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Prostereoisomerism (Prochirality)

1 Introduction. Terminology

Chirality (handedness, from Greek “cheir” = hand) is the term used for objects,
including molecules, which are not superposable with their mirror images. Molecules
which display chirality, such as (8)-(+)-lactic acid (/, Fig. 1) are called chiral.
Chirality is often associated with a chiral center (formerly called an “asymmetric
atom”), such as the starred carbon atom in lactic acid (Fig. 1); but there are other
elements that give rise to chirality: the chiral axis as in allenes (see below) or the chiral
plane, as in certain substituted paracyclophanes. %

COH cl:ozﬂ <|202H
*
HO—CZH H—C—Hg C
| /\
CH, CH, H 0
1 2 3 Fig. 1. Chiral and prochiral molecules

Often (e.g. in asymmetric synthesis) one is interested in the fact that in certain
molecules, such as propionic acid (2, Fig. 1), an achiral center (here C,) can be trans-
formed into a chiral center by replacement of one or other of two apparently
identical' ligands® by a different one. Thus the replacement of H, at C, in propionic
acid (Fig. 1) by OH generates the-chiral center of (S)-lactic acid whereas the analogous
replacement of Hy gives rise to the enantiomeric (R)-lactic acid. C, in propionic
acid is therefore called a “prochiral center” ¥; H, and Hj are called “heterotopic
ligands” 57 (from Greek “heteros” = different and “fopos” = place — see also
below). Prochiral axes and planes may similarly be defined in relation to chiral
axes and planes (see below)

Substitution is one of two common ways of interconverting organic molecules,
the other is addition. The chiral center in lactic acid (Fig. 1) can, in principle, be
generated by the addition of methylmagnesium iodide to the carbonyl group of
glyoxylic acid (3, Fig. 1) (it might be necessary to protect the carboxylic acid group).
Depending on which face of the aldehyde the Grignard reagent adds to, either (S)-
or (R)-lactic acid is obtained. (The reader may convince himself that addition to the
rear face of the aldehydic acid as depicted in Fig. 1 will give rise to (R)-lactic
acid whereas (S)-lactic acid (I) is obtained by addition to the front face.) Thus
the carbonyl group in glyoxylic acid is also said to be prochiral and to present two
heterotopic faces.

Although the term prochirality is frequently used, especially by biochemists, it
suffers from a limitation which arises from a corresponding limitation in the
definition of chirality. Molecules may display purely stereochemical differences
without being chiral: cis-rrans isomers of olefins and certain achiral cis-trans isomers
of cyclanes are examples. Thus (Fig. 2) (Z)- and (E)-1,2-dichloroethylene (4, 5) are
achiral diastereomers, as are cis- and trans-1,3-dibromocyclobutanes (6, 7); being
devoid of chirality these compounds have no chiral centers (or other chiral elements).
Thus it is inappropriate to associate stereoisomerism with the occurrence of chiral

1 The ligands must be identical when separated from the rest of the molecule. Such ligands have
been called “homomorphic” (from Greek “homos” = same and *morphe™ = form}. ¥
2 We use the term “ligand” to comprise both atoms and groups.
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Fig. 2. Stereogenic and prostereogenic elements

elements; instead, we say that it is manifested by the existence of stereogenic elements &
or elements of stereoisomerism . These include stereogenic centers or centers of
stereoisomerism (chiral centers, pseudoasymmetric centers *® and centers of cis-trans
isomerism in cyclanes, such as carbons No. 1 and 3 in 6 and 7, Fig. 2), axes of
stereoisomerism or stereogenic axes (as in the olefins 4 and 5) and stereogenic planes
or planes of stereoisomerism. Through the inclusion of these elements, cases such as
the above (Fig. 2) of achiral stereoisomerism are properly taken into account.

Correspondingly, the concept of prochirality must be generalized to one of
prostereoisomerism ¥. It is exemplified by chloroethylene (8, Fig. 2) and bromo-
cyclobutane (9); these molecules display prostereoisomerism inasmuch as re-
placement of the homomorphic atoms H, or Hy in 8 by chlorine gives rise to the
stereoisomers 5 and 4, respectively. Similarly, replacement of H, and Hyg, respectively,
in 9 by bromine gives rise to the stereoisomers 6 and 7. Thus 9 has a center of
prostereoisomerism (or prostereogenic center} at C(3) and &8 has a prostereogenic
axis (axis of prostereoisomerism) coinciding with the axis of the double bond.
Again H, and Hg in both 8 and 9 are heterotopic.

Cases of a prochiral axis (in allene 10, convertible by replacement of H, by Cl
into chiral allene 77 ') and a prochiral plane (in paracyclophane 12 which can be
converted into the chiral structure /3 by replacement of H, by CO,H ') are shown
in Fig. 3.

Hg
Ccl X < §
e Mg X
T H,C CH,
w Hg s
10% =H, 2% =H,
11 x=Cl 13 X = CO,H Fig. 3. Chiral and prochiral axes and planes

2 Significance. History

From the chemical point of view, the most significant aspect of the present subject
lies in the possibility of differentiating the heterotopic ligands attached to elements
of prostereoisomerism or the heterotopic faces of a prostereogenic double bond.
The concept of heterotopic ligands and their recognition, in suitable instances, by
NMR spectroscopy was first presented in a pioneering article by Mislow and
Raban * (see also *’) on which much of the subsequent discussion is based. Diffe-
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Prostereoisomerism (Prochirality)

rentiation of heterotopic ligands or faces may be chemical or biochemical (as in
asymmetric and stereosclective synthesis, including transformations by enzymes)
or spectroscopic (notably by NMR spectroscopy). Before entering upon these
topics in detail, we pose here a challenge to illustrate the utility of the concepts: In
citric acid (14, Fig. 4), can the four methylene hydrogens H,, Hy, H¢, Hp be
distinguished by NMR spectroscopy, or by virtue of their involvement in the
enzymatic dehydration of citric acid to cis-aconitic acid, or both? This question
can easily be answered once the tenets of prostereoisomerism are understood: all
the hydrogens can be distinguished by appropriate enzymatic reactions and H,
and Hg (as well as H¢ and Hp) can give rise to distinct signals in the proton NMR
spectrum whereas H, and Hc (or Hy and Hp) give rise to coincident signals.

CO,H CO,H
Hy—C—Hg C—H
HO,C—C—OH  Aconitase _  wo,c—C
HeC—Hyp H—C—H
COH COH . itric acid and e
14 15 Fig. 4. Citric acid and aconitic acid

Historically, the first significant observation involving prochirality (though not
recognized as such) was the decarboxylation of methylethylmalonic acid (/6) to
a-methylbutyric acid (I7) in the presence of brucine ' (Fig. 5). The C(2) carbon
in o-methylbutyric acid is a chiral center; the C(2) carbon in the malonic acid
precursor is a prochiral center. The product (Fig. 5) is optically active; indeed, this is
one of the first recorded asymmetric syntheses. Clearly the superficial impression that
the two carboxyl groups of the starting malonic acid are equivalent must be erroneous,
for they can, in principle, be distinguished in the presence of the chiral catalyst
brucine. A better-documented case is that of citric acid (Fig. 4). It was long
known ¥ that when oxaloacetic acid (/8) labeled at C(4) is taken through
the Krebs cycle, the o-ketoglutaric acid (19) formed is labeled exclusively at
C{1) (next to the keto group), and not at all at C(5) (Fig. 6). This finding

CO,H T COH
HaC—C—CoHs  3ogo- H3C—C——C,Hs + HyC—C —C, Hg
CO,H COzH H

16 {S)-1+}-17,55% (R)=(-)=17,45%

Fig. 5. Asymmetric decarboxylation of methylethylmalonic acid
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Fig. 6. Part of citric acid cycle

seemed to throw doubt on the theretofore assumed intermediacy of citric acid (I14)
in the cycle since, it was argued, the two ends of citric acid (—CH,CO,H) are
equivalent and therefore the a-ketoglutaric acid formed through this intermediate
should be labeled equally at C(1) and C(5). However, it is now clear (see Sects. 3 and 5)
that the experiment in no way eliminates citric acid as a potential intermediate in the
oxaloacetic acid — a-ketoglutaric acid transformation by virtue of the fact that the
two CH,CO,H branches are, in fact, distinct and distinguishable by enzymes
because of the prochiral nature of the central carbon atom, C(3). Similarly the fact
that phosphorylation of glycerol (20) with ATP in the presence of the enzyme
glycerokinase gives exclusively (R)-(—)-glycerol-1-phosphate '> (21, Fig. 7) shows
that the enzyme can distinguish between the two primary alcohol groups of glycerol
and that these groups must thus be distinct: C(2) in glycerol is prochiral.

i
CH,0H CH,OP (OH),

Glycerokinase
— et vt -

H—C—0OH + ATP H—C—OH + ADP

CH,O0H CH,0H Fig. 7. Enzymatic phosphoryla-
20 (R)-{~}~21 tion of glycerol

The first® glimpse of understanding came when Ogston '®® pointed out that an
attachment of a substrate Caa’bc (a = a’) to an enzyme at three sites (so-called
“three-point contact™) could lead to the observed distinction between the homo-
morphic (as we would now say) groups a and a’, as shown in Fig. 8. If Ais a
catalytically active site on the enzyme and B and C are binding sites, Fig. 8 shows
that only a but not a’ can be brought into juxtaposition with the active site A

3 However, the first mention of a three-point contact (between a chiral drug and its receptor) is found
in an article by Easson and Stedman published in 1933 '%®, and a year later, Max Bergmann
postulated a three-point contact (involving CO,H, H,N and the dipeptide linkage) between
peptidases and the dipeptides hydrolyzed by them. '® Both these publications seem to have been
overlooked subsequently; I thank Professors V. Prelog and H. Hirschmann, respectively, for
drawing my attention to them.
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Fig. 8. Ogston’s three-point contact model
[From H. Hirschmann, “Newer Aspects of Enzymatic Stereochemistry” in Comprehensive Bioche-
mistry. Vol. 12, M. Florkin and E. H. Stotz, eds. By permission of Elsevier Publishing Co.]

when b and c are bound to B and C. Therefore a but not 2’ may be enzymatically trans-
formed; a and a’ are clearly distinguishable.

1t was subsequently recognized that, whereas Ogston’s picture provides a mecha-
nistic rationale for the observed distinction of apparently equivalent groups (for a
more detailed picture, see Fig. 56) it does not provide a unique rationale. Indeed, the
distinguishability of the a and a’ groups in Caa’bc (a prochiral center), is a conse-
quence of symmetry properties and is independent of any mechanistic principles. This
was probably first recognized by Schwartz and Carter '” who called such carbon
atoms {Caabc) “meso carbons” (now supplanted by “prochiral carben atoms™).
Excellent reviews concerning the nature of prochiral centers are now available 51819,

Before entering upon the substance of the matter, we must pick up one other,
at the beginning apparently unrelated, historical thread. In 1957 two groups of
investigators 2% discovered that in molecules of the type CX,YCabc (for example
CFE,BrCHBrC4H; or CH,BrC(CH,;)BrCO,CH;) the X nuclei (F in the first example,
H in the second) displayed distinct NMR signals. Although the phenomenon was not
clearly understood until some time later 22-2%), it is now clear that the non-equivalence
of such X-nuclei in nuclear magnetic resonance rests on symmetry principles 3,
as does the earlier-mentioned non-equivalence in enzymatic reactions and other
reactions involving chiral reagents. The next threee sections (3-5) will deal with
the explanation of these non-equivalencies and their chemical and spectral conse-
quences.

3 Homotopic and Heterotopic Ligands and Faces 5-7-'%)

3.1 Homotopic Ligands and Faces

We have indicated in the previous section that some apparently alike ligands are,
in fact, not equivalent towards enzymes or in their NMR signals. How does one

7
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Fig. 9. Homotopic ligands

decide, then, whether nuclei are equivalent? There are two criteria, a substitution
criterion and a symmetry criterion. Similar criteria (addition or symmetry) serve

to test the equivalency of faces.

* The term “equivalent” is overly general and therefore bland and of equivocal meaning. Thus
the methylene hydrogen atoms in propionic acid (Fig. 1) are equivalent when detached (i.e. they
are homomorphic), but, as already explained, they are not equivalent in the CH,CH,CO,H
molecules because of their placement — i.e. they are heterotopic. Ligands that are equivalent
by the criteria to be described in the sequel are called “homotopic” from Greek “homos” = same

23

23

25

25

25

27

27

Superposable
(by 180° turn)

Superposable molecules
(by rotation of CH,Cl
groups. see text)

Superposable
(by 180° turn)

and “topos” = place @, those that are not are called “heterotopic”.
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3.1.1 Substitution and Addition Criteria

Two homomorphic ligands (see footnotes on p. 3) are homotopic if replacement
of first one and then the other by a different ligand® leads to the same structure.
Thus, as shown in Fig. 9, the two hydrogen atoms in methylene chloride (22) are
homotopic because replacement of either by, say, bromine gives the same CHBrCl,
molecule (23); the three methyl hydrogens in acetic acid (24} are homotopic because
replacement of any one of them by, say, chlorine gives one and the same chloroacetic
acid (25); the two methine hydrogens in (R)-(+)-tartaric acid (26) are homotopic
because replacement of either of them e.g. by deuterium gives the same (2R,3R)-
tartaric-2-d acid (27).

Two corresponding faces of a molecule (usually but not invariably faces of a
double bond) are homotopic when addition of the same reagent to either face
gives the same product. For example, addition of HCN to acetone (28) will give
the same cyanohydrin 29, no matter to which face addition occurs (Fig. 10) and
addition of bromine to ethylene similarly gives BrCH,CH,Br, regardless of the face
of approach. The two faces of the C=0 double bond of acetone and of the C=C
double bond of ethylene are thus homotopic.

H4C CH H3C CH; H3C CH;
TN 4 o —— el t \c<
| NC “OH NC™ OH
0
28 29 29
Front attack Rear attack

Fig. 10. Homotopic faces: Addition of HCN to acetone

3.1.2 Symmetry Criterion ¥

Ligands are homotopic if they can interchange places through operation of a C,
symmetry axis. Thus the chlorine atoms in methylene chloride (symmetry point
group C,,) are homotopic since they exchange places through a 180° turn around
the C, axis (C}). Similarly, the methine hydrogens of (+)-tartaric acid (Fig. 9) are
interchanged by operation of the C, axis (the molecule belongs to point group C,).
The situation in acetic acid is somewhat more complicated. If we depict this molecule
as stationary in one of its eclipsed conformations, we see (Fig. 11) that the hydrogens
are heterotopic. However, rotation around the H,C—CO,H axis is rapid on the
time scale of most experiments. We are therefore dealing with a case of averaged
symmetry leading to interchange of the three methyl hydrogens of CH;CO,H,
which are thus homotopic when rotation is fast on the time scale of whatever
experiment is being considered.

5 The replacement ligand must be different not only from the original one but also from all other
ligands attached to the same atom. For example (Fig. 9) one cannot test the equivalency of the
hydrogen atoms in methylene chloride by replacing them by chlorine or the equivalency of the
hydrogens in (+)-tartaric acid or acetic acid by replacing them by CO,H groups. The reason
for this restriction will soon become obvious.
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It is important to recognize that the presence of a symmetry axis in a molecule
does not guarantee that homomorphic ligands will be homotopic. It is necessary
that operation of the symmetry axis make the nuclei in question interchange places.
Thus in 1,3-dioxolane (Fig. 12), in its average planar conformation, the hydrogens
at C(2) are homotopic since they are interchanged by operation of the C, axis
(the symmetry point group of the molecule is C,,). On the other hand, the geminal
hydrogen atoms at C(4) {or C(5)] are not interconverted by the C, symmetry operation
and are therefore heterotopic (H, with respect to Hy and H with respect to Hp).
However H, and Hy, are homotopic (as are Hy and H), being interchanged once again
by the C, axis.

_fB‘

X

o
Q

£

[«

0 4 1 5
. i s
H H Hy HgHe Hy

Fig. 11. Eclipsed conformation of acetic acid Fig. 12, 1,3-Dioxolane

Faces of double bonds are similarly homotopic when they can be interchanged
by operation of a symmetry axis. (Since there are only two such faces, the pertinent
axis must, of necessity, be of even multiplicity so as to contain C,.) Thus the two faces
of acetone (Fig. 10) are interchanged by the operation of the C, axis (the molecule
is of symmetry C,,); the two faces of ethylene (D,,) are interchanged by operation
of two of the three C, axes (either the one containing the C=C segment or the axis
at right angles to the first one and in the plane of the double bond).

By way of an exercise, the reader may convince himself that the two hydrogens
in each of the three dichloroethylenes (1,1-, cis-1,2-, trans-1,2-) and the four hydrogens
in methane, CH,, allene, H,C=C=CH, and ethylene, H,C=CH, are homotopic.
It might be noted that, in a rigid molecule, the number of homotopic ligands in a set
cannot be greater than the symmetry number of the molecule in question. Thus the
four hydrogen atoms H,_p, in 1,3-dioxolane (Fig. 12) cannot possibly all be homo-
topic, since the symmetry number of the molecule is only 2. Similarly, rigid molecules
in the nonaxial point groups C,, C, and C; cannot display homotopic ligands because
o = 1 for these groups; the same is true of C,,. (As mentioned above, this does not
apply to cases of averaged symmetry such as acetic acid which has homotopic methyl
hydrogens even though its non-averaged symmetry point group is C,.)

Returning to the above-mentioned unsaturated compounds, the reader might also
note that the faces in four of the five are homotopic, the exception being frans-1,2-
dichloroethylene which has heterotopic faces.’

The addition criterion tends to be confusing when applied to a molecule like ethylene where addi-
tion occurs at both ends of the double bond. The reader is advised, in such cases, ¢ither to use the
symmetry criterion or to choose epoxidation as the test reaction for the addition criterion. For
additional examples involving the heterotopic faces of not only olefins and carbonyl compounds

10
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3.2 Enantiotopic Ligands and Faces

Just as one divides stereoisomers into two sets, enantiomers (Greek enantios =
opposite) and diastereomers, so it is convenient to divide heterotopic (non-equi-
valent) groups or faces into enantiotopic and diastereotopic moieties. Enantiotopic
ligands are ligands which find themselves in mirror-image positions whereas dia-
stereotopic ligands are in stereochemically distinct positions not related in mirror-
image fashion; similar considerations relate to planes of double bonds.

The two criteria used to spot homotopic ligands and faces may also be used to
detect those which are enantiotopic.

3.2.1 Substitution-Addition Criterion

Two ligands are enantiotopic if replacement of either one of them by a different
achiral ligand’ (see also footnote 5 on p. 9) gives rise to enantiomeric products.
Examples are shown in Fig. 13. The marked hydrogens (H,, Hp) in CH,CIBr
(30), meso-tartaric acid (32), cyclobutanone (34) [at C(2) and C(4) but not C(3)]
and chloroallene (36) [at C(3)] are enantiotopic, as are the methyl carbons in isopropyl
alcohol (38). meso-Tartaric acid, incidentally, exemplifies one of the rare instances
of a molecule with heterotopic ligands but no discernible prochiral center or other
element of prochirality.

Those encountering the phenomenon of enantiotopic ligands for the first time are
sometimes puzzled by the nature of the difference between such ligands. One way
of explaining the difference is by the very substitution criterion: if replacement of
two ligands, in turn, by a third one gives rise to different (enantiomeric) products,
then the ligands can, by definition, not be equivalent (homotopic). A perhaps
more satisfying view of the matter '7-*> is shown in Fig. 14. If ones views the
rest of the CH,HzCIBr molecule from the vantage point of H, one perceives the
atoms Br—Cl—Hj in a counterclockwise direction (A). Contrariwise, if one views
the remainder of the molecule from Hg, Br—Cl—H, are seen in a clockwise
sequence (B). Therefore the environment of Hy is the mirror image of the environ-
ment of H,. We shall return to this view in Section 6.

