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Abstract

Correlation diagrams of stereoisograms for characterizing stereoisomers have been de-

veloped so as to provide more information on both geometric and stereoisomeric features

than a separate use of a stereoisogram. They are capable of solving most problems which

have been left unsolved within the traditional terminology of stereochemistry and related

chemoinformatics practices, e.g., over-simplified features of the conventional dichotomy

between enantiomers and diastereomers, incomplete separation of RS-stereogenicity from

chirality, unconscious disregard of local RS-stereogenicity and confusion of it with local

chirality, implications of reflection-invariant cases of the CIP priority system, and others.

1 Introduction
Although the terms chirality and stereogenicity have been pointed out to be conceptually dis-

tinct, they are closely related to each other so that they have caused serious confusion over

stereochemical terminology and related practices of chemoinformatics. For example, the Cahn-

Ingold-Prelog (CIP) priority system of giving RS-descriptors has initially been proposed to
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specify molecular chirality, as shown by the title “Specification of Molecular Chirality” of the

article [1]. The revised CIP priority system [2] has changed its basis to specify stereogenicity,

which was introduced in the form of stereogenic units. This terminology based on stereogenic

units (stereogens/stereoelements) has been adopted by the IUPAC Recommendations (1996)

[3]. Further discussions on chirality and stereogenicity have appeared in order to clarify the

relationship between them [4, 5]. In particular, Helmchen’s article [5] (Paragraph 1.1.5.3.4

“Symmetry Consistency of the CIP Specification” on page 32) has described “Although the CIP

system is mainly based on stereogenicity there is a high degree of symmetry consistency.” and

enumerated four criteria to check RS-descriptors for symmetry consistency.

In spite of these discussions, tetrahedral carbons having four different substituents have

still been called “asymmetric centers” or “chiral centers”, even though the use of the term

“stereogenic centers” has become predominant [6, 7, 8, 9]. Moreover, there have still remained

serious problems due to an unsolved question as to how stereogenicity is different from and
related to chirality. One of such problems was concerned with pseudoasymmetry, where RS-

descriptors should be or should not be used in lowercase letters (r and s). For example, Mislow-

Siegel’s comments [4] on “pseudoasymmetric centers” were critically cited in the Helmchen’s

article [5], which was again commented by Mislow [10]. The crux of the discussions is whether

a pseudoasymmetric center is allowed to be present in a chiral molecule [5] or not [4], because

the chemical tradition has linked pseudoasymmetric centers to achiral molecules as found in

articles [11, 4] and textbooks [12, 13].

As demonstrated by Fujita [14, 15], incomplete differentiation between chirality and stere-

ogenicity has been mainly brought about by over-simplified features of the conventional di-

chotomy between enantiomers and diastereomers. For the purpose of remedying such over-

simplified features, Fujita has proposed the concept of RS-stereoisomers [16], which were sub-

classes of stereoisomers and categorized into enantiomers, RS-diastereomers, and holantimers
by means of three relationships involved in stereoisograms, i.e., enantiomeric, RS-diastereome-

ric, and holantimeric relationships. The three relationships were correlated to three attributes,

i.e., chirality (the same as the traditional term), RS-stereogenicity, and sclerality, so that such

a stereoisogram as containing at most four RS-stereoisomers has been classified into one of

five types (Types I–V). The five types have been specified by combining chirality (or achiral-

ity), RS-stereogenicity (or RS-astereogenicity), and sclerality (or asclerality) on the basis of

RS-stereoisomeric groups. Thereby, the existence of only five types has been proven by show-

ing the existence of five types of subgroups of RS-stereoisomeric groups [17]. The versatility of

stereoisograms of Types I–V has been demonstrated by applying them to various type of com-

pounds [18, 19, 20, 21] as well as to the problems of pseudoasymmetry [22] and prochirality

[23, 24].

By virtue of the the concept of RS-stereoisomers, the conventional paradigm based on the

dichotomy between enantiomers and others (diastereomers) has been shifted to a new paradigm

based on the dichotomy between RS-stereoisomers and others, as shown in Fig. 1 [14, 15]. One

of the merits provided by the paradigm shift is to discuss the problems described above by

using stereoisograms (i.e., within the level of RS-stereoisomers), so that we are able to avoid

apparent inconsistency between geometric features (e.g., chirality) and stereoisomerism (e.g.,

stereogenicity and RS-nomenclature). Thereby, the capability of giving RS-descriptors has been

ascribed to RS-stereogenicity (not chirality nor stereogenicity) [16] and the capability of giv-

ing pro-R/pro-S-descriptors has been ascribed to pro-RS-stereogenicity (not prochirality nor

prostereogenicity) [23, 15].

Although the paradigm shift shown in Fig. 1 has provided us with a new prospect over
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Figure 1: Paradigm shift from the conventional terminology to the present terminology for

stereoisomerism. A broken-lined box represents a term of the conventional terminology, while

a solid-lined box represents a term of the present terminology.

stereochemistry, the results described in the preceding paragraphs were mainly restricted to

cases with one RS-stereogenic center (or related site) and took no direct account of cases with

two or more RS-stereogenic centers. In other words, the results have focused mainly on the

global symmetry of a given molecule, where a specific carbon center was selected to represent

the molecule and then the local symmetry at the specific carbon center was examined in place

of the global symmetry by means of the corresponding stereoisogram [16]. As a result, a sin-

gle stereoisogram corresponding to the global symmetry of one RS-stereogenic center has been

investigated to throw a light on problems due to the conventional paradigm (dotted boxes in

Fig. 1). Multiple use of stereoisograms to investigate two or more RS-stereogenic centers [14]

has remained within processes of trial and error so that it has not arrived at a systematic format

in comparison with cases of one RS-stereogenic center [16]. To gain deeper insight of stereo-

chemistry, a new device for examining local symmetries along with the global symmetry should

be developed, where it is capable of covering cases of two or more RS-stereogenic centers by

keeping balanced watch on both global and local symmetries.

The present paper is devoted to develop systematic solutions to cover such cases as requiring

two or more stereoisograms. We will describe the development of correlation diagrams of
stereoisograms, which are defined as effective sets of stereoisograms for specifying a given set

of stereoisomers. They will be proven to be a versatile device for rigorous distinction between

local chirality and local RS-stereogenicity, which have been traditionally mixed up by the term

“local symmetry” or even worse by the term “local chirality”. In addition, they will provide

us with a conceptually well-defined tool for solving problems due to over-simplified features

involved in the conventional dichotomy between enantiomers and diastereomers.

2 Results

2.1 Basic Terminology
According to previous articles [16, 25], the symbols collected in 1 are employed to indicate

three relationships to draw stereoisograms. For the sake of simplicity, our discussions will be

restricted to tetrahedral carbons. To introduce stereoisograms, it is important to differentiate

- 27 -



Table 1: Three Relationships in Stereoisograms and the Corresponding Attributes

symbol relationship attribute
�� �� enantiomeric chiral�� (self-enantiomeric) achiral
�� � RS-diastereomeric RS-stereogenic� (self-RS-diastereomeric) RS-astereogenic
�� � holantimeric scleral� (self-holantimeric) ascleral

between permutation operations and reflection operations.

Permutation operations A permutation operation causes the interchange of two ligands on a

tetrahedral skeleton without change of ligand chirality. To represent this operation, the

symbol © is used to denote an operation of causing a skeletal change but no change of

ligand chirality.

Reflection operations A reflection operation is an operation of generating the mirror image of

an original object where the changing of a skeleton is accompanying with the change of
ligand chirality. If the symbol • denotes an operation of changing ligand chirality with

no skeletal change, the combination of © and • means the changing of a skeleton along

with ligand chirality.

In particular, the emphasized phrases concerning ligand chirality (change or no change) are

crucial to understand the difference between geometric (3D structural) features and stereoiso-

merism. However, the change or no change of ligand chirality is often overlooked so that there

has emerged unconscious confusion over the two operations, when they are applied to tetrahe-

dral carbons.

The three relationships correspond to three pairs of attributes for characterizing a pro-

molecule: chiral/achiral, RS-stereogenic/RS-astereogenic, and scleral/ascleral. As a result,

there appear an enantiomeric pair (enantiomers) for chirality, an RS-diastereomeric pair (RS-

diastereomers) for an RS-stereogenicity, and a holantimeric pair (holantimers) for a scleral-

ity, which are collectively called RS-stereoisomers. Among eight modes of combination, five

modes listed in 2 are effective to characterize stereoisograms, each of which contains four RS-

stereoisomers at most.

2.2 Enantiomers vs. RS-Stereoisomers
To treat molecules having two or more RS-stereogenic centers, we here derive principles (Prin-

ciples 1–4) which govern enantiomers and RS-stereoisomers having two or more RS-stereogenic

centers.

2.2.1 Implied Connotations as to Enantiomers of Traditional Terminology

Promolecules for Characterizing Local Symmetries In order to discuss configurations at

respective carbon centers, it is convenient to use the concepts of proligands and promolecules,
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Table 2: Five Types of RS-Stereoisomers Specified by Stereoisograms

type three attributes

Type I: chiral �� �� RS-stereogenic �� � ascleral �
Type II: chiral �� �� RS-astereogenic � scleral �� �
Type III: chiral �� �� RS-stereogenic �� � scleral �� �
Type IV: achiral �� RS-astereogenic � ascleral �
Type V: achiral �� RS-stereogenic �� � scleral �� �

where the chirality/achirality of each ligand is only taken into consideration [26]. Let us con-

sider meso-2,4-dihydroxyglutaric acid 1 as an achiral molecule (Fig. 2), where the mirror image

1 is identical with the original molecule 1 without considering locant numbers, as shown by

the symbol �� . The global symmetry (achirality) is represented by the configuration at No.

3 carbon (C3). By replacing the two chiral ligands incident to C3 by chiral proligands r and

r, we are able to generate an achiral promolecule 13 (identical with 13), which represents the

global achirality of the molecule 1 (Throughout the present article, a structure number having

a locant number as a subscript (e.g., 13) is used to designate the corresponding promolecule).

Although the promolecule 13 (identical with 13) represents the local symmetry at the C3 atom,

it also represents the global symmetry. It should be noted here that the above-mentioned global

symmetry (global achirality) stems from the traditional terminology of stereochemistry up to

this step, where the traditional terminology is silent about global RS-astereogenicity, which is

part of the global symmetry from the present viewpoint.

Let us next pay attention to the configuration at the C2 atom of 1 (and its self-enantiomeric

1). By replacing the two chiral ligands incident to C2 by proligands r1 and r1, we are able to

generate a chiral promolecule 12 from 1 and its enantiomeric promolecule 12 from 1. The local

symmetry (local chirality) at the C2 atom, which is characterized by the pair of enantiomeric

promolecules 12 and 12, is not identical with the global symmetry (achirality) of 1. Although 12

and 12 are different from each other, both of them represent the same entity 1, if the proligands

r1 and r1 are returned into the original concrete forms. This is confirmed by comparing between

the locant numbers of 1 and those of 1 (appearing in the leftmost illustration of Fig. 2).

As for the configuration at the C4 atom of 1 (and its self-enantiomeric 1), a similar substi-

tution of proligands r1 and r1 generates a chiral promolecule 14 from 1 and its enantiomeric

promolecule 14 from 1. The local symmetry (local chirality) at the C4 atom is characterized by

the pair of enantiomeric promolecules 14 and 14 and is not identical with the global symmetry

(achirality) of 1. Although 14 and 14 are different from each other, both of them represent the

same entity 1, if the proligands r1 and r1 are returned into the original concrete forms. This is

confirmed by comparing 1 with 1 with respect of locant number 4 (appearing in the “molecule”-

column of Fig. 2).

It should be noted again that the above-mentioned local symmetry (local chirality) for

characterizing a pair of enantiomeric promolecules 12/12 or another pair of enantiomeric pro-

molecules 14/14 cannot not be related to local RS-stereogenicity within the traditional terminol-

ogy, because this is silent about such local RS-stereogenicity as being part of the local symmetry

from the present viewpoint.

Throughout the present article, the term “enantiomeric” is used mainly, while the use of
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Figure 2: Transformation of an achiral molecule (meso-2,4-dihydroxyglutaric acid) into pro-

molecules. The “promolecules”-column represents a pair of promolecules for characterizing

local chirality/achirality, while the “stereoisograms”-column represents a quadruplet of pro-

molecules for characterizing local chirality/achirality as well as local RS-stereogenicity/RS-

astereogenicity.
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the term “enantiomorphic” is avoided. This is because the introduction of the term “self-

enantiomeric” paired with the term “enantiomeric” has brought about a standpoint of treating

(pro)ligands and (pro)molecules in a common framework. Thus, the terms “enantiomeric” and

“self-enantiomeric” are used to indicate such cases as 12/12 and 14/14 as well as to the case of

13/13, which represents the global and local symmetries at the same time.

Pairwise Appearance of Enantiomeric Promolecules As found easily, the promolecules

listed in the “promolecules”-column of Fig. 2 emerge pairwise, i.e., 13/13 (a self-enantiomeric

pair, i.e., 13 = 13), 12/12 (an enantiomeric pair), 14/14 (an enantiomeric pair), where each pair

represents the same molecular entity as 1 (= 1). This fact can be extended into general cases:

(Principle 1) [Pairwise appearance of enantiomeric promolecules] A given enantio-

meric pair (or self-enantiomeric pair) of molecules is represented by an enantiome-

ric pair (or a self-enantiomeric pair) of promolecules generated with respect to each

carbon center selected from the molecule.

