e.); when mandelic acid is used as the proton acid, an e.e.
yvield of 14% is attained (149). The enantiomeric purities
obtained vary according to the E:Z ratio of the enamine start-
ing mixture, indicating two asymmetric induction values, one
for each cis-trans isomer. Such an asymmetric synthesis re-
quires, for success, an enantioselective protonation of each
isomeric enamine, and a rate of hydrolysis of the iminium
cation greater than its rate of isomerization.

Several examples of processes [ii] (Fig. 18) are known
(see Sect. IV-A). The spontaneous resolution of a labile racemic
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mixture, such as described for 1,1'-binaphthyl is another case
(150).

Cases [iii] and [i] (Fig. 18) involve asymmetric trans-
formations., The principles involved are discussed in (4).

Total syntheses of optically active steroids (146) and prostagl-
andins (151) have been performed based on [i].

A case related to process [iii] was developed (152) in-
volving the conversion of DL-phenylglycine methyl ester into
the D- or L-enantiomer, by using tartaric acid in presence of
a small amount of cyclohexanone., Slow selective crystalliza-
tion of one diastereomeric salt of the amino ester occurs from
the methanolic solution (Fig. 20). The soluble phenylglycine
is simultaneously racemized through Schiff base formation with
cyclohexanone. Up to 95% of one enantiomer was obtained in 100%
e.e. In contrast to a previous report (148) it was shown that

(R,S)-Ph-CH-CO,Me

NH2
"y I a e
7
! Ph-cecoMe T [
N copMe | N co,Me
g N\\CR2R3 /g
AN AN
R RS R? R3
l1l5a 115p
Rr%2R3cO (+)-tartaric acid R2R3cO (+)-tartaric acid
Ph\ /H H\ /Ph
‘,Cn ‘,C‘
+tNH; COoMe In solution +NH3 TO,Me
Co3 coz
(CHOH) 5 ((IZHOH) 2
COoH COoH
Methyl- (R)-phenylglycinate Methyl- (S)-phenylglycinate
hydrogen (+)-tartrate hydrogen (+)-tartrate
Crystalline solid l
Methyl- (R)-phenylgylcinate Methyl- (S)-phenylgylcinate
hydrogen (+)-tartrate hydrogen (+)-tartrate

Fig. 20, Asymmetric transformation of phenylglycine esters
with (+)-tartaric acid (152).
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there is little, if any, induced asymmetry in solution and that
the ratio of enantiomers produced does not reflect the posi-
tion of the equilibrium between l1l5a and 115b.

Investigators at the Allied Chemical Co. have described
a similar process through which L-lysine is obtained in 100%
enantiomeric purity from racemic o-aminocaprolactam (ACL)
through a process involving simultaneous resolution and race-
mization of the optical isomers of an ACL-nickel chloride
complex (153) (Fig. 21). A supersaturated ethanolic solution of
the complex DL- (ACL)3NiCl, is formed by reaction of DL-(ACL)
with nickel chloride. Adding seed crystals of L- (ACL)3NiCl, in
EtOH causes the L-complex to deposit, while the remaining D-
complex is simultaneously racemized (rapidly!) by base. One
can thus achieve full conversion of the original racemic
material into L-(ACL) complex of 97% enantiomer purity. Decom-
position of complex llé and subsequent treatment leads to
nickel-free L-amino caprolactam, which is further hydrolyzed to
L-lysine. There are two requirements for success in this pro-
cess: (1) uncomplexed ACL must exchange rapidly with com-
plexed material for efficient resolution and racemization; (2)
the racemization and crystallization rates must be of the same
magnitude (in the same solvent, at the same temperature), and
these two processes should occur in highly supersaturated
solution, while spontaneous crystallization of any other species
is avoided.

DL~ (ACL) 3NiCly Etg: L- (ACL)3NiCly —— lL—(ACL)aNiClz,EtOH
116
HC1
L- (ACL)
H*

L-Lysine (97% e.e.)

Fig. 21. Preparation of L-lysine via asymmetric conver-
sion of DL-aminocaprolactam (153).

C. Catalysis

A certain number of base-catalyzed reaction (aldolization,
Michael reaction, etc.) have been performed asymmetrically by
the use of chiral amines. Some of these processes involve new
approaches to asymmetric syntheses of important compounds such
as steroids.
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1. Asymmetric Aldolization

The Schering (Berlin) (154) and Hoffmann-LaRoche (New
York) (155) companies both reported the annelation of triketone
118 formed through Michael reaction of 2-methyl-1,3-cyclo-
pentanedione 117 with methyl vinyl ketone.

Cyclization using eithexr primary or secondary amines or
amino acids as chiral catalysts differentiates the enantiotopic
carbonyl groups of 118, thus converting the prochiral central
carbon atom into the asymmetric carbon in 120.

The. amount of catalyst used in the first report (154) was
high (1/3 molar eguivalent to substrate), yielding 120 in up to
84% e.e. It was later reported that almost complete stereo-
selectivity can be achieved in this reaction by the use of as
little as 3% (molar equivalent) (S)-(-)-proline as catalyst.
Furthermore the catalyst can be recovered, and a cis relation
between the rings in intermediate ketol 119 was demonstrated.
Proline was shown to be the best catalyst for cyclizing 118.
Because of its insolubility the choice of the solvent was
important. The poor efficiency of amino esters relative to the
corresponding amino acids in asymmetric induction points to the
importance of the acid function. A scheme has been proposed
(156) for the differentiation of the two diastereomeric transi-
tion states, but it is not convincing. More work is needed to
understand all the details of this exceptinmnally efficient
asymmetric synthesis. The same type of asymmetric aldolization
reaction has been applied by Danishefsky (157) to the synthesis
of optically active 122 using an aromatic amino acid as
catalyst. In this case L-proline was found to give disappoint-
ing results in terms of optical selectivity, but L-phenyl-
alanine produced 122 in 86% e.e., the yield being in excess of

82%.
o}
fo) 0
. /<
0] // 0 O
117 118
o] 0
0~ ::: o)
OH

120 119
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Both asymmetric aldol-type condensations and Michael-type
reactions catalyzed by quinine and 2- (hydroxymethyl)quinucli-
dine (123) have been reported (158). Diastereomers l124a and
124b could be separated, and both showed optical activity;
unfortunately their enantiomeric purities were not evaluated
(159).

2, Asymmetric Michael Reactions
Michael addition of 2-carboxymethyl-l-indanone (125) to

acrolein in presence of catalytic amounts of partially
resolved (57% e.e.) 123 gave optically active 126, whose

(0]
CO,CH3 E() /OH
H O (123) “N” YCHy

7

+ CHp=C—C _—
\H
R
125
CO2CH3 o
* 7
CH2—CH-C\
| H
R

126
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enantiomeric purity or diastereomeric purity was not deter-
mined. This is the first example of an asymmetric Michael
addition (159).

The appearance of optical activity in 124 and 126 means
that the protonated form of the base (after abstraction of a
proton from the substrate) is involved in the nucleophilic
addition to the carbonyl group or activated double bond,
probably via anion-pair interaction.

Wynberg (160) has studied the reaction of various Michael
donors toward methyl vinyl ketone in the presence of catalytic
amounts of quinine. Starting from 2-carbomethoxy-indanone
(127), he obtained 128 in 68% e.e.

H + CHp=CH-CO-CH3 ——r
CO2CH3
0
127
CO,CHj
o CHj
0
128

3. Asymmetric Phase-Transfer-Catalyzed Reactions

Phase-transfer-catalysis processes require quaternary
ammonium compounds as counterions for the extracted anions.
Optically active quaternary ammonium compounds have been used
in various reactions in attempts to perform asymmetric syntheses
under phase transfer conditions. The catalysts employed, N-
alkyl-N-methyl-ephedrinium salts (129), were usually derived
from N-methyl ephedrine.

The first described phase transfer catalyzed asymmetric
reaction was that of trimethylsulfonium iodide with benzalde-
hyde to give phenyloxirane (130). The authors claimed 97% e.e.;
this result was found to be erroneous (l6lb) because of
contamination by the chiral epoxide 131 produced through
base decomposition of 129.

By a phase transfer technique using 129a as catalyst (16la),
addition of dichlorocarbene or dibromocarbene to olefins led
to the corresponding chiral dichloro- or dibromocyclopropane
adducts in low optical yields. In both cases hypothetical
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schemes of preferred transition states were presented for the
reaction.

An asymmetric alkylation reaction of cyclic B-diketones
or B ketoesters in the presence of 129b as a catalyst led to
132 in relatively modest enantiomeric purity (162). In this
reaction the initial concentration of hydroxyl ion in the
aqueous phase was far less than 50% (not over 1M or 2M) so as
to avoid decomposition of the catalyst and production of
optically active side products.

e
C.:H?’ Br
@
He-C~aNMe ;R Ph Ph CHj
H ; ; H: ; ; H
H-—¢—-OH [0] o)
1
Ph 130 131
129
(a) R = -Me
(b) R = -CHp-Ph
(c) R = -(CHp)11-CH3
o) 0 [0} 0]
Z X Z
H . 10% NaOH R
Z = -0CyHs, -CHj. 132

Initially Colonna (163) found no asymmetric induction in
the reduction of dialkyl ketones by borohydride ion in a two-
phase system in which 129c was used as catalyst. More recently
he showed (164) that the same catalyst could promote the
asymmetric reduction of alkyl aryl ketones with a small e.e.

On the other hand, the reduction of acetophenone by NaBH,
in the presence of 129¢c to give methylphenyl carbinol in 39%
e.e. has been described (165) by Massé.
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Stereoselective epoxidation of chalcone 133 by HpOs has
been achieved in the presence of a quaternary ammonium salt of
quinine, N-benzylquininium bromide (166), yielding epoxide 134
in 25% e.e. Curiously, epoxidation with t-butyl hydroperoxide
as oxidant reversed the sense of the asymmetric induction.

Asymmetric phase transfer catalysis is still in its infancy
and, in view of these results, further developments concerning
the scope and the stereoselectivity of the process may be
expected in the near future.

III. CATALYSIS WITH TRANSITION METAL COMPLEXES

Many enzymatic systems involve metalloenzymes that act
as chiral catalysts and are able to perform stereospecific
chemical transformations such as hydroxylations. It is sur-
prising that for a long time biochemical processes failed to
stimulate organic chemists to use chiral transition complexes
as asymmetric catalysts.

The reason is that homogeneous catalysis has been
developed only since 1966. This has made possible the develop-
ment and subsequent improvement of chiral catalysts. Asymmetric
hydrogenation was most intensively studied at first, but
asymmetric induction in C-C bond formation is now gaining more
attention. The main results in asymmetric catalysis through
1974 are included in refs. 167 through 180. Several reviews are
devoted to reactions catalyzed by chiral transition metal
complexes. Asymmetric hydrogenation has been reviewed several
times (167), and a very complete review through 1975 has
recently appeared (168). A chapter devoted to asymmetric
hydrogenation can be found in several volumes dealing with
hydrogenation reactions (169,170). We present here only the
main results and new developments. Asymmetric hydrosilylation
through 1976 is covered by a review article (171). Important
results in asymmetric synthesis via C-C bond formation, through
the end of 1973, may be found in (172).

A. Asymmetric Hydrogenation of C=C Bonds

The impetus for the large amount of work published since
1968 was the discovery by Wilkinson in 1966, of an efficient
homogeneous catalytic system. The catalyst precursor is
RhCl (PPhj3)3. It is known that, in the mechanism of this cataly-
tic system, two phosphines remain coordinated to the rhodium
atom when olefin reduction occurs. It was therefore attractive
to try to reduce prochiral olefins after replacing triphenyl-
phosphine in the Wilkinson catalyst by chiral phosphines.
Since phosphines are good ligands for a large variety of
catalytic systems (hydrosilylation, hydroformylation, olefin
dimerization, etc.), synthesis of chiral phosphines is taking
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on an increasing importance. Several approaches can be
envisaged in the preparation of chiral phosphines:

1. The phosphorus atom can itself be the inducing asym-
metric center, and is then very close to the metal and the
coordinated prochiral olefin. This approach was investigated
independently by Horner (173) and by Knowles (174).

2, A much simpler approach is to introduce the diphenyl-
phosphino group into optically active molecules such as natural
products. There is no resolution step in the preparation of
phosphine of general formation R*-PPhy; (R* = chiral group). For
example, Morrison (175) has prepared menthyl and neomenthyl
diphenylphosphine (MDPP and NDPP) from two readily available
chiral alcohols.

3. To decrease conformational mobility in phosphines
R*-PPh, and to have sterically better defined coordinated
ligands, Kagan and Dang (176) synthesized chelating diphosphines
PhoP-R*-PPhy in which the two phosphorus atoms are separated by
several carbon atams.

4. Since approach 3 was very successful, chiral phos-
phines PhP* (R)CH3 obtained in 1 were coupled, and diphosphines
PhP* (R)- (CHy)»—P*Ph (R) used as chiral ligands (177).

One may expect to see, in the near future, the synthesis
of chiral monophosphines or diphosphines by a combination of
approaches 1 and 2, or 3 and 4, with asymmetric centers located
both on phosphorus atoms and on the organic chain.

The most spectacular results were observed with prochiral
olefins bearing one or two polar functions such as COz;H or
NHCOCH3. Some representative chiral phosphines are listed in
Table 3, with the most interesting results in asymmetric
catalysis compiled in Table 4.

The asymmetric synthesis of a-amino acids was achieved in
optical yields as high as 95%. L-Dopa, a useful drug in the
treatment of Parkinson disease, is now manufactured by such a
process (177). This represents the first industrial asymmetric
synthesis.

Chiral ligands show different specificities toward pro-
chiral substrates. The efficiency of a given ligand can be
considerably increased by small structural modification. For
example, DIOP (Fig. 3) has been the subject of a considerable
amount of work (for reviews on asymmetric catalysis with DIOP
see refs, 182 and 183). Introduction of one methyl group on
each phenyl ring can increase, decrease, or maintain the optical
yield in a given reaction. Thus extra methyl groups in meta
positions change the optical yield from 82 to 88% in the asym-
metric synthesis of N-acetylphenylalanine (184). Carbocyclic
analogue of DIOP behave similarly. The acetonide ring can be
replaced by a cyclopentane ring(184), for example, or by a
cyclobutane ring (185) without great changes in optical yield
in o~amino acid synthesis.
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TABLE 3
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CH30 PPha
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H
NMe,

QCH3

o
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m
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(=)-MPFA (208)

DIPAMP (177)

The mechanism of asymmetric reduction, especially when the
substrates are olefins with polar groups, is not fully under-
stood. It was hypothesized that the N-acetyl group could be
coordinated to the rhodium atom (176). Some support for this
hypothesis can be found in the good optical yields obtained
with RhCl(DIOP) in the reduction of CHp=C (Ph)NHAc (179,187).
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In fact, however, the situation is very complicated, as
opposite asymmetric inductions were observed in benzene and
ethanol (187). In the latter solvent the catalyst behaves like
Rh (DIOP)*Cl~, as demonstrated when (COD)Rh(DIOP)*ClO,™ is taken
as catalyst precursor.

A model of asymmetric induction was proposed (188) to
explain asymmetric reduction with RhC1(DIOP). Recently the
structure of IrCl(COD)DIOP has been determined by X-ray analysis.
The conformation of chelated DIOP is clearly seen, and some
correlations could be tentatively made with the course of
asymmetric induction (186). It was hypothetized that asymmetric
centers in DIOP induce a specific conformation of the chelate
ring, which in turn promotes the formation of a chiral rhodium
atom.

Of course the phenyl rings play a key role in the chiral
recognition of the enantiotopic faces of the substrate. Asym-
metric synthesis with DIPAMP should lead to less ambiguity in
prediction of the steric course of reduction because of the
nature of the ligand. X-Ray analysis of Rh°COD'DIPAMP+PF5'

(see Table 3) was recently performed, allowing attempts toward
rationalization of the origin of asymmetric induction in a-amino
acid synthesis. The model involves simple steric considerations
and assumes bonding between the N-acetyl group and the rhodium
atom (189). Interestingly it was found that the (E) or (2)
configuration of the double bond can influence both the rate of
reaction and the optical yield. This was observed in reduction
of N-acetyl-a-aminoacrylic derivatives (178,189). A detailed
study of the reduction of a,B-unsaturated carboxylic acids
showed (168) that very often, but not invariably, the opposite
configuration in the product results from cis and trans isomers
around the double bond. This trend, which was found for several
chiral phosphines, should have mechanistic implications (178).

A new family of simple chiral diphosphines that has
recently been generated appears very promising. 2,3-Bisdiphenyl-
phosphinobutane (135b) gives a catalyst that induces a very
efficient asymmetric synthesis of N-acetylphenylalanine from
the usual precursor (190). Almost quantitative optical yields
were observed in the synthesis of leucine and phenylalanine.

In this context the diphosphine 135a as well as other diphos-
phines (135) (R = H, R' = various radicals) have been synthe-
sized (190,191).

Some amide-rhodium complexes can catalyze homogeneous
hydrogenation of olefins. A chiral catalyst was obtained by
Abley and McQuillin (192) by using N-formyl oa-phenylethylamine
as the amide in Py, (amide)RhCl; (BHy)¥C1l™. Optical yields up to
60% were attained in the reduction of methyl (E)-B-methyl-
cinnamate. Recently this catalyst was used by Klabunovskii
(193) (75% e.e.). Phosphinites R-OPPh, are ligands that are
easy to prepare, but do not give very active catalytic systems,
However, chiral diphosphinites derived from trans-1,2-cyclo-
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hexanediol (194a), trans-1,2-cyclopentanediol (194b), and
1,1'-binaphthol (194c) were useful in asymmetric reductions.