Similar criteria, but of addition, can be established for enantiotopic faces. Faces
are enantiotopic if addition of the same chiral reagent’ to either one or the

but also species of the oxime or hydrazone type, RR'C=N/X, planar trigonal species, such as
carbonium ions, RR'R"C™*, and even bent disubstituted atoms bearing unshared electron pairs,
such as sulfides, RR'S: and related compounds, the reader should consult Ref. 24. In this
reference, a double bond of an olefin is considered as a single entity whereas in Ref. 4 each end
of the double bond is considered separately. This makes a difference, for example in ¢is-2-butene
where the two faces of the double bond are homotopic overall, whereas the two faces of each
CH,;CH = moiety taken separately are heterotopic. This point will be discussed further below.

If the test ligands are chiral, the products of replacing first one and then the other of two enantiotopic
ligands by them will be diastereomeric. Similar considerations apply to addition of chiral ligands
to enantiotopic faces.

-

11
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Br Br Br
CIA Hy clA Hg HAA cl
{viewed from H,} {viewed from Hg)
A B

Fig. 14. CH,CIBr — View of the rest of the molecule from each enantiotopic ligand

other will give rise to enantiomeric products. Thus (Fig. 15) addition of HCN
to the two enantiotopic faces of acetaldehyde gives rise to the two enantiomers of
lactonitrile. (Here, also — see footnote 5 on p. 8 — the added group must be
different from any group already there. Thus we cannot test the enantiotopic nature
of the two faces of the C=C function of acetaldehyde (40) by addition of
CH;Mgl, since the group added — CH,; — is the same as one of the existing

groups.)

H.___CHj H M H CHs
(I% 4+ HCN ———e /C,\ C\
NC “OH NC™  TOH
40 R-41 S-41
Front addition Rear addition

Fig. 15. Addition of HCN to acetaldehyde

3.2.2 Symmetry Criterion

Enantiotopic ligands and faces are not interchangeable by operation of a symmetry
element of the first kind (C,,, simple axis of symmetry) but must be interchangeable
by operation of a symmetry element of the second kind (o, plane of symmetry;
i, center of symmetry or S, alternating axis of symmetry). (It follows that, since
chiral molecules cannot contain a symmetry element of the second kind, there can be
no enantiotopic ligands or faces in chiral molecules. Nor, for different reasons, can
such ligands or faces occur in linear molecules, C,, or D,,.)

The symmetry planes (o) in molecules 30, 32, 34, 36, 38, Fig. 13 should be readily
evident. It is possible to have both homotopic and enantiotopic ligands in the same
set, as exemplified by the case of cyclobutanone (34): H, and Hp, are homotopic
as are Hy and H. H, is enantiotopic with Hy and Hc; Hy, is similarly enantiotopic
with H¢ and Hy. The sets Hy  and H p may be called equivalent (or homotopic)
sets of enantiotopic hydrogen atoms. The unlabeled hydrogens at position 3,
constitutionally distinct — see Section 3.4 — from those at C(2, 4), are homotopic
with respect to each other. Enantiotopic ligands need not be attached to the same
atom — viz. the case of meso-tartaric acid (32) and also the just-mentioned pair
H,, H¢ [or Hg, Hp] in cyclobutanone.

Symmetry elements of the second kind other than o may generate enantiotopic
ligands. Thus compound 42 in Fig. 16 (F and " are enantiomorphic, i.e. mirror-

13
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image, ligands) has a center of symmetry only (C,); H, and Hy which are symmetry
related by this center are enantiotopic. meso-Tartaric acid (32, Fig. 16) in what is prob-
ably its most stable conformation also has a center rather than a plane of symmetry,
so that its enantiotopic methine hydrogens (H,, Hy) are related by the i operation.
Similarly, the four tertiary hydrogens in 43, Fig. 16 are interrelated by the lone symme-
try element S in that molecule, and thus H, is enantiotopic with Hy and Hy, and the
same is true of H.. However, since the molecule also has a (simple) C, axis, H, and H¢
are homotopic, as are Hy and Hy,. It might be noted here and in compound 34, Fig. 13
that, while there can never be more than two enantiomers, a single ligand can have
more than one enantiotopic partner.

F
HO. COH

HA HA

H

8 My
HO,C OH

q

42 32

Fig. 16. Enantiotopic ligands in molecules with center or alternating axis of symmetry

Enantiotopic faces (Fig. 15) are also related by a symmetry plane — e.g. the
plane of the double bond in 40. The faces must not be interchangeable by operation
of a symmetry axis, lest they be homotopic rather than enantiotopic.

The two faces in question may relate to a molecular plane other than the face of a
double bond. Thus the two faces of methyl ethyl sulfide, H;C—S—C,H; are enantio-
topic ¥, inasmuch as oxidation of one or the other by peracid will give rise to two
different, enantiomeric sulfoxides, (R)- and (S)-CH;SOC,H;. Alternatively, we may
consider this case as one of two enantiotopic (“phantom” ) ligands, namely the two
unshared pairs on sulfur. Again the two faces of the benzene ring in 1,2,4-trimethyl-
benzene (44) are enantiotopic: addition of a chromium tricarbonyl ligand to one or
other of the two faces gives enantiomeric coordination compounds 454, b (Fig. 17).

Cr{CO),
H3CQCH3 H3C@~CH3 or Hac—@—cres
CH, CHy {0C),Cr  CHy
44 45a 45b

Fig. 17. Enantiotopic faces in substituted benzenes

So far we have discussed groups which are enantiotopic by internal comparison.
Groups may also be enantiotopic by external comparison, i.e. groups in two different
molecules are enantiotopic if they are related by reflection symmetry. Clearly this
can be so only if the two molecules themselves are enantiomeric: corresponding

14
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groups in epantiomeric molecules (e.g. the methyl groups in D- and L-alanine) are
enantiotopic. (See also Sect. 3.3.2, p. 19.)

Just as enantiomeric molecules cannot be distinguished in achiral environments,
neither can enantiotopic ligands. Such ligands can, however, be distinguished by
NMR spectroscopy in chiral media 262" or in presence of chiral shift reagents
(discussed in Sect. 4.1), in synthetic transformations involving either chiral reagents
or other types of chiral environment (asymmetric syntheses 28-2%)) and, above all,
in enzymatic reactions (since the enzyme catalysts are chiral) — cf. Section 5.
It is because of these potential distinctions between enantiotopic ligands and faces
that it is important to be able to recognize them.

3.3 Diastereotopic Ligands and Faces

The earlier mentioned criteria may also be employed to spot diastereotopic ligands,
i.e. ligands which find themselves in a stereochemically distinct but non-mirror-
image environment.

3.3.1 Substitution-Addition Criterion

In Fig. 18 are shown a number of cases where substitution of first one and then
another of two homomorphic ligands by a different achiral test ligand (see footnote 5
on p. 9) gives rise to diastereomeric products.

Such ligands are called diastereotopic and are generally distinct both chemically
and spectroscopically (their NMR signals will generally be different — cf. Section 4 —
and their reactivity will, in general, be unequal).

The case of 46 (Fig. 18) is straightforward: since C(2) in 2-bromobutane is
chiral, H, and Hy cannot be enantiotopic and the replacement criterion discloses
that they are diastereotopic rather than homotopic. The examples of cyclobutanol (48)
and 4-t-butyl-1,1-difluorocyclohexane (52) show (cf. Sect. 1) that a chiral center
is not required for the existence of diastereotopic nuclei. H, and Hg in 48 and F, and
Fpg in 52 are diastereotopic because they are cis and trans, respectively to the hydroxyl
group at C(1) in 48 or the #-butyl group at C(4) in 52. It might be noted that, after
replacement, C(3) in 49 or C(1) in 53 is not a chiral center but a stereogenic center;
the corresponding atoms in 48 and 52 are prostereogenic. In the case of propene (50)
replacement of H,, and Hy generates a cis-trans pair of (diastereomeric) olefins again
making H, and Hy diastereotopic. (One is cis to the methyl group at the distal
carbon atom, the other trans.) The case of meso-2,4-pentanediol (54) is of interest
because the products of replacement of H, and Hy are diastereomeric meso forms in
which C(3) is pseudoasymmetric. C(3) in the progenitor molecule is called pro-
pseudoasymmetric; in any case, H, and Hg are diastereotopic. In diethyl sulfoxide,
56, H, and Hj, are also diastereotopic as are He and Hp; on the other hand, H, is
enantiotopic with H and Hy with Hy,. (Since the molecule as a whole is achiral, the
existence of enantiotopic atoms is possible.) The situation in 56 is entirely analogous
to that in citric acid (74, Fig. 4) in which we now recognize H, to be diastereotopic
to Hy (as Hc is to Hp) whereas H, and H¢ (or Hy and Hy,) are enantiotopic. Citric
acid and diethyl sulfoxide are said to contain two enantiotopic pairs of diastereotopic
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csH3 ‘13"‘3
H— (l: —ct Hg—Cl He (l: “Hg
H— (l: —Br H— Cl: —Br
CH, CHy
erythro - 47 46
H H H Ha
OH HO Jem% o4 HB HamOH_
H H H H
trans-49 48
H\C/Cl " HA\c/HB
R g—Ci “ Ha—~Cl
C C
HyC” H Hye” H
trans -{E}-51 50
F Fa
Fg—Cl Pl
0F LT
53a 52
(!3H3 %Ha
S H—-C~OH H—C —OH
3| Hy—D 3| Hy—eD
s H— ? -D e HA'“ (!: -HB
R H- ? ~OH H— <*3 —OH
CH, CH,
55a 54
(‘:H3 ?Hs
H— ci: -D He ? —Hg
s o«gl; Hg—-D 04_]3 HaD
H— <{: —H He— T —H,,
CHj CH,
57a 56

Fig. 18. Diastereotopic ligands
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ligands (or two diastereotopic pairs of enantiotopic ligands). In passing we may note
that the hydrogens attached at C(2) and C(4) in cyclobutanol (48, Fig. 18) also form
enantiotopic pairs of diastereotopic hydrogens. In the trans diol (trans-49), on the
other hand, the corresponding hydrogens form an enantiotopic pair [C(2) vs. C(4)]
of geminally homotopic hydrogens whereas in the cis 1,3-diol (cis-49) they form a

| i i
HO— C —CN HCN C =0 HCN NC—C —OH
' to rear face I to front face }
HC—C—H H,C—C —H H,C—C —H
! |
CeHs CHg CeHs
59a 58 595
THa ‘|3H3 ‘I:Ha
H—C —Br H—C—Br H—C —Br
3| NaBH, ] NaBH, 3'
HO- (l: —H 1o rear face ? =0 to front face H— ? ~OH
H-—(i.’-—Br H—(|:-—Br H--(l:-Br
CH, CH,4 CH,
67a 60 61b
COH 0 CH,
HaC CHgMgl Hae CHaMg! Hc
e rr——ssamm e
’ CHy  iam Er oH
H H H
63a 62 63b
¢ CH, Cl o] Br
> C=C< bo:::\ ide > C= =CHZ toHsB;ie > C=C<
H Br attack H attack H CH
(£1-65 64 2-(65)
CH4 (i)H:, (]:H 3
S S—~0 ox T ox O’-T R
R H— cl: —CHy H—? —CH, H—(l: —CH, R
CeHs CeHs CeHs
67a 66 67b

Fig. 19. Diastereotopic faces of double bonds
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geminally diastereotopic pair of homotopic [C(2) vs. C(4)] hydrogens. (These
facts may become clearer when symmetry criteria are applied, see below.)

The addition criterion may similarly be applied to recognize diastereotopic faces.
Methyl a-phenethyl ketone, 58 in Fig. 19 has a chiral center; addition clearly gives
rise to diastereomers (594, 59b); the faces of the carbonyl carbon are diastereotopic
and the C=0 group is prochiral. This case is of importance in conjunction with
Cram’s rule '®. Compounds 60, 62 and 64 also display diastereotopic faces even
though the products 61, 63 and 65 are not chiral; 60, 62 and 64 have prostereogenic
rather than prochiral faces. The C=0 group in 60 is propseudoasymmetric, since C(3)
in 61 is a pseudoasymmetric center. a-Phenethyl methyl sulfide (66) displays dia-
stereotopic sides of a molecular plane not due to a double bond *** and may
alternatively be considered a case of diastereotopic phantom ligands (unshared pairs
on sulfur). This case does involve chirality and the sulfur atom is prochiral.

3.3.2 Symmetry Criterion

The symmetry criteria of diastereotopic ligands or faces are simple: such ligahds
or faces must be related neither by a symmetry element of the first kind (axis) nor by
one of the second kind (plane, center, alternating axis).2 The reader should convince
himself that the even-numbered molecules depicted in Figs. 18 and 19 (middle
column) are either devoid of such symmetry elements or that, when such elements
(e.g. &) are present, their operation does not serve to interchange the ligands or faces
designated as being diastereotopic. By way of generalization ¥ it might be pointed
out that 54 in Fig. 18 and 60 in Fig. 19 correspond to the general type A in Fig. 20
(diastereotopic ligands — R - or faces). Type B has homotopic ligands or faces
as does type C. In contrast, the ligands or faces in D and E are diastereotopic ¥.
Those in F are enantiotopic. (F and™ stand for enantiomorphic, i.e. mirror-image
ligands, X is an achiral ligand.)

F—CR;~3 or F—C—3 F—CR;~F or F—C—F F E X
[ | | N4
X RS
A B or
X—C~—R C
1 /N
F F X
c
F F F
F. X F X F X
| | |
R— C—-X \C/ H~C —X \C/ R~ C —~X \C/
rbox T M N Sy
1 /N ] 7N\ ; N
D E F

Fig. 20. Topicity of ligands and faces in molecules with paired chiral substituents

8 Itisalso to be understood that the ligands or faces in question must be in constitutionally equivalent
environments (such as C-2 and C-4 in n-pentane). If this is not the case (e.g. as between C-2 and C-3
in n-pentane), one speaks of constitutional heterotopicity; cf. Fig. 21 and p. 19.
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Ligands may be diastereotopic by external as well as internal comparison. Cor-
responding ligands in diastereomers are diastereotopic under any circumstances;
corresponding ligands in enantiomers are diastereotopic when viewed in a chiral
environment (e.g. a chiral solvent) %27, It has been pointed out, however 3, that
the difference between internally and externally heterotopic nuclei is of no fundamental
significance (though it is probably worth retaining as a matter of convenience). For
example, when one compares **C NMR signals of enantiotopic or diastereotopic
methyl groups, e.g. in an appropriately placed isopropyl moiety, Me,CH, one generally
creates the fiction that the two *C labeled methyl groups are in the same molecule,
i.e. internally stereoheterotopic. In fact, however, if the spectrum is recorded with
material that is not isotopically enriched, i.e. in which *C occurs at the natural
abundance of 1.1%, the chance that two adjacent methyl groups are both 3C
labeled is only about 1 in 10,000 and such molecules are not ordinarily seen in the
spectrum. The actual comparison is therefore between the enantiomeric or diastereo-
meric molecules, e.g. *Me,CHMe, X and Me,CH'*Me, X where X is an achiral
or a chiral group, as the case may be, and the superscript 13 marks the methyl
group which contains the isotope; thus it is actually a comparison between externally
enantiotopic or diastereotopic groups >%!

3.4 Concepts and Nomenclature >

At this point it may be well to review the criteria for homotopic, enantiotopic and
diastereotopic ligands or faces. Ligands, or faces, are equivalent or homotopic
when they can be brought into coincidence by operation of a proper (C,) symmetry
axis. If this condition is not fulfilled but the ligands or faces can be brought into
coincidence by operation of an improper (S,) axis of symmetry, including a plane (o)
or center (i) of symmetry, the ligands or faces are enantiotopic. If neither symmetry
operation (C, or 8,) brings the ligands or faces into coincidence, they are diastereo-
topic or (see footnote 8 on p. 18) constitutionally heterotopic. In the realm of
external comparison, molecules have homotopic groups if they are superposable,
enantiotopic groups if they are enantiomeric. Corresponding groups in diastereomeric
molecules are diastereotopic.

It is illuminating to make a comparison between isomeric and nonisomeric com-
pounds on the one hand and homotopic or heterotopic ligands or faces on the other.
There is logic to such a procedure since it was explained earlier that stereoisomers
are generated by appropriate replacement of heterotopic ligands or addition to
heterotopic faces. Figure 21 displays such a comparison ®. It is convenient, in
conjunction with the diagram of homotopic and heterotopic ligands (Fig. 20) to
introduce an additional term: If homomorphic ligands (e.g. the hydrogen atoms
in a methylene group) occur in constitutionally distinct portions of a molecule,
we call them constitutionally heterotopic. Examples would be the methylene hydro-
gens at C(2) and those at C(3) in cyclobutanol (48, Fig. 18).

Constitutionally heterotopic ligands are in principle always distinguishable, just
as constitutional isomers are. Diastereotopic and enantiotopic ligands or faces may
be lumped together under the term “stereoheterotopic™ just as diastereomers and
enantiomers are both called stereoisomers.
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Compounds of id?nticul molecular formula
| ]
Isomeric Identical ®
!
I 1

Constitutional Stereoisomers

isomers l

Diastereomers Enantiomers

Homomorphic ligands or faces

Heterotopic {non -equivalent) Homotopic (equivalent )
{

Constitutionally Steredheterotopic
heterotopic ]
| ]

Diastereotopic Enantiotopic

Fig. 21. Classification of compounds and ligands ©

Just as it is convenient to distinguish enantiomers and diastereomers by nomen-
clature symbols (R, S, E, Z, etc.) it is desirable to provide names for stereoheterotopic
ligands or faces. The basic nomenclature to this end has been provided by Hanson %%
and is closely related to the nomenclature of stereoisomers.

If, in a prochiral assembly — e.g. a prochiral center Caabc — a hypothetical
precedence (in the sense of the sequence rule V) is given to one of the identical
ligands (a) over the other (a’), that ligand (a) will be called “pro-R” if the newly
created “‘chiral center” Caa’bc (sequence a > a’) has the R configuration, but it
will be called “pro-§” if the newly created “chiral eenter” has the S configuration.
Let us take ethanol (68, Fig. 22) as an example. The hydrogen atoms H, and Hy
are enantiotopic (Sect. 3.2). If preference is given to H, over Hy in the sequence rule,
the sequence is OH, CH;, H,, Hy and the (hypothetical) configurational symbol for
68 would be R, hence H, is pro-R; by default, Hy is pro-S. The answer would have
come out the same if Hy has been given precendence over H,; in that case the

pro-R ?A ? T
H,C— CI: —QH H4C— <|: —~QH  HC— Cl: —OH
HB“pro—S H D
Fig. 22. Ethanol, (R)-ethanol-
&8 {R)-69 {5)-69 1-d and (S)-ethanol-1-d

? The term “homomeric™ has been proposed for such species by Mislow, K. : Bull. Soc. Chim. Belg.,
86, 595 (1977) and O’Loane, J. K.: Chem. Revs., 80, 41 (1980).
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sequence would have been OH, CH;, Hg, H, and the hypothetical configurational
symbol for 68 is then S — hence Hj is pro-S. It might be noted (cf. Fig. 22) that the
same result would obviously have been obtained by replacing first one hydrogen
and then the other by deuterium since deuterium has sequential precedence over
hydrogen ¥; replacement of Hy by D gives (R)-ethanol-1-d [(R)-69] and hence H, is
pro-R; similarly, replacement of Hy by deuterium gives (S)-ethanol-1-d [(S)-69] and
hence Hy is pro-S. This alternative of replacing the atom to be stereochemically
labeled by a heavy isotope rather than giving it hypothetical precendence may be used
except when the heavy isotope is already present at the prostereogenic center. Thus the
enantiotopic methyl hydrogens of acetic-2-d acid, CH,DCO,H can obviously not be
assigned as pro-R or pro-S by replacing them by deuterium (see footnote 5 on p. 9).
In this case it is necessary to elevate one or other of the hydrogens in question to a
precendence above its counterpart but below D.

