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It is the purpose of this review to introduce the average organic chemist to the dynamic
stereochemistry of the common 5-, 6- and 7-membered rings using the torsion angle notation,!
assorted with a few, generally simple, assumptions.?

It has often been emphasized that a better understanding of organic chemistry and its mechanisms
would require a deepening of our knowledge of the stereochemistry implied in conformational
changes of molecules.

Now. a better knowledge of stereochemistry depends on the development of new methods
allowing the dynamic analysis of ““conformational intermediates’. More precisely there is a need for
methods allowing us to visualize the various steps of all the conformational changes during the
progress of a reaction, from the reactants up to the product, in a manner consonant with all the
known experimental facts. Let us, first, give a few examples to explain what is implied hereby (Figs.

1-5).

2809
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Conformational intermediates

The first example (Fig 1) describes a stereospecific epoxidation: on treatment with peracids the double
bond of the cyclopentene ring undergoes a cis-addition only on one side of the unsaturated ring.?
Since there is no steric hindrance on either side of the molecule, as can easily be seen using molecular
models, the stereospecificity of the reaction has notably to do with the reactive conformations,*
namely the initial reactive conformation of the substrate and the conformation of the resulting
product. This latter kinetic conformation of the product, which will be called throughout this text, the
primary final form, is the one the most likely to result from the reaction (in this case the epoxidation)
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taking into account our assumptions to be detailed later on involving the usual rules of
stereoelectronic control and the principle of least conformational distortion during the reaction. The
question that may be raised about these reactive conformations is whether the primary final form can
be predicted knowing the initial reactive form of the substrate and by which reasoning this prediction
can be made.

In the second example of Fig. 2 is shown the stereoselective peracid epoxidation of 5-
hydroxymethyl-cycloheptene giving rise to the cis-epoxide as the main component of the mixture.’

Could this result have been predicted knowing the reactive initial conformations of the hydroxy-
methyl-cycloheptene? Does the OH of the substituant play a role  or, as we presume, would a 5-Me
substituant have given similar results? We will justify our opinion later with the help of the torsion
angle notation and our interpretation is given in Fig. 3. We may note (Fig. 3), that from the initial
reactive conformations of the substrate up to the primary final forms of the epoxides, the distortion of
the ring conformation is minimal.

Let us turn now to 6-membered rings. Figure 4 describes the conjugate addition of a methyl
Grignard to the 3-keto A! unsaturated enone system of a steroid, promoted by a small amount of a
copper salt. The addition appears to take place exclusively on the « side of the | position.® Again this
high stereoselectivity seems to be related, as it was suggested earlier,” to the conformational changes
during the reaction from the starting conformation of the substrate up to the primary final form of the
product. Experimentally it is known that the primary final product is an eventually isolable enolate.?

The last example (Fig. 5) raises an interesting question in the field of biochemistry. The conversion
of chorismic into prephenic acid an important biochemical step, is supposed to be a concerted
reaction, a kind of vinyl-allyl-ether type rearrangement.®

Let us note that chorismic acid can adopt 1.3-diene type conformation with two flat sides. For this
reason such forms will be calied 1.3-diplanar forms, whilst prephenic acid, like 1.4-dienes, can adopt
boat forms: such forms with two 1.4-flat sides are also calied 1.4-diplanar forms.!? Concerning Fig. 5,
the following questions are raised:

{a) Which of the two possible conformations of the 1.3-diene is the reactive form of the substrate
and what is the corresponding 1.4-diene form of the primary product?

(b) Is aconcerted intramolecular rearrangement of the vinyl-allyl-ether type really possible or is it
a myth?

Answers to all these questions will soon be readily apparent after having some more practice of
the torsion angle notation.

In a more general way the question might arise of how to predict the conformational
deformations that are induced by a cis or rrans addition of an agent to a double bond of a ring which
either happens to be in a determined conformation or is able to adopt several low energy
conformations (the so-called preferred or privileged conformations).

I1. BASIC FEATURES OF A METHOD ABLE TO ANALYZE CONFORMATIONAL CHANGES
In order to be able to predict the conformational changes that are induced by a cis or trans addition of
a reagent to a double bond, we have to fulfill the following conditions:

(1) Define the direction of the cis or trans addition of the chemical agent with respect to the
double bond of a ring or more generally, the direction of attack of an agent relative to a functional
group.

(2.) Make a few additional assumptions about the relative levels of the various possible transition
states involved in the reaction.

A summary of the rules of stereoelectronic control

Regarding the direction of addition to a double bond or the direction of attack with respect to a
functional group we will implement the well known rules of stereoelectronic control, a summary of
which is given hereafter:

(a.) with respect to double bonds of either cyclic or acyclic compounds, the addition will take
place along the axes of the orbitals, what we call “perpendicular addition” (in short for perpendicular
addition to the plane of the substituents of the double bond); ! such an addition could equally be
termed “‘pretetrahedral addition 2 Conversely, the formation of a double bond will take place
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preferentially when the departing groups are coplanar, in the proper periplanar orientation '3: anti or
syn periplanar conformation of the concerned groups respectively for anti or syn eliminations.

(b.) as for allylic systems, we will admit the principle of the maintenance of orbital overlap during
the reaction,’* which implies that the allylic bond which is broken or formed always has an axial
orientation with respect to the reactive conformation of the ring containing the allylic double bond.

These stereochemical rules are merely the recognition that the corresponding transition states are
those of least energy.

For saturated systems, we also adhere to the usual stereoelectronic rules; for instance, in the
nucleophilic displacement of a leaving group which takes place with configurational inversion at the
centre undergoing the displacement, we admit that the reaction requires a backside approach of the
incoming nucleophile along the axis of the breaking bond. We also consider this same rule to be valid
for the nucleophilic opening of epoxides: again the incoming nucleophile comes along the axis of the
bond to be broken and on the backside of this bond.!*

A further assumption

The principle of least conformational distortion. In order to evaluate the relative energy levels of the
various transition states, for a given reaction involving conformational changes from the reactants to
the products of the types shown in Figs. 1--5, it is assumed that, from the initial reactive form of the
substrate up to the corresponding primary final form of the product, the reaction will, preferentially,
take place with the least amount of conformational distortion. Thus the preferred pathway will
correspond to the least expenditure of energy. This amounts to saying that, most of the constraints of
the transition state are already present in the initial conformation of the substrate and in the primary
final form of the product. Strictly speaking such a statement is valid only if we are dealing with
reagents of small or moderate size and in the absence of strong steric hindrance or strong polar effects
to the approach of reagents.

From a mechanical standpoint the principle of least conformational distortion for the selection of
the preferred pathway appears quite reasonable since distortions require energy in order to take
place. This is quite clear if we resume the example of Fig. 4 using several Dreiding or Framework
molecular models: one for the initial reactive conformation of the substrate and two other models for
the kinetic enolates corresponding to the primary final products expected from the conjugate addition
depending on the side of attack.

The initial reactive conformation of ring A, is supposed to be the 1.2-diplanar form of lowest
energy: for cyclohexenones 1.2-diplanar forms and half chairs are equienergetic. ¢ Starting from the
1.2-diplanar form (shown in Fig. 4), in which all carbons of ring A are on a plane except carbon 5
which is below the plane of the ring, and assuming a perpendicular addition of the anion to either side
of the double bond at position I, two enolates may result depending on which side the addition occurs
(Fig. 4). In the first pathway the initial 1.2-diplanar form gives rise to a 1.2-diplanar enolate without
appreciable conformational distortion, whereas in the second pathway the initial 1.2-diplanar form
gives rise to a 1.3-diplanar form. Since there is more conformational distortion in this latter pathway,
taking into account our hypotheses, we presume that the first pathway will be preferred, a conclusion
in agreement with the experimental result.® In this example, since usually the 1.3-diplanar form is of
higher energy than the corresponding 1.2-diplanar form.,'% it could have been surmised that the
energy levels of the two primary final enolates would reflect those of the corresponding transition
states, which in fact appears to be the case.

A planar graphic representation of conformations as a privileged tool for conformational analysis
As stressed in the preceding case, organic chemists are often trying to guess what kind of
conformational changes occur in a given reaction and to do so they often have recourse to molecular
models of the Dreiding or Framework types. There is no objection at all to the use of molecular
models and, indeed, their use is nearly always commendable.!” However, in common practice such
models are mainly used for saturated or unsaturated 6-membered rings, but less so for 5- or 7-
membered rings. In any case, conformational analysis through manipulation of molecular models is
only readily performed in simple cases. In more complex cases the plasticity of models often prevents
one reaching a definite conclusion as to the steric outcome of a reaction. For example trying to
determine with models the steric outcome of the conjugated addition of methyl magnesium bromide,
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promoted by cuprous chloride, to the unsaturated A!°®-11-keto-enone system of the 5fH nor-
steroid of Fig. 618 requires outstanding skills. Experimentally it was found that formation of the bond
at position 10 on the f side (on the same side as the 58 hydrogen) was predominant. The
interpretation of this result will be dealt with later on.

Now the use of tridimensional models has another drawback with respect to their representation
on two-dimensional paper since it is often neither easy nor convenient to represent the conformation
in the space of ring compounds, when they are not in their usual chair or boat forms.

It appears clear, therefore, that a planar graphic representation of conformations, simple enough
to be easily grasped by any chemist would be of great advantage in conformational analysis, whether
static (description of low energy forms) or dynamic (description of the passage from one form to
another under the influence of reagents as in the examples of Figs. 1-4).

A
H
>80%
XMg
A
H
Fig. 6

III. THE TORSION ANGLE NOTATION
In this respect the graphic method of torsion angles of Klyne and Prelog,!° as it was developed by
Bucourt!-2° allows a convenient planar description of the conformations of saturated and
unsaturated cyclic compounds.

Another presentation of the torsion angle notation

Leaving aside, for the time being, the physical meaning of the torsion angle concept, we may
simply consider the torsion angle notation as a planar description of ring conformations using only in
adetermined sequence the algebraic signs+, — and 0 (the last one corresponding to a double bond or
to a fragment of eclipsed butane). The three algebraic signs allow the description of any particular
type of conformation and, among others, the most commonly encountered, the so-called preferred or
privileged forms of lowest energy and this description appears precise enough for most purposes of
dynamic conformational analysis.?!

Understanding the code

Before using the torsion angle notation to solve various stereochemical problems we have to learn
and to master the code, which is fairly simple. This means that we must be able to readily perform the
following two operations:

(a.) recognize a particular conformation of the ring from a look at the overall sequence of the
algebraic signs.

(b.) recognize the axial, equatorial or isoclinal [bisectional !-22] orientations of a substituant of
the ring from the algebraic signs around the carbon bearing this substituant.

Ln other words, we have to learn the code and know how to decipher it.



Dynamic stereochemistry of the 5-, 6- and 7-membered rings 2815

Conformation

The first element for recognition of conformations such as those of Fig. 7 is the complete sign
sequence of torsion angles, the sequence being taken while going clockwise along each successive
atom of the ring. For instance a regular alternation of + and — signs is characteristic of the two
nverted chair forms (Fig. 7b). It should be pointed out here that the sign sequence, thus defined,
unambiguously describes one type of conformation.23 More details on the representation of
;onformations will be given shortly, after having first exposed the code for the determination of the
axial orientation of any substituant of the ring.

2
-]

WS

)

How to recognize an axial substituant: the characteristic environment

The axial orientation of a substituant of an atom (mostly a carbon in this text) of the ring
corresponds to a definite sequence of the algebraic signs of torsion angles before and after the
concerned atom when moving along the successive atoms of the ring a/ways in a clock wise fashion (see
Code: Fig. 8).

When a positive angle is followed by a negative one the substituant is axial above the mean plane
of the ring (axial above: + then —). The reverse sequence is characteristic of any axial substituant
below the mean plane, that is to say when a negative sign is followed by a positive one (axial below: —
:hen +) as shown in Figs. 7, 9-16. In both these sequences one (and only one) of the signs may be
replaced by a zero.

Let us stress that the characteristic sequence of torsion angle signs for an axial substituant above or
below the mean plane of the ring can be applied to all remarkable forms whatever the size (5, 6 or 7) of
the ring and its saturated or unsaturated nature. It also applies to carbocyclic and heterocyclic
sompounds.
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The following mnemonic device may help to retain the code: one only has to remember the value
of these algebraic signs:

+ isabove — and 0 (+ > —. + > 0) and therefore these sequences taken clockwise imply that
the substituant is above the mean plane of the ring (8 in the steroid series).

— isbelow + and 0 (— < +, — > 0) and therefore these sequences taken clockwise imply that
the substituant is below the mean plane of the ring (a in the steroid series).

To be complete it should be said that for some remarkable forms, namely the twist forms (also
called skew-boats) a sequence of two identical signs + + or — —, as in Fig. 9 may be encountered.
Such a sign sequence means that the substituant is neither axial nor equatorial but in between and
such substituants are therefore called isoclinical or bisectional.!- 22

Keeping in mind the code, let us now first have a look at static conformational analysis, involving
the description of the various low energy conformers of the common rings before dealing with the
dynamic aspects of conformational analysis.

Static description of conformations using the torsion angle notation!-2°
The reader is advised to practice the torsion angle notation using Fig. 9-16: it can easily be verified
that axial orientations of substituants of the rings conform to the indications of the code. Moreover
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recognizing the axially oriented substituants of a ring allows one to represent the ring in the usual
perspective representation and conversely it is possible from the usual perspective representation of
rings to draw the same form in the torsion angle notation.

S-Membered rings. Cyclopentane (Fig. 10). The half chair and envelope forms are of comparable
energy!-24-25 and are readily interconvertible by pseudorotation. There are generally two inverted
half-chairs and two inverted envelopes available for cyclopentane derivatives (Fig. 10a, b).

In the envelope conformation, four carbons are on a plane and the last is out of the plane and it
should be noted here, that in the envelope there are two consecutive axial directions on the same side
of the ring, corresponding to the sequence (~ 0 +) or its reverse (+ 0 —) (see Code).

Cyclopentene (Fig. 10c) — Only the envelope is available for cyclopentene and its derivatives: four
carbons are on a plane and the last carbon is outside. Generally there are two inverted envelopes, as
shown in Fig. 10c, which interconvert through the planar form of low energy.!.25.2¢

Cyclopentenone. The cyclopentenone ring is assumed to adopt the envelope conformations of
cyclopentene. Due to the trigonal carbon of the carbonyl group there is a flattening of the ring so that
the envelope form is close to the planar form and both forms are readily interconvertible.!.25.27

6-membered rings. Cyclohexane (Fig. 11). Chairs are of lower energy than flexible forms (twists and
boats). Twist forms (also called skew-boats) are of lower energy than boats. Let us note that each flat
side of the boat, corresponding to zero torsion angle, has two consecutive axial substituants on the
same side of the ring (sequences — 0 + or + 0 —).

In the twist forms two small torsion angles (~ 30°, small by comparison with those of the chair
~ 56°) are followed by a large one (around 70°) of the opposite sign: the sequence is — — + or
+ + —. The unsubstituted molecule has a symmetry axis and substitiants located at the carbon
atom between angles of the same sign are called bisectional or isoclinal.

Cyclohexanone. The replacement of a methylene in a cyclohexane ring by a ketone does not
greatly change the preferred conformations of the 6-membered rings which are the same as those of
cyclohexane but since there is less steric interaction the energy difference between chair and twist
forms is lower for cyclohexanone than for cyclohexane. This has to be taken into account in the
interpretation of the alkylation of cyclohexanones.

Cyclohexene (Fig. 12). The various low energy forms of cyclohexene are shown in Fig. 12. The
energy of these forms increases from half-chair to 1.2-diplanar forms (of slightly higher energy than
chairs) and up to 1.3- and 1.4-diplanar forms. The boats (1.4-diplanar forms) in the cyclohexene series
as in the cyclohexane one are the least stable of the privileged forms.!-28 To help visualize these
forms let us remember here that 1.2-diplanar forms have five carbons on a plane and the last one
outside, for this reason this 1.2-diplanar form is also called envelope or sofa.?®

1.3-Diplanar forms appear fairly often, in various reactions of cyclohexenones, especially as
primary enolates intermediates in the conjugate additions to cyclohexenones and they deserve special
interest in so far as they represent the alternative to the usual pre-1.2-diplanar (or pre-half-chair)
transition state (see Fig. 4).

Cyclohexenone (Fig. 13—only one set of conformers is represented, the other set corresponds to
the inverted series).

The presence of a CO group imparts some lowering of the rotational barrier in its vicinity and
there are less non-bonded interactions so that half-chairs and the 1.2-diplanar forms that have the
zero torsion angle between the double bond and the ketone, are of comparable energy and can be
used indifferently. The other 1.2-diplanar forms are of higher energy than the half-chairs. The same
relationship holds for the corresponding 1.3-diplanar forms as shown in Fig. 13. For these forms and
for the other remarkable forms the stabilities correspond to those of cyclohexene: the energy of the
forms increases from the 1.2-diplanar to 1.3-and 1.4-diplanar forms.!®

Cyclohexadienes. As already mentioned (Fig. 5) for chorismic acid (1.3-diene) and prephenic acid
(1.4-diene) there are usually two inverted 1.3-and 1.4-diplanar forms.

It should be noted here, that in the 1.3- and 1.4-diplanar forms as in the envelope form of
cyclopentane there are two consecutive axial orientations on the flat side corresponding to the
clockwise sequence + 0 — or its reverse — 0 +. This has a bearing on the relative reactivity of the
corresponding unsaturated forms (as compared to half-chairs of cyclohexene) towards cis- addition
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(epoxidation and the like) and cyclo-additions of the 1.3-dipolar or Diels—Alder type as will be shown
in the following chapter.

Mnemonic rules. For unsaturated 5- or 6-membered rings two mnemonic rules can be used to
remember the sequences of the preferred conformations:

(a) except for half-chairs, there is always a regular alternation of + and — signs if zero torsion
angles are left aside. For half-chairs the alternation is regular but the signs are the same on either side
of the double bond.

(b) for all unsaturated forms there never are two identical + or — contiguous signs.

It is easily inferred from the conformational tables (Figs. 9-16) that two corresponding inverted
forms have opposite signs of torsion angles (compare the signs for each set in Figs. 10 and 12).

7-membered rings. Cycloheptane (Fig. 14, for convenience only one set of conformers has been
represented the other inverted set can easily be drawn by the reader). There are four basic
conformations for cycloheptanes, these are in order of decreasing stability twist-chair, chair, twist-
boat and boat. The twist-chair seems to be generally considered as the most stable form and twist-
boat and boat as forms of comparable energy.!-3° The pairs twist-chair, chair and twist-boat, boat
are readily interconvertible by pseudorotation.

Cycloheptanone. Twist-chairs seem to be the most stable forms and we may assume that the other
forms will be similar in stability to those of cycloheptane, but literature lacks data to support
this affirmation.30¢.3!

Cycloheptene (Fig. 15). The most stable forms appear to be chairs of slightly less energy than the
twists (by approximately 0.5 kcal/mole). Both these forms are of much lower energy than the
boatS. 26,28,32

Cycloheptenone (Fig. 16). There is reversal of stability with respect to cycloheptene since twist
forms are slightly (by ca. 0.5 kcal/mole) more stable than chairs. Both forms are of lower energy than
boats.33 Whereas the overlapping of orbitals in the conjugated enones is generally good for
cyclopentenone, cyclohexenone and their derivatives, it is different in the cycloheptenone series due to
adistinct non planarity of the double bond and the carbonyl group of the conjugated enone. The most
stable conformation thus appears as a compromise between the minimization of steric interactions
and the requirement of maximum orbital overlap of the conjugated enone. The orbital overlap is poor
for chair and boat forms since the axis of the carbonyl is nearly orthogonal to the plane of the double
bond thereby reducing more or less strongly the conjugation.

From perspective representations to torsion angle notation and vice versa

It was said earlier that if the orientation of the axial substituants of a ring is known it is fairly easy
to represent the corresponding conformations in the torsion angle notation: there is an unequivocal
correspondence between the torsion angle notation and the usual perspective representation and vice
versa.

For instance let us show how to write the torsion angle sign sequence in the case of the substrate of
Fig. . First (Fig. 17) one has to note that the substituants of the two carbons at the zrans ring junction
are necessarily axially orientated: one hydrogen is § axial, the other is a axial. For each ring we move
along the successive carbons of the ring in a clockwise fashion (Fig. 17, drawings 1-3). For the
unsaturated cyclopentene ring there is a zero torsion angle corresponding to the double bond and the
sign sequence is known for both angular substituants: for the « orientated hydrogen the code
indicates (Fig. 8) — + and + — for the § orientated hydrogen. Therefore we have the known
— + — 0 sequence, which is completed to 0 + — + — since it is also known (Fig. 10c) that the
preferred form of cyclopentene is an envelope with a regular alternation of all positive and negative
signs. With the other hexagonal ring one proceeds in the same manner (Fig. 17, drawings 4-6).
Starting from the axial substituants of the trans ring junction one can write the sequence + — + and
if it is admitted that the ring happens to be in its most stable chair form the sequence can be completed
since there is a regular alternation of signs + and — in the chair form. Whereas the cyclopentene ring
can only adopt a single low energy envelope form, the cyclohexane ring can adopt any one of the
chair, twist or boat forms (Fig. 17 at the bottom) provided enough energy is given to the molecule.

A perspective representation from the one with the torsion angle notation can also be drawn in the
following way (Fig. 18). One has to note that in the 5S-membered unsaturated ring there are two axial



2822 E. TOROMANOFF

H H H
O — D —
H 1 A 2 W
clockwise! |
H H H
—CP -3
s i 4 " 3 A

{

H H
=B =08
- e (s]

H H
A A H
6 chair twist boat
H
[}
QAP
H
boat
Fig. 17

hydrogens which determine the envelope and for the hexagonal ring it can readily be seen (always in a
clockwise fashion along the carbons of the ring) that there are three § axial hydrogens which
unequivocally determine the chair conformation of that ring (Fig. 18).

In this example, owing to the rigid rrans junction of the perhydrindene rings, the unsaturated ring
can only adopt one low energy envelope form (there is no other). Generally speaking conformational
equilibrium may exist and there are two envelope conformers in equilibrium as shown for the 4-
substituted cyclopentene of Fig. 19. In one of the conformers the 4-alkyl (R = alkyl) is in the
equatorial orientation (Fig. 19, the 4-hydrogen is axial, the sign sequence taken clockwise is — + ), in
the other conformer the 4-alkyl is axial (clockwise the sign sequence is + —).

Distortions. So far we have left aside the physical meaning of a torsion angle which can now be
described as shown in Fig. 20: when a chain of four atoms a b ¢ d is looked at down bc, the torsion
angle corresponds to the angle between the two planes defined by abe and bed. It is positive when the
superposition of the two planes abc and bcd needs a clock wise motion, it is negative in the opposite
case. Now, throughout this text, a b ¢ d correspond mainly to four successive carbons of three
consecutive sides of a ring and the torsion angle is best visualized through Newman’s projection as in
the example of Fig. 21 where the [3. 4. 5. 6] torsion angle of the chair clearly appears to be positive.
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When two rings are fused, as in the case of trans perhydrindene of Fig. 18, the torsion angles at the
junction of the rings have to be mutually compatible. This means that the distortion induced by one
ring into the other, as a consequence of the ring fusion, does not result in a prohibitive strain on the
bicyclic system.

