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During the preparation and review of the paper on glycerol
dissimilation by Stjernholm and Wood (1), it became evident
that the term “symmetrical 3 carbon compound” is ambiguous.
This ambiguity arises because the term symmetry has acquired
a dual meaning in biochemical discussions. There is a type of
symmetry which prevents the existence of optically active forms
and there is a type which prevents the differentiation of identical
groups in chemical reactions. Glycerol traditionally has been
considered a symmetrical molecule because it is optically inac-
tive, but it is not symmetrical when judged by the reactivity of
its primary carbinol groups which are differentiated in biological
systems, as was demonstrated by Schambye et al. (2), and by
Swick and Nakao (3). It is the main purpose of this communi-
cation to define the asymmetric characteristic which in glycerol
and many other compounds permits the differentiation of seem-
ingly identical groups.

The possibility of such discrimination was foreseen by Ogston
(4), who showed that it could be effected by a three point attach-
ment of a substrate like glycerol to the surface of an enzyme.
Although this model of the substrate-enzyme complex clearly
demonstrates a steric difference between the two carbinol groups,
it apparently gave rise to the notion that this difference was not
inherent but was acquired only upon attachment to the enzyme.
The concept of a “biological asymmetry’”” which ascribes to the
enzyme a unique role in the process of discrimination became un-
tenable when Schwartz and Carter (5) demonstrated that the
discrimination of structurally identical groups could still occur
if a simple asymmetric reagent like 1-a-phenethylamine was sub-
stituted for an enzyme.! As in the case of glycerol, the substrate
in this experiment was of the structural type Caabe which signi-
fies a central carbon atom substituted with four symmetrical
groups of which two (a) are identical, but different from the two
other dissimilar groups (b and ¢). The steric nonequivalence of
the (a) groups which was shown by their discrimination by the
asymmetric reagent can also be detected by inspection of molecu-
lar models (5). Schwartz and Carter suggested several ways by
which this fact could be recognized, imncluding the following ob-
servation. Although the molecule Caabe possesses a plane of
symmetry which bisects the central carbon atom as well as the

* Supported by Grant C-1679 of the National Institutes of
Health, United States Public Health Service.

1 This experiment has been ecriticized on the grounds that the
process was reversible (6). Although this would have a bearing
on the mechanism of discrimination, it does not alter the fact that
diserimination occurred. Moreover, this writer has learned from
Dr. Carter that unpublished control experiments established the
irreversibility of the process.

(b) and (e) groups, the resulting halves are not identical since
they cannot be superimposed upon each other. Since this situa-
tion resembles the one prevailing in the meso form of a compound
possessing a plane of symmetry which bisects the molecule into I
two nonsuperimposable halves, the central carbon of Caabc has
been designated as a meso-carbon atom (5). It represents theg
simplest structural type which permits the differentiation of the@
two (a) groups. Any further simplification of the structure =
Caabe, such as the substitution of (¢) either by an (a) or by a3
(b) group, results in a compound which no longer allows the disg
crimination of the (a) groups (5). The concept of the meso-Z
carbon atom is one of great utility, because whenever a structure 8
contains one or more meso-carbon atoms, the differentiation of§
their like substituents is possible. However, it is not a universal
criterion, because there exist structures which permit the dif-Z
ferentiation of structurally identical groups that are not sub-=
stituents of meso-carbon atoms. Illustrations of this fact Willl.zl.1
be presented in the “Survey” given below. Since Schwartz and %
Carter could account for the asymmetric behavior of like sub-O
stituents of meso-carbon atoms by the asymmetric location of 4
each (a) group relative to the remainder of the molecule (Cabe-), >
they thought it would be desirable to distinguish these stericallyg
distinct positions by appropriate designations, but refrained from Z
making specific suggestions. A nomenclature which would serve o
this purpose will be proposed in this communication.
Before this analysis (5), Wilcox (7) had presented the problemg
of differentiation from another point of view. If one of the (a) g
groups in Caabe is isotopically labeled as in Caa*be, the struc-m
ture no longer has a plane of symmetry if the two isotopes are®
considered as distinct atoms. Such compounds were termed &
“isotopic pseudoasymmetric” by Wilcox and “isotopically asym-
metric”’ by Karnovsky et al. (8). Wilcox’s attempt to explain
differentiation by this variant of the usual asymmetry was not
completely successful because his criterion (7), although not
limited to the structural type Caa*be, does not describe all struc-
tures which permit differentiation.2 Moreover, the concept of
isotopic asymmetry tends to obscure the cause of asymmetric
behavior by focusing attention on a tool which can, but fre-
quently need not, be used (5, 11, 12) to demonstrate the phe-
nomenon of differentiation. Even when applied, the success of
isotopic labeling in detecting differentiation depends on the fact