A chiral bisaminophosphine derived from (-)-a-methyl-
benzylamine was demonstrated to be a good ligand in the
rhodium-catalyzed reduction of several amino acid precursors.
Optical induction is generally fairly good, optical yields
being similar to those obtained with DIOP (195).

Few examples of homogeneous catalytic chiral complexes
are found in which the transition metal is not rhodium.

There is only one report of a ruthenium-DIOP system (191).

A cobaloxime-quinine catalyst, Co(dmg),-quinine, has been
developed (197) which catalyzes asymmetric reduction of o ,B-
unsaturated carboxylates or ketones such as methyl atropate or
a-phenylacrylophenone to the corresponding saturated compounds
with 10 and 49% e.e., respectively.

B. Asymmetric Hydrogenation of C=0 and C=N Bonds

Many chiral alcohols or amines bearing one asymmetric
center are important compounds (flavoring agents, drugs, etc.)
or starting materials for the synthesis of more complex molecu-
les. Unfortunately there are few reports of the direct asym-
metric reduction of C=0 and C=N double bonds, because of a
lack of suitable homogeneous catalysts. The Wilkinson catalyst
RhCl(PPh3)3 is not active in ketone reduction, but Schrock and
Osborn demonstrated that certain cationic rhodium complexes
function as catalysts for ketone reduction, though catalytic
activity is low. The first publications on asymmetric reduc-
tions of ketones have recently appeared, describing (Rhdeiene)+
as chiral catalyst (L; = chiral phosphines). When benzylmethyl-
phenylphosphine or DIOP is the chiral ligand, acetophenone is
reduced to phenylmethylcarbinol with 8% e.e. (198,199). Better
results were observed by changing the experimental conditions,
optical yields up to 51l% being obtained in acetophenone reduc-
tion with a rhodium-DIOP catalyst (200}, In a detailed study
of a rhodium-ACMP catalyst (201) a strong solvent effect was
observed in the reduction of 2-octanone or methyl benzyl ke-
tone. Carboxylic acids are the best solvents for this reduc-
tion, enantiomeric excesses of 12% and 20%, respectively,
being achieved. Methyl acetoacetate is a good substrate in
homogeneous asymmetric hydrogenation. When the chiral ligand
is cyclohexyl (2-isopropoxyphenyl)methylphosphine, the chiral
B-hydroxy ester is produced with 71% e.e. In the course of a
total synthesis of prostaglandin a selective asymmetric reduc-
tion of 136b to 137b was performed with ACMP as the chiral
phosphine, with about 30% optical yield (202). There is only
one example of an asymmetric reduction of a Schiff base,
namely PhMeC=NCHoPh. An optical yield of 22% was attained with
a rhodium-DIOP catalyst (198).

An interesting bis(dimethylglyoximato) cobalt(II) system
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was investigated by Ohgo and co-workers (203). The complex
Co(DMG)o-quinine catalyzes the hydrogenation of a-oxocarbonyl
compounds at or below room temperature at a hydrogen pressure
of 1 atm. Benzoin of 78% e.e. can be obtained from benzil. The
catalyst system resembles oxidoreductases in its behavior, and
a mechanism for the hydrogenation was proposed (203).

PPho
R'" ppPhy
135
(@) R =Me; R' =H (191)
(b) R =R' = Me (190)
O [e]
R R
—
*
(0] H 0]
136 137
(@) R = =CHy-CH=CH- (CHz) 3=COyMe
(b) R = -(CHp)g-COrMe

C. Asymmetric Hydrosilylation

Asymmetric hydrosilylation is mechanistically related to
hydrogenation. An Si-H bond is cleaved like a H-H bond by
oxidative addition onto the transition metal. Then the two
fragments are successively transferred to the coordinated
double bond. The synthetic utility of hydrosilylation has ap-
peared recently, especially in asymmetric catalysis. It com-
plements hydrogenation, since ketones or imines are easily
reduced to alcohols or amines by silanes. It also permits the
reduction of conjugated double bonds. The first asymmetric
hydrosilylations involved chiral palladium, nickel, or
platinum complexes. Details may be found in a review on asym-
metric hydrosilylation (171). Here we shall only present
recent results obtained with rhodium complexes, which are the
most efficient asymmetric catalysts.

Some interesting asymmetric syntheses of various alcohols
are reported in Table 5. It is important to note that a great
many variations are possible in the structure of the catalyst,
allowing adaptation for successful asymmetric reduction of a
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given substrate. Both the chiral ligand and the silane may be
modified. Enantiomeric excesses up to 85% were observed. Asym-
metric hydrosilylation of imines to chiral amines is summarized
in Table 6.

If a prochiral silane such as HySiPh{oaNp) is allowed to
react with an achiral ketone such as diethyl ketone in the
presence of catalytic amounts of RhC1l(-)-DIOP, the primary
product is a chiral silane. In this silane, of formula
Et,CHO-SiHPh (aNP), the only asymmetric center is the silicon
atom [(S) configuration]. The optical yield in asymmetric
synthesis of a typical silane is 46% (212). Additional
examples may be found in ref. 212, If a chiral ketone such as
menthone is used, the asymmetric induction at silicon reaches
85% (213). Since the alkoxy group in an alkoxysilane can be
replaced with inversion of configuration by an alkyl group
via a Grignard reaction, this process also constitutes an
asymmetric synthesis. A related asymmetric synthesis of chiral

silanes is the asymmetric alcoholysis of dihydrosilanes. Thus
benzylic alcohol and HpSi~Ph(oNp) in the presence of RhC1 (+)-
DIOP yield HSi (OCHpPh)Ph(aNp) of 19% e.e. (214).

D. Asymmetric Hydroformylation

Hydroformylation by cobalt catalysts is an industrial
reaction of long-standing importance for the large-scale
preparation of aldehydes, and has given rise to many mechanistic
studies. Recently rhodium catalysts have been introduced,
allowing hydroformylation to proceed under relatively mild
conditions. The first attempts using chiral catalysts were not
encouraging. A survey of the early positive results, obtained
in 1972-1973, may be found in a review by Pino and co-workers
(215) on asymmetric hydroformylation, which covers research
through 1974. With a catalyst composed of Co;(CO)g and (S)-N-a-
methylbenzylsalicylaldimine optical yields up to 15% have
been obtained in the synthesis of (+)-(R)-hydratropaldehyde
from styrene. The same reaction was investigated by several
research groups using a rhodium-DIOP catalyst, the optical
yield being in the range of 20 to 25% (216). With phenylmethyl-
benzylphosphine as ligand an optical yield of 17.5% can be
obtained (217).

Interesting results were obtained (215,218) in the hydro-
formylation of aliphatic olefins, with HRh(CO) (PPh3)3 as the
catalyst precursor and (-)-DIOP as the chiral ligand. In al-
most all cases the isolated aldehydes are significantly optical-
ly active. A detailed investigation of the influence of experi-
mental conditions on regiospecificity and optical yield led
to a discussion of the mechanism of the catalytic cycle and the
proposal of a simple model of asymmetric induction. The
highest enantiomeric excess (27%) was obtained in the asym-
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metric hydroformylation of cis-butene to 2-methylbutanal. A
discussion of the results (215) is outside the scope of the
present article; however, it should be mentioned that the
origin of the asymmetric induction was ascertained. It arises
through equilibration between the diastereomeric m-olefin
complexes (or less likely in the formation of these m-olefin
complexes) and/or during the next step, which is olefin in-
sertion into an Rh-H bond. A considerable improvement was
obtained by a Japanese group (218), using a diphosphine
structurally related to (~)-DIOP. Hydratropaldehyde in 44%
e.e. is formed from styrene.Interestingly the absolute con-
figuration of the aldehyde is opposite to that obtained with
(-)-DIOP. Asymmetric induction is also observed in the hydro~
formylation of l-butene or cis-2-butene. It is to be hoped that
still more effective chiral ligands will render this method
suitable for synthetic uses.

The asymmetric hydroformylation of alkenes over platinum
catalysts in the presence of SnCl, has recently been described
(219). Several styrene or butene derivatives were hydroform-
ylated, the catalyst being PtClj(-)-DIOP + SnCl,. The transform-
ation of 2,3-dimethyl-l-butene into 3,4-dimethylpentanal was
achieved with 15% e.e. A careful analysis of many results
(219) indicated that the asymmetric induction with this system
takes place after the intermediate metal-alkyl complex forma-
tion, in contrast to the rhodium (-)-DIOP system, where asym-
metric induction is already achieved at this stage (215).

Alkene hydroesterification is a reaction in which alkenes
are treated by a CO + Hy mixture in a solvent such as methanol.
The net result of the reaction is the addition of H and CO;Me
to the double bond. Asymmetric hydroesterification of styrene
derivatives was recently achieved with PACl; (-)-DIOP as the
catalyst, though the asymmetric induction was not very high
(220).

E. Asymmetric C-C Bond Formation

The codimerization of 1,3-cyclooctadiene and ethylene to
give optically active 3-vinyl-l-cyclooctene (VCO) (221) is the
first example of a catalytic asymmetric synthesis in which
the chiral center is produced in high optical purity via C-C
bond formation. The reaction, carried out with an allyl-nickel
catalyst and chiral phosphines, leads to VCO in up to 70% e.e.;
this result was achieved through a careful study of the
influence of the nature of the chiral phosphine, the tempera-
ture, and the phosphine-nickel ratio in the catalyst.

Catalytic codimerization of norbornene, norbornadiene, and
(+)-2-bornene with ethylene involved an extensive study of
asymnmetric synthesis using m-allyl nickel halide catalysts.

One finding from this study is the linear dependence of the
reaction temperature on the optical yield of 138 formed by
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codimerization of ethylene and norbornene using (-)-isopro-
pyldimenthylphosphine as chiral ligand.

X-Ray structure study, combined with knowledge of the
absolute configuration of the complex formed from methyl (m-1-
methyl-2-butenyl)nickel and (-)-dimenthyl (methyl)phosphine, has
led to a model from which a correlation between the absolute
configurations of the phosphine and of the major product was
made (1972).

Hidai (222) has reported an asymmetric synthesis of
citronellol (140) involving, as the asymmetric reaction, the
telomerization of isoprene and methanol through use of a
palladium complex. The use of neomenthyldiphenylphosphine
as a chiral ligand gave dimer 1392, which was converted into
(+)-citronellol (140) (8.6% e.e), while (-)-citronellol (17.6%
e.e.) was produced with a menthyldiphenylphosphine ligand.

Catalytic alkylation of m-allylic systems by malonate is
performed over a PA(0)-DIOP catalyst (223). A quantitative
yield of 141 is obtained with up to 38% e.e.

Asymmetric allyl transfer from allyl phenyl ether to
2-carboethoxycyclohexanone occurs in the presence of a
Pd(0)-DIOP catalyst. 2-Allyl-2-carboethoxycyclohexanone is
thus produced guantitatively in about 7% e.e. (224).

138
)\/ NMDPP \g‘ _— Q\
OAc CH(COoMe) 2 COpMe
‘Jj: H(CoMe) 5 5
pd (PPhjy)y, DIOP

Various papers and patents report the preparation of
optically active chrysanthemates (mixture of cis and trans
isomers) by the catalytic decomposition of ethyl diazo-
acetate in the presence of 2,5-dimethyl-2,4-hexadiene (225).
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Aratani (226) achieved a 60 to 70% e.e. of both cis-142
and trans-142. The catalyst used was rather sophisticated: the
amino alcohol 144, prepared from reaction of the Grignard
reagent of 143 with L-alanine ethyl ester, was the chiral
ligand, effectively making 145 the catalyst for the reaction.
An approximately 50:50 cis-trans mixture was obtained with
68% e.e. for the trans isomer and 62% e.e. for the cis isomer.
The enantiomeric purities of the products were shown to
increase with the bulkiness of the substituent R in 145, A
carbene complex is thought to be responsible for the reaction.

Otsuka (227) reported an asymmetric cyclopropanation of
styrene and 1,l-diphenylethylene with ethyl diazoacetate. The
cobalt catalyst was prepared by reaction of (+)-camphorquin-
one-a-dioxime (146) with cobalt chloride. The reaction probably
proceeds via a cobalt-carbene complex. Spectroscopic studies
suggest that the bidentate dioximate ligand coordinates to
Co(II) through the N and O atoms to form a six-membered

COgR!

>=>E< NZCHCOZR' >'=’/?/ WOZR'
trans-142 cis-142
Br
OR) )%
RBr = CH3—CH—C-OH
J Cu-——~0
Ry NHj R
143 144
N \
o
NCH _ / /
;L~§§\c°__,—o\\\N

NOH Q\ \\N

146 e
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chelate ring, as shown in 147 (228). Only conjugated olefins
having a terminal methylene undergo such cyclopropanation
reactions. Neopentyl diazoacetate gave the highest optical
yield (88% e.e., for trans-148).

Ph COOH H COOH
Ph\C=CH2 + N3CHCO,CoHg ——— \C-—C/ + \C—'C/
s /s / AN
H N Ve \H - N -
cis-148 trans-148

Catalytic cross-coupling between a Grignard reagent and an
alkyl or aryl halide may produce optically active hydrocarbons.
Coupling a l-phenylethyl Grignard reagent with vinyl bromide
yields, by catalysis with NiCl,+*L, (where Ly is a chiral amino-~
phosphine or diphosphine), optically active 3-phenyl-l-butene
in up to 63% e.e. (229). The process may be described as a
slow reaction of the halide with the Grignard reagent, which
is rapidly racemized via complex formation (see Sect. II-B-6).
Interestingly the catalytic cross-coupling between l-bromo-2-
methylnaphthalene and 2-methyl-l-naphthylmagnesium bromide (two
achiral molecules) produces optically active biarylatropisomers
(230).

F. Asymmetric Oxidation

Catalytic asymmetric epoxidation of allylic alcohols has
been performed with two different types of catalysts. The
well-characterized molybdenum catalyst 149 is active in the
epoxidation of allylic alcohols 150 with cumene hydroperoxide
to give the epoxy alcohol 151 in 10 to 33% e.e. (231). On
the other hand, using VO (acac); and a chiral hydroxamic acid as
a catalytic system, Sharpless obtained asymmetric inductions
as high as 50% in the epoxidation of E-o-phenylcinnamyl
alcohol with t-butyl hydroperoxide (232). Although the
mechanism of these reactions is still under investigation,
such high asymmetric inductions with allylic alcohols suggest

3
Me R
\/ o
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\ N\\\” '/O Rl OH R LN OH
CHY Mo
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150 151
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a coordination of the alcohol function to the metal during
the oxygen atom transfer step.

Asymmetric oxidation of sulfides to sulfoxides with
t-butyl hydroperoxide is catalyzed by VO(acac); and MoOj; (acac),
in a benzene:chiral alcohol solvent (233). This result would
again indicate a complexation of an alcohol molecule to the
metal during the oxygen atom transfer step. The optical
yields obtained are comparable to those reported for the
asymmetric oxidation of sulfides with chiral peroxides (2).

G. Asymmetric Polymerization

Asymmetric polymerization of prochiral monomeric units
under the influence of a chiral catalyst is not usual (2).
Recently (234) polymers of a new type were prepared starting
from symmetric thiiranes such as cis-1,2-dimethylthiirane
and cyclohexene sulfide having two neighboring asymmetric
carbon atoms of opposite configuration. An optically active
initiator derived from the reaction of diethylzinc with (R)-
(-)-3,3-dimethyl-1, 2-butanediol was used. The direction of
ring opening of episulfide is oriented by the chiral
catalyst, which preferentially attacks one of the asymmetric
carbon atoms, with inversion of configuration of the latter.
The resulting polymer is optically active due to the prevalence
of one type of configurational unit [e.g., I(-R,R-) > L (-§,5-)].
Optically active crystalline polymers were obtained. Crude
products can be separated by selective solubility of fractions
of different optical activity and crystallinity, as shown in
Table 7.

It is not possible at present to ascertain the optical
purity of the polymeric products so prepared. Using 13¢c nMr
it was found that the polymer presents different types of
stereosequences. The signal corresponding to diisotactic
chains of the -R,R~-R,R-R,R- or (S,5-5,5-5,5-) type was clearly
assigned, but the configuration of the prevailing chain is
still to be determined.

If the behavior of the catalyst with these monomers is
similar to that observed for methylthiirane (235), the optical
purity of the polymers might be at least of the order of 30%
(234).

IV. PHOTOCHEMICAL ASYMMETRIC SYNTHESIS

Creation of optically active compounds by photochemical
reactions was the focus of an old debate, and as early as 1874
Le Bel (236) had speculated that circularly polarized light
(CPL) might have led to the generation of optical activity on
earth. In spite of this early insight such photochemical asym-
metric synthesis has only recently been achieved. A different
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type of enantioselective asymmetric photosynthesis can be
envisaged, in which the light is transferred from a chiral
sensitizer to a prochiral system. Still other methods involve
photoreactions of a molecule in which existing chiral centers
control the creation of an additional chiral unit. A special
case of asymmetric induction is photoreaction in a chiral medium
or in a chiral solvent.

Photochemical asymmetric syntheses, especially practical
ones leading to optically active compounds, are still poorly
developed. Most of the examples presented here are quite recent.