In a formula, the “pro-R group X” is sometimes written as Xy (and similarly X
for the pro-S group). It is important, however, to read Xz as “the pro-R group X
and not as the “R group X” since prochirality not chirality is implied. Indeed,
Fig. 23 shows a case (type CFFXY) where both CH;CHOH (F) ligands have the
S-configuration but the upper one is pro-R whereas the lower one is pro-S. In
the original structure, the central atom [C(3)] is achiral. When precendence is given to
the upper ligand (indicated in Fig. 23 by replacement of CH; by **CHj,), however,
C(3) becomes chiral and since its configuration is R, the upper CH;CHOH ligand
is pro-R 3,

13,
pro-R Cl:H3 CH,
s H- ? —OH H— <|: —OH S
Achiral, prochiral  H—C —QH  yeotheteal _ j_ C—OH
1 replacement ;
S Ho- ? —H HO— cl: —H s
pro-S CHj CH4

Fig. 23. Molecule in which ligand of S-configuration is pro-R

Just as chiral centers can be labeled R or S not only in enantiomers but also in
many diastereomers, so the designations pro-R and pro-S are not confined to
enantiotopic ligands but may also be used for a number of diastereotopic ones (for
exceptions, see below). Thus, for example, the labeling in Fig. 13 is such that H,
(compounds 30, 32, 34, 36) or Me! (compound 38) is the pro-R group; the reader
should verify this proposition. The same is true for compounds 46 and 56 in Fig. 18.
Compounds 48, 50, 52 and 54 in Fig. 18 cannot be labeled in this manner since
replacement of the diastereotopic ligands does not produce chiral products. In 54
(pro-pseudoasymmetric center) the substitution gives rise to a pseudoasymmetric
center which, in the compound of the left is s, in the compound on the right r.
Hence H, is called pro-r and Hy pro-s .
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In 50, replacement of H, and Hy gives rise to Z and E olefins, respectively;!° here
H, should be called ® “pro-Z” and Hy “pro-E”. (Symbols H,, H,, Hg, H, may be
used.) In compounds 48 and 52, the terms “pro-cis” for H, and F, and “pro-trans”
for Hy and Fg (symbols H,;,, H,,.,,, etc.) are appropriate.

Hanson * has also devised a specification of heterotopic faces. The rule here
is simple: one looks at the chirality in two dimensions (cf. Sect. 6) and if the
sequence is clockwise, one calls it Re, if counter-clockwise, Si.'! Thus the face of
acetaldehyde turned toward the reader in Fig. 15 is S7 (O, CH;, H are in counter-
clockwise order) and the corresponding front faces in Fig. 19 are Re for 58 and re
for 60 (here the face is pro-pseudoasymmetric and the use of the lower-case symbol
is appropriate). The nomenclature does not work for 62 and 64** but it would
be appropriate here to call the top face “ci” and the bottom face “#r”, these being
the first two letters of cis and trans, respectively. (Re and Si are, of course, the first
two letters of Rectus and Sinister.) In 66 (Fig. 19) the uninvolved lone pair must be
inserted as a phantom ligand; when this is done the right face of the molecule
becomes Si, the left one Re. (As already mentioned, one may consider both lone
pairs as prochiral ligands, in which case the right pair is pro-S, the left pro-R,
since elevation of the right pair over the left gives a hypothetical S configuration,
and vice versa. (The fact that attachment of oxygen to the right pair gives an S-sulf-
oxide — and to the left pair the R isomer — is immaterial in either system of
nomenclature.)

We have already mentioned (p. 4 and Fig. 3) that prostereoisomerism can also
exist in cases where replacement of one of two homomorphic ligands gives rise
to molecules of axial or planar chirality. Compounds 10 in Fig. 3 and 36 in Fig. 13
are examples of axial prochirality giving rise to enantiotopic ligands; compound 12
in Fig. 3 is an example of planar prochirality giving rise to such ligands. Figure 24
shows examples of axial prochirality giving rise to diastereotopic ligands *¥, viz.
70 3 and 71 3% and of planar prochirality (if it may be considered as such) giving
rise to such ligands, as in 7239,

Although systematic nomenclature is generally to be preferred, there are some
instances, for example in steroids, where a local or parochial nomenclature is still
generally used. Thus in 3-cholestanone (73, Fig. 25) the hydrogen atoms above the
plane of the paper (which itself represents a projection of the three-dimensional

0 For nomenclature purposes, the replacement of H by Cl is not appropriate; one should replace
H by D or better (see above) by “clevated H”. In the case of 50, Fig. 18, it happens to make no
difference.

' Hanson ¥ originally used re and si, but since prochiralty, not propseudoasymmetry, is involved,
the use of capital letters is more appropriate and has now been accepted '*+32),

12 (Added in proof) With the recent additions to stereochemical nomenclature '?, it becomes possible
to name the faces of compound 62 in refsi terminology. The cyclobutanone is opened with a
double complementation of C(1) yielding (i) in which the left branch has auxiliary descriptor R,, the
right S,. The top face is thus si and the bottom face re ¥,

CHy © CH, 0
SRS
oC~C—C—C~C—~C—C—C—CO
1 2 3 4 H 2 1 & 1
|
h _ A
Ry So 62
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CHI(CH,),

CH,N{CH,),
C,HgCHBr ~CO —C{Me}=C =CH,

70

(Qﬂa)zCHCR =C=CR'R"
Fig. 24. Prochiral axes and
71 72 planes

0 ! I 73

molecule) are called B and those below the plane o 37. Since the geminal hydrogens
at each methylene carbon form a diastereotopic pair, it is clear that diastereotopic
hydrogen atoms in such pairs may be distinguished by calling them H, and H; and this
is commonly done. There is obviously no one-to-one connection of such common
with systematic nomenclature; for example, the B-hydrogen at C(2) is pro-S but
that at C(4) is pro-R. Not surprisingly this lack of correlation parallels that
between o/B and R/S when one looks at chiral centers in steroids (as in 1- and 4-chol-
estanol). The a- and B-designation may also be given to prostereoisomeric faces;

thus the front (i) face of the keto function at C(3) is B and the rear (Re) face is .

Sometimes, especially in enzymology, it is convenient to speak of the face of a
molecule quite apart from any particular prochiral or prostereogenic element. For
example, one might like to express the fact that a steroid is attached to an enzyme
receptor on the o face without making reference to any particular CH, or C=0
moiety. The pro-R/pro-S or Re/Si nomenclature is not generally applicable to such
cases (for an exception, see Fig. 17). The o/f face nomenclature {which applies to
steroids as explained above) has been generalized *® to apply to all kinds of rings
using the following rules:

1) If the compound is monocyclic, or if the rings are not fused, the faces are designed
as o if progression around each ring from the lowest to the next higher numbered
atom by the shortest route is clockwise, as f if such progression is counterclockwise.
The ring is to be examined as a planar regular polygon, i.e. disregarding confor-
mation. If multiple numbering systems are used, the precendence is 1-2
> la—2a > 1"

2) If the compound is made up of “ortho-fused” rings only, face designations
of the entire system of rings are derived from the ring containing the lowest
numbered unshared atoms, as specified in standard numbering for the compound.

Under rule 2, the A ring is pace-setting for the entire steroid system (Fig. 25) and
under rule 1 the front face of this ring is f since the numbering proceeds counter-

Fig. 25. 3-Cholestanone
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clockwise. Similarly the front face of heme (Fig. 26) is o; oxygen in hemoglobin
and myoglobin is known to bind to the B-face 3. For further details the original
publication should be consulted *®; the system has ot yet been generally accepted.

Fig. 26. Faces of heme

4 Prochirality and Nuclear Magnetic Resonance >-4°-41

4.1 General Principles. Anisochrony

Nuclei which are diastereotopic will, in principle, differ in chemical shift, i.e. they
will be “anisochronous” *.** It must be pointed out, however, that the chemical
shift differences are often small, sometimes so small that the signals can be resolved
only at quite high fields, and not infrequently altogether unobservable even at the
highest fields available. In the latter situation one may speak of “accidental
isochrony”, meaning that while the nuclei are in principle anisochronous, they are
not, in fact, resolved.

Anisochrony for diastereotopic ligands is seen with a number of different nuclei.
We have aiready mentioned that CH,BrC(CH;)BrCO,CH, displays different signals
for the diastereotopic protons (italicized) " and that CF,BrCHBrCcH, displays
different resonances for the diastereotopic fluorine nuclei ?®. The diastereotopic
methyl groups in the ferrocenyl cation 74 (Fig. 27) are distinct both in their *H
and *3C signals #.

Fe

4
74 CHCH{CH,J,
a Fig. 27. Example of diastereotopic methy! groups

3 This term was coined by G. Binsch following A. Abragam’s use of “isochronous” for chemical-
shift equivalent; cf. Ref. 5, p. 23.
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The immediate cause for anisochrony is, of course, the unequal magnetic field
sensed by the diastereotopic nuclei. It follows that as the source of the diastereotopic
environment is removed further and further from the test nuclei, the anisochrony
is expected to diminish. This prediction has been tested > with the results shown
in Table 1.

Table 1.** Observed Anisochrony of Diastereotopic Methyl
Protons in (CH,),CH—X—CH(CH,)CeHs,

Entry X Shift Difference

in ppm

inCCl,  inCeH,

1 none 0.182 0.133
2 0 0.067 0.013
3 OCH, 0.005 0.008
4 OCH,CH, 0.042 0.030
5 OCH,CH,0O 0.000 0.013
6 OCH,CH,0CH, 0000 0.000

It is seen that, in general, the above proposition is correct but an exception is found
for the OCH,CH, “‘spacer” (entry 4) which leads to greater anisochrony than does
OCH,. This may be an effect of coiling (contribution of gauche conformations,
enhanced by the presence of oxygen in the chain) which brings the chiral end,
—CH(CH,)C4H; close to the diastereotopic methyl groups, thus enhancing the mag-
netic field difference of these groups over what it is in the lower homolog (CH,O spacer,
entry 3). It is also seen in Table 1 that anisochrony in benzene may be either
greater or smaller than in carbon tetrachloride; in particular, in entry 3 anisochrony
is observable in benzene but not in CCl,. It is thus desirable, in looking for
potential anisochronies, to record the spectrum in several different solvents *¥
(CCl,, CDCl,, benzene-d,, pyridine-ds) (see also **-4%). Another way of enhancing
(or manifesting) anisochronies is to use lanthanide shift reagents *¥.

In Table 2 are summarized the shift differences (both *H and !3C) between the
diastereotopic methyl groups of the compounds *® shown in Fig. 28. (Arguments
are adduced in the paper *© that the conformation shown is by far the preferred one,
at least for R = COX.) It is immediately obvious that these differences in shift
between diastereotopic protons are much larger for the phenyl than for the cyclohexyl
compound; presumably because of the much larger differential shielding of the

H H
HC CH CH, HiC CH CHy Fig. 28. Preferred conformations of
3 3 (CH,),CHCR(CH,)CeH; (75) and
75 76 (CH,),CHCR(CH,CH;, (76)
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methyl protons by the phenyl ring. On the other hand, these *H shift differences
(except in the case of the nitrile) are not strongly dependent on the nature of R.
(Neither of these statements is true for the **C shifts of the phenyl compounds which,
in some instances, are opposite to the *H shifts.) It is clear, also, that the anisochronies
of the diastereotopic methyl groups are much larger in *>C than in 'H resonance;
presumably this is a consequence of the generally larger shift effects in '*C NMR
spectra due to their largely paramagnetic origin. *>*C NMR is thus generally a better
probe for diastereotopic ligands than 'H where both types of nuclei are present
in these ligands.

Table 2. Chemical Shift Differences (ppm) of Diastereotopic Groups in Compounds 75 and 76

R CO,H CO,CH; CO,Ph  COCl COCH; CONH, CH,NH, CH,OH CH,0Ac CN

75,'H 039 035 0.41 0.38 0.31 0.27 0.29 0.27 020 —0.37
76, *H 0.07 0.06 0.00 0.06 0.00 0.06 0.03 0.04 0.00 0.11

75,3C 184 1.90 1.79 091 L14 094 —080 —054 —0.14 0.7
76,*C  0.85 0.85 0.80 0.50 0.74 0.84 0.42 0.51 0.33 1.67

The diastereotopic and hence anisochronous nuclei so far considered were attached
to prochiral centers. Mention was made earlier of axial and planar prochirality which
may also give rise to diastereotopic nuclei. A case of planar prochirality *” leading
to anisochronous nuclei is shown in Fig. 29. Simultaneous complexation of (R)-methyl
p-tolyl sulfoxide and propene to PtCl, gives rise to diastereomers (77a, b, depending
on which enantiotopic face of the propene is turned toward the metal) in which
the propene methyl groups are (externally) diastereotopic and hence anisochronous.
Similar complexation with cis-2-butene (in which the two faces are homotopic)
gives a single enantiomer (78), but now the two methyl groups of the butene are
internally diastereotopic and once again anisochronous. A surprising result is
seen with frans-2-butene: here the faces are again enantiotopic and so two dia-
stereomers (79a, b) should be formed, but within each diastereomer one would
expect the two methyl groups (of one and the same complex) to be homotopic,
because of their interchangeability by the C, axis. Thus one would expect to see two
(externally) diastereotopic methyl signals, each corresponding to two methyl groups.
In fact, however, four methyl signals are seen, i.e. there is no C, axis *”. This has been

L
cl 77a R,:CHB,R2= R3=R4:H
| R1.,‘_ R, 77b R, =Ry =R, =H,R, = CH,4
i e QU W o
a =R, =CH3,R; =R3=H
HyC a R R, 15N 3,782 3Ry

79b R,=R, =H, R,= Ry = CHy

Fig. 29. Anisochrony due to planar prochirality
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ascribed to slow rotation, on the NMR time scale, around the olefin-platinum
bond 47

The complexation of dimenthyl maleate and dimenthyl fumarate with iron tetra-
carbonyl (Fig. 30)*® gives rise to two diastereomers in the case of the fumarate
(whose olefin faces are diastereotopic) but only a single enantiomer in the case
of the maleate (whose faces are homotopic). Nevertheless, both complexes display
diastereotopic olefinic protons: the maleate complex because the two ethylenic
protons are internally diastereotopic, the fumarate complex because, although
the two protons within one molecule are homotopic by virtue of the existence of a C,
axis, the olefinic protons of the diastercomeric molecules are externally diastereo-
topic. One may ask, then, whether the two cases are distinguishable, and indeed
they are. The two protons in the maleate complex (80) will necessarily be equally
intense but, being anisochronous, will split each other and thus give rise to an AB
signal. The two diastereomers in the fumarate complex (874, b) are not necessarily
formed in equal amounts and therefore their signals may be unequal in intensity.
Moreover, since the protons within one molecule are homotopic, they do not split
each other and one thus sees two (possibly unequally intense) singlets.

H\C _~CO;menthyl
1 + Fe{CO}, ——= one complex 80

c
H \COZ menthyl
Maleate

H\C/Cozmenthyl
i + Fe(COl, — two complexes 8fa,b
PN
menthyl 0,C H
Fumerate

Fig. 30. Complexation of dimenthyl maleate and dimenthyl fumarate with iron tetracarbonyl

Anisochrony due to axial chirality of the diastereotopic methylene protons in
H,C=C=C(Me)COCHBIR (cf. Fig. 24) has been observed; the chemical shift
differences may be as high as 0.13 ppm. > Also related to axial chirality are several
cases of anisochronous methyl groups in isopropyl moieties which are diastereotopic
through being part of a chiral allene of the type Me,CHCR=C=CR'R" 3549,
These cases resemble that shown in Fig. 27 where a prochiral center (Me,CH—C . . .}
is attached to a chiral ferrocenyl moiety; it should be noted that the ferrocenylmethyl-
carbenium ion fragment is chiral only if rotation about the C,—C™* bond (marked
a in Fig. 27) is slow on the NMR time scale 42,

Since nuclear magnetic resonance is a scalar probe, enantiotopic nuclei are iso-
chronous (i.e. have the same chemical shift) in achiral media. Such nuclei, however,
become diastereotopic in chiral media and thus, in principle (though often not in
practice) anisochronous. Among many examples 2627 are the enantiotopic methyl
protons of dimethyl sulfoxide, CH;SOCH;, which are shifted with respect to each
other by 0.02 ppm 2% in solvent C4H;CHOHCF;. (Surprisingly the *C signals of the
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two methyl groups are not resolved under these conditions; this is an exception to
the rule that '3C signals of diastereotopic methyl groups generally show larger
relative shifts than their *H signals 46-59,

The methyl groups of dimethyl sulfoxide are also anisochronous in the presence
of chiral lanthanide shift reagents, such as Eu(facam) or Eu(hfbc); (Fig. 31)°%.
The enantiotopic carbinol protons of alcohols RCH,OH are similarly rendered
anisochronous by chiral shift reagents 32,

R = CF,CF,CF; : Eulhfc),y or Eulhfbely 53d,e)
R = CF; : Eultfc), or Eu(facam), or Eu -opt® 53,0

R = (CHj),C $3abe) Fig. 31. Chiral shift reagents

NMR shift differences between groups which are enantiotopic by external com-
parison (i.e. in enantiomers) may likewise be induced by either chiral solvents 26-27
or chiral shift reagents 5. Integration of the areas of signals of enantiomers so
shifted is used for the determination of enantiomeric excess, a topic which cannot
be taken up here but has been discussed elsewhere 5.

The detection of diastereotopic nuclei by NMR is possible only if the diastereo-
topic nature of such nuclei is maintained on the time scale of the NMR experiment.
Thus the equatorial and axial fluorine atoms in 1,1-difluorocyclohexane (Fig. 32),
though diastereotopic, give rise to a single NMR signal because the rate of inter-
change of these nuclei by ring reversal at room temperature (cf. 100,000 sec™)
is much higher than the shift between the fluorine nuclei (884 Hz at 56.4 MHz or
884 sec ') *¥). However, the fluorine atoms F! and F? become anisochronous below
—46 °C when interconversion between the two chair forms (Fig. 32) is slowed to a
rate less than the separation of the fluorine signals. This situation will be further
discussed in Section 4.4.

F1

F1
F2
A B Fig. 32. 1,1-Difluorocyclohexane

In conclusion of this Section we want to mention the phenomenon of “multiple
nonequivalence” 4°-*5 which may occur when there are several nuclei in a molecule
which are diastereotopic to each other. Two cases are depicted in Fig. 33. In the
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allenic molecule 82 4°®, the two ethoxy groups are diastereotopic because of the allenic
chirality, and within each ethoxy group the methylene protons are similarly dia-
stereotopic since they are not related by either a C, or a o; as a result, all four
methylene protons are anisochronous and there will be two sets of AB signals. The
same is true of the four methylene protons in the biphenylic sulfoxide 83 5%, The
symmetry plane which might normally make H; enantiotopic with H, (and H; with
H,) is absent because of the non-coplanarity of the biphenyl ring system. Multiple
nonequivalence is also seen in malonates: in the methylene proton signals of
R*CH(CO,CHHR"), *® and in the isopropyl methyl signals of R*CH(CO,CHMe,),
(R*) = chiral substituent).5”

|
I \
H
CH H
N
H C=C=
| / H/ \OCGH5
H3C——|C—O
H
82

Fig. 33. Multiple nonequivalence

4.2 Configurational Assignment by NMR. Assignment of Prochirality
Descriptors

In this Section we shall use the ideas of prochirality in assignment of stereochemical
configuration *® (usually relative — especially meso vs. d — rather than absolute
configuration) and we shall also discuss assignment of prochirality symbol (i.e. recogni-
tion of which group is pro-R and which pro-S at a prochiral center). (Recognition of
prochiral faces as Re or Si is usually obvious from the stereochemistry of the
addition products thereto and will not be discussed here; examples are found in Section
5.2).