50 UO A

2 One structural type Caa(+4b)(—b) has been noted previously
(9). Additional cases in which the rule of Wilcox does not pre-
dict differentiation are exemplified by the pairs of hydrogen atoms
attached to C-4 in citric acid and to C-2 or to C-4 in cyclohexanol
(XI). Another criterion was proposed by Racusen and Aronoff
(10), but this rule was shown to have exceptions (5, 9).
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that the enzyme or reagent is unable to detect the label (7, 8, 13)
and, therefore, ignores the asymmetry which has been introduced
into the molecule with the isotope.

ROTATIONAL AND REFLECTIVE SYMMETRY

Two objects can be regarded as identical only if they can be
superimposed upon each other. With the use of this principle
one can arrive at a general criterion for the steric equivalence or
difference of structurally identical groups (or atoms) (9). To
facilitate the discussion, these identical groups will be designated
by the distinet symbols (¢) and (e¢”). If a molecular model
of a compound containing such groups can be superimposed upon
itself in such a way that the (a¢’) group of one representation
coincides with the (a”) group of the other, and every other atom
of the first representation coincides with a like atom of the other,
then obviously these two arrangements are indistinguishable and
no reagent can react preferentially with either the (a’) or (a”)
group. Conversely, if such superposition is impossible it will
be equally impossible to superpose the product® resulting from
the interaction of a reagent B with one of the (a) groups upon the
product resulting from its interaction with the other. The two
products, therefore, are not identical but may be mirror images
if B isa symmetrical reagent. If they are mirror images,! no dif-
ferentiation can occur because both products possess equal prob-
ability of formation and equal stability. However, if R is opti-
cally active (e.g. (+)R), the two products cannot be optical
antipodes because the mirror image of the product X(+)R is not
X'(+)R but X'(—)R, if X’ indicates the mirror image of X.
Since different compounds which are not optical antipodes are
likely to differ at least to some extent in the ease of their forma-
tion and in their stability, differentiation of the two (a) groups
is possible. If the reagent is an enzyme, differentiation whenever
possible is likely to be complete, although this is not invariably
the case (14). We conclude, therefore, that a compound permits
the differentiation of two structurally identical groups (a’) and
(a”) if and only if it is impossible to superpose a model of the
compound upon itself in such a way that the (a) and (a”) groups
coincide and the two arrangements are otherwise indistinguish-
able. Application of this test to glycerol (I) and to dihydroxy-
acetone (1) (Fig. 1) shows that the primary carbinol groups of
glycerol can be differentiated, but those of dihydroxyacetone
cannot.

In general, a finite rigid object is termed symmetrical if it can
be superposed: (1) on its mirror image, or (2) upon itself in a posi-
tion which differs from the original one. Although the meaning
of symmetry as usually used in chemistry is restricted to that de-
fined by the first criterion, it is evident that both types of sym-
metry are of importance in this field. If a molecular model can
be superposed upon its mirror image, resolution into optical an-
tipodes is impossible. If the model can be superimposed upon
itself in a novel arrangement, the identical groups (a’) and (a”)
which thereby come into coincidence cannot be differentiated

3 The term ‘‘product’’ is used here in a broad sense. It may
refer to a compound, to the association of two or more substances
as in a substrate-enzyme complex, or to a transition state.

¢ Even if R has no optical activity, the products are not invari-
ably mirror images of each other, and if they are not, differentia-
tion is possible. For example, the two hydrogens at C-2 in cyclo-
hexanol (XI) can be differentiated by symmetrical reagents as in
the stereospecific eliminations to form cyclohexene. The struc-
tural requirements for differentiation by optically inactive re-
agents are stated in footnote 14.