A. Photochemistry with CPL

CPL is a chiral physical reagent. It was only in 1929-1930
that Kuhn (237) succeeded in partially photoresolving a racemic
mixture with CPL. The method was recently extended to other
systems (238). It remained to be demonstrated that photo-
synthesis could be achieved with CPL. Most of the old reports
in this field, quoted in ref. 237, are certainly erroneous, as
pointed out in 1971 (239). The first unambiguous experiment was
the photocyclization of 1,2-diarylethylenes to give helicenes
(Fig. 22). A European group (240,24l) and an American one
(242,243) published their results almost simultaneously and
reached similar conclusions. If, for example, diarylethylene
(152) (symbolized by [2] + [3]) is photolyzed at 290 to 370
mm, cyclization to 153 occurs, followed by dehydrogenation to
hexahelicene (154). The last step is very fast. Some I, is added
to the medium to help the oxidation. The [1] + [4] precursor
was used also. Both experiments led to optically active hexa-
helicene. With left CPL the specific rotations of isolated
hexahelicene were [a]lp = +7.9 £ 0.6° and +1.9 * 0.5°, respec-
tively (240). Using right CPL the sign of rotation was revers-
ed. Highest specific rotations were obtained when [4] + [3] and
[4] + [4] precursors were irradiated with CPL (A = 310 to 370
nm). The specific rotations of the corresponding helicenes were
34 £ 1.5° and 48.5 * 1°, respectively (238b,241). Thus experi-
mental proof of photoinduced asymmetric synthesis is establish-
ed, since it was also demonstrated that the optical activity
was not the result of a partial photoresolution of helicene
(photolysis of dl-hexahelicene with left CPL gives a levoratory
hexahelicene very slowly). The postulated mechanism (240-244)
involves the photoselection of one enantiomeric conformer of
the cis-1,2-diarylethylene (155). This cannot be planar due to
steric hindrance and thus must be considered to be a labile
racemic mixture. The preferred excitation of one conformer is
related to its CD (Ae). As in the beginning of a partial photo-
resolution (237,238,244) the optical purity of the product is
equal to 1/2 (Ae/e) = g/2, where g is the anisotropy factor of
the compound that absorbs the CPL. The anisotropy factor is
equal to the difference between absorption coefficients for a
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152

Hz

154
_H2

-85

Fig. 22. Asymmetric syntheses of hexahelicene using cir-
cularly polarized light (240,242).

given CPL divided by half the sum of these absorption coeffici-
ents. The (R) and (S) conformers give photoreactions whose
rates are strictly proportional to er and e€g. The ratio of the
two rate constants kgr/ks is equal to er/es. It is easy to see
that a high enantiomeric excess requires a high kr/kg value,
that is, a high g factor.

After the excitation step (Fig. 23) cyclization occurs,
leading to a dihydrohelicene and then to the helicene. Race-
mization of conformer 155 is easy, either through cis-trans
photoisomerization or by simple rotation of aryl groups around
the vinylic bonds. Thus the starting material remains racemic,
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and the optical yield does not change during the reaction
(238b) .

There is no racemization in the excited state; otherwise
optically active helicenes could never be obtained. The same
holds in the aromatization step. The optical yield for hexa-
helicene was calculated to be 0.2% (240). It may be estimated
that in the photochemical synthesis of helicenes the best optical
yields are in the range of 0.5 to 1l%. Photocyclization of
bis-1,2-diarylethylenes gives access to [10] through [14]
helicenes. Several double photocyclizations were investigated
with CPL, and slightly optically active helicenes were
recovered. The optical process leading from 1,2-diarylethylene
to chiral helicene can be summarized by the following sequence:

R hv R¥ Cyclization R' (-Hp) (P) helicene
S hv - Cyclization g (-=Hp) (M) helicene

Whether this scheme represents an asymmetric synthesis is a
matter of definition. As far as the conformers are concerned,
it may be considered as a kinetic resolution coupled with a
racemization (see Sect. II-B. for examples formally related
to this case). The optically active helicenes are devoid of
chiral centers, but are generated by a transfer of asymmetry
from dihydrohelicenes which possess two chiral centers.

Recently a new asymmetric synthesis with CPL was realized
leading to a chiral compound with a classical chiral center
(246). Some of the results are swmmarized in Figure 24. N-
arylenamines are nonplanar molecules, and photolysis with CPL
selects one antipode. The true mechanism of the reaction is
not fully understood (247), but it seems that the later steps
involve concerted reactions. The result is a retention of some
of the initial optical activity. Asymmetric synthesis with CPL
is not of synthetic interest, but can help elucidate reaction
mechanisms. It must be stressed that asymmetric induction was
observed thanks to a "conformational effect" in the prochi-
ral substrate. It might be hypothesized that a perfectly
planar prochiral molecule could react preferentially on one of
its faces after absorption of CPL, but such an effect has never
been observed.

CPL is the only chiral physical reagent that has been
shown to generate optical activity in chemical systems. A
new absolute asymmetric synthesis was claimed (248) recently.
Several reactions were carried out under the simultaneous
influence of combined electric and magnetic fields. Specific
rotations of the chiral products were extremely small. The
theoretical basis of such experiments is contestable (249).
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Fig. 24. Photosynthesis of dihydroindoles (246).

B. Chiral Sensitizers

Many photochemical reactions take advantage of the preli-
minary excitation of a limited amount of sensitizer which can
then transfer its energy to the substrate. This process may
lead to asymmetric synthesis if the sensitizer is chiral. Since
in many cases direct absorption of light cannot occur, the
chiral sensitizer should play the role of a chiral catalyst.
This method is a promising one, but until now there is no
example of such an experiment. The only reports dealing with
chiral sensitizers S* involve the photoactivation of a racemic
mixture:

RTS
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When kR # kg, the photoequilibrium is displaced toward
one enantiomer. This can occur if there is a preferential
energy transfer from the sensitizers to one enantiomer. Energy
transfer can occur by several mechanisms., The most suitable
for chiral recognition is one in which energy is transferred
over short distances. An exciplex formation between the excited
sensitizer and the acceptor in its ground state obeys this
requirement. The few successful cases of asymmetric inductions
using a chiral sensitizer seem to involve an exciplex mechanism.
It was Hammond (250) who first demonstrated that optically
active trans-1,2-diphenylcyclopropane is recovered from photo-
isomerization of 1,2-diphenylcyclopropane in the presence of a
singlet sensitizer (N-acetyl-o-naphthylethylamine). The e.e.
was estimated (251,252) as 4%. 3-Methylindanone, a triplet
sensitizer, is also able to induce optical activity (3% e.e.)
in this system (252). An unsuccessful attempt was made to
influence the decay modes of 1,2-diphenylcyclopropane excited
with optically active solvents, the excitation being provided
by singlet or triplet sensitizers (253).

The photochemical optical activation of dl-p-tolylmethyl-
sulfoxide with N-acetyl-a-naphthylethylamine has been observed
(252), the optical purity at the photostationary state being
4.5%. 1,4-Dimethylallene has been irradiated in the presence
of the t-butyl ether of 21,22-dehydronecergosterol as sensitizer,
and an e.e. of 3.4% was attained (254). Conditions for a good
asymmetric transfer were analyzed (255).

All the published data relating to chiral sensitizers
indicate only a few percent e.e. in the recovered material.

A substantial improvement was recently observed (256), a 12%
e.e. being obtained when dl-p-tolylisopropylsulfoxide was
irradiated in the presence of (+)-N-trifluoroacetyl-a-
naphthylethylamine. Specific hydrogen bonds between sensitizer
and sulfoxide could play a role in the process. Further develop-
ments may be expected in the near future in this new field.

C. Diastereoselective Photochemical Synthesis

Asymmetric synthesis, either enantioselective or diastereo-
selective, has seldom been performed by photochemical reactions.
It is, of course, possible to find many photoreactions of
natural products which generate a new chiral center, but the
concept of asymmetric induction leading to an operational
asymmetric synthesis has never been seriously considered.

Factors influencing stereoselectivity in the photochemical
reduction of some alkylcyclohexanones have been discussed
(256) . A hydroxycyclohexyl radical species is formed by
hydrogen transfer from 2-propanol (the hydrogen donor). Asym-
metric induction originates in this radical step and is very
sensitive to the experimental conditions. An elegant asym-
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metric photochemical reduction of benzophenone esters by an
internal hydrogen transfer was described by Breslow (257). The
principle of this method is summarized in Figure 25. Two
diastereomers are formed in the ratio 55:45, implying that
saponification should release a chiral benzhydrol of 10% e.e.
Asymmetric induction was high in the by-product formed from
insertion in the C-70-H bond of the steroid, with C-C coupling
between benzophenone and steroid occurring. Unfortunately the
asymmetric center in the chiral tertiary benzhydrol cannot be
removed from the steroid moiety.

One of the first examples that may be classified as a
photochemical asymmetric synthesis is the photoalkylation of
glycine derivatives by terminal olefins or toluene. Elad
demonstrated (258) that if glycine is part of a polypeptide
chain there is good control (up to 40% e.e.) in the creation
of the new chiral center (Fig. 26). A radical mechanism operates
after the first step of photoinitiation of the process.

hv
(L-Ala-Gly-L-Ala);, —re (L-Ala-L-Phe-L Alal)n
L-phenylalanine
40% e.e.
TFa-L-Ala-Gly-L-Ala-OMe ——2Y%—+ Tfa-L-Ala-D-Phe-L-Ala-OMe
PhCHjy

D-phenylalanine
20% e.e.

Fig. 26. Photoalkylation of some glycine derivatives
(259).

Asymmetric photosynthesis of a [6lhelicene skeleton was
observed (259) when a menthyloxycarbonyl group was introduced
in the 1,2-diarylolefinic precursors shown in Figure 27. After
photocyclization and treatment with LAH a helicenic alcohol is
obtained with 5 to 6% e.e. When the menthyl group is replaced
by a 2-CHj-[6]helicene group, the optical yield is increased
to 16% (260).

Photodimerization of thymine has been extensively investi-
gated in connection with the photochemistry of nucleic acid
derivatives. If a frozen solution of thymidine (a combination
of thymine and a sugar) is photolyzed, four photoproducts
are obtained (261). After removal of the sugar the photodimers
of thymine were recovered, two of them being chiral. From the
data it is difficult to estimate the extent of the asymmetric
induction resulting from the sugar, but it appears quite high.
Reinvestigation in this field would be useful.
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R

R = =CO,-(-)-menthyl
Fig. 27

The best photochemical asymmetric synthesis at the present
time is one published by Green and co-workers (262). Mannitol
hexacinnamate, irradiated in benzene solution, undergoes a
{2] + [2] photocycloaddition yielding dimers that are recover-
able by transesterification with methanol. The main product
is (+)-dimethyl-§-truxinate (Fig. 28), which is obtained
with 38-48% e.e. The carbohydrate skeleton acts as a tem-
plate both to induce the dimerization (which does not occur
for cinnamates in solution) and to orientate it toward forma-
tion of one enantiomer. Considerable improvement was obtained
by working with D-mannitol-3,4-isopropylidene-1,2,5,6-tetra-§-
(+)-dimethyl-d-truxinate was produced with 85% e.e.

cinnamate:
(263).
OR
OR
- Ph
‘H OoMe
RO’ hv _ vt
OR A > 290 nm MeOH COoMe
u Ph
RO

0
R=Ph/\/u\

Fig. 28. Mannitol as chiral template in photodimerization

(262,263).

A special situation for a diastereoselective asymmetric
synthesis is [2] + [2] photocycloaddition in the solid state,
where the chiral crystal structure is the sole source of asym-
metry (264). Asymmetric synthesis of a cyclobutane derivative was
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carried out by irradiation of single mixed chiral crystals of
156 (15%) in 157. Selective excitation of the thienyl compound
(Fig. 29) through appropriate cutoff filters yielded the

mixed optically active dimer 158. It was demonstrated (265)
that its optical purity was at least 80%, showing that excited
156 reacts preferentially on one of its faces when included

in a chiral crystal. Photochemical polymerization of divinyl-
benzene derivatives that are allowed to crystallize into a
chiral crystal gives optically active polymers, apparently of
very high optical purity (166).

Ar
\/\/\Ph Ar

Ar v Ar =
NN N —

Ar Chiral crystal Ph
\\\455\\\454\\\Ph Th

(158)
157 Ar = 2,6-CgH3Cl,
156 Th = 2-thienyl

Fig. 29

In the two preceding examples the result of the reaction
is a transfer of asymmetry, the crystal chirality becoming
molecular chirality (the crystal has to be dissolved to recover
the products). One of the crucial points is to control the
formation of the chiral crystal. A general discussion of
asymmetric synthesis of dimers and polymers via topochemical
reactions in chiral crystals may be found in ref. 267.

It is known that some optically active molecules can
crystallize with inclusion of guest compounds. Thus several
penta-1,3-dienes have been included in deoxycholic acid. These
prochiral monomers were then polymerized by irradiation of the
crystals with y-rays. After removal of deoxycholic acid opti-
cally active polymers were obtained (268). Here deoxycholic
acid plays the role of host matrix.

A host reagent in an inclusion molecular complex should
react specifically with the host if the crystalline complex
is well defined. Such a situation was encountered with the 4:1
molecular complex of deoxycholic acid and di-t-butyl diperoxy-
carbonate. Photolysis at 25°C of the crystals leads to clean
Sa-hydroxylation of the deoxycholic acid. This must reflect a
preferred orientation of the peroxycarbonate in the channel
structure of the complex (269).

Only one example of asymmetric polymerization in liquid
crystals is known. A tertiary mixture of cholesteryl acrylate,
p-di-acroyloxybenzene, and p-acroyloxybenzylidene-p'-hexyloxya-
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niline gives a cholesteric phase. Irradiation by UV light
initiates a three-dimensional polymerization, retaining the
cholesteric structure (270). This experiment would constitute
an effective asymmetric synthesis after removal of cholesteryl
moieties. Similar experiments with thermal polymerization are
also possible (271).

D. Enantioselective Photosynthesis

There is as yet no clear-cut example of enantioselective
synthesis. An asymmetric photopinacolization of acetophenone to
1,2,3-diphenyl-2,3-butanediol (6% e.e.) was obtained by Seebach
(272a) using DDB [ (+)-1,4-bis(dimethylamino)-2,3-dimethoxybutane]
as chiral reagent and solvent. The asymmetric induction by DDB
must arise during the dimerization of the radicals formed by
hydrogen abstraction; DDB behaves more as a chiral solvent than
as a chiral reagent. More recently an e.e. of up to 29% has
been obtained by decreasing the temperature to -72°C (272b).
it is interesting to mention the great effectiveness of a
chiral solvent system- (+)-PhCHOHCF3 in CFCl3-in controlling the
photochemical ring closure of the nitrone of N-t-butyl-1,1-
diphenylimine into l-t-butyl-2,2-diphenyloxaziridine. This
compound, in which the nitrogen atoms is the sole chiral center,
is obtained in good chemical yield with 31% e.e. (273).

V. ASYMMETRIC ELECTROCHEMISTRY

The future of this method is hard to evaluate, since there
are as yet only a few reports on asymmetric electrochemical
synthesis. The method is intrinsically attractive for enantio-
selective synthesis because the chiral auxiliary entity
introduced in the electrochemical system should be able to
control the production of a large number of chiral molecules.
A review and discussion of the stereochemistry of organic
electrode processes, especially asymmetric induction by use of
optically active supporting electrolytes, may be found in
ref. 274.

One of the first reports in this field was the 1968 work
of Horner and co-workers (275), who used a chiral supporting
electrolyte such as an ephedrinium salt in methanol. Phenyl-
methylcarbinol of 4.6% e.e. is thus obtained by reduction of
acetophenone at a mercury electrode. The origin of the asym-
metric induction was discussed (274) by assuming the stereo-
selective formation of a carbanion at the chiral double layer
on the electrode. This would be the result of a preferred
approach of the acetophenone molecule to the absorbed
ephedrinium hydrochloride. Possible transition states for the
reduction of acetophenone were proposed.
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Another approach was described by Grimshaw and collaborators
in 1967 (276). A small amount of a chiral compound, which does
not participate in current transport, is adsorbed on the
electrode. With use of an alkaloid as chiral auxiliary moiety,
some coumarins were reduced to chiral dihydrocoumarins in
optical yields of up to 17%. More recently Kariv and co-workers
(277) criticized the mechanism proposed in (276) and tested
many alkaloids in the electroreduction of acetophenone at a
mercury cathode. 1-Phenylethanol was formed with 14.9% e.e.
in the presence of adsorbed quinine (see also similar work on
acetophenone reduction in ref. 278). Better results were ob-
tained in the reduction ef acetylpyridines (279). 2-Acetyl-
pyridine in the presence of a small amount of brucine yielded
the corresponding alcohol with 31.2% e.e. Additional work led
to asymmetric reduction of 2-acetylpyridine in as high as 47.5%
e.e., which is the best optical yield yet achieved in asym-
metric electrochemistry (280). 3-Acetylpyridine under the same
conditions gives a racemic alcohol. A complete understanding
of the reaction mechanism has not yet been achieved, but it
was postulated that the crucial step for asymmetric induction
occurs after the transfer of two electrons to the N-pro-
tonated substrate. Enamine intermediates would be formed and
asymmetrically protonated in a reaction involving the chiral
alkaloid. Detailed investigations of the reduction of phenyl-
glyoxylic acid to mandelic acid were performed by Peltier and
collaborators (28la) on a mercury electrode in the presence of
several alkaloids. Strychnine is the best chiral inducer,
mandelic acid being formed in excellent yield with about 20%
e.e. To interpret the electrochemical data it was proposed
that a delocalized carbanion is first formed in a chiral
environment because of the alkaloid that is located in the
neighborhood of the electrode. The details of interaction
between this carbanion and the surrounding species are not
understood but they are crucial for the protonation step.

