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Abstract—The Cahn, Ingold and Prelog (CIP) system is an essential tool in organic chemistry nomenclature for the specification of
stereogenic units. However, over the years, examples of molecules for which such specification was found impossible, ambiguous or
inconsistent, have steadily accumulated. Herein, a simple methodology for the comparison of combinations of chiral units, namely
to evaluate if two ligands are diastereomorphic, enantiomorphic or identical, is proposed, based on a reference descriptor not linked

to a digraph node.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The Cahn, Ingold and Prelog (CIP) system was origi-
nally proposed in 1951! for the description of the rela-
tive configuration of chiral molecules. Soon after this
proposal, methods became available to determine abso-
lute configurations,? an adaptation of the system to this
new situation was proposed in 1956.> The system was
soon widely adopted by chemists, and the experience
acquired with its use, coupled with new developments
in chemistry, were the causes for its two revisions in
1966* and 1982.°> Each of these contributed to improve
its logic, consistency, scope and applicability. In fact,
the 1982 version allowed the specification of the great
majority of the stereogenic units commonly encountered
in organic molecules. Several authors have, however,
reported examples of structures for which specification
is impossible, ambiguous or inconsistent by using the
present CIP system.®!!

For ease of discussion an abbreviated version of the CIP
Sequence Rules>® is summarized as follows:

Rule 1—Higher atomic number precedes lower.
Rule 2—Higher atomic mass precedes lower.
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Rule 3—When considering double bonds and planar
tetraligand atoms, seqcis stereogenic units precede seq-
trans stereogenic units.'?

Rule 4—

(a) Chiral stereogenic units precede pseudoasymmet-
ric stereogenic units and these precede nonstereogenic
units.

(b) When considering chiral stereogenic units, if two
ligands have different descriptor pairs, then the one
with the first chosen /like descriptor pair has priority
over the one with a corresponding unlike descriptor
pair.

(¢) r precedes s.

Rule 5—R precedes S.

The shortcomings of Rule 4, formulated to compare chi-
ral and pseudoasymmetric stereogenic units in ligands,
have been noted since 1986.%® In fact, the methodology
proposed in this rule to compare combinations of chiral
units can still lead to ambiguity in the evaluation of
pairs of ligands. Herein a new simple methodology that
solves such problem is proposed.

2. General methodology

The construction of hierarchical digraphs to represent
stereogenic units and its ligands for specification by
the CIP system was proposed in 1982° to unify the
methodology used for cyclic and noncyclic molecules
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Figure 1. Digraphs of stereogenic units: (a) chemical formula; (b) complete digraph for stereogenic centre 4; (c) simplified digraph for stereogenic
centre 4; (d) further simplified digraph for stereogenic centre 4. Note: Multiple bonds and rings require phantom atoms, represented by o, and

duplicated atoms, represented by numbers within brackets.

and clarify the concept of a ligand. A set of conventions
allow the unambiguous construction of the digraphs.
Figure 1 illustrates this process in which a stereogenic
unit and its ligands must be converted into a tree-graph
representing the connectedness (topology) and make-up
of atoms.

The nodes of the digraph represent atoms and the edges
reflect their connectedness. The edges of these graphs are
directed: they are considered as originating from the
root of the tree-graph (the core of the stereogenic unit,
a chiral centre, e.g.) and pointing towards the branch
ends, thus the name of directed graph or digraph. Fre-
quently it is not only sufficient, but also advantageous,
especially when large molecules are considered, to use
simplified digraphs in which the nonrelevant informa-
tion is omitted.

The nodes of the digraph are hierarchically ranked dur-
ing the comparison process. This hierarchy depends on
the distance from the core of the stereogenic unit and
the application of the Sequence Rules. The hierarchy is
continually refined, although never inverted, as analysis
proceeds. In each sphere of an hierarchical digraph (set
of nodes at the same distance from the root) the hierarchy
of the nodes is reflected in their position. The convention
used is nodes on top precede, or are hierarchically equiv-
alent, to the nodes closer to the bottom.

The Sequence Rules are sequentially and exhaustively
applied to the whole digraph until the first difference is
encountered. After comparison of the constitutional
properties of ligands (Rules 1 and 2) and comparison
of their double bonds (Rule 3), the next step is the com-
parison of chiral and pseudoasymmetric units (Rule 4).
This operation will evaluate if ligands are diastereomor-
phic, enantiomorphic or identical and will permit the
ranking of diastereomorphic ligands. This, among other
steps, requires a comparison of the interrelations
between the descriptors of the chiral units (R and S).
If needs be, Rule 5 is next applied. For this purpose sim-
plified hierarchical digraphs are used. Figure 2 illustrates
how these are obtained.