H. Hirschmann

2763
H
CH,0H CH,0H C{_ - OH
) : 7 \
: 3 / H
L} 1
HO-gCpp H Hea] G- OH O==¢
' ' \ . H
1 ) e
CH,OH CH,0H CPOH
Ia b 1I N
“H
HO O
7
\C/
HO-=---- <l: ----- H
HO----- C--m-- H
o
g
C. =]
S o
HO” "0 s
Q.
m Va Vb 3
5]
HO O HO_ O 3
¢ ¢ :
: : .
(2 H-dcP1 (av) (a™) Heal CP» H (a™) 8
o
} 3
am H<(':>H(a“") (a") H-gCpp H (a") 8
. zZ
1 ! ‘ g
& C
&
AN o Son =
m
X
Va Vb e
@]

Fig. 1. Examples of rotational symmetry and asymmetry.(
Rotation of dihydroxyacetone (II) around an axis coincident;
with the carbonyl bond permits superposition of the caurbinoll_—l_i1
groups, whereas glycerol (Ia) if rotated, e.g. 180° around an axis—
perpendicular to the plane of the paper, gives Ib which is different=
from Ia. bp-Tartaric acid (/II) and suecinic acid (V) can be super-<
posed upon themselves by such a rotation, but meso-tartaric acidS
(IVa) cannot. If the latter is rotated around an axis in the planeo
of the paper as indicated, IVb results which is again differentd
from IVa. U

In Figs. 1 to 3 solid triangles signify bonds which project fromN
the bases towards the reader, whereas broken lines extend from,\J
the central carbon atoms away from the reader. S

oo
in any reaction. It follows, therefore, that the differentiation of
the primary carbinol groups of glycerol is indeed caused by a lack
of symmetry in its structure, but of a symmetry which differs
in kind from the one which prevents the resolution of glycerol
into optical antipodes.

To distinguish the two types of symmetry which characterize
structures that can be superimposed either on their mirror images
or in a new way upon themselves, the terms reflective and rota-
tional symmetry have been used (15).5% These terms refer to
diagnostic tests for such symmetries. Mathematical analysis

® These two terms are shorter and probably better suited for
discussions such as the one given by Stjernholm and Wood (1)
than the customary designations in terms of axes of symmetry.
To avoid any ambiguity, the term ““rotational symmetry’’ as used
in this paper corresponds to the presence of a simple axis of sym-
metry greater than one, and the term ‘“‘reflective symmetry’’ to
the presence of an alternating axis of symmetry. (In current
terminology ‘‘axis of rotatory inversion’’ is preferred to the more
familiar “‘alternating axis of symmetry’’ (16).)
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has shown that two identical rigid objects (or two positions of
the same object) with the same center of gravity can always be
superimposed by a rotation. Furthermore, any rigid object
which can be superimposed upon its mirror image can always be
made to yield an arrangement indistinguishable from the original
by means of a reflection in a plane (which produces the mirror
image) to be followed, if necessary, by a rotation (which brings
this mirror image into coincidence with the original). Therefore,
a structure has reflective symmetry if an indistinguishable arrange-
ment can be obtained either by a reflection alone or by a re-
flection in combination with a rotation.® Such a structure can be
superimposed upon its mirror image and, therefore, cannot exist
in an optically active form. A structure has rotational symmetry
if another arrangement indistinguishable from the first can be ob-
tained by a rotation alone. Structurally identical groups which
can be brought into coincidence by such a rotation cannot be
differentiated in any reaction.” Both types of symmetry can
coexist in the same compound and either of them ecan occur with-
out the other. For example, dihydroxyacetone (IT) has both;
p-tartaric acid (I1I) lacks reflective symmetry but has rotational
symmetry and its identical groups (carboxyl, carbinol, hydrogen),
which all can be superimposed (Fig. 1), therefore cannot be dif-
ferentiated; meso-tartaric acid (IV), on the other hand, which
has reflective symmetry but no rotational symmetry per-
mits the differentiation of its structurally identical groups. It
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should be emphasized that rotational symmetry prevents the
differentiation only of those groups which can be brought into

& The two main criteria for this type of symmetry, the plane
and the center of symmetry, are special cases of this general rule
and can readily be derived from it. If no rotation is required
the structure has a plane of symmetry. If an indistinguishable
arrangement results from a reflection in a plane followed by a
rotation through 180° around an axis perpendicular to this plane,
the structure has a center of symmetry.