In a similar manner, each time the end of a double bond of a ring happens to be at the junction of
fused rings (as in the case of the octalin and perhydrindenes of Fig. 22) it is to be expected that
addition of chemical reagents to the double bond (hydrogenation, epoxidation, peroxidation,
halogenation, etc.) will cause a distortion not only of the ring’s conformation (and therefore of the
torsion angles) containing the double bond but also of the other fused ring’s conformation. Such
conformational transmission appears important in interpreting or predicting the outcome of a few
addition reactions to the double bond of bicyclic compounds, when the end of the double bond is at
the ring junction. Therefore, we first recall hereafter the main rules concerning the transmission of
distortions3# in the decalin and octalin series and we shall extend these rules to include fused rings of
other sizes.

cis and trans Decalins: their characteristics. Whereas the cis-decalin, shown in Fig. 23a, can have two
conformers in equilibrium with both rings in the chair form, only one conformer with both rings in
the chair form can be drawn for the rrans-decalin (Fig. 23b).

quasi-cis and quasi-trans Fused bicyclic rings. Special attention has to be given to the case of
cyclohexenes, cyclohexenones, cyclohexadienes or cyclohexadienones fused to any other 6-
membered ring in which the trigonal carbon at the end of the unsaturated system is common to both
rings as in the case of the octalin in Fig. 24 and steroidal octalone, dienolate and dienone in Fig. 25

o X

Fig. 22
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and 26. In such cases two types of conformers, usually in equilibrium, are available. They have been
designated as “quasi-trans™ and ‘“‘quasi-cis” to recall their similarity with *“zrans” and “cis™ octalins
and octalones.3*® In the guasi-trans fused rings the signs at the junction are opposite whilst in the
quasi-cis fused rings they are identical.

Usually and independently of other steric or polar factors the quasi-trans type of junction is of
lower energy than the corresponding quasi-cis conformer3® but, of course, substitution of the rings
may reverse this order of stability.

Transmission of deformations. cis-Decalin. As already mentioned for the cis-decalin the signs of
torsion angles on either side of the fused rings are the same. This can be used to remind us of the
transmission of distortions at the ring junction: any increase (opening) or decrease (closing or
flattening) of the torsion angle at the junction of one ring is transmitted to the adjacent torsion angle
at the other ring’s junction: an increase corresponds to an increase and a decrease to a decrease,# this
is readily apparent from Newman’s projections (Fig. 27).

trans-Decalin. At the ring junction of rrans-decalins the torsion angles’ signs are opposite which
recalls that the closing of a torsion angle of junction corresponds to the opening of the adjacent angle
on the other ring and vice versa3* (Fig. 28).

QUASI-TRANS QUASI-CIS
(-+:+-) + +;--)

A

B = ot
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The notion of a balance between quasi-trans and quasi-cis in unsaturated fused rings is a general
one and it can be extended to rings of different sizes, provided the end of a double bond of one ring is
at the junction of the fused rings. It applies to 6-membered rings fused to cyclopentene or
cyclopentane fused to cyclohexene and also to 7-membered rings fused to cyclopentene or to
cycloheptene fused to cyclopentane.

Torsion angle changes at the site of an addition to a double bond. At the site of addition to a double
bond the trigonal carbon and its environment undergo a conformational distortion. From the zero
value, the positive or negative variation of the torsion angles surrounding the trigonal carbon can be
predicted since the assumed principle of perpendicular addition implies the axial introduction of the
chemical agent, which in turn determines one of the following sign sequences, which are precisely
those of the code (Fig. 8).

Perpendicular addition {above the mean plane: + —, + 0 or 0 —

to a double bond below the mean plane: — +, — 0 or 0 +

IV. APPLICATIONS

(1) Putting the torsion angle notation into practice: how to write the primary final product

To analyze the steric course of any reaction, we usually carry out several successive steps, which
we will now detail. First of all. taking into account the specific stereoelectronic requirements of the
reaction, we start from a privileged form of lowest possible energy and then, the next problem is to
find the primary products, the most likely to be formed in the reaction. A further step in this direction
is to translate the conformational distortion at the site of the reaction into the torsion angle notation,
with the help of the code (Fig. 8). as explained earlier. Proceeding in such a manner gives a set of
primary final forms and at this point in order to find the steric outcome a choice has to be made, based
on energy level considerations, as to which one of all these primary forms corresponds to the
transition state of lowest energy. As a rule, in the absence of steric hindrance or strong polar effects,
we admit that the transition state of lowest energy will correspond to the primary final form of lowest
energy. Therefore, usually, the choice is a simple one; from among the various possible remarkable
forms that are available for the primary final product, the form of lowest energy is nearly always
chosen: for instance 1.2-diplanar forms are preferred to 1.3-diplanar or boat forms for unsaturated 6-
membered rings, a twist is preferred to a boat for saturated 6-membered rings. With respect to the
initial reactive conformation of the substrate the rule, in the absence of steric hindrance or strong
polareffects, is to keep as many as possible of the torsion angles’ signs from the starting form up to the
form of the primary final product. This rule is the explicit translation of the principle of least
conformational distortion during the reaction.

To show how to operate. let us start with the conjugate addition of Fig. 4, which is reformulated on
Fig. 29 using the torsion angle notation. First ring A is written in its 1.2-diplanar form of low energy,
with the second zero torsion angle between the double bond and the ketone. The perpendicular
addition of an anion to the 1 position of the A ring causes a distortion of this part of the molecule and
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looking at the code (Fig. 8) it can be seen that the axial bond, which is formed, if o orientated,
corresponds to one of the following three sequences (always clock wise!) — + or0 + or — 0. Trying
the first one gives a half-chair for the primary final form, using the second one (0 + ) we have a 1.2-
diplanar form equienergetic with the half-chair and finally the third sequence (— 0) yields a primary
final form of high energy. The choice, therefore, is between the half-chair and the 1.2-diplanar form
and since they are equienergetic, we may select either one. With respect to the 1.2-diplanar form there
is no torsion angle change during the whole reaction for the conjugate addition to the a-side.

For the conjugate addition of the anion to the S-side one proceeds in the same way: for the
distortion the code gives the following sequences: + — or0 — or + 0. The first two sequences lead to
remarkable forms of much higher energy than the 1.3-diplanar form resulting from the third sequence
(+ 0). Therefore from among these three forms the last 1.3-diplanar form is selected. Now, to decide
about the outcome of the conjugate addition we compare the energy of the primary final products
resulting from the conjugate addition to the « and 8 side of the ring. Since the 1.2-diplanar form is of
lower energy than the 1.3-diplanar one, we admit that the relative energy of the corresponding
transition states is in the same order: in this case the transition state of least energy corresponds to the
least change of angle signs during the reaction.

In this particular example ring A, owing to its trans fusion to ring B of the steroid, can only adopt
onc of the two equivalent, low energy forms, half-chair or 1.2-diplanar. In the general case, a mobile
equilibrium of low energy half-chair or 1.2-diplanar forms may exist as in the example of Fig. 30,
where the writing of the torsion angles of the primary final forms is done in the same manner as in the
case of Fig. 29. As it has already been stated elsewhere,? there are generally four transition states, the
relative energy of which has to be evaluated in order to interpret or predict the outcome of the
conjugated addition. More time will be devoted to conjugated additions to 6-membered rings in due
course. but we will halt the discussion about this reaction here, so that we can give further examples
showing how to implement the torsion angle notation.
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The next example deals with the ionic bromination of the A2 enol of a 3-keto Sa-steroid (Fig. 31).
First the signs that characterize the low energy half-chair of ring A are written; since the 108
orientated R group, like the Sa-hydrogen are both axial, the sequence of signs is readily determined
and completed to half-chair (see Table of unsaturated forms Fig. 12). Now the addition of the
bromine cation is assumed to take place through perpendicular addition to position 2 and on either
side of the ring. In each case the new carbon-halogen bond. thus formed, is axial and the sequence of
torsion angles resulting from the distortion of the A2 enol double bond is given by the code (Fig. 8)
and, moreover, we know that the preferred low energy forms of the ensuing brominated
cyclohexanones are, like those of cyclohexanes, the chair, the twist and the boat. Thus for addition to
the o side, the sequence — + yields a form of high energy, which can be converted to a twist form by
changing one more torsion angle. Therefore in this case, with respect to the initial form, there is a sign
change for two torsion angles, besides the zero torsion angle, which has become negative.

For the two other sequences it can readily be seen that — 0 again leads to a cyclohexanone form of
high energy, the closest preferred form being a boat and 0 +. yields a high energy form, which can

H S e i QRN 5
L - -
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stabilize itself by conversion to the already mentioned twist form. Since twist forms are of lower
energy than boats we select this twist form as the primary final form of the addition to the « side.

The addition of ionic bromine to the f side gives rise either directly to a low energy chair (sequence
+ — ) without much conformational distortion (the torsion angle of zero value has become positive
and there is only one torsion angle change). The other two sequences lead to forms of higher energy
and can be ignored. Summing up we have two primary final products that may result from the
addition to either side of the enol double bond. Now, when R = H, there is no steric hindrance to the
approach of the halogen and therefore in the nor-series the addition of the reagent to the fside should
be largely predominant, which is indeed the case,®” but when R = Me we can no longer,
mechanically, apply the rule and we have to evaluate the importance of steric interactions and their
consequences on the transition state level. Steric hindrance does manifest itself not only in the
approach of the bromine to the double bond, but also in the corresponding transition state, since the
steric interactions, of the 1.3-type®® between the axial bromine and the axial angular Me are strong
enough to destabilize the transition state leading to the chair (“pre-chair transition state’) with
respect to the one leading to the twist form (“‘pre-twist transition state™).3? Furthermore, since it was
already mentioned that the energy differences between twist and chair forms in the cyclohexanone
series are lower than in the cyclohexane one, we are led to believe that the steric hindrance to the
approach and the energy increase in the ensuing transition state causes the pre-twist transition state to
become of lower energy than that of the pre-chair. Therefore, owing to strongly increased steric
interactions in the transition state leading to the primary final chair form kinetic bromination will
occur mainly on the « side yielding the primary final twist form.

Here we see the limits of the torsion angle method, which is only a planar representation of
conformations: it gives valuable results, even in complex cases, only if the right hypotheses have been
injected into the reasoning and if a correct evaluation of the relative energies of the various transition
states has been performed, after having taken into account all factors, whether steric. electronic or
polar.

The last two examples, to be analyzed, deal with borohydride reduction of cyclic imines and
immonium salts. These reactions may be viewed as additions of hydride ion from relatively small
donors to the trigonal carbon of the imine or immonium salt.*® Starting with the quinolizidinium
salts of Fig. 32 we proceed in the usual manner. First the low energy conformations of the rings are
drawn, chair for the saturated ring, half-chair for the ring containing the immonium double bond.
Since the immonium end of this heterocyclic double bond is at the ring’s junction there are two

quasi-trans

|

2els

(o3
Ar (- +)
quasi-cis -




2830 E. TOROMANOFF

equilibrating quasi-trans and quasi-cis conformers, the former being assumed to be the more stable
one by analogy with the carbocyclic series.?® From each of these initial forms of the substrate itwo
primary final products are conceivable depending on the side of hydride addition to the trigonal
carbon of the immonium. As shown on Fig. 32, in each case for the arylated ring the chair form of the
primary final product is preferred so that the choice is between two low energy primary final forms of
cis and trans perhydroquinolizidines. If it is admitted that the stabilities of perhydroquinolizidines
are comparable to those of ¢is and rrans-decalins with the latter being of lower energy, we can expect
the rrans-perhydroquinolizidine to be the dominant product of reduction since, starting from the
immonium form of lower energy, we arrive at the amine form of lower energy presumably through a
transition state of lower energy. Such an interpretation is in agreement with the cxperimental
results.*!

Similarly, the kinetic addition of hydride and other anions to cyclic imines or immonium salts may
be interpreted or predicted (Fig. 3342). The interpretation is not limited to 6-membered rings, thus the
reduction of the S-membered immonium salt of Fig. 34 by sodium borohydride is readily explained
using simple arguments: there are two envelope forms for the 5-membered ring and owing to strong
steric interactions with the adjacent rings. the aldehydic substituant should prefer the axial
orientation which implies that the other rrans-ethyl substituant has also to be in the axial orientation.
Now if the form with both rrans-diaxial substituants is predominant at equilibrium, as we believe. the
addition of a hydride ion will occur from the f-side (sequence: + 0) giving the reduced alcohol in 70%
yield. As it will be detailed in one of the next sections the sequence of the preferred envelope at the
immonium double bond (+ 0 —) implies that a cis-addition (catalytic hydrogenation for instance)
should also take place on the f§ side and this inference appears to be in agreement with the
experimental results.*3

I‘ \ HHH
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(2) A few rules abour reactions involving syn-additions, syn-eliminations and cycloadditions

The torsion angle notation may be able to predict or interpret the steric course of syn-additions to
double bonds (such as peracid epoxidation, hydroboration, hydroxylation, catalytic hydrogenation,
etc.) and cycloadditions (such as diene synthesis or 1.3-dipolar additions, etc.) if, as claimed in the
literature, *# it is assumed that most of the customary syn-additions or cycloadditions are more or less
concerted reactions with the two following features: the formation of the two bonds is not
simultaneous but stepwise and the formation of the first bond determines the spatial orientation of
the primary final product.

With our usual stereoelectronic hypotheses and the principle of least conformational distortion
the description of the common rings in the torsion angle notation implies a specificity or, at the very
least a strong stereoselectivity for syn-additions (and their reverse syn-eliminations) and for
cycloadditions to low energy forms of unsaturated 5- and 7-membered rings and also to a few forms
of unsaturated 6-membered rings.

The origin of this selectivity is to be found in the sequence of torsion angle signs around the double
bond of an unsaturated ring, and in this respect, we have to distinguish between low energy forms of
odd (cyclopentene, cycloheptene) and even (cyclohexene) membered rings.

In odd membered rings, the torsion angle signs are opposite on each side of the double bond for
the low energy forms, envelope of cyclopentene (Figs. 7a, 10c) and chair of cycloheptene (Figs. 7c,
15). In this latter case the boat but not the twist form of cycloheptene also has opposite signs on each
side of the double bond (Fig. 15).

In cyclohexene, the only even membered ring we deal with, the torsion angle signs are identical on
both sides of the double bond in the low energy half-chair (Fig. 12) but they are opposite in the 1.3-
and 1.4-diplanar forms of higher energy (Fig. 12). Now a sequence of dissimilar signs before and after
the double bond of an unsaturated ring may explain the specific cis-additions of a reagent to the
double bond for the following reason. The stepwise cis-addition to the double bond of a given low
energy conformer starts with the perpendicular addition of an ionic or radical fragment to one of the
trigonal carbons of the double bond (any one of them if the double bond is unsubstituted, the least
substituted carbon, according to Markownikow’s rule, if the fragment is electrophilic). The
important point is that there is only one direction of approach to the double bond, which allows the
formation of the first axial bond and which precisely, corresponds to the clock wise sign sequence of
torsion angles. Since the first bond determines the overall stereochemistry of the primary final adduct,
the syn-addition generally, corresponds to the torsion angle sequence namely:

syn-addition to double bond Clockwise sequence
—above the mean plane of the ring +0 -
—below the mean plane of the ring -0+

These sign sequences correspond to those of the code (Fig. 8) by inserting zero between + — or
- +.

For instance in the epoxidation of Fig. 1, where the cyclopentene ring has only one envelope form,
as shown on Figs. 17 and 18, owing to its trans fusion with the adjacent ring, the clockwise torsion
angles sign sequence before and after the double bond (— 0 + ) implies a specific epoxidation from the
side of the axial hydrogen of carbon 4, which is indeed the experimental result.?

The origin of the specificity of syn-addition in the case of Fig. | and in the analogous cases may be
traced back to the fact that trying to add stepwise the ionic fragment OH+* for the epoxidation with
peracids** on the side opposite to the axial hydrogen of carbon 4, would give rise to an epoxide only
through very high energy intecrmediates.

The same type of reasoning applies to each of the envelope conformers of 4-substituted
cyclopentene in mobile equilibrium (Figs. 35 and 36) and it can be used to interpret the experimental
result, concerning the peracid expoxidation of 5-hydroxymethylcycloheptene, indicated in Fig. 2 and
detailed in Fig. 3. With the help of the torsion angle notation (Fig. 37) it becomes clear that the main
product of epoxidation corresponds to the chair conformer of cycloheptene with the 5-hydroxy-Me
group equatorial (the hydrogen of carbon § is axial, sequence — + ). The minor product is related to
the chair conformer of cycloheptene with the 5-hydroxymethyl group axial (sequence +, — ). These
results follow closely those found in the cyclopentenc series for the epoxidation of 4-
methylcyclopentene*®¢ (Fig. 35): the selectivity is comparable and in the cyclopentene as in the
cycloheptene series the main product of epoxidation corresponds to the more stable conformer with
the alkyl group equatorial on the lower energy conformer.4¢
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The sequence rule given above appears valid for all syn-additions and cycloadditions to double
bonds of cyclopentene, of the chair and boat conformers of cycloheptene and of the diplanar forms of

cyclohexene and their derivatives. More examples will be provided in the following sections.

The same sequence rule can help to predict or interpret the steric course of kinetic anti-additions
to double bonds in all the cases where the reactions occur through a transitory syn-adduct of the
halonium, sulfonium or mercurinium ion type and similar 3-membered polarized rings. In this
respect it is possible to readily interpret a few reactions the rationality of which has escaped the

chemist. 4’

Finally, according to the principle of microscopic reversibility*® since eliminations are the reverse
of additions, the steric course of syn-eliminations should obey the sequence rule given for the syn-

addition, which is the case. We are going to discuss this point in the next section.
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Comparison of the reactivity of the various common rings. Whereas in the case of peracid epoxidation
of a cyclopentene or cycloheptene there is practically no conformational change from the low energy
starting reactive conformer up to the low energy conformer of the primary final product, it could be
argued that it might be different for reactions such as hydroboration or catalytic hydrogenation or
cycloadditions, since again, we start from a low energy conformer of an unsaturated ring but, now we
end up with a conformer of the corresponding saturated ring, not necessarily a low energy conformer.

From this point of view the mere knowledge of the low energy conformations of unsaturated and
.saturated 5-, 6- and 7-membered rings already permits a qualitative evaluation of the relative
reactivity of the various unsaturated rings towards syrn-additions and their reverse syn-eliminations
and towards cycloadditions.

For instance thermal syn-eliminations of a sulfoxide or selenoxide group of a cyclopentane ring
ought to be readily performed if it is assumed that such syn-eliminations imply a coplanar
arrangement (‘‘syn-periplanar’) of the leaving hydrogen and sulfoxide or selenoxide.*® As shown on
Fig. 38, an envelope conformation of the ring, with the leaving group axial, is suitable and the
reaction gives rise to a low energy envelope form of cyclopentene with the minimal amount of
distortion and presumably a low energy transition state.

By comparison the cyclohexane homolog (Fig. 39) has to adopt a relatively high energy boat
form, (a twist form is unsuitable) in order to ensure both the axiality and the coplanarity of the leaving
group and the departing cis hydrogen: this requires a substantial amount of energy before the
reaction sets on and moreover the boat gives rise to a 1.3-diplanar form (or less likely a boat) through
a transition state of much higher energy than the one involved in the thermal conversion of the
cyclopentane derivative to cyclopentene.

We can already conclude, even without knowing the experimental result*° that under comparable
conditions the thermolysis of the cyclopentane selenoxide ought to be much faster than the
thermolysis of the corresponding cyclohexane selenoxide.
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Since the cycloheptane ring can adopt a low energy chair (Fig. 14), which would give rise by syn
selenoxide or sulfoxide elimination to a low energy chair of cycloheptene (Fig. 15), we can expect the
reactivity of cycloheptane with respect to syn eliminations to be similar to that of cylopentane and
again, much greater than that of cyclohexane.

In the same way the relative tendency of unsaturated 5-, 6- and 7-membered rings to undergo
cycloaddition, whether of the 1.3-dipolar or Diels—Alder type, may be evaluated. We would expect the
unsaturated 5- and 7-membered rings to undergo cycloaddition much faster than cyclohexene since in
the two former cases the reaction proceeds from a low energy envelope conformation of cyclopentene
or chair of cycloheptene with minimal distortion up to a low cnergy conformation of the resulting
envelope of cyclopentane or chair of cycloheptane. The outlook is quite different in the 6-membered
series since stepwise formation of the bonds requires a 1.3-diplanar form or a boat of comparatively
high energy and leads to a boat form, presumably through a high energy transition state. From the
literature data it appears that, indeed, unsaturated 5- and 7-membered rings are more reactive
towards syn-additions and cycloadditions than mono unsaturated 6-membered analogues.®!-32
Whereas cyclohexene derivatives generally have a low propensity to syn-addition or cycloaddition,
the literature reveals that the corresponding 1.3-and 1.4-cyclohexadienes are much more prone to
such reactions.5!-*3 For instance, whereas cyclohexene does not react with phenylazide at room
temperature, 1.3-cyclohexadiene does react albeit slowly (18 days at room temperature 779, yield of
adduct). This result is not surprising and it can be interpreted in the customary manner (Fig. 40): the
1.3-diplanar conformers of the 1.3-cyclohexadiene can give rise to a 1.3-diplanar form of the primary
final adduct with axial orientation of the two newly formed bonds (sequences — 0 + or + 0 —)
without much conformational distortion and through a transition state of comparatively low energy,
at any rate lower than the one corresponding to the cycloaddition to cyclohexene (1.3-diplanar form
or boat).

Axiality requirements of epoxide and similar 3-membered rings with respect to the larger ring’s reactive
conformation. Attention has to be focused here upon the fact that. with regard to the ring’s reactive
conformation, the axiality of the bonds involved in syn- or ansi-eliminations or additions, has general
implications. especially so for the reactions of epoxides or of analogous transitory 3-membered rings
of the halonium, sulfonium, selenonium and mercurinium ions types. Throughout this text the
orientation of a 3-membered ring (epoxide or 3-membered ion of the halonium type) with respect to
the reactive conformation of the larger ring, is necessarily the axial one with the torsion angles’ signs
corresponding to one of the following sequences (always clockwise around the ring):

(B) axial epoxide above the mean plane of the ring. sequences: + 0 —, + 00 or 00—

() axial epoxide below the mean plane of the ring, sequences: — 0+, —00 or 00 +

Bisectional epoxides or 3-membered rings (of the halonium, sulfonium types) which do not
correspond to the preceding sequences have to undergo a conformational change to become “axial™
before any reaction, involving them. can proceed. Examples of such reactions as anion opening of
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three membered rings or epoxide isomerizations to allylic alcohols in the presence of strong bases will
be given hereafter. This axiality requirement of 3-membered rings will be detailed now with the help
of a few examples pertaining to reactions of selenolactonization, halolactonization and also of
epoxide opening and isomerization.

The phenylselenolactonization shown on Fig. 41°4 is quite analogous to halolactonization
reactions the stereochemstry of which can be depicted along a similar line: formation of the
selenonium ion takes place on the side opposite to the substituant in the corresponding low energy
conformer (sequence — 0 + ) and the internal nucleophilic attack of the carboxylate anion on this
axial selenonium intermediate occurs with configuration inversion at the carbon undergoing the
displacement, yielding a bicyclic lactone without much conformational distortion of the initial
reactive cyclopentene ring and, presumably, through a low energy transition state. It should be noted
that the remaining C-Se bond and the newly formed O C bond of the cyclohexane ring are trans
diaxial with respect to each other on the primary final form.

Phenylselenolactonization of the homolog (Fig. 42°*)can be interpreted in the same manner but in
the cyclohexene series there are at least two possible pathways involving 1.2-or 1.3-diplanar forms as
starting reactive conformers.
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From the initial reactive conformer in the 1.3-diplanar form bearing the axial side-chain,
formation of the selenonium intermediate takes place on the opposite side of the chain and
subsequent nucleophilic displacement by the carboxylate group of the chain yields a primary boat.

The 00 + sequence of the other reactive 1.2-diplanar conformer means that the syn-addition of
selenonium ion will take place on the side opposite to the substituant of the ring and the
configurational inversion at the displaced carbon gives rise to a primary final chair form for the 6-
membered ring of the resulting bicyclic lactone. In both pathways the remaining C—Se bond and the
newly formed O-C bond of the cyclohexane ring are trans-diaxially orientated on the primary final
conformer.