3. Application of Rule 4-b and its shortcomings

The methodology for the comparison of the combina-
tion of chiral units in ligands (Rule 4-b) uses pairs of
descriptors described as like (I) or unlike (u). For this
purpose it defines which pairs of descriptors should
be considered relevant and then proceeds to classify
them as like and unlike. Note that like (/) pairs are,
for example, RR and SS and unlike (u) pairs are RS
and SR. In the following paragraphs only stereo-
genic centres and their descriptors (R or S) will be
considered.
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Figure 2. Molecule with constitutionally identical ligands. The process
to obtain simplified digraphs for comparison purposes according to
Rules 4 and 5 is illustrated. (a) chemical formula; (b) simplified digraph
for stereogenic centre 1; (c) simplified digraph for stereogenic centre 1
with information about descriptors of chiral centres in ligands; (d)
further simplified digraph with only the relevant information for
analysis by Rules 4 and 5.

So the first step in this procedure is the critical choice of
the first descriptor for each ligand. This descriptor is
then paired with the remaining descriptors respecting
their connectivity and hierarchy in the digraph. This is
followed by comparison of the corresponding pairs in
both ligands.

The first descriptor R or S (depicted in italic bold) of
the ligands represented in the digraphs in Figures 3-5
is as follows: (a) the one associated with the highest
ranked node corresponding to a chiral centre in the
ligand (Fig. 3); (b) the one that occurs the most in
the set of equivalent highest ranked nodes (Fig. 4);
(c) sequentially both R and S if these occur in the same
number in the set of equivalent highest ranked nodes

(Fig. 5).

As illustrated in Figure 3, the descriptor established as
first descriptor is then paired with the remaining descrip-
tors in the sequence of their hierarchical order, repre-

| A B
5 3 1 1 3 5
S—S—S\ ‘ /R—R—R
X—C—X
6 4 2 / ’ \\ 2 4 6
R—R—Y Y—S—R
first descriptor:
18 1R
pairs of descriptors:
1,3 — | 1,3 — |
1,4 — wu 1,4 — u
1,5 — | 1,5 — |
1,6 — u - 1,6 — |
final result:
1S lulu < 1R lull
A < B
I A B
3 1 1 3
S—R—Y\ ‘ /Y—S—H
X—C—X
4 2 / ‘ \ 2 4
S—S—~2Z Z—R—S
first descriptor:
1R 1S
pairs of descriptors:
1,2 — u 1,2 — yu
1,3 — u 1,3 — u
1,4 — y - > 1,4 — |
final result:
1R uuu < 1S uul
A < B

Figure 3. CIP system methodology for formation and comparison of
pairs of descriptors. The first descriptor is the one associated with the
highest ranked node corresponding to a stereogenic centre in the
ligand. Note: X, Y and Z can be any atom giving rise to a
nonstereogenic centre and allowing the hierarchy of the nodes
represented. In |, for example, X =N and Y =C and in Il, X=N,
Y = O and Z = C. The numbers in the digraph reflect the hierarchy of
the nodes and pairs. The double arrow («<») highlights the first
difference encountered in the comparison.

sented by the numbers close to the nodes in digraph I,
and the descriptor pairs thus formed are evaluated as
like or unlike. For example, for ligand A of I the first
pair evaluated is 1,3, that is (S,S), thus a [like pair.
The first difference encountered, while comparing pairs
1,6, determines the hierarchy of the ligands, that is,
B> A.
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final result:
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Figure 4. CIP system methodology for the formation and comparison
of pairs of descriptors. The first descriptor is the one that occurs the
most in the set of equivalent highest ranked nodes.

If both descriptors, Rand S, are used as first descriptors
(see Fig. 5), they should be independently and sequen-
tially used to form pairs of descriptors. Then all pairs sit-
uated at the same rank level are compared. The first
difference encountered is used to rank ligands. This
means that in the examples in this figure, pairs 1,2 and
2,1 (the order is not important) should be simultaneously
compared in both ligands and the number of / and u pairs
evaluated. Pairs 1,3 and 2,4 and pairs 1,4 and 2,3 are then
compared. If only one of the descriptors, for example, R,
was used as first descriptor in the analysis of digraph V,
the ligands would be evaluated as geometrically different
(ull> uuu) when in fact they are enantiomorphic ligands.
When both descriptors in V are used as first descriptor
the ligands are perceived as identical according to Rule
4-b (uululu = uuulul). In fact, being enantiomorphic
ligands, they can only be ranked by Rule 5.