7" The converse statement that a compound with rotational
asymmetry cannot have indistinguishable groups is strictly true
only if the compound can be adequately represented by a rigid
molecular model (9). Minor complications can arise from rota-
tions around single bonds and are common to all stereochemistry.
This problem is met most readily if we consider groups as indis-
tinguishable, also if they can be superposed by a rotation around
a single bond which yields an otherwise indistinguishable arrange-
ment. For example, although creatinine lacks rotational sym-
metry, the three hydrogen atoms of its methyl group are sterically
equivalent as shown by a rotation around the methyl-nitrogen
bond.

Rotational Asymmetry

Vol. 235, No. 10

coincidence by operating the test for such symmetry. For ex-
ample, the rotation which demonstrates the rotational symmetry
of suceinic acad (V) permits the superposition of the methylene
and the carboxyl carbons and of two pairs of hydrogen atoms
(labeled (a’) and (a¢’””"); (a’’) and (a”’)). No rotation, however,
allows the superposition of (a¢’) or (a’””") on either (a’’) or (a’"’)
and these pairs, therefore, can react at differentrates.® Similarly,
the two carbinol groups of dihydroxyacetone are indistinguish-
able, but the two carbon-bound hydrogens at each carbinol are
sterically distinct. The utility of the rotation test is particularly
apparent in the case of the inositols. It shows almost at a glance
that muco-inositol (VI) contains three pairs of carbon atoms
{numbered 1 and 4, 2 and 5, and 3 and 6) which cannot be dif-
ferentiated. These pairs are sterically distinct from each other
as are all six carbon atoms of myoe-inositol (VII).

NOMENCLATURE

umoqg

Two systems of nomenclature have been proposed for labeled &
glycerol. Schambye et al. (2) have suggested that the isomer of 3
labeled glycerol which when fed to rats gives rise to glucose—3,4-§
C*be called glycerol-1-C#in conformity with lactate-1-C, which §
also is converted to glucose-3,4-C. Karnovsky et al. (8) de-
termined the configuration of this type of labeled glycerol and=
called it L-glycerol-1-C" and thereby gave to glycerol-3-C theZ
designation p-glycerol-1-C4, Neither system provides a satis-3
factory nomenclature for all purposes. The p-L nomenclature isg
limited to isotopically labeled componds. It therefore givesZ
no opportunity to express the fundamental fact that the two=
primary carbinol groups of unlabeled glycerol are sterically dis-l.zl.1
tinet. Obviously, if the differentiation of “identical” groups isX
demonstrated without isotopes (11, 17), this p-L system cannotQ
be used. The numbering system of Schambye et al. (2) does not?
disclose the steric structure. It is based on a metabolic reaction
as effected by a specified organism. In this case, experimentalg
details may influence the numbering since it cannot be takenZ
for granted that different enzymes act in the same manner.?g
Every extension of this system to other compounds requiresg
similar specifications of the enzyme system and of the reaction2
product which is used for numbering the precursor.

The system now proposed is based on steric structure and isp
applicable to unlabeled compounds if they contain identical®
groups which can be differentiated. If atoms of such groups are®
customarily designated by number (e.g. carbon atoms) conven-
tional numbering permits two ways to number a given atom.
The proposed system determines which of these numbers is to be
used. Where numbering is not customary, as in the case of
hydrogen atoms, it is suggested to differentiate the two distinet
orientations by the symbols (4) and (P) (derived from the Latin
words ante, in front of, and post, behind). To make the neces-
sary conventions as few in number and as widely applicable as
possible, it seemed desirable to use some of the rules of the (R)-
(S) system which has been devised by Cahn et al. (18) for des-
ignating asymmetric configurations. Although their system at
times ignores close structural similarities, it possesses the great
advantage of universal applicability.

aqo!