Electrochemical reduction of phenylglyoxylic acid oxime
leads to optically active phenylglycine (281b) in up to 17%
e.e. It is interesting to note that the absolute configuration
depends on the cathodic potential used.

The potential of asymmetric electrolysis is well illustrat-
ed by the small amount of alkaloid necessary to control asym-
metric reduction. In the previous experiments 0.5% equivalent
of the chiral inducer with respect to the ketone is enough to
obtain good results.

Only one example of a chiral solvent effect in electro-
lysis has been described. A DAB-methanol-LiBr medium and Hg
cathode allowed the formation of acetophenone pinacol with
about 7% e.e. (273). This result was compared to that obtained
in photopinacolization in DAB medium (272).

A completely new approach was envisaged by Miller and
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co~workers (283), who constructed a chiral electrode. Graphite
was superficially oxidized into carboxylic groups, and (S)-
phenylalanine methyl ester was covalently bound to the surface.
Phenylglyoxylic acid was reduced in aqueous solution through use
of this chiral cathode. Mandelic acid was obtained in good
yield with 9.7% e.e. This type of experiment allows investiga-
tion of the mechanistic details of the electron transfer from
the electrode surface. It was demonstrated (283) that the
asymmetric reaction takes place on edge surfaces and not on
basal surfaces of the highly ordered pyrolitic graphite. In
addition the first asymmetric anodic reaction was obtained with
this chemically modified graphite electrode: p-tolymethylsul-
fide was oxidized to optically active p-tolymethylsulfoxide
[2.5% e.e. of (~)] from p-tolylmethylsulfide.

Chemically modified electrodes will open exciting perspec-
tives in asymmetric synthesis if high stereoselectivity can be
achieved.

VI. ASYMMETRIC SYNTHESIS WITH ENZYMES

A number of asymmetric syntheses have been described
involving purified enzymes, cell extracts, or growing cells
as catalysts. Only a few examples are cited here. We shall not
attempt to review the whole, rather extensive field but limit
ourselves to some results that appear promising or relevant to
organic synthesis.

Access to optically active D-hydroxynitriles has been
made easy by the use of D-hydroxynitrile lyase (284) in the
reaction of hydrocyanic acid with aldehydes. Chemical and
optical yields as high as 96% were obtained for the synthesis
of (D)-(+)-mandelonitrile. The process can be made continuous
by adsorption of the enzyme on a high-molecular-weight carrier
(e.g., ECTEOLA cellulose) (285).

Actively fermenting yeast has long been known to reduce
many "nonphysiological" compounds, especially ketone groups
(286) , asymmetrically. There is at present some additional
work on reduction of ketones with other adjacent functional
groups. A number of a-diols RCHOH-CH,0H of known absolute
configuration have been prepared enantiomerically pure by
enzymatic reduction of a-ketols RCOCH,O0H (287).

Other a-functionalized ketones such as a-chloroketones,
o~chloroesters, a-ketoacids, and a-ketoesters have been
investigated in reductions with actively fermenting yeast,
yielding the corresponding functionalized alcohols with
enantiomeric purities-when known-in excess of 90%. Yields
vary from 30 to 80% (288).

Chiral centers in key synthons for total synthesis of
optically active prostaglandins have been created by the use
of microbial enzymes (202). While chemical asymmetric reduction
of 136b to 137b was only partially successful, microbiological
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reduction catalyzed by Dipodascus uninucleatus gave (R)-137b

and Mucor rammanianus yielded the enantiomer (S)-137b. Other
synthons such as 160 have been prepared in asymmetric form

from the unsaturated iodoketone 159, with Penicillium decumbers
[to give (3S)-160] or Aspergillus ustus [to produce the (3R)
enantiomer], both in low (10 to 12%) yields. Asymmetric reduction
of ester l36a was stereoselectively achieved by D. uninucleatus
to give I37a in 48% yield. These microbiological reductions
afforded three chiral centers required for the synthesis of PGE)
and PGE).

Takano (289) reported the asymmetric synthesis of lactone
164 by reduction of the achiral cis-3,5-diacetoxycyclopentene
161 with growing cultures of Bacillius subtillis var, Niger,
to give the chiral monoacetate 162; transformation of this
latter into the rearranged compound 163 leads to lactone 164,
which possesses the absolute configuration required for syn-
thesis of prostaglandin Fj.

A process has been described by Tanabe (290) for addition
of ammonia to fumaric acid to give L-aspartic acid, using the
enzyme aspartase as a catalyst. A great variety of micro-
organisms are known for high fumarase activity, but in many
of them the enzyme, produced inside the cell, remains there.
Tanabe's procedure involves Brevibacterium ammoniagenes cells,
which produce aminocacylase extracellularly, so that the
extraction and separation of the desired enzyme is not required.

A number of problems had to be overcome, for example,
immobilization of the cells, enhancement of the aspartase
activity, and reduction of the activity of other enzymes that
are produced by the cells (leading to metabolization of fumaric

I (CHz)q—CH3
v )
HO K
I CHo),-CH
\/\n/( 2)4~CHs (35)-160
[e] I (CHz)q-CH3
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acid to succinic acid). These difficulties were solved by
treating the immobilized cells in a polyacrylamide gel lattice
with bile extract. Such a procedure would, in a month's
operation, using a 1000-liter column and a 200-liter/hr flow,
satisfy the present annual demand (1976) for (S)-malic acid.

r3 R3
AN N\
C=C-COCH _ CH-CH-COOH
Rz/ I 1 Rz/
R R}
165
i C= o B, H\c CH-COOH
= p-~C-CH-
i b o’ |
D
166

Microorganisms have also been reported to act as catalysts
in asymmetric hydrogenation (291). Clostridium klurjveri allows
hydrogenation by hydrogen gas (atmospheric pressure) of a
number of o,f-unsaturated acids (165), and it has been shown,
insofar as the products were not new, that the reduction is
totally stereoselective. This procedure has provided what is
probably the simplest path to a chiral methyl group such as
in 166,

Another example of a completely stereoselective enzymatic
reaction is the reduction of 2-methyl-1,2-di (3-pyridyl)-1-
propanone by Botryodiplodia theobromac Pat. to give (-)-2-
methyl-1,2-di(3-pyridyl)-1l-propanol (168) with 99% e.e. The
same microorganism was found to convert isopropylaminomethyl
2-naphtyl ketone (169) to (-)-pronethalol (170) (292).

Enzymatic asymmetric epoxidation of 1,7-octadiene to
(R)-(+)-7,8-epoxy-l-octene (80% optical purity) is obtained

Me Me
= co_clj ~ = CHOH—(l: =
0 — i)
N N N N
167 les

R-CO-CHp-NH-i-Pr —— R-CHOH-CHp-NH-i-Pr
169 170
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with a resting cell suspension of Pseudomonas olevoraus, a
well-known enzymatic system for w-hydroxylation (293).
Asymmetric synthesis with enzymes seems to have a future
in some industrial processes, especially with the cell im-
mobilization technique. It is not yet a standard method in
organic synthesis, but is almost irreplaceable when stereo-
specific labeling with deuterium or tritium is needed (294).

VII. CONCLUSIONS

Asymmetric synthesis has evolved rapidly during recent
years. Less emphasis has been given to theoretical concepts and
mechanistic studies, most of the progress being registered in
synthetic chemistry. Methods have been devised for achieving
optical yields as high as 95%. Some stoichiometric reactions
with respect to the chiral auxiliary moiety are now highly
efficient (see Sects. II-A, B, and C). We have not discussed
immolative asymmetric syntheses.* However, the fact that the
inducing chiral center is destroyed is unimportant if the
chiral starting material is inexpensive with respect to the
product. An elegant illustration of this principle is the
beautiful two-step synthesis shown in Figure 30, which allowed

OMe OMe
/c\ C
Q b O/w_/\D
S % b
AR | T
A H A
H
3 e
(resolved)
o]
N\
>c—c{"T
HO \H
Fig. 30

*An immolative asymmetric synthesis is one in which the
existing auxiliary chiral center (or other chiral elements) is
destroyed in the course of generating a new one.
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Arigoni (294) to obtain, on a preparative scale, optically
pure chiral acetic acid. Total synthesis of lla-methylprogesterone
by Johnson (295) is an example of another useful type of asym-
metric synthesis (Fig. 31) where a chiral center, which remains
in the product, controls formation of six other asymmetric
centers,

A trend in asymmetric synthesis is the utilization of
cheap natural products such as sugars, amino acids, hydroxy

COCH
H 3

Me

Fig. 31

acids, or terpenes as starting materials. Thus optically active
prostaglandins were synthetized from (S)-malic acid (297) or
carbohydrates (298). In these latter syntheses Stork uses 2,3-
isopropylidene-L-erythrose and D-glyceraldehyde, respectively
as the chiral precursors (Fig. 32). Asymmetric syntheses of

o]

PGA,

Fig. 32
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avenaciolide (299) and biotin (300) were achieved from sugar
derivatives. Chiral intermediates for the total synthesis of
steroids with C/D rings having the desired stereochemistry
were efficiently prepared form camphor (305).

Catalytic methods have improved notably in efficiency
during the last five years. As a result industrial asymmetric
processes are now possible based on methods of organic
chemistry . Since, frequently, catalysts are expensive as well
as sophisticated, numerous attempts are being made to pre-
pare supported catalysts that can be recovered for reuse.

Only a few chiral heterogeneous catalysts are known
(2,1b), the best-known instance being Raney nickel modified by
tartaric acid. Unfortunately this type of catalyst is effective
only for methyl acetoacetate and closely related compounds. It
is interesting that, through careful study of the experimental
conditions, optical yields, of up to 91% have been attained
(303), the chiral catalyst being a nickel-palladium-Kieselguhr
system modified with tartaric acid. The mechanism of asym-
metric hydrogenation on nickel surfaces modified by tartaric
acid was studied in vapor-phase reduction of methyl acetoacetate.
The IR spectra of the adsorbed species-and labeling experi-
ments with deuterium suggested a model for the stereochemical
control of the reduction based on weak interactions between
the substrate and chiral modifier through hydrogen bonds (303).

A new approach involves attempts to support chiral catalysts
on polymer beads. An insoluble DIOP analogue was thus synthesized
on a support of polystyrene (204). With this ligand a supported
rhodium catalyst was prepared that catalyzes hydrosilylation
of acetophenone, the optical yields being the same as under
homogeneous conditions. The catalyst can be reused after
filtration. Unfortunately this supported complex does not
catalyze the reduction of a-acetamido-a,B-unsaturated carboxylic
acids; the hydrophilic character of the polymer seems responsible
for this failure. Recently a cross-linked DIOP-bearing polymer
was prepared by Stille (304) with free hydroxyl groups on some
sidechains, increasing the hydrophilicity of this system.

The resulting catalyst induced asymmetric synthesis of a-amino
acids with the optical yield being the same as in solution.

It may be hoped than more supported catalysts will be
operative in the future and will be carefully evaluated for
efficiency and stability.

A revival of interest in mechanistic studies seems highly
desirable in asymmetric synthesis to avoid purely empirical
research, which tends to be slow and difficult. A better
understanding of the reactions involved and the factors that
control asymmetric induction would greatly help in devising
appropriate structural features in chiral reactants and
catalysts.
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I. BACKGROUND

The use of chiral lanthanide shift reagents (chiral LSRs)
for the determination of enantiomeric purities by NMR spectro-
scopy has several advantages over other procedures commonly
employed for such determinations. Classical methods are normally
considered experimentally cumbersome (1). Pirkle's method (2) of
using a chiral solvent in NMR is simple to apply; however, the
amount of shift difference between enantiomers is generally
small, not infrequently too small to be usable., Another approach,
introduced by Mislow and Raban (3) and studied extensively by
Mosher (4), the conversion of chiral alcohols and amines to
diastereomeric esters and amides with an enantiomerically pure
chiral acid chloride, followed by NMR analysis, is limited to
these two functionalities. A further drawback is the fact that
derivatives of the compound must be isolated without altering
the original ratio of enantiomers. Gerlach (5) extended Mosher's
method by adding an achiral LSR to increase the shift difference
between the diastereomeric esters. Still other approaches have
been the use of gas chromatography, liquid chromatography, and
high-pressure liquid chromatography (6,7), usually after chemi-
cal conversion of enantiomers to diastereomers.¥

Determination of enantiomeric purity by chiral LSRs is
applicable to a much broader range of compounds than some of
these other techniques and is normally simpler. Furthermore the
magnitudes of the shift differences observed between enantiomers
in the presence of chiral LSRs (AA§) are often much larger than
for the other NMR methods.

[I. THEORY

The shifts induced by paramagnetic ions can arise from
both contact and dipolar interactions. The contact shift arises
from the Fexrmi-contact interaction, a "through bond" inter-
action that occurs only if there is a finite probability of
finding an unpaired electronic spin on the atomic s orbital
of the nucleus being observed., The dipolar shift arises from a
"through space" dipole-dipole interaction between the unpaired
electron and the nucleus being observed. This dipolar inter-
action was first described in detail by McConnell and Robertson
(8). A more complete discussion of contact and dipolar inter-
actions can be found in several reviews of achiral LSRs (9-13).

Under normal conditions the equilibrium between the sub-
strate and the LSR is rapid on the NMR time scale:

*The chiral auxiliary reagent used for this conversion
must itself be enantiomerically pure, which is sometimes a
drawback in these methods.
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(S)-substrate* (R)-LSR
(a)

_ks | {}R)—substrate

(S)-substrat%} + 2(R)-LSR

—XR » (r)-substrate - (R)-LSR (1]

(B)

Therefore only a single time-averaged spectrum results from the
average of complexed and uncomplexed substrate molecules,
Rapidly equilibrating complexes are formed by an enantiomerical-
ly pure chiral LSR* binding to each of two enantiomers. These
complexes are diastereomeric and can have different averaged
chemical shifts., This difference in shifts may have at least
two causes, First, the equilibrium constants (kg,Kg) may be
different for diastereomeric complexes, thereby causing larger
shifts for the complex having the larger binding constant (14).
Second, the two diastereomeric complexes (A, B) formed may
differ in their geometry, thus causing a difference in the
induced shift for corresponding signals in the two complexes.

IIT. INTRODUCTION TO AND USES OF CHIRAL LSRs

Whitesides and Lewis (15) reported the first chiral LSR,
tris (3-t-butylhydroxymethylene-d-camphorato)europium(III} (1).
R

l. R = t-Butyl
2. R = CFyCF3CF3
3. R =CFj3

They showed that 1 was quite effective in separating the signals
of the enantiomers of a-phenylethylamine (Fig. 1) and of several
other amines. This LSR was not found useful for functionalities
other than amines, however,

It was only a short time before Fraser (16) and Goering
(17) independently introduced the chiral LSR tris (3-hepta-
fluorobutyryl-~d-camphorate)europium(III), Eu(hfbc)y (2), and
tris (3-trifluoroacetyl-d-camphorato)europium(III), Eu(facam)s
(3). Both were shown to be effective for many different

*The chiral LSR itself (arbitrarily assumed in eq. [1l] to
have R configuration) is actually a mixture of four diastereomers
in rapid equilibrium by virtue of the chirality of the octa-
hedral europium.
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I
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Fig. 1. Spectra of solutions prepared from (a) (S)-o-
phenylethylamine (10 pl) and (b) a mixture of (R)- and (S)-a-
phenylethylamine (7 and 5 pl, respectively), in 0.3 ml of a
carbon tetrachloride solution of 1 (“0.l15¥). The chemical shift
scale applies only to the spectrum of the mixture; that of the
pure (S) isomer was displaced slightly to lower field due to
differences in concentrations of the samples. Reprinted with
permission from J. Am. Chem. Soc., 92, 6979 (1970) (15). Copy-
right by the American Chemical Society.

functional groups. Though 2 and 3 have been by far the most
widely used, other chiral LSRs have been reported (14,16,18,19).
Of these, tris(d,d-dicampholylmethanato)europium(III), Eu(dcm)g
(4), introduced by Whitesides (14) though not widely used,*

*The primary reasons for lack of widespread use of 4 are
probably the facts that it is not yet commercially available and
that it is slightly more difficult to prepare than 2 and 3.
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bears particular mention. These chiral LSRs are discussed more
fully in Sect. IV-A.

Through 1976 the enantiomeric purities of more than 170
different compounds have been determined by use of chiral LSRs
(6,13-87). Some of these compounds and their pertinent shift
data are collected in Table 1 to provide an overview of the
types of structures for which chiral LSRs have been success-
fully utilized. It is apparent that virtually any chiral mole-
cule containing a functional group capable of binding to an
achiral LSR is a possible candidate for enantiomeric purity
determination with a chiral LSR. Although most of the compounds
in Table 1 are monofunctional, a number of fairly complex
species are also included. Generally the closer the function-
ality to the source of chirality, the better are the chances
of success.

The data in Table 1 may be illustrated by two simple
examples. Figure la shows the spectrum of (S)-o-phenylethyl-
amine in the presence of 1. This spectrum appears much as it
would in the presence of an achiral LSR. That is, the
individual resonances are shifted dramatically downfield and
are well separated, allowing easy assignment. The spectrum of
a mixture of (R)- and (S)-a-phenylethylamine in the presence
of 1 is shown in Figure 1lb. The extent of the shifts induced
for the different types of protons is similar to that of the S
isomer alone. However, each type of proton now displays two
signals, one for each isomer. For the CHNH; and the CHj signals,
the separation is sufficient to allow direct determination of
the enantiomeric purity. The AAS values listed in Table 1 for
these protons are the shift differences between the signals
of enantiotopic groups (13). The effective separation of the
signals can be increased significantly by selectively spin-spin
decoupling from neighboring protons (see Sect. VI-B).