Similarly the iodolactonization of the cycloheptene derivative of Fig. 4355 may be viewed as
involving precisely that low energy conformation of cycloheptene that is bearing the side chain in the
axial orientation. lodonium formation takes place with minimal conformational distortion and the
ensuing lactonization leads to a primary final product that can adopt either a low energy chair or
twist-chair form.

Chlorohydrin formation starting from cyclic allylic alcohols>® can also be analyzed as shown in
Fig. 44. The Bu group being kept in the equatorial orientation, the OH group is axial on the only low
energy reactive 1.2-diplanar conformer that allows the formation of the f-axial chloronium ion. The
ensuing epoxide formation takes place with configuration inversion of the breaking chloronium bond
and the result is a 1.3-diplanar primary final form (a boat seems less likely).

Turning now to the isomerization of epoxides under strongly basic conditions, we can easily
interpret the steric course of the reaction as illustrated in Fig. 45,57 but it should be pointed out here
that the outcome of the reaction depends on the size of the ring and on the experimental conditions,
especially, on the nature of the solvent.*®

Under the usual conditions (lithium diethylamide in ether or tetrahydrofuran®’) for cyclohexene
derivatives, such as the one of Fig 45, the hydrogen c¢is with respect to the breaking bond of the
epoxide is selectively removed from the reactive 1.2-diplanar form with the epoxide in the “‘axial”

Fig. 44



Dynamic stereochemistry of the 5-. 6- and 7-membered rings 2837

orientation (sequence + 00). The minor allylic alcohol formed in this reaction may be the result of an
anti-elimination giving rise to a 1.3-diplanar primary final form.

In the cyclohexadiene series or in the conformationally equivalent norcarene series of Fig. 465°
epoxide isomerization necessarily involves the hydrogen anti to the axial epoxide. Even though the
conformer with the ““axial” epoxide is not the preferred one, it is the only reactive conformer that can
lead to the allylic alcohol of isomerization.

For similar reasons epoxide isomerization in the cyclopentene series also involves the anti-
departure of a hydrogen with respect to the breaking bond of the epoxide®® as shown in Fig. 47.

Incidentally the synthetic interest of this epoxide isomerization method is worth mentioning since
such axial allylic hydroxyls are not readily prepared from the corresponding unsaturated ketone.

To close this section we propose the analysis of the nucleophilic opening of an epoxide Fig. 486!
occurring with configurational inversion of the breaking bond. The incoming nucleophile approach-
ing at the rear of the bond to be displaced, the reactive 1.2-diplanar form with the axial epoxide can
give rise to two primary forms depending on the displaced bond. In the absence of steric hindrance or

H
Ho, H LiNEt, He, OH
0 — <]
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4@ o ether
H H
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Fig. 46
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strong polar effects, a primary final chair is preferred to a primary twist form, a result which reflects
the energy level of the corresponding transition states. However, we could have expected the reverse
result, had the angular f hydrogen been replaced by a Me since, in this case, strong steric interactions
in the corresponding transition states would have destabilized the pre-chair transition state with
respect to the pre-twist one becoming that of lowest energy.

V. STERIC COURSE OF ADDITIONS TO UNSATURATED RINGS

Steric course of additions to mono-unsaturated odd membered rings

It has already been mentioned, with examples to support it, that syn-addition of reagents to
cyclopentenes (Figs. 35 and 41) and cycloheptenes (Figs. 37 and 43) took place stereoselectively with
respect to the reactive low energy conformers of the substrate to yield the ““axial” syn-adduct. This
appears quite general and, from this point of view, a few reactions, the steric course of which has been
considered as “‘unpredictable” or “‘not attributable to any reasonable explanation™ can now be
interpreted in the usual manner.

The knowledge of the steric course of syn-additions to ring olefins is important for two reasons.
On the one hand, it allows one to interpret or predict the outcome of many useful reactions such as
peracid epoxidations, osmium tetroxide or permanganate glycolation. hydroboration, catalytic
hydrogenation among others. On the other hand, the knowledge of the steric course of syn-additions
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means also the knowledge of anti-additions to ring olefins since many anti {or trans) additions take
place stepwise, through transitory 3-membered syn-adducts.®? the formation of which occurs
according to the usual rules of syn-addition. In this respect. the steric course of reactions such as
halogenation, halohydrination. halo or selenolactonization, oxymercuration®?® can be interpreted or
predicted taking into account two successive steps. First to take place, through a non synchronous
process. is the transitory formation of polarized 3-membered rings of the halonium. episulfonium,
episelenonium or mercurinium ion types (cf: examples of Figs. 41-44). This first step is followed by an
anion backside displacement of any one of the polarized carbon-heteroatom bonds of the 3-
membered ring yielding the primary final product of anri-additions. This rationalization is not a new
one and. for instance, it is well known for ring olefins, that epoxidation with a peracid and through an
intermediate bromohydrin gives sterically reverse results. In both cases the direction of syn-additions
is the same for the reactive fragment of the peracid*® and for the positive bromine (Fig. 49) but. in the
latter casc, subsequent nucleophilic attack by the OH anion on the intermediate bromonium ion.
taking place with configurational inversion, determines the orientation of the final cpoxide.?

Before lcaving this discussion it should be mentioned that doubts have been expressed as to the
obligatory character of such transient 3-membered ring intermediates.®* Although the existence of
the postulated polarized 3-membered rings is certainly questionable, it so happens that in most cases,
the overall result of the reaction may be interpreted or predicted as if such transient 3-membered rings
were indecd formed.

We now recall a few rules that have been given in our previous communication devoted to this
topic®® and which appear fairly general.

One reactive low energy conformer available: stereospecificiry. When only one reactive low energy
conformer of the odd-membered ring is available as in the examples of Figs. 49 and 50, drawn mostly
from the steroid series (the trans or cis fusion of rings C D locks the envelope form of the unsaturated
D ring). the syn-addition of reagents to the double bond takes place in a stereospecific manner, be it
catalytic hydrogenation (Fig. 50¢¢°), peracid epoxidation (Fig. 5043, 5,°7 d®) osmium tetroxide
glycolation (Fig. 50h°7), in the direction corresponding to the clock wise torsion angles’ sign sequence.

Further spccific additions to conformationally locked cyclopentenes may be found in the addition
of various reagents to bicyclo [3.2.1] octenc (Fig. 51°°) and to bicyclo [2.1.1.] hexene and
norbornene derivatives.”® Norbornene (Fig. 52) may be viewed as a cyclo-hexene in a boat form with
a methylenc bridge or as a cyclopentenc with an ethano bridge. To each representation corresponds
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one specific direction of addition to the double bond. From the numerous experimental results (Figs.
5271 5372) it can be concluded that the disubstituted cyclopentene representation fits the picture
better as far as the reactivity and stereoselectivity of norbornene reactions are concerned. The clean
syn-addition of mercuric salts to norbornene and bicyclo [2.1.1] hexene’?’ is worthy of note since
such salts generally add in a srans fashion to cyclobutene or cyclohexene derivatives.”’® Locked
conformers of cycloheptenes are not so common as locked envelopes of cyclopentenes, still there are a
fewexamples of them. scattered in the literature, such asthe one shown in Fig. 54, where both steric and
conformational factors orientate the addition of the reagent in the same direction, thus contributing
jointly to the stereospecificity of the reaction.??

Several reactive low energy conformers available: stereo selectivity. Whenever there is a mobile
equilibrium of low energy conformers of the odd-membered ring the syn-addition to the double bond
is stereo-specific with respect to cach conformer but the overall result corresponds to a stereoselective
reaction and the higher the selectivity, the larger the energy difference between the conformers as it
will be shown in the following examples {see Figs. 35 and 37).

For monosubstituted cyclopentenes it appears that the envelope conformer with the equatorial
substituent is the more stable whether the substituent is at position 3 or 4 (Figs. 19, 35, 55, 56), the
larger the substituent, the larger the conformer population,”™® which explains the results of
epoxidation (Fig. 55%°#-7%) hydroboration Fig. 5672¢ oxymercuration (Figs. 57a and b*?).
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For monosubstituted cycloheptenes, also. the chair conformation with the equatorial 5-
substituant appears more stable than the one with the axial substituent (Fig. 37). For the other
positions of monosubstituted cycloheptenes it is not known whether the chair conformer with the
equatorial substituant is the more stable of the two as it would seem, by analogy to the 5-membered
unsaturated ring.

Similar relative stability relationships also hold for disubstituted cyclopentenes: for rrans
disubstituted derivatives, usually, the envelope with two diequatorial substituents seems the more
stable (Fig. 587°) for cis disubstituted cyclopentenes, the more stable of the two envelope conformers
is the one with the larger substituent in the equatorial orientation (Fig. 5979).

Influence of various effects on the equilibrium of low energy conformers. (a) Steric affects. Steric
interactions appear very important in the cyclopentene series. For instance. when the double bond is
substituted, as in the case of 2-alkyl-3-methylcyclopentencs. the conformational equilibrium with
respect to the parent 3-methylcyclopentene is shifted towards the 3 axially orientated conformers and
the more so the larger the substituents at 2 on the double bond and at the allylic 3 position. A steric
effect of this type has already been mentioned in the borohydride reduction (or catalytic
hydrogenation) of the rrans disubstituted cyclopentene heteroanalogue of Fig. 34.4% It may also
explain the experimental results reported in Fig. 60 -64. The interpretation of the cycloaddition of
Fig. 6077 and of the allylvinyl cther rearrangement of Fig. 617% has to take into account the envelope
conformer of the cyclopentene derivative with the substituent (respectively Me and aryl) in the axial
orientation. Catalytic hydrogenation of the substituted cyclopentene aldehyde of Fig. 627° seems to
involve preferentially the conformer with the isopropy! group axially orientated. Similarly in the
hydrogenation of Fig. 63%° both Me groups (of the 5- and 7-membered rings) are likcly to adopt the
axial orientation: the corresponding conformations of both 5- and 7-membered rings direct the
hydrogenation mainly on the side opposite to these Me groups: steric and conformational factors
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R=(CH32)4CO2CH3
R=(CH2)4COoH

Fig. 64

drive the reaction in the same direction. An interpretation of the same type may be given for the highly
stereoselective outcome of the catalytic hydrogenation of the dehydrobiotin derivative of Fig. 64.3!

(b) Polar effects. Depending on the more or less polar nature of the reaction medium the equilibrium
of conformers may be shifted towards the one or the other of the low energy conformers if polar
substituents are present in the molecule. At any rate the stereosclectivity of a reaction is strongly
affected by polar effects and, in some cases, polar effects may induce highly stereo and often
regioselective reactions.

Halogens, methoxyl and varius hydroxyl derivatives such as acetate, trialkylsilyloxy groups in
an allylic position or in the vicinity of a cyclopentene double bond tend to adopt, in weakly polar
solvents, an axial orientation on the reactive form and, therefore, this determines the reactive
envelope form of the cyclopentene.

In the case of the halogeno-, methoxy- or acetoxy-cyclopentenes of Fig. 6582 [X = CI, Br, OMe,
OAc, etc] it has been found that nitrile oxide 1.3-dipolar addition to the double bond took place
nearly exclusively from the side opposite to the halogens (or polar groups), even though, in the case of
chlorine (X = Cl, Fig. 65) the form corresponding to the equatorial chlorine seems slightly favoured
over the inverse axial envelope. Furthermore, it appears significant that the syn-adduct with respect
to the chlorine amounted to less than 19/ of the total mixture of regioisomeric adducts.??

Since inductive effects are especially strong in non-polar solvents it does not appear surprising
that the regio and stereoselectivity of such dipolar additions are solvent dependent.

In polar solvents the inductive effects are smaller than in non-polar solvents and the ordering of
molecules does not favour the conformer with the polar substituant in the axial orientation as much
as in non polar solvent. This reasoning is in agreement with the experimental results of 1.3-dipolar
additions (Fig. 65) or epoxidation (Fig. 66%3): in both examples the steric outcome of the reaction is
solvent dependent and results may be opposite in solvents of opposite polarities (polar vs non-polar).
This is precisely what has been observed in the example of Fig. 66.83

In the latter case two reactive envelope forms of cyclopentene may be involved, one with the acetic
side chain of the lactone in the axial orientation and the other with the O -CO bond of the lactone in
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Fig. 66

the axial orientation. Generally only the former envelope is considered for such bicyclic systems and
steric arguments arc often advanced to exclude « priori an approach of the reagent inside the fold of
the two rings. The experimental results show clearly that the steric outcome of the epoxidation with
peracetic acid is solvent dependent: in n-hexane the conformer with the axial O-CO bond is the
reactive species since epoxidation occurs mainly ( > 809,83¢) on the side opposite to angular hydrogens
and. therefore, within the cavity of the folded rings, whereas in other solvents (ether, carbon
tetrachloride) the steric outcome is just the opposite and epoxidation occurs mainly on the same side
as the angular hydrogens.®3

With bulky reagents like those used for the glycolation of olefins, steric factors are generally
dominant and moreover, using an aqueous medium (example of Fig. 66%3%) presumably decreases the
importance of the *‘polar” conformer, therefore. it is not surprising that the chief product of
osmylation corresponds to the envelope form of the cyclopentene with the axial acetic side-chain.

Often steric and polar effects are mingled and the outcome of a reaction can be interpreted or
predicted by taking into account both these effects as in the examples of Fig. 6784 and 68 85 involving
cyclopentene hetero-analogues.

(¢) Proximity effects. The directing influence of various groups such as hydroxyl, amine, amides,
ethers, generally in an allylic or homo-allylic position with respect to a double bond, on the steric
course of addition of various reagents, such as peracids®® mercuric.acetate,®” diimide.®® iodomethyl
zinc 1odide,*® is well known for 5-, 6- and 7-membered unsaturated rings.°®-°! A simple
conformational analysis (Fig. 69) shows that, in order to influence the steric course of epoxidation, an
allylic OH group has to be equatorial on the low energy forms of the cyclopentene (Fig. 69a) or the
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cycloheptene rings (Fig. 69d) but may be equatorial or axial on the reactive 1.2-diplanar forms of
cyclohexene (respectively Figs. 69b and c).
A few examples of the directing effect of OH groups are given in Fig, 70.92.94a

Addition to the double bond of cyclopentenes involved in quasi-trans, quasi-cis conformational
equilibrium. As it was formerly mentioned (sce Fig. 22). when one end of a double bond of a
cyclopentene, fused to another ring, happens to be at the ring’s junction, an equilibrium of quasi-trans
and quasi-cis forms ordinarily exists (Fig 71), similar to the one depicted for fused 6-membered rings
(Figs. 24 and 25). The interpretation or prediction of any syn or anti-addition to such olefinic bonds
has therefore to take into account the existence of this conformational equilibrium and the possibility
of its more or less complete shift towards the guasi-trans or the quasi-cis conformer. Such a
conformational shift depends on the substituants of the rings taking part in the bicyclic system and
also on the degree of bulkiness of the reagent involved in the addition to the double bond. As it was
pointed out previously for the equilibrium shift of mono- and disubstituted cyclopentene conformers,
steric, polar and proximity effects do play a role in stabilizing or destabilizing one conformer with
respect to the other.??

Usually in unsubstituted hydrindenic and hydroazulenic systems such as those shown in Fig. 71,
the quasi-trans conformers appear more stable than the quasi-cis ones. Therefore, with small reagents,
like common peracids, the main product of double bond epoxidation will correspond to the guasi-
trans conformer (Fig. 72a%*%). Since the relative levels of the transition states are in the same energy
order as the starting reactive conformers. On the other hand, with bulky reagents the stereoelectronic
requirements of the transition state generally favour the guasi-cis conformer. This appears to be the
case for the glycolation of double bonds by osmium tetroxide or potassium permanganate and also
often, for catalytic hydrogenation (72b°®). Thus, it does not appear surprising that epoxidation with
peracids and glycolation with osmium tetroxide gives sterically opposite results for syn-addition to
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the double bond of 4 cyclopentene of bicyclic systems involved in quasi-trans quasi-cis conformational
equilibrium Fig. 73.92

Steric course of the catalytic hydrogenation of double bonds of bicyclic systems involving quasi-trans,
quasi-cis conformers in equilibrium. 1t appears possible to understand the steric course of catalytic
hydrogenation of cyclopentenes or cycloheptenes particular double bonds, one end of which is at the
junction of another ring as in the case of A!'* steroids of Fig. 74°® or the hydroazulene derivatives of
Fig. 72b.9¢

In the case of A4 steroids (Fig. 74) the equilibrium of quasi- trans and quasi-cis conformers may
be shifted towards the guasi-trans or the quasi-cis envelope by the nature and the orientation of ring D
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substituants. A bulky 19-8 substituent, (R = iPr, Fig. 74a) has a stabilizing effect on the quasi-trans
envelope of ring D, favouring the addition of hydrogen chiefly or exclusively to the a side,%®
conversely a bulky 17-a substituent (R = iPr, Fig. 74b) destabilizes the quasi-trans envelope with
respect to the quasi-cis conformer which now appears as the main reactive conformation and directs
the hydrogen addition predominantly or exclusively to the f-side.°8

These results may be compared to those obtained in the catalytic hydrogenation of the
unsubstituted analogue of Fig. 75 (R = H®® Fig. 75, similar results with R = Me!°9), where the quasi-
cis envelope appears to be the major but not unique reactive conformer, leading at least to a 2: 1
mixture of A-nor B cis and A-nor B trans hydrogenated derivatives.
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We believe that the results of catalytic hydrogen addition to cycloheptene double bonds of Fig.
72b may again be interpreted as shown, using the postulated existence of a conformational
equilibrium of quasi-trans and quasi-cis conformers. Again in this series, as in the A'# unsaturated
steroid series, steric effects (bulk of the substituents), polar effects (substituents with strong inductive
effect) and proximity effects can influence, more or less significantly, the direction of catalytic
hydrogen addition to the double bond. Furthermore, we feel that in the coming years, chemists will
take advantage of all these effects to improve the stereoselectivity of syn or anti additions to double
bonds of this type and even to specifically direct the addition of reagents.

Steric course of addition to double bonds of unsaturated 6-membered rings

Additions to cyclohexadienes. The application of the formerly given rules allows a ready interpre-
tation or prediction of syn-additions to double bonds of 1.3- and 1.4-cyclohexadienes, since the
torsion angles sign sequences unambiguously define for each possible conformer the direction of the
spn-addition.'©! Let us recall that to the + 0 — sequence corresponds an addition above the mean
plane of the ring (f addition in the steroid scries), whilst to the — 0 + sequence, corresponds an
addition below the mean plane of the ring (x-addition in the steroid series). If only one low energy
conformer is available for the diene, stereospecificity of addition is the rule, whereas stereoselectivity
is generally the case when an equilibrium of low energy conformers exists. In the cyclohexadiene
series, as in the cyclopentene series, steric, polar and proximity effects, as well as the experimental
conditions and the bulk and nature of the reagent, all come into play to determine the degree of
stereosclectivity of the addition.

Additions 10 1.3-cyclohexadienes. The only available 1.3-diplanar form of rings B in the aromatic
steroids of Fig. 76a!°2 and b'°2 and of ring C in Fig. 76c?°3 is responsible for the stereospecific syn-
addition of reagents, be it epoxidation with peracids (Fig. 76a) or glycolation with osmium tetroxide
(Fig. 76b). In the case c of Fig. 76, epoxidation and glycolation take place on the side of the angular
Me, axial with respect to ring B.

Similarly catalytic hydrogenation of the olefinic bond of ring B in the steroid examples of Fig.
77a'%*and b!°% and in the case of thebaine (Fig. 77¢°6), occur in a stereospecific manner as expected
from the torsion angles’ sign sequence.

Taking into account the planarity of the amide group the stereospecific course of ynamine
cycloaddition to the double bond of the unsaturated lactam of Fig. 78!°7 can be interpreted.
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Cases of stereoselective reactions, resulting from the existence of two low energy 1.3-diplanar
conformers are given in the examples of Fig. 79198 and 80199110 The stereoselectivity of addition
depends mainly here on steric and polar factors. Thus, in the epoxidation of Fig. 79, the sterically
preferred conformer gives rise to the main product of addition with the approach of the reagent
taking place inside the fold of the rings, but a polar contribution of the axial C-O bond of the ketal is
not excluded. The stereoselectivity of cycloaddition to the mixture in equilibrium of quasi-trans and
quasi-cis forms in the examples of Fig. 80, depends on the reagent: it is clear that the stereoelectronic
requirements of the respective transition states are different for dichloroketene addition Fig. 80a0®
and for cyclopropanation (Fig. 80b!19)

Steric factors appear dominant and impose the steric course of acrolein cycloaddition in the
Diels—Alder reaction of Fig. 81'!! on the side opposite to the substituted cyclopropane bridge.

Let us note than when one of the double bonds of a cyclic diene is replaced by a cyclopropane or
an epoxide as in the examples of Figs. 82'!2 and 83!!3), the direction of additions can still be
predicted: in such cases the predominant conformer corresponds to the axial 3-membered rings:
apparently steric, electronic and conformational factors jointly determine the direction of addition.

Addition to 1.4-cyclohexadienes. Much of what has been previously said about the steric course of
additions to 1.3-cyclohexadienes could be repeated for the additions to 1.4-cyclohexadienes since the
same rules are still valid.
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Thus, whenever only one low energy reactive 1.4-diplanar conformer is available for the ring, the
addition is stereospecific, as in the examples of Figs. 84 and 85. Example a of Fig. 841!+ is the more
striking in that, despite its axial orientation on the reactive form, the 38 OH wields no influence on the
direction of epoxidation which depends only on the 1.4-diplanar conformation imposed on the ring
by the 4.5, axial, epoxide and the A double bond. The rigid 1.4-diplanar form of example 84b!!S
gives rise to the expected epoxide, the addition occurring below the mean plane of the ring (sequence
— 0 +). Catalytic hydrogenation of the A double bond of ring B in the example ¢ of Fig. 84 takes
place, asexpected from the torsion angles’ sign sequence. exclusively on the « side; in the conditions of
hydrogenation the primary A? enol ether isomerizes to the more stable A2 enol ether.!16

The stereospecific cyclization of the immonium salt of Fig. 8517 can be interpreted in the
following way. To avoid steric interactions with the adjacent side chain at the nitrogen, the Me

m.CPBA lcnzclz
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Fig. 85

substituent of the boat ring takes the axial orientation and this determines the reactive 1.4-diplanar
form and. in turn, the creation of the new bond below the mean plane of this boat form.

Even if two 1.4-diplanar forms are in equilibrium a highly stereoselective addition can still take
place when steric or polar or proximity factors are strong enough to orientate the reaction, as shown
in the examples of Figs. 86 and 87.

In Fig. 86a''® the 1.4-diplanar form with the substituent axial is destabilized with respect to the
other form with the equatorial substituent. To the latter form corresponds the main product of
epoxidation. In the example b of Fig 86 !!” borane addition and subsequent alkaline oxidation to the
diene ring occurs regio and stereosclectively on the more stable guasi-rrans form: again steric and
conformational factors oricntate the reaction in the same direction.

When a double bond of a 1.4-diene is replaced by a cyclopropane the usual reasoning still appears
valid and in this manner the reactions of carenc and norcarene derivatives of Fig. 87 can readily be
interpreted. For A3 carene itself it is well known that most of the syn-additions take place
stereospecifically from the side opposite to the bulky substituted cyclopropane (catalytic hydroge-
nation: 989 yield, 2% epoxidation.'?! hydroboronation,!?2 etc. ). The addition of sulfonyl isocyanate
is no exception to the rule and the exclusive product of additon is that shown of Fig. 87a,123
corresponding to the more stable 1.4-diplanar conformer with a bisectional orientation of the 3-
membered ring with respect to the 6-membered one.

Looking at examples b3%- 124 and c%° of Fig. 87 we can estimate the importance of the substitution
at the methylene of cyclopropane on the conformational equilibrium: still the 1.4-diplanar conformer

1¥BH
2) HyOpNaOH  73-78%

Fig. 86
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with the axial 3-membered ring (sequence + 0 — ) seems the less stable. Furthermore, even though it
would be expected that the approach of the reagent in the case of 87c to be more hindered on the side
opposite to the 3-membered ring than on the other one, again the dominant product of epoxidation
corresponds to the 1.4-diplanar form with the 3-membered ring in the bisectional orientation
(sequence: — 0 + ). Apparently, additional electronic factors contribute to stabilizing this type of
conformation.