8 As yet, this differentiation has not been observed (14).

® Recently, Moore deseribed a rat liver preparation which ap-
parently converts glycerol directly to p-glyceraldehyde (17). A
conversion of labeled glycerol to glucose which would proceed by
this pathway should result in a labeling different from the one
observed under the conditions of Schambye et al. (2), (e.g. labeling
at 1 and 6 instead of 3 and 4).
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In the (R)-(S) system of Cahn et al. one determines the priority
sequence of the substituents of an asymmetric atom. This se-
quence is in the order of decreasing atomic numbers of the atoms
bound to the asymmetric center. If the relative priority of two
or more atoms cannot be established in this manner, a similar
comparison of the atomic numbers of their substituent atoms is
made. If there is still no difference one continues on outward
until a decision can be reached. For proper interpretation of
this and of a few supplementary rules, the original paper (18)
should be consulted. For the examples given here and for many
others of biochemical interest, it will be sufficient to recognize the
following priority order of substituents:

OH, NH., COOH, ketone, aldehyde, tertiary, secondary, pri-
mary carbinol, tri-, di-, monoalkylated CHs, CHs, and H.

If the sole difference between two groups lies in their geometry,
¢ts hag priority over frans. If they differ only in their configura-
tion, the one assigned the (R) takes precedence over the one as-
signed the (S) configuration. These configurations are de-
termined by viewing a three-dimensional model from the side
opposite to the substituent with the lowest priority. They are
called (R) and (S), respectively, if the sequence of the remaining
three substituents in the order of their priorities describes a
clockwise (rectus, right) or counterclockwise (sinister, left) turn
(Fig. 2).

If this procedure is applied to a structure exemplified by Caabe,
no configuration can be determined because the two (a) groups
have the same priority. The system, however, can still be uti-
lized for our purposes if we arbitrarily assign a fized configuration
to such compounds. We then can reverse the process and de-
termine a priority order for the structurally identical substituents
(a). In order to avoid a numbering system different from the
one chosen for glycerol on biogenetic grounds (2), the (S) config-
uration has been adopted as the frame of reference. The system
can be formalized by two rules.

Rule 1—The symbols for the four substituents (a), (a), (b), (¢)
are chosen so that (b) has a higher priority than (c¢) in the Cahn-
Ingold-Prelog system (18). The molecular model is viewed from
the side opposite to (¢c). Starting from (b) in a counterclockwise
direction, the first (a) group reached is assigned, as appropriate,
either the lower number or the (4) orientation (Fig. 3). An
alternative formulation of this rule, which is suitable chiefly for
aliphatic compounds, may be more convenient in this field. A
Fischer projection of Caabe which shows the higher priority sub-
stituent (b) to the lefi and the (c) substituent to the right has
the (a) group with the lower number or (A4) orientation above
the central carbon. Conversely, if the (b) group is above and

Observer
CHO CH,OH CHO
' \\ //
i AN OH ,/
HO<'C>H AR A ,!
4
' p—— \\C/
CH,OH (
H
Fie. 2. 1L-Glyceraldehyde. Priority sequence: OH, CHO,

CH.0H, H. The compound has the (S) configuration.
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the (c) below the central atom, the (a) group with the lower num-
ber is on the left.10

Rule 2—In internally compensated structures the asymmetn(g
center with the (R) configuration is given the lower number. IE
there are two or more pairs of asymmetric centers, that number%
ing system is chosen which results in the (R) configuration fo
the asymmetric carbon atom with the lowest number.t

The use of these rules will be illustrated by examples given i
the next section.

SURVEY OF STRUCTURAL TYPES WITH REFLECTIVE SYMMETRY
WHICH PERMIT DIFFERENTIATION!2

1. Differentiation of Like Substituents of Meso-Carbon Atoms—s
As shown by the rotation test, the two structurally identicag
groups attached to a meso-carbon atom (Fig. 1, I) can be dif=
ferentiated. Examples of meso-carbon atoms are C-2 of glyceroE
(Fig. 3), C-3 of citric acid (VIIT),® C-1 of cyclohexanol (XI)8
and the two methylene carbon atoms of succinic acid (V). The_q
stereonomenclature for these compounds is determined by Rulé_>1

19 610°20 MAWAR o)

. T i

10 Tf a Fischer projection is not presented in such a manner thag-
this rule can be applied, it should be rotated in the plane of thé&
paper by 180° but not by 90°. All projection formulas glven<
(VIII-X) are Fischer projections. The term implies that thé
substituents above or below a central carbon atom are fartheg
from the observer than those shown to the right or left.