CH, CH, OH OH
H—?——OH H-—(]".—OH Ha He
e e G ] X
H-—(l:—OH H0-(!3—H Hg Y He

CH, CH, H OH

meso active
meso active 85a 85b
84a 84b

Fig. 34. Distinction of active and meso forms by NMR
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In favorable circumstances, active (or d/) and meso stereoisomers may be distin-
guished directly; an acyclic (84) and a cyclic (85) example are shown in Fig. 34,
In both cases the methylene protons H¢ in the active forms are related by a C, axis
and therefore homotopic and isochronous whereas the corresponding protons H,
and Hy in the meso forms are not related by either C, or ¢ and are therefore
diastereotopic and anisochronous. The situation is not altered when the d/ form
rather than an active isomer is compared with the meso form: the (internally homoto-
pic) methylene protons of the two enantiomers are externally enantiotopic and so
remain isochronous.

Cases where the stereogenic centers are further removed from the prostereogenic
one — e.g. in compounds of type Ph—CHX—CH,—CMe,—CH,—CHX—Ph —
have also been investigated in both acyclic *® and cyclic ®* systems.

When no suitable probe is present, as in Fig. 35, such a probe may sometimes be
introduced. There are two ways of doing this, depicted in Figs. 35 and 36,
respectively. Introduction of two identical chiral groups at ligands or faces originally
related by a symmetry axis or plane leaves the originally homotopic ligands
CH,CH in the active isomer §6a (Fig. 35) homotopic and hence isochronous in 87a
but makes the corresponding enantiotopic ligands in the meso form 865 diastereo-
topic and hence anisochronous in 875. Unfortuantely, the usefulness of the probe in
this form is greatly impaired because the homotopic groups in each enantiomer (R-
and S-86 a) become diastereotopic'* (by external comparison) in the pair 87a. There-
fore one cannot distinguish the d/ pair (RS-864) from the meso form (86b);
distinction of active from meso forms is, of course, effected more simply by polari-
metry. '’

CH, CH,
T OR
0+ H- ? N P——— /
CeHs ORs
CH, &H,
86a,active (S} 87a, homotopic CH, and R¢ groups
CH, CH
Hs ORg
o] -+ H—C —OH B ) R = o¢-phenethyl
CeHs ORg
CHy CHs
86b, meso (s) 87b,diastereotopic CH, and R groups

Fig. 35. Chiral probe to distinguish 4/ and meso forms

14 This is also true in the use of chiral solvents to the same end described in Ref. 25.

15 di-86a can, of course, be distinguished from meso-865 by the classical ' method of introducing
a new chiral center, ¢.g. by reducing the ketone to an alcohol: 86 b will give rise to two diastereomers,
86a to only one. See also Ref. 62b.
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CH, CH;
TA
NH — — N——(}Z—CSHS
Hg
CH4 CHy
{Likewise for any
88 90 F-NH-F vs.F~NH-3}
CH, CHy y
c
I
NH ——— - N’”"C’—CBHs
i Hp
CH;, CH,
89 91

Fig. 36. Achiral probe to distinguish d/ and meso forms

An alternative means for distinction of meso forms and dl-pairs ®0 is depicted in
Fig. 36. Benzylation of the amines 88 and 89 gives the N-benzyi derivatives 90
and 91. In 90, derived from the meso isomer 88, H, and Hj, are enantiotopic and hence
isochronous; they constitute a single (A,) signal. In contrast, in 97, derived from the
active isomer or dl-pair 89, the benzylic protons are diastereotopic and hence
anisochronous and constitute an AB system.

Use of this methodology is risky when only one stereoisomer is available. If the
benzyl derivative displays a single signal, it is not clear whether one deals with a
species of type 90 or whether accidental isochrony is encountered in a species of
type 91. If the latter is the case, the method fails even if both stereoisomers are
available. An alternative is shown in Fig. 37%®. The amine is converted into its
2,4-dinitrobenzenesulfenyl derivative. In this species the N=S bond has considerable
double bond character and rotation around it is slow on the NMR time scale at
room temperature; moreover, the structure is such that the N—S—C plane is
perpendicular to the C—N—C plane; i.e. the species resembles an allene and displays
axial chirality. Derivatization of the meso isomer (92) thus gives rise to two meso
forms, one with the dinitrophenyl group up, the other with the group down
(Fig. 37, 93a, b). In each isomer, the methyl groups are internally enantiotopic and
thus appear as a sole doublet. However, the methyl groups of 934 and 935 are ex-
ternally diastereotopic and therefore anisochronous; two methyl doublets will thus be
generated from the meso form and they will usually be of unequal intensity, since
the two diastereomers are normally not formed in equal amounts. In contrast, the d/
isomer, 94, will give rise to a single product 95. In this compound the methyl groups
are internally diastereotopic and hence also anisochronous, but their signals will be
equal in intensity. The meso and dJ isomers can thus be distinguished by signal in-
tensity measurements on the products 93 and 95; and this measurement is generally
possible even if only one isomer is available to begin with. (A slight uncertainty is
introduced by the outside possibility that 934 and 935, though diastereomers, might
accidentally be formed in equal amounts.)
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CeHs CeHs CeHs cI:GHS <|:GH‘S
HyC-C~H H3C—(!:—-H H3C—Ci:-H H3C—(13—H H3C—(IZ—H
- 9 ® o, AT ©
NH 2 (r:o;g)csagscx v . e Ny Arsc N
(ar l \Ar l * l \Ar
H3C~CI:—H H3C-(IZ—H H3C—(I:——H H—-(l:—CH3 H—(l:——CH3
CeHs CgHs CeHs CeHs CeHs
meso (92) 93a 93b di(94) 95

Fig. 37. 2,4-Dinitrobenzenesulfenyl chloride as probe for 4/ and meso forms

We mentioned earlier that the interplay of external and internal diastereotopicity
sometimes foils attempts to distinguish 4/ from meso isomers. However, this difficulty
is sometimes alleviated inasmuch as internally diastereotopic nuclei may couple
with each other whereas externally diastereotopic ones cannot do so. An example 269
is the distinction of meso- (96) and dl-2-butylene oxide (97) (cis- and trans-2,3-
dimethyloxirane) by means of a chiral shift reagent (Fig. 38). Upon complexation
with a chiral shift reagent, the internally enantiotopic C—H protons of the meso
isomer 96 become internally diastereotopic and thus anisochronous. The correspond-
ing internally homotopic protons of the active isomer 97 remain homotopic and
isochronous. But, in the case of a dl-pair, the two enantiomers are converted into
diastereomers by complexation with the chiral shift reagent and the protons thus
become externally diastereotopic and anisochronous. So far the situation appears
stalemated. However, the C—H protons in each enantiomer, because they are iso-
chronous, do not display coupling and the spin system is X3AA'X; or, in close
approximation, AX;: the protons appear as a single quartet. In contrast, the protons
of the meso form, being anisochronous do couple and the system is a much more
complex X;ABY;; the two cases are clearly distinguishable 26°),

H IHS H EH3 H4C z
—_ - sC—
[ So-eur [ So-gux + | o-Ew
H— (l3 HL— (|2 H-—C
CHj H CH, Fig. 38. Distinction of meso- and
Eu* = chiral shift  dl-2,3-epoxybutane by chiral shift
meso (96) ai{97) reagent reagent

Use of diastereotopic probes for determination of absolute (as distinct from relative,
e.g. meso vs. dl) stereochemistry is rare; an example relating to chiral amine
oxides is shown in Fig. 39 ?5®, The solute-solvent complex shown, composed of the
(S)-amine oxide and (S)-phenyltrifluoromethylcarbinol, has the ethyl group of the

oo
H " . .
C\3 1 Fig. 39. Determination of absolute stereochemistry through NMR
CH,mN (o in chiral solvent
7/ "/ \CF [Reprinted with permission from W. H. Pirkle, R. L. Muntz,
HC 3 L. C. Paul, J. Am. Chem. Soc., 93, 2817 (1971). Copyright 1971,

American Chemical Society.}
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amine oxide placed in the shielding region of the phenyl moiety of the solvent; the
ethyl protons in this diastereomeric complex will therefore resonate upfield of the
ethyl protons of the diastereomeric complex from (S)-solvent and (R)-amine oxide.
The reverse will be true of the protons of the methyl group of the amine oxide.!®
This method of configurational assignment suffers, of course, from the usual limi-
tation that it is dependent on the correctness of the model on which it is based.

So far in this section we have discussed the use of stereoheterotopic probes in con-
figurational assignment. We now come to the problem of assigning the stereochemical
placement (pro-R or pro-S) of the stereoheterotopic groups themselves. One way of
doing this involves replacement of the prochiral by a chiral center, for example to re-
place RR'CH, by RR'CHD or RR'CMe, by RR'C**Me!*Me or by RR'C(CH;)CD;.
The groups at the chiral center may then be distinguished by the classical methods
of configurational determination. Finally they must be correlated with the correspond-
ing groups at the prochiral center.

If the groups in question are enantiotopic, the correlation of the chiral with the
prochiral center is in most cases effected through enzymatic reactions. For example,
if an enzyme abstracts the deuterium rather than the hydrogen atom from
(R)-RR’'CHD it will abstract the pro-R rather than the pro-S hydrogen in RR'CH,.
Another approach would be to observe a known enantiomer of RR’CHD by NMR
in a chiral solvent or in the presence of a chiral shift reagent. If, under these circum-
stances, the position of the CHD proton is different from that of the corresponding
proton in the other enantiomer!” then the position of this proton, say, in (S)-RR’CHD
will correspond, save for small isotope effects, to the position of the pro-R proton
in RR’CHH (Fig. 40). A case of this type (except that it involves covalent bond
formation) has been described by Mislow and Raban %3® and is shown in Fig. 41.
It was found that in the (R)-O-methylmandelate of (S)-(+)-2-propanol-1,1,1-d; of
known configuration %™, the (sole) proton doublet of the CH; group (A) of the
alcohol corresponds to the higher field doublet (A) of the corresponding (R)-O-
methylmandelate of unlabeled 2-propanol (Fig. 41, right). The lower-field CH,-
doublet (B) in the unlabeled material disappears in the trideuterated species. It may
thus be concluded that the lower-field signal is due to the pro-S methyl group B and
the higher-field one to the pro-R group A.

+

R R R R/
H—(!?—D corresponds to HR-(|:—H D-—(':-H corresponds to H—(i:—Hs
b ’ ! :

(S)if R>R? (R)

Fig. 40. Assignment of enantiotopic nuclei in chiral environment

16 It is not necessary to have both enantiomers in hand to apply this method. Since the df-pair
displays two sets of signals (of the two diastereomeric complexes), it suffices to compare the
di-pair with one enantiomer.

7 The obvious way to ascertain this is to look at the racemic mixture under the same experimental
conditions and see whether the (now externally diastereotopic) protons of the two enantiomers
are distinct. The more convenient way is to make this observation for the internally diastereotopic
protons in the unlabeled RR'CH, in the presence of the chiral shift reagent 2,
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OCH;  CD4 OCH;  CHy B: low ~field, pro~-S
CgHg—C—C0,—C—H CgHg—C—C0O,—C—H
H CH3(A) H CH; A: high-field, pro-R
(R) (S}

Fig. 41. Prochirality assignment of C-methyl groups in isopropyl O-methylmandelate

CO,CH; ., €D,
63b | 1)CeHs S0, Ct
HO—C—-H ——» HO—C-H ———
] | 2)Nd®OCH(CO,El),
CH, CH,
methyl
{S)~lactate {S)-2-propanol-1,1,1-d;
CD3; COuH
! 1} Acylation
UM Trmsmee
idney acyla
H
1.38ppm 3

(2S,3R) - (+)-Valine - 4,4,4 - d3

CO,H

HN—C—H

cD,
H—{i:——cmcoza)z
CH,

(R} ~{-}

1} KOH
2) HCt

)] BI‘;
4 A

CD,
H—(]:—-CHBrCOZH
CHy

(2R, 3R) and(2S,3S)

P
H*(fZ~CH(NH2)COZH
CH,

(2S,3R)-and (2R,3R) -
Valine -4,4,4 - dy

pro~-S, 1.38ppm ———m H,C—C—CH, <=—— pro-R, 1.43ppm

H
98

Fig. 42. Assignment of diastereotopic methyl groups in L-valine
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We have already mentioned that the enantiotopic protons of benzyl alcohol do,
in fact, give distinct chemical shifts in the presence of chiral shift reagents 3.
A similar effect can be achieved by “doping™ an achiral shift reagent with a chiral
complexer . Thus an aqueous solution of sodium or lithium dla-hydroxyiso-
butyrate, (CH;),COHCO; M*, in the presence of EuCly (achiral shift reagent) and
L-lactate, CH,CHOHCO; M™* or D-mandelate, C¢H;CHOHCO; M ™, will display
two sets of methy! protons (for the two enantiotopic groups) due to the formation
of mixed complexes (RCO,) (R'CO,),Eu. Moreover, assignments of chirality or
prochirality can be made by comparing the sense of the shift produced by a given
chiral complexer in an unknown situation with that for a compound of known
configuration %, So far, the method seems to be confined to a-hydroxyacids.

The configurational assignment of the isotopically labeled analog required in all
these cases may, of course, be achieved by synthesis from a chiral precursor. A case
in point, but relating to diastereotopic nuclei, is shown in Fig. 42 %", Valine (98)
has diastereotopic methyl groups resonating at 1.38 ppm and 1.43 ppm (proton
spectrum). In connection with an enzymatic transformation of the molecule, it
became of importance to determine which group was which. The methyl groups
were introduced stereospecifically starting from (S)-(+)-2-propanocl-d; and the two
diastereomers ultimately obtained were separated by resolution (at the conventional
chiral center) by enzymatic means. Corresponding assignments with *3C labeled
methyl groups have also been described %59,

By an analogous type of reasoning it has been ascertained 56 which of the two
diastereotopic methyl groups at C-12 in Vitamin B-12 (Fig. 43) is derived from
methionine: it is the pro-R group.

Gerlach ®® has suggested that the absolute configuration of primary alcohols,

CONH ~ CONH, CO:Me o co,me

Ribose HN o\ Me
25
0 ‘:3 Me
'/'
COzMe

Fig. 43. Origin of methyl groups in vitamin B-12 '®
[From A. R. Battersby and J. Staunton, Tetrahedron, 30, 1707 (1974). By permission of Pergamon
Press.]

18 The dotted methyl groups are derived from methionine.
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RCHDOH, can be determined by the relative chemical shift of the carbinyl protons
in the corresponding (—)-camphanate esters in the presence of the {achiral) shift
reagent Eu(dpm),.
An assignment of the chemical shifts of the diastereotopic oxygen nuclei in a-phen-
0

i
ethyl phenyl sulfone, C;H;CH(CH,) %CH3 has been effected by means of 1’0 NMR

0]

spectroscopy ®7. The sulfones were obtained from the corresponding *"O-labeled,
diastereomerically pure (RR*)- and (RS*)-a-phenethy! phenyl sulfoxides by oxidation
with unlabeled m-chloroperbenzoic acid. This manner of preparation defines the
relative configuration of the a-phenethyl moiety and the labeled sulfone group
on the likely assumption that the oxidation proceeds with retention of configuration;
the difference in chemical shift between the two O nuclei amounts to 4-6 ppm
depending somewhat on the solvent. Even larger differences are found in the
corresponding a-phenylpropyl analog (6-10 ppm) ¢”). By inference, it follows which
of the two diastereotopic oxygen atoms {pro-R or pro-S) in a randomly labeled
a-phenethyl or a-phenylpropyl phenyl sulfone corresponds to which signal, although,
in fact, the signals could not be resolved when the level of ’O was at the natural
abundance.

4.3 Origin of Anisochrony

The early history of the anisochrony of diastereotopic groups is turbid because
there was uncertainty as to whether the cause for the anisochrony was confor-
mational, intrinsic, or both. The problem was finally analyzed clearly by Gutowsky 2*
whose treatment we present here (Fig. 44). The compound chosen for illustration
is CxxyCabc¢ in which the x-nuclei are diastereotopic and anisochronous. For
simplicity’s sake we shall consider only the three staggered conformations shown
(for one enantiomer) in Fig. 44, assuming that the populations of all other con-
formations are negligible.!® The chemical shift of x; in conformers A, B and C may be
denoted as §,,,, 0, and 3, respectively, according to the groups at the adjacent

b a c
X4 X5 X1 X3 X4 X2
a c c b b a
A B C
LN Ng Ne

Fig. 44. Anisochronous nuclei (x) in mobile system

19 Strictly speaking this is not correct, since there will be a Boltzmann distribution of molecules among
all possible conformations ®®,
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carbon which are gauche to x,. If n,, ng and n. are the mole fractions of A, Band C
respectively, it follows that the average chemical shift of nucleus x, is

8; = ma8.p + npdye + 0y Q]
By the same token, the average chemical shift of x, is
8, = 0,8y + Ngdap, + NSy (i)

Inspection of equations (i) and (i) immediately discloses that since, ordinarily,
n, % ng # ne, 8, # §,, i.e. X; and x, are anisochronous. It should be noted that,
contrary to some misstatements in the literature, this conclusion is independent of the
rate of rotation of the CxxyCabc system about the carbon carbon bond which rotation
is assumed, throughout, to be fast on the NMR time scale. (See below for what
happens in the limit of slow rotation.)

It might then appear, at this point, that the anisochrony was due to the unequal
population of the three conformations depicted in Fig. 44. Let us therefore con-
sider the case (hypothetical or otherwise) where n, = ng = n¢ (= !/;). Inspection
of equations (i) and (ii) might, at first glance, imply that, in that case, 8; and §, are
equal. But, on more careful inspection, it turns out that this is a fallacy spawned
by the inadequacy of the notation. The assumption leading to this fallacious resuit
is that 8,,, in eqn. (i) is the same as J,,, in eqn. (ii) (and likewise for 8., 3,;.). In fact,
however, the neighboring a of x, in A is not the same as the neighboring a of x, in B.
In the former case, passing beyond a from x, one reaches y. In the latter case (B),
proceeding from x, beyond a one reaches x,. Hence the environment a/b of x; and
the shift 8, in A is not the same as the environment a/b of x, and the shift §,, in B:
there is an intrinsic difference so that even if n, = ng = ng, 8, # 8,. The conclusion,
then, is that both the conformation population difference and the intrinsic dif-
ference’® in chemical shift within each conformer contribute to the observed
anisochrony of diastereotopic nuclei in conformationally mobile systems 2%,

That intrinsic difference is indeed of practical significance was first pointed out
by Raban % on the basis of data for BrCF,CHCIBr provided by Newmark and
Sederholm 7® which are shown in Table 3 on page 38. Conformers A, B and C
correspond to the diagrams in Fig. 44 with x, = F,, x, = F,, y = Br, a = H,
b = Br and ¢ = Cl. The gauche neighbors of each fluorine nucleus are indicated
in the parentheses in Table 3. It is immediately obvious that not only are F; and F,
anisochronous in each conformer?® but also there is a substantial difference
between nuclei in apparently similar environments (vide supra). The difference

20 Mislow et al.® have pointed out that the distinction between population difference and
intrinsic difference is artificial: nuclei are either symmetry related (i.e. interchanged by operation
of a symmetry element), in which case they are homotopic or enantiotopic and thus isochronous,
or they are not so related, in which case they are diastereotopic or constitutionally heterotopic
and therefore anisochronous. While this is certainly correct, the present author believes that the
dissection between population and intrinsic difference, like many such dissections in science, is at
least pedagogically and possibly in some situations even heuristically useful.