In practice one does not normally achieve separation of all
the signals of a pair of enantiomers. The experiment may be
considered successful, however, as soon as analytically ade-
guate separation of any one signal has been achieved.

The first spectrum in Figure 2 shows the signals of dl1-2-
phenyl-2-butanol in the presence of the achiral LSR tris(2,2,6,6-
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Fig. 2. Spectra of dl-2-phenyl-2-butanol in CCl, in the
presence of 0.1 Eu(dpm)3 (a) and in the presence of 0.2M
Eu(hfbc)3 at three different Eu(hfbc)j-substrate molar ratios
(b~d). Reprinted with permission from J. Am. Chem. Soc., 96,
1495 (1974) (26). Copyright by the American Chemical Society.

tetramethyl-3,5-heptanedionate)europium(III), Eu(dpm) 3. The
signals are shifted by varying amounts and can be readily
assigned to their respective protons. The remaining curves in
Figure 2 show the effect of three different amounts of 2 on the
NMR spectrum of dl-2-phenyl-2-butanol. The signals of the aro-
matic ortho protons and the CHyCH3 of the two enantiomers are
well separated, and the enantiomeric purity of a nonracemic
mixture can easily be determined from either pair of signals.
The CCH3 signals are also well separated, but they overlap
other signals, preventing their use for enantiomeric purity
determination in these spectra. In such situations of overlap
use of a different lanthanide ion can sometimes be helpful
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(see Sect. IV-B). Other signals in the spectra (Fig. 2) may
have been separated, but their complexity and the overlapping
of the patterns render them useless unless additional special
techniques (see Sect. VI) are employed.

IV. CHOICE OF CHIRAL LSR
A. B-Diketonate Ligand

As yet there is no way to predict which B-diketonate ligand
will give the best results for a particular compound. The three
previously mentioned chiral LSRs [2, Eu(hfbc)g3; 3, Eu(facam)gs;
4, Eu{dcm)3] frequently give good results. Compounds 2 and 3
have been shown to be useful for many substrates; however, 4
seems to induce larger AASs than 2 or 3 for the limited number
of compounds for which it has been employed. Table 2 gives data
comparing 4 to 2 and 3 for some of the available cases. Although
these data were not obtained using the same conditions and con-
centrations, the differences observed for the AAS values are so
large that they appear to arise from more than just different
experimental conditions. Therefore, 4 seems to be the best first
choice, followed by 2 and 3 in close order.

TABLE 2
Comparison of the Separating Ability of Chiral LSRZ

AA§ (ppm)
Observed
Compound atom 4 3 2
1,3-Di-t-butylpropargyl alcohols CHOH 2,50 0.59
1-t-butyl 2.43 0.09
Cyclohexylmethylcarbinol CHCH3 1.22 0.07
Camphor CH3 0.12 0.03

CMeaMep  0.75  0.12
CMegMe;,  0.14  0.00

sec-Butylformamide CHCH3 0.30 0.10
CHCH3 0.22 0.05
1-Phenylethylamine CHCH3 0.66 0.18 0.17
CHCH3 4.42 0.92 0.22

dThese data are all taken from Table 1. Because the shifts
were not all recorded using the same conditions and concentra-
tions, they can be used only for a rough comparison of these
reagents.
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To obtain the desired result the LSR should be dry. The
chiral LSRs made from camphor derivatives are normally not
easily sublimed* (unlike the common achiral LSRs) and are
usually dried under vacuum over phosphorus pentoxide for one or
two days. Since these chiral LSRs are hydroscopic, their
exposure to air should be minimized (14).

B. Lanthanide Ion

Since achiral LSRs were introduced, every lanthanide (III)
ion has been tested for applicability. Although many of these
have been used for specific purposes, Eu(III), Pr(III), and
Yb(III) appear to be the most generally useful. Since the
primary purpose of using a chiral LSR is to separate the
signals of a pair of enantiomers and to observe their relative
intensities, it is important to choose a lanthanide that induces
only a small amount of line broadening. For this reason Yb(III)

cn,cu,—-? -.-cu,/\‘

oH

Pr (facam),

—

L 1 1 1 1
[ -2 —4 -4
PPM

Fig. 3. Upfield portion of the spectrum of partly resolved
(excess (R) isomer) 2-phenyl-2-butanol in CCl, in the presence
of 0.3M Pr(facam)3. Reprinted with permission from J. Am. Chem.
Soc., 96, 1495 (1974) (26). Copyright by the American Chemical
Society.

*These derivatives are readily sublimed when prepared from
a fresh NaOH solution, to form the complex R-diketone and the
Eu(IIlI). However, in this author's experience commercially
obtained chiral LSRs are not easily sublimed.
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has not proven suitable in chiral LSRs for proton NMR. Since
Eu(III) causes the least line broadening, it has been by far
the most commonly used lanthanide ion.

Pr(III), though more prone to causing line broadening, can
sometimes be a useful alternative to Eu(III), since it has the
redeeming feature of shifting most signals to higher fields
[Eu(III) generally shifts signals to lower fields]. This can
be helpful in special cases where Eu(III) causes some signals
to overlap. An example of the use of Pr(facam)3 (the praseodym-
ium analogue of 3) is~shown in Figure 3. The a- and B-methyl
signals of 2-phenyl-2-butanol in the presence of Pr(facam)j
(26) have line widths comparable to those given in the presence
of Eu(hfbc)3 (2) (Fig. 2). Therefore Pr(facam)3 is about as
useful as Eu(hfbc)j in separating these signals. Unfortunately
the aromatic proton absorptions downfield of TMS (not shown
in Fig. 3) are reported to be broad and lacking in fine
Structure, which is often the case in the presence of Pr(ITI).
When the 13¢ spectrum is observed rather than the proton
spectrum, Pr(III) and Yb(III) are sometimes more effective for
determining enantiomeric purities than Eu(III) (see Sect. VI-E).

V. EXPERIMENTAL TECHNIQUES

Although one cannot choose the most effective chiral LSR
in advance, an experiment can be planned and executed in such
a manner as to afford the highest probability of success. In
the following sections several of the details important to a
successful enantiomeric purity determination are discussed.

A. The Typical LSR Experiment

Although there are many ways of carrying out a chiral LSR
experiment, all involve obtaining a series of spectra in which
the molar ratio of chiral LSR to substrate is varied. From the
series of spectra obtained, the individual signals can be
traced from their original positions and usually their assign-
ments can be made. The requisite change in molar ratios (LSR
to substrate) can be made in a number of ways, two of which
are described here.

l. The easiest and most common technique is to prepare a
solution of the substrate in the desired solvent, to which
solid portions of chiral LSR are then added incrementally. A
series of spectra are thus obtained. These incremental additions
can be made simply by using a small spatula to deliver a few
milligrams of LSR from a bottle to the sample tube.

2. Another method is to start with a substrate sample in
solution as in the preceding technique, but to add the LSR
incrementally by syringe as a concentrated solution. This
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method does cause some dilution of the substrate, but offers
the advantage of allowing the concentrated chiral LSR solution
to be filtered to remove any precipitate that may be present
before it is introduced into the substrate solution (see Sect.
V-E). It has also been found useful for handling the submilli-
gram quantities of LSR often necessary for dilute samples when
a time-averaging method is employed.

B. Choice of Solvent

Though most determinations of enantiomeric purity reported
in the literature have been conducted in CCl, and CDClj, several
other solvents are suitable for use with chiral LSRs (14,9,88,
89). Most of the common NMR solvents are shown in Table 3 along
with their effects on the AAS and chemical shifts (8) for
2-butanol and 3-methyl-2-pentanone in the presence of 4. Although
the largest AAds are obtained in pentane, that solvent's
practical use is severely limited by its interfering resonance
as well as by the insolubilities of many substrates in it.
Generally CCly and CDCl3 are the most convenient solvents, even
though others may be useful in some cases. It should be em-
phasized that, for best results, whatever solvent is chosen
should be dry.

TABLE 3
Solvent Effects on AAS for 2-Butanol and
3-Methyl-2-pentanone in the Presence of Eu{dcm)j (4) (14)

CH3CHOHCH,CH3 CH3COCH (CH3)CH2CH3
Solventd AAS (ppm) § (ppm)? AAS  (ppm) § {ppm)®
n-CsHj, 1.05 15.78 0.30 9.32
CC1,FCF,Cl 0.86 15,55 0.28 8.75
CFClj 0.80 15.17 0.23 8.06
ccly 0.76 15.00 0.23 7.80
Cs, 0.69 14.47 0.16 7.30
CgDg 0.67 13.57 0.25 7.05
CDC1; 0.63 12,18 0.11 4.18
CDyCl, 0.46 9.83 0.10 3.67

dsolutions were made by adding 100 mg of Eu(decm)3 (4) to
350 yl of solvent and 7.5 ul of 2-butanol or 10 ul of 3-methyl-
2-pentanone.

bchemical shifts in parts per million downfield of TMS at
32¢°cC.
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C. Substrate Concentration

The concentration of substrate should be kept as low as
is compatible with having adequate signal strength. Normally
the more concentrated the sample, the broader will be the
signals and therefore the poorer the results. It is not un-
usual to have to add chiral LSR to substrate in a 1:1 or
even greater molar ratio. Therefore the amount of chiral LSR
required can be quite large if the sample is too concentrated
in substrate. Convenient substrate concentrations are 0.1 to
0.25M,

D. Magnetic "Fish"

After the addition of a large amount of chiral LSR,
there sometimes appears a small amount of insoluble material
that becomes magnetized in the strong spectrometer field.
After the sample has been spun in the magnetic field for a
few minutes, this material may aggregate, giving macrosccpic
particles. These magnetic "fish" can then be detected by
moving a small bar magnet from side to side of the sample
tube and watching the particles "swim" about. These fish
can cause gross deterioration of the resolution of the
spectrum as well as causing the lock signal to fluctuate as the
particles drift around in the sample tube. These particles can
be easily removed by dipping a small magnet (encased in glass)
into the sample and pulling them out.

E. Sample Filtration or Centrifugation

Even after removing any magnetic fish present, samples
often have a fine white precipitate suspended in the solution
after large amounts of LSR are added. This precipitate may
cause cloudiness and must be removed for optimum spectral
resolution. This precipitate can be removed by filtration
through a plug of cotton (14), filtration through a millipore
filter incorporated in a hypodermic syringe (90), or by centri-
fugation to give a completely transparent solution.

F. Tuning the Homogeneity of the Magnetic Field

Even a completely clear solution of substrate plus chiral
LSR may give a poor NMR spectrum if the spectrometer is not
shimmed correctly for this particular sample (which is now
highly concentrated in paramagnetic metal ions). The amount of
retuning necessary can sometimes be reduced by allowing the
sample to spin in the magnet for a few minutes before attempt-
ing to tune on it (91). It should be noted that it is prefer-
able to tune the field on some internal signal such as TMS,
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CHClj3, or the deuterated solvent signal if appropriate, since
tuning on an external capillary may lead to inadequate resolu-
tion. Tuning on the paramagnetic sample will often require
changing the off-axis shim controls as well as the major-axis
controls. Difficulties are sometimes reduced by tuning the
instrument on samples initially containing only small amounts
of chiral LSR and then working up to larger amounts.

VI. SPECIAL CASES AND TECHNIQUES

The information provided so far should enable the reader
to,conduct a normal chiral LSR experiment with satisfactory
results. There are, however, instances in which an awareness
of special cases or techniques may be helpful.

A. Diastereotopic Groups

Chiral LSR analyses of compounds containing diastereotopic
groups* involve a special problem since these groups can give
two distinct NMR signals even in the absence of LSRs that may
be shifted differently by either chiral or achiral LSRs. Thus if
there are diastereotopic groups on two enantiomers being shifted
by a chiral LSR, four distinct signals (two for each isomer)
may be seen. Though the presence of diastereotopic groups may
make the analysis more difficult, it does not necessarily
preclude it. Figure 44 shows the spectrum of the geminal methyl
signals of a dl-mixture of 5 in the presence of 2 (27). Figure
4B shows the effect of 2 on a partially optically active sample

H H
>c=c=c<
H3C C (CH3)20H

5

of 5. In this spectrum the two signals from the diastereotopic
geminal methyl groups of one of the enantiomers are much smaller
than those of the other. To obtain the enantiomeric purity, it
is necessary only to compare the integrals of one of the larger
signals and one of the smaller signals.

*We need not be concerned with enantiotopic groups here,
since it follows from symmetry considerations that a chiral
molecule cannot contain enantiotopic ligands. It should be
mentioned, however, that enantiotopic groups in achiral mole-
cules, such as the benzyl protons in CgHgCH,OH, display distinct
signals in the presence of chiral shift reagents.
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Em
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Fig. 4. (A-B) NMR spectra of the geminal methyls of 5 at
a molar ratio of 1:2. (A) dl mixture; (B) 5 (33% enantiomeric
excess). (C-E) NMR spectra of Hz, Ha’, Hp, and Hyr of 7 at a
molar ratio of Eu(hfbc)3 to 7 of 1l:1. (C) dl mixture with no
decoupling; (D) 7a (16% enantiomeric excess) with C-2 protons
decoupled; (E) 7b (13% enantiomeric excess) with C-2 protons
decoupled. Reprinted with permission from J. Am. Chem. Soc.,
97, 2919 (1975) (27). Copyright by the American Chemical
Society.

When the diastereotopic groups are geminal protons, there
is the further complication that the two protons will be
coupled to each other. For example, the CHpOH group of dI-6 (92)
in the presence of a chiral LSR may give 16 lines arising from
four different chemical shifts. That is, for one of the
enantiomers the two diastereotopic geminal proton signals should



312 Chiral Lanthanide Shift Reagents
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CHpCH
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be separated and coupled to each other, giving an AB pattern
further split by coupling to the vicinal methine proton. There-
fore each geminal proton should appear as the A part of an ABX
pattern, and thus as a doublet of doublets. And since each
geminal proton should give a four-line pattern, each of the
enantiomers should give an eight-line spectrum, and if the
signals of the two enantiomers are separated by the chiral

LSR, a lé6-line spectrum can result.

The upper portion of Figure 5 shows the observed signals
of the CHy0H of d1-6 in the presence of 2 (25). This complex
pattern may well consist of 16 lines, with some being over-
lapped. This spectrum by itself is too complicated to be use-
ful for analysis. However, the lower curves in Figure 5 are the
spectra of the same diastereotopic geminal protons for puri-
fied d-6 and 1-6 recorded separately. In these spectra, each
individual geminal proton can indeed be observed as a doublet
of doublets, giving eight lines for each enantiomer. Therefore,
in spite of the complex appearance of the spectrum of the dl
mixture, the use of chiral LSRs can provide a good estimate of
the enantiomeric purity, once the signals are assigned by
examination of the spectra of the pure (or highly enriched)
enantiomers.

B. Simplification by Spin-Spin Decoupling

Many times complex multiplets may arise from spin-spin
coupling and the desired separation of signals of enantiotopic
groups can often be greatly enhanced by decoupling (22,27).
Because many of the signals will be separated only after the
addition of a chiral LSR, it is often easiest to carry out
decoupling at this stage. The following example shows how
decoupling can simplify a complex signal pattern (27).

Addition of a 1.1 molar equivalent of 2 to a racemic
mixture of 7 produces signals for Hy, Hgey Hp, and Hyi, as
shown in Figure 4C. The pattern is complicated by the fact

H3C, H H,
‘c=c=c! @’ ”c=c=c<H b
Hl CH2—(IZOH H3C’ CHz—C|?OH
Hg Hp

7a ’b
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Fig. 5. Proton NMR spectra of CHyOH signals of 6 in the
presence of Eu(hfbc)3 in CDCl3. Approximate chemical shift is
§ = 19 ppm, The upper spectrum is a dl mixture of 6. The lower
two spectra are of each of the two enantiomers separately (25).

that these two protons in each of the enantiomers are dia-
stereotopic (Sect. VI-A). In the presence of 2 the signals for
Hp and Hpr are shifted differently, yielding the AB part of an
ABX, pattern appearing on either side of the central triplet
in Figure 4C., H; and Hy+ are each shifted by the same amount,
yielding a simple triplet appearing in the center of Figure
4C. These patterns are simplified considerably by decoupling
the adjacent methylene protons, which have all been shifted
equally, giving the patterns shown in Figures 4D and 4E. From
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these simplified spectra the enantiomeric purities can be
obtained with fair accuracy.

C. Effect of LSR-Substrate Ratio

As one adds more and more chiral LSRs, the spectral
resolution generally becomes progressively worse. This is not
a serious problem as long as the signals for the enantiomers
are still separated. However, at some stage the signals will
not separate any further and may actually move back together.
At this point further addition of chiral LSR is contraindi-
cated. Figure 6 (see also Fig. 2) shows a dramatic example of

\/
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Fig. 6., Plots of AAS vs. molar ratio for the designated
protons of 2-phenyl-2-butanol in the presence of 0.3M Eu(hfbc)gj.
Reprinted with permission from J. Am. Chem. Soc., 96, 1495
(1974) (26). Copyright by the American Chemical Society.

how AAS can change in sign upon the addition of increasing
amounts of chiral LSR. In the case of 2-phenyl-2-butanol the
AAS of the ortho proton signal reaches a positive maximum of
about 0.24 ppm, collapses back to 0.0, then reaches a negative
maximum of about -0.28 ppm.