11 Although it would have been more in keeping with the ruleg
of Cahn et al. to select the asymmetric center nearest the plang,
or center of symmetry as the one determining the direction of,
numbering, the above rule was chosen since it can be applied noB
only to aliphatic structures but also to such cyclic compounds af
theinositols. Inthe numbering system of theinositols by Fletcher
et al. (19), two ‘‘stereochemically equivalent carbon atoms’’ are
chosen as number 1. These alternate choices for C-1, however,
are sterically not equivalent since they possess antipodal con-
figurations. Application of Rule 2 unambiguously selects one of
these alternatives and results in a numbering system identical
with the one used by Magasanik (11) in summarizing the action of
Acetobacter suboxydans (Table I in reference (11)) and by Cahn
et al. (18).

12 This survey is not exhaustive and is limited to structural
types that have been or might be encountered in biochemical
studies.

13 Martius and Schorre (13) have proposed a configuration for
the dideuterocitric acid obtained from oxalocitramalic acid lac-
tone. This configuration is based on the application of the lac-
tone rule to the optical rotation of this lactone and indicates that
C-41in VIII is converted to the keto group of a-ketoglutaric acid.
The numbering which results from the application of Rule 1 does
not agree with the one chosen by Mosbach ef al. (20). Also, it
should be noted that Martius and Schorre (13) present L-dideu-
terocitric acid in a projection formula which does not conform to
the Fischer convention (5).
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1. The carbon-bound hydrogen atoms of succinic acid which
in V are labeled (o) and (o’’’} have the (4) orientation; the
two others, the (P) orientation.

COOH (1) CH.0H (1)
(4) HJJH @) HO(EH (R) (2)
HO(jJ—COOH 3) HéOH (8) (3)
(P) HCH (4) HéOH (R) (4
(EOOH (5) HO(IJH (8) (5)
(‘3H20H ®6)
VIII IX

COOH )

HC|JNH2 ®) (2

(4) H('JH ®3)

(4) H(EH )

(P) HéH (5)

HéNHQ (S) (6)

COOH @

X

2. Differentiation of Other Like Groups in Compounds Contain-
ing Meso-Carbon Atoms—Schwartz and Carter (5) in defining
a meso-carbon atom specified that every substituent group of
such an atom possesses a plane of symmetry. It is readily seen
that C-1 and C-3 in glycerol (Fig. 3) are not meso-carbon atoms,
because one of their substituents (—CH(OH)-CH;OH) has no
plane of symmetry. Similarly, C-2 and C-4 of citric acid (VIII)
and C-2 to C-6 of cyclohexanol (XT) are not meso-carbon atoms.
Nevertheless, the rotation test shows that their like substituents
(hydrogen atoms) also can be differentiated from each other. Tt
is desirable to distinguish these centers from meso-carbon atoms
because the latter but not the former require optically active
reagents for the differentiation of their structurally identical
substituents.*

The orientations of the hydrogen atoms of the methylene
groups of I (Fig. 8), VIII, and XI can be assigned by means of
Rule 1. This is possible even for the hydrogens at C-4 in cyclo-
hexanol (XI), if one takes into account, that C-3 has a higher
priority than C-5. However, in the case of cyclic structures the

14 ¥f a molecule has structurally identical groups (a’) and (a”)

which can be differentiated according to the rotation test, their differ-
entiation requires an optically active reagent, only if the molecule
has reflective symmetry and if (a¢’) and (a”) can be brought into
coincidence by operating the test for such symmetry. For ex-
ample, eyclohexanol (XI) has no rotational symmetry and all of
its hydrogen atoms, therefore, can be differentiated. The mole-
cule has a plane of symmetry which bisects C-1 and C-4. The
hydrogens at C-2 and at C-6 which are cis to the hydroxyl occupy
corresponding positions across the plane of symmetry. They
are brought into coincidence by reflection in this plane and, there-
fore, can be differentiated only by optically active reagents.
However, the two hydrogens at C-2, both of which lie on the same
side of the plane of symmetry, or the ones at C-4, which lie within
this plane, are not mutually superposed by reflection in the plane
of symmetry and therefore allow differentiation by optieally in-
active reagents. Similarly, in a meso compound Caa(+4b)(—b)
the differentiation of the (a) groups is possible with any reagent,
whereas a reagent differentiating between the (b) groups must be
optically active.