Principle 1 means that a pairwise relationship between enantiomers is invariant if any RS-

stereogenic centers or other sites are selected to be examined. It should be noted that the selected

carbon center may or may not be an RS-stereogenic center, as exemplified by the C3 atom of 1.

If necessary (e.g., in case of tartaric acids), an appropriate bond can be selected to generate such

an enantiomeric pair (or a self-enantiomeric pair) of promolecules. One of the merits provided

by the use of the concepts of proligands and promolecules is that each local symmetry can be

examined in the form of a promolecule, as found by Principle 1.

Principle 1 can be also confirmed by considering a pair of chiral molecules, e.g., an enan-

tiomeric pair of chiral 2,4-dihydroxyglutaric acids 2/2 (Fig. 3), where the mirror image 2 is

different from the original molecule 2 as shown by the symbol �� �� . The global symmetry

(chirality) is represented by the configuration at No. 3 carbon (C3), because 2 (or 2) is consid-

ered to have a centroidal carbon-skeleton. By replacing the two chiral ligands incident to C3

by two chiral proligands r’s (or two r’s), we are able to generate an enantiomeric pair of chiral

promolecules 23/23, which represents the global chirality of the molecule 2 in terms of the pro-

molecule 23 or 23. Although the promolecule 23 (or 23) represents the local symmetry at the C3

atom, it also represents the global symmetry.

The configuration at the C2 atom of 2 (and its enantiomeric 2) is characterized by the cor-

responding enantiomeric pair of promolecules 22/22 (the “promolecule”-column of Fig. 3). On

a similar line, the configuration at the C4 atom of 2 (and its enantiomeric 2) is characterized by

the corresponding enantiomeric pair of promolecules 24/24 (the “promolecule”-column of Fig.

3).

The promolecules listed in the “promolecules”-column of Fig. 3 emerge pairwise, i.e., 23/23

(an enantiomeric pair), 22/22 (an enantiomeric pair), 24/24 (an enantiomeric pair), where each

pair represents the same pair of molecular entities 2/2. This case is another example of Principle

1.

Appearance of Enantiomeric Pairs with a Fixed Locant Number Let us compare between

Fig. 2 and Fig. 3, where the achiral molecule 1(= 1) and the pair of enantiomeric molecules

2/2 are decided as being diastereomeric so as to construct a set of stereoisomers. To decide

such diastereomeric relationships, the traditional methodology of stereochemistry only exam-

ines whether or not the two pairs of enantiomers (in this case an achiral molecule 1 and a pair
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Figure 3: Transformation of chiral molecules (chiral 2,4-dihydroxyglutaric acid) into pro-

molecules. The “promolecules”-column represents a pair of promolecules for characterizing

local chirality/achirality, while the “stereoisograms”-column represents a quadruplet of pro-

molecules for characterizing local chirality/achirality as well as local RS-stereogenicity/RS-

astereogenicity.
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of 2/2) have the same constitution so as to give a single graph. This process of examination is

qualitatively clear but have no recipe supported by mathematically well-defined operations.

The comparison between the “promolecule” column of Fig. 2 and the corresponding col-

umn of Fig. 3 gives another viewpoint which modifies the traditional methodology. Suppose

that stereoisomers have carbon centers which are specified by common locant numbers. Then,

the corresponding promolecules at a carbon center having a fixed locant number are collected

to be examined. For example, when the C2 atom is selected as such a carbon center, an enan-

tiomeric pair of promolecules 12/12 (corresponding to the achiral molecule 1) can be compared

with another enantiomeric pair of promolecules 22/22 (corresponding to the pair 1/2). Thereby,

we find that 12 (or 12) is convertible into 22 (or 22) by a permutation operation. This conversion

is beyond the scope of the traditional stereochemistry which lacks the concept of promolecules

generated at a carbon center having a fixed locant number. Whether such a conversion is consid-

ered or not, the two enantiomeric pairs can cover the set of stereoisomers according to Principle

1.

On similar line, the C4 atom is selected as such a carbon center, we can find that 14 (or

14) is convertible into 24 (or 24) by a permutation operation. According to Principle 1, the two

enantiomeric pairs can cover the set of stereoisomers.

If the C3 atom is selected as such a carbon center, an achiral promolecule 13 (= 13) (corre-

sponding to the achiral molecule 1) cannot be correlated to an enantiomeric pair of promolecules

23/23 (corresponding to the pair 1/2) by a permutation operation. Even in this case, 13 (= 13)

and 23/23, which are generated at the fixed C3 atom, can cover the set of stereoisomers (i.e., 1
(= 1) and and 2/2).

In summary, once a (self-)enantiomeric pair of promolecules is formulated at a carbon cen-

ter with a fixed locant number, such a (self-)enantiomeric pair can be moved to cover all of

stereoisomers. This holds true for any carbon centers (or any bonds if necessary):

(Principle 2) [Enantiomeric pairs with a fixed locant number to cover a stereoiso-

meric set] Suppose that a set of stereoisomers is classified into (self-)enantiomeric

pairs and that their carbon centers (or the bond if necessary) are correlated to each

other by common numbering. All of such (self-)enantiomeric pairs are exhaustively

enumerated by considering enantiomeric pairs at any one of such corresponding

carbon centers (or the bond if necessary).

Principle 2 can be derived only by considering a set of (self-)enantiomeric pairs of promolecules

at an arbitrarily fixed carbon center (or a bond) according to the concept of promolecules.

It should be noted that Principle 2 is concerned with (self-)enantiomeric pairs contained in a

stereoisomeric set and that it does not refer to diastereomeric relationships.

2.2.2 Stereoisograms for Specifying Global and Local Symmetries

According to the present methodology based on stereoisograms, we can developed a more sys-

tematic way than simple use of promolecules (cf. the “promolecules”-column of Fig. 2 and Fig.

3.

A Quadruplet of Promolecules in a Stereoisogram According to the present methodology,

the promolecule 13 (identical with 13) is regarded as being involved in a Type-IV stereoisogram

(Stereoisogram #2), as found in the “stereoisogram” column of Fig. 2. See 2 for the assignment

of Type IV to Stereoisogram #2. The RS-astereogenic character of the promolecule 13 is shown

- 33 -



by the equality symbol along with the horizontal S-axis, while the achiral character 13 is shown

by the equality symbol along with the vertical C-axis.

On the other hand, the promolecules 12/12 are regarded as two components of a Type-III

stereoisogram (Stereoisogram #1), where they appear along the vertical C-axis in the first dia-

gram of the “stereoisogram” column of Fig. 2. The RS-stereogenic character of the promolecule

12 (or 12) generates another promolecule 22 (or 22) so that they are differentiated by means of

RS-descriptors. Thus, the priority sequence OH > COOH > r1 > H specifies the configuration

of the C2 atom of 12 as being R, while that of 22 as being S. The other priority sequence OH >
COOH > r1 > H specifies the configuration of the C2 atom of 12 as being S, while that of 22 as

being R.

In a similar way, promolecules 14/14 are regarded as two components of a Type-III stereoiso-

gram (Stereoisogram #3), where they appear along the vertical C-axis in the first diagram of the

“stereoisogram” column of Fig. 2. The RS-stereogenic character of the promolecule 14 (or 14)

generates another promolecule 24 (or 24). Stereoisogram #3 is essentially identical to Stereoiso-

gram #1, if the modes of locant numbering are disregarded.

On a similar line, Fig. 3 can be explained by Stereoisograms #1′, #2′, and #3′. It should

be noted that Stereoisograms #1 and #1′ are essentially equivalent; and also Stereoisograms

#3 and #3′ are essentially equivalent. On the other hand, Stereoisogram #2 is Type IV, while

Stereoisogram #2′ is Type II.

In summary, Stereoisograms #1–#3 in Fig. 2 contain respective quadruplets which are con-

cerned with pairs of promolecules corresponding to a common molecule 1 (= 1). Stereoisograms

#1′–#3′ in Fig. 3 contain respective quadruplets which are concerned with pairs of promolecules

corresponding to a common pair of molecules 2/2.

Principle 1 is modified to cover such quadruplets as contained in stereoisograms.

(Principle 3) [Quadruplet appearance of RS-stereoisomeric promolecules] Suppose

that a given enantiomeric (or self-enantiomeric) pair of molecules corresponds to

an enantiomeric (or self-enantiomeric) pair of promolecules which is generated at

each carbon center (or bond or site if necessary) selected from the molecule ac-

cording to Principle 1. Then, a quadruplet of RS-stereoisomeric promolecules at

the carbon center (or bond or site) contains the enantiomeric (or self-enantiomeric)

pair of promolecules and another enantiomeric (or self-enantiomeric) pair of pro-

molecules. The two enantiomeric pairs contained in the quadruplet may be super-

posed to represent the same enantiomeric pair.

Principle 3 is concerned with a quadruplet of RS-stereoisomeric promolecules contained in

a stereoisogram which is generated at the corresponding carbon center having a fixed locant

number (or an appropriately fixed bond or site). This implies that local symmetry at the carbon

center involves local chirality (or local achirality) and local RS-stereogenicity (or local RS-

astereogenicity), both of which are specified by the stereoisogram at issue.

Stereoisograms with a Fixed Locant Number When a (self-)enantiomeric pair at a carbon

center with a fixed locant number is selected from a set of stereoisomers according to Principle

2, another (self-)enantiomeric pair at the carbon center is specified to generate a quadruplet.

Such a quadruplet can be specified uniquely. Next, one of the remaining (self-)enantiomeric

pairs at the carbon center with a fixed locant number is selected from a set of stereoisomers,

another (self-)enantiomeric pair at the carbon center is specified to generate a quadruplet. This
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procedure is repeated to cover the set of stereoisomers. To formulate this procedure of repeti-

tion, Principle 2 is converted to describe quadruplets of promolecules:

(Principle 4) [Appearance of quadruplets of promolecules in a stereoisomer set]

Suppose that a set of stereoisomers is classified into (self-)enantiomeric pairs and

that their carbon centers (or bonds or sites if necessary) are correlated to each other

by common numbering. Quadruplets at any one of such commonly-numbered car-

bon centers (or bonds or sites if necessary) can be constructed to cover the set of

stereoisomers.

2.3 Correlation Diagrams of Stereoisograms
Principles 1–4 indicate that a set of stereoisomers of which locant numbers are commonly given

can be examined by means of stereoisograms which are constructed at a carbon center with a

fixed locant number. The present subsection is devoted to introduce correlation diagrams of

stereoisograms, which have been developed as a diagrammatical device of visualizing Principles

1–4.

2.3.1 Construction of Correlation Diagrams

To grasp total features of stereoisomeric 2,4-dihydroxyglutaric acids, we should integrate Fig.

2 and Fig. 3. First, we examine the C3 atom of each of the stereoisomers as a central atom.

Although the C3 atom is not RS-stereogenic, the examination of the C3 atom is necessary to

show the achirality of 1. A self-enantiomeric pair of promolecules (i.e., an achiral promolecule

1) and an enantiomeric pair of promolecules (2 and 2) (as well as promolecules necessary to

draw stereoisograms) are arranged to occupy peripheral positions, which are fixed according

to Principles 1 and 2 if other central atoms are selected. Then, Stereoisograms #2 (Fig. 2) and

#2′(Fig. 3) are drawn, as shown in Fig. 4. The obtained diagram is called a correlation diagram
of stereoisograms. The common locant numbering assures the generation of stereoisogram at a

fixed carbon center according to Principles 3 and 4. The subscript of each promolecule number

(e.g., 13) indicates such a fixed central atom (e.g., C3). Although the promolecule 13 and its RS-

diastereomer 33 (and other pairs of promolecules linked by an equality symbol) represents the

same molecular entity, they are tentatively differentiated by numbering because two hydrogens

at the C3 atom are permuted (see Stereoisograms #2 (Fig. 2) and #2′ (Fig. 3)). Such duplications

are necessary to show the features of promolecules of Type II and Type IV in Fig. 4.

Let us next consider the C2 atom of 2,4-dihydroxyglutaric acids by using the data collected

in Fig. 2 and Fig. 3. The C2 atom is RS-stereogenic to give the corresponding correlation dia-

gram concerning Stereoisogram #1 and #1′, as shown in Fig. 5. Stereoisogram #1 contained in

Fig. 5 is identical with Stereoisogram #1 contained in Fig. 2. On the other hand, Stereoisogram

#1′ contained in Fig. 5 is different in the reference numbers from Stereoisogram #1′ contained

in Fig. 2, because the correspondences between 32 (= 1) and 33 (= 1) and between 42 (= 2) and

43 (= 2) are taken into consideration.

Note that Stereoisograms #1 and #1′ contained in Fig. 5 is are equivalent, just as the coun-

terparts listed in Fig. 2 and Fig. 3 are equivalent.

On a similar line, another epimeric correlation diagram of stereoisograms where the 4-

carbon of each stereoisomer is regarded as a central atom, where Stereoisogram #3 (Fig. 2)

is integrated with #3′ (Fig. 3).
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Figure 4: A main correlation diagram of stereoisograms for stereoisomeric 2,4-dihydroxy-

glutaric acids, where the 3-carbon of each stereoisomer is regarded as a central atom so as

to give Stereoisogram #2 (Type IV) and Stereoisogram #2′ (Type II).

2.3.2 Correlation Diagrams for Three RS-Stereogenic Centers

In this subsection, we first draw correlation diagrams for a non-degenerate case having three RS-

stereogenic centers, and then compare them with correlation diagrams for a degenerate case.