Since AAS is an unpredictable function of the LSR-substrate
ratio, each individual compound may require a different amount
of chiral LSR. An example where only a very small amount of
chiral LSR is required is given in Sect. VI-H,
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D. Effect of Lowering the Sample Temperature

Even though most of the studies involving chiral LSRs have
been at room temperature, lower temperatures may offer important
advantages (14). Changes in temperature often cause dramatic
changes in the amount of shift induced in a spectrum. Figure 7

CHyCH(CH,0HICH,Cly ———  —— Shift Reagent /—)

(]

80"

‘ 'N N S 60"

N
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(ppm)

Fig. 7. Increase in the magnitudes of AAS for 2-methyl-
l-butanol with decreasing temperature in the presence of
Eu(dcm) 3. The concentrations of substrate and Eu(dcm)j in CS;
in these spectra are 0.3 and 0.15M, respectively. Reprinted
with permission from J. Am. Chem. Soc., 96, 1038 (1974) (14).
Copyright by the American Chemical Society.

shows the effect of temperature on 2-methyl-l-butanol in the
presence of 4. Both the amount of shift and the AAS increase
substantially as the temperature is lowered. At temperatures
above —-30°C the enantiomeric purity could not be determined
from this sample, but at -60°C it could be determined readily.
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Table 4 shows the effect of temperature on AA§ induced by
4. These data show that lowering the temperature may be very
useful in increasing AAS and can be used successfully for a
wide variety of functional groups. In several of the cases
given, enantiomeric purity can be measured only at temperatures
lower than ambient.

TABLE 4
Temperature Dependence of AAS Induced
by Eu(dem)3 (4) (14)

Observed AAS (ppm) Maximum?

Substrated signal at 25°C useful AAS
2-Butyl acetate COCH3 0.13 0.65(-25°C)
CHCH3 0.18 0.47(-25°C)
Methyl 3,7-dimethyl- CHyCH3 0.03 0.13(-25°C)
octanoate CHCH3 0.10 0.60(-50°C)
OCH3 0.07 0.07(25°C)

2-Butyl methyl ether OCH3 0.21 0.21(25°C)
CHCH3 0.12 0.98(-25°C)
CHCH3. ¢ 0.45(-50°C)

Camphor CH3 0.00 0.14(0°C)
C(C§3)2 0.39 1.06 (-25°C)
C(CH3) 2 0.06 0.28(-25°C)
2-Methyl-l-butanol CHCH3 0.02 1.06(-75°C)
CHCH3 0.02 0.60(-75°C)
2-Nitrobutane CHCH3 0.00 0.15(-75°C)
CH,CH3 0.00 0.00(-50°C)
2-Cyanobutane CHCH3 0.00 0.05(-50°C)
CH2CH3 0.03 0.29(-50°C)
2-Butanethiol CHCH3 0.00 0.14(-75°C)
CH2CH3 0.00 0.00(-75°C)

4The concentration of substrate was ca. 0.3M in CS, (dried
over 3 R molecular sieves). The concentration of 4 was ca. 0.15M
for 2-butyl acetate and 2-nitrobutane; ca. 0.3M for 2-butyl
methyl ether, camphor, and 2-methyl-l-butanol; and ca. 0.45M
for 2-cyanobutane, methyl 3,7-dimethyloctanocate, and 2-butane-
thiol.

bin some cases larger AASs were observed at lower temper-—
atures, but the signals became broadened, making the separation
ineffective.

CThe substrate resonance was not observed due to interfer-
ing resonances from 4.
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E. Nuclei Other Than !H

Although the large ma?ority of the work with chiral LSRs
has been carried out with “H NMR signals, other nuclei such as
19¢ ana 13¢ may be used. Fraser (53) and Williamson (23) have
studied the effect of chiral LSRs on the 13c signals of a
nunber of compounds shown in Tables 5 and 6. The results
reveal two important points: first, 13¢ NMR is quite useful

TABLE 5
Effect of Eu(hfbc)j3 and Pr(hfbc); on the
13¢ signals of Several Substrates? (53)

Eu(hfbc)3?  Pr(hfbc)4?

Observed A4S Ad AAS AS

Substrate 13¢ signal (ppm) (ppm) (ppm) (ppm)
l-Phenylethanol CHj3 <0.05 2.1 <0.05 -6.8
CH 0.11 6.7 0.28 -13.5

aromatic C-1 <0.05 0.9 0.17 -6.2

1-Phenylethylamine CHj3 0.18 2.9 <0.08 -6.8
CH 0.34 9.2 0.20 -12.6

aromatic C-1 <0.05 6.5 <0.05 -3.8

Styrene oxide CHp 0.40 6.4 0.57 -10.9
CH 0.33 6.0 <0.08 -10.5

aromatic C-1 <0.05 1.4 0.1l6 -4.9

trans-2-Methylcyclo- CHj <0.05 1.7 0.12 -7.5
hexanol Cc-2 <0,05 1.4 <0.05 -15.6
Cc-1 <0.05 6.9 0.38 -21.5

2-Methylpiperidine CH3 0.18 2.1 0.56 -6.2
c-2 0.34 4.4 0.49 -8.7

c-6 0.13 5.0 0.48 -11.0

Cc-3 <0.05 -0.3 J.16 -2.7

C~5 <0.05 0.8 0.16 -3.2

Cc-4 <0.05 0.9 <0.08 -3.7

4pach sample (0.25 mmol) was dissolved in 0.4 ml CCl,-CgDg
(4:1 by volume) containing 3 or 4 drops TMS, then 0.05 mmol
of Eu(hfbe)3 or Pr(hfbc)3 was added.

bpor each chiral LSR A8 represents the average shift (ppm)
of the indicated nucleus in the two enantiomers. Positive values
denote downfield shifts. The values of AAS given as upper limits
were estimated from the line widths compared with that of TMS.
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TABLE 6
Effect of Yb(facam)3 on the 3¢ Signals of
1-Phenylethanol and 2-Phenyl-2-butanol? (93)

Observed
Substrate 13¢ signal AAS AsD
1-Phenylethanol® CH3 0.18 16.0
CH 0.78 33.9
aromatic C-1 0.44 15.0
ortho carbons 0.36 9.5
meta carbons 0.11 4.5
para carbon 0.11 3.8
2-Phenyl-2-butanold c-1 1.01 13.9
c=-2 1.80 26.8
Cc-3 0.74 12.9
c-4 0.51 7.2
aromatic C-1 0.93 11.9
oxrtho carbons 0.43 6.4
meta carbons 0.12 2.6
para carbon 0.15 3.2

4Both substrates were ca. 1.0M in carbon disulfide con-
taining 10% TMS,

Drhese values represent the average A8 of the indicated
nucleus in the two enantiomers.

CThe values for this substrate are the ones that were
actually observed at an LSR-substrate ratio of 0.24.

The values for this substrate are the ones observed at
an LSR-substrate ratio of 0.35.

in the determination of enantiomeric purity of a variety of
compounds; second, using Pr(III) or Yb(III) as the lanthanide
is sometimes more effective than using Eu(III).

The only difficulty with using 13¢ for a determination of
enantiomeric purity is in obtaining quantitative intensities
from the 13¢ spectrum,. The difficulty arises from differences
in relaxation times and nuclear Overhauser enhancements. This
problem has been discussed elsewhere for general cases (94).
However, since the two signals being quantitatively compared in
enantiomeric purity determinations are for enantiotopic carbon
atoms (diastereotopic in the chiral LSR-substrate complex), the
difficulties from these two sources should be minimal.
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F. Alteration of Functionality

Sometimes it is desirable to alter the functional groups
present in the compound under study. Thus a functional group
can be altered to become more capable of binding a chiral LSR
or masked in such a way as to be no longer effective in binding.

Examples of the first type of alteration include the
following:

Acid - Ester

Acid - Ketone
Acid - Alcohol
Ketone > Alcohol
Aldehyde »+ Alcohol
Ester - Alcohol
Alcohol - Ester
Alcohol -+ Ketone

The most useful of these transformations is the conversion of
acids, ketones, and esters to alcohols which interact strongly
with chiral LSRs thus giving larger induced shifts (A8) than the
other oxygen functions. Another quite useful alteration is the
conversion of an alcohol to an acetate (26). This can be bene-
ficial when the parent alcohol fails to give a useful AAS. The
binding site of the acetate (C=0) is different from that of the
alcohol (OH), and is expected to produce different shifts upon
the addition of a chiral LSR. The acetate has the added ad-
vantage of adding a singlet methyl resonance to the spectrum,
which may be helpful in determining enantiomeric purity. Another
useful transformation is the conversion of an acid to its methyl
ester. This adds a singlet methyl resonance and provides an
ester binding site which is often superior to that of the free
acid.

The second type of alteration, which masks a particular
functional group so that it is no longer effective in binding
the chiral LSR (95), is useful when there is more than one
binding site, and when the site remote from the chiral center
monopolizes the binding. In this case the bound chiral LSR may
not be close enough to the chiral center to give a significant
diastereomeric interaction. Some examples of this type of
masking are:

Alcohol -+ Trifluoroacetyl ester
Ketone -+ Ethylene thioketal
Amine + Trifluoroacetamide

Though it may be advantageous in such cases to block the
functional group or groups more distant from the chiral center,
such blocking is not invariably required, as is shown in

Sect., VI-H.
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G. Requirement for Both Enantiomers

If one has an enantiomerically pure sample, there is no
way to determine whether or not a chiral LSR experiment has
succeeded. Thus, if only one set of signals is observed in the
presence of a chiral LSR, either the sample is optically pure
or the signals of the enantiomers were not successfully
separated. For this reason it is necessary to have a sample
that is either racemic or only partially resolved to first
determine whether the chiral LSR does indeed separate the
signals of the enantiomers. Observing induced shifts of the
separate enantiomers in two different experiments, in contrast,
can be misleading, and should not be relied upon. Cases have
been encountered (25) in which some separately observed signals
in the (R) isomer appeared to have larger induced shifts (AS)
than those in the (S) isomer (relative to signals that are
equally shifted in both isomers). However, upon mixing the
enantiomers in different proportions and adding the chiral LSR,
the (S) isomer had the larger induced shift, showing that the
two enantiomers must be in the same sample to display their
true relative positions.

One may wonder why separation cannot be tested by use of
a racemic mixture of the chiral LSR enantiomers, such as would
be easily available from d- and l-camphor. If the rapid exchange
equilibria taking place in the solution are examined in detail,
it is seen that by using a racemic chiral LSR, one obtains a
spectrum that cannot show separation of the substrate enanti-
omers. That is, since a substrate molecule will be bound to
many different chiral LSR molecules during the period of the
NMR observation, the observed signal of the substrate will
simply result from an average of binding with the two chiral
LSR enantiomers and thus appear as one signal.* Therefore to

*This may best be seen by considering the following
equilibria, both of which are rapid on the NMR time scale:

krs

(R)-substrate* (S)-LSR =*———= (R)-substrate + {g;:izi
KRR
_ (R)~substrate* (R)-LSR [a]
kss -
(S)-substrate* (S)-LSR *t——= (S)=-substrate + {g;_tgg
ksr

*=——=  (S)-substrate* (R)-LSR [bl
Now it follows from symmetry principles that kgpp = kgg and kgg
= kgr; in addition the shift of (R)-substrate-(R)-LSR is the
same as that of (S)-substrate+(S)-LSR, and that of (R)-sub-
strate* (S)-LSR is the same as that of (S)-substrate-+(R)-LSR.
As a result the average shift corresponding to the (rapidly
established) equilibrium [a] is the same as that corresponding
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test the chiral LSR method one must have a sample containing
both substrate enantiomers. This is a disadvantage relative to
the methods mentioned in Sect. I, involving the preparation of
diastereomeric esters and amides.

H. Polyfunctional Molecules

In many instances molecules containing more than one
binding site can be examined as satisfactorily as any others.
Two examples are shown in Figures 8 and 9. The spectrum of 8
was observed in the presence of 1 and 4 (Fig. 8). Either of
the chiral LSRs gave a AAS adequate for the determination of
enantiomeric purity. It is interesting to note that 1 indyced
separation of the aromatic proton signals, whereas 4 separated
the methoxy signals. This difference in action between two
chiral LSRs emphasizes the importance of trying different
chiral LSRs if one fails to work. Similar results were obtained
for 9 in the presence of two chiral LSRs (Fig. 9). In other
cases some alteration of one or more of the functional groups
may be necessary, as mentioned in Sect. VI-F,

The approximate order of binding capabilities of some
functional groups are (88):

primary amine > hydroxyl > ketone > aldehyde >
ether > ester > nitrile

For example, in a compound containing both hydroxyl and ester
groups the LSR will complex almost exclusively with the hydroxyl.
For this reason some polyfunctional molecules will behave as if
they were monofunctional.

Some types of polyfunctional molecules need to be examined
in the presence of a chiral LSR under special conditions. This
is exemplified by the enantiomeric purity determination of some
isoquinoline alkaloids (e.g., glaucine, 10) (4l1). When the

to equilibrium [b); that is, (R)-substrate and (S)-substrate
will display exactly the same shifts in the presence of a
racemic shift reagent.

This may also be the place to point out that if the shift
reagent is partially resolved, that is, if the situation is
intermediate between that shown here and that shown on.p. 289,
there will be a partial differential shift AAS as between (R)-
substrate and (S)-substrate; in other words, a shift less than
the observable maximum with enantiomerically pure LSR but
greater than zero. While this point is of little practical
importance for chiral shift reagents (which are almost invari-
ably used in enantiomerically pure form), a corresponding
argument applies to chiral solvents, for which it may be of
practical significance.
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Fig. 8. Resolved methoxy and aromatic resonances observed
(100 MHz) for the enantiomers of amine 8 in the presence of
chiral LSR 1 (upper trace) and 4 (lower trace); chemical shifts
are referenced to SiMe, (T = 31°). The (R) isomer of 8 is pre-
sent in higher concentration than the (S) isomer. (a) Concentra-
tion of substrate 0.5 and that of 1 ca. 0.3 in CDClj3; (b)
concentration of substrate 0.5 and that of 4 ca. 0.24 in CDClgy.
Reprinted with permission from J. Am. Chem. Soc., 96, 1038
(1974) (14). Copyright by the American Chemical Society.

spectrum of 10 is observed in the presence of 0.5 to 1.0 molar
ratio of LSR to substrate, the signals are prohibitively broad.
However, small amounts of a chiral LSR (LSR-substrate ratio of
0.07) are sufficient for determination of the enantiomeric
purity (41). In such cases the absolute induced shifts (A8) are
very small, while the AA8's are fairly large. The same problem
and solution have been found for some tertiary amines (96). This
technique may or may not be widely applicable to multifunctional
molecules, but it emphasizes the need for trying a variety of
different conditions before abandoning a difficult problem.
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Fig. 9. Resolved methoxy resonances observed (100 MHz)
for the enantiomers of amine 9 in the presence of the un-
numbered LSR (upper trace) and 4 (lower trace); chemical shifts
are referenced to SiMey (T = 31°). The (S) isomer of 9 is
present in higher concentration than the (R) isomer, (a) Con-
centration of substrate 0.5 and that of the chiral LSR ca.
0.3M in CDClj3; (b) concentration of substrate 0.5M and that
of 4 ca. 0.4M in CDCl3. Reprinted with permission from J. Am.
Chem. Soc., 96, 1038 (1974) (14). Copyright by the American
Chemical Society.

I. Recovery of Substrate

It is sometimes desirable to recover the substrate after
obtaining its spectrum in the presence of an LSR. Column chro-
matography has been shown to be an effective method of
separating substrates from LSR. Silica gel eluted with benzene
has been effective in recovering 11 from Eu(facam)s (57) and
in recovering a 3-hydroxysteroid from the achiral LSR tris-
(1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionate) -
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H
| N-CH
ca3o’/‘\\\ 3
CcHg0” Za
OCHj3
10

europium(III), Eu(fod)3 (97). Another method used to recover a
series of chiral alcohols from Eu(fod)j involved adding N-
hexylamine to the alcohol Eu(fod)3 solution and then passing
this mixture through a short column of silica gel using benzene
as the eluent (98). Still another system found useful in
separating alcohols from Eu(dcm)3 (96) involves TLC on silica

gel using an eluent of petroleum ether (30 to 60°C)-ethyl ether
in a 97:3 ratio.

CO,CH3

CO,CH3
11

VII. CORRELATION OF ABSOLUTE CONFIGURATION

In addition to their usefulness in the direct determina-
tion of enantiomeric purities, chiral LSRs have also been shown
to be of value, albeit limted, in the correlation of absolute
configurations. This use of chiral LSRs for the correlation
of configuration in closely related compounds has been
demonstrated for a series of a-amino esters (38), a series of
l-deuterated primary alcohols (23), a series of alkyl aryl
carbinols (22), for four B-hydroxy-f-phenyl esters (35), and
for a series of secondary carbinols (21).