Rotational Asymmetry

Vol. 235, No. 10
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(4)-(P) nomenclature is not needed since it is more convenienty
to designate the orientations of the various hydrogen atoms o
cyclohexanol in the conventional manner by stating their cis o
trans relationship to the hydroxyl group. 3
3. Differentiation tn Compounds with Asymmetric Carbon Atom
—These structures are exemplified by meso-tartaric acid (IV)<.
muco-inositol (VI), myo-inositol (VII), dulcitol (/X), and meso$
2,6-diaminopimelic acid (X) (12). In these meso compound&
the direction of numbering of the carbon atoms is determined
by Rule 2. The assignment of the (4) and (P) orientations foff
the carbon-bound hydrogens in X requires the use of Rule 1. z
4. Differentiation in Compounds with Rotational Asymmeir
of the Axial® Type—Although the exocyelic carbon atom in X7
is not a meso-carbon atom, the two hydrogens attached to it cai®
be differentiated, since the structure lacks rotational symmetryd
As explained by Cahn ef al. (18) the four substituents to be con=
sidered in this case are the hydroxyl (b) and the alkyl-bound hye
drogen (c) at C-1 and the two hydrogens (a) attached to the ole%
finic carbon. Use of Rule 1 leads to the assignment shown ig
XI1I.

NOMENCLATURE OF ISOTOPICALLY LABELED COMPOUNDS
WHICH PERMIT DIFFERENTIATION

‘2 18q0100

Ordinarily, the same numbering system is used for isotopicallé
labeled compounds as for their normal analogues. It is justified?
therefore, to refer to p- and L-glycerol-1-C* also as glycerol-3-Ct
and glycerol-1-C¥, respectively. In the D-L system the position
of the labeled atom is held constant and the orientations of the
hydroxyl and hydrogen at C-2 are used as the index of isomerism.
This is a logical nomenclature for chemical studies such as the
preparation of the isomers from an enantiomorphic pair like D
and r-glyceric acid-1-C* (8). In the system now proposed, the
orientations of the hydrogen and of the hydroxyl are held con-
stant and the position of the labeled carbinol group is used as in-
dex of isomerism. The two isomers of labeled glycerol when
adsorbed on a stereospecific enzyme must show the same orienta-
tions of the four substituents (reacting, nonreacting primary car-
binol, hydroxyl, and hydrogen) relative to the enzyme surface.
If the orientations were different for the two isomers, the enzyme
would be able to detect the position of the labeled atom which, as
was pointed out above, is not the case. Therefore, the system

15 The term “axial” is used here in the same sense as employed
by Cahn et al. (18).
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which fixes the orientations of the substituents rather than the
position of the isotope is the logical one to deseribe metabolic
studies. Consequently, if we designate the two isomers as glye-
erol-1-C* and glycerol-3-C* we can present experimental data
with greater clarity and succinctness. For example, this system
allows one to summarize the observations that r-glycerol-1-Cit
phosphorylates at C-3 and p-glycerol-1-C* at C-1 (8) with the
statement that regardless of the site of labeling, glycerol is phos-
phorylated at C-3.

SUMMARY

The symmetry properties which determine whether a com-
pound can have structurally identical substituents that cannot
be differentiated in chemical reactions, are distinct from the
symmetry properties which determine whether it can have op-
tical activity. The two types of symmetry are termed rotational
and reflective symmetry. A structure has reflective symmetry
if it can be superposed on its mirror image. Rotational sym-
metry is present if a rotation of the molecule produces another
indistinguishable arrangement. All groups (or atoms) which can
be brought into coincidence by such a rotation react at identi-
cal rates, whereas those which cannot be superposed in an in-
distinguishable arrangement can be differentiated by their re-
activity. In many, but not all cases, this differentiation requires
an optically active reagent such as an enzyme. A rule is given
which states when differentiation by optically inactive reagents
can oceur.

A nomenclature has been proposed which allows one to des-
ignate by different numbers or symbols, structurally identi-
cal groups which can be differentiated. It is applicable to la-
beled and unlabeled compounds.

H. Hirschmann
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