Pentoses as a Non-Degenerate Case We first examine a set of pentose stereoisomers (open-

chain forms) having three RS-stereogenic carbon centers, as shown in Fig. 6. In the present

methodology, the eight pentoses are pairwise considered: 5/5, 6/6, 7/7, and 8/8, where locant

numbers are commonly attached to respective carbon atoms.

When we focus our attention on an RS-stereogenic atom of a fixed locant number appearing

in each enantiomeric pair (5/5, 6/6, 7/7, or 8/8), we obtain three correlation diagrams shown in

Fig. 7(A–C).

The correlation diagram of Fig. 7(A) concerned with the C3 atom contains two stereoiso-

grams, where Stereoisogram #1 of Type III consists of a quadruplet of promolecules, i.e., 53, 53,

73, and 73; and Stereoisogram #2 of Type III consists of another quadruplet of promolecules,

i.e., 63, 63, 83, and 83. The following items should be mentioned with respect to the capability

of giving RS-descriptors of the CIP priority system.

1. In Stereoisogram #1 of Fig. 7(A), the RS-diastereomeric relationship between 53 and 73
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Figure 5: An epimeric correlation diagram of stereoisograms stereoisomeric 2,4-dihydroxy-

glutaric acids, where the 2-carbon of each stereoisomer is regarded as a central atom so as to

give Stereoisogram #1 (Type III) and Stereoisogram #1′ (Type III). The two stereoisograms are

degenerate.

indicates local RS-stereogenicity, which corresponds to R- and S-configuration in terms

of the priority sequence, OH > p > q > H. On the other hand, the RS-diastereomeric

relationship between 53 and 73 gives S- and R-configuration, respectively, in terms of the

other priority sequence, OH > p > q > H.

2. In Stereoisogram #2 of Fig. 7(A), the RS-diastereomeric relationship between 63 and 83

indicates local RS-stereogenicity, which corresponds to R- and S-configuration because of

the priority sequence, OH > p > q > H. The RS-diastereomeric relationship between 63

and 83 gives S- and R-configuration, respectively, because of the priority sequence, OH

> p > q > H.

3. It should be emphasized that the enantiomeric relationship between 53 and 53 (or their lo-

cal chirality) by no means determines the RS-descriptors. In other words, the R-configura-

tion of 53 have nothing to do with the S-configuration of 53, so long as the two priority

sequences (OH > p > q > H for 53 and OH > p > q > H for 53) are different. Only

after the two priority sequences are equalized, the R-configuration of 53 can be correlated

to the S-configuration of 53. This equalization is implicitly presumed by the CIP priority

system.
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Figure 6: Four enantiomeric pairs of pentoses. Proligands for correlation diagrams of stereoiso-

grams are designated by p, p, and so on.

The correlation diagram of Fig. 7(B) for the C2 atom, in which the position of each enan-

tiomeric pair is correlated to that of Fig. 7 according to Principle 2, contains two stereoisograms,

i.e., Stereoisogram #1 of Type III consists of a quadruplet of promolecules, i.e., 52, 52, 62, and

62. and Stereoisogram #2 of Type III consists of another quadruplet of promolecules, i.e., 72,

72, 82, and 82.

The three items described for Fig. 7(A) hold true for the stereoisograms appearing in Fig.

7(B). Thus, RS-diastereomeric relationships contained in Stereoisogram #1 of Fig. 7(B), i.e.,

52/62 (the priority sequence: OH > CH=O > p1 > H) and 52/62 (the priority sequence: OH >
CH=O > p1 > H), as well as those contained in Stereoisogram #2 of of Fig. 7(B), i.e., 72/82

(the priority sequence: OH > CH=O > p2 > H) and 72/82 (the priority sequence: OH > CH=O

> p2 > H), represent local RS-stereogenicity, which is a basis of giving RS-descriptors. The

enantiomeric relationships (or their local chirality) contained in Stereoisograms #1 and #2 of

Fig. 7(B) (e.g., 52/52) are incapable of giving a basis to the determination of the RS-descriptors

because of the difference between the participating priority sequences.

The correlation diagram of Fig. 7(C) for the C4 atom contains two stereoisograms, i.e.,

Stereoisogram #1 of Type III consists of a quadruplet of promolecules, i.e., 54, 54, 84, and 84.

and Stereoisogram #2 of Type III consists of 64, 64, 74, and 74.

The three items described for Fig. 7(A) also hold true for the stereoisograms appearing in

Fig. 7(C), where RS-diastereomeric relationships contained in these stereoisograms represent

local RS-stereogenicity, which is a basis of giving RS-descriptors. Thus, Stereoisogram #1 Fig.

7(C) affords the following RS-diastereomeric pairs: 54/84 (the priority sequence: OH > p3 >
CH2OH > H) and 54/84 (the priority sequence: OH > p3 > CH2OH > H). On the other hand,

Stereoisogram #2 Fig. 7(C) affords the following RS-diastereomeric pairs: 64/74 (the priority

sequence: OH > p4 > CH2OH > H) and 64/74 (other priority sequence: OH > p4 > CH2OH
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Figure 7: Correlation diagrams of stereoisograms for pentose stereoisomers. (A) For C3:

Stereoisograms of #1 and #2 both belong to Type III, where OH > p (p) > q (q) > H; (B)

For C2: Stereoisograms #1 and #2 belong to Type III, where OH > CH=O > p1 (p1) > H and

OH > CH=O > p2 (p2) > H; and (C) For C4: Stereoisograms #1 and #2 belong to Type III,

where OH > p3 (p3) > CH2OH > H and OH > p4 (p4) > CH2OH > H.

- 39 -



3C
r

H OH

2C
R

⎤
⎥⎥⎥⎦

r1

�
�

�
�

r COOH

H OH

4C
S

⎡
⎢⎢⎢⎢⎣

r1

�
�

�
�r

COOH

OHH

9

��
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3C
r

HO H

2C
S

⎤
⎥⎥⎥⎦

r1

�
�

�
�

r COOH

HO H

4C
R

⎡
⎢⎢⎢⎢⎣

r1

�
�

�
�r

COOH

HHO

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

9 (= 9)

3C
s

HO H

2C
R

⎤
⎥⎥⎥⎦

r2

�
�

�
�

r COOH

H OH

4C
S

⎡
⎢⎢⎢⎢⎣

r2

�
�

�
�r

COOH

OHH

10

��
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3C
s

H OH

2C
S

⎤
⎥⎥⎥⎦

r2

�
�

�
�

r COOH

HO H

4C
R

⎡
⎢⎢⎢⎢⎣

r2

�
�

�
�r

COOH

HHO

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

10 (= 10)

3CHO H

2C
R

⎤
⎥⎥⎥⎦

r2

�
�

�
�

r COOH

H OH

4C
R

⎡
⎢⎢⎢⎢⎣

r1

�
�

�
�r

COOH

HHO

11
�

�
��

3CH OH

2C
S

⎤
⎥⎥⎥⎦

r2

�
�

�
�

r COOH

HHO

4C
S

⎡
⎢⎢⎢⎢⎣

r1

�
�

�
�r

COOH

H OH

11

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3CH OH

2C
R

⎤
⎥⎥⎥⎦

r1

�
�

�
�

r COOH

H OH

4C
R

⎡
⎢⎢⎢⎢⎣

r2

�
�

�
�r

COOH

HHO

12 (= 11)

�

�
��

3CHO H

2C
S

⎤
⎥⎥⎥⎦

r1

�
�

�
�

r COOH

HHO

4C
S

⎡
⎢⎢⎢⎢⎣

r2

�
�

�
�r

COOH

H OH

12 (= 11)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

Figure 8: Two achiral isomers and one enantiomeric pair of 2,3,4-trihydroxyglutaric acids. Two

formulas 9 and 9′ (or the other two formulas 10 and 10′) represent the same entity, although the

modes of numbering for carbon atoms are altered. The formulas 11 and 11 represents an enan-

tiomeric pair. Proligands for drawing correlation diagrams of stereoisograms are designated by

r, r, and so on.

> H). The enantiomeric relationships (or their local chirality) contained in Stereoisograms #1

and #2 of Fig. 7(C) (e.g., 54/54) are incapable of giving a basis to the determination of the

RS-descriptors because of the difference between the participating priority sequences.

Degenerate Case due to Pseudoasymmetry The set of stereoisomeric 2,3,4-trihydroxygluta-

ric acids is composed of an achiral molecule 9, another achiral molecule 10, and an enantiomeric

pair of molecules 11/11. To show the degenerate features of this set, we add 9 (= 9), 10 (= 10),

and 12/12 (= 11/11) in pairs of parentheses. It should be noted that the degeneration is removed

when the modes of locant numbering are taken into consideration. For example, 9 and 9 are

different in their modes of locant numbering, although they represent the same molecular entity.

When our attention is paid to an RS-stereogenic atom of a fixed locant number appearing

in each (self-)enantiomeric pair 9(= 9), 10 (= 10) and 11/11 along with the supplementary

enantiomeric pair 12/12, three correlation diagrams are obtained, as shown in Fig. 9(A–C).

The correlation diagram of stereoisograms shown in Fig. 9(A) is concerned with the C3

atom of each (self-)enantiomeric pair and contains Stereoisogram #1 of Type V (a quadruplet of

promolecules, i.e., 93, 93 (identical with 93), 103, and 103 (identical with 103)) and Stereoiso-

gram #2 of Type II (a quadruplet of promolecules, i.e., 113, 113, 123, and 123, where the two

enantiomeric pairs are identical with each other).

Stereoisogram #1 (Type V) of Fig. 9(A) has the RS-diastereomeric relationship between

93 and 103, so that the corresponding local RS-stereogenicity is capable of specify r- and s-

configurations by means of the priority sequence, OH > r > r > H. In agreement with its

Type-V character, the RS-diastereomeric relationship between 93 and 103 is identical with the

one between 93 and 103 so as to represent degeneration due to pseudoasymmetry. Because the

above RS-diastereomeric relationship concerned with the two achiral promolecules 93 and 103
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Figure 9: Correlation diagrams of stereoisograms for stereoisomeric 2,3,4-trihydroxyglutaric

acids. (A) For C3: Stereoisogram #1 belongs to Type V, while Stereoisogram #2 belongs to

Type II, where OH > r > r > H; (B) For C2: Stereoisograms #1 and #2 belong to Type III. where

OH > COOH > r1 (r1) > H and OH > COOH > r2 (r2) > H; and (C) For C4: Stereoisograms

#1 and #2 belong to Type III. where OH > COOH > r1 (r1) > H and OH > COOH > r2 (r2) >
H.
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(contained in the Stereoisogram #1 of Type V), the corresponding RS-descriptors are denoted

by lowercase letters (r and s).

Stereoisogram #2 of Type II contained in the correlation diagram of Fig. 9(A) exhibits local

RS-astereogenicity, because of the self-RS-diastereomeric relationship between 113 and 123

(i.e., 113
� 123). Thus the RS-astereogenicity corresponds to the incapability of giving

RS-descriptors. On a similar line, the self-RS-diastereomeric relationship between 113 and 123

gives no RS-descriptors.

The correlation diagram shown in Fig. 9(B) contains two stereoisograms of Type III, which

can be used to discuss the configurations at the C2 atoms. Stereoisogram #1 consists of a

quadruplet of promolecules, i.e., 92, 92, 112, and 112, where both 92 and 92 correspond to a

single achiral molecular entity (9). The RS-diastereomeric relationship between 92 and 112

indicates local RS-stereogenicity, which corresponds to R- and S-configurations by means of

the priority sequence, OH > COOH > r1 > H. The RS-diastereomeric relationship between

92 (parenthesized to show duplication) and 112 gives S- and R-configurations because of the

priority sequence, OH > COOH > r1 > H.

Stereoisogram #2 (Type III) of Fig. 9(B) consists of a quadruplet of promolecules, i.e., 102,

102, 122, and 122, where 102 and 102 corresponds to a single achiral molecular entity (10).

Note that the enantiomeric pair of promolecules 122/122 are parenthesized because the pair

corresponds to the pair of molecules 12/12 just as the enantiomeric pair of promolecules 112/112

corresponds to the same pair 12/12. However, the proligands r2/r2 in the former pair is different

form the proligands r1/r1 in the latter pair. The RS-diastereomeric relationship between 102 and

122 indicates local RS-stereogenicity, which corresponds to R- and S-configuration because of

the priority sequence, OH > COOH > r2 > H. The RS-diastereomeric relationship between 102

and 122 gives S- and R-configurations because of the priority sequence, OH > COOH > r2 >
H.

The correlation diagram of stereoisograms shown in Fig. 9(C) is concerned with the C4 and

contains two stereoisograms of Type III, i.e., Stereoisogram #1 (a quadruplet of promolecules,

i.e., 94, 94, 124, and 124) and Stereoisogram #2 (a quadruplet of promolecules, i.e., 104, 104,

114, and 114).

Stereoisogram #1 of Fig. 9(C) for the C4 is essentially equivalent to Stereoisogram #1 of Fig.

9(B) for the C2 because of the degenerate nature of this case. On a similar line, Stereoisogram

#2 of Fig. 9(C) for the C4 is essentially equivalent to Stereoisogram #2 of Fig. 9(B) for the C2

because of the degenerate nature of this case.

2.3.3 Correlation Diagrams for Four RS-Stereogenic Centers

On a similar line to the cases having three RS-stereogenic centers, we first draw correlation

diagrams for a non-degenerate case having four RS-stereogenic centers, and then compare them

with correlation diagrams for a degenerate case.