21 More so in A and C than in B; evidently the halogen environments are similar to each other
(Br, Cl) but quite different from that of hydrogen.
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Table 3. Low-Temperature-Fluorine NMR Data for
F,BrC—CHCIBr*

Conformer Vi, Vi,

A 2268.4 (H/Br) 3298.8 (Br/Cl)
B 25843 (H/CYH 2628.2 (H/Br)
C 33748 (Br/ChH 24674 (H/CDH
average® 2742.5 2798.1

found® 2631.3 2819.1

2 In CF,Cl, at 123 K ; shifts in Hz from CF,Cl, at 56.4 MHz.
® Calculated value. © At 303 K, experimental values.

Ve, — Vg, 18 359.8 Hz for the H/Br —116.9 Hz for the H/Cl and —76 Hz
for the Br/Cl environments, with the average intrinsic difference being 55.6 Hz.?
This is a substantial fraction (nearly a third) of the total observed shift difference
of F, and F, at room temperature (187.8 Hz); the difference between the two
numbers, 132.2 Hz, is conventionally " ascribed to the population difference of
the three conformers which, in the above case, happens to be relatively small
(n, = 0.413, ng = 0.313, nc = 0.274) 7.

Attempts were also made to establish the existence of an intrinsic shift difference
by measuring the shift difference between diastereotopic nuclei as a function of
temperature. It was argued that as the temperature increases, the population
difference between conformers should vanish and the residual chemical shift
difference (presumably extrapolated to infinite temperature) should be an indicator
of the intrinsic difference. However, it has been pointed out *? that this assumption
is fraught with complications, stemming.from the fact that shifts in individual con-
formers change with temperature, that the ratio of conformers does not necessarily
converge to unity at high temperature (it will fail to do so when the conformers
differ in entropy) and that the accessible temperature range is often too small for
comfort. Thus if the individual differences in shift are opposite in sign in different con-
formers (vide supra), increase in population of a conformer whose individual shift
has the same sign as the population shift may well lead to an initial increase in overall
shift difference as the temperature is raised rather than a decrease toward the
averaged intrinsic value.

Another elegant way of demonstrating intrinsic non-equivalence, but in a system
at room temperature, was suggested by Mislow and Raban® and reduced to
practice by Binsch and Franzen " and subsequently by McKenna, McKenna and
Wesby 7. Two of the molecules studied, a bicyclic trisulfoxide 997" and a
quinuclidine derivative 100 ™ are shown in Fig. 45. In both cases the presence of a
three-fold symmetry axis of one of the ligands (the bicyclic trisulfoxide moiety in 99,
the quinuclidine moiety in /00) assures that the three conformers possible by virtue
of rotation about the C—C or N—C bond indicated in heavy type are equally

2% It should be noted that, since the H/Br difference is opposite in sign to the H/Cland Br/Cl differences,
the average intrinsic shift difference is considerably smaller than the absolute values of the
differences in the individual conformers.
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Q
\S Hy
$ N
xic OH } [° M
: \(|3/ 0 H~C~CHy
|
cx3 CeHs
99% 102 10040 101
X = H, 6,5=0.038 ppm (in CsH5N) 8,5=0-095ppm
X = F, 6,,=0.282ppm {decoupled spectrum)

Fig. 45. Molecules displaying intrinsically anisochronous nuclei

populated. The difference in chemical shifts of the CH; or CF; groups in 99 and the
H, and Hy methylene protons in 100 must therefore be intrinsic in nature. Additional
examples of type 100 (general formula 101 the general type formula for 99 is 102)
have been adduced 71?7374,

4.4 Conformationally Mobile Systems

In this section we shall deal briefly with the problem of averaging of heterotopic nuclei.
In general, the symmetry properties of a given species are dependent on the time
scale of observation in that the symmetry of structures averaged by site or ligand
exchanges may be higher than the symmetry in the absence of such exchanges. For the
present purpose it is significant that structures lacking C, or S, axes may acquire
such axes as a result of averaging. It follows that diastereotopic nuclei many become
enantiotopic, on the average, through operation of S, or they may become equi-
valent through development of a C,,; in other words, averaging may turn anisochronous
nuclei into isochronous ones.

To explore the full potential of what is sometimes called “dynamic NMR” 3%,
i.e. NMR studies involving site and ligand exchange, is beyond the scope of this
chapter and the reader is referred to numerous reviews **-41-5473-82) Only a few
examples of the application of this technique can be given here, ¢.g. in the study of ring
inversion, rotation about single bonds and inversion at nitrogen.

An example of ring inversion has already been presented: 1,1-difluorocyclohexane
(Fig. 32).

At room temperature the two chair forms average and the average symmetry
is that of a planar molecule (C,,) ®* in which the fluorine atoms are related by the C,
axis and hence equivalent. Thus the room temperature spectrum of 1,1-difluoro-
cyclohexane displays a single (except for proton splitting) chemical shift for the
two fluorine atoms, as shown in Fig. 46 389 In contrast, at —110 °C the spectrum
shows the expected AB pattern for the diastereotopic fluorine atoms expected
from the individual structures shown in Fig. 46. As the temperature is gradually
raised, the two doublets broaden and merge into two peaks which on further
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warming eventually coalesce into one single peak at what is called the “coalescence
temperature” — in this case —46 °C. (The spectrum just above coalescence is also
shown in Fig. 46.)

F
= LT
.

F
F

+385% ,ﬁ\ Fig. 46. °F NMR signals of
1,1-difluorocyclohexane at va-
rious temperatures; signals of a

-40°C equatorial and b axial fluorine
atoms
[From J. D. Roberts, Angew.
%t Chem. Int. Ed. Engl, 2, 53
A e (1963) by permission of Verlag
J fal AN A Chemie]

An alternative point of view is to recognize that F! in structure A (Fig. 32) is
externally homotopic with F? in structure B (and, similarly, F? in A and F! in B).
Thus F? in B has the same shift as F! in A (and, likewise, for F* in B and F? in A);
it follows that when the interchange of A and B is rapid on the NMR time scale,
all four fluorine nuclei have the same shift, i.e. become isochronous and do not couple
with each other,

A simple formula for determining the rate of site exchange between two equally
populated sites is

Keont = 12 WAV]/2 = 2.221 Av 3:86:87) (iii)

This equation is valid only for a (non-coupled) single site-exchanging nucleus, for
example the proton in cyclohexane-d,; (observed with deuterium decoupling). In
the case of geminal exchanging nuclei, as in 1,}-difluorocyclohexane (proton-
decoupled), the equation

Keoat = 27 )2/ (vy — v, + 6J7 348788 @iv)

should be used, J being the coupling constant of the two nuclei in question.??
Both v and J are measured at temperatures much below the coalescence temperature.
For 1,1-difluorocyclohexane 3% v, = 1522 Hz, v, = 638 Hz, J = 237 Hz and thus
k = 1058 sec™* at the coalescence temperature of —46 °C. From this information,

23 There has been a controversy **% regarding the accuracy of equations (iii) and (iv), i.e. the
validity of inferring rate constants from coalescence temperatures. It now appears ® that, provided
no additional coupling is present, and provided Av > 3 Hz (egn. (iii)) and Av > J (eqn. (iv)), the
simple coalescence method gives rate constants within 25 % of those obtained by more sophisticat-
ed line shape analysis (vide infra). This leads to an error in AG® no greater than that produced by
the uncertainty of temperature measurement (£2 °C %) in the NMR probe.
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in turn, one can calculate the free energy of activation for the site exchange from
the formula

k = (ukszT/h) e—AG*/RT = (xkgT/h) e~AH*/nT eAS*/RT 54, 86) )

where k is the rate constant for site exchange, % is the transmission coefficient
usually taken as unity), kg is Boltzmann's constant, h is Planck’s constant, T is the
coalescence temperature, AG¥ is the free energy of activation, AH* is the enthalpy
of activation and AS¥ is the entropy of activation. From the data for 1,1-difluoro-
cyclohexane, AG* = 9.71 kcal/mol 84,

It should be noted that in exchanges between two unequally populated sites,
for example in 4-chloro-1-protiocyclohexane-d;, or 4-chloro-1,1-difluorocyclohexane,
the rate constants calculated from eqns. (iii) and (iv), respectively, are the average
of the forward and reverse rate constants, which we shall design as k, and kg,
respectively. These constants are, of course, no longer equal when the populations

k
of Aand Bin A % Bare unequal at equilibrium, since k,/ky = K, the equilibrium

constant. In this case an approximation formula *® (vi) may be used; k may be taken
as the average rate constant calculated by formulas (iii) and (iv)** and An is the
difference in mole fractions of the two species A and B at equilibrium (e. A, =
= np — N,, assuming B is the predominant species).

ka = +An)k and ky= (1 —An)k?* (vi)

A more general method of measuring site exchange rates is the method of
line shape analysis *'87, In this method one compares the shape of the broadened
lines some ten or twenty degrees above and below the coalescence temperature (as
well as in the fast and slow exchange limit) with the line shape computed by means
of formulas which include the rate of exchange. This method permits determination
of k over a range of temperatures and thus — through a plot of AG* vs. 1/T — of AH*
and AS* (though the accuracy of determining AH * and AS™ is often low). The method
is applicable to relatively complex spin systems, not just to singlet or AB exchange.**
It is considered to be the method of choice in determination of rate constants by NMR.
A typical comparison of experimental and computed line shapes, referring to the
site exchange in furfural is shown in Fig. 47 °V.

24 This is somewhat different from the treatment in the original reference *®. Unfortunately, formula
(iii) no longer holds strictly when k, # kg, but the approximate treatment given here gives
errors of less than 259 (cf. footnote 23) for mole fractions between 0.2 and 0.8. Outside of this
region — or for more accurate results inside the region — the original graphic treatment * should
be used.

Because each chemical shift difference between exchanging sites as well as each spin coupling
constant gives rise to a coalescence of its own when Av or J = k (where k is the rate of site
exchange), a system having many such parameters will, because of the presence of a multitude of
“internal clocks™ be more sensitive in the response of its NMR spectrum to temperature changes 57
Thus, within the limits of feasibility of computer treatment, the more shifts and coupled spins,
the better.

25
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it is convenient to have terms for structures such as those in Fig. 32 and 47 (103)
which differ only in the position of designated nuclei, and for the process of
exchange of such heterotopic nuclei. The term “‘topomers” has been proposed for the
interconverting structures, “topomerization” being the process of interchange °%.
An older term, “degenerate isomerization”, seems inappropriate since the two
structures shown in Fig. 32 are not isomers. “Automerization” has also been
used *?; it properly denotes the identity of the two interconverting structures but
does not address itself to the significance of the process of their interconversion.

Scps

‘U
i
L t=+305°C
a I'=]OASS
A t=-52.5°C J’L
b r=00%4s

0
10cps 1L
£=-71.5°C A\ =©
[':O.lSi_——’J\‘ Q_C\H
G orwspmpsanatd )
103

t=-1155°C
r=80s

d

Fig. 47. Experimental and calculated DNMR spectra for the aldehyde proton of 2-furqldehyde o,
[Reprinted with permission from K. I. Dahlgvist and S. Forsén, J. Phys. Chem., 69, 4062 (1965)
Copyright 1965, American Chemical Society.

We have already referred to studies of rotational isomerism by DNMR. Most
barriers to rotation are below 5 kcal/mol and cannot be investigated by NMR but
there are a number of cases where the barrier is high enough for NMR study *%.
Frequently, such cases relate to partial double bonds®*:°®. Even homotopic
ligands such as the fluorine nuclei in a CF; group or the methyl groups (protons
or 13C signals) in a t-butyl group may become diastereotopic in the slow exchange
limit; examples * are shown in Fig. 48.

As the last example of coalescence of signals of diastereotopic nuclei due to
site exchange in solution we present the case of the Schiff base of a-naphthyl
isopropyl ketone and benzylamine (106, Fig. 49)°%. This molecule possesses a
prochiral axis by virtue of the fact that coplanarity of the C=N double bond with
the naphthalene ring leads to strong steric interactions; the coplanar conformation
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| cH
1 CH, CHs
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Fig. 48. Diastereotopic fluorines in CF; and methyls in C(CHj;);

thus corresponds to a maximum between enantiomeric, chiral, non-coplanar struc-
tures. In such structures, both the protons of the benzyl (PhCH,N) group and the
methyl ligands of the isopropyl group are diastereotopic, and, indeed, in most solvents
these groups are anisochronous in the proton spectrum and the methyl groups
are also anisochronous in the '*C spectrum. Upon heating the solution in appro-
priately high-boiling solvents to 150 °C, the anisochrony abruptly disappears (i.e.
the signals collapse) presumably because rotation about the Ar—C bond, heretofore
hindered, becomes rapid on the NMR time scale. Interestingly enough, anisochrony
also disappears in solvent carbon tetrachloride at room temperature, but reappears
not only on lowering the temperature (to —20 °C) but also on raising it (to 43 °C).
The disappearance of the anisochrony at room temperature is therefore an accidental
one; at room temperature the two methyl-H signals have coincidentally the same
chemical shift, but the shift of the one group increases and that of the other decreases
with temperature, so that at higher or lower temperatures than ambient, the signals
will diverge (in opposite directions). No such phenomenon is seen in the **C spectrum
where the methyl groups remain anisochronous from —20 up to nearly 150 °C.

O,
/
{CH3),CH

CH,Ph

Fig. 49. Prochirality in N-[2-methyl-1-(1-naphthyl)propylidene}-
106 benzylamine

We conclude this section with a discussion of inversion of amines of the type
NR,R,R; 779, In general this process is too rapid to be studied except in special
circumstances %9, Nevertheless, Saunders and Yamada 'V were able to determine
the very high rate of inversion of dibenzylmethylamine (Fig. 50) (k = 2x 10° sec™*
at 25 °C) by the elegant trick of partially neutralizing the amine with hydrochloric acid.
Since the hydrochloride cannot invert, the benzylic protons in it are diastereotopic
and hence anisochronous. Only the small amount of free amine in equilibrium with the
salt at a given pH (the measurements were carried out on the acid side) inverts at
the rate indicated and it can be easily shown Y thatk ., = k - [amine}/[salt + amine]
where k., is the observed rate of site exchange of the diastereotopic protons at
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?s“s (llsHs CeHs
HA-C!:—HB HA—Clt-HB Hy—C—Hg
@
HiC—N = ?1~CH3 + HCl === H-N-CH, ¢°
HC—Hg HA—(IZ—HB Hy~C—Hg
CeHs CeHs CeHs
{H,and Hy sites rapidly {H, and H diastereo-
exchanged by nitrogen topic)
inversion )

Fig. 50. Inversion of dibenzylmethylamine

a given pH, k is the rate constant for amine inversion to be determined and
the quantity in the fraction can be ascertained from the measurement of pH and
the known basicity of the amine.

4.5 Spin Coupling Non-Equivalence (Anisogamy)

Nuclei which are anisochronous in general not only couple with each other but
also differ in coupling constants with respect to a third nucleus. Such non-equivalence
with respect to spin coupling may be called “anisogamy” and the nuclei are
“anisogamous” 1°2 as well as anisochronous. Thus the **C—'H spin coupling
constants of the diastereotopic methylene protons in CH,CH(OCH,CH,), are
139.6 and 141.0 Hz 1°® and the diastereotopic methyl protons in CgHsP(CH(CHs;),),
have 3'P—'H coupling constants of 11.0 and 14.7 Hz %%

However, even isochronous nuclei may be anisogamous. Thus, whereas the two
aromatic protons in 1,3-dibromo-2,5-difluorobenzene, 107 (Fig. 51) are both iso-
chronous and isogamous and thus give rise to a single resonance, the two protons
ortho to bromine in p-chlorobromobenzene (108, Fig. S1) are isochronous but not iso-
gamous; the same is true of the two protons ortho to chlorine. Inspection of 108 shows
that H, will be differently coupled to Hg (to which it is constitutionally hetero-
topic) than Hc is to Hy; therefore J,p # Jcg, i.e. H, and Hc are anisogamous. The
system is of the AA’BB’ type 1°. While this subject is discussed in all textbooks on
nuclear magnetic resonance, it is worth while to state here the symmetry criterion
for isogamy (or anisogamy) 1°%: If in a spin system of the type A;B; ... (or AA'BB’ ..)
substitution of one of the B’s by a different nucleus Z leads to a system A,BZ in

F Br
Br Br H, He
H H Hg Hp
F Ct
A, XY AN BB’
107 108 Fig. 51. Isogamous and anisogamous nuclei
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which the remaining homomorphic nuclei A are no longer interconvertible by a
symmetry operation®® (C, or S,, including o) then B and B’ are anisogamous. But
if the A nuclei remain interconvertible by a symmetry operation, then the B nuclei
are isogamous. By this criterion the protons in CH,F, and CH,=C=CF, are
isogamous since they remain enantiotopic, and hence isochronous, in CH,FBr and
CH, =C=CFBr (this would be true even if Br were a palpably magnetic nucleus).
But in CHF =C=CHF or cis- or trans-CHF =CHF the protons are anisogamous,
for whereas they are related by a C, axis in the compounds shown (and hence are
isochronous), they are no longer so related in CHF=C=CHBr or cis- or trans-
CHF =CHBr. The same is true for the methylene protons in BrCH,CH,CO,H
(they become diastereotopic in BrCH,CHCICO,H or BrCHCICH,CO,H).

It is of interest that the protons (or fluorine nuclei) in CH,F, should become an-
isogamous in a chiral solvent ! since the enantiotopic protons in CH,CFBr
would become diastereotopic in such a solvent ; however, attempts to demonstrate such
anisogamy have not so far been successful 1°¢.

5 Prostereoisomerism in Enzyme-catalyzed Reactions

5.1 Prostereoisomerism and Asymmetric Synthesis

We have seen in Section 3 that replacement of stereoheterotopic groups or addition
to sterecheterotopic faces gives rise to stereoisomers. The rates of such replacements
of one or other of two ligands or additions to one or other of two faces are frequently
not the same. In particular, replacements of diastereotopic ligands or additions to
diastereotopic faces usually proceed at different rates because the transition states for
such replacements or additions are diastereomeric and therefore unequal in energy.
For example, the reactions shown in Figs. 18 and 19 not only give rise to diastereomeric
products, depending on which ligand or face is involved, but they give these products
in unequal, sometimes quite unequal, amounts. Thus reactions of this type display
diastereoselectivity 197 or ‘‘diastereo-differentiation’ ¥, Replacement of enantio-
topic ligands or addition to enantiotopic faces gives rise to enantiomeric products,
but here replacement of the two ligands or addition to the two faces ordinarily
occurs at the same rate, because the pertinent transition states are enantiomeric
and therefore equal in energy. This situation changes, however, when the reagent
{or other entity participating in the transition state, such as the solvent or a catalyst)
is chiral. In that circumstance, the two transition states will, once again, become
diastereomeric and the two enantiomeric products will be formed at unequal rates
and in unequal amounts: the reaction will be enantioselective **” or “‘enantio-
differentiating” 1%, In this case, where prochiral starting materials give rise to

26 This criterion should be applied to the conformation of highest symmetry. It does not apply to
cases where the A and B nuclei are themselves symmetry equivalent, such as CICH,CH,CI or
p-dichlorobenzene.
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chiral products, one speaks of an asymmetric synthesis 28:2%), While this topic is outside
of the scope of the present review, we shall discuss here the question as to which of
two stereoheterotopic ligands is displaced in a given reaction. (The complementary
problem as to which of two stereoheterotopic faces of a double bond is approached
by a reagent in an asymmetric addition reaction is usually trivial, since the stereo-
chemistry of the product will, in almost all cases, reveal the answer to this question.
Exceptions occur only when the moiety added to the double bond is identical to an
already attached substituent — for example in the reduction of acetaldehyde,
CH;CH=0 by hydride to ethyl alcohol, CH;CHHOH — and in that case, as
shown in the next Section, the problem is solved by the use of isotopically substituted
reagents or substrates, e.g. the reduction of CH;CH=0 by deuteride or that of
CH;3;CD =0 by hydride.)