As it was underlined earlier the steric outcome of additions is also dependent on the nature and
notonly onthe bulk ofthe reagent. To take a simple example, it has been found many times and, it is true
in particular for the examples of Figs. 87b and c, that the addition of hypobromous acid, followed by
basic treatment is much more stereoselective than the direct epoxidation with peracids taking into
account the expected reversal in the ratio of isomers. Thus in the case of 87c whilst meta
chloroperbenzoic acid epoxidation in methylene chloride at room temperature supplies a 69: 31 ratio
of the (&) trans and (B) cis epoxides, this ratio is 7:93 for hypobromous addition followed by basic
treatment. 5 124 Therefore, one has to admit that the complexed Br cation, arising from N-
bromosuccinimide, water and glyme,'23 is more stercoselective with respect to the addition to the
double bonds of Figs. 87b and 87c than a peracid not on account of its steric bulk (which should
product the opposite stereo selectivity) but for some other reason, which is not readily obvious since
experimental conditions are not the same in both cases.

Additions to cyclohexenes. Several reviews have been devoted to particular aspects of additions to
cyclohexenes such as catalytic hydrogenation!2¢ and epoxidation®! but—, so far, no really general
explanation has been given for the peculiar stereoselectivity of these reactions, which most often, is
attributed to the operation of dominant steric effects.!2’?

A complete survey of additions, and especially syn-additions, to cyclohexenes is beyond the scope
of this report and deserves a monograph of its own. Therefore, rather than attempt to analyze the
whole field we have purposely chosen to present a few examples of syn-additions in order to show the
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mode of approach with the torsion angle notation and the reasoning that can (or cannot) be used to
interpret or predict the steric outcome of these additions.

As it was emphasized earlier, the lowest energy form of cyclohexenes, namely the half-chair
cannot be the initial reactive form for syn-additions to the double bond since, under our previous
assumptions, the elements of the reagent have to be introduced stepwise, in an axial orientation. With
respect to svn-additions or even cyclo-additions, the reactive cyclohexene conformations may
respectively be, in their decreasing order of stability, the 1.2-, 1.3- and 1.4-diplanar forms.

Two main cases have to be distinguished, depending on whether or not the reagent used in the syn-
addition keeps the geometry and the unsaturated character of the cyclohexenic ring during the course
of the addition to the double bond, that is, starting from the initial reactive form of the unsaturated
ring and arriving at the primary final product of the reaction.

Thus, epoxidation and methylenation of cyclohexenes keep to a large extent, the unsaturated
character of the ring, only a small distortion of the initial reactive form taking place during the
reaction. Even ketene cyclo-addition keeps to some cxtent the unsaturated character of the ring and
results in a slight distortion of the initial reactive form. On the other hand, catalytic hydrogenation,
hydroboration (followed by alkaline oxydation or acidic hydrolysis), glycolation all turn the
unsaturated cyclohexene ring into a saturated cyclohexane derivative: the reaction starts from a
reactive form of cyclohexene to end up as a primary final form of cyclohexane. This latter type of ¢/s-
addition will be discussed first with reference to the catalytic hydrogenation of 2.3- and 2.4-dimethyl
cyclohexenes and also of the A* double bond of steroids. We believe that our reasoning is general, and
may be widely used for the other ¢is-additions of this type, such as glycolation, hydroboration and the
like.

Catalytic hydrogenation. There is a wide range of experimental conditions and many catalysts may be
used, 28 with the possibility that several mechanisms of hydrogen addition may be implicated in the
reaction. Moreover, except in a very few cases, the stereoelectronic requirements of the catalytic
hydrogenation and the geometry of the intermediate steps are not accurately known. To make up for
the lack of precise knowledge concerning hydrogenation intermediates we admit, even if it may not be
valid for all catalysts, that both hydrogens add stepwise and are delivered in a syn periplanar fashion to
the double bond of the preferred form of lowest energy compatible with this requirement.'2¢ This
means that theinitial reactive forms have to be 1.2-, 1.3- or 1 4-diplanar forms (boats). Only 1.3-and 1.4-
diplanar forms of cyclohexenes are readily convertible into the 1.4-diplanar forms of cyclohexanes
with the least amount of conformational distortion and the least expenditure of energy (Fig. 88 and
89). However, this does not exclude the 1.2-diplanar forms of cyclohexenes since, as in the case of the
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A’ double bond of steroids (Fig. 90) no primary final boat is available for the hydrogenated product
and, therefore, the primary final forms of the hydrogenated B ring are likely to be the high energy 1.2-
diplanar forms of cyclohexanes.!3°

At the present time a competitive involvement of 1.2- and 1.3-diplanar forms as the initial reactive
forms of cyclohexenes cannot be excluded. We believe at the moment that, whenever a primary final
boat is available for the hydrogenated ring, the 1.3-diplanar form is more likely to be the initial
reactive form of the reaction, whereas if no primary final boat is available for the hydrogenated ring
then 1.2-diplanar forms arc likely to be the reactive forms of the substrate; in the latter case
hydrogenation should take place less rcadily than when a primary final boat is available from an
initial 1.3-diplanar form. This conclusion stems from the fact that 1.2-diplanar forms have to change
first to 1.3-diplanar ones and from there to the 1.4-diplanar forms of the saturated compound in order
to follow the pathways of least encrgy. For instance. the two half-chair conformers of 2.3-
dimethylcyclohexene in equilibrium, have to adopt either one of the four 1.3-diplanar forms shown in
Fig. 88, in order to undergo cis-addition of hydrogen leading ultimately to either one of the two
primary final boats of the resulting ¢is or trans 2.3-dimethylcyclohexanes.

{7 _1’
o *A



Dynamic stcreochemistry of the 3-. 6- and 7-membered rings 2859

To evaluate the relative energy of the four transition states, corresponding to the pathways
numbered 1-4 in Fig. 88, we assume that the complexation of the fairly bulky catalyst with the double
bond takes place preferentially on the reactive conformation that corresponds to the least amount of
steric compression during the reaction, from the initial reactive forms up to the primary final ones.
From that point of view, pathway | appears very favourable since no steric hindrance to
complexation on the side of the double bond opposite to the axial 3-Me prevents the addition of
hydrogen that takes place without any apparent increase of stcric compression. Analyzing all the
other pathways in the same manner. one notices that torsional interactions between the two adjacent
Me substituents occur during the conformational changes that accompany hydrogen addition, in
pathways 3 and 4. These steric interactions certainly raise the level of the corresponding transition
states with respect to pathway | involving the least amount of conformational distortion and steric
interactions of the substituted ring, from its unsaturated reactive form up to its primary final form. A
minor contribution may come from pathway 2, even if the passage of the low cnergy half-chair to the
reactive |.3-diplanar form involves a change of orientation of the 3-Me from equatorial to quasi-
axial. Although this is a rather crude qualitative analysis of the catalytic hydrogenation, the more so
that neither the solvent nor the experimental conditions (temperature, pressure, pH) are incorporated
in our reasoning, the conclusion can be drawn that, with Pt or Pd catalysts, ¢is-2.3-dimethyl-
cyclohexane ought to be the main product of hydrogenation, in agreement with the experimental
results. In fact the cis-trans-isomers ratio is dependent only to a slight extent on the experimental
conditions and the ¢is isomer is dominant (70-819% of ¢is 2.3-dimethylcyclohexane!3?).

With groups bulkier than a Me, hydrogen additions to the double bond of a 2.3-disubstituted
cyclohexene may be more stereoselective than in the case of 2.3-dimethylcyclohexene. Thus the
catalytic hydrogenation of 2.3-dicarbomethoxycyclohexenes occurs nearly exclusively on the side
opposite to the ester group at 3, to give the cis hexahydrophtalic ester derivative.!?? In this casc the
polar effect of the carboxylic ester presumably contributes also to the outcome of the reaction, as well
as to its steric effect.

In contrast to the preceding examples the interpretation of the catalytic hydrogenation of 2.4-
dimethylcyclohexene is somewhat less straight forward.!?! Looking at the various 1.3-diplanar
conformers of Fig. 89, it may be concluded that the main contributions come from pathways 1 and 4
with a minor contribution from pathway 2. Pathway 3 can be excluded since hydrogen addition to the
side of the 4-Me is prevented because of the axial orientation of the substituent.

Let us now turn to the catalytic hydrogenation of the AS double bond of steroids: as shown in Fig.
90 there arc only low energy conformers available for the unsaturated B ring. Besides the half-chair
there are only two 1.2-diplanar and one 1.3-diplanar forms. In pathway 1, a-addition of hydrogen to
the reactive 1.2- and 1.3-diplanar forms leads to a primary final product of hydrogenation in a 1.2-
diplanar conformation. In pathway 2, # addition of hydrogen to the reactive 1.2-diplanar form (the
only reactive form) also leads to a primary final product of hydrogeneration in a 1.2-diplanar form. In
the absence of polar effects the preferred pathway, corresponding to the transition state of lower
energy should be pathway | since it involves the least amount of conformational distortion during the
reaction, whereas in pathway 2 a conformational change has to occur at the A, B rings’ junction. In
agrecment with this conclusion, catalytic hydrogenation of cholesterol with platinum oxide in ethyl
acetate in the presence of perchloric acid yields 8 1% of Sa-cholestanol!33 the catalytic hydrogenation
of the 3-acetate of cholesterol with platinum oxide in ethyl acetate yields 889, of a addition and
around 11%, of f addition'*# and. for comparison, hydroboration of cholesterol followed by alkaline
oxidation affords 70%; of 3B, 6a-dihydroxy cholestanol and 15-20% of 38, 6f-dihydroxy
coprostanol. '35

Whilst f-orientated, polar groups at position 3 (hydroxyl, acyloxy, benzoyloxy etc.) tend to
favour % addition of hydrogen to the A double bond of cholestene derivatives,!?3- 134 y-orientated
polar groups at position 3 of cholestene (acetate!34.13¢) or at position 17 (N, N-dimethyl
carboxamide!37) of substituted A*® steroids impose the preferential addition of hydrogen on the
side. The nature of the catalyst (Pt, Pd or Rh), the acidity of the medium and the solvent (acetic acid.,
ethanol) and proximity effects all play a part in the steric outcome of the catalytic hydrogenation of
As-unsaturated steroids.!3¢

We stop herc the treatment of the catalytic addition of hydrogen to cyclohexenes and we analyze
now a few examples of peracid epoxidation concerning the 2.3- and 2.4-dimethylcyclohexenes and the
A’ double bond of cholestene derivatives.
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Peracid epoxidation. The epoxidation of 2.3-dimethylcyclohexene! 3¢ may be analyzed, using the four
reactive 1.2-diplanar conformers corresponding to the transition states numbered 1-4 in Fig. 91.
From an examination of molecular models there are steric interactions between the hydrogens of
adjacent Me’s in the 1.2-diplanar forms (with the equatorial Me) corresponding to the initial reactive
conformers of pathways 1 and 4.

In pathway 1, epoxidation increases the steric interactions whereas in pathway 4 epoxidation
decreases these interactions and this last reaction occurs with steric decompression. Since the reactive
conformers of pathway 2 and 3 do not seem to undergo any steric compression during the
epoxidation it can be concluded that the main contributors to the epoxidation are pathways 2, 3 and
4. On this basis. the experimental result!3® reported: cis-dimethyl versus rrans-dimethyl epoxides
36:64, may receive a satisfactory interpretation.

As could have been expected, replacement of one of the substituents of 2.3-dimethylcyclohexene
by a larger group results in an increase of the stereoselectivity of peracid epoxidation,!38 that is again
readily interpreted by the involvement of pathways 3, 2 and 4.

Turning now to the epoxidation of 2.4-dimethylcyclohexene!3° one could argue that in the
absence of torsional interactions and notable steric hindrance to peracid approach pathways 1, 2 and
4 of Fig. 92 should contribute to the final result; pathway 3 is excluded, owing to the axial orientation
of the 4-Me that prevents a ready epoxidation on the side of this axial substituent. Therefore, one
could have expected a slight excess of the epoxide with both Me’s cis, whereas the experimental result
shows that there is no preference for either isomer (c¢is-dimethyl to trans-dimethyl epoxides ratio 1:1
according to Ref. 139).

Finally we examine briefly the epoxidation of cholesterol derivatives namely cholesterol 3-acetate
and A’-cholestenc, with perlauric acid in benzene yielding as expected, a mixture of « and B epoxides
ina 70 80:30-20 ratio.!*° Here again (Fig. 93), as in the corresponding catalytic hydrogenation (Fig.
90), we attribute these results to the lower energy of the transition state corresponding to pathway |
relative to that of pathway 2. There is a striking similarity between the results of epoxidation and
catalytic hydrogenation of A’ steroids the origin of which is conformational and derives from the
similar relative energies of pathways 1 and 2 in both cases.

Again, in the A%-steroid series polar effects and especially inductive effects of axial 3x-alk oxyls are
able to invert the isomeric ratio of epoxides with respect to AS cholestene: 4! 142 this inductive effect
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Fig. 93

raises the level of transition state of pathway 1 above that of pathway 2 which becomes the one of
lowest energy.

Incidentally we may note that steric factors are usually overestimated in epoxidation. This is shown
by the fact that removal of the 19-Me in cholesterol 3-acetate does not decrease the stereoselectivity of
epoxidation, since with monoperphtalic acid in ether, the 19-nor-AS analogue yeilds 90%, of a
epoxide.'4* Apparently removal of the angular Me increases the stability of the 1.2-diplanar form of
ring B favouring pathway | relative to pathway 2.
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Let us note that epoxidation involving transition metal complexes, able to bind groups like OH’s,
may give results different to those found with common peracids.!* Moreover, the steric bulk of the
active epoxidation complex may also play a part since it has been reported that the epoxidation of
cholestcrol with ferric acetylacetonate and hydrogen peroxide in acetonitrile yields 68%, of f-cpoxide
and 179, of a-cpoxide. !4+

A few general conclusions may be drawn from the previous analyses. Firstly, owing to the usual
existence of two cquivalent low cnergy reactive cyclohexene conformers (either 1.2-diplanar or 1.3-
diplanar) that lead to opposite steric results (Fig. 88-89 and 91-92, pathways 1.4 and 2.3 respectively)
svn-additions to cyclohexenes cannot be expected, in general, to exhibit high stereoselectivity
especially when compared to the analogous unsaturated 5- and 7-membered rings. Secondly, in quite
a few cases. due to the small energy differences among the allowed pathways, the choice of
experimental conditions may direct the rcaction towards either one of the two possible isomers. This
is especially true for catalytic hydrogenations and it has been shown several times that, depending on
the catalyst nature, hydrogen pressure, acidity of the medium and solvent, addition of hydrogen can
often be rendered more or less stereoselective on either side of a double bond provided. of course. that
several low energy reactive conformers are available.!45 If there is only one low energy conformer
available as in examples a and b of Fig. 94, the syn-addition to the cyclohexene is stereospecific. but
such cases are fairly rare: the ethano bridge of the bicyclic compound of Fig. 94a.14% as the lactone
bridge of Fig. 94b!'47 and ¢!*# prevents the formation of any 1.2-diplanar form other than the one
shown. In the latter case the opening of the lactone again gives a conformational mobility to the ring
and it is now possible (Fig. 94d) to take advantage of the directing influence of the allylic OH to obtain
the syn epoxide as the exclusive product of reaction with metachloroperbenzoic acid in benzene-
dioxane.!*#

As shown in Fig. 95,1472 we may exploit the polar effects of the ester and 0-acylated OH group
corresponding to the opening of lactone 94b. to highly stereoselectively orientate the addition of
osmium tetroxide (and presumably other reagents) anti to the functional group.

From a practical standpoint, it is possible to increase the stereoselectivity of additions to
cyclohexenes by taking advantage of electronic, steric, proximity or polar effects, the last effects often
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being quite efficient to direct the addition. Alternatively. stereoselectivity of additions may also be
enhanced by using bulky reagents: the bulkier the reagent the greater the stereoselectivity of the
addition since steric interactions are now becoming the dominant factor and a selection of reactive
forms of comparable cnergy appears possible. From this viewpoint it is interesting to compare a
reaction not very sensitive to steric hindrance of the environment of the double bond,— such as
peracid cpoxidation, with another onc very sensitive to the steric environment of the double bond,
such as glycolation with osmium tetroxide. More precisely. we analyze briefly the addition of osmium
tetroxide and peracids to the double bond of A*-cholestencs. The unsaturated A ring of A% steroids is
able to adopt cither one of the four low energy 1.2-diplanar forms shown in Fig. 96 and either one of
the low energy 1.3-diplanar forms of Fig. 97.
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From the picture given in Fig. 96 and 97 a few conclusions may be drawn, taking into account the
following general assumptions. In the absence of steric hindrance or strong polar effects peracid
epoxidation reflects, to some extent, the equilibrium of the reactive 1.2-diplanar conformers of lowest
energy, whilst the outcome of glycolation with osmium tetroxide, even more than catalytic
hydrogenation with palladium or platinum catalysts, depends to a large extent on the ease of
complexation of the bulky reagent (or catalyst) with the double bond: preferential addition occurs on
the reactive low energy conformation, which allows the least amount of steric compression during the
reaction, from the initial reactive forms up to the primary final conformers. In other words the steric
requirements of peracid epoxidation are only moderately sensitive to steric decompression whereas
osmium tetroxide glycolation, and to a lesser degree catalytic hydrogenation, are extremely sensitive
to steric decompression.

Now, with respect to Fig. 96 it can be concluded that peracid epoxidation of A* cholestene should
give a mixture of cpoxides with the o epoxide being the major product: the 1.2-diplanar forms
corresponding to pathways 1 and 2 are presumably the main contributors to the reaction and the
remaining 1.2-diplanar forms (pathways 3 and 4) may be neglected since formation of the epoxides
requires not only a torsion angle sign change at the A, B rings’ junction, but also, if molecular models
are reliable, 1.3-diplanar conformers as the primary final forms. As, quasi-trans forms are generally
more stable than the corresponding quasi-cis ones, it may be concluded that the transition state of
pathway | is of lower energy than that of pathway 2 and therefore the a-epoxide ought to be the
main isomer of the mixture.!4°

With regard to Fig. 97, pathways 1, 3, and 4 may contribute to the final result, while the 1.3-
diplanar form corresponding to pathway 2 seems very strained and its contribution remains
questionable. Although, here again the guasi-rrans forms are of lower energy than the corresponding
quasi-cis ones, the main pathway corresponds to the greater steric decompression which, from an
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examination of models, is provided by f-addition of osmium tetroxide: pathway 4 corresponds to the
transition state of lowest energy. Comparing these reactions, we may note that for epoxidation,
osmylation and hydrogenation the ratios of « and f additions are respectively 61:39,14°24:76150 and
45:55.151¢ Consonant with this conformational interpretation is the fact that the former results of
glycolation are not strongly dependent on the presence of the angular methyl since in the 19-nor A*
series, the corresponding results are comparable with a ratio of 11:89 for an «-:f-addition.'*°

Again for each one of these reactions, be it epoxidation, glycolation or catalytic hydrogenation
the results are strongly dependent on the polar effects and, in this respect, dramatic reversals of
selectivity have been noted in the literature.!42.150

As an example, in the glycolation with osmium tetroxide of the A* olefin, the presence of a 3a or
6a-acetoxy 52 prevents the addition of the « side, the 4f 5B diol, the main product, being obtained in
the former case with a 989 yield.'*° On the other hand the presence of a 38-acetoxy group reverses
the ratio of a and f diols, the ratio now being §7:13.15°

These variations can be interpreted, according to our usual scheme, taking into account the
destabilization of one of the reactive conformers by the inductive effect of the group. Apparently the
quasi-axial orientation of these groups (pathways 3 and 4 for 38 and 3« acetate respectively) favours
the addition to the corresponding 1.3-diplanar conformation.!'s3 Even for epoxidation it is not
excluded that the reactive conformation may change from 1.2- to 1.3-diplanar in order to allow the
polar group to be in a quasi-axial orientation: the nearly exclusive a epoxidation of 38-chloro-A*-
cholestene!** could be interpreted in that way.

There are many other interesting facets to syn additions to cyclohexenes, but they cannot be
developed here. To sum up it may be said that it is possible to rationalize the steric outcome of syn
addition to cyclohexenes in the following manner. When several reactive 1.2- or 1.3-diplanar forms of
comparable energy are available, in the absence of steric or polar effects, the addition will usually lead
to a mixture of isomers without any marked stereoselectivity. Now if any shift of such an equilibrium
1s allowed by steric, polar (inductive effects of various groups) electronic (maintenance of orbital
overlap for conjugated olefins) or proximity effects (H-bond or groups able to orientate the reagent
on their side) a higher selectivity of addition and sometimes a necar specificity is to be expected.
Experimental conditions may also play a part in the degree of stereoselectivity of additions to
cyclohexenes, especially in solvent-dependent reactions, since the solvent is able to shift the
equilibrium of conformers. 53

Before closing this chapter we would like to briefly comment on a few selected examples of syn-
additions to cyclohexenes, which take place with high stereoselectivity (Fig. 98 and 99). In Fig. 98 a
few epoxidations are collected, the stereoselectivity of which originates from the polar effect of the
ring substituents. In Fig. 98a epoxidation of the 4-cyanocyclohexene with perlauric acid in a variety
of solvents leads to the preponderant formation of the ansi-epoxide. 5% In Fig 98b (R = SiMes) allylic
trimethylsilyloxy groups tend to prefer an axial orientation which may explain the outcome of
peracid epoxidation.!'37 As expected, preferential addition of peracids to the double bond occurs in
Fig. 98c anti to the cis-substituted ester and acetate group.!’® Figure 99 gives simplified
interpretations of peracid epoxidation involving various estrene derivatives.'*°-'9° In Fig. 99a
epoxidation takes place mainly on the 8 side, giving the 58, 108-epoxide, presumably through the
preferential pathway shown: the 1.2-diplanar forms of rings A and B, ensure the coplanarity of the
conjugated system and this particular pathway appears as one of low energy, the more so as the 1.2-
diplanar form of ring A relieves the steric interactions between hydrogens of carbons | and 11.1¢!