Trihydroxyglutaric Acid Esters as a Non-Degenerate Case Figure 10 collects a set of

3-lactoyloxy-2,4-dihydroxyglutaric acid monomethyl esters, which are categorized into eight

enantiomeric pairs. Because the eight enantiomeric pairs, 13/13, 14/14, 15/15, 16/16, 17/17,

18/18, 19/19, and 20/20 are accompanied by common locant numbers, the local symmetry of

each atom with a fixed locant number is examined to cover all of the enantiomeric pairs.

By focusing our attention on an RS-stereogenic atom of a fixed locant number appearing in

each enantiomeric pair (13/13, 14/14, 15/15, 16/16, 17/17, 18/18, 19/19, or 20/20), we obtain
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Figure 10: Eight enantiomeric pairs of 3-lactoyloxy-2,4-dihydroxyglutaric acid monomethyl

esters. Proligands for drawing correlation diagrams are designated by letters r, r, and so on.
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four correlation diagrams shown in Fig. 11(A–D).

The correlation diagram of Fig. 11(A) for the C3 atom contains four stereoisograms of Type

III. The three items discussed above for Fig. 7(A) also hold true for the four stereoisograms

appearing in Fig. 11(A), where RS-diastereomeric relationships contained in each of these

stereoisograms exhibit local RS-stereogenicity so as to be capable of giving RS-descriptors.

The RS-diastereomeric relationships for giving RS-descriptors are as follows: (Stereoisogram

#1) 133/143 (the priority sequence: t > s > r > H) and 133/143 (the priority sequence: t > s

> r > H); (Stereoisogram #2) 153/163 (the priority sequence: t > s > r > H) and 153/163 (the

priority sequence: t> s> r > H); (Stereoisogram #3) 173/183 (the priority sequence: t> s > r

> H) and 173/183 (the priority sequence: t > s> r > H); as well as (Stereoisogram #4) 193/203,

(the priority sequence: t> s > r > H) and 193/203 (the priority sequence: t > s> r > H).

The correlation diagram of Fig. 11(B) for the C2 atom contains four stereoisograms of Type

III. The three items discussed above for Fig. 7(A) also hold true for the four stereoisograms

appearing in Fig. 11(B). RS-Diastereomeric relationships contained in each of these stereoiso-

grams exhibit local RS-stereogenicity so as to be capable of giving RS-descriptors as follows:

(Stereoisogram #1) 132/202 (the priority sequence: OH > COOCH3 > u1 > H) and 132/202

(the priority sequence: OH > COOCH3 > u1 > H); (Stereoisogram #2) 142/192 (the priority

sequence: OH > COOCH3 > u2 > H) and 142/192 (the priority sequence: OH > COOCH3

> u2 > H); (Stereoisogram #3) 152/182 (the priority sequence: OH > COOCH3 > u3 > H)

and 152/182 (the priority sequence: OH > COOCH3 > u3 > H); as well as (Stereoisogram #4)

162/172 (the priority sequence: OH > COOCH3 > u4 > H) and 162/172 (the priority sequence:

OH > COOCH3 > u4 > H).

To specify the configurations of the C4 atoms of each enantiomeric pair listed in Fig. 10,

we examine a correlation diagram shown in Fig. 11(C), which contains four stereoisograms of

Type III. The three items discussed above for Fig. 7(A) also hold true for the four stereoisograms

appearing in Fig. 11(C). RS-Diastereomeric relationships contained in each of these stereoiso-

grams exhibit local RS-stereogenicity so that they are capable of giving RS-descriptors as fol-

lows: (Stereoisogram #1) 134/154 (the priority sequence: OH > COOH > v1 > H) and 134/154

(the priority sequence: OH > COOH > v1 > H); (Stereoisogram #2) 144/164 (the priority se-

quence: OH > COOH > v2 > H) and 144/164 (the priority sequence: OH > COOH > v2 >
H); (Stereoisogram #3) 174/194 (the priority sequence: OH > COOH > v3 > H) and 174/194

(the priority sequence: OH > COOH > v3 > H); as well as (Stereoisogram #4) 184/204 (the

priority sequence: OH > COOH > v4 > H) and 184/204 (the priority sequence: OH > COOH

> v4 > H).

Suppose that the RS-stereogenic center of the lactoyloxy ligand is designated by the locant

number 2′. To specify the configurations of the C2′ atoms of each enantiomeric pair listed in Fig.

10, such a correlation diagram as shown in Fig. 11(D) should be examined. The symbols w1–w4

(and w1–w4) shown in Fig. 10 represent chiral proligands, where a COO function is attached

to the residue which is generated by removing the OL (or OL) ligand from each molecule.

The correlation diagram (Fig. 11(D)) contains four stereoisograms of Type III. The three items

discussed above for Fig. 7(A) also hold true for the four stereoisograms appearing in Fig. 11(D).

RS-Diastereomeric relationships contained in each of these stereoisograms exhibit local RS-

stereogenicity so that they are capable of giving RS-descriptors as follows: (Stereoisogram #1)

132′/172′ (the priority sequence: OH > w1 > CH3 > H) and 132′ /172′ (the priority sequence:

OH > w1 > CH3 > H); (Stereoisogram #2) 142′ /182′ (the priority sequence: OH > w2 > CH3

> H) and 142′ /182′ (the priority sequence: OH > w2 > CH3 > H); (Stereoisogram #3) 152′/192′
(the priority sequence: OH > w3 > CH3 > H) and 152′/192′ (the priority sequence: OH > w3
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Figure 11: Correlation diagrams of stereoisograms for characterizing stereoisomeric 3-

lactoyloxy-2,4-dihydroxyglutaric acid monomethyl esters. (A) For C3: All of the four stereoiso-

grams (Stereoisograms #1–#4) belong to Type III, where t(t) > s(s) > r(r) > H; (B) For C2: All

of the four stereoisograms (Stereoisograms #1–#4) belong to Type III, where OH > COOCH3 >
ui(ui) > H (i = 1–4); (C) For C4: All of the four stereoisograms (Stereoisogram #1–#4) belong

to Type III, where OH > COOCH3 > vi(vi) > H (i = 1–4); and (D) For C2′: All of Stereoiso-

grams #1–#4 belong to Type III, where OH > wi(wi) > CH3 > H (i = 1–4).
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> CH3 > H); as well as (Stereoisogram #4) 162′/202′ (the priority sequence: OH > w4 > CH3

> H) and 162′/202′ (the priority sequence: OH > w4 > CH3 > H).

Degenerate Cases due to Pseudoasymmetry in Proligands We here illustrate one of reflec-

tion-invariant cases by using stereoisomeric 3-lactoyloxy-2,4-dihydroxyglutaric acids, which

were once discussed by Mislow and Siegel [4] to criticize the treatment of reflection-invariant

cases in the revised CIP system [2] and later discussed by Helmchen (on page 32 of Ref. [5])

to object against the Mislow-Siegel’s comments [4]. Correlation diagrams of stereoisograms

developed in the present paper will be proven to give balanced views on what happens under

the use of the term “reflection-invariant”.

Fig. 12 lists four enantiomeric pairs (21/21, 22/22, 23/23, and 27/27) along with parenthe-

sized pairs (24/24, 25/25, 26/26, and 28/28) which are stereochemically duplicate but should

be characterized if alternative modes of locant numbering are taken into consideration. These

pairs are generated from 3-lactoyloxy-2,4-dihydroxyglutaric acid methyl esters (Fig. 10) by hy-

pothetical partial hydrolyses. The correspondence between Fig. 12 and Fig. 10 is important to

discuss degeneration due to pseudoasymmetry.

By focusing our attention on an RS-stereogenic atom of a fixed locant number (C2, C3, or

C4) appearing in each of the enantiomeric pairs listed in Fig. 12, we obtain four correlation

diagrams shown in Fig. 13(A–D).

The first correlation diagrams of stereoisograms shown in Fig. 13(A) is obtained when our

attention is focused on the C3 atom of each enantiomeric pair (21/21, 22/22, 23/23, or 27/27)

along with the C3 atom of each parenthesized pair (24/24, 25/21, 26/22, or 28/23). The correla-

tion diagram consists of four stereoisograms, among which two stereoisograms belong to Type

III while other two belong to Type II.

The former two stereoisograms of Type III in Fig. 13(A) also behave in agreement with

the three items discussed above for Fig. 7(A). RS-Diastereomeric relationships contained in

each of these stereoisograms exhibit local RS-stereogenicity so that they are capable of giving

RS-descriptors as follows: (Stereoisogram #1) 213/223 (the priority sequence: t > r > r > H)

and 213/223 (the priority sequence: t > r > r > H); as well as (Stereoisogram #3) which is

duplicated to be essentially identical to Stereoisogram #1 described above.

Because the two promolecule of an enantiomeric pair 213 and 213 are both characterized to

have R-configuration, they are regarded as being reflection-invariant. Thereby, they are desig-

nated by a lowercase letter r according to CIP priority system. Because of reflection-invariance

where another enantiomeric pair of 223 and and 223 is characterized to have S-configuration,

they are designated by a lowercase letter s according to CIP priority system. It should be noted,

however, that the two priority sequences, i.e., t > r > r > H (for 213 or 223) and t > r > r > H

(for 213 or 223), are reflection-variant so as to be interchanged into each other by reflection.

The latter two stereoisograms of Type II in Fig. 13(A) exhibit RS-astereogenicity, so that

the corresponding self-RS-diastereomeric relationships result in the incapability of giving RS-

descriptors at the C3 atoms. Such self-RS-diastereomeric relationships in Fig. 13(A) are as

follows: (Stereoisogram #2) 233 = 243 and 233 = 243; as well as (Stereoisogram #4) 273 = 283

and 273 = 283. Note that the enantiomeric relationship between 233 and 233 (or between 273

and 273) is not a subject to be characterized by the CIP priority system.

Fig. 13(B) shows a correlation diagram of stereoisograms for determining configurations at

the C2 atoms of stereoisomers listed in Fig. 12. Among the four stereoisograms of Type III

contained in Fig. 13(B), three stereoisograms are effective. They behave in agreement with the

three items discussed above for Fig. 7(A). Hence, RS-diastereomeric relationships contained in
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Figure 12: Four enantiomeric pairs of 3-lactoyloxy-2,4-dihydroxyglutaric acids and their dupli-

cated structures caused by permutations or reflections (shown in pairs of parentheses). Proli-

gands for drawing correlation diagrams of stereoisograms are designated by r, r, and so on.

- 47 -



#1

#2

#3

#4

213

213

223

223

(263)

(263)

(253)

(253)

233

233

273

273

(243)

(243)

(283)

(283)

3C
R(r)

r

r

tH

3C
R(r)

r

r

Ht

3C
S(s)

r

r

Ht

3C
S(s)

r

r

tH

3C

r

r

tH

3C

r

r

Ht

3C

r

r

Ht

3C

r

r

tH

3C
R(r)

r

r

Ht

3C
R(r)

r

r

tH

3C
S(s)

r

r

tH

3C
S(s)

r

r

Ht

3C

r

r

tH

3C

r

r

Ht

3C

r

r

Ht

3C

r

r

tH

#1

#3

#4

#2

212

212

222

222

(262)

(262)

(252)

(252)

232

232

272

272

(242)

(242)

(282)

(282)

2C
R

COOH

u1

OHH

2C
S

COOH

u1

HHO

2C
R

COOH

u2

OHH

2C
S

COOH

u2

HHO

2C
R

COOH

u3

OHH

2C
S

COOH

u3

HHO

2C
R

COOH

u4

OHH

2C
S

COOH

u4

HHO

2C
S

COOH

u4

HHO

2C
R

COOH

u4

OHH

2C
S

COOH

u3

HHO

2C
R

COOH

u3

OHH

2C
R

COOH

u2

OHH

2C
S

COOH

u2

HHO

2C
R

COOH

u1

OHH

2C
S

COOH

u1

HHO

(A) Correlation Diagram at C3 (B) Correlation Diagram at C2

#1

#3

#4

#2

214

214

224

224

(264)

(264)

(254)

(254)

234

234

274

274

(244)

(244)

(284)

(284)

4C
S

u4

COOH

OHH

4C
R

u4

COOH

HHO

4C
S

u3

COOH

OHH

4C
R

u3

COOH

HHO

4C
R

u4

COOH

HHO

4C
S

u4

COOH

OHH

4C
R

u3

COOH

HHO

4C
S

u3

COOH

OHH

4C
R

u1

COOH

HHO

4C
S

u1

COOH

OHH

4C
R

u2

COOH

HHO

4C
S

u2

COOH

OHH

4C
R

u1

COOH

HHO

4C
S

u1

COOH

OHH

4C
R

u2

COOH

HHO

4C
S

u2

COOH

OHH

#1

#3

#2

#4

212′

212′

222′

222′

(262′)

(262′)

(252′)

(252′)

232′

232′

272′

272′

(242′)

(242′)

(282′)

(282′)

2′C
R

CH3

X1

HHO

2′C
S

CH3

X1

OHH

2′C
R

CH3

X2

HHO

2′C
S

CH3

X2

OHH

2′C
R

CH3

w′
3

HHO

2′C
S

CH3

w′
3

OHH

2′C
R

CH3

w′
3

HHO

2′C
S

CH3

w′
3

OHH

2′C
R

CH3

X1

HHO

2′C
S

CH3

X1

OHH

2′C
R

CH3

X2

HHO

2′C
S

CH3

X2

OHH

2′C
S

CH3

w′
3

OHH

2′C
R

CH3

w′
3

HHO

2′C
S

CH3

w′
3

OHH

2′C
R

CH3

w′
3

HHO

(C) Correlation Diagram at C4 (D) Correlation Diagram at C2′

Figure 13: Correlation diagrams of stereoisograms for characterizing stereoisomeric 3-

lactoyloxy-2,4-dihydroxyglutaric acids. (A) For C3: Stereoisograms #1 and #3 belong to Type

III, while Stereoisogram #2 and #4 belong to Type II, where t > r > r > H and 213 = 253, 213

= 253, 223 = 263, and 223 = 263; (B) For C2: All of Stereoisograms #1–#4 belong to Type III,

where OH > COOH > ui(ui) > H (i = 1–4); (C) For C4: All of Stereoisogram #1–#4 belong to

Type III, where OH > COOH > ui(ui) > H (i = 1–4); and (D) For C2′ : Stereoisograms #1 and

#2 belong to Type I, while Stereoisograms #3 and #4 belong to Type III, where w3 and w3 are

proligands of an enantiomeric pair (OH > w′
3(w

′
3) > CH3 > H), while X1 and X2 are achiral

proligands (OH > X1(X2) > CH3 > H).
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each of these stereoisograms exhibit local RS-stereogenicity so that they are capable of giving

RS-descriptors as follows: (Stereoisogram #1) 212/282 (the priority sequence: OH > COOH

> u1 > H) and 212/282 (the priority sequence: OH > COOH > u1 > H); (Stereoisogram #2)

222/272 (the priority sequence: OH > COOH > u2 > H) and 222/272 (the priority sequence:

OH > COOH > u2 > H); as well as (Stereoisogram #3) 232/262 (the priority sequence: OH >
COOH > u3 > H) and 232/262 (the priority sequence: OH > COOH > u3 > H). Stereoisogram

#4 contained in Fig. 13(B) is composed of a quadruplet of promolecules, 242, 242, 252, and 252,

which are all parenthesized to show duplication. They are regarded to be identical with 21, 21,

23, and 25, where the C4 atoms are focused on (cf. Stereoisogram #1 contained in Fig. 13(C)).