A R
HyC Buli CH,I HsC 7k
S - it S

HaC HsC
108a A=E=H 110 @ R=H
109b E=H,A=D 110 b R=D

709¢ E=D,A=H

Fig. 52. Steric course of lithiation of conformationally locked 1,3-dithiane

A typicalillustration of the problem is provided by the lithiation, followed by electro-
philic substitution, of a conformationally locked 1,3-dithiane 1094, shown in
Fig. 52, to give exclusively the equatorial alkylation product 1104 !%®. A priori
this reaction may proceed stereospecifically with abstraction of an equatorial
hydrogen (E) followed by substition of the resulting carbanion with retention; or it
might proceed stereospecifically by abstraction of the axial hydrogen (A) at C(2)
followed by electrophilic substitution with inversion; or, finally, it might involve
abstraction of either hydrogen ( A or E) to form a carbanion which would then be
alkylated selectively from the equatorial side; this reaction course would involve
stereoconvergence. To distinguish among the three eventualities, the reaction was
carried out after labeling of one or other of the diastereotopic hydrogens at C(2)
through substitution by deuterium (J09b, 109¢, Fig. 52). It was thus found that
either hydrogen was abstracted by the base (BuLi), though abstraction of the equa-
torial proton (after correction for isotope effects) was about 9 times faster than that
of the axial. However, since the product (110) had over 999 equatorial methyl
substitution regardless of the stereochemistry of the starting material at C(2) (109a,
109b, 109¢), it must be concluded that the two-step reaction is stereoconver-
gent 199,

Another, important, application of the use of isotopic labeling to decide which
of two stereoheterotopic ligands is involved in a classical chemical reaction is in the
work of J. Sicher and his school concerning the mechanism of onium ion elimi-
nation 19, As the result of extensive studies, it was concluded (Fig. 53) that elimi-
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nation of the syn-hydrogen?’ leads to a trans-olefin and that of the anti-hydrogen®’
to a cis-olefin (Fig. 53) 119,

R R H H R
| @
H—C—NMey 1-Bu0®
I e +
Hants ”?_Hsyn
R R Hsyn R Hanei
cis~olefin trans -olefin
anti - elimination syn - elimination

Fig. 53. Stereochemistry of E, elimination

By far the most extensive applications of this technique, however — ie. of
ascertaining which of two sterecheterotopic ligands or faces is implicated in a given
reaction — have been in enzyme chemistry and the next section will deal with this
topic.

5.2 Applications to Enzyme-catalyzed Reactions

Once one finds out which of two stereoheterotopic ligands or faces of a substrate
is involved in an enzyme-catalyzed reaction, one is in a position to make a meaningful
statement as to the location of the substrate in relation to the active site of the enzyme.
While considerations of prostereoisomerism are thus useful in helping elucidate the
enzyme-substrate relationship in the activated complex of an enzyme-mediated
reaction, it must also be stressed that such considerations in themselves are in-
sufficient to provide the complete picture and that they must necessarily be supple-
mented by many other techniques in enzyme chemistry.

The literature in the area of prostereoisomerism in enzyme reactions is vast and
we must confine ourselves in this section to the discussion of a few representative
examples. For more detailed information the reader is referred to a number of review
articles 1932111 18 and two books 1'%-129) which have appeared in the last dozen
years.

We shall start the discussion with a classical experiment related to the stereochemis-
try of oxidation of ethanol and reduction of acetaldehyde mediated by the enzyme
yeast alcohol dehydrogenase in the presence of the oxidized (NAD™) and reduced
{(NADH) forms, respectively, of the coenzyme nicotinamide adenine dinucleotide
(Fig. 54). The stereochemically interesting feature of this reaction stems from the
fact that the methylene hydrogens in CH;CH,0H and the faces of the carbony! in
CH;CH =0 are enantiotopic. The question thus arises which of the CH,-hydrogens

27 The designations syn and anti are those of the original authors !'® and undoubtedly derive from
the fact that the initial work related to ring compounds where the meaning of syn and anti is
unequivocal. In the acyclic systems {Fig. 53) the designations refer to a Fischer projection with the
alkyl groups at the top and bottom, i.e. eclipsed in the same way as they would be in a small
ring.
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is removed in the oxidation and to which of the C=0 faces the hydrogen attaches
itself in the reduction in the presence of the enzyme and coenzyme.

7~ | CONH,
\$
0O——CH, o N
k H Hﬁe
H i H
OH OH
8g—p=0 NADH: same except for
l NH
0 2 HR \HS
l N CONH,
HO—P=0 N } N |
| 1 |
O0——CH, N N N
H H H H t
H i K
OH OH

Fig. 54. Nicotinamide adenine dinucleotide (NAD™)

Westheimer, Vennesland and Loewus in 1953 found ! that reduction of ethanal-
1-d with NADH in the presence of yeast alcoho! dehydrogenase gave ethanol-1-d
which, upon enzymatic reoxidation by NAD™, returned ethanal-1-d without loss of
deuterium. There is thus a “stereochemical memory effect”” involved in this reaction:
the H and D of the CH;CHDOH do not get scrambled but the same H which is
introduced in the reduction is the one removed in the oxidation. In the light of
what we now know, this is, of course, not surprising since the two methylene hydro-
gens are distinguishable by bearing an enantiotopic relationship.

When the configuration of the ethanol-1-d is inverted by conversion to the tosylate
followed by treatment with hydroxide and the inverted ethanol-1-d is then oxidized
with yeast alcohol dehydrogenase and NAD™, the deuterium (which has taken the
stereochemical position of the original hydrogen) is now removed and the product
is unlabeled CH;CH = 0.2 The sequence of events 2! is summarized in Fig. 55.

Later experiments on a larger scale *? established that the ethanol-1-d obtained
from CH;CD=0 and NADH (upper right in Fig. 55) was levorotatory, [}
— 0.28 4 0.03 and this finding, coupled with the elucidation of configuration of
(—)-ethanol-1-d as S ' leads to the stereochemical picture summarized in Fig. 55.
It follows therefore that the hydrogen transferred from the NADH in the enzymatic
reduction attaches itself to the Re face of the aldehyde and that this hydrogen thus

8 The sequence is not entirely clean in that some CH,CDO is also obtained. Probably this is due to
incomplete inversion in the tosylate — hydroxide reaction resulting from O—S cleavage (with
retention).
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becomes Hy, in the ethanol; it is Hy (the pro-R carbinol hydrogen), in turn, which is
abstracted by NAD™ in the oxidative step.”®

0 o OH
NADH H
Sc=o0 — D—C—H
H,C NAD ®
(YADH) CH,
R S)~-(-
e {(S)-(-) (})H
1) TsCl
CoNgN Hs—(‘:—HR
CHy4
2)NaOH
OH o
| NADD, H H
H—C—D p—— >c=o
| NAD ® H,C
CH3 (YADH)
(R} Re

Fig. 55. Oxidation of ethanol and reduction of acetaldehyde by NAD*/NADH in the presence
of yeast alcohol dehydrogenase (YADH)

It is clear that ethanol (and acetaldehyde) must fit into the active site of yeast alcohol
dehydrogenase in such a way as to conform to these stereochemical findings. A model
for the reduction of a very similar substrate, pyruvic acid (which is reduced by NADH
in the presence of liver alcohol dehydrogenase to (S)-lactic acid) is shown in Fig. 56 4.
Here we can discern Ogston’s picture of the three-point contact (cf. Fig. 8), one contact
being established by the salt bond pyruvate — arginine-H™*, the second by the hydrogen
bond (histidine) N—H ... O=C(pyruvate) and the third one involving delivery of the
hydrogen of NADH (bound to the enzyme) to the Re face of the C=0 of pyruvate.°
The reduction of acetaldehyde is probably similar though the absence of the COO~
group requires the contact at the third site to be established in a different manner.
It is not certain that covalent or ionic bonding is actually involved in this contact;
the shape of the enzyme cavity itself (and the attendant hydrophilic and hydrophobic
interactions between certain parts of the enzyme and parts of the substrate) may
contribute to the required orientation of the substrate.

% Of course, in the enzymatic oxidation of unlabeled ethanol one cannot operationally discern
that the hydrogen abstracted is pro-R. Reactions of this type which are “prostereoselective” have
been called “stereochemically cryptic” 122,

30 The same model indicates, of course, that only ($)-lactate [not (R)-lactate] is formed in the
reduction. By the same token it explains why, in the reverse reaction, the enzyme is substrate
stereoselective for (S)-lactate: (R)-lactate, if locked into the enzyme cavity, would have CHj rather
than C—H juxtaposed with the NAD™ and could thus not be oxidized.
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Binding Site
Arginine i71
{salt)

Enzyme
- Backbone

s

Binding Site
Histidine
195
(Hydrogen
d;%%ding)

Fig. 56. Reduction of pyruvate by NADH in the presence of liver alcohol dehydrogenase

The study of the stereochemistry of ethanol oxidation and acetaldehyde reduction
and the information relating to the topography of the enzyme derived from this study
are typical of a large number of other investigations of this type. We wish to point
out here that the transfer of the hydrogen to and from the coenzyme involves a
stereochemical problem of its own (Fig. 57): In the reductive step, is it Hy or
Hj of the dihydronicotinamide moiety which is transferred from the coenzyme to
the substrate; correspondingly, in the oxidation step, is the hydrogen abstracted
from the substrate added to the Re or Si face (or, using Rose’s nomenclature 3%,

CONH
(j( 2 (cHy), C=CHCD,0H
e
® CADH
SN
|
R

D>\ H
1)05, AcOH H,C COH  (R}-(~)- Succinic- d acid
2)AcO,H .
HO (o]
D
CONH,
CyHgOH CHZOH
) LADH AcOH
N
|
R
H D
1)0;, ACOH CO;H  (S)~{+)-Succinic-d acid
2)AcOH
HO 0

Fig. 57. Prosterecisomerism of hydrogen transferred to C(4) of NADH from alcohol in the presence
of liver alcohol dehydrogenase
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the B or o face) of the pyridinium moiety of the coenzyme? This question was
answered 2> as summarized in Fig. 57.

Deuterium was transferred from a dideuterated alcohol (RCD,0OH) to NAD* in
the presence of liver alcohol dehydrogenase. This creates a chiral center at C(4)
in the NAD?H formed. Degradation of this material in the manner shown (Fig. 57)
yielded (R)-(—)-succinic-d acid recognized by its known ORD spectrum. It follows
that the configuration of the NAD?H formed was R and it is therefore Hy which is
transferred from (ant to) the alcohol; attachement of hydride to NAD™ thus occurs
from the Re (B) face.®* To confirm this finding and to avoid any remote possibility
that the B,B-dimethylallyl-d;, alcohol used as the source of deuterium would behave
differently from ethanol, the experiment was repeated with NAD-4-d* and ethanol,
as shown in Fig. 57 (bottom part). In this case, of course, the ultimate degradation
product is (S)-(+)-succinic-d acid.

We next take up the stereochemistry of an enzymatic addition to a C=C double
bond: the hydration of fumaric to (S)-malic **” and the amination of fumaric to (S)-
aspartic acid 12®, (Both reactions are of industrial importance 12).) These reactions are
summarized in Fig. 58. The absolute configurations of both (—)-malic and (—)-
aspartic acids are well known and erythro- and threo-malic-3-d acids have been
identified by NMR spectroscopy (being diastereomers, they differ in NMR spectrum)
and their configuration has been unambiguously assigned by a synthesis of controlled
stereochemistry (Fig, 59) *3%*31), In the dianion of this acid in D,0O solution, the
carboxylate groups are anti (because of electrostatic repulsion) and it follows that the
hydrogen atoms are gauche; the coupling constant of these protons is therefore small
(J = 4 Hz). In contrast the erythro isomer obtained by biosynthesis (see below) has
its hydrogen atoms anti to each other and their coupling constant is thus larger
(J = 6-7 Hz).

D,0, pig heart fumarase

CO,H CO,H CO,H
H-C NH,4 0,0 H,N~C—H NO,HNO, HO—C—H

C—H aspartase D—C—H or HNQ, D—C—H

! l

CO,H CO,H CO,H
Fumaric {25,3R} - Asparatic (25,3R}-Malic

acid -3-d acid ~-3-dacid
{erythro)} {erythro)

Fig. 58. Stereochemistry of fumarase and aspartase reactions

The fact that, though addition of D,0O to fumaric acid is reversible, it yields only
a monodeuterated malic acid and involves recovery of undeuterated fumaric acid only,
indicates that the addition and elimination steps are stereospecific and that they
proceed with the same stereochemistry. The formation of the erythro isomer of

31 This result is not general; i.e. it does not apply to all oxidation-reduction reactions mediated by
NAD*/NADH 2%,
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(8)~(—)-malic-3-d acid in the fumarase mediated D,0O addition (Fig. 58) relates the
absolute stereochemistry of C(3) to that at C(2) and proves that the configuration at
C(3)is R. Since the (S)-(—)-aspartic-3-d acid formed in aspartase mediated ammonia
addition to fumaric acid (Fig. 58) is converted to the same (25, 3R)-(—)-malic-3-d
acid by nitrous acid deamination, and since this reaction does not affect the stereo-
chemistry at C(3), the aspartic acid must also be 3R. (The stereochemistry of the
nitrous acid deamination at C(2) involves retention, and this was already well known
in the literature.) It follows, then, that the hydrogen added (or abstracted, in the reverse
reaction) at C(3) in the conversion of fumaric to malic or aspartic acid is the pro-R
hydrogen and that attack on the fumaric acid of the proton from either water or
ammonia proceeds from the Re face at C(3). (This is the front face in Fig. 58.) On the
other hand, since the configuration at C(2) in both cases is S, the attack at C(2) in both
cases must be from the rear face in Fig. 58, i.e. from the Si face. The overall picture,
then, is one of anti addition giving the 25,3R isomer (Fig. 60). Analogous sterco-
chemistry is observed in the addition of water to maleic, citraconic (t-methylmaleic)
and mesaconic (x-methylfumaric) acids 1%,

We finally return to the subject of citric acid. We posed the question in Section 2 as
to whether the four hydrogen atoms in citric acid (Fig. 4) were distinguishable and we
have already seen that H, and Hy (or H and Hj,) are diastereotopic and therefore,

HO_ D

LiAID, 1) HCL

= H3CO—Z’O>—OCH3 .—_—12) g?ézcvggoa

COH CO,H
c0,°

0
HCOAOCH
3 o 3
o
o |7 M HO, H HO=(H Hogon
+
WG D~
CO,H COoH
0 H H
C0,®

dl - threo - Malic -3~ d acid

€0,°
(S)-threo (S)-erythro
J=4Hz J=6-7THz

Fig. 59. Synthesis of dl-threo-malic-3-d acid

DQB
b R
HOOC.. | Re R
/"cmc"\ e ) =0, H
H Si CO,H @
! (T)H_ 2 HOOC OH {or NH3)
{or NH3)
3R 28

Fig. 60. Stereochemistry of addition of D,0 and NI, (or NH;/D,0) to fumaric acid
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at least in principle, distinguishable by proton NMR spectroscopy. These hydrogen
atoms will also be distinguishable by their reactivity in non-enzymatic as well as
enzymatic, reactions. However, not only are enzymatic reactions likely to be more
selective than other types of reactions as between diastereotopic groups (because of
the already mentioned multiple interaction of the substrate with the enzyme and its
active site) but, in addition, since the enzyme is chiral, it also “sees’ the enantiotopic
ligands H, and H¢ {(or Hy and Hyp) in a diastereotopic environment and thus can
distinguish between them. It is therefore to be expected that the dehydration of
citric acid mediated by aconitase will affect only one of the four hydrogens and
indeed this has been found to be so '3*: when citric acid is equilibrated with isocitric
acid via aconitic acid in the presence of aconitase (Fig. 61) but with D,0 instead
of H,0, only one of the four methylene positions acquires deuterium, hence only
one of the four hydrogens can be eliminated in the dehydration step to aconitic
acid and replaced in the reverse reaction.

*CO,H *CO,H *CO,H
| pro-R | |
CH, Hs—C—Hg C—H
| CH,CO-5CoA ~H0 |
C=0 ——e— HO,C—C—0OH ———" HO,C~C
| s c:\til;'?etr se *+H0 I
CO,H Y ¢ H.—C—H aconitase CH
2 R s 2
pro-S |
COzH CO,H
Oxaloacetic Citric acid cis - aconitic
acid acid
*COH *(I:OZ H
H—C-COH | =)
- H;0 NADP ®
=—I——  HO,C-C-H DA CH,
+Hy0 isocitrate I
‘ dehydrogenase
aconitase CHZ CH 2
CO,H CO,H
(2R,38)~{+)- o — Ketoglutaric
Isocitric acid acid

Fig. 61. Part of tricarboxylic acid cycle

The problem as to which hydrogen this is can be factorized into two parts:

1) Does the hydrogen come from the pro-R or the pro-S CH,CO,H branch of the citric
acid? [This problem is, in itself, interesting since it is known from carbon
labeling experiments discussed already in Section 2 (cf. Fig. 6) that the aconitase-
active branch is also the one derived from the oxaloacetic acid, cf. the asterisks —
for labeled carbons — in Fig. 61.]

2) Within the branch specified is the hydrogen abstracted Hy or Hg?

The first problem was solved 3% through synthesis (followed by enzymatic degrada-
tion) of tritiated citric acid stereospecifically labeled in the pro-R branch, as indicated
in Fig. 62. The starting material for this synthesis is the naturally occurring 5-dehydro-
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shikimic acid of known configuration (Fig. 62). Enzymatic hydration of the double
bond in this acid with tritiated water gives the corresponding dihydro compound whose
configuration, at C(1), is R>?

CO,H HO.. CO,H
THO NADH T
5 ~dehydroquinate quinate
0 Y OH  dehydrase* . dehydrogenase* HO™ OH
OH 6H OH
5~ Dehydro _d Quinic ~6 -t acid
shikimic aci
CO,H
z THO
o,
1) HIO, HO.... _»#COzH ?HT Aconitase (8771
SR ™ A = HOOC~C—OH ———— +
2) Bry H,0
2.7 THC CH, |
CO,H  CO,H H Cl_H Organic material
CO,H {3°.7})

{3R}-Citric-2-t acid
*Reactions carried out simultaneously

Fig. 62. Stereospecific synthesis of (3R)-citric-2-f acid

The hydrated material, without isolation, is reduced by NADH in the presence of a
second enzyme to (1 R)-quinic-6-7 acid which is then cleaved by periodic acid to a dial-
dehyde subsequently oxidized by bromine water to citric-2-¢ acid. While the configura-
tion of this acid at C(2) is not known [because the configuration of its precursor at
C(6) was not determined], its configuration at C(3) must, from the method of synthesis,
be R. The label is therefore in the pro-R branch. Although the citric acid obtained is
chiral through labeling, it will not, of course, display optical activity, since the
tritium label is present only at the tracer level. The fact that the stereospecific
labeling cannot be detected by ordinary chemical methods makes it no less real and
when the labeled citric acid is treated with aconitase, the label indeed manifests itself
in that the aconitic (and/or isocitric) acid produced is nearly free of tritium whereas
the water eliminated carries nearly all the label. Since the label was in the pro-R
branch (or better, the branch that would be pro-R in the unlabeled analog), it
follows that the pro- R branch is the aconitase-active one. The same conclusion has been
independently reached by a totally different method 34,

32 By way of an exercise in nomenclature it should be noted that the configuration is R because
the carbonyl-substituted segment of the ring has precedence over the hydroxyl-substituted segment.
The configurational symbol is independent of the tritium labeling; it would be R in the
corresponding dihydro analog as well, as required by the sequence rules . However, in
quinic-6-¢ acid, the configuration is R because the applicable sequence rule here demands that the
labeled branch precede the unlabeled one.
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Fig. 63. Stereospecific labeling of citric acid at C(2)
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We turn now to the question whether the hydrogen removed within the pro-R
branch is pro- R or pro-S. An earlier performed sequence of reactions, shown in Fig. 63,
had already led to that information 3%, (25,3R)- and (2S5, 3S)-malic-3-d acids were
synthesized by the method discussed earlier (Fig. 58) or an extension thereof. These
acids were then oxidized enzymatically to oxaloacetic acid-3-d (3R or 35, depending
on the precursor), and the oxaloacetate was condensed in situ with acetyl-CoA by
means of citrate synthetase to give citric-2-d acid. Each of the two citric-2-d acids
(Fig. 63) was now incubated with aconitase. Since it was already known'#’ from carbon
labeling studies (cf. Fig. 6) that the oxaloacetic derived branch is the one affected by
aconitase, success in this incubation was guaranteed. Indeed, the (2R,3R)-citric-2-d
acid lost all of its deuterium in the dehydration to aconitic acid whereas the 25,3R
isomer retained at least 80 % of it, i.e. the pro-R hydrogen at C(2) is lost. Thus, it may
be concluded from the two experiments 339 taken together that the pro-R
hydrogen in the pro-R CH,CO,H branch is the one labilized by aconitase.*?