The steric outcome of peracid epoxidation in example 99b (R = alkyl, hydroxyl. acyloxyl) could
have been predicted from an examination of molecular models, using our usual hypotheses as to the
syn addition of recagents to the 9-10 double bond. We present here a simplified treatment since the
evaluation of the four different possible transition states is only qualitative. Two low energy forms are
available for « addition and the one of lowest energy is shown on Fig. 99 (the other form, presumably
of higher energy, can be neglected since it leads to a quasi-cis junction of rings B and C). Similarly two
low 1.2-diplanar forms of low energy are available for f-addition and again, the second 1.2-diplanar
form with the B. C quasi-cis ring junction is presumed to be of higher energy than the conformer
shown in Fig. 99b and, for this reason, it is neglected. With this simplification the steric outcome of
the reaction depends with respect to the B, C rings’ junction, on the relative levels of the transition
states of the two guasi-trans and quasi-cis 1.2-diplanar forms shown in Fig. 99. Now the reasoning is
as follows: it is immaterial whether the A, B ring junction is of the quasi-cis or the quasi-trans nature
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due to the conformational mobility of ring A and the low energy expenditure involved in such a
conformational change. However, due to the rigid half-chair form of ring C, the quasi-trans form at
the B.C ring junction is certainly of much lower energy than the quasi-cis one. Since there is little
conformational distortion from the initial reactive form up to the primary final one during the
epoxidation, it may be concluded that the corresponding transition states follow the same trend;
therefore, the energy of the transition state corresponding to the quasi-rrans B,C 1.2-diplanar form
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should be lower than that of the guasi-cis one; consequently « addition leading to 9z, 10a-epoxide,
ought to be the main pathway. Experimentally it has been found that, when the 178 substituant is an
OH (R = OH), Fig. 99b), the reaction of the A® conjugated double bond with m-chloroperbenzoic
acid in chloroform at room temperature for two hours yields 74%;of the 9a, 102-epoxide;*°° with a
178 acyloxy group (R =0OAc, OCOQ Fig. 99b), again the main product of epoxidation is the 9, 10a-
epoxide: R = OAc the ratio of 9«, 10a-to 98, 108-epoxides is 70:2, using paranitroperbenzoic acid in
ether at room temperature. 62

Syn-Additions and cycloadditions to «, B-unsaturated enones

There are relatively very few significant cycloadditions to cyclopentenones and cycloheptenones
but we have no reason to believe that the addition to the conjugated double bond does not conform to
the previously given rules; such additions should take place, specifically with respect to each low
energy conformer, in the direction corresponding to the sequence of torsion angle signs of the
conformer as shown in Fig. 100 for the cycloaddition of 1.3-butadiene to 2.4-dimethylcyclopen-
tenone.'%3 From the few data in the literature the reactive conformer of 2.4-dimethylcyclopentenone,
at least in thermal Diels-Alder reactions, appears to be the envelope with the axial 4-Me, 103.164

With respect to reactivity it has been found that, for Diels-Alder reactions of 1.3-butadiene with
cycloalkenones, catalyzed by aluminium chloride, cycloheptenones are more reactive than
cyclohexenones.!¢*

Such a reactivity order is not unexpected for us if, in each case, the energy expenditure involved
from the initial reactive low energy conformer up to the primary final form is taken into
consideration. In contrast to the cyclohexene series, the direction of syn-additions and cycloadditions
to the conjugated double bond of cyclohexenones may often be predicted; as in the case of
cyclohexenes, the direction of addition is unambiguously determined for each low energy conformer
of the 1.2-diplanar type and for the corresponding 1.3-diplanar forms. However. for cyclohexenones,
as it was previously mentioned, (see Fig. 13) there are two pairs of 1.2- and 1.3-diplanar forms that
correspond to each other and the two 1.2-diplanar forms that have the second zero torsion angle
located between the ketone and the conjugated double bond are of lower energy than the other pair of
1.2-diplanar conformers with the second zero torsion angle 8,y to the ketone (see Figs. 13 and 101).
Therefore, in the absence of steric or polar effects, the latter 1.2-diplanar forms may be neglected and
we can reason only with the 1.2-diplanar forms of lowest energy, equienergetic with the half-chairs of
cyclohexenones. The same reasoning applies to 1.3-diplanar forms of cyclohexenones that
correspond to the two pairs of 1.2-diplanar forms; the 1.3-diplanar forms with the second zero
torsion angle ncar the ketone are of lower energy than the others, with the second zero torsion angle
far away from the ketone, and for this reason we may ncglect the latter ones. Such a simplification is
valid only in the absence of steric or polar effects and, in general, all 1.2- or 1.3-diplanar forms have to
be taken into account to interpret or predict the steric outcome of additions.

In order to visualize these different low energy forms we analyze in Fig. 101 the addition of
hydrogen to 3.5-dimethyl-cylohexenones with a Pd-C catalyst¢%- 197 reported to yield mainly the c¢is
3.5-dimethyl-cyclohexanone (95%) and a small amount of its rrans isomer (5%).

There are four transition states corresponding to the pathways 1-4 in Fig. 101 and for each
pathway a 1.3-diplanar reactive form corresponds to a |.2-diplanar one. We surmise that the relative
energies of thesc transition states are in the same order as the energies of the reactive 1.3-diplanar
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forms presumably 1 < 2 < 3 < 4. If catalytic hydrogenation is supposed to take place through direct
addition of hydrogen to the conjugated double bond, then the primary final forms are boats; starting
with the reactive 1.3-diplanar forms and using our usual assumptions, it is clear that the main
contribution comes from pathway 1 with minor contributions from pathways 3 and 4; this last
pathway like pathway | gives rise to the saturated cis 3.5-dimethylcyclohexanone whereas pathway 3
leads to the rrans isomer. Similarly, it would be expected that glycolation with osmium tetroxide
would hydroxylate the conjugated double bond on the side opposite to the 5-Me. Another
interpretation of glycolation of a sugar enone is given in Fig. 102,18 Here the direction of addition
appears to depend mainly on the anomeric effect of the bulky OR group at position 2. The axial
orientation of this group defines the reactive 1.3-diplanar form corresponding to pathway 1 which
appears to be the main contributor to the final result. [At least 68%,, of additions to the side opposite to
the anomeric OR group].

Returning to catalytic hydrogenation, it may take place by direct addition of hydrogen to the
conjugated double bond or by two successive additions, first of hydride ion through 1.4-addition to
the enone followed by subsequent protonation of the enol or enolate, therefore a detailed discussion
of the steric course of catalytic hydrogenation is deferred until the next chapter after the section
devoted to the conjugated addition to enones. In the absence of steric or polar effects, catalytic
hydrogenation of cyclohexenones taking place through direct addition of hydrogen to the double
bond can be readily interpreted, as in example 101, taking into account the usual requirements of this
reaction, already discussed in the preceding section concerning the catalytic hydrogenation of
cyclohexenes. In Fig. 103, only the 1.3-diplanar form of lowest energy (pathway 1) has to be
considered in order to interpret the steric result (> 90%; of f-addition 169). The other pathway 2
involves a transition state of much higher energy (no boat is available for the primary final form). It is
not surprising then that hydrogen addition occurs mainly on the B-side as expected from steric and
conformational factors.

Cycloadditions to cyclohexenones are expected to exhibit the same stereoselectivity as syn-
additions for analogous reasons. However, since all these cycloadditions probably occur stepwise
there is a doubt as to the conformation of the primary final product: for this reason the torsion angles’
sign sequence of the primary final forms in the examples of Figs. 104-106 are not given and we reason
as if the relative energies of the transition states correspond to the relative energies of the initial
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R’=(CgHg)3C R = sugar residue
Fig. 102

Fig. 103

reactive 1.2- or 1.3-diplanar forms. In Fig. 104, ynamine cycloadditions to 4-methyl-cylohexenone!’?
occur with high stereoselectivity on the 1.2-diplanar form (or the corresponding 1.3-diplanar form),
with the axial 4-methyl (Fig. 104a), whereas in the isomeric case of Fig. 104b, due to its axial
orientation, the 5-Me prevents any substantial addition on its side.!”! Lewis acid catalyzed diene
syntheses of Fig. 105a!72 are interpreted in the same manner: the addition is prohibited on the 1.3-
diplanar form with the axial SR’-alkyl since it has to occur on the same side. In Fig. 105b!73 the



2870 E. TOROMANOFF

H
H '"IENE( 2
—_—
H -
H]4 H W

a ﬂ CH3CZC-NEt, trans90
H
H H NEt,
—
H
H»’4 H“‘ Fi
cis 10

H
NEt,
..](
R H
b 4( CH3CZCNEt,
—¥—
Fig. 104

R R

H CH3 46
CH3CH3 55
CH3 iPr 40

CHs (CH2) 30Ac 40

Fig. 105



Dynamic stereochemistry of the 5-, 6- and 7-membered rings 2871

anomeric effect of the 2-OMe group imposes the steric course of the cycloaddition since the axial
orientation of the anomeric group defines the reactive 1.2-diplanar form of lowest energy. Again here
the other two 1.2-diplanar forms may be neglected.

The [.3-dipolar addition of acetonitrile N-oxide to carvone has been described but the
stereochemistry of the addition has not been ascertained.!’# On the basis of our usual reasoning the
main adduct is suggested to be the one shown in Fig. 106.

Fig. 106

VI. ALLYLIC REACTIONS

Under this heading are gathered a few allylic reactions, the common and controlling feature of
which is the maintenance of orbital overlap during the whole course of the reaction.

The kinetic 1.2- and 1.4- additions of anions to conjugated cyclic enones is first examined, these
reactions taking place without any shift of the allylic double bond. In another section the steric course
of SN’ reactions, taking placc with an allylic shift of the double bond. and involving S-, 6- and 7-
membered, unsaturated rings is dealt with.

(1) Kinetic 1.2-additions of anions to conjugated enones

1.2 Addition of anions to conjugated cyclic enones is a well documented field,! 7> some aspects of
which have already been investigated. Thus, the steric course of 1.2- addition of hydride ion and other
anions to o,f-unsaturated cyclohexenones has been previously given an interpretation, using the
hypothesis of maintenance of orbital overlap during the whole course of the reaction.!”’® This
assumption, implying that anion addition to the unsaturated ketone always takes place in the axial
direction on the reactive conformation of the enone, appears in excellent agreement with most
experimental studies. For this reason we briefly recall here the main rules to interpret or predict the
steric outcome of the addition of anions, and especially hydride ions to conjugated cyclohexenones
and we intend to devote more time to the extension of the reasoning to a, f-unsaturated 5- and 7-
membered enones.

Kinetic 1.2-additions of hydride to a, B-unsaturated cyclohexenones

In the absence of steric or polar effects, the 1.2-addition to conjugated cyclohexenones of hydride
ion from relatively small donors (mainly alkaline borohydrides or lithium aluminum hydride) may be
interpreted by having recourse to the low energy reactive conformations of these unsaturated 6-
membered rings, namely the 1.2-diplanar forms or the equienergetic half-chairs (Fig. 13). From the
torsion angle signs sequence, before and after the ketone (clock wise motion!), the direction of kinetic
1.2-addition of hydride ion to a, B-unsaturated cyclohexenones is readily determined as shown in the
example of Fig. 107'77 the main reduction products with common hydride donors (90-95%,)
corresponds (o the 1.2-diplanar form with the 5-Me in the equatorial orientation; as for the minor
reduction product, it may arise from the 1.3-diplanar form that corresponds to the preceding 1.2-
diplanar form as illustrated in Fig. 107, (quasi-axial entry of the anion) or from the 1.3-diplanar form,
numbered 5" in Fig. 108, with the 5-Me in the guasi-axial orientation. In all the other 1.2- or 1.3-
diplanar forms available (Fig. 108) the approach of the anion on the side of the 5-Me seems prevented
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owing to the strong steric 1.3 interactions of the syn-axial 5-Me with respect to the incoming hydride
ion. In Fig. 108, all possible reactive forms of 3.5-dimethyl cyclohexenones have been drawn and to
each reactive conformer corresponds a transition state. Fortunately a choice among all these
transition states can be made, owing to notable energy differences between these various
conformations and their corresponding primary final forms: 1.2- addition to enones can, most often
be interpreted using only the forms of lowest energy, generally the 1.2-diplanar ones. For instance, in
Fig. 10978 electronic and polar effects favour the highly stereoselective addition of hydride ion to the
1.2-diplanar form on the side opposite to the oxymethylene bridge. Due to the rigidity of the
unsaturated ring there is only one 1.2-diplanar form of lowest energy. Generally one has to take into
consideration either the two inverted 1.2-diplanar conformers (examples of Fig. 110--112) or the 1.2-
and 1.3-diplanar conformers that correspond to each other, as in Fig. 113. In Fig. 110'7° the steric
outcome of hydride addition to the ketone is related to the 1.2-diplanar form of lowest energy. From
this point of view, depending on the bulk of the R substituent, it may be either one of the two 1.2-
diplanar forms of Fig. 110 for the following reason; when R is a small group, like Me or Et, the main
reactive conformer, corresponding to the transition state of lower energy appears to be the one with
the R group in the equatorial orientation; on the other hand, when R is a large group like isopropyl or
phenyl, the main reactive conformer, that corresponds to the transition state of lowest energy may be
the 1.2-diplanar form with the R group in the axial orientation . '3 In the latter case, approach of the
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incoming hydride ion to the ketone does not increase the steric compression between non-bonded
atoms of the anion and those of the 6 R group. Therefore stereosclectivity should vary with an
increasing bulk of the hydride donor and favour the cis-isomer, arising from the conformer with the
axial substituent at 6. For instance, it has been found that the reduction of 3-methyl-6-
phenylcyclohexenone provides the cis-3-methyl-6-phenylcyclohexenol as the major isomer (63-74%),
using aluminum hydride or lithium trimethoxyaluminum hydride in ether or tetrahydrofuran,
whereas the stereosclectivity is lower (42-56%) using lithium aluminum hydride.'”® For comparison,
let us note that when the 6R substituent is isopropyl the resulting trans to cis ratio of reduced 6-
isopropyl cyclohexenols amounts to 2:1.18!

The interpretation of the steric course of hydride addition to the ketone of Fig. 111 has to take into
account the reactive conformer that involves the least amount of allylic strain'®® between the
substituents of carbons 3 and 4. Already when the double bond is unsubstituted and the group at 4 is
an isopropyl, the 1.2-diplanar conformer with the axial isopropyl group is presumably involved in the
reduction since the ratio of the resulting cis, trans cyclohexenols is 75:25.'*! The latter conformer
may become the main reactive form when both R and R’ groups at 3 and 4 arc alkyls. 82

Hydride addition to octalone of Fig. 112!#3 or to the corresponding 3-0x0-A* steroids!®4 may be
interpreted with the help of quasi-trans and quasi-cis 1.2-diplanar forms of lowest encrgy. The
transition state of the guasi-rrans pathway is probably of lower energy than the one corresponding to
the quasi-cis pathway and thercfore the cxperimental result is what could have been expected: the
3POH:320H ratio is around 9:1 when R = Me!'83¢ and around 4:1 when R = H.'43)

As it was formerly mentioned3¢ for the octalones as for the corresponding 3-0xo-A* steroids,
there is less encrgy difference between quasi-rrans and quasi-cis conformers in the nor-series (R = H)
than in the normal series (R = Me). Therefore reduction of octalones of Fig. 112 (R = H) or 19 nor-3-
oxo-A*-steroids with sodium borohydride or lithium aluminum hydride should display a lesser
degree of stereoselectivity than was found in the homologous series, which is in agreement with the
expcrimental results of the literature, }83b.185

In the hydride addition to As-7-oxo-steroids of Fig. 113'#¢ the main product or reaction
corresponds to the addition to the low energy 1.2-diplanar form, whilst the minor isomer presumably
arises from the 1.3-diplanar form related to the preceding 1.2-diplanar form.

A similar interpretation may be given for the reduction with sodium borohydride or lithium
aluminum hydride of 12-0x0-A®!! D-steroids'®? known to yield a mixture of isomers in which the
major onc, generally, corresponds to the expected a hydride addition to the low energy 1.2-diplanar
form of ring C, the minor isomer arising from the related 1.3-diplanar form.

So far, only hydride ion addition to transoid-enones was considered, but, as shown in Fig. 114,188
cisoid-enones obey also the previous rules and anion addition to such kctones are often highly
stereosclective. The exocyclic double bond usually favours the addition of reagents to the low encrgy
form of the ketone, the chair in the example of Fig. 114; the minor isomer, if formed at all, may arise
from the addition to one of the twist forms. In both chair and twist forms therc is a good maintenance
of orbital overlap during the reaction and even bulky reagents like trisopropylaluminum favour the
formation of c¢is-pulegol. obtained in 859 yields.'##

O OH
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For conjugated cyclohexenones that are part of a rigid framework, such as those of codeinone
derivatives of Fig. 115,'%° the conformation of the ring may be forced to adopt a 1.3- or 1.4-diplanar
form. Such forms are readily recognized in the X-ray diagrams of such compounds. °°¢ In such cases,
the addition of hydride ion or other small ions to the ketone follows the expected steric course
corresponding to the sequence of torsion angles. #9190

Two main cases have to be discussed in the reduction of cyclohexadienones: those maintained in a
rigid 1.4-diplanar form ought to be reduced stereospecifically whilst those that are taking part in a
conformational equilibrium should yield a mixture of isomers. There are few reliable results in the
literature since the dienols, thus obtained, are very acid sensitive and isomerize very readily during
their isolation especially under the usual conditions of chromatographic scparations.

A few interesting experimental results may be found in the hydride addition to 1.4- diplanar forms
of cyclohexadienes, one double bond of which is replaced by a cyclopropane or an epoxide!'®! but
other factors to be discussed later on have. then, to be taken into account to rationalize the
experimental results.

1.2-Addition of other anions to conjugated ketones. Increasing the volume of the anion involved with
1.2- addition to conjugated cyclohexenones with respect to that of hydride can bring a change in the
stereochemistry of addition, since the approach to the ketone and the steric compression in the
intermediate complex, at the moment of bond formation are not equivalent in these two cases. Using
our general method, it is often possible to perform a qualitative interpretation or even a prediction of
the outcome of 1.2-anion addition to conjugated cyclohexenones if steric, polar and stereoelectronic
factors are carefully evaluated. Thus condensations in ether or benzene of the chloromagnesium
enolate of tertiobutylacetate and the Reformasky reagent of ethyl bromoacctate with (— ) piperitone

Fig 115
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and (+) pulegone (Fig. 116) are highly stereoselective, leading, in each case to a single f-hydroxy
ester, the configuration of which can be readily predicted.!*2

Kinetic 1.2-additions of hydride ions to conjugated cyclopentenones and cycloheptenones
Arguments, similar to those used for conjugated cyclohexenones, may be presented to interpret
the 1.2- additions of anions to conjugated cyclopentenones and cycloheptenones.

Crclopentenones. Whenever the envelope form of the conjugated cyclopentenone is unique as in
examples a,°4¢ b, 1?3 c1?3 of Fig. 117 a stereospecific addition of hydride ion is to be expected, whereas
the reduction of conjugated cyclopentenones taking part in an equilibrium of envelope forms often
leads to a mixture of isomeric cyclopentenols. The two envelope forms in 117b and ¢ may interconvert
through an intermediate enolate and, under isomerisation conditions a mixture can be expected,!93
but under non-isomerizing conditions each conformer ought to specifically yield the expected
carbinol. Diisobutylaluminohydride reduction of the cisoid-enone of Fig. 117d yields a mixture of
carbinols, the major isomer of which corresponds to the envelope form that allows the best orbital
overlap of the ketone and the exocyclic double bond.1°4

The examples of Fig. 1181%5 1°7 always involve a quasi-trans, quasi-cis equilibrium of envelope
conformers, even if in the last two cases, b!°% and c,!°” the cyclopentenols corresponding to the quasi-
trans envelope are reported to be the exclusive product of reduction.

The interpretation of examples a!°® and b'°? of Fig. 119 is somewhat more delicate. From the
foregoing discussion it could have been anticipated that in both examples the main conformer ought
to correspond to the envelope with the substituent at 4 in the axial orientation but, in fact, the main
product of reduction corresponds to the minor conformer. To resolve this apparent contradiction we
propose the following interpretation. Owing to the axial orientation of the substituent at 4, the
addition of hydride ion on the side of this substituent is hindered relative to the other, less abundant,
conformer and thus the reduction rate is more rapid for the minor reactive conformer than for the
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other, which could explain the experimental results. In example b, the polar and steric effects of the
axial dimethyltertiobutylsilyloxy group at 4 prevents or, at least, strongly delays the addition on its
side of hydride, from lithium tri-s-butyl borohydride in tetrahydrofuran, to the ketone.

Cycloheptenones. Conjugated cycloheptenones able to adopt a low energy chair form are apparently
reduced in a highly stereoselective manner insofar as the examples a and b®4 of Fig. 120 may be
considered as representative. In each case the reduced cycloheptenol is reported to be the exclusive
product of hydride addition. In the conjugated cycloheptenones series the energy difference between
twist and chair forms is very small (Fig. 16) and therefore interconversions between these forms may
easily take place. Such an interconversion could explain the steric outcome of the reduction of Fig.
121,299 in which hydride from sodium borohydride adds to the «, f epoxy ketone in the direction
opposite to that found in Fig. 120b, for lithium aluminum hydride reduction of the corresponding
unsaturated ketone. A chelation effect of the sodium cation of the borohydride to the epoxide oxygen
could be among the factors responsible for this conformational change.

THF
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Fig 121

Kinetic 1.2- addition of hydride ion to «, B-methylene and a. f-epoxy ketones

It was mentioned earlier that the geometry of the common unsaturated rings did not change much
when one double bond was replaced by a 3-membered ring of a cyclopropane or epoxide. For
instance, cyclohexene (Fig. 122a), norcarane (Fig. 122b, X = CH,) and cyclohcxene epoxide (Fig.
122b, X = 0) may be assumed to have similar low encrgy forms. Moreover, for the corresponding
ketones namely norcaranonc (Fig. 122d. X = CH,) and cyclohexenone a, B-epoxide (Fig. 122d,
X =0) low energy conformations are presumably similar to thosc of the a, f unsaturated
cyclohexenonc shown in Fig. 13. In this respect it has alrcady been pointed out in our previous
publications2©!-292 that we do not know exactly the extent of “conjugation” of the 3-membered ring
with the ketone and therefore there might be some significant energy differences between the
preferred conformations of conjugated cyclohexenones and those of the norcaranoncs or epoxy-
ketones.

The presence of the epoxide ring imparts some peculiar features to the cyclic cpoxy-ketones,
owing to the ether-like inductive effect of the epoxidic oxygen and to its ability to chelate metallic
cations in appropriate solvents.?°* which may have an orientating effcct as to the dircction of anion
addition. Although it was suggested earlier that the direction of kinetic 1.2- hydride addition to the
ketone of compounds of type 122d (X = CH,. 0) takes place preferentially from the side of the
methylene or oxygen of the 3-membered ring,?°? we feel, now that this suggestion is not always
valid.??# In fact, using the torsion angle notation and a few simple assumptions it is possible to
qualitatively analyze the steric course of the kinetic reduction of cyclic a, f-methylene and a, S-epoxy-
ketones of 5-. 6- and 7-membered rings.

Kinetic 1.2- addition of hydride ion 1o cyclic a, B-methylene ketones

Being accepted that the low cnergy forms of norcaranone (122d, S = CH-) are similar to those of
conjugated cyclohexenones and that the trigonal group is “‘conjugated” only to some extent with the
ketone we can analyze the reduction of such derivatives. As shown in Fig. 123295 the reduction of
norcaranone, yielding a 3:7 ratio of ¢is- and trans-norcaranols respectively, may be interpreted in
terms of the equilibrating half-chairs, 1.2- and 1.2-diplanar forms. If the contribution of these last
forms is neglected we have to choose between the transition states that correspond to the two inverted
half-chairs. Since for the transition state that yiclds the rrans isomers there are two contributions.
from the half-chair and from the cquiencrgetic 1.2- diplanar form whereas for the other ¢is isomer the
main contribution arises from the half-chair which in this case is of lower energy than the
corresponding 1.2-diplanar form, we conclude that the former transition state will be of lower energy
than the onc that corresponds to the formation of the c¢is isomers.

X=CHyp O:NH
7
X
O L
4
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As an empiric rule, in the absence of controlling steric or polar effects, the main direction of 1.2-
hydride addition to the ketone corresponds to the half-chair form of lowest energy. Apparently
conjugation is not the only controlling factor but it does contribute to the stereoselectivity of the
reduction.

Comparing the reduction of the two isomeric 4-methylnorcaranones of Figs. 124 and 125204 we
notice that in each case the main product of reduction corresponds to the addition of hydride to the
ketone from the same side as the axial hydrogen of the Me substituent on the half-chair conformation
of lowest energy, with the 4-Me in equatorial orientation. Now in the reduction of the cis isomer of
Fig. 124 a minor contribution from a 1.2-diplanar form with the axial 4-Me appears probable whilst
in the rrans isomer of Fig. 125, even such a minor contribution is probably very limited owing to the
1.3-steric interaction of the incoming hydride with the axial 4-Me. According to this simplified
analysis, the stereoselectivity of reduction should be higher for the cis isomer of Fig. 124 than for the
trans isomer of Fig. 125 which appears in agreement with the experimental results.?°4

A similar rationale may be offered for the interpretation of the reduction of Fig. 126.206-208 [
these examples there are less privileged forms than in the 6-membered series and therefore. at least.
for the a, f-methylenecyclopentanones the main direction of hydride addition is easily predicted.