To determine the configurations of the C4 atoms of each enantiomeric pair listed in Fig.

12, we examine a correlation diagram shown in Fig. 13(C). The correlation diagram contains

four stereoisograms of Type III, among which three stereoisograms are effective. Their features

are in agreement with the three items discussed above for Fig. 7(A). Thus, RS-diastereomeric

relationships contained in each of these stereoisograms exhibit local RS-stereogenicity so that

they are capable of giving RS-descriptors as follows: (Stereoisogram #1) 214/234 (the priority

sequence: OH > COOH > u4 > H) and 214/234 (the priority sequence: OH > COOH > u4 >
H); (Stereoisogram #2) 224/244 (the priority sequence: OH > COOH > u3 > H) and 224/244

(the priority sequence: OH > COOH > u3 > H); as well as (Stereoisogram #3) 254/274 (the

priority sequence: OH > COOH > u1 > H) and 254/274 (the priority sequence: OH > COOH

> u1 > H).

Stereoisogram #1 of Fig. 13(C) is essentially equivalent to Stereoisogram #4 of Fig. 13(B)

which is composed of a quadruplet of promolecules parenthesized to show duplication, i.e., 242,

242, 252, and 252. Stereoisogram #4 contained in Fig. 13(C) is composed of a quadruplet of

promolecules, 264, 264, 284, and 284, which are all parenthesized to show duplication. The

quadruplet is regarded as corresponding to two enantiomeric pairs of molecules, i.e., 22/22 and

27/27, where the C2 atoms are focused on to exhibit a quadruplet of promolecules. It follows

that Stereoisogram #4 of Fig. 13(C) is essentially equivalent to Stereoisogram #2 of Fig. 13(B).

The RS-stereogenic center of the lactoyloxy ligand of each molecule listed in Fig. 12 is

designated by the locant number 2′. The correlation diagram of Fig. 13(D) for determining

the configurations of the C2′ atoms of each enantiomeric pair contains four stereoisograms, in

which the symbols X1 and X2 represent achiral proligands, where a CO function is attached to

the residue which is generated by removing a lactoyl ligand (L or L) from each molecule. On a

similar line, a pair of symbols w′
3/w′

3 is used to represent chiral proligands which are generated

by removing the CH3CH(OH) moiety of a lactoyl ligand. The two stereoisograms belong to

Type I and the other two stereoisograms of Type III (duplicated).

Stereoisogram of #1 (Type I) of Fig. 13(D) consists of a quadruplet of promolecules, 212′ ,
212′ , 252′ , and 252′ , where the latter two promolecules are parenthesized to show degeneration in

Fig. 12. Note that the proligand X1 is achiral because of pseudoasymmetry in isolation. The RS-

diastereomeric relationship between 212′ and 252′ is capable of giving RS-descriptors by mean

of the priority sequence, OH > X1 > CH3 > H. This relationship is identical with the other

RS-diastereomeric relationship between 212′ , (= 252′) and 252′ , (= 212′), because Stereoisogram

#1 belongs to Type I.

A parallel discussion can be applied to Stereoisogram #2 (Type I) of Fig. 13(D), which

consists of a quadruplet of promolecules 222′ , 222′ , 262′ , and 262′ . The RS-diastereomeric

relationship between 222′ and 262′ is capable of giving RS-descriptors by mean of the priority

sequence, OH > X2 > CH3 > H. This relationship is identical with the other RS-diastereomeric

relationship between 222′ , (= 262′) and 262′ , (= 222′), because Stereoisogram #2 belongs to Type
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I.

In agreement with the common nature of Type-I stereoisograms, the RS-diastereomeric re-

lationship between 212′ and 252′ (or between 222′ and 262′) is superposed to the enantiomeric

relationship between 212′ and 212′ (or between 222′ and 222′). At the same time, the enantiomer

212′ of 212′ (or 222′ of 222′) is identical with the RS-diastereomer 252′ of 212′ . (or 262′ of 222′).
Stereoisogram #3 (Type III) of Fig. 13(D) is composed of a quadruplet of promolecules

232′ , 232′ , 272′ , and 272′ . The RS-diastereomeric relationship between 232′ and 272′ is capable

of giving RS-descriptors by mean of the priority sequence, OH > w′
3 > CH3 > H. The other

RS-diastereomeric relationship between 232′ and 272′ is also capable of giving RS-descriptors

by mean of the priority sequence, OH > w′
3 > CH3 > H.

Stereoisogram #4 (Type III) of Fig. 13(D) is composed of a quadruplet of promolecules 242′ ,
242′ , 282′ , and 282′ , where all of the component promolecules are parenthesized to show degen-

eration (Fig. 12). Obviously, Stereoisogram #4 represents the same thing as Stereoisogram #3.

3 Discussion

3.1 Categorization of Stereoisomers
3.1.1 Over-Simplified Dichotomy Between Enantiomers and Diastereomers

Over-simplified features inherent in the traditional dichotomy between enantiomers and di-

astereomers (Fig. 1) are pointed out by discussing cases of more than one RS-stereogenic center.

More information on these features can be obtained by using correlation diagrams of stereoiso-

grams.

Problematic Terminology Due to Special Emphasis on Enantiomeric Relationships The

traditional terminology of stereochemistry has put special emphasis on enantiomeric relation-

ships in categorization of stereoisomers. As a result, diastereomeric relationships are regarded

as being subsidiary, as found in the expression “diastereomers are stereoisomers other than

enantiomers”. To show what happens when we are bound by the dichotomy between enan-

tiomers and diastereomers (dotted boxes in Fig. 1), let us examine the molecules listed in Fig.

10.

When the molecule 13 is given, for example, we can recognize a pair of enantiomers 13/13.

According to the dichotomy between enantiomers and diastereomers, the relationship between

13 and 14 is diastereomeric, the relationship between 13 and 15 is also diastereomeric, and so

on. Thereby, the 14 relationships between the given molecule 13 and respective 14 stereoiso-

mers other than the pair 13/13 are determined to be diastereomeric. This situation holds true

if a molecule other than 13 is selected. Thus, there appear one enantiomer (e.g., 13) and 14

diastereomers (others listed in Fig. 10) when the a molecule (e.g., 13) is fixed to be examined.

As a matter of course, we get caught in a question as to how different one diastereomeric

relationship (e.g., between 13 and 14) is from another diastereomeric relationship (e.g. between

13 and 15 or between 13 and 15). Thus there emerge 14 questions of this type for the molecules

listed in Fig. 10. These questions are unanswerable systematically so long as we rely on the

dichotomy between enantiomers and diastereomers.

Obviously, this unanswerability is because the dichotomy between enantiomers and di-

astereomers is based on categorization in terms enantiomeric relationships only. In other words,
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each pair of enantiomers is an equivalence class or (or an orbit, mathematically speaking) un-

der the action of an appropriate group (a point group), whereas the remaining diastereomeric

relationships by no means participate in generating any equivalence classes. The situation de-

scribed above would become more and more diverse so as to be uncontrollable by the conven-

tional dichotomy, if a given molecule contains more and more RS-stereogenic centers. Hence

the conventional dichotomy between enantiomers and diastereomers is concluded to be over-
simplified.

Diastereomers Not Qualified for Equivalence Classes It would be worthwhile to give com-

ments on terminology concerning stereoisomerism from a viewpoint of the capability of con-

structing equivalence classes (orbits). Expressions such as “a set of stereoisomers” and “a set

(pair) of enantiomers” have definite meanings so as to be able to specify respective equivalence

classes. This means that a set of stereoisomers can be counted as just one object (one orbit, i.e.,

one constitutional isomer or one graph) and that a set of enantiomers can be counted as just one

object (one orbit, i.e., one enantiomeric pair). In contrast, an expression “a set of diastereomers”

has no definite meanings when it is expressed independently. Note that “a set of diastereomers”

cannot be counted as one definite object (one orbit). This is because a diastereomeric relation-

ship is incapable of generating an equivalence class. The use of the term “diastereomer” in a

plural form (such as the expression “diastereomers are stereoisomers other than enantiomers”)

is permissible only in combination with “stereoisomers” and “enantiomers” as definite equiv-

alence classes. If the term “diastereomer” is used in a singular form, the corresponding pair

of enantiomers (or an achiral molecule as a self-enantiomeric pair) should be referred to as a

prerequisite. For example, such an expression as “a molecule and its diastereomer” presumes

the presence of a (self-)enantiomeric relationship and a stereoisomeric relationship.

Moreover, the expression “diastereomers are stereoisomers other than enantiomers” has

a drawback that achiral molecules are not explicitly taken into consideration. More strictly

speaking, the expression should be replaced by the expression “diastereomeric relationships are

stereoisomeric relationships other than enantiomeric ones” after enantiomeric relationships are

extended to contain self-enantiomeric ones in order to cover achiral molecules.

3.1.2 The Present Dichotomy Based on RS-Stereoisomeric Relationships

RS-Stereoisomers as Equivalence Classes The present dichotomy based on RS-stereoisome-

ric relationships (solid-lined boxes in Fig. 1) provides us with a versatile tool for categoriz-

ing stereoisomers. Strictly speaking, the versatility does not depend on the dichotomy but

stems from the fact that an RS-stereoisomeric relationship is capable of generating an equiv-

alence class (an orbit). Chirality/achirality, RS-stereogenicity/RS-astereogenicity, and scler-

ality/asclerality (1) are attributes inherent in a set of RS-stereoisomers (a quadruplet of pro-

molecules appearing in a stereoisogram) as an equivalence class, where these attributes can

be also ascribed to each promolecule of the stereoisogram. Such a set of RS-stereoisomers

(or a quadruplet, or a stereoisogram) is counted as just one object (one orbit). In this con-

text, the number of such sets (quadruplets in stereoisograms) as being inequivalent under RS-

stereoisomeric groups has been calculated combinatorially [27, 28]. This enumeration is differ-

ent from widely-accepted enumerations, because the latter have been based on enantiomers as

equivalence classes [29, 30].
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Table 3: Correlation of 5 to RS-Stereoisomers

Main correlation diagram Epimeric correlation diagrams

Stereoisogram Quadruplet Stereoisogram Quadruplet

Fig. 7(A) #1 53/53; 73/73

Fig. 7(A) #2 63/63; 83/83 Fig. 7(B) #1 52/52; 62/62

Fig. 7(C) #1 54/54; 84/84

Epimeric Correlation Diagrams of Stereoisograms The items discussed in the preceding

paragraph can be manipulated by separate use of stereoisograms. However, correlation dia-

grams of stereoisograms developed in the present article are informative than stereoisograms

employed separately, when a given molecule is characterized by two or more RS-stereogenic

centers.

Let us examine the four enantiomeric pairs listed in Fig. 6 by means of the corresponding

correlation diagrams of stereoisograms shown in Fig. 7(A–C), where conventional diastere-

omeric relationships concerning 5 are related to RS-diastereomeric relationships of the present

methodology. For the sake of convenience, each pair of enantiomers is taken into consideration.

Hence, we start from the pair 5/5, which is contained in Stereoisogram #1 of Fig. 7(A) (3).

Chemically speaking, this stereoisogram shows an epimerization at C3 atom which results in

the conversion of the pair 53/53 into the pair 73/73. Principle 1 allows us to regard this con-

version of promolecules as that of the corresponding molecules, i.e., 5/5 into 7/7. Hence, the

process of epimerization at C3, i.e., 5 → 7, is definitely expressed by Stereoisogram #1 of Fig.

7(A), where the RS-diastereomeric relationship between 5 and 7 emerges as a detailed version

of a conventional diastereomeric relationship.