The correlation of configuration seems to be fairly
reliable when one group around the asymmetric carbon is varied
and the other three groups are held constant. However, even in
these cases exceptions have been found (21). Even more dis-
turbing than this is the fact that the sign of AAS can change
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for some signals, depending on the amount of chiral LSR
present (see Sect. VI-C). For these reasons great care is
required in the applications of chiral LSRs to the correlation
of absolute confiqurations.
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Ab initio calculations, see
Quantum mechanical
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324
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294
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Alkylation, 224, 228, 237, 249
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salt, 236
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2-Allyl-1,3,4~cyclopentane-

trione, 208
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of, 213
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synthesis of, 199, 202,
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asymmetric synthesis with,
218, 234, 270
enantiomeric purity of, 203
Amino alcohols, 205, 208
a-Amino caprolactam, 233
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ethane, chelate
complexes of, 116

a-Aminoketones, 201

o-Aminonitriles, 203

2-Amino-3-phenylpropane, 218

Aminophosphine, 251

Amphetamine, 294

Androsterone, 24, 25

Angle bending strain, 5

Arsolane, 78

3-Aryl-1,2,3~oxathiazolidin-
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Aspartic acid, 116, 185,
267

Aspergillus ustus, 267

Asymmetric alkylation, 213,
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Asymmetric
264

Asymmetric
210

Asymmetric

Asymmetric

Asymmetric
179,

186,

electrochemistry,
Grignard reagent,

hydroboration, 203
hydrogenation, 238
induction, 176,
182, 184, 191, 192,
212, 229, 230
ab initio, 195
models of, 179, 182,
196, 197, 247
rules of, 191, 199
solvent dependent, 200, 243
temperature effect, 184,
201, 208, 220
see also Asymmetric
synthesis
Asymmetric oxidation, 251
Asymmetric phase transfer
catalysis, 238

191,
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Asymmetric polymerization,
252, 263
Asymmetric ‘reduction, of conju-
gated double bonds, 244
of ketones, 193, 198, 243
of o,B-unsaturated carboxy-
lates, 243
Asymmetric synthesis, of
alkyl iodides, 205
of o-amino acids, 186, 202,
203, 217, 219
of atrolactic acid, 181, 191
with chiral oxazolines, 186,
199, 221
of dipeptides, 220
with enzymes, 269
of isoxalidine-ribosides, 195
photochemical, 252, 257, 261
of polypeptides, 218
of prostaglandin, 190
of steroids, 215, 229, 232,
261
from sugars, 270
from terpenes, 270

see also Asymmetric induction.

Atrolactic acid, 181, 191
Atropaldehyde, 231
Avenaciolide, 271
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Benzocyclopentene, 49
Benzophenones, 261
reduction of, 193
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218
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Benzyl-o~d-azide, 296
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Bidentate complexes with six-
membered chelate rings,
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2,2'-Bi-1,3-dioxolane, 63, 64
2,2'-Bi-1,3-dithiolane, 68
Biotin, 271
Bis (aspartato)cobalt(11l),
116, 118, 119, 162
Bis(bidentate) complexes,

. 113, 114
Bis(1l,2-diaminocyclohexane) -
platinum(il), 115

Bis (diethylenetriamine) -
cobalt(11ll), 116

Bisectional(b), 3

Bis(2-methyl-1,4,7-triaza-
cyclononane)cobalt (111),
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Bis(prolinato)palladium(ll),
115

Bis{tribenzo (b, f,j)-(1,5,9)~
triazacyclododecahexa-
enelcobalt (111), 122

Bis(1,1,1-tris(aminoethyl)-
ethane) cobalt(111l), 125

2-Bornene, 248

Botryoliplodia theobromac
pPat., 268

Brevibacterium ammoniagenes,
267

Bromocyclopentane, 35

1-Bromo-2-methylnapthalene,
251

Brucine, 265

2-Butanethiol, 296, 316

2-Butanol, 245, 292

1-Butene, 248

2-Butene, 205, 248

2-Butyl acetate, 294, 316

sec~-Butylformamide, 295, 296,
305

t-Butyl hydroperoxide, 238,
251

2-Butyl methyl ether, 295, 316
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2-t-Butyl-1, 3-oxathiolane, 70

QZI 31 6, 7, ll, 14
Css 3, 6, 7, 11, 14
Camphor, 295, 305, 316

Camphorquinone, 250
2-Carboethoxycyclohexanone, 249
2-Carbomethoxyindanone, 236
Carbomethoxymethylcyclopenta-
. diene, 203, 204
Carbon-13, NMR, 317, 261
Carbonato (3,8)-dimethyltri-
ethylenetetramine) -
cobalt(11l), 131, 132
2-Carboxymethyl-1l-indanone, 235
Catalysis, asymmetric, 177, 178
Catalyst, chiral, 178, 238, 271
molybdenum, 251
platinum, 248
rhodium, 247
supported, 271
Cervinka's rule, 208
Charge control, in stereo-
specific additions, 197
Charge transfer complex, 193,
194
Chelate rings, six-membered,
conformations of, 107
Chelating diphosphines, 239
Chemical shifts, causes of,
289
Chiral catalysts, 178, 238,
271
Chiral electrode, 266
Chiral enamines, 224, 229
Chiral Grignard
reagents, 193
Chiral inducer, 265
Chirality, crystal, 263
molecular, 263
Chiral methyl group, 268
Chiral oxazolines, 186
Chiral phosphines, 228, 229,
238
Chiral sensitizers, 258, 259
Chiral shift reagents, 202
Chiral solvent, 202, 264
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1-Chloro-2-bromocyclopentane,
37, 38, 39
Chlorocyclopentane, 34, 35
Chloro~l,13~diamino-2,4,10-
triazatridecanecobalt-
(111), 142
a-Chloroesters, 266
o—-Chloroketones, 266
2-Chloropropanal, 195
Cholesteryl acrylate, 263
Circular dichroism, 151
of bis-bidentate cobalt(111)
complexes, 156
of complexes containing
multidentate ligands,
160, 161
of transition metal com-
plexes, 151
of tris-diamine complexes,
152, 153, 154
Circularly polarized light,
252, 254, 255
Citronellol, 249
Claisen rearrangement, 191
Clostridium Klurjveri, 268
Complexes involving multi-
dentate ligands, 116
Conformational Rule, 51
Conformational transmission,
54
Contact shift, 288
Cram's Rule, 191, 196, 197
199
Cumene hydroperoxide, 251
Cuprate reagents, 215
Curtin~Hammett principle, 182,
196
2-Cyanobutane, 296, 316
Cyclitols, 73
o=-Cyclocitral, 224
1,2-Cyclohexanediol, 242
Cyclohexanones, reduction of,
185
Cyclohexene sulfide, 253
Cyclohexenones, 188, 214, 215
Cyclohexyl (2-isopropoxyphe-
nyl)methylphosphine, 243
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Cyclohexylmethylcarbinol, 293,
305
1,3-Cyclooctadiene, 248
Cyclopentane, conformational
analysis of, 2, 3, 4, 6
7, 11, 12, 14, 29, 31
dialkyl, 37
electron diffraction of, 30
energy of, 5, 7
entropy of, 2, 3
force field calculations of,
12, 13
nuclear magnetic resonance
of, 30
phase angle(f) of, 4
pseudorotation of, 5, 10,
11, 12, 14, 30, 31
pucker of, 4, 8
gquantum mechanical calcula-
tions on, 13, 14, 77
Raman spectrum of, 30, 33
R-value method with, 32
strain energy of, 4
symmetry number of, 4
torsional angles in, 6, 9,
10, 11, 12, 13, 31
1,1-Cyclopentanedicarboxylic
acid, 40, 42
1,2-Cyclopentanedicarboxylic
acid, 40, 41, 42
1,2-Cyclopentanediol, 243
Cyclopentanes, bridged, 26
deuterated, 32
1,1-disubstituted, 36
1,2-disubstituted, 37
1,3-disubstituted, 15, 18,
19, 42
fused, 21
maximally puckered, 23, 53
monosubstituted, 5, 14, 15,
33
quantum mechanical calcula-
tions on, 77
Cyclopentanol, 36
Cyclopentanols, 1,3-disubsti-
tuted, 44
oxidation rates of, 43
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2-substituted, 37
Cyclopentanone, 27
conformation of, 5, 6, 46,
48
force field calculations on,
27
Cyclopentene, 27, 49, 77
Cyclopentyl halides, C-X
frequencies in, 35
Cyclopentyl tosylates,
acetolysis rates of, 45
Cyclopropanation, 250

DAB, 215
Darvon alcohol, 205, 206
DDB, 208, 264
Decoupling, 312
21,22-Dehydroneoergosterol,
259
Dehydropestalotin, 208
Deoxycholic acid, 263
Desoxybenzoin oxime, 209
Dewar benzenes, 217
Diacetoxycyclopentene, 267
Dialkylcyclopentanes, 37
1,10-Diamino-4,7-diazadecane,
chelate complexes of,
137
1,8-Diamino-3,6-diazaoctane,
chelate complexes of,
125
2,4-Diaminopentane, chelate
complexes of, 109
2,3-Diaminopropionic acid,
chelate complexes of,
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1,14-Diamino-3,6,9,12-tetra-
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tetradecanecobalt (111),
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cane, chelate complexes
of, 141
Diarylethylenes, 254
Diastereoselective photo-
synthesis, 259
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179, 182, 198, 201, 202
Diastereotopic groups, NMR of,
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Dibromocarbene, 236
1,2-Dibromo-1-chlorocyclopen-
tane, 40
Dibromocyclopentane, see 1,2-
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1,3-Dihalocyclopentanes
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62
1,3-Di-t-butylpropargyl
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methyl-1,4-dihydropyri-
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diamine)cobalt(111), 114
Dichlorobis (propylenediamine) -
cobalt(111), 114
Dichlorocarbene, 236
2B,30~-Dichloro-5a-cholestane,
23, 24

Dichlorocyclopentane, see
1,2-Dihalocyclopentanes;
1,3-Dihalocyclopentanes

Dichlorocyclopropane, 236

Dichloro-1,10-diamino—~4,7-di-
azadecanecobalt(11l), 138

Dichloro (l-methylamino-2-
aminopropane)platinum-
(11), 114

2,3-Dichlorotetrahydrofuran, 61

Dicyanobis (ethylenediamine) -
cobalt (111), 114, 159

Diels-Alder reaction, 177,

191, 198, 199, 217
Diethylenetriamine, 116
1,2-Dihalocyclopentanes, 16,

37, 38, 39, 40
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1,3-Dihalocyclopentanes, 17,
18, 19, 38, 45
Dihydroindole, 258
2,3-Dihydro-2-methylbenzofu-
ran, 213
1,3-Dihydroxycyclopentane, 42
Diisopinocampheylborane, 204
Dimenthyl (methyl)phosphine,
249
1,4-Dimethylallene, 259
1,4-Dimethylamino-2,3-butane-
diol, 207, 208
4-Dimethylamino~-3-methyl-1,2-
diphenyl-2-butanol, 205
3,3-Dimethyl-1,2-butanediol,
252
1,2-Dimethylcyclopentane, 15,
37
1,3~Dimethylcyclopentane, 15,
16, 42
3,4-Dimethylcyclopentanone, 48
2,4-Dimethyl-1,3-dioxolane, 63
2,5-Dimethyl-2,4~hexadiene,
249
2,6=-Dimethylphenol, 207, 208
N,N-Dimethyl-l-phenylethyl-
amine, 294
2,2-Dimethyl-l1~propanol-1-d,
293
5,7-Dimethyl-1,4,8,11-tetra-
azaundecane, chelate
complex of, 136
1,2-Dimethylthiirane, 252,
Dimethyl é~truxinate, 262
Dinitrobis (ethylenediamine) -
cobalt(111), 113, 159
Dinitrobis (propylenediamine) -
cobalt(l1ll), 114, 159
Dinitro-1,10-diamino-4,7-di-
azadecanecobalt(111),
138
Dinitro(3,8-dimethyltriethyl-
enetetramine)cobalt(111),
126, 127, 128, 130
Dinitro-1,3,8,10-tetramethyl-
4,7-diazadecanecobalt-
(111), 138

253
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DIOP, 243, 245, 271
Dioxaarsolanes, 72
1,3-Dioxolane, 28, 63, 78
Dipeptides, asymmetric synthe-
sis of, 220
1,2-Diphenylaminoethanol, 185
1,2-Diphenylcyclopentane, 37
1,2-Diphenylcyclopropane, 259
1,1-Diphenylethylene, 250
Diphenylmethyl alkyl ketone,
205
Diphenylsilane, 245, 246
Diphosphine, 242, 251
Dipodascus uninucleatus, 267
Dipolar shift, 288
Dipole~-dipole interaction, 17
1,2-Dithiolane-4-carboxylic

acid, 68
1,3-Ditholanes, 68, 78
DOPA, 239

Enamine, chiral, 224, 225, 229,
265

Enantiomeric excess, 202

Enantiomeric purity, deter-
mination of, 291

Enantioselective synthesis,
178, 179, 198, 202, 231,
254

Enantiotopic groups, 310

Envelope, of cyclopentane, 3,
6, 7, 11, 14

Enzymes, asymmetric synthesis
with, 178, 266, 268, 269

Ephedrine, 264

Epoxidation, 237, 238, 251

enzymatic asymmetric, 268

Erythrose, 270

Estrone, 215, 216, 235

Ethyl diazoacetate, 249, 250

Ethylene carbonate, 65

Ethylenediaminediacetato (pro-
pylenediamine)cobaltate-
(111), 140, 16l

Ethylenediaminediacetic acid,
chelate complexes of,
139

Subject Index

Ethylenediaminetetraacetato-
cobaltate (111), 149, 161
Ethylenediaminetetraacetic
acid, 149
Ethylene thiourea, 68
o,B-Ethylenic esters, reduc-
tion of, 210
Ethyl 2-methylbutanocate,
Eu(dcm) 3, 290, 315
Eu(dpm) 5, 304
Eu(facam)3, 289
Eu(hfbc) 3, 289, 307, 314
Europium, as shift reagent,
306. See also under
individual compounds
Exciton circular dichroism, of
tris-bidentate com-
plexes, 163

294

Felkin model, for asymmetric
induction, 191, 196,
197
Five-membered rings, hetero-
cyclic, 27, 59, 71, 72,
78
Fluorine-19, NMR, 317
Fluorocyclopentane, 16, 34,
35, 77
4-Fluoroproline, 67
Force field calculations, on
cycloalkanes, 7, 20, 78
on cyclopentanone, 27
on heterocycles, 27
on norbornanes, 26
on steroids, 24
Furanose, 73, 74
Furanosides, 78

D-Galactano-y-lactone, 62

Gauche-butane interaction, 185

Gem effect, 193

Geminal methyls, NMR spectra
of, 311

Geminal protons, in NMR, 311,
312

Germacyclopentane, 72

Germacyclopentanol, 78



Subject Index

Glaucine, 321

Glutamobis (ethylenediamine) co-
balt(11l), 135, 157

Glyceraldehyde, 270

Glycinatotriethylenetetramine-
cobalt (111), 132

Glycosides, phase angles of,
75

Grignard, additions to ketones,
210

Grignard reductions of ketones,
119

Half-chair, of cyclopentane,
3, 6, 7, 11, 14

a-Halocyclopentanones, 48

Halogenocyclopentanes,
conformations of, 16,

33, 37, 39, 78
infrared and Raman spectra
of, 33, 34
NMR of, 36
Hantzsch esters, 212
Helicene, 254, 256, 257, 261

Heterocycles, force field
calculations on, 27
quantum mechanical calcula-
tions on, 27, 78
Heterocyclic five-membered
rings, conformations
of, 27, 59, 71, 72, 78
Heterogeneous reduction, 186
Hexahelicene, 254, 255, 262
Horeau method of kinetic
resolution, 181
Hlickel calculations, see
Quantum mechanical
calculations
Hydrotropaldehyde, 248
Hydrindane, 20, 22, 23, 52
Hydroformylation, 247, 248
Hydrogenation, asymmetric,
238, 268
Hydrogen bonds,
2
B-Hydrogen transfer, 210, 211,
259

intramolecular,
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Hydrosilylation, 239, 244
of acetophenone, 271
of imines, 247
Hydroxy acids, asymmetric
synthesis from, 270
2-Hydroxycyclopentanecarboxy-
lic acid, 40
2- (Hydroxymethyl)-quinucli-
dine, 235
Hydroxynitriles, 266
2-Hydroxy-A-norcholestanol, 53
R-Hydroxy-f-phenyl esters,
absolute configurations
of, 324
4-Hydroxyproline, 66

Imines, hydrosilylation of,
247

Induction, asymmetric, see
Asymmetric induction

Infrared spectrum, see under
compound

2-Iodobutane,

Isoclinal, 3

Isoprene, telomerization of,
249

Isopropylaminomethyl~2-naph-
thyl ketone, 268

Isopropyldimenthylphosphine,
249

Isotopic effects, in
asymmetric synthesis,
184, 197

205

Karabatsos model, of
asymmetric induction,
191, 196, 197
o~Keto acids, 219,
o-Keto esters, 191,
a-Ketols, 266
Ketones, additon of Grignards
to, 210
alkylation of, 226, 227
asymmetric reduction of,
198, 243
photoreduction of, 259
reduction of, 191, 215

266
266
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reduction of by chiral
Grignard reagents, 210
Kinetic anomeric effect, 195

Lanthanide shift reagents,
chiral, 288, 305
table of H NMR signals

with, 292
effect of concentration on,
315

effect of solvent on, 308
effect of temperature on,
315
line broadening with, 306,
308, 315, 322
polyfunctional molecules
with, 321
sample handling technique,
307, 323
substrate, functional group
alteration, 319
see also under individual
rare earths
Lipoic acid, 68
Lissajous curves, 11, 12
Lysine, 233