In the case of Fig. 126a2°% and b2°” the main direction of hydride addition to the ketone
corresponds to the most stable conformation of bicyclo [3.1.0.) hexane 2°° and probably of bicyclo
[3.1.0.]hexenones. For Fig. 126b the steric course of hydride addition is the same whatever the
reagent: lithium aluminum hydride in ether or sodium borohydride in methanol-water or in
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hexamethylphosphoramide-water.2°” Again in Fig. 126¢2°8 hydride addition takes place mainly on
the more stable conformer.

The interpretation of the reduction in the example of Fig. 1272!° implies that the transition state
corresponding to the twist form of a, - methylenecycloheptanone is of lower energy than the
transition state corresponding to the chair: this could mean that the stability order of the preferred
forms is the same as that of cycloheptenones (Fig. 16).

TET Vol. 36, No, 20/21 - F
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1.2-Addition of hyvdride ion to cyclic o, B- epoxyenones

Epoxy-cyclohexenones. As it was already mentioned?°2 the steric course of anion 1.2-addition to «,
B-epoxy- and x, B-methylene ketones presents a few similarities. However, there are also some
peculiar features for the former reaction due to the inductive effect of the epoxide and to the ability of
the epoxide oxygen to bind metallic cations in appropriate solvents and, thus, to direct, under these
conditions, the addition of small anions like hydride ion to the ketone.203

The interpretation of the steric course of the kinetic 1.2-addition of hydride ion to epoxides of «,
B unsaturated cyclohexenones requires a careful evaluation of the main controlling factors: the
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stability of the conformation allowing a favourable conjugation of the epoxide ring with the
ketone?©? the inductive cffect of the epoxide with respect to the reactive form and the ability of the
epoxide in a given orientation (axial or bisectional) to chelate the metallic cation of the reducing agent
{mostly sodium borohydride).

For many epoxy-ketones, in which the epoxide is “‘axial’” on the 1.2-diplanar form of lowest
energy. the experimental results may be predicted or interpreted through an evaluation of the relative
importance of two main contributions: a major one from the 1.2-diplanar form, equienergetic with
the half-chair and a minor onc from the 1.3-diplanar form that corresponds to the preceding 1.2-
diplanar conformation as shown in the example of Figs. 128 and 129, drawn from the steroid series.
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The reduction of la, 2a-epoxy-5a-cholestan-3-one yields a 60:40 mixture of 38 and isomeric 3a-
cholestanols.?11-212

As explicited in Fig. 128a the main contribution derives from the 1.2-diplanar form of lower
energy whereas the minor contribution comes from the corresponding 1.3-diplanar form. It should be
remembered that in 1.3-diplanar forms the steric interactions are of the 1.4-type and not of the usual
1.3-type that occur in half-chairs on 1.2-diplanar forms. From that point of view the results of Fig.
128a appear reasonable since both the stability of the initial reactive conformations and the steric
effects favour the 1.2-diplanar form over the 1.3-diplanar one. In this latter form the cpoxide being in
an axial orientation is able to control the direction of hydride addition to the ketone through its fully
operative inductive effect.

Using similar arguments, the moderate stereoselectivity observed in the reduction of the isomeric
18, 2B-epoxy-5p8-cholestan-3-one?!'» can be explained as illustrated in Fig. 128b. In Fig. 129a*!!
and b,211.213 again the stereoselectivity of the reduction can be readily interpreted, the main isomer
arising from the 1.2-diplanar from of lowest energy. In comparison with the examples of Fig. 128,
there is a higher stereoselectivity of reduction in the examples of Fig. 129: this may be connected with
the higher expenditure of energy required for the conversion of the 1.2-diplanar form into the
corresponding 1.3-diplanar one respectively for the forms involved in Fig. 128 and 129.

So far we have dealt with keto-epoxides whose epoxide group was in the axial orientation on the
preferred low-energy, 1.2-diplanar form. What happens when the epoxide has the bisectional
orientation on the 1.2-diplanar form of lowest energy? Whenever the epoxide cannot adopt an axial
orientation on the 1.2-diplanar form of lowest energy, one would expect the main controlling factors
in the reduction of the ketone, to be the ability of the epoxide oxygen to chelate the metallic cation
of the reducing agent and the stability of the conformer of lowest energy of the ring. The steric
outcome of the reduction would thus depend on the relative importance of these controlling factors.
In fact the results reported in the literature do not appear entirely reliable and further experimental
work is required in order to ascertain, in a more quantitative manner, the effect of chelation (probably
solvent- and reagent-dependent) and the nature of the reactive conformers.

Reduction of epoxy-cyclohexadienones and epoxy-quinones. There are few reliable examples
concerning the kinetic reduction of cyclohexadienone-epoxides in the literature2'* and most of them
can be readily interpreted, using our usual hypotheses. In Fig. 130!°! reduction of the dienone yields a
4:1 mixture of unsaturated diols. arising from further reduction of the epoxide. The major product of
reduction comes, as expected. from the guasi-cis form of the unsaturated ring. As to the origin of the
epimeric 3x-hydroxy diol, it remains obscure for the moment.

The steric course of epoxy-quinones reduction yielding, in general, a mixture of isomeric epoxy-
ketols,2!* can be interpreted along similar lines. Very often the main component of the isomeric
mixture corresponds to the 1.4-diplanar form with the epoxide in the axial orientation as in the
example of Fig. 131,2'4 in which for R = H the isomer ratio is 3.5:1.

Kinetic reduction of odd membered enone-epoxides. (a) Cyclopentenone-oxide: Pursuing the analogy
between «, f-methylene (of Fig. 126) and «, B epoxy derivatives of cyclic-enones it could have been

Fig. 130
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expected that the reduction of epoxides of cyclopentenones would yield a major product of reduction
arising from the more stable envelope form of the ring with the epoxide in the axial orientation as in
the example of Fig. 132.195 The origin of the minor product of reduction is not clear and we may note
that the inductive effect of the “‘axial’” epoxide and the preferred conformation tend to promote anion
addition in the same direction.

(b) Cycloheptenonc-oxide: An example of a kinetic reduction in the cycloheptenone epoxide
series has been given in Fig. 121,200

(2) Conjugate addition to cyclic enones

Conjugate addition to cyclicenones plays an important part in the stercoselective creation of C-C
bonds and is the first, stereochemically controlling step of several reactions of cis-addition like
alkaline epoxidation?!'® and cyclopropanation through sulfur ylides derivatives such as sulfonium
and sulfoxonium ylides.2!°

In this section it is purposely intended to present a unified view of kinetic 1.4-addition of anions to
cyclic enones taking into account the stercoclectronic requirement of orbital overlap, the
conformational constraints implied in the least deformation of the initial reactive form during the
reaction up to the primary final form, and the steric and polar effects of both substrate and reagent.

Since for enones that are not locked into a rigid conformation the steric outcome of anion
conjugate addition depends, to a large extent, on the size of the reagent which is more or less rightly
equated wth the size of the anion, we have first to make this point more explicit.

As a rule. the size of the reagent to be taken into consideration in the dynamic conformational
analysis of conjugatc additions to enones, may vary from small to large or even very large with all
possible intcrmediates and, as expected, the bulk of the reagent and of the corresponding anion has a
bearing on the relative cnergy levels of all possible transition states. As an example, conjugate
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addition of hydride ion to enones is a known reaction that may be performed using hydride from
small or bulky donors. Among the small donors we may rank lithium or sodium in liquid ammonia
and sodium borohydride in pyridine or in other solvents.2!?

Although the exact mechanism of enone 1.4-reduction by lithium in liquid ammonia in the
presence of an alcohol is still debated.?!® the overall result may be interpreted as if the reaction takes
place through 1.4-addition of hydride from a very small donor to the enonc. Among the bulky donors
arc included complex hydrides1° and hydrogen complexed with most of the transition metals used in
catalytic hydrogenations and supposed to deliver first a hydride ion.22° Therefore, in a general
manner, we will distinguish the steric outcome of conjugate additions involving small anions (hydride
from small donors, cyanides, hydroperoxides among others) or bulky anions and in the order of
increasing size organo-metallic compounds, hydride from bulky donors, metallic enolates or
enamines of substituted ketones or aldehydes and similar metallic species arising from other
activating groups.

Since we assume the maintenance of orbital overlap during the coursc of anion 1.4-addition to the
conjugated ketone, it means that in the primary final form of the product the entering group has
always the axial orientation. Therefore, the sign sequence of torsion angles before and after the
carbon undergoing the addition is readily determined and corresponds to those of the code (Fig. 8). In
the conjugated cyclohexenones series, two opposite directions of additions are available for each
reactive conformer (Fig. 30) whereas in the conjugated cyclopentenones series, only one direction of
addition is allowed for each reactive conformer. Thus, for the odd membered series to each low
energy reactive conformer corresponds only one direction of conjugate addition and the interpre-
tation or prediction is particularly easy and. for this reason, conjugate addition to odd membered
enoncs 1s treated first.

Conjugate addition to odd membered enones

Cyclopentenones. Assuming that cyclopentenones, although nearly planar, may readily adopt
envelope conformations similar to those of cyclopentene but somewhat flattened around the
ketone,>” we have to consider only two cases:

(a) Thecyclopentenone is locked into an envelope form and, in this case, the conjugate addition is
stereospecific and takes place in the expected direction.

(b) The cyclopentenone may adopt either one of the two inverted envelope forms in equilibrium
and the steric outcome of the addition depends on various factors, which are the size of the reagent to
be added, the steric. polar and proximity cffects that may affect or orientate the addition and influence
the stereoselectivity by favoring one form rather than the other.

We examine successively these two cases and especially the last one that happens to be the most
frequent.

A single envelope: stereospecificity. Owing to the rigid envelope form of ring D in the A!* androsten-
17-one of Fig. 133 the results of conjugate addition of alcoholates (pathway 1)22!-224 alkaline
hydrogen peroxide 222-223.225 (pathway 2) or cyanide anion (pathway 3)22* are readily interpreted or
predicted. Since there is only one low energy reactive envelope form and one corresponding low
energy envelope for the primary final form, only the 15 S-direction of conjugate addition isconsonant
with our hypotheses. This direction of addition is implicit in the initial reactive form since the
clockwise signs sequence at carbon 15 is 0, — . In thc same manner, conjugate addition of the
methylide of dimethyloxusulfonium to A'5-17-oxo steroids provides in 90°; yield the 158, 168-
methylene derivative.22® For similar reasons. the conjugate addition of cysteine (R = cysteinyl
residue in Fig. 134) in buffered alkaline medium,2?” and the alkaline epoxidation2?® of the
cyclopentenone ring of tenulin and similar sesquiterpenes take place stereospecifically on the 8 side as
expected. Again the lithium-ammonia reduction of the locked cyclopentenones of Figs. 135222 and
136229 yield the anticipated product of conjugate hydride addition. In 135 a. conformational and
steric factors dircct the conjugate hydride addition to the 17 f-side. Under non-isomerizing
conditions, kinetic conjugate addition of hydride to the A'® unsaturated 15 ketone ought to occur on
the 17 o side as it was found for the catalytic hydrogenation.222 The lithium ammonia reduction of the
conjugated double bond in the rigid envelope form of the unsaturated S-membered ring of example
136229 affords, as expected, hydride conjugate addition on the same side as the hydroxymethyl group.
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Other examples of conjugate additions to a double bond conjugated with an exocyclic activating
group are shown in Fig. 137230-232_[n the first example (pathway 1 of Fig. 137) the conjugate
addition of the Me anion is followed by the stereospecific alkylation of the kinetic enolate with methyl
iodide.23% The kinetic enolate can be trapped in excellent yield by various electrophiles, for instance
by hydroperoxydes.23! The 1.3-dipolar addition of phenyl azide to the A '® double bond (pathway 2,
Fig. 137), which presumably, occurs stepwise through a dipolar intermediate, is also stereospecific
and highly regioslective.?33

Admittedly all the examples analyzed so far involve small or moderately bulky anions and we do
not know whether the conjugate addition of very bulky anions to a,f unsaturated cyclopentenones
always follows a stereochemistry that is in agreement with the torsion angle sign sequence.

Two envelope forms available: overall stereoselectivity resulting from stereospecificity to each form.

When two envelope forms are available for the cyclopentenones, as in the case of the quasi-trans
and quasi-cis forms of the hydrindenone of Fig. 138, the conjugate addition is still stereospecific with
respect to each envelope form but now the contribution of each form depends on the relative level of
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the corresponding transition states: stereoselectivity appears only if the contribution of one envelope
form is greater than that of the other. Thus for the hydrindenone of Fig. 138 the steric outcome of the
kinetic conjugate addition depends on the size of the rcagent and on the substitution of the rings,
especially at angular positions. With respect to reagent size it can be said that the bulkier the reagent,
the more ¢is product is obtained whether R is a hydrogen or an alkyl. With respect to substitution,
there arc already significant differences between the hydrindenone (R = H, Fig. 138) and its
angularly methylated homologue (R = Me, Fig. 138) even in the conjugate addition of hydride ion
from very small donors. For instance it has been reported that the rrans hydrindanone (R = H, Fig.
138) is the almost exclusive product of reduction of the corresponding hydrindenone in the lithium-
ammonia reduction,?3+ whercas the cis isomer (R = Me, Fig. 138) is the major component of the
mixture in the lithium ammonia reduction of the homologue.??3 Conjugate addition to hy-
drindenones, such as those of Fig. 138 (R = H, Me), of anions more bulky than hydride from small
donors, (Mc anion,?*® hydride from hydrogen complexed with transition metals23%.237) usually gives
mainly or exclusively the ¢is-hydrindanone. Such fused S-membered rings are very sensitive to steric
compression and since the quasi-cis form allows a better steric decompression of the intermediate
substrate-reagent-complex than the guasi-rrans form, we are led to believe that the transition state of
the guasi-cis form is of lower energy than the other owing to comparatively reduced steric
interactions.

quasi-trans and quasi-cis envelope forms are also available for conjugated cyclopentenones fused
to seven membered rings as in Fig. 139 and, at least for lithium-ammonia reduction, the transition
state corresponding to the quasi-trans envelope is of lower energy than the one that corresponds to the
quasi-cis form.238

The knowledge of the relative stability of quasi-trans and quasi-cis forms may help to interpret a
few experimental results as illustrated in the example of Fig. 140.239 Starting from the low energy
half-chair of the unsaturated cyclohexene ring, lithium-ammonia reduction may yield two primary
quasi-trans and quasi-cis enolates and in the latter case, the 6-membered ring has to adopt a twist or
boat form. Assuming the steric interactions to be comparable for both primary enolates, one is led to
conclude that the relative stability of these angularly unsubstituted quasi-trans and quasi-cis forms is
the usual one, therefore. the quasi-trans enolate should be the main reduction product, in agreement
with the experimental result.23® Kinetic protonation of the guasi-trans form ought to yield a trans
junction of the rings, whereas kinetic protonation of the guasi-cis enolate would give the cis-
hydrindanone.
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Even for cyclopentenories for which two envelope forms are readily available, stereoselectivity is
often observed in the conjugate addition of anions. due to attractive or repulsive effects. The
development of synthetic method in the prostaglandins series has allowed a notable progress in the
stereochemistry of 1.4-additions to substituted cyclopentenones?#® and there are many significant
examples of attractive or repulsive effects, the last ones being often of steric or polar origin.

Anexample of the directive effect of an hydroxyl is shown in Fig. 141, featuring the 1.4-addition of
a trialkylaluminum to a substituted cyclopentenolone,?#! the conjugate delivery of the alkyl group
occurs almost exclusively on the side of the OH and, moreover. there is no reaction if the OH group is
protected by pyranylation.

Polar substituents such as ethers, esters, cyano, acctate and silyloxy groups do have a strong. often
determining influence on the stereoselectivity of 1.4-additions to cyclopentenones. An example
showing the influence of the anomeric effect of an axial OMe on the steric course of conjugate
addition of various anions to cyclic arylazoenes in carbohydrate series is given in Fig. 142.242 For all
the anions listed in Fig. 142 (D = decuterium, it comes from the conjugate addition of sodium
borodeuteride) the addition occurs on the side opposite to the anomeric OMe.
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The kinetic addition of malonate anion to the acetoxy cyclopentenone of Fig. 143a243 places the
malonate anti to the acetoxy group: here the conjunction of steric and polar factors controls the
kinetic addition: in the preferred reactive form. there are no steric interactions between adjacent Mc
and acetoxy groups. Furthermore, the latter group has the axial orientation that is required to
influence the addition in the anti direction. The thermodynamic product of ¢is-addition (Fig. 143b)can
also be obtained under different experimental conditions and it should be noted that the reactive
conformations are different for cis and rrans additions.
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Cycloheptenones. Let us first recall that anion conjugate addition to a cycloheptenone in one of its
preferred forms (described in Fig. 16) yields an enolate, itself in one of the preferred forms of
cycloheptene (described in Fig. 15) and. therefore, the path of lowest energy is likely to be one that
involves the least amount of conformational distortion from the low energy form of cycloheptenone
to the corresponding low energy form of cycloheptene.

Moreover, for cycloheptenones and cycloheptenes as well, twist and chair forms are of
comparable cnergy whereas boats are of much higher energy than either twist or boat and thence may
often be neglected in the analysis.

In Fig. 144,244 owing to rigidly trans-fused A,B rings, the twist, chair and boat forms are the only
three preferred forms of the cycloheptenone to be taken into consideration—the twist and the chair
are both able to give rise to the S-epoxide which is nearly four times more abundant than its « isomer.
The twist form of ring A cycloheptenone may give rise to a chair form of cycloheptene enolate. The
latter is identical with the enolate that results from the conjugate addition of hydroperoxide anion to




Dynamic stereochemistry of the 5-. 6- and 7-membered rings 2893

the chair form of the cycloheptenone. Finally the boat form of cycloheptenone may give risc to a
primary enolate in the twist form. The main formation of the f-epoxide, presumably through the
chair form of cycloheptenone and the chair form of the primary enolate. is the more striking because,
at least on models, the B side of the chair is more sterically hindered than the « side.

Again, three low energy conformations are available for the cycloheptenone ring in the example
of alkaline epoxydation of Fig. 145.20% Twist, chair and boat forms all lead to the x-epoxide and we
should. therefore, expect a highly stereoselective formation of the x hvdroperoxide and. con-
sequently, that of the a epoxide, in agreement with the experimental result.

In the general case of a conformationally mobile, substituted cycloheptenone, we have to consider
six possible initial reactive forms or only four if we neglect boat forms: since to each of these reactive
forms corresponds a transition state, we have to estimate the relative energy levels of all these
transition states. Fortunately, a consideration of steric and polar factors usually allows one to discard
a few pathways of high energy and to predict in a qualitative manner the steric outcome of conjugate
addition. For instance, as shown in Fig. 146, there are six transition states corresponding to the six
initial rcactive forms (twist, chair and boat and their inverted conformers). It seems reasonable to
admit that the forms with both Me’s at 5 and 7 in the equatorial orientation arc of lowcr energy than
the similar forms with one Me or two in the axial orientation. Now if we neglect boat forms (pathways
3 and 6) and make the further assumption that the OR group at 4 preferentially adopts an axial
orientation, we may discard pathways 1 and 5§ and we are left with the low energy pathways 2 and 4
that fulfil all foregoing requirements. Since both pathways 2 and 4 yield the same product of
conjugate addition the orientation of which is anti to the axial OR group at 4 and to the Me’s at 5 and
7, we may conclude that the conjugate addition of the methyl anion should be fairly stereosclective as
it seems to be.2*5

Conjugate addition to a,f-unsaturated cyclohexenones.?*® The conjugate addition of anions to «,f-
unsaturated cyclohexenones has already been alluded to in the introduction and its steric course is, in
general, readily interpreted with the torsion angle notation and our usual hypotheses. Broadly
speaking, when only one low energy conformation is available, the conjugate addition not only of
small but even of moderately bulky anions is stereospecific or, at least, highly stercoselective. If two
low energy conformations are available the conjugate addition is more or less stereoselective and the
outcome of the reaction depends on the size of the reagent and also of repulsive or attractive effects.
Repulsive effects are mainly of steric or polar origin, whereas attractive effects are often connected
with the presence of groups like OH that may orientate the addition of the reagent to one side of the
enone.
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As it was emphasized earlier, we intend to give a unified view of this question taking into account
the size of the reagent which is especially important when dealing with conformationally mobile
derivatives of cyclohexenone.

(a) One low energy conformation available. Whenever only one low energy conformer of an «.f-
unsaturated cyclohexenone, either the half-chair or the equienergetic 1.2-diplanar form, is available,
the steric course of the kinetic conjugate addition of small or moderately bulky anions is easily
interpreted or predicted. For instance, in the 1-oxo-A2-5a-steroid of Fig. 147,247 ring A can adopt
either the low energy half-chair or the equienergetic 1.2-diplanar form. Although there are other
preferred forms of cyclohexenones, we neglect them since they are of higher energy than the 1.2-
diplanar form or the half-chair and we consider only the 1.2-diplanar form (the results are identical if
we use the half-chair). As shown in pathway 1 of Fig. 147, conjugate addition of an anion R occurs
with the least distortion of the initial reactive conformation. We start from a low energy 1.2-diplanar
form to end up with a low energy 1.2-diplanar form. In pathway 2 starting from the same initial
reactive 1.2-diplanar form as before we cnd up with a 1.3-diplanar form of higher energy than the
corresponding 1.2-diplanar one and with a certain distortion of the initial conformation of the ring.

Moreover, since in 1.3-diplanar forms steric interactions are of the 1.4-type, we may expect a
certain amount of steric hindrance to the conjugate addition to the 38 side (1.4-type steric interaction
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diplanar
forms

g 147

with the angular Me). Having admitted that most of the constraints of the transition statc are alrcady
present in the initial reactive form and in the corresponding primary final one, provided the anion is
small or moderately bulky we have to conclude in agrcement with the experimental results,?4” that
conjugate addition either of the Me anion from a Grignard reagent or of dimethyloxosulfonium
methylide to the 1-oxo-A? unsaturated system of a Sa-steroid will take place mainly on the « side
giving, respectively. the 3a-Me or the 24, 3a-methylene. The same steric course is also expected for the
conjugate addition of small anions like those of cyanide or hydroperoxide.

The above interpretation is similar to that given carlier for the conjugate addition of the Me anion
to 3-ox0-A! steroids of the S a-series (Fig. 29): again therc is only one low energy 1.2-diplanar form
that may give rise to two primary final enolates and the path of least distortion involving 1.2-diplanar
forms appears to correspond to the transition state of lower energy. In this series also we can
generalize this result: conjugate addition of Me® vinyl?#® anions, alkaline epoxidation?4°
methylenation 247 all take place initially on the 1x side of the steroid. So far we had only examples of
cyclohexenones which were part of trans-fused polycyclic compounds, but the reasoning applies to
cis-fused cyclohexenones as well. In Fig. 148 we analyze the conjugate addition of anion R- to the 3-
0x0-A! unsaturated system of a 5 ff-steroid. The rigid junction of rrans-fused B, C rings imparts a
definite sequence of torsion angle signs to ring B and consequently to c¢is-fused ring A. There is only
one low energy 1.2-diplanar form of ring A and, thercfore, according to our reasoning of the two
pathways available for the conjugate addition, the first should be of lower energy than the other: there
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is less conformational distortion of the initial reactive form during the reaction from the initial
reactive [.2-diplanar form to the primary final 1.2-diplanar form of the enolate. Moreover, | a-
addition on the other 1.3-diplanar form is probably disfavored by the folding of the cis-fused A, B
rings. Again for compounds having the features of the 3-oxo-A '-unsaturated steroids of the 5 B-series
(A. Brings cis-fused). we may expect the conjugate addition of anions to the end of the unsaturated
system to occur on the side of the proximate angular substituent, be it hydrogen or Me.!9°

In a synthesis of 1-a-methylcortisone, use has been made of the catalytic hydrogenation of a
precursor, the 3-oxo-A‘!-steroid of the 58-series shown in Fig. 149:19° the addition of hydrogen
occurs, as expected. on the f side since steric and conformational factors control the addition in the
same B direction. We do not know whether this catalytic hydrogenation takes place through direct
hydrogen addition to the double bond or through initial 1.4-conjugate addition of hydride ion to the
unsaturated ketone followed by protonation of the enol (or enolate). In any event, and whatever the
mechanism, the initial reactive 1.2-diplanar form favours | -addition of hydrogen. In a few cases,
steric, polar or proximity effects may contribute to lower the energy difference between the transition
states that correspond to the two primary kinetic enolates arising from the low energy 1.2-diplanar
form. It may then happen, that the steric outcome of the conjugate addition depends not only on the
size of the reagent, but also on the presence or absence of some functional groups in the molecule that
undergoes the addition. Furthermore, in the case of sterically congested cyclohexenones, conjugate
addition may stereoselectively involve either the 1.3-diplanar form of the primary enolate or even
other preferred forms of higher energy but such cases are fairly rare.