This conclusion is summarized in Fig. 64 which shows that, given the known confi-
guration of isocitric acid 11 (2R, 3S), the addition of water to aconitic acid to give
either citric or isocitric acid proceeds in antiperiplanar fashion to the Re face at
C(2) and the Re face at C(3) in cis-aconitic acid. And, finally, the addition of acetyl-
CoA to oxaloacetic acid proceeds from the Si side of the carbonyl function.?*

HO,C H CO,H
Re + HO
H o Aconitase HO,C l }?e H 2
HO,C CH,CO,H CH,CO,H
{2R,3S5)

Isocitric acid cis -~ Aconitic acid

HO,C_ Hg
. Citrate
OH pro-R ligand synthetase
He Re” *
HO,C CH,CO,H HO,C
Citric acid
pro -5 ligand

Fig. 64. Stereochemistry of citric acid cycle

3% Working backward from the results, it may also be concluded that the configuration of the
quinic-6-7 acid (Fig. 62) at C(6) is R and that the enzymatic addition of THO to 5-dehydroshikimic
acid is syn.

34 This is not true for all citrate synthetases; enzymes from some sources lead to addition to the Re
face **®), This finding that enzymes from different sources promote one and the same reaction in
stereochemically distinct fashion is by no means unique.
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Many additional examples of the elucidation of prostereoisomerism in biochemical
reactions could be given, for example the elegant elucidation by Cornforth and co-
workers 111-118: 137 of the biosynthesis of squalene, which was recognized by
the Nobel prize in chemistry in 1975, or the recent studies of the enzymatic decarboxyla-~
tion of tyrosine **® and histidine * and of the condensation of homoserine with
cysteine to give lanthionine %, but the examples already provided should illustrate
the principles and techniques involved in such studies.

All the examples given so far in this Section involve heterotopic hydrogen atoms and
elucidation of stereochemical reaction course by use of deuterium or tritium. We
shall conclude by providing two examples involving other heterotopic atoms, one
concerned with carbon (*2C and 13C) and one involving oxygen (10 and '%0).

The biosynthesis of the B-lactam antibiotic penicillin (Fig. 65), and also of
cephalosporin, involves incorporation of L-valine and the question arises as to which
of the two diastereotopic terminal methyl groups of the valine occupies which position
in the penicillin. (In the case of cephalosporin, the question is as to which methyl
group is incorporated into the six-membered ring and which becomes the methylene
group of the carbinyl acetate.) The problem has been solved by two groups 6% 141
by synthesis of specifically 1*C methyl labeled valine (cf. Fig. 42, and p. 35) which was
then biosynthetically incorporated in the antibiotics. The position of the *C in the
resulting antibiotic molecules was determined by *C NMR spectroscopy.

pro-R ? P -5
Cephalosporium HC= (l: —CH, igf;gggzw mWilor
acremonium H—C-—NH, Cephalosporium
| acremonium 12!
CO,H
o ?”3 '
~ €=0 H s CH4lB)
RCNH CHy R—C—NH Lal?)
g N 0 g sle
0 CH, 0
COH Co,H
Cephalosporin Penicillin
Ring methylene from pro-R Me 141 p—Me from pro-R Me 141
Side -chain methylene from pro-S Me %9’ 65d)

«—Me from pro-S Me

Fig. 65. Biosynthesis of penicillin®® and cephalosporin from valine®®

35 The penicillin synthesized in Ref, 141 was penicillin V, R = CgH;OCH,—. That synthesized in
Ref. 65d was penicillin N, R = (R)—HO,CCH(NH,)CH,CH,—. The latter R-group was also
present in both of the cephalosporin samples synthesized (cephalosporin C).

36 The valine used in Ref. 65d was pro-S labeled, i.e. it was (25,35)-valine-4-**C. The valine used
in ref. 141 was racemic at C(2) but stereospecifically labeled at C(3): it was (2RS3R)-
valine-4-1*C. [In the original communications !4 the configuration was erroneously denoted
as (2RS, 35).] The presence of the 2R isomer is immaterial, since it is not biosynthetically
incorporated.
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The results are summarized in Fig. 65. The position of labeling of the cephalosporin
follows directly from the position, in the **C spectrum, of the peak enhanced by
labeling when the precursor is stereospecifically methyl-'3C labeled valine. The posi-
tion of labeling of the penicillin, « or §, was deduced on the basis of an earlier
assignment '*? of the two signals due to the diastereotopic methyl groups in the
spectrum of the unlabeled material.

An application of heterotopic oxygen atoms is elegantly illustrated by the eluci-
dation of the stereochemical course of ring openings of CAMPS (the thio analog
of cyclic AMP) with water to give AMPS, the thio analog of AMP '**. The reaction
sequence is shown in Fig. 66.

[ S
% ‘ l $
R, =, /’f ““““ 0 = 0-poad
/ . 0 M = O—F— (]
Y Phospho - ¢ o]
\0 A dieosigmse 0 HO A ‘
H,8
OH OH
(Sp} —cAMPS A=Adenine {Sp)~ AMPS Ado =Adenosine - 5'
S
1} Myokinase,Pyruvate I Nucleotide
Kingse - = -
2) Myosin ATPase o 03 PO T OAdo polymerase
[ ]
(Sp)-ADPaS
- ; s
PO, ( ) Snake venom | HIO, =
+ {0—P—0—Ado- - - O-P--0Ad0 —s= 030
(unlabeted) | i,  Phosphodiesterase | OH® " ({abeled)

Polymer AMPeS -20
Fig. 66. Stereochemistry of enzymatic hydrolysis of cAMPS to AMPS

The two diastereomers of CAMPS were stereospecifically synthesized **3 and their
configurations assigned by *'P NMR, the S, (the subscript indicating that the
configuration symbol refers to phosphorus®”) isomer with equatorial oxygen having
the more upfield 3'P shift '*4. The cAMPS was ring-opened with H,'®0 in the
presence of phosphodiesterase from beef heart. It may be seen from Fig. 66 that, if
this ring-opening proceeds with inversion (as indicated in the figure), the product

537 The following points should be made here: a) In the sequence rules, isotopic differences are to be
considered only after all other material differences are exhausted, thus §> P> QC> 188
but ! 8@*" > ”@s. b) Resonating P=0 double bonds and negative charges (and sometimes

O O
even labile protons) are generally disregarded; thus in >P< o- (and possibly even in >P<OH)

the two oxygens are on a par and if one is labeled, it is given precedence in the sequence rule.
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AMPS-180 is the S or Pg isomer — or putting it differently, in an unlabeled
sample the pro-S oxygen is derived from the water and the pro-R oxygen from the
cAMPS. (Contrariwise, were the hydrolysis to proceed with retention, the R or Py
isomer of AMPS would be obtained.) To analyze the AMPS, it was first
diphosphorylated to ATPxS by means of phosphoenolpyruvate in the presence of
myokinase and pyruvate kinase. This reaction is known ** to involve stereoselective
phosphorylation of the pro-R oxygen. If the reaction course is as shown in Fig. 66,
this is the unlabeled oxygen, (whereas it would be the labeled one if cAMPS hydrolysis
had involved retention). The two species can actually be distinguished because the
180 isotope produces a chemical shift differential of the adjacent >'P nucleus 145 148),
In the ATPaS actually obtained, since the bridging oxygen is 150, only the phosphorus
directly attached to the adenosine (P,) should display the shift, whereas in the
opposite situation, where *0 would have been bridging, both the first and the second
phosphorus nuclei (P, and Py) should have been shifted. In actual fact, however,
a different method of analysis was employed **¥, The ATPuS was cleaved to ADPuS
with myosin ATPase and the ADP«S was then polymerized by means of nucleotide
polymerase. In this polymerization the outer (B) phosphate of ADPaS is extruded
with its bridging oxygen and the inner phosphate is linked to the 3'-hydroxyl of
another ADPaS molecule, thus forming a polymer with alternating adenosine and
phosphodiester units, the 5’-position of one adenosine being linked by the phosphate
to the 3'-position of another. It can be seen from Fig. 66 that, if the unlabeled
oxygen forms the bridge in the diphosphate (as shown), the extruded phosphate is
unlabeled and the phosphate linkage in the polymer is '30-labeled. (If the bridging
oxygen were the labeled one, then the extruded phosphate would be labeled and that
remaining in the polymer unlabeled.) In the event, the free phosphate formed in the
polymerization was methylated and the resulting trimethyl phosphate analyzed mass
spectrometrically: it had virtually no excess '*0. By way of control the polymer was
degraded by treatment with snake venom phosphodiasterase followed by cleavage
with sodium periodate and alkali. This freed the bound (linking) phosphate, which was,
in turn, converted into trimethyl phosphate and analyzed by mass spectrometry.
It was found to contain a considerable amount of excess *0. Reasoning backward, the
following conclusions were reached ***: The phosphate unit in the polymer, i.e. the
unlinked oxygen in the a-phosphate unit of ADPaS, is labeled; the B-phosphate unit
is unlabeled. Since phosphorylation of AMPS occurs at the pro-R oxygen !4
the pro-R site is unlabeled and the pro-S site is therefore labeled; in other words,
the AMPS formed in the hydrolysis of (S,)-cAMPS is the S-isomer, as shown in
Fig. 66. Contemplation of the first step in that figure thus indicates that the
hydrolysis of cCAMPS proceeds with inversion of configuration at phosphorus.

The reverse reaction, cyclization of ATPaS to cAMPS, also proceeds with inversion
of configuration, as shown by Gerlt and coworkers 47

5.3 Chiral Methyl and Phosphate Groups

5.3.1 Chiral Methyl Groups

The earlier-described (p. 53) elucidation of the stereochemistry (or prostereochemis-
try) of the acetyl-CoA — oxaloacetate reaction is incomplete in one respect: it does
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not disclose whether reaction of the methyl group of CH3;CO-CoA proceeds with
retention or inversion. Posing the question in this way may be momentarily puzzling,
but it will be recognized that if the condensation, instead of involving acetate, involved
the metabolic poison fluoroacetate, FCH,CO;, the methylene carbon in this
compound would be prochiral and one could ascertain whether the pro-R or pro-S
hydrogen were involved in the carbanion formation by working with chiral FCHTCO;.
Also, by determining the configuration of the fluorocitrate formed, one could find
out whether the condensation proceeds with retention or inversion ¥, In principle,
the same considerations should apply to deuterioacetate, DCH,CO; in which the
two hydrogen atoms have become enantiotopic. Stercospecific labeling with tritium
would then require chiral CHDTCO,H. This section will deal with the synthesis of
this material and its use in enzymatic reactions 1*?), The latter subject is complicated
by the fact that, unlike in the fluoroacetate case, hydrogen abstraction to give the
intermediate carbanion may occur with any one of the three isotopes.®®

The synthesis of CHDTCO,H is, in principle, straightforward and was first
accomplished in two laboratories in 1969 *¥. A modified version of the Cornforth
synthesis !*V is shown in Fig. 67. Most of the steps are self-evident. The doubly
labeled phenyl methyl carbinol is, of course, a 4/ pair in the first instance: the
absolute stereochemistry at the CHDTX chiral center is RS but the relative stereo-
chemistry of the two chiral centers is defined as 1RS,2RS, i.e. only one of the two
possible diastereomers is obtained. The resolution at the methyl group occurs
automatically when the carbinol is resolved by classical methods.

The original method described by Arigoni’s group *** involved generation of the
chiral center by enzymatic means, but later an elegant, purely chemical method for the
synthesis of chiral CHDTCO,H with high specific radioactivity was described by the
Zurich investigators '*?. Other methods for the synthesis of chiral CHDTX com-
pounds have since been developed °-15%),

The configuration, enantiomeric purity or even the chiral nature of the (S)-
CHDTCO,H cannot be established by classical methods (although the fact that it
is chiral, and its configuration, follow from the method of synthesis). Quite apart from
the question as to whether a chiral center of type CHDTX would display measurable
rotation, the CHDTCO,H is diluted at least thousandfold by carrier CH,DCO,H
since the tritium is present at the tracer level. Thus even if the pure material had a

38 Centers of the type CH;CO,H or ROPO; have been called '*% **pro-prochiral”. If this term denotes
a merely formal relationship — namely that replacement of a at a “pro-prochiral” center CaaaX
by Y gives a prochiral center CaaXY — it is probably unobjectionable. However, unlike,
at a prochiral center where the heterotopic ligands are, in principle, distinguishable by enzymatic
or spectroscopic means, the (homotopic) ligands at a pro-prochiral center are operationally
indistinguishable except possibly at the slow rotation limit where the three homomorphic ligands
a in (i) will become heterotopic. This has been observed in certain cases where a = CH,:
Suzuki, M., Oki. M., Nakanishi, H., Bull. Chem. Soc. Japan, 46, 2858 (1973). or a = F, see
Fig. 48. x

q, o
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Fig. 67. Synthesis of chiral CHDTCO,H

small rotation, it would not be detectable at the existing dilution.® Recognition of con-
figuration thus presents a serious problem whenever the chiral acetic acid is obtained
as a reaction product. The problem was solved 13 by condensing the acetic acid
(as Co-A ester) with glyoxylate to yield malate and then diagnosing whether the
malate formed had the tritium in the pro-R or pro-S position, by the method
already outlined in Fig. 58. The reaction sequence utilized is shown in Fig. 68.
Because of the rapid rotation of the methyl group in CHDTCO,H, the question
as to whether H, D or T is abstracted in the formation of the carbanion or carbanionoid
intermediate in the aldol condensation to give malate is not determined stereo-

3% For the use of tritium at a high level of incorporation and detection of its stereochemical place-
ment in a CHTXY* group by tritium NMR, see ref, 154. This method does not seem applicable
to CHDTX?* (the stars refer to chirality in X or Y), however, since the steric isotope effect of D
would presumably be insufficient to induce enough of a population difference (cf. Sect. 4.3) among
the rotameric conformations of —CHDT to generate a palpable excess of tritium in one or other
of the two diastereotopic placements i or ii. Nor would it appear likely that the intrinsic shift differ-
ence (cf. Sect. 4.3} induced by the exchange of protium and deuterium would be sufficiently large to
show a difference between the tritium nuclei in the two diastereotopic loci, though this is perhaps
somewhat less certain.
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Fig. 68. Stereochemistry of malate synthetase reaction

chemically but by an isotope effect. If the isotope effect is normal, ease of
abstraction will be H > D > T. Fortunately, tritium abstraction may be disregarded,
for when it occurs, the resulting malate will be non-radioactive and will become
commingled with the carrier material as far as counting radioactivity is concerned.*®

If hydrogen is abstracted preferentially over deuterium, then retention of confi-
guration in the condensation means that (R)-acetyl-CoA gives (3R)-malate-3d, ¢ and
(S)-acetyl-CoA (35)-malate-34, 1 (Fig. 68, top and bottom lines). But if inversion is the
course, the (R)-acetyl-CoA gives (3S)-malate-3d,¢ and (S)-acetyl-CoA (3R)-malate-
3d,t (Fig. 68, middle lines). These conclusions are, as already indicated, predicated on
a normal isotope effect, i.e. preferred abstraction of H over D from the acetyl-
CoA.

To diagnose the situation, the malates formed were treated with fumarase. The one
formed from (R)-acetyl-CoA became equilibrated with tritiated fumaric acid and
retained most of its tritium whereas that from the (S)-acety-CoA lost most of its
tritium in the reversible dehydration yielding unlabeled fumaric acid (and, then,
unlabeled malic acid). Reference to Fig. 58 shows that the former malate was thus
38 and the latter 3R, i.e. the condensation proceeds with inversion of configura-
tion.

The extent of retention of tritium is 79 + 29 in the former case and 21 + 2% in
the latter '35); complete retention (or complete loss) of tritium is, of course, not to be
expected, since the isotope effect for extrusion of deuterium rather than protium in the
condensation shown in Fig. 68 is not infinite. The percent tritium retention in the
process of dehydration and water exchange (fig. 58) is now generally called the
“F-value” 49; thus enantiomerically pure CHDTCO,H gives an F-value of either 79
(R configuration) or 21 (S configuration); values below 79 or above 21, i.e. closer
to 50, indicate that the acid is not enantiomerically pure. The F-value determination

40 However, the observed !5 fact that the malate contains more than two-thirds of the tritium
of the acetate is prima facie evidence of a primary isotope effect.
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thus takes the place of the classical determination of enantiomeric purity (e.g. by
measurement of rotation, or by NMR spectroscopy using chiral shift reagents) used
for conventional chiral compounds of type CHabc and CHDab. (Other methods
for determining the configuration and enantiomeric purity of CHDTCO,H have
been described 4% but are less convenient and not often used.)

The ability to analyze CHDTCO,H stereochemically was put to use in the elucida-
tion 138157 of the stereochemistry of the citric acid condensation to which we have
already alluded. Before presenting one of the determinations of the stereochemistry of
the citrate synthetase reaction, however, we must develop that of the reverse
process, the citrate lyase reaction >, The essential features are shown in Fig, 69,
bottom. The key to this determination is the synthesis of citric acid stereo-

?ozH (}ZozH
T CO,H
z Hy0 HO—C~H Matate c=0
B TSt ot R T Y
tumarase T—(IZ“H dehydrogenase* T— (il—-H
HO,C H
CO,H CO,H
{25,3R) ~malic~ {3R}-oxaloacetic~
3-tacid [plus{2S)- 3-facid)
malic -2 -t acid
{T lost in next step]]
CH,—~C—SCoA l
Re citrate J.CH2 _ D
Sorihetase® 0,0, citrate |
y HO,C—~C—0OH H—~C~—T
3 l lyase
T4C—H CO,H
{R}~acetic-d, ¢
(2R, 3S)-citric acid
2~ acid
m
(l:OZH (I:OZH
CHOQ -~ CO,H HO— ?— H Fumarase (‘i_ H
malate synthase D-—Cl bt ] T-—(!:
CO,H CO,H
{see Fig.68) Mainly

*steps performed simultaneously

Fig. 69. Stereochemistry of citrate lyase reaction
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specifically labeled at the methylene group in the pro-S branch [the carbon-1,2 branch
of the (2R,38)-citric-2-t acid (/11) Fig. 691 At first sight this seems to be
difficuit to accomplish, at least enzymatically, because that branch is the acetyl-CoA
derived one (cf. Fig. 63). However, it was possible to get around this difficulty by
using Re-citrate synthetase (rather than the usual Si-citrate synthetase, see footnote 34
on p. 56) to prepare the citric acid from ordinary acetyl-CoA and stereospecifically
labeled oxaloacetic acid, as shown in the top part of Fig. 69. With this accomplished, the
stereospecifically labeled (2R,3S)-citric-2-¢ acid was subjected to the citrate lyase
reaction and the acetic-d,t acid formed was diagnosed to be R by the already
explained malate synthetase/fumarase sequence. It follows that the citrate lyase
reaction proceeds with inversion of configuration, as shown in Fig. 69. It should be
noted that this result is independent of any assumptions on isotope effects, for
while such effects are involved in the transformation XCHDT—-XCYDT (rather
than XCHYT), they are not involved in the reverse process. (The diagnosis of the
R-configuration of any sample of acetic-d, ¢ acid is independent of the stereochemical
course of the malate synthetase reaction. It only makes use of the fact that the course
of this reaction is the same as it is when one starts with known R-acid whose
stereochemistry is unequivocally determined by its synthesis.)