On a similar line, Stereoisogram #1 of Fig. 7(B) indicates an epimerization at the C2, which

results in the conversion of the pair 52/52 into another pair 62/62. Finally, Stereoisogram #1 of

Fig. 7(C) indicates an epimerization at the C4, which results in the conversion of the pair 54/54

into another pair 84/84.

As summarized in 3, all of the conventional diastereomers of 5 are generated by the com-

bination of the correlation diagrams of stereoisograms shown in Fig. 7(A–C). If we select any

molecule contained in Fig. 6 in place of 5, a similar process can be traced by the combination

of the correlation diagrams of stereoisograms shown in Fig. 7(A–C). This means that correla-

tion diagrams of stereoisograms are shown to be a promising device for remedying the over-

simplified dichotomy between enantiomers and diastereomers.

4 collects correlation of 9 to RS-stereoisomers, where all of the stereoisomers listed in Fig. 8

can be generated as RS-stereoisomers by the combination of correlation diagrams (Fig. 9(A–C).

Similar tabulations to 4 can be obtained if we select any molecule contained in Fig. 6 in place

of 5.

Multiple Use of Epimeric Correlation Diagrams of Stereoisograms More sophisticated

treatments should be conducted in case of four or more RS-diastereomeric centers, where multi-

step epimerizations should be considered. Let us examine the molecule 13 and its stereoisomers

(Fig. 10) according to the present methodology by using the correlation diagrams shown in Fig.

11(A–D).
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Table 4: Correlation of 9 to RS-Stereoisomers

Main correlation diagram Epimeric correlation diagrams

Stereoisogram Quadruplet Stereoisogram Quadruplet

Fig. 9(A) #1 93(/93); 103(/103)

Fig. 9(A) #2 113/113; (123/123) Fig. 9(B) #1 92/92; 112/112

Fig. 9(C) #1 94/94; (122/124)

Table 5: Correlation of 13 to RS-Stereoisomers

Main correlation diagram Epimeric correlation diagrams

Stereoisogram Quadruplet Stereoisogram Quadruplet

Fig. 11(A) #1 133/133; 143/143

Fig. 11(A) #2 153/153; 163/163 Fig. 11(C) #1 134/134; 154/154

Fig. 11(A) #3 173/173; 183/183 Fig. 11(D) #1 132′/132′; 172′ /172′

Fig. 11(A) #4 193/193; 203/203 Fig. 11(B) #1 132/132; 202/202

When the molecule 13 is given, the corresponding pair of enantiomers 13/13 is regarded as

contained in Stereoisogram #1 of the correlation diagram shown in Fig. 11 where the C3 atom

is to be examined (5). If we take account of chemical meanings, the quadruplet of promolecules

in Stereoisogram #1 of Fig. 11 shows the epimerization at the C3 atom so as to convert the pair

133/133 into the pair 143/143, where the subscript 3 indicates the center (C3) of the epimeriza-

tion between 13/13 and 14/14.

On similar lines (5), the quadruplet of promolecules in Stereoisogram #1 of Fig. 11(B)

shows the epimerization at the C2 atom so as to convert the pair 132/132 into the pair 202/202;

the quadruplet of promolecules in Stereoisogram #1 of Fig. 11(C) shows the epimerization at

the C4 atom so as to convert the pair 134/134 into the pair 154/154; as well as the quadruplet of

promolecules in Stereoisogram #1 of Fig. 11(D) shows the epimerization at the C2′ atom of a

lactoyloxy moiety, so as to convert the pair 132′/132′ into the pair 172′ /172′ .
There is no direct epimerization processes from 13/13 into the pair 16/16. However, the

combination of Stereoisogram #1 of Fig. 11(C) with Stereoisogram #2 of Fig. 11(A) (cf. 5)

indicates a two-step conversion: 13/13 → 15/15 → 16/16, where the first step is an epimer-

ization at the C4 and the second step is an epimerization at the C3. Note that Principle 1 per-

mits the omission of subscripts during the combination of Stereoisogram #1 of Fig. 11(C) with

Stereoisogram #2 of Fig. 11(A). The two-step process can be confirmed by scrutinizing Fig. 10.

On a similar line, 5 shows that the combination of Stereoisogram #1 of Fig. 11(D) with

Stereoisogram #3 of Fig. 11(A) indicates a two-step conversion: 13/13 → 17/17 → 18/18,

where the first step is an epimerization at the C2′ of a lactoyloxy ligand and the second step is

an epimerization at the C3. 5 also shows that the combination of Stereoisogram #1 of Fig. 11(B)

with Stereoisogram #4 of Fig. 11(A) indicates a two-step conversion: 13/13 → 20/20 → 19/19,

where the first step is an epimerization at the C2 and the second step is an epimerization at the

C3.
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Table 6: Correlation of 21 to RS-Stereoisomers

Main correlation diagram Epimeric correlation diagrams

Stereoisogram Quadruplet Stereoisogram Quadruplet

Fig. 13(A) #1 213/213; 223/223

Fig. 13(A) #2 233/233; (243/243) Fig. 13(C) #1 214/214; 234/234

Fig. 13(A) #3 (253/253); (263/263) Fig. 13(D) #1 212′ /212′ ; (252′ /252′)

Fig. 13(A) #4 273/273; (283/283) Fig. 13(B) #1 212/212; (282/282)

The process described above for non-degenerate cases is applicable to degenerate cases after

adequate modifications. For example, stereoisomeric relationships of 21 are traced by using the

corresponding correlation diagrams, as summarized in 6.

When the molecule 21 is given, we are able to find the corresponding pair of enantiomers

21/21. The quadruplet of promolecules in Stereoisogram #1 of Fig. 13(A) shows the epimeriza-

tion at the C3 atom so as to convert the pair 213/213 into the pair 223/223, where the subscript 3

indicates the center (C3) of the epimerization between 21/21 and 22/22.

The quadruplet of promolecules in Stereoisogram #1 of Fig. 13(B) shows the epimeriza-

tion at the C2 atom so as to convert the pair 212/212 into the pair 282/282, where the latter

pair is parenthesized to show duplication. Although Stereoisogram #1 itself is ineffective, it

is necessary to be combined with Stereoisogram #4 of Fig. 13(A) to indicate that the starting

promolecule 21 is correlated to 27. Thus, the combination of Stereoisogram #1 of Fig. 13(B)

with Stereoisogram #4 of Fig. 13(A) indicates a two-step conversion: 21/21 → (28/28) →
27/27, where the first step is an epimerization at the C2 and the second step is an epimerization

at the C3. The total process of 21 → (RS-diastereomeric relationship at the C2) (28) → (RS-

diastereomeric relationship at the C3) 27 is confirmed to give the conventional diastereomeric

relationship between 21 and 27 by scrutinizing Fig. 10. On the other hand, the total process

of 21 → (RS-diastereomeric relationship at the C2) (28) → (holantimeric relationship at the

C3) 27 is confirmed to give the diastereomeric relationship between 21 and 27 by scrutinizing

Fig. 12. Because Stereoisogram #4 of Fig. 13(A) belongs to Type II, the duplicate promolecule

(28) is identical with its RS-diastereomer 27, the last step can be omitted if locant numbers are

disregarded.

The quadruplet of promolecules in Stereoisogram #1 of Fig. 13(C) shows the epimerization

at the C4 atom so as to convert the pair 214/214 into the pair 234/234.

The quadruplet of promolecules in Stereoisogram #1 of Fig. 13(D) shows the epimerization

at the C2′ atom of a lactoyloxy moiety, so as to convert the pair 212′ /212′ into the pair 252′ /252′ ,
where the latter pair is parenthesized to show duplication.

Although stereoisograms which are contained in a correlation diagram generated at a fixed

RS-stereogenic center specify quadruplets of promolecules (i.e., RS-stereoisomers), the relation-

ship among the quadruplets (the stereoisograms) are not specified by the correlation diagram

(cf. the “main correlation diagram” column of each of 3–6). This means that there seemingly

remain “unspecified diastereomeric relationships” at this step of examination. However, 3–6

shows that if additional correlation diagrams generated at other RS-stereogenic centers are ap-

plied at the same time (cf. the “epimeric correlation diagrams” column of each of 3–6), all of

such “unspecified diastereomeric relationships” can be specified.
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Equivalence Classes vs. Relationships Discussions based on separate use of stereoisograms

have mainly relied on RS-stereoisomeric relationships (i.e., enantiomers, RS-diastereomers, and

holantimers) according to the paradigm shift shown in Fig. 1. The present development of cor-

relation diagrams of stereoisomers has furthermore brought about an additional paradigm shift

from relationships to equivalence classes. In fact, each stereoisogram contained in a correla-

tion diagram indicates a quadruplet of promolecules as an equivalence class. In this context,

even the above-mentioned specification of “unspecified diastereomeric relationships” is based

on equivalence classes derived from RS-stereoisomeric relationships, as implied in 3–6.

The results shown in 3–6 are, in fact, based on equivalence classes and are sufficient to

understand the total features of the stereoisomerism shown in Fig. 6, Fig. 8, Fig. 10, and Fig.

12. However, terms based on relationships are often convenient and useful to clarify the over-

simplified features of the traditional dichotomy between enantiomers and diastereomers, be-

cause they are more popular to organic chemists than terms on equivalence classes. For ex-

ample, the results listed in 5 can be translated into 7 in terms of the three relationships listed

in 1. Thereby, the fourteen diastereomeric relationships concerning 13 are specified in terms

of the three relationships, among which RS-diastereomeric relationships and holantimeric rela-

tionships are mainly employed.

If holantimeric relationships are unfamiliar to organic chemists, they can be replaced by

a combination of enantiomeric relationships and RS-diastereomeric ones. For example, the

conventional diastereomeric relationship between 13 and 18 can be described by a combination

of an RS-diastereomeric relationship appearing in Stereoisogram #1 of Fig. 11(D) (132′ → 172′)
with a holantimeric relationship appearing in Stereoisogram #3 of Fig. 11(A) (173 → 183). If

we avoid the use of the term holantimeric so as to meet the traditional terminology, the latter use

of a holantimeric relationship is divided into two operations, i.e., a permutation operation (an

RS-diastereomeric relationship between 173 → 183) and a reflection operation (an enantiomeric

relationship between 183 → 183), both of which appear in Stereoisogram #3 of Fig. 11(A). The

total process of 13 → (at the C2′) 17 → (at the C3) 18 → (at the C3) 18 is confirmed to give the

diastereomeric relationship between 13 and 18 by scrutinizing Fig. 10.

3.2 Global Symmetry and Local Symmetry
3.2.1 Global Symmetry Specified by Stereogenicity and by RS-Stereogenicity

While the term “stereogenicity” has not been directly defined in IUPAC Recommendations

1996 [3], the term “stereogenic unit” has been defined instead. This detour of direct definition

is seemingly related to the absence of the term “local stereogenicity” in contrast to the presence

of the term “local chirality”. This situation will be discussed by means of correlation diagrams

of stereoisograms.

Scope and Limitations of of the Term Stereogenicity In the traditional terminology of stere-

ochemistry, stereoisomeric relationships are often linked to the term stereogenicity, which is re-

garded as the basis for giving RS-descriptors of the CIP priority system [2]. Because stereoiso-

meric relationships consist of enantiomeric relationships and diastereomeric relationships (the

dotted boxes in Fig. 1) and because enantiomeric relationships are linked with chirality, we ar-

rive at a seemingly plausible scheme “stereogenicity ⊃ chirality”. Hence, RS-descriptors of the

CIP priority system have been inevitably considered to specify chirality as a part of stereogenic-

ity in the traditional terminology of stereochemistry. Accordingly, the term “chirality center” is
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Table 7: Fourteen Diastereomeric Relationships Concerning 13

Pair Relationship Stereoisogram

13/13 enantiomeric at C3 Fig. 11(A) #1

13/14 RS-diastereomeric at C3 Fig. 11(A) #1

13/14 holantimeric at C3 Fig. 11(A) #1

13/15 RS-diastereomeric at C4 Fig. 11(C) #1

13/15 holantimeric at C4 Fig. 11(C) #1

13/16 RS-diastereomeric at C4 Fig. 11(C) #1

and RS-diastereomeric at C3 Fig. 11(A) #2

13/16 RS-diastereomeric at C4 Fig. 11(C) #1

and holantimeric at C3 Fig. 11(A) #2

13/17 RS-diastereomeric at C2′ Fig. 11(D) #1

13/17 holantimeric at C2′ Fig. 11(D) #1

13/18 RS-diastereomeric at C2′ Fig. 11(D) #1

and RS-diastereomeric at C3 Fig. 11(A) #3

13/18 RS-diastereomeric at C2′ Fig. 11(D) #1

and holantimeric at C3 Fig. 11(A) #3

13/19 RS-diastereomeric at C2 Fig. 11(B) #1

and holantimeric at C3 Fig. 11(A) #4

13/19 RS-diastereomeric at C2 Fig. 11(B) #1

and RS-diastereomeric at C3 Fig. 11(A) #4

13/20 holantimeric at C2 Fig. 11(B) #1

13/20 RS-diastereomeric at C2 Fig. 11(B) #1

used widely as a subsidiary concept of “stereogenic center”.

A typical example is a tetrahedral molecule CABXY, where substituents A, B, X, and Y

are all achiral ligands or atoms in isolation. This molecule is specified as having R- or S-

configuration by the CIP priority system, where stereogenicity for giving such RS-descriptors

is regarded as chirality in the traditional terminology of stereochemistry. Note that enantiomers

are not diastereomers because of the dichotomy between enantiomers and diastereomers (the

dotted boxes in Fig. 1). Hence, the stereogenicity (the capability of giving RS-descriptors)

for the enantiomers of CABXY has been replaced by the chirality for them and consequently

disregarded.