It has been reported that the steric course of conjugate addition of various Grignard reagents, in
the presence of cupric acetate, in tetra-hydrofuran to 1,1-dimethyl-trans-3 octal-2-one was highly
dependent on the size of the reagent25° as shown in Fig. 150a. The former octalone is comparable to
the B, Crings of steroidal 4-6 dien — 3 ones of Fig. 150b and we could expect to have similar results of
conjugate addition in both cases, at least for the 1 1-unsubstituted steroids (X = H, R = H) which is
indeed the case.?%!.252

Let us first analyze the steric course of addition to the octalone of Fig. 150a: all the possible
preferred forms of the bicyclic enone and all the corresponding products of conjugate addition have
been drawn in Fig. 151. Only the half-chair and 1.2-diplanar forms of the octalone are able to give the
conjugate addition cis to the nearby angular hydrogen of the adjacent carbon and for small or
moderately bulky anion the pathway of lower energy corresponds to the addition of the R group anti
to the angular hydrogen of the adjacent carbon; by analogy, this means that 7 « conjugate addition
should be predominant for dienones similar to that of Fig. 150b, which is in agreement with the
experimental kinetic results for small or moderately bulky anions (R = Me,2%! CH,S(O)Me?%?).

To account for the near absence of stereoselectivity in the conjugate addition of the isopropyl
anion to the octalone of Fig. 150a and the reversal of selectivity in the conjugate addition of phenyl
anion as compared to Mc we have to look again at the analysis of Fig. 151. There is no obvious steric
reason why the conjugate addition of bulky anions should occur ¢is to the angular hydrogen of the
carbon adjacent to the unsaturation, and it is even more true for the dienone of Fig. 150b since the o
side appears sterically less hindered than the f side. A tentative explanation for the change in
stereoselectivity of conjugate addition with bulky anions may lie in the different abilities of the
primary 1.2-and 1.3-diplanar enolates to undergo deformations that allow either steric decompres-
sion or, at least. no further steric compression of the congested part of the molecule. From this point
of view, anion conjugate addition involving the low energy pathway to the primary 1.2-diplanar

Fig. 149
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enolate presumably tends to increase non-bonded steric interactions which rigidifies still more the
congested part of the molecule through a kind of reflex effect.253.254 On the other hand, anion
conjugate addition through the primary 1.3-diplanar enolate, thanks to the flexibility of such forms,
does not increase non-bonded interactions on both sides of the molecule and apparently keeps the
steric congestion within reasonable limits. More precisely looking at Fig. 151, it can be seen that there
is no problem regarding the perpendicular approach of the anion, even a bulky one, to the end of the
conjugated enone for half-chair and 1.2-diplanar forms. Between these last two forms, the one of
lower energy appears to be the more favorable. In the corresponding primary 1.3-diplanar enolate,
there is probably a steric interaction between the quasi-axial R group and the axial Me and such an
interaction would be strong in the ideal 1.3-diplanar form but again a slight deformation of this
flexible 1.3-diplanar form is able to reduce or minimize steric interactions of the 1.4 type.

Returning to Fig. 150b it should be noted that in the normal series (R; = Me, X = H) conjugate
addition of Me Grignard provides mainly the 7x derivative.25! In the 19 nor sertes (R; = H, X = H)
conjugate addition of dimethyloxosulfonium methylide again yields mainly the 6«, 7a-methylene
derivative, whereas in the normal series (R; = Me, X = H) there is a reversal of stereoselectivity and
the 68, 78 methylene derivative happens to be slightly more abundant than its isomer. Now, when a
118 OH is present in the steroidal 4.6-dien-3-one (R, = Me, X = OH}) it controls the steric course of
conjugate addition of Me?*! and methylide anions.252 Besides, polar groups at position 17 may
influence the steric course of conjugate addition to the 4.6-dien-3-one and thus modify the relative
ratio of 7a- and 7B-isomers.

It is interesting to note that 1.1,4-trimethyl-rrans-3-octal-2-one of Fig. 15225% is reduced by
lithium-ammonia, as expected, through a pre-1.2-diplanar transition state. Moreover catalytic
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hydrogenation also affords mainly the same compound of reduction as the one from lithium-
ammonia, a result that could be taken as implying that this side of the molecule is the least hindered.

(b) Two low energy forms are available. When two low energy forms are available for o,f-
unsaturated cyclohexenones the steric outcome of conjugate addition is very dependent on the size of
the reagent and on the steric, polar and proximity effects. A review of the whole field is beyond the
scope of this report and we prefer to show, with the help of a few significant examples, how the
implementation of the dynamic torsion angle notation allows an interpretation or a prediction of the
experimental results.

The first cxamples we analyze deal with the 1.4-addition of various anions from organometallic
compounds to 4-substituted cyclohexenones (Fig. 153) and 1.4-addition of hydride ion from small
donors to 3.4-disubstituted cyclohexenones (Fig. 154). It has been reported that the conjugate
addition of anions such as methyl, ethyl. isopropyl, phenyl to 4-substituted cyclohexenones of Fig.
153 yields mainly the trans-isomer.?55-257 Already when the substituent and the added anions are
Me's (R, = R = Me) the rrans to cis ratio of isomers is 78 : 28 and the stereoselectivity increases with
the size of both the substituent R and the anion R.2%¢ Similarly methylenation of 4-alkyl-substituted
cyclohexenones with dimethyloxosulfonium methylide yields mainly the trans derivative
(R, = CH> ~ CO->CHj ratio of rrans-cis-methylene 85:15,25% R| = Bu: only the rrans-methylene is
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formed2s?). If we neglect the minor contributions of pathways 2 and 4 in Fig. 153, which seems
reasonable, we have to admit that the pre-1.2-diplanar transition state of pathway 3 is of lower energy
than the pre-1.2-diplanar transition state of pathway 1. Apparently gauche interactions between R
and the incoming anion R destabilize pathway 1 with respect to pathway 3.

For the cases of methylenation mentioncd above, the same reasoning applies except for the
addition to the 4-t-butylcyclohexcnone. In this last case only pathways 1 and 2 are available if the
bulky group is to remain equatorial and since pathway 1 is excluded for steric reasons (steric
interaction of the 1.3 type between one Me of the t-Bu group and the incoming anion) the conjugate
addition has to take place through pathway 2. If gauche interactions are, as we believe, responsible
for the foregoing results then with small anions (hydride or deuteride from metal-ammonia
reduction, or cyanide), that are less sensitive to such interactions, we should observe a reversal of the
stereoselectivity that has been observed so far. Unfortunately there are no such clear-cut examples in
the literature, we may however find an argument in favor of our proposal in the results of metal
ammonia reduction of 3.4-dialkyl-cyclohexen-2-ones-1 which has been recently submitted to a
detailed investigation:2°° the rrans-isomer is largely dominant as shown in Fig. 154. Assuming again
minor contributions from pathways 2 and 4 we are left with the transition state of the pre-1.2-diplanar
pathway 1 of lower energy than that of the corresponding pathway 3. Moreover, whereas gauche
interactions remain moderate between Me and Et groups, they are strong enough between two Et
groups (R = R = Et) to slightly destabilize pathway 1 and thus increase the percentage of cis
derivative. We may invoke also the allylic strain between bulky R and R, groups, favoring an axial
orientation of the R, substituent and thus increasing the cis-derivative. Indeed, if this is true when the
substituents at 3 and 4 are bulky. then one would expect the main formation of the cis isomer by
sodium or lithium in ammonia. In fact, it has been reported in the literature that the presence of one
bulky group such as a phenyl at position 3 in Fig. 154 was sufficient to force the substituent at 4, be it
Me or phenyl, to adopt the axial orientation and thus favor pathway 3: indeed. metal-ammonia
reduction affords 947, of the c¢is disubstituted cyclohexanone when R is a phenyl and R; a Me and
989 of the cis-derivative when both groups are phenyls.!¥2 A similar interpretation may be given for
the reduction of the cyclohexenone substituted at 3 by a carboxyl (R = CO,H) and at 4 by a phenyl
(R, = phenyl), affording only the corresponding cis-disubstituted cyclohexanone.2¢!

Catalytic hydrogenation of 3.4-disubstituted cyclohexenones of Fig. 154, with a Pd-C catalyst, in
various polar (dimethylformamide aqueous ethanol) or non-polar (carbon tetrachloride) solvents
has been studied in the literature.2%° The steric outcome of such catalytic hydrogenations depends on
the solvent and on the relative size of the substituents of the cyclohexenonec. In carbon tetrachloride
catalytic hydrogenation affords mainly the cis-isomer whereas in polar solvents it affords mainly the
trans-isomer. The interpretation of these experimental results is delicate in view of the possible
involvement of several competitive mechanisms of hydrogenation, therefore, we tentatively propose
the following rationale which rests on the following assumptions:

(1) in polar solvents catalytic hydrogenation presumably involves the conjugate addition of an
hydride ion to the enone followed by protonation of the resulting enol.

(2) hydride ion from hydrogen complexed by transition metals has to be considered as delivered
from a bulky donor.

The results of catalytic hydrogenation in polar solvents should be comparable to those of metal
ammonia reduction, but, in this case, with a lesser stereoselectivity owing to the relative bulk of the
donor.

In non-polar solvents if catalytic hydrogenation proceeds by direct stepwise cis-addition of
hydrogen to the double bond, we have to turn to the two pathways of Fig. 155 involving 1.3-diplanar
forms. Pathway 2 is preferred since the steric decompression at the moment of intcrmediate complex
formation and up to the primary final product (less gauche interaction) appears better than for
pathway 1.

We analyze now the conjugate addition of anions to bicyclic enones of the A'*-octal-2-ones type,
including the steroidal 4en-3-ones. As shown in Fig. 156 these octalones are able to adopt either the
quasi-trans or the quasi-cis low energy 1.2-diplanar forms, and there are only two low energy
pathways: pathway 1 corresponds to the guasi-trans-pre-1.2-diplanar transition state whereas
pathway 2 corresponds to the guasi-cis-pre-1.2-diplanar transition state. Here the steric outcome of
the kinetic conjugate addition depends on the size of the anion. When the anion is small (hydride from



Dynamic stereochemistry of the 5-, 6- and 7-membered rings 2901

0
Rd,
R
R1
(o]
Cl, -
R
R
Fig. 155
R R
:
O -0
R’
“ R'" trans
R=H,CHj3
R’=H,CN,OOH
R
+ G
o -0
R!
cis
R=H,CHj
R=Me ,Et,CgHs
Fig. 156

metal-ammonia, cyanide, hydroperoxide) the major trans-decalone of addition corresponds to the
quasi-trans pathway 1 with eventually a minor contribution from the quasi-cis pathway 2.262.263

We have collected in Table 157 the results of the conjugate addition of hydride ions from various
donors to such octalones and it is clear that the rrans . cis ratios of the resulting decalones depend on
the size of the hydride donor.2¢%4

When the anion to be added has the size of a Me from a Grignard reagent or a bigger size, steric
compression factors control the conjugate addition to the octalone and favor the guasi-cis pathway 2
giving rise exclusively to the cis decalone.2¢5 The steric course of the conjugate addition of the
dimethyloxosulfonium methylide to octalones is quite comparable to the conjugate addition of the
Me anion and probably for the same reasons, only the ¢is decalone derivative is obtained.259

In the quasi-cis pathway the bicyclic system is folded and thus it offers a better accessibility to a
bulky reagent but to explain the specificity of conjugate addition we have to look for other arguments
rclating to the increase or decrease of non-bonded interactions during the course of the reaction from
the approach to the reactive conformation up to the primary final enolate. In the guasi-trans pathway
the passage from the reactive quasi-trans form to the primary enolate increases the non-bonded
interactions of the angularly introduced anion with the axial hydrogens of the adjacent ring owing to
the fact that the double bond of the enolate closes the torsion angle of junction meta to it which
correspond to an opening of the rrans-fused adjacent ring.3¢

In the guasi-cis pathway the passage from the reactive quasi-cis form to the primary enolate does
not increase the non-bonded interactions between the angularly introduced substituent and the axial
hydrogens of the rings since the double bond of the primary enolate closes the torsion angle of
Junction which corresponds to a closing of the cis-fused adjacent ring.
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The steric decompression which is allowed by the folding of the quasi-cis conformer to the
corresponding cis primary enolate may explain the remarkably high stereoselectivity of the conjugate
addition of more or less bulky anions in various cases such as the one of Fig. 158 (see Fig. 6), that
occurs nearly quantitatively: we briefly detail it.

Owing to the rigid rrans-fused C, D rings, the torsion angle signs sequence of ring C is readily
determined. Since guasi-trans-fused rings are usually more stable than quasi-cis ones for octalones of
the B, C rings type we attribute the corresponding (quasi-trans) signs to ring B half-chair. Now,
conjugate addition to angular position 19 probably requires quasi-cis-fused A, B rings which allows
one to complete the signs sequence of ring A and account for the steric course of this conjugate
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addition, the realization of which requires the compatibility of deformation of the three A, B and C
rings during the reaction.

Substitution on the rings of the octalone or structural modifications may alter the relative energy
differences between the quasi-trans and the quasi-cis pathways and, by way of consequence, change
the usual course of the conjugate addition. Such changes are particularly noticeable when small
reagents like hydride from metal ammonia is used in the conjugate addition. For instance, as shown in
Fig. 159a2°® metal-ammonia reduction of 4-alkyl-10 methyl A'*-octalone affords, besides the major
trans-decalone, some cis-decalone, the amount of which increases with the size of the 4-alkyl. It
should be noted that the production of the ¢is decalone occurs only when the 4-alkyl is trans to the
nearby angular Me; indeed, when the 4-alkyl is ¢is to the angular Me only the rrans decalone results
from the metal-ammonia reduction. In 159b. metal-ammonia reduction of the 1-methyl-4-isopropyl
A'®)-octal-2-one, affords exclusively the corresponding cis-decalone.2°

The foregoing experimental results arc readily interpreted with the help of the quasi-trans and
quasi-cis pathways of Fig. 156. It is clear that a 4-alkyl ¢is to the angular substituent is equatorial on
the quasi-trans 1.2-diplanar form of the unsaturated ring and therefore its presence would rather
stabilize this quasi-trans form and consequently the quasi-trans pathway. On the other hand, a 4-alkyl
trans to the angular substituent (as in Fig. 159a and b) is axial on the quasi-trans 1.2-diplanar form but
equatorial on the corresponding quasi-cis form. Therefore, the guasi-trans pathway is destabilized
with respect to the guasi-cis and the degree of destabilization increases with the size of the 4-alkyl (or
aryl). That the effect of a substituent is more spectacular in the octalone series, without angular Me
(Fig. 159b), than in the corresponding 10-Me series of Fig. 159a is not unexpected.

Barring any particular effect of the 1-Me of the octalone of Fig. 159b, on the steric course of the
reduction the explanation could be the following. It has been shown that the energy difference
between quasi-trans and quasi-cis form of steroidal 4-en-3-ones was much higher in the normal series
than in the 19-nor series;3¢ by analogy, we believe that there is the same energy difference between the
corresponding 10 methyl A'(®)-octal-2-one and the A '®-octal-2-one. Let us note, in passing, that

R R
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u Li,NH3 trans
B Eto0 R
a — &0
O (o) N
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catalytic hydrogenation of the 1-methyl-4-isopropyl A 14®)-octal-2-one of Fig. 159b provides also the
cis-decalone as the only product of hydrogenation.2¢%¢ Again the interpretation of this result points
to the destabilization of the quasi-trans form and the ready availability of the quasi-cis pathway of low
energy.

Similarly, (Fig. 160). the presence of a bulky substituent at position 4, cis to the angular
substituent of a 10-methyl-A '(®)-octal-2-one has a stabilizing effect on the quasi-trans reactive form
and on the corresponding quasi-trans pathway; lithium ammonia reduction and catalytic hydroge-
nation afford the same rrans-decalone.?%” The presence of substituents on the saturated ring of the
octalone may also influence the steric course of reduction by metal-ammonia if they have the proper
orientation. For instance. as illustrated in Fig. 161,2°% an 8-Me substituent of a A!(®)-10-methyl-
octal-2-one does not modify the steric outcome of lithium-ammonia reduction with respect to the
unsubstituted octalone if it is rrans to the angular Me (Fig. 161a), only the corresponding trans
decalone is obtained. However. if the §-OMe is cis to the angular Me (Fig. 161b), then the same
conditions of reduction afford, besides the major rrans-decalone, a small amount of the correspond-
ing cis-decalone. In this last case, catalytic hydrogenation with Pd-C in 959, ethanol yields 659/ of the
trans-decalone and 359 of the cis-isomer: the selectivity is similar to that of the metal ammonia
reduction but weaker since the hydride donor is more bulky. A tentative interpretation of these results
is given in Fig. 161c, but in order to grasp the arguments, the reader has first to be reminded about the
rules concerning the transmission of deformations from one ring to the other in cis-and trans-decalins
and in the corresponding quasi-cis-and quasi-trans-octalins.

Whilst compatible deformations are, in general, readily apparent when the various rings of a
polycyclic system are in the chair or half-chair form, it is no longer the case when the polycyclic
structure involves rings which cannot be in chair form and are thus forced to adopt flexible forms
either twists or boats.

To analyze the steric course of conjugate addition to enones in such systems, incorporating:
non-chair conformations for one of the rings, one has to apply the formerly given rules of
transmission of distortions.

cis-Fused rings. The deformations are similar at the junction of two rings: to a closure (or
flattening) of the torsion angle of junction corresponds a closure of the adjacent torsion angle of
junction and to an opening an opening.

trans-Fused rings. The deformations are opposite: to a closure of a torsion angle of junction
corresponds an opening of the adjacent torsion angle of junction and vice versa.

Contribution of an isolated olefinic bond inside a ring to the distortion of an adjacent ring.

It has been stated by Bucourt that the introduction of a double bond inside a chair form of a 6-
membered ring opens the torsion angle that is located para to it and closes the torsion angle located
meta to it.2°° Therefore. it is clear that the introduction of an olefinic bond in a ring has a bearing on
the distortion on the contiguous fused ring and, accordingly, on the increase or decrease of steric
compression between groups of the molecule in the ground state and during the course of a reaction.
The more so, that closing a torsion angle relieves 1.3-diaxial non-bonded interactions between axial
groups by widening the distance between the involved axial groups whereas the opening of a torsional
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angle is just exerting the reverse effect: the distance between 1.3-diaxal group decreases somewhat
which increases the internal steric compression of the molecule.

Moreover to evaluate compatible distortions, especially at rings junction, one has to keep in mind
the average values of the torsion angles of the twist and boat forms.27° In this respect, boats may be
distinguished from the corresponding twist forms.

Boat forms arc usually acceptable at rings junction since their average torsion angle (around 54°)
does not introduce distortions in the other ring but one has to be cautious in the evaluation of 1.4
steric interactions (bowsprit-flagpole), which tends to destabilize this type of conformation.

Twist forms, although usually of lower energy than the corresponding boats are not always
suitable to minimize conformational distortions arising in the ground state or during the course of a
reaction. The reason for this unsuitability may be traced to the presence of the small torsion angle of
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the twist form whose low value (around 31°) causes either a severe closure of the contiguous torsion
angle of junction (in the case of cis-fused rings) or a strong opening of the adjacent torsion angle of
junction (in the case of rrans-fused rings), resulting in distortions of the ring too strong to be achieved
with a minimum expenditure of energy and, therefore, hardly compatible with a low energy ground
state conformation. With respect to the small (around 31°) and large (around 65°) torsion angles of
twist forms, we may summarize the compatibility requirements at the junction of two rings as
indicated below:

Fused rings:

Trans. The torsion angle of junction is hardly compatible with the small torsion angle of a twist
form but it is compatible with the large torsion angle.

Quasi-trans. The torsion angle of junction is hardly compatible with the large torsion angle of the
twist form but it is compatible with the small torsion angle.

Cis and quasi-cis. The torsion angle of junction is hardly compatible with the small torsion angle
but it is compatible with the large torsion angle of a twist form.

These rules appear valid not only for static conformational analysis but they can also be used for
dynamic conformational analysis. Thus the conjugate addition of an anion to a 10-methyl-1(9)-octal-
2-one may lead to the corresponding trans or cis-decalone enolates (Fig. 161) and compatibility of
deformations at the rings junction is required for the ground state conformation of the initial reactive
octalone and also for the primary enolates conformers of the corresponding trans and cis decalones.
With respect to these last two forms we sum up in Figure 162 the distortions induced on the torsion
angles at the junction of the rings, by the formation of the primary enolate double bond (in Fig. 162 C
means closure and O means opening of the torsion angle). Taking into account the foregoing
considerations it is possible to interpret most of the results of metal-ammonia reduction of octalones
into c¢is decalone and in this respect Fig. 162 is very helpful.

Let us return now to the interpretation of the results shown in Fig. 161b. In the chair form of the
saturated ring of the octalone, there is a 1.3-syn-axial interaction between the angular Me and the Me
substituent at 8.

To relieve this steric interaction the molecule may adopt either one of the two flexible forms shown
in Fig. 161c, one with the 8-methyl in the bisectional orientation (sequence ——) and the other with the
8-Me in the equatorial orientation. Now, according to the previously given rules, the twist form,
whose large angle is at the ring junction, is mainly compatible with a quasi-cis form of the unsaturated
ring, whilst the twist form, whose small angle is at the ring junction, appears mainly compatible with a
quasi-trans form of the unsaturated ring. If all four forms of Fig. 16 Ic contribute to the final result, the
trans-octalone ought to be the major product. since pathway 1 presumably still gives the main
contribution. and the small amount of cis-decalone reflects the involvement of the quasi-cis forms
(pathways 3 and 4) and specially of the “quasi-cis-twist” form of pathway 3. When such a quasi-cis
form is favored by a bulky substituent as seems to be the case for 6 f-or 7 x t-butyl-10-methyl-1(9)-
octal-2-ones. metal ammonia reduction can be expected to afford a good amount of the ¢is decalone,
as was shown to be the case.2”! The interpretation of the major formation of the cis-decalone is given
in Fig. 163. The bulky t-Bu tends to adopt an equatorial orientation on the twist forms (pathways 1
and 2). but less favorably, a bisectional one which we exclude on steric grounds (pathway 3).

|
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Fig 162
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The large torsion angle of junction of the twist form in the saturated ring of pathway 1 is only
compatible with a quasi-cis form of the unsaturated ring, whilst the small torsion angle of junction of
the twist form in pathway 2 is compatible with a quasi-trans form. The twist form of pathway 3 also
has a small torsion angle at the junction of the rings and, therefore, this third pathway is also of the
quasi-trans type. There is no ready evaluation of the energy levels of the corresponding transition
states. We believe two factors at least favor pathway 1 over pathway 2. The distortions induced by the
twist form on the unsaturated ring seem to affect less the initial reactive form in pathway 1. Morcover,
the quasi-cis pathway appears to better accommodate the steric compression connected with the
presence of a bulky group on the saturated ring.