CO,H
CO~-SCoA | CH, v CO,H
i ¢=0 Si citrate } citrate ‘
D—C—T + —_— HO,C~C—OH —oe e pC-T
{ CH, synthetase } tyase l
H } D—:I:-—r H
R CO,H CoH R
12
{ predominant
product}

Fig. 70. Stereochemistry of Si citrate synthetase reaction

With the stereochemistry of the citrate lyase reaction determined, that of the Si
citrate synthetase (the common enzyme) was established as shown in Fig. 70.
Condensation of (R)-acetic-d, f acid (configuration known by synthesis) with oxalo-
acetate gives what turns out to be mainly (25, 3R)-citric-2-d,2-¢ acid (/12).*' When
this acid is then cleaved with citrate lyase, the major product is (R)-acetic-d,t
acid, as established by the malate synthetase/fumarase diagnosis. It follows that both
the Si-citrate synthetase and citrate lyase reactions must involve the same stereo-
chemical course. Since that of the lyase reaction is inversion (vide supra), that
of the Si synthetase reaction must be inversion also. And since the overall stereo-
chemical result shown in Fig. 70 is not dependent on the magnitude of the

4! Because the H/D isotope effect is not infinite, there will also be some (2R,3R)-citric-2-¢ acid
in which the deuterium was abstracted from the acetyl-CoA. This material will give CH,TCO,H
in the citrate lyase reaction which, being achiral, behaves like racemic CHDTCO,H in the
subsequent steps.

64



Prostereoisomerism (Prochirality)
isotope effect,*?
reaction.

Because of the existence of a recent, thorough review 4% we shall not summarize the
by now quite extensive literature on chiral methyl groups in detail. Suffice it to point
out 4% that there are three ways in which chiral methyl groups have been used in
stereochemical studies, mostly in bioorganic chemistry. (There is no reason why the
CHDTX group could not also be used in classical mechanistic organic studies,
except possibly that the practitioners of such studies may be unfamiliar with the
enzymatic methodology required in the diagnosis of configuration.) The first instance,
exemplified by the malate synthetase (Fig. 68) and citrate synthetase (Fig. 70)
reactions, involves a transformation of the type CHDTX-CDTXY. It is in this
transformation that intervention of an isotope effect is required for observation of
the stercochemistry, as explained earlier (but see below). Ordinarily one assumes
that the isotope effect is normal, i.e. that His replaced or abstracted faster than D.
If this assumption is wrong, i.e. if there is an inverse isotope effect, then the answer
obtained (retention or inversion of configuration) is the opposite of the correct one.
Fortunately such instances are rare and can be guarded against in various ways. One
is to check the isotope effect independently >3, A second approach '%® is applicable
when the hydrogen isotopes in the CDTXY (or CHTXY) product are in an exchange-
able position. Let us take the case depicted in Fig. 68, starting with (R)-
CHDTCO-SCoA as a (hypothetical) example and let us assume that the reaction goes
with inversion of configuration. Then, if a normai isotope effect is involved, the
predominant product will be the (25,3S5)-3-d, isomer (/13), but if an inverse isotope
effect were involved, the predominant product would be (25,3R)-3-4,¢ (114) as shown
in Fig. 71. Were the reaction to go with retention, the opposite result would be ex-
pected (Fig. 71, 115, 116). As already mentioned, the configuration at C(3) is deter-
mined in that the 3R isomer (/4 or 115) loses tritium with fumarase and the 3§
isomer (113 or 116) retains it. The test for the isotope effect }3® involves a partial
exchange of the enolizable T, D or H at C(3) by H,O and base. Material which loses
tritium becomes unlabeled and is lost to further observation. Of the material which
retains tritium, that which contains a CHT group will be racemized by exchange of H;
that which contains a CDT group will also be racemized, but more slowly (relative to
tritium loss) because base catalyzed enolization is known to have a sizeable normal
primary isotope effect. Thus, in the case where the reaction course was inversion
(fig. 71, left half), the 3R isomer (114) will be racemized faster than the 3§ (113)
and the relative amount of tritium retention upon subsequent fumarase treatment
will initially increase. This result is independent of the isotope effect (direct or inverse)
operative during the condensation step (fig. 68). But if the original reaction involved
retention (fig. 71, right half), the 35 isomer (/16) will be racemized faster than the
3R (115) and the relative amount of tritium loss upon fumarase mediated exchange
will increase following the base/H,0 treatment, again regardless of the initial
isotope effect in the glyoxylate — CHDTCOSCoA condensation. Thus the effect

neither is the demonstration of inversion in the Si citrate synthetase

42 The lower the isotope effect, the less the preservation of optical purity in the overall reaction.
However, even if there were an inverse isotope effect, the stereochemical outcome would not be
altered; i.e. one would not obtain any excess of (S)-acetic-d,t acid in the end, rather the
(R)-acid would be isotopically diluted by much CH,TCO,H.
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Fig. 71. Predominant labeled malates

of the H/D exchange upon the shift in outcome of the final fumarase mediated ex-
change is in the same direction, whether the isotope effect is normal or inverse,
and depends only on the stereochemistry of the malate synthetase condensation.*?
In fact, what the exchange experiment tells one is which of the two stereoisomers
at C-3 has H next to T and which D it is interesting that, even if the acetate-glyoxylate
condensation (Fig. 68) involved no isotope effect at all (ky/kp = 1), the exchange
test could reveal the stereochemistry of the condensation **®. A third way of evading
the isotope problem is to look at both the forward and reverse reactions; the stereo-
chemistry of the latter (see below) can be studied without reference to an isotope
effect and that of the former then follows. The citrate lyase — citrate synthetase case
(Fig. 70) illustrates this approach. A fourth approach involves recognition of the
stereochemistry of the product by tritium NMR 3, In that case, not only will the
chemical shift of a CXYHT group differ from that of the stereochemically analogous
CXYDT group (because of an isotope shift), but also the former, but not the latter,
will show a tritium doublet in the proton-coupled spectrum. The two case are thus
readily distinguished and the relative intensity of the signals will reveal if the isotope
effect is normal or inverse. An application is in the biosynthesis of cycloartenol
(Fig. 72) 1*¥; the cyclization of methyl to methylene proceeds with retention of
configuration. {This result has been independently confirmed by Bléttler and Arigoni
using different methodology and an enzyme preparation from Zea Mays. **%

Ochromonas
mathamensis

CoHs

Labeled Main product
oxidosqualene

Fig. 72. Stereochemistry of cycloartenol biosynthesis

43 The actual example '*® related to fatty acid biosynthesis; the case of malate synthetase here
discussed is hypothetical.
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A number of other transformations of the CHDTX—->CDTXY type have been
tabulated '4°’; most of them involve retention of configuration, with the notable
exception of Claisen condensations (videsupra) which all go with inversion. A recent
example %9 is the hydroxylation of CH4(CH,);CHDT to CH;(CH,);CDTOH by
Pseudomonas oleovorans; this reaction proceeds with retention of configuration.

A second type of reaction whose stereochemistry was elucidated by the use of
chiral methy! groups is of the CDTXY -»CHDTX type, exemplified by the citrate
lyase reaction (Fig. 69). The stereochemical outcome of a number of these reactions
has also been tabulated 4%,

A third type of reactions to be studied by chiral methyl groups is of the methyl
transfer type: CHDTX—-CHDTY. As one might expect, these reactions often
involve inversion but not invariable so %, An example is the catechol-O-methyl-
transferase (COMT) reaction shown in Fig. 73. 'Y The important methyl transfer
reagent S-adenosylmethionine with a stereochemically labeled methyl group (117)
is synthesized 'V from chiral acetate via a Schmidt reaction followed by tosylation
to N-tosylmethylamine CHDTNHTSs which is converted to the ditosylate in which
the N(T’s), group becomes a leaving group. Reaction with the S-sodium salt of homo-
cysteine gives methionine(CHDT) which is converted to the adenosyl derivative by
means of ATP. Analysis of the product involves oxidation of the benzene ring with
ceric ammonium nitrate to CHDTOH, followed by sulfonylation, treatment with
cyanide and hydrolysis to CHDTCO,H which is analyzed as described earlier. Both
the preparation and the analysis involve one inversion step; this is, of course, taken
into account in the consideration of the stereochemistry of the COMT catalyzed
reaction which involves inversion. The methylation of the polygalacturonic acid
carboxyl groups of pectin catalyzed by an enzyme preparation from mung bean
shoots has been studied similarly 16,

5.3.2 Chiral Phosphate Groups

One other element which is conveniently available in three isotopic forms is oxygen.
These isotopes have been used* to synthesize 15%-16% chiral phosphates of the type

OH OH ?
T Ad COLH
(o131 l l l 2 0—C~D
+  D-C—-SCH,CH,C—NH, ot |
| e H
H H
X s X R
X = COZH or
~CHOHCH, NHCH,4 17
{epinephrine) Ad = Adenosyl

Fig. 73. Stereochemistry of catechol-O-methyltransferase mediated reaction

4 Both Knowles 1% and Lowe ¥ in 1978 synthesized phosphate monoesters (of 2-O-Benzyl-1,2-
propanediol and methanol respectively) whose configurations could be inferred from the method
of synthesis (but see below and '°®)). Knowles % checked the configuration of his product by
cyclization followed by an ingenious mass spectral analysis. Lowe'%® had no check of
configuration but reported ' that the chiral methyl phosphate, rather surprisingly, displayed
measurable circular dichroism.
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RO—P*0'0'%0= conveniently written as ROPOO®?~. There is one obvious
disadvantage and one advantage of ROPO©®?~ over CXHDT: the disadvantage is
that isotope effects would be very small and probably not practically useful as
among the oxygen (as distinct from the hydrogen) isotopes; the advantage is that the
P—O bonds are much easier to transform chemically in stereochemically defined
ways than the C—H bonds and that *’O (509 enriched) is much easier to use in
high concentration than the radioactive T. (**0, like D, is available in over 99%
purity.)

Triply labeled phosphate has been employed to elucidate the steric course of a num-
ber of phosphoryl transfer reactions; the topic has been reviewed ‘> 199, and we
shall here present only one example, concerned with the stereochemistry of cycliza-
tion of ADP to cAMP *¢7-16® and the reverse reaction 6%:17%,

The pathway shown in Fig. 74 represents several syntheses of chirally P-labeled
phosphate esters with different R’s, including AMP, carried out by Lowe and his
group 1%, Assignment of configuration of the P-labeled AMP depends on the proper
assignment of configuration of the cyclic phosphate precursor 120, R=CHj *®
which was originally made incorrectly 193 167) but has since been corrected 163168169,
Chiral benzoin (/18) was prepared from resolved mandelic acid and was '®0
labeled by conversion to the ethylene ketal followed by cleavage with H,'®0O and
acid. Reduction to chirally labeled hydrobenzoin (/19) was followed by conversion
to a cyclic, 7O labeled phosphate of established 1% relative position of the =0
and OR groups; the absolute configuration at phosphorus is thus S, as shown in
Fig. 74, both before (120) and after (/27) hydrogenolysis.

When R in 721 is 5-adenosyl,*® the product is P-chirally labeled AMP,
adenosine-5[(S)-1°0'70'%0] phosphate (122). Its cyclization to chirally %0, 130

Th l?’\ Ph
H_?’“OH LiAlH, H"({:‘OH BPCl;,CHgN H”'C"O\Ph.u'e
?z H__(i:w.H ROH,CgH N H»?-—Q/ \OR
Ph Ph Ph S
118 19 120
PdiC
2| Base
o_ e T
P + PhCH,CH,Ph
o~ Mor
S

Fig. 74. Synthesis of chirally labeled phosphates

45 The precise synthesis of this material has apparently not been published.
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labeled cAMP is shown in Fig. 75. The NMR analysis of this material is based on
the discovery of the very useful effects of 7O (quenching) 'V and '®O (isotope
shift) 146-147,1715,172) 5y, the shift of adjacent *'P nuclei. Of the three products which
can be formed by displacement of any one of the three oxygen atoms on phosphorus
(the isotope effect is negligible in this case), one will contain %0 and 70O, one
170 and **0 and the third one ®0 and '%0.

NP
(PhO),POCI ADP t -Bu0®K® o _
——t e {labeled ———— o I =
BusN at Por) K® © ~p
OH OH o o7 on
A = adenine
122
K @;/ 0 (l)CH3 ?l)
|
#Reupy CH,l ‘¢R*\-o H3C./R{"O
DMSO o + o
o 18-Crown-86
0 0 HO 0
HO Ad HO Ad Ad
cAMP 123 124

Fig. 75. Cyclization of stereospecifically P—O labeled AMP to cAMP

Any species which contains the P—’0 (P—®) moiety will have its *'P resonance
quenched by the large quadrupole moment of the adjacent 'O nucleus *’"). The
only cAMP species shown in Fig. 75 is therefore the one formed by displacement
of 70, since other species will retain the P—O moiety and will not be seen in the
3p NMR analysis used 7. The course depicted in Fig. 75 is the actual one of
inversion at phosphorus: if retention occurred, the *O and '®O nuclei would be
interchanged. Thus, in the final methylation product, the *®0 is necessarily equatorial,
either as @ =P (123) or as CH,@—P (124), depending on whether methylation occurs
equatorially or axially. Indeed two families of *'P signals are seen for the two
diastereomeric species. Since an '*0 nucleus induces an isotope shift at an adjacent
31p 172 and since, moreover, this shift is different for a doubly bonded @ than for
a singly bonded one, species 123 will show the isotope shift typical for @ =P whereas
124 will show the shift for —@—P.* (If the reaction had gone with retention, the
labeled (**0) oxygen would be axial in which case species /24 would have displayed

46 Because 170 can be obtained in up to 50 % purity only, there will always be some unlabeled species
present which can serve as calibration or reference points for the isotope shifts.
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the @ =P isotope shift and 123 the —@—P single bond shift; the two alternatives
can be readily distinguished.) By this methodology the course of the cyclization was
shown to be inversion 167-168),

The stereochemistry of the reverse reaction, opening of cAMP and AMP by beef
heart cyclic CMP phosphodiesterase was found by Gerlt and coworkers to involve
inversion in the deoxyadenosine series °”, analogous to the corresponding opening
of the cyclic phosphothioate cAMPS (Fig. 66). The same point was demonstrated in
the adenosine series %% 179 by opening the stereospecifically labeled cAMP, formed
as shown in Fig. 75, with H,Y70 to form stereospecifically labeled AMP (122,
Fig. 75). That this material had indeed the same stereochemistry as /22 was
established by recyclizing it as shown in Fig. 75. Once again, compounds 123 and 124
were obtained predominantly (a considerable amount of isotope dilution occurs in
the experiment) and it is therefore clear that the sequence of ring opening and ring
closure ((CAMP—>AMP-cAMP) goes with overall retention of configuration. Thus,
since the second step involves inversion, the first step must do so also.*’

Inversion of configuration at phosphorus occurs in all the kinase mediated
reactions studied so far 1517 In contrast, J. P. Knowles’ group has shown that
alkaline phosphatase '™ and phosphoglycerate mutases ’> induce retention of
configuration, presumably as a result of a two-step process, each step involving inver-
sion, although an “‘adjacent mechanism” with pseudorotation at phosphorus is an
alternative possibility. The method of isotopic stereochemical analysis used in the
work of Knowles” group 64:166-173-177) was mags spectrometry involving metastable
ions 1%3:179)_ though in later work 1 they have also described an NMR method of
stereochemical analysis.

6 Prochirality and Two-dimensional Chirality

We conclude with an alternative view of prochirality ! which is based on chirality in
two dimensions. A scalene triangle, or any triangle with three differently labeled
vertices A, B, C exists in two-dimensional mirror images, as shown in Fig. 76.

B 8 B
C
A IQ A Si Re
[ [

I I A
Fig. 76. Two-dimensional chirality

47 Because of the carlier-mentioned error in configurational assignment of 120 (Fig. 74), the initial
conclusion was that both steps involve retention and that the phosphate and phosphothioate
reactions differ in stereochemical course !’%. This conclusion was subsequently revised 168 as
explained above (see also footnote 25 in Ref. 169).
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These mirror image representations cannot be made to coincide as long as they are
maintained in the plane of the paper. As we have already seen (Sect. 3), such two-
dimensionally chiral representations may be taken to depict heterotopic faces. If the
sequence is A > B > C, triangle I represents the Re face and triangle II the Si
face.

But if one now proceeds into three-dimensional space, one may say that the plane
of triangle 1, say, divides all space into two halves, one in front of triangle I (Re
space) the other behind (S7 space). On the right of Fig. 76 a sideways view of the
triangle is given with the Re space to the right and the Si space to the left.
Three-dimensional prochirality may now be considered in the following terms: A
ligand identical with one already present (say A) is made to form a bond from
either the Re or the Si side of the triangle ABC. This ligand A’ thus sees mirror-
image representations of ABC, depending on the side where it is placed. The ligand
may now be labeled Ay, or Ag;, depending on the halfspace in which it finds itself,
as shown in Fig. 77. (A, B, C and A’ may be considered to be attached to a — three-
dimensional — prochiral center.)

B B CO;H H
c [» A H,C HO,C
Re
A A A H H HC CHy
Si Si Si

B COH H
AT A A A H H HC " CH,
Si Re S5i Si

Fig. 77. Ligand attached to prochiral center

The representation in Fig. 77 has several advantages. It closely correlates the
prochirality of the plane with the prochirality of the chiral center formed by addition
to that plane. Even the symbols correspond. And the symbolism is equally applicable
to addition to various types of planes, such as ABC, ABF, AFH, etc.

There is, however, one serious disadvantage: the symbolism implied in Fig. 77
leads to a loss of the relationship of symbols as between prochirality and chirality.
We had pointed out, earlier, that since all stable isotopes in practical use are
heavier than the ordinary nuclides, replacing a pro-R ligand by an isotopically
labeled one will give a molecule of R-chirality, and similar for pro-S; this relationship
was extensively used in Sec. 5 (e.g. Fig. 55). Unfortunately such a relationship no
longer necessarily holds in the alternative nomenclature, as shown in Fig. 78.
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If (Fig. 77) the homomorphic ligands are A or C in the sequence (as in C(HSCH;
Il

O
or CH,CH,CO,H — Fig. 78) Ay, and Cg, correspond to Ag and Cy (and similarly
for Ag, Cgi, Ag, Cs) but for the intermediate ligand B the situation is otherwise;
Br. corresponds to Bg and Bg; to Bg: cf. the case of isobutyric acid in Fig. 78. For this
reason among others the alternative view has not been widely espoused, although
it has been used in some recent publications 138-13%),

COH COH (E:OZH ({:OZH
= H H compare  H—C—D H-—C—H
Si Re [ S ] R
H
HS:‘ Re CHy CH, CH,
R
H H H H
3 l
Aﬁh = HC CH but  HC—C—"CH;  H;C—C—CH;
HyC cH St “Re | X
¥si ’Re COH COH  (proZR) COH (pro-S)

Fig. 78. Alternative nomenclature for prochiral ligands
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