In contrast, the configuration of the C3 atom of 2 (or 2) is not specified by RS-descriptors,

even though the promolecule 23 (or 23) exhibits chirality (Fig. 3), which corresponds to the

global symmetry of 2 (or 2). Logically speaking, the scheme (stereogenicity ⊃ chirality) indi-

cates that the C3 atom of 2 (or 2) is chiral and so stereogenic. The expression “the stereogenic

C3” is rather strange, but the C3 atom is linked to the presence of two enantiomers 23 and

23, which are stereoisomers in the traditional terminology of stereochemistry. However, the

C3 atom is usually regarded as constructing a non-stereogenic unit in the traditional terminol-
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ogy of stereochemistry. In order to avoid such confusing discussions, the CIP priority system

disregards the C3 atom as a “chiral center” nor as a “stereogenic center” at an initial stage of

treating such confusing cases [2], when the presence of the two enantiomers (23 and 23) is ne-

glected by labelling the C3 as non-stereogenic. However, the presence of the chirality without

RS-descriptors (at the C3 atom) shows that the term “chiral center” for the capability of giving

RS-descriptors seems to be unconvincing.

Let us next consider a pseudoasymmetric case concerning 9 and 10 (Fig. 8). The diastere-

omeric relationship between them gives a basis of giving RS-descriptors so that the C3 atoms

are regarded as a stereogenic center in spite of the local achirality of the C3 atoms. Hence, the

capability of giving RS-descriptors to the C3 atoms of 9 and 10 has been ascribed to a certain

property derived by stereogenicity minus chirality.

In conclusion, the term “stereogenicity” (⊃ chirality) does not provide an inconsistent basis

for explaining the capability of giving RS-descriptors, because the term “stereogenicity” (cor-

responding to stereoisomeric relationships) contains “chirality” (corresponding to enantiomeric

relationships).

RS-Stereogenicity Separated from Stereogenicity In the present terminology of stereoche-

mistry, stereoisomeric relationships consist of RS-stereoisomeric relationships and others (cf.

the solid-lined boxes in Fig. 1) and the latter RS-stereoisomeric relationships consist of the

three relationships, i.e., enantiomeric, RS-diastereomeric, and holantimeric relationships. Then,

RS-diastereomeric relationships are linked to the term RS-stereogenicity, which is regarded as

the basis for giving RS-descriptors of the CIP priority system [16, 25]. On the other hand,

enantiomeric relationships are linked to chirality, which gives no basis for giving RS-descriptors

of the CIP priority system.

For example, the above-described tetrahedral molecule CABXY is specified as being chiral,

RS-stereogenic, and ascleral (Type I) in the present terminology of stereochemistry. Because

of the RS-stereogenicity, the molecule is specified as having R- or S-configuration by the CIP

priority system. Although the molecule is chiral, its chirality has no relationship to the capability

of giving such RS-descriptors. By means of the corresponding stereoisogram of Type I, the R- or

S-descriptor due to RS-stereogenicity is subsidiarily correlated to the chirality of the molecule

CABXY.

On the other hand, the configuration of the C3 atom of 2 (or 2) can be discussed by means of

Stereoisogram #2′ of Type II (Fig. 3). The incapability of having RS-descriptors is explained by

the RS-astereogenic nature, where the promolecule 23 and its RS-diastereomeric promolecule is

identical to each other, as found in the horizontal direction of Stereoisogram #2′. In contrast, the

chirality of the promolecule 23 is determined by vertical comparison with its enantiomeric pro-

molecule 23. This means that the RS-astereogenicity of the promolecule 23 (or 23) is consistent

with its chirality by means of Stereoisogram #2′ of Type II.

The pseudoasymmetric case concerning 9 and 10 (Fig. 8) is examined by means of Stereo-

isogram #1 of Type V shown in Fig. 9(A), which consists of a quadruplet of promolecules,

i.e., 93, 93 (= 93), 103, and 103 (= 103). The RS-diastereomeric relationship linked with RS-

stereogenicity explains the capability of giving RS descriptors to 93 and 103. Stereoisogram

#2 of Type II shown in Fig. 9(A) is another example that is chiral but exhibits RS-astereogenic

nature so as to show the incapability of giving RS-descriptors.
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Redefinition of Several Terms To avoid the inconsistency, the traditional terminology for

characterizing global symmetry should be revised according to the present terminology de-

veloped by stereoisograms. In particular, the viewpoint based on stereoisomeric relationships

linked with stereogenicity is replaced by the viewpoint based on diastereomeric relationships

linked with stereogenicity:

stereoisomeric relationship — stereoisomerism

enantiomeric relationship — chirality

diastereomeric relationship — stereogenicity

As a result, the revised term “stereogenicity” is correlated to permutation operations defined

above, but by no means to reflection operations. This revision is conceptually significant so

that the scheme “stereogenicity ⊃ chirality” is replaced by the new scheme “stereoisomerism

⊃ chirality” (more strictly, stereoisomerism = chirality + stereogenicity). However, because the

concept of “stereogenicity” has been defined and used in the form of “stereogenic unit” [3], the

revision of “stereogenicity” does not so severely influence descriptions of previous articles. In

other words, the detour of the direct definition of “stereogenicity” in IUPAC Recommendations

1996 [3] turns out to imply the new scheme. In this context, the use of the term “stereogenic

unit” seems to cause an equivalent effect derived from the term “local stereogenicity”, which

has not been recognized as a standard term.

For the sake of strict discussions, the capability of giving RS-descriptors should be discussed

by using RS-stereogenicity on the basis of the present terminology:

RS-stereoisomeric relationship — RS-stereoisomerism

enantiomeric relationship — chirality

RS-diastereomeric relationship — RS-stereogenicity

3.2.2 Local Symmetry Subdivided into Local Chirality and Local RS-Stereogenicity

Local RS-stereogenicity (or local RS-astereogenicity) has not been recognized by the traditional

methodology of stereochemistry, where unrecognized local RS-stereogenicity/RS-astereogeni-

city has been often confused with local chirality/achirality. Remember the use of “chirality

center” in place of “stereogenic center” in the CIP priority system [2]. Such unrecognized local

RS-stereogenicity (or RS-astereogenicity) can be discussed comprehensively by using correla-

tion diagrams of stereoisograms.

Correlation Diagrams of Stereoisograms for Characterizing Local Chirality and Local RS-
Stereogenicity The present methodology is based on Principles 1–4 and on the presumption

that the local symmetry of a given site (center, bond, etc.) is represented by the corresponding

promolecule and a stereoisogram derived from the promolecule. This means that the local

symmetry of a given site can be discussed by studying the global symmetry of the promolecule

selected to represent the site.

Obviously, there exists a specific site, the local symmetry of which is considered to be the

global symmetry of the molecule, or, at least, the global chirality or achirality of the molecule.

If the molecule is regarded as a 3D tree of a carbon skeleton, a centroid or a bicentroid (or a

center or a bicenter) is a candidate of such a specific site [31]. For example, Stereoisogram #1

of Type V shown in Fig. 9(A) shows that the C3 atom of the promolecule 93 (cf. 9 of Fig. 8) is
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such a specific site, because the achirality of the molecule 9 corresponds to the achirality of the

promolecule 93. In this case, the highest attainable point-group symmetry (Cs) of the molecule

9 is equal to the point-group symmetry (Cs) of the promolecule 93.

Local symmetry is composed of three kinds of attributes, i.e., local chirality (or achiral-

ity), local RS-stereogenicity (or RS-astereogenicity), and local sclerality (or asclerality). This

methodology is a sharp contrast to the traditional methodology in which only local chirality (or

achirality) is taken into consideration. It should be emphasized that the traditional stereochem-

istry lacks the concept of “local stereogenicity”, because the paradigm based on the dichotomy

between enantiomers and diastereomers would be incapable of giving its succinct definition

(cf. the above-mentioned revised definition of “stereogenicity” and the conventional paradigm

shown in Fig. 1).

In contrast, by considering RS-stereoisomerism as a subclass of stereoisomerism (cf. the

present paradigm shown in Fig. 1), the present methodology is able to define the concept of local
RS-stereogenicity (or RS-astereogenicity), which is unequivocally derived from a quadruplet of

promolecules contained in a stereoisogram. Moreover, the concept of local chirality can be

examined at the same time by referring to a single stereoisogram containing a promolecule of a

given site as well as a set of its enantiomer, its RS-diastereomer, and its holantimer.

3.2.3 Coexistence of Local Chirality and Local RS-Stereogenicity

Promolecules of Type I for Representing Local Symmetry Correlation diagrams of stereo-

isograms provides us with several merits as a versatile methodology for discussing chirality

and RS-stereogenicity. One of such merits is concerned with promolecules of Type I. Even if

such promolecules of Type I are selected to represent local symmetry, parallel discussions can

be employed just as Type-I promolecules are used to represent global symmetry. The above-

mentioned comments on the Type-I molecule having the formula CABXY can be extended to

more sophisticated molecules having more than one RS-stereogenic center. For example, let

us re-examine Stereoisogram of #1 of Type I in Fig. 13(D), which consists of a quadruplet of

promolecules, 212′ , 212′ , 252′ (= 212′), and 252′ . (= 212′):

1. In the present methodology, the RS-diastereomeric relationship between 212′ and 252′
(= 212′) is conceptually distinguished from the enantiomeric relationship 212′ and 212′ .
The two relationships, however, are recognized to be superposable to each other. In other

words, the enantiomer 212′ of 212′ is regarded as being identical with the RS-diastereomer

252′ of 212′ , although enantiomeric relationships and RS-diastereomeric ones are concep-

tually distinguished from each other.

2. Even an achiral proligand (e.g., X1 of 212′) has internal structures so that it is conceptu-

ally or hypothetically changed into the corresponding enantiomeric proligand (e.g., X1 of

212′). Note that the X1 of 212′ and the X1 of 212′) is different in their modes of locant

numbering (cf. 21 and 21 of Fig. 12). Because such modes of locant numbering are dis-

regarded in the actual judgment of ligand equality, the X1 is regarded as being identical

to the X1. On the other hand, permutation operations bring about no changes. Thus, the

X1 of 212′ remain unchanged in the corresponding RS-diastereomeric promolecule (e.g.,

X1 of of 252′). Note that there appears no changes of internal structures even when the

modes of locant numbering are taken into consideration (cf. 21 and 25 of Fig. 12).

3. According to the coexistence of RS-diastereomeric relationships and enantiomeric ones,

the corresponding attributes, i.e., chirality and RS-stereogenicity, coexist even in stereo-
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isograms of Type I. The RS-stereogenicity is capable of giving RS-descriptors, while the

chirality is a basis of describing 3D-structures.

The traditional terminology is a sharp contrast to the present terminology in treating Type-I

cases:

1. In the traditional methodology, a permutation operation changes the promolecule 212′
into 252′ (cf. Stereoisogram of #1 of Type I in Fig. 13(D)). Because the latter 252′ is

identical to 212′ , the promolecules 212′ and 252′ (= 212′) are concluded to be in an enan-

tiomeric relationship. As a result, permutation operations are unconsciously mixed up

with reflection operations.

2. Because of the dichotomy between enantiomers and diastereomers, the traditional metho-

dology presumes that such permutation operations as described above are correlated to

enantiomeric relationships, but not to diastereomeric relationships. This is inconsistent

with the fact that permutation operations provide diastereomeric relationships even in the

traditional methodology (e.g., Type-III and Type-V cases).

3. Because of the dichotomy between enantiomers and diastereomers, only the enantiomeric

relationship between 212′ and 212′ (= 252′) can exist so as to provide a basis of giving RS-

descriptors.

4. Both enantiomeric relationships and diastereomeric relationships are capable of giving

RS-descriptors in the traditional methodology. The two relationships are subclasses of

stereoisomeric relationships which are linked with stereogenicity. This means the scheme

“stereogenicity ⊃ chirality” in the traditional terminology. This is inconsistent with the

statement that chirality and stereogenicity are distinct concepts.

Promolecules of Type III for Representing Local Symmetry Just as Type-III promolecules

are used to represent global symmetry, Type-III promolecules involved in a correlation dia-

gram can be used to discuss local symmetry, where Type III indicates local chirality, local

RS-stereogenicity, and local sclerality.

For example, let us examine the stereoisogram of Type III shown in Fig. 7(A) which consists

of a quadruplet of promolecules, i.e., 53, 53, 73, and 73. The stereoisogram exhibits local

chirality, local RS-stereogenicity, and local sclerality.

The assignment of the R-configuration of 53 and the S-configuration of 73 is based on the

local RS-stereogenicity, which is linked to the RS-diastereomeric relationship between them,

where the common priority sequence, OH > p > q > H, is effective. On the other hand, the

S-configuration of 53, which is enantiomeric to 53, is determined in terms of another priority

sequence, OH > p > q > H. Note that this assignment is based on the RS-diastereomeric

relationship between 53 and 73, but not on the enantiomeric relationship between 53 and 53.