Magnetic impurities, 309

Malic acid, 268, 270

Mandelic acid, 265, 266

Mannitol, 262

Meerwein-Ponndorf reactions,
191

Menthol, 293

Menthyl benzoylformate, 212

Menthyldiphenylphosphine, 239,
249

Menthyl mandelate, 212

Menthyl phenylpropynoate, 217

Mesembrine, 224, 225

1-Methoxy-2-methylcyclohexane,
295

2-Methoxy-2-phenylbutane, 295

2-Methoxypropionic acid, 296

Methoxy-oa-trifluoromethyl-
phenylacetyl chloride
(MTPA) , 202, 204

Subject Index

Methyl acetoacetate, 243, 271
N-Methylalaninatobis (ethyl-
enediamine)cobalt (111),
134
o-Methylbenzylamine, 243
N- (a-Methylbenzyl)-N-methyl-
aminocalane, 210
N-a-Methylbenzylsalicylaldi-
mine, 247
2-Methylbutanal, 196, 248
2-Methyl-1-butanol, 292, 315,
316
2-Methylbutylaluminum, 210
Methyl-2-~butylmagnesium, 211
Methyl cinnamate, 214
2-Methylcyclohexanol, 176,
317
3-Methylcyclohexanone, 214,
215
2-Methyl-2~cyclohexenol, 245
2-Methyl-2-cyclohexenone, 245
5~Methyl-1,3~cyclopentadiene,
203
Methylcyclopentane, conforma-
tion of, 5, 15, 36, 77
2-Methyl-1,3-cyclopentane-
dione, 215, 234
Methyl 3,7-dimethyloctanocate,
316
2~Methyl-1,2-di(3-pyridyl)-1-
propanone, 268
N-Methylephedrine, 206, 214,
215, 236
Methyl ethylene phosphate, 71
Methyl ethyl ketone, 245
2-Methyl-2-ethylsuccinic
acid, 202
3-Methyl-4-hexenoate, 228
8-Methylhydrindane, 52
Methyl 3-hydroxyoctadecano-
ate, 302
3-Methylindanone, 259
Methyl 2-methyl-2-phenyl-
butanoate, 294
2-Methylnorbornanol, 293
3-Methyl-2-pentanone,
295



Subject Index

1-Methyl-2-phenylcyclopro=-
pane, 215

Methyl 2-phenylcyclopropane-
carboxylate, 214

1- (Methylphenyl)ethanol, 293

N-Methyl-l-phenylethylamine,
294

Methyl 3-phenyl-3-hydroxypen-
tanoate, 297

3-Methyl-3-phenyl-2-pentan-
one, 295

Methyl 2-phenylpropionoate,
295

2-Methylpiperidine, 317

lla-Methylprogesterone, 270

B-Methylstyrene oxide, 295

2-Methyl-1,4,7-triazacyclo-
nonane, chelate complex
of, 122

Methyl vinyl ketone, 234

Michael reaction, 234, 235,
236

Microbiological reductions,
267

MINDO calculations, see
Quantum mechanical
calculations

Molecular mechanics, see
Force field calculations

Molybdenum catalyst, 251

Mosher's method of enantio-
meric purity measure-
ment, 203

MTPA, 202, 204

Mucor rammanianus, 267

NADH, 211
o~Naphthyl methyl ketone
oxime, 209
Neomenthyldiphenylphosphine,
239, 249
Neopentyl diazoacetate, 251
2-Nitrobutane, 296, 316
Non-bonded interactions, 17
Norbornadiene, 248
Norbornane, 26,
56, 57
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Norbornene, 248

Nuclear magnetic resonance,
see Carbon-13; and under
compound

1,3,6,8,10,13,16,19-Octaaza-
bicyclo|6,6,6]eicosane-
cobalt(11ll), 151

1,7-Octadiene, 268

Optical activation, 259

Optical yield, 201

Orbital, frontier, control,
197

Oxalato-5,7-dimethyl-1,4,8,11-
tetraazaundecanecobalt-
(111), 136

1,3-Oxathiolanes, 28, 69, 78

Oxazolines, chiral, 199, 201,
220, 221, 224, 226

Oxidation, asymmetric, 251

of sulfides, 252

Oxolane, 27, 28, 59

Oxolanes, polysubstituted,
61, 62

Oxymercuration, of 2-ally-
phenol, 213

of styrene, 213
Ozonides, 28, 29

Parkinson's disease, 239

Penicillium decumbers, 267

1,4,7,10,13-Pentaazatridec-
ane, chelate complexes
of, 141

Pentalane, 20, 22, 51

Perhydroazulene, 20

Perpendicular attack, 187, 188

Pestalotin, 208

Phase angle, of cyclopentane,
4, 7, 10

of glycosides, 75

Phase transfer catalysis,
asymmetric, 236, 238

Phenacyl chloride, 245

Phenylalanine, 234, 261, 266

3-Phenylamino-2-norbornanol,
208
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2-Phenyl-1-butanol, 292
2-Phenyl-2-butanol, 291, 304,
306, 307, 314, 318
a-Phenylcinnamyl alcohol, 251
Phenylcyclopentane-1l-carbox-
boxylic acid, 42
1-Phenyl-2,2-dimethyl-1~-pro-

panol, 292
1-Phenylethanol, 245, 292,
317, 318
o~-Phenylethylamine, 289, 290,
291, 293, 294, 305, 317
o~Phenylglycine, 218, 232
Phenylglyoxylic acid, 265, 266
Phenylmethylbenzylphosphine,
247
1-Phenyl-l-methylcyclohexane,
193
Phenyloxirane, 236
1-Phenyl-1-propanol, 292
1-Phenylpropene, 215
2-Phenylpropionaldehyde, 296
Phenyltrifluoromethyl ketene,
181
Phosphinates, 71
Phosphines, chiral, 228, 229,
238
Phosphinites, 229, 242
Phosphites, cyclic, 71
Phosphonates, 71
Photoactivation, 258
Photoalkylation, 261
Photocyclization, 254, 257
2 + 2 Photocycloaddition, 262
Photodimerization, of
thymine, 261
Photoinduced asymmetric
synthesis, 254
Photoisomerization, 255
Photopinacolization, 264, 265
Photopolymerization, 263
Photoreduction, 259, 261
Photosynthesis, diastereo-
selective, 259
enantioselective, 254
of helicene, 261
2,3-Pinanediol, 205

Subject Index

3-Pinanylborane, 203
Platinum catalysts, 248
Point groups, see C,; Cg
Polar effects, 193
Polymer, optically active,
263
Polymerization, asymmetric,
252, 263
Polypeptide, asymmetric
synthesis of, 218
Praseodymium, as shift
reagent, 306. See also
under specific compounds
Prelog's Rule, 181, 191, 199,
210, 212
Pr(facam) 3, 307
Product development control,
184
Prolinatotrimethylenetetra-
minecobalt (111), 133
Proline, 66, 67, 78, 226, 234
Proline dimer, 28
Prolyl-o-amino acids, 220
Pronethalol, 268
2-Propanol, 259
Propylenediamine-N,N'-di-
methylethylenediamine-
platinum(11l), 115
Prostaglandins, 75, 78, 190,
203, 217, 232, 243, 266,
267, 270
Pseudoaxial (a'), 3
Pseudoequatorial (e'), 3
Pseudo-four-membered rings,
27
Pseudolibration, 17, 36
Pseudomonas olevoraus, 269
Pseudorotation, of cyclo-
pentane, 4, 7, 8, 9, 10,
11, 29
of five-membered rings, 14
of monosubstituted five-
membered rings, 7
restricted, 17, 27
Puckering of cyclopentane, 4,
5, 10, 13
Pulegone, 217



Subject Index

Pyrazoline, 77, 78
Pyrrolidine, 28, 66, 78

Quadridentate ligands, com-
plexes involving, 125
Quantum mechanical calcula-
tions, on cyclopentane,
13, 14, 77
on heterocycles, 27, 78
Quinine, 208, 235, 236, 243,
244, 265
quaternary ammonium salt of,
238
Quinquedentate ligands, com-
plexes involving, 141

Reduction, by chiral Grignard
reagents, 210
of ketones, 191, 205, 206,
208, 210, 237
microbiological, 266, 268
of pyruvate, 211
Reformatsky reaction, 212
Rhodium, catalyst, 243, 247
Ruch-Ugi model for asymmetric
induction, 179, 181, 182
R-value method, with cyclo-
pentanes, 32, 36, 48

Salem model for asymmetric
induction, 182

Sarcosinatobis (ethylenedia-
mine)cobalt(111), 135,
136, 157

B (N-Sarcosinato)propionate,
chelate complex of, 121

Schiff's base, chiral, 228,
231, 243

Selenolane, 70

Sensitizers, chiral, 258, 259

Sexidentate ligands, complexes
involving, 142

Shift reagents, see Lanthanide
shift reagents

Sigmatropic rearrangement,
191, 192

Silacyclopentane, 72
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Spin-spin decoupling, 312

Spiro(4,4)nonane-1,6-dione,
46, 47

Stereoselectivity, of carbonyl
addition, 189, See also
Asymmetric induction;
Diastereoselective syn-
thesis; and Enantio-
selective synthesis

Steric approach control, 184

Steric congestion, 187, 188

Steric effects, 189, 190. See
also Van der Waals
forces

Steroids, asymmetric synthesis
of, 215, 229, 232, 261

ring D, conformation in, 23,

24, 25, 52, 53, 54, 55

Strain energy, 5, 7

Strecker synthesis, 217

Strychnine, 265

Styrene, 213, 248, 250

Styrene oxide, 295, 317

Sugars, asymmetric synthesis
from, 270

conformations of, 73

Sulfides, oxidation of, 252

Sulfinates, 229

Sulfoxides, 252

Tartaric acid, 231, 232, 271
Telomerization of isoprene,
249
Terdentate ligands, 116
Terpenes, asymmetric synthe-
sis from, 270
Tetrahydrofuran, 59
N,N,N'N'-Tetrakis—(2'~amino-
ethyl)-1,2-diaminoeth-
anecobalt(11l), 147, 161
N,N,N'N'-Tetrakis-(2'-amino-
ethyl)-1,2-diaminopro-
pane, 148
N,N,N'N'-Tetrakis-(2'-amino-
ethyl)-1,2-diamino-
propanecobalt(111), 149,
161
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N,N,N'N'-Tetramethyl-1,2-
cyclohexanediamine, 215

3,3,5,5~-Tetramethylcyclopen-
tane-1,2-dione, 48

3,3,4,4-Tetramethylcyclopen-
tanol, 42, 43

1,3,8,10-Tetramethyl-4,7-
diazadecane-1,10-dia-
mine, chelate complex
of, 138

7-Thiabicyclo[2,2,1] heptane,
70

1,3-Thiazolidines, 69

Thiiranes, 223, 252

Thiolane, 28

Thymine, 261

p-Tolylisopropylsulfoxide,
259

p-Tolymethylsulfoxide, 259,
266

Torsional angles, in cyclo-
pentane, see Cyclopen-
tane

Torsional effect, in carbonyl
reduction, 188, 191

Torsional strain, 5, 17

Transamination, 218

Transition metal complexes,
absolute configuration
of, 151

as catalysts, 238
circular dichroism of, 151

Tribenzo (b, f,3)-(1,5,9)triaza-
cyclododecahexaene, 121

1,1,2-Trichlorocyclopentane,
40

Triethylenetetramine, 125

N-Trifluoroacetyl-a-naphthyl-
ethylamine, 259

1,1-Trifluoro~2-propanol, 292

Trihalogenocyclopentanes,
40

3,3,5-Trimethylcyclohexanol,
44, 45

Trimethylenediaminetetra-
acetatocobaltate(11l1),
150, 161

Subject Index

Trimethylenediaminetetra-
acetic .acid, 150
Trimethyl sulfonium iodide,

236

1,2,3-Trioxolane, 28, 29, 78

1,2,4-Trioxolane, 28, 29, 65,
78

Tris (acetylacetonato)cobalt-
(111), 113

Tris(alaninato)cobalt(111),
113, 157

1,1,1-Tris (aminoethyl)ethane,
chelate complex of,
124

Tris(1l,2-benezenediolato)arsen-~
ate(v), 112, 165

Tris (bidentate) complexes,
with five-membered chelate
rings, 98

with seven-membered chelate

rings, 110

Tris(2,2'-bipyridyl)nickel (11),
112

Tris (3-t-butylhydroxymethyl-
ene-d-camphorato) euro-
pium(111), 289

Tris(l,4-diaminobutane)cobalt-
(111), 111

Tris(1l,2~diaminocyclohexane) -~
cobalt(11ll), 103, 106,
153

Tris(l,2-diaminocyclohexane)-
rhodium(111), 112

Tris(l,2-diaminocyclopentane) -
cobalt(11l), 106, 153

Tris (2,4-diaminopentane)co-
balt(lll), 109, 110, 154

Tris(d,d-dicampholylmethanato)-
europium(111), 290

Tris (ethylenediamine)chromium-
(111), 101

Tris(ethylenediamine)cobalt-
(111), 99, 153

Tris (3-heptafluoro-
butyryl-d-camphorato) -
europium(11l),
289



Subject Index

Tris (malonato)chromium(111),
110, 158

Tris(oxalato)chromium(11ll),
112, 158

Tris(oxalato)cobalt(11ll),
112, 158

Tris (phenanthroline)iron(11l),
112

Tris(phenanthroline)nickel(11l),
112

Tris (propylenediamine)cobalt-
(111), 102, 103, 153

Tris(2,2,6,6-tetramethyl-3,5-
heptanedionate) euro-
pium(11l), 291

Tris(thiooxalato)cobalt(11ll),
112, 158

Tris (3-trifluoroacetyl-d-
camphorato) europium-
(111), 289

343

Tris(trimethylenediamine)-
cobalt(1l1ll), 107,
154

o,B~Unsaturated acids,
asymmetric reduction
of, 243, 268

o,B=-Unsaturated ketones,
asymmetric reduction
of, 215

Van der Waals forces, 189.
See also Steric effects
Vinyl allyl ether, 191
3-vinyl-l-cyclooctene,
248

Yeast, 266
Ytterbium, as shift reagent,
306
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Inversion, Atomic, Pyramidal (Lambert)

Isomerization, fast, about Double Bonds (Kalinowski

and Kessler)

Lanthanide-induced Shift Technique - Applications
in Conformational Analysis (Hofer)
Lanthanide Shift Reagents, Chiral (Sullivan)

Mass Spectrometry and the Stereochemistry of
Organic Molecules (Green)

Metal Chelates, Conformational Analysis and
Steric Effects in (Buckingham and Sargeson)

Metallocenes, Stereochemistry of (Schldgl)

Multi-step Conformational Interconversion Mech-
anisms (Dale)

Nitroxides, Stereochemistry of (Janzen)

Non-Chair Conformations of Six-Membered Rings
(Kellie and Riddell)

Nuclear Magnetic Resonance, 13C, Stereochemical
Aspects of (wilson and Stothers)

Nuclear Magnetic Resonance, for Study of Intra-
Molecular Rate Processes (Binsch)

Nuclear Overhauser Effect, some Chemical Appli-
cations of (Bell and Saunders)

Olefins, Stereochemistry of Carbene Additions to
(Closs)

Olefins, Stereochemistry of Electrophilic Addi-
tions to (Fahey)

Optical Activity, Helix Models of (Brewster)
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Optical Circular Dichroism, Recent Applica-
tions in Organic Chemistry (Crabbé)

Optical Purity, Modern Methods for the Deter-
mination of (Raban and Mislow)

Optical Rotatory Dispersion, Recent Applica-
tions in Organic Chemistry (Crabbé)

Overhauser Effect, Nuclear, some Chemical
Applications of (Bell and Saunders)

Phosphorus Chemistry, Stereochemical Aspects
of (Gallagher and Jenkins)

Piperidines, Quaternization Stereochemistry
of (McKenna)

Planar and Axially Dissymmetric Molecules,
Absolute Configuration of (Krow)

Polymer Stereochemistry, Concepts of (Goodman)

Polypeptide Stereochemistry (Goodman, Verdini,
Chol and Masuda)

Pyramidal Atomic Inversion (Lambert)

Quaternization of Piperidines, Stereochemistry
of (McKenna)

Radicals, Cyclohexyl and Vinylic, The Stereo-
chemistry of (Simamura)

Resolving-Agents and Resolutions in Organic
Chemistry (Wilen)

Rotational Isomerism about spz--sp2 Carbon-Carbon
Single Bonds (Karabatsos and Fenoglio)

Stereochemical Aspects of 13C Nmr Spectroscopy
(Wilson and Stothers)

Stereochemistry, Classical, The Foundations of
(Mason)

Stereochemistry, Dynamic, A Mathematical Theory
of (Ugi and Ruch)

Stereochemistry of Chelate Complexes (Saito)

Stereochemistry of Cyclobutane and Heterocyclic
Analogs (Moriarty)

Stereochemistry of Nitroxides (Janzen)

Stereochemistry of Organic Molecules, and Mass
Spectrometry (Green)

Stereoisomeric Relationships, of Groups in
Molecules (Mislow and Raban)

Steroids, Crystal Structures af (Duax, Weeks and
Rohrer)
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Structures, Crystal, of Steroids (Duax, Weeks
and Rohrer)

Torsion Angle Concept in Conformational Analy-
sis (Bucourt)

Ultrasonic Absorption and Vibrational Spectro-
scopy, Use of, to Determine the Energies
Associated with Conformational Changes
(Wyn-Jones and Pethrick)

Vibrational Spectroscopy and Ultrasonic Absorp-
tion, Use of, to Determine the Energies
Associated with Conformational Changes
(Wyn-Jones and Pethrick)

Vinylic Radicals, and Cyclohexyl, The Stereo-
chemistry of (Simamura)

Wittig Reaction, Stereochemistry of (Schlosser)

VOL.

349

PAGE

271

159

205

205