Not all interpretations require as much sophistication as this last example. The exclusive
formation of a single epoxide corresponding to the quasi-trans pathway in the alkaline epoxidation of
nootkatone of Fig. 164b?7? is expected using steric arguments and the shift of the quasi-trans, quasi-cis
equilibrium of the rcactive forms (Fig. 164c). In the guasi-cis torm, the 4-Me is axial which
destabilizes this form in the ground state with respect to the quasi-trans form; furthermore, the
approach of the hydroperoxide anion is hindered on the quasi-cis reactive 1.2-diplanar form by the
1.3 syn-axial interaction of the incoming anion with the axial 4-Me. Therefore, the result appears
rcasonable, even if it is the reverse of that usually observed for the analogous unsubstituted octalones
of Fig. 164a: however, because of the known reversibility of the first step in the alkaline epoxidation,
the results of Fig. 164a cannot be considered as truly kinetic.

A similar interpretation (Fig. 165) may be offered for the metal-ammonia reduction of 2z-cyano,
2 f-methyl-4-cholcsten-3-one, yielding 979, of the 58 derivative.2”3 but, here, steric and polar factors
drive the reaction through the guasi-cis pathway. The 1.3-syn-axial interaction between the axial 28-
Me and the angular 19-Mc in the chair form of ring A, destabilizes the quasi-trans form with respect
to the quasi-cis form in which the steric interaction has disappeared and the 2a-cyano group, now
axial, can wield its inductive effect.

In the example of Fig. 1664, the unsaturated ring of the bridged octalone is forced by the ethano-
bridge into the guasi-cis form and it is no surprise that metal ammonia reduction yields mainly the ¢is
compound.?”* The same argument may be used to explain the stereoselective cis-addition to the
bridge of the Me anion to the dienone of Fig. 166b:274 the dienone presumably selectively exists in the
quasi-cis form. What is surprising here, is that the other isomer is formed at all: real molecules are
much more flexible than the molecular models that are presently used to represent them.

Polar effects. We turn now to other aspects of conjugate additions to cyclohexenones and similar
enones of 6-membered rings. [t has been shown many times that polar effects could influence the steric
course of conjugate addition to conformationally mobile cyclohexenones. Thus, conjugate addition
to 4trimethylsilyloxy-cyclohexenone of anions from organo-metallic compounds provides in
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excellent yield the cyclohexanone substituted trans to the 4-trimethylsilyloxy group as shown in Fig.
167:275 conjugate addition apparently takes place exclusively anti to the polar group.

Other significant examples of polar effects have been observed in the carbohydrate series276-277
and we present in Fig. 16827° onc of them. The addition of anions from organo-metallics or from
substituted 1.3-dithiolan occurs anti to the anomeric OMe. In Fig. 168a the anomeric effect and the
equatorial orientation of the 5 Me contribute jointly to the steric course of the reaction. In Fig. 168b,
however, the two effects are in opposition and the anomeric effect still controls the conjugate
addition.
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1.4 Addition to cross-conjugated dienones. Much of what has been said about the steric course of
conjugate addition to enones can be repeated for cross-conjugated dienones of 6-membered rings.
Thus, the bicyclic analogues of steroidal 1.4-dien-3-ones of Fig. 1692954 may exist as quasi-trans,
quasi-cis 1.4-diplanar forms (boats) in equilibrium, the quasi-trans form being often the more stable.
Therefore, with small and moderately bulky anions, conjugate addition occurs stereoselectively on
the a side:27% the alkaline epoxidation of the steroidal trienedione of Fig. 17027 as the addition of the
methylide of trimethyloxosulfonium?27°-28° occur on the a-side.

The replacement of a double bond of a dienone by a cyclopropane would not be expected to
greatly alter the geometry of the ring, but steric effects may shift the equilibrium of quasi-trans. quasi-
cis forms towards either one depending on the orientation of the cyclopropane and its degree of
substitution. It has been reported that lithium-ammonia reduction of the homologous dienone of Fig.
171281 yields exclusively the cis-derivative: the conformational equilibrium has been shifted to the
quasi-cis-isomer owing to the steric hindrance of the dimethylcyclopropane bridge on the f side of the
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A ring and the corresponding transition state is probably the one of lower energy. Even without any
substitution, the B orientated 1.2-methylene bridge of Fig. 171b282 shifts the equilibrium of
conformers towards the quasi-cis one as evidenced by the results of lithium-ammonia reduction.

Before closing this chapter. we analyze a few examples of conjugate additions to 6-membered ring
enones, the initial reactive form of which is the 1.3-diplanar one.

In the case of Fig. 172,283 the conjugate addition of the Me anion in dioxane places the Me mostly
anti to the methylene bridge as could have been expected from steric and electronic considerations:
the methylene in the main reactive conformation is axial (sequence + 0 — ) and conjugated with the
double bond.

Another example of conjugate addition to a 1.3-diplanar unsaturated lactone is analyzed in Fig.
173.284 Since in pathway 2 there is a |.3-syn-axial interaction between the incoming anion and the
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axial Me which may hinder the approach of the anion whereas there is no such hindrance in pathway
1, we would expect the kinetic product of conjugate addition to correspond to pathway 1: therefore,
and provided it is the kinetic addition product, we would attribute the corresponding configuration to
the unique product of addition isolated in 889, yield.

(3) Allvlic displacements

In this section we envisage the steric course of a few reactions of displacements which occur with
an allylic shift of the double bond as illustrated in the following examples.

At the outset, let us emphasize that we are concerned here only with concerted displacements of
the S’ types (Sy2’ and S\i’). More precisely, we assume that concertation has to do with the timing
of bond breaking and bond forming and that, in the ideal case, there is a perfect synchronization
between the two events. However, the prevalent view nowadays is, that for most concerted reactions,
bond breaking and bond making are not occurring in a synchronous fashion but rather stepwise.**
Still the reaction is considered as being concerted in as much as there is no interception of discrete
intermediates by the solvent or by nucleophiles present in the medium. By the same token, reactions
that proceed through successive addition and elimination are not considered as being concerted. In
this respect, allylic displacements involving certain organo-metallic derivatives, especially organo-
copper derivatives, have to be interpreted with caution since they may take place through addition-
elimination 285 even if the final result corresponds to a seemingly concerted allylic displacement. Thus
itis hard to believe that the reaction of the A %! -unsaturated 5a, 10a-steroidal epoxide of Fig. 1742#°
with the bulky anion of lithium diphenylcuprate takes place by a direct displacement at 118, owing to
the syn-axial interaction of the incoming anion with the angular methyl. A mechanism implying an
addition followed by a transfer appears more plausible.?5° For the same reason., allylic displacements
with lithium aluminum hydride have also to be viewed with caution, even though the overall results
are, generally, in agreement with those expected from a concerted reaction.

Allylic displacements in the odd and the even membered series are successively treated, using our
usual hypotheses. In this respect, the assumed maintenance of orbital overlap during the whole course
of the reaction implies that the entering and leaving groups have, both, to be in the axial orientation in
the transition state.2®7 As a consequence of this hypothesis, usually the leaving group has to be axial
or quasi-axial on the initial reactive conformation and the newly formed bond. resulting from the
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addition of the entering group to the double bond that is displaced, has also to be in an axial or quasi-
axial orientation. These simple assumptions allow to rationalize a large body of experimental results,
scattered in the literature and at the same time, they show that, in quite a few cases, the mechanisms of
allylic reactions are much more complex than could have been expected up to now. There are
relatively few reliable results concerning S’ displacement reactions in the odd membered unsaturated
series, whilst in the even membered series some of the older results have to be considered with
suspicion due to the fact that configuration assignments were not well established and analytical
methods were far from being satisfactory and accurate.

Allylic displacements in odd membered unsaturated rings. (a) Cyclopeniene derivatives. There are
very few significant examples of allylic displacements concerning cyclopentene derivatives. For-
tunately, in general, there are only two envelope forms in equilibrium for substituted cyclopentenes
and only one that has the leaving group in the proper axial orientation, therefore, it is fairly easy to
interpret or predict the steric course of the reaction. Thus, as shown in Figs. 175a and b, we have
analyzed the steric course of allylic displacements for rrans (Fig. 175a) and cis (Fig. 175b)

TET Vol. 36, No. 20/21 - K Fig. 175
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disubstituted cyclopentenes where X is the leaving group, R a substituent and Y the entering
nucleophilic group.28#

For the trans-disubstituted cyclopentene of Fig. 175a. the initial reactive form has both
substituents X and R in the axial orientation, and whereas S\2 displacement causes a complete
inversion of the torsion angles, cquivalent to a conformational inversion, S.2’ displacement may
take place without much conformational distortion. the direction of the entering axial group Y being
anti to that of the leaving group X.

For the cis-cyclopentenc of Fig. 175b, the initial reactive form has the R-substituent equatorial
and the leaving group X axial. Again S.2 displacement involves a complete inversion of the
envelope, whereas 5,27 reaction can occur without much distortion of the unsaturated ring.
Therefore. in this latter case, also the axial nucleophile Y ought to come anti to the leaving group X
and we may assume that anri stercochemistry is a general feature of allylic displacements for such
cyclopentene derivatives. Now, if the cyclopentene derivative is not able to undergo a conformational
inversion of its reactive envelope form, only S,.2" displacements may occur. The following evidence
may be given in support of this preference: it has been found that treatment with sodium methoxide in
methano! of the 17a-halo-16 oxo-steroids of Fig. 176 afforded mainly the corresponding 158-
methoxylated ketonc with loss of the 17x-halogen.?37 The interpretation of this result involves the
formation of the intermediate A'*-enolate of the ketone and the subsequent allylic displacement of
the axial 1 7a-halogen by methoxyde ion, taking place in the expected anti fashion. For conformation-
ally mobile cyclopentene derivatives we expect S\2° displacements to be competitive with S 2 ones,
but. as is always the case, the relative ratio of these types of displacements may vary with the substrate
and the experimental conditions.

(b) Crclopentadiene monoepoxide. The lability of this unsaturated epoxide and its easy isomeriz-
ation under the experimental conditions either of hydrolysis2®? or organo-metallic anion addition 2°°
prevents any dcfinite conclusion to be drawn as to the steric course of allylic displacements.
Hydrolytic opening of the unsaturated epoxide apparently gives rise to the four possible diols,?8°
although only two are cxpected if the controlling mechanisms were of the S 2 types (Fig. 177,
R = OH). The outcome of addition of anions from organo-metallics to cyclopentadiene epoxide

X=Cl,Br Y=0CH ~N +
3 )-8

+,
P “H

H vy
Fig. 176
H
i 0 H
Ho Nl SN2 { ~OH
H“.
H R
Snzl

Fig. 177
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depends to a large extent on the experimental conditions and the nature of the metal of the reagent.
For instance, with ethyl magnesium bromide in ether a mixture of addition products is obtained: one
of the products corresponds to an allylic displacement and has the expected syn-relationship of the
cthyl with respect to the OH, arising from the opening of the epoxide (Fig. 177. Sy2" R = Et) and
another onc corresponds to a cis-1.2-opening of the epoxide: the vicinal Et and OH being cis to each
other. When the same reaction is performed with added hexamethylphosphoramide in the medium.
both cis and rrans products of 1.2-opening of the unsaturated epoxide are formed in nearly equivalent
amounts.2°! On the other hand. organolithium derivatives in cther, apparently promote mainly S,2
opening of the unsaturated epoxide.2°? So, subtle clectronic effects are involved in these results and
more experimental work is nceded in order to ascertain the factors that control the steric course of
such competitive reactions.???

(c) Cycloheptene derivatives. To our knowledge, there is no significant example of allylic
displaccments in the cycloheptenc series. As far as the steric course of allylic displacements is
concerned. a few differences of reactivity between 5- and 7-membered unsaturated rings may be
anticipated. On the one hand. cycloheptenes are able to adopt several initial reactive conformations
and they are more mobile conformationally than cyclopentenes. On the other hand, as shown in Fig.
178. displacements of either S, 2 or S\2" types are able to occur with a low expenditure of energy since
they involve the passage from a low energy form (chair or twist) to another low energy form (chair or
twist) with a small distortion of the initial reactive form. More precisely, it is clear from Fig. 178 that
the preferred reactive forms of cycloheptene may give risc to anti (chair and boat) or syu (twist) allylic
displacements: S, 2 reactions are, in this series, quite competitive with their S.2" counterpart since
they do not involve a conformational inversion of the ring as was the case for cyclopentenc derivatives
of Fig. 175. Accordingly. displacements in the cycloheptene series may give rise to competitive S2
and S.2’ displacements. depending on the substrate and experimental conditions. As for allylic S,2°
displacements, their steric outcome is also dependent on the substrate and experimental conditions
and may result in sya or anti entry of the anion with respect to the leaving group.

(d) 1.3-Cycloheptadiene monoepoxide. The same conclusions apply for allylic displacements of 1.3-
cycloheptadienc monoepoxide (Fig. 179) that arc susceptible to take place with a syn or anti
stercochemistry. Here again, S\ 2 displacements are competitive with allylic S;2" displacements and
the results depend on the substrate and experimental conditions.2%%

Allvlic displacements in even membered unsaturated rings. (a) Cyclobutenes. The few results of the
literature295-22¢ support a syn stereochemistry for S,2” displacements in the cyclobutene series as

<
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illustrated in Fig. 180. Apparently in the example of 180b, the exclusive reaction is that of S.2" allylic
displacement, occurring in nearly quantitive yield.2?S We feel that herc, the torsion angle notation is
uscful as a mnemonic device but we do not see clearly which interpretation to give to these results:
here again, subtle electronic factors are involved.

(b) Cyclohexenes.2°7-2°% Numerous theoretical?®® and experimental®°? studies have been recently
devoted to nucleophilic displacements of the S,2” and S’ types. occurring with an allylic shift of the
double bond. The general view now, is that the stereochemistry of these reactions appear much more
complex than had previously been thought.

Electronic, steric and polar factors, as well as experimental conditions, are involved in the steric
outcome of the reaction that occurs with syn or anti delivery of the incoming nucleophile with respect
to the leaving group. In the cyclohexene series. S(2” reactions appear only stereoselective and take
place competitively with the corresponding S.2 displacements.

We do not intend to review the abundant literature pertaining to this subject. Rather, with the
help of a few selected, significant examples, we want to underline the importance of a few
conformational factors which, in our opinion, play a part in the steric outcome of such allylic
displacements.

Without losing sight of the possibility of competing S, 2 displacements, lct us first analyze, in the
light of our usual assumptions, the conformational requirements of concerted S\2 rcactions.

As a simplification, we admit that the products of allylic displacements the most likely to be
formed are those of the low energy pathways. corresponding to the least amount of conformational
distortion from the initial reactive form up to the primary final one.

As illustrated in Fig. 181 (cis R, X), when both substituent and leaving group are cis on the
cyclohexenic ring, the preferred pathway of low energy ought to be the syn-pathway since there is no
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conformational distortion from the initial reactive form (1.2-diplanar) up to the corresponding
primary final one (again 1.2-diplanar). The anti pathways are not excluded, however, since
presumably their corresponding transition states do not differ much in energy from the one that
corresponds to the syn-pathway. Morcover, S 2 displacements may also be competitive. Taking all
this into account. we may say that if the conformational factors were controlling the allylic
displacements, the main product of reaction ought to correspond to a syn S, 2’ reaction.

Since. in practice, the experimental conditions and the nature of the nucleophile strongly influence
the steric outcome of such reactions,?°? we are led to believe that a mixture of products of the S2" and
S, 2 types are likely to be formed. In this mixture the main compound ought to correspond to the syn
S\2’ type of reaction.

Reasoning along similar lines in the rrans serics of Fig. 182 (trans R, X), the conclusion is again
that the syn S.2" pathway for allylic displacements ought to correspond to the main product of the
reaction if the controlling factor is of conformational nature. However, in this latter series, we cannot
ignore the bulk of the R-substituent. When R is a t-Bu group. it is unlikely to be in the axial
orientation on the chair form: the only alternatives that allow the t-Bu group to be in the equatorial or
quasi equatorial orientation and the leaving group to be axial or quasi-axial are the 1.3-diplanar form
and the boat shown at the bottom of Fig. 182. The former 1.3-diplanar reactive form appears more
likely than the corresponding boat, but whatever the initial reactive conformation (1.3-diplanar or
boat) the steric course of the S 2" displacement is anti with respect to the leaving group. A
competition of S 2 and S2" displacements in the reactions of Fig. 182 appears likely.

Othcr examples of displacement reactions are analyzed in Fig. 183 in the isomeric trans and cis
disubstituted cyclohexenic derivatives. Now the nature of the substituent (R = t-Bu in Figs. 183a and
b) prevents any conformation inversion and only one initial reactive conformation of low energy is
available for the displacements. In the rrans serics of Fig. 183a, the sin S(2° pathway appears
preferred. In the ¢is series of Fig. 183b, the anti S, 2" pathway and the S, 2 pathway are competitive.
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We present now a few examples drawn from the literature 391-309 of S 2’ reactions of unsaturated
6-membered rings: the interpretation of the syn displacements of Fig. 184301-303 s straightforward
and, therefore, we do not comment on these examples. In Fig. 185394-395 are presented a few
examples of anti allylic displacements in the 14-bromo-codeine series. The conformation of the
unsaturated ring is intermediate between the boat and the 1.3-diplanar form and the allylic
displacement leads to a 1.3-diplanar form with the expected anti stercosclectivity. The rigidity of the
unsaturated ring limits the conformational changes and thus favours the anti pathway in both cases.

In Fig. 186. the cquatorial leaving group is displaced anti by the anion of methyl lithium.3°°¢
Apparently, under the experimental conditions of this last reaction, there is no involvement of the
inverted half-chair form with both Me substitucnt and leaving group axial, presumably syn-axial
interactions with the axial Me and the incoming Me anion prevents this last pathway to be operating.
A few examples of allylic displacements by lithium aluminum hydride or deuteride are shown in Fig.
187. In the cxample a3? and b3°% the stereochemistry of the reaction is syn as expected: for 187a it is
worth noting that cven tributylstannane is able to promote an allylic rearrangement. In the last
examples ¢ and d of Fig. 187,39° the leaving group is the allylic anomeric OMe of unsaturated sugars
and the addition of deuteride ion occurs according to the expected modes: sy# (187c: leaving group
axial on the half-chair form of the unsaturated ring) and anti (187d: leaving group axial on the 1.3-
diplanar form).
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(c) Cine-substitution of a-halo-ketones. A few reactions of a-halo ketones taking place with migration
to the &’ position cither of the halogen or of an anion able to displace the halogen, can be interpreted
as concerted allylic displacements occurring through the enol or enolate double bond. Again, in such
displacements, depending on the orientation of the halogen the kinetically added nucleophile may
come with respect to the halogen. cither syn. as in Fig. 188a31°, or anii, as in Fig. 188b.31! The latter
case is one of the first authentic examples of an allylic displacement taking place with an anti addition
of the acctate ion with respect to the leaving bromide. The primary kinetic 2a-acetoxy derivative
isomerizes, under ordinary experimental conditions, into the more stable 28-acetoxy-equatorial
isomer.

Analogous allylic displacements have been observed with vinylogous halo-ketones, such as 6 8-
bromo-30x0-A“-steroids.?!? In the latter case, the allylic shifts involve two double bonds (one of
which is an enol or an enolate double bond) but we believe, that again, conformational effects control
the steric course of the kinetic reaction.
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Allvlic displacements of a,fB-unsaturated epoxides.>'? The stereochemistry of allylic displacements
involving a.f-unsaturated epoxides is of interest in as much as it could be a useful tool in synthesis.
With respect to the steric course of the reaction we have to distinguish between homoannular and
hetero-annular unsaturated epoxides. In the first case the double bond and the epoxide are in the
same ring whilst, in the second case, the double bond and the epoxide are in two separate contiguous
rings.

(a) Homoannular unsaturated epoxides. The monoepoxide of 1.3-cyclohexadiene is an example of
homoannular unsaturated epoxide; the ring has necessarily one of the two possible 1.3-diplanar
forms of Fig. 189, the one with the epoxide axial (as shown in the figure, the sequence if + 0 —) and
the other with the epoxide in the bisectional orientation. According to our previous hypotheses, the
form with the axial epoxide is expected to be the reactive one in displacements since in the transition
state, the displaced bond has to be in the axial orientation3'# and it is clear that the anti pathway 1,
corresponding to the addition of the anion anti with respect to the allylic bond of the epoxide that is
breaking, is of lower energy than the syn pathway 2. S.2 displacement is also a pathway of low energy
that may be competitive with allylic displacements and, indeed, this seems to be the case (Fig. 190).
From the other 1.3-diplanar form with the epoxide in the bisectional orientation, only the syn
pathway 3 is compatible with the stereoelectronic requirements of the transition state, although it
appears of much higher energy than pathway 1. Therefore, anti allylic addition of nucleophiles to
cyclohexadiene-monoepoxide seems favored over the alternative syn-addition. As shown in Fig. 190,
hydrolysis of cyclohexadiene-monoepoxide by water in acidic or dihydrogenphosphate buffered
solution?!s or methyl-lithium addition to cyclohexadiene-monoepoxide 3 '® occurs in agreement with
the foregoing considerations.

The addition of various anions to unsaturated epoxides of steroids intermediates has been shown
to be of the following types: anti, as in the example of Fig. 191218 or syn, in the example of Fig. 192,318

(b) Displacements involving a,B-epoxy-ketones. A few cine-substitutions, involving the enol or
cnolate double bond of a,B-epoxy ketones, may be interpreted as resulting from an allylic
displacement at the end of the enolate double bond by a nucleophile. Such reactions apparently do

Sn2 Sn2 OH
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Y
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Fig. 191

Fig 192

obey the rules previously given for allylic displacements of unsaturated epoxides. Forinstance, in Fig.
193a,%19 through the A3-enolic form of the ketone, fluorhydric acid treatment of the 1a.2 a-epoxy-3-
oxo-steroid of the Sa-series, allows an allylic anti displacement of the enol epoxide by fluoride ion that
introduces the halogen at position 48, on the same side as the angular Me. In Fig. 193b32¢ acid
treatment of the steroidal 3-oxo0-48,58-epoxide, again through an anti allylic displacement of the
corresponding cnol epoxide. stereoselectively yields the 2a-substituted derivative (X = F, OAC, OH
Fig. 193b). We feel that it becomes possible now to use the stereoselectivity of this typc of reactions in
synthetic work.

(¢) Heteroannular unsaturated epoxides. The steric course of allylic displacements involving
heteroannular epoxides may be readily interpreted and often predicted cven if the compatibility of
deformations betwcen the rings concerned by the allylic shift of the double bond, is a strict
requirement. For example the allylic addition of hydride or deuteride32! or hydroxide ions322 to the
unsaturated epoxide of Fig. 194 takes place, as expected from a simple conformational analysis, on
the same side as the breaking bond of the epoxide.

Extension. Although it will not be developed here since it is beyond the scope of this report, it is
possible to apply the foregoing rules to successfully interpret the steric course of a few allylic reactions
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of 6-membered unsaturated rings, that take place with an allylic shift of the double bond. namely the
Wolff-Kishner reduction of unsaturated ketones,*?® the photosensitized peroxidation of allylic
double bonds?2? and thc enc-synthesis,?2*

CONCLUSION

Although limited for the time being to cyclic compounds, the dynamic conformational analysis of
reactions with the help of the torsion angle notation appears as a very powerful tool to interpret or
predict the steric course of many reactions involving S-, 6- and 7-membered unsaturated rings; at the
same time it gives a unifying view of the factors that determine the stereochemistry of a given reaction.

The method should prove useful in the planning of synthetic work since the stereoselectivity or
stereospecificity of a reaction can be rcadily evaluated.

Finally, it is our belief that it may be of great help to most organic chemists to valorize their
experimental results through a better analysis of all the parameters that may influence the steric
course of a rcaction and its mechanism.
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