As a result, the priority sequence OH > p > q > H for determining the R-configuration of 53

is different from the priority sequence OH > p > q > H for determining the S-configuration of

its enantiomer 53. Strictly speaking, the determination of the R-configuration of 53 has nothing

to do with the determination of the S-configuration of its enantiomer 53. In the traditional

methodology, the priority sequence OH > p > q > H is unconsciously equalized to the priority

sequence OH > p > q > H, because the latter sequence can be derived from the former one,

and vice versa.
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The traditional methodology, however, is silent on this unconscious equalization, because it

pays attention only to the enantiomeric pair 5/5 as molecules and no attention to RS-diastereo-

meric pair 53/63 as promolecules. To understand how RS-descriptors are assigned to pro-

molecules, it is safe to consult such a stereoisogram as specifying a quadruplet of promolecules.

Promolecules of Type V for Representing Local Symmetry Even when promolecules of

Type V are selected to represent local symmetry (local achirality, local RS-stereogenicity, and

local sclerality), they can be examined on a similar line to Type-V promolecules selected to

represent global symmetry.

For example, let us examine the stereoisogram of Type V shown in Fig. 9, which consists of

a quadruplet of promolecules, i.e., 93, 93 (= 93), 103, and 103 (= 103). Although both 93 and 103

are achiral, their RS-stereogenicities correspond to the RS-diastereomeric relationship between

them so as to give RS-descriptors. Because of global achirality, their descriptors are designated

in lowercase letters (r and s) so as to emphasize pseudoasymmetry. The determination of the r-

and s-configuration is based on the same priority sequence, OH > r > r > H.

What Do RS-Descriptors Specify? The answer is simply RS-stereogenicity or more strictly

local RS-stereogenicity, which determines the configuration of a given promolecule and that

of its RS-diastereomer. The answer is not “chirality” nor ”stereogenicity”, which is frequently

referred to as a standard answer in the traditional stereochemistry.

To gain this succinct answer, the paradigm shift shown in Fig. 1 is necessary so as to pro-

vide us with stereoisograms as a versatile device for discussing chirality, RS-stereogenicity, and

sclerality. Because promolecules contained in stereoisograms of Type I, Type III, or Type V are

characterized to be RS-stereogenic, they are capable of being specified by RS-descriptors. They

may be chiral (Type I and Type III) or achiral (Type V) so that it is safe to consult such stereoiso-

grams in order to grasp how a quadruplet of promolecules is correlated to RS-descriptors.

It should be noted, however, that although the present approach provides us with a concep-

tual change (cf. the paradigm shift of Fig. 1), it does not influence practical applications and

assignment results of the CIP priority system.

3.3 Correlation Diagrams With and Without Degeneration
3.3.1 Number of Stereoisograms in Each Correlation Diagram Without Degeneration

When stereoisomers are given as a set, the locant numbers of their RS-stereogenic sites (cen-

ters, bonds, etc.) are presumed to be given commonly. A correlation diagram of stereoiso-

grams can be drawn by collecting respective stereoisograms for specifying the local symmetry

of an RS-stereogenic site of a fixed locant number in each stereoisomer. Suppose that n of

RS-stereogenic centers generate 2n stereoisomers without degeneration. Then, there appear to-

tally 2n promolecules in the correlation diagram, where every four promolecules construct one

stereoisogram in an appropriate way. If such a promolecule correlated to a stereoisogram is run

to cover all the stereoisomers of the set, there appear 2n−2 (= 2n/4) of stereoisograms in the

corresponding correlation diagram.

For example, the set of stereoisomeric pentoses listed in Fig. 6 is characterized by three

RS-stereogenic centers so that there appear three correlation diagrams, i.e., Fig. 7(A) for C3,

Fig. 7(B) for C2, and Fig. 7(C) for C4. Because this case exhibits no degeneration, each of the

three correlation diagrams contains two (= 23−2 = 23/4) stereoisograms.
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Another example without degeneration is shown in Fig. 10, where each stereoisomer is char-

acterized by four RS-stereogenic centers so that there appear 16 (= 24) stereoisomers. Because

of four RS-stereogenic centers, the set of 16 stereoisomers is characterized by four correlation

diagrams, i.e., Fig. 11(A) for C3, Fig. 11(B) for C2, Fig. 11(C) for C4, and Fig. 11(D) for C2′ .
Because this case exhibits no degeneration, each of the four correlation diagrams contains four

(= 24−2 = 24/4) stereoisograms.

3.3.2 Comparisons Between Correlation Diagrams With and Without Degeneration

Correlation diagrams with degeneration can be discussed in comparison with correlation di-

agrams without degeneration. For example, when we discuss correlation diagrams for the

molecules shown in Fig. 8 (three RS-stereogenic centers with degeneration), supplemental

parenthesized molecules are added by referring to Fig. 6 (three RS-stereogenic centers with-

out degeneration). As a result, Fig. 9(A) for the C3 can be compared with Fig. 7(A); Fig. 9(B)

for the C2 can be discussed in comparison with Fig. 7(B); and Fig. 9(C) for the C4 can be

discussed by referring to Fig. 7(C).

Similarly, correlation diagrams with degeneration for describing the molecules listed in Fig.

12 can be discussed by comparing them with the counterpart diagrams for the molecules listed

in Fig. 10 which corresponds to cases without degeneration: Fig. 13(A) vs. Fig. 11(A) for the

C3, Fig. 13(B) vs. Fig. 11(B) for the C2, Fig. 13(C) vs. Fig. 11(C) for the C4, and Fig. 13(D) vs.

Fig. 11(D) for the C2′ ,

3.3.3 Pseudoasymmetric Cases and Reflection-Invariant Cases

The State of the Art Concerning These Cases The term pseudoasymmetry has suffered

verbal transmutation as pointed out by Mislow [10]. This transmutation can be unequivocally

traced by the present terminology based on stereoisograms [22].

The original meaning of pseudoasymmetry by Fischer [32] was concerned with Type-V

promolecules (achiral, RS-stereogenic, and scleral), although Fischer himself did not coined

the term. The IUPAC 1968 rule extended pseudoasymmetry to specify Type-V promolecules

as well as a special group of Type-III promolecules (chiral, RS-stereogenic, and scleral), e.g.,

21 and 22 [33]. Pseudoasymmetry concerned with Type-V promolecules was geometrically

formulated by Prelog and Helmchen [11]. According to this formulation, the IUPAC 1974

rule restricted pseudoasymmetry to specify Type-V promolecules and excluded such a special

group of Type-III promolecules [34]. The extended pseudoasymmetry for specifying Type-V

promolecules and the special group of Type-III promolecules was reinforced by Hirschmann

and Hanson [35]. Although they referred to Hirschmann-Hanson’s discussion [35] as being

unjustified, Prelog and Helmchen [2] implemented the concept of “reflection-invariance” into

the revised CIP priority system so as to treat Type-V promolecules and the special group of

Type-III promolecules commonly. This means that they discarded their geometric formulation

concerning Type-V promolecules at least in the application of the CIP priority rule [11]. Mislow

and Siegel [4] discussed the term “pseudoasymmetric” so as to conclude that the term lacks

meaningful reference to symmetry and geometry; and they commented on the application of

RS-descriptors to the special kind of Type-III promolecules. Mislow-Siegel’s comments [4]

on the application of the CIP priority system to the special kind of Type-III promolecules were

criticized by Helmchen [5]. Finally, Mislow stated discontents with stereochemical terminology

concerning pseudoasymmetry [10].
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Broader and Balanced Prospects Provided by Correlation Diagrams After the proposal of

stereoisograms [16], the term “pseudoasymmetry” was discussed by Fujita [22] so that it should

be used only to specify Type-V promolecules. Correlation diagrams of stereoisograms devel-

oped in the present paper provides us with broader and balanced prospects to pseudoasymmetric

and reflection-Invariant cases.

Stereoisogram #1 of Type III (Fig. 13(A)) consists of two pairs of enantiomers, 213/213

and 223/223. The R-configuration (or r-configuration due to the CIP system) of 213 is in-

variant by reflection. It should be noted that the reflection-invariance is only concerned with

RS-descriptors. The following features should be pointed out by consulting Stereoisogram #1

of Type III contained in the correlation diagram shown in Fig. 13(A):

1. Stereoisogram #1 (Type III) shown in Fig. 13(A) is characterized by a quadruplet of

promolecules, 213, 213, and 223, and 223, which are different from each other. This

feature is common to all Type-III promolecules. The R- (or r-)configuration of 213 is

determined in comparison with the S- (or s-)configuration of 223, where the comparison is

based on the corresponding RS-diastereomeric relationship by using the common priority

sequence, t > r > r > H. This comparison has nothing to do with the reflection-invariance

of the R- (or r-)descriptor of 213.

2. The reflection-invariance of the R-configuration (or r-configuration due to the CIP sys-

tem) of 213 means that 213 is converted by reflection into its enantiomeric promolecule

213, which has also R-configuration (or r-configuration due to the CIP system). In other

words, the configuration of 213 itself (a promolecule with proligands t, r, r, and H) is

reflection-variant so as to be converted into that of the enantiomer 213 (a promolecule

with proligands t, r, r, and H).

3. Although the promolecules are characterized to have R- (or r)-configuration, the local

chirality of the C3 atom of 213 is opposite to the local chirality of the C3 atom of 213.

This behavior is common to Type-III promolecules.

4. In this reflection-invariant case, the R- (or r-)configuration of 213 is determined by the

priority sequence t > r > r > H, while the R- (or r-)configuration of 213 is determined by

the different priority sequence t > r > r > H. In other words, the priority sequences are

reflection-variant.

These features are different from Type-V promolecules exhibiting typical pseudoasymmetry

(e.g., Stereoisogram #1 of Type V shown in Fig. 9(A))

On the other hand, the concept of reflection-invariance can be discussed from an alternative

viewpoint by comparing two or more correlation diagrams of stereoisograms which represent

the same set of stereoisomers (e.g., Fig. 13(A) vs. Fig. 13(D)).

5. Let us examine the achiral proligands (X1 and X2) contained in the correlation diagram

(Fig. 13(D)), where the concrete structures of X1 and X2 are shown in Fig. 12. Note that

the promolecule 212′ etc. contained in Stereoisogram #1 or #2 (Type I) are alternative rep-

resentations of the molecule 21 etc. to be examined. In order to determine the achirality

of X1 or X2, the proligand rrCH-OCO— (= X1 or X2) should be preliminarily examined

by regarding it as exhibiting typical pseudoasymmetry.

6. The examination of the proligand rrCH-OCO— is equivalent to the examination of a

tentative promolecule rrCH-OCO—R, where R is a tentative achiral proligand. As found
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easily, this examination is equivalent to that of Type-V promolecule. This examination

would provide an equivalent result to the examination of reflection-invariance described

above with an appropriate presumption.

The above-mentioned discussion reveals that the use of lowercase letters (or uppercase let-

ters) is not based on its correctness. Rather, the selection of lowercase letters (or uppercase

letters) depends on practical purposes. If we put emphasis on the items No. 1–4, RS-descriptors

for such reflection-invariant cases are decided to be written in uppercase letters (R or S) just as

Type-III promolecules are designated by uppercase letters. If we put emphasis on the items No.

5 and 6, RS-descriptors for such reflection-invariant cases of Type III are decided to be written

in lowercase letters (r or s). With respect to the latter decision, especially to items No. 5 and

6, see Criterion 1 described in the enumerations of alkanes [36] and monosubstituted alkanes

[37].

Finally, correlation diagrams of stereoisograms teach us that the term “pseudoasymmetric”

should be used to specify Type-V promolecules or isolated proligands belonging to Type V.

This usage is able to support the original meaning of the term “pseudoasymmetric” as well

as most parts of the extended meaning due to “reflection-invariance” even if items 1–4 along

with items 5 and 6 are taken into consideration. The extended meaning due to “reflection-

invariance” is indirectly supported via such isolated proligands belonging to Type V. Even if

we adopt this modification, there would appear troublesome cases (e.g., a proligand —Cppq

contained in a promolecule Cppqq of Type I). Hence, the use of lowercase letters r and s for

specifying such special Type-III promolecules that are characterized by the term “reflection-

invariance” should be regarded as a rule for the sake of convenience, but not as an authority

for equalizing Type-V molecules and such special Type-III promolecules. Although the CIP

priority system has adopted the lowercase letters (r or s) for describing reflection-invariant

cases of Type III, it should be remembered that the reflection-invariant cases of Type III are

quite different from pseudoasymmetric cases of Type V (cf. items No. 1–4). If the former

Type-III cases are differentiated from the latter Type-V cases, the use of r′s′ or rIIIsIII would be

practical, although more rigorous discussions are required.

4 Conclusion
Correlation diagrams of stereoisograms for characterizing stereoisomers have been developed

so as to provide us with more information on geometric and stereoisomeric features than a

single use of a stereoisogram. A correlation diagram of stereoisograms is constructed at an

RS-stereogenic center or related site whose locant number is given commonly to respective

stereoisomers having a common constitution. The correlation diagram contains a definite num-

ber of stereoisograms, each of which characterizes a set of RS-stereoisomers as an equivalence

class among the stereoisomers of a common constitution. Thereby, each stereoisogram rep-

resents the local chirality/achirality and the local RS-stereogenicity/RS-astereogenicity of the

RS-stereogenic center (or related site) so that the corresponding correlation diagram indicates

total features of such local symmetries. If such an RS-stereogenic center (or related site) runs

over all of RS-stereogenic centers (or related sites), a set of correlation diagrams can be obtained

to characterize the set of stereoisomers having a common constitution. By means of correla-

tion diagrams of stereoisograms, several problems of the traditional stereochemistry have been

discussed, e.g., the over-simplified feature of the conventional dichotomy between enantiomers
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and diastereomers, implications of reflection-invariant cases of the CIP priority system, uncon-

scious mixing-up of local chirality and local RS-stereogenicity.
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