In the CIP procedure, the hierarchical rank of the
descriptor pairs is given by the rank of the second
descriptor in the pair. Custer® considers that this does
not allow the ordering of two pairs of descriptors in
which the second descriptors have the same priority.
He thus proposed a rule, based on the relationship in
the digraph between the nodes in the pair, to overcome
this incompleteness of the methodology. This rule states
that in such cases, the higher ranking pair is the one with
the lower ranking of the least common ancestor in the
digraph.®-

TBeing the ancestor of x, any node belonging to the chain of nodes
leading from the root to x. The least common-ancestor of both x and
y is the ancestor of both x and y, which has the smallest distance to x
of all ancestors of x and ».°

[\ A B
3 1 1 3
R—R ’ R—S
X—C—X
4 2 ’ 2 4
S§—S8 S—R
first descriptor:
1R 28 1R 28

pairs of descriptors:

1,2 — U 2,1 — u 1,2 — u 2,1 — U
1,3 — | 24 — | «——> 1,3 — u 2,4 — U
1,4 — u 2,3 — u 1,4 — | 2,3 — |
final result:
1R ulu S 1R uul
2S ulu 2S uul
A > B
\'J A B
3 1 1 3
R—R ‘ S—S
X—C—X
4 2 ‘ 2 4
R—S R—S
first descriptor:
1R 28 2R 1S

pairs of descriptors:

1,2 — u 2,1 — u 2,1 —u 1,2 — U
1,3 — | 2,4 — u 2,4 —u 1,3 — |/
1,4 — | 2,3 — u 2,3 — u 1‘4_>I
final result:
1R ull _ 2R uuu
2S uuu 1S ul !
A = B

Figure 5. CIP system methodology for formation and comparison of
pairs of descriptors. The first descriptor is sequentially both R and S as
these occur in the same number in the set of equivalent highest ranked
nodes.

This rule deals effectively with molecules, such as those
represented by digraphs in Figure 5. In such cases, both
descriptors should be sequentially considered as first
descriptors. However, when in IV and V, 1 Ris considered
the first descriptor in ligand A, pair 1,3 cannot be hierar-
chically equivalent to pair 1,4. Custer’s rule allows the
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differentiation of these pairs (in these cases 1,3 > 1,4)
and correctly ranks the ligands.

However, this same rule may introduce ambiguity in
other situations, such as in Figure 6. If nodes 1, 2 and
3 are hierarchically equivalent when comparison accord-
ing to Rule 4 is initiated, both hierarchical digraphs, Vla
and VIb in Figure 6, can be valid for the same molecule.
The first descriptor in ligand A is R because it is the
descriptor that occurs the most. When R is associated

Vla

A B
4 1 1 4
S—R S—S
s 2\ |
R—R—C—C—C—S—R
6 8/ | N3 6
S—S R—R
first descriptor:
1R 1S
pairs of descriptors:
1,2 — | 1,2 — |
1,3 — wu 1,3 — u
1,4 — y - 1,4 — |
1,5 — | 1,56 — u
1,6 — u 1,6 — u
final result:
1R luulu < 1S luluu
A < B
Vib
A B
4 1 1 4
S—S

S§—-S§ R—R
first descriptor:
1R 1S
pairs of descriptors:
1,2 — | 1,2 — |
1,3 — u 1,3 — u
1,4 — | 1,4 — |
1,5 — u 1,5 — u
1,6 — wu 1,6 — u
final result:
1R luluu = 1S luluu
A = B

Figure 6. Example of a molecule whose specification, using Custer’s
rule for ranking pairs of descriptors,® is ambiguous.

with node 1, if the digraph considered is Vla and Cus-
ter’s rule used, then pair 1,4 would have precedence over
pair 1,5. Thus, ligand B would be considered as having
precedence over ligand A, or 4 < B. If alternatively a
comparison is made on the basis of digraph Vb, then
both ligands would be perceived as equivalent according
to such rule or A = B.

It can thus be concluded by the examples considered
above that the methodology proposed in the 1982 revi-
sion of the CIP system is unsatisfactory and that the rule
proposed by Custer still introduces ambiguity or incon-
sistency in some situations.

The 1982 CIP methodology® also makes difficult the
reordering of the hierarchical digraph, a procedure
which can be required during comparison, and an aspect
which was never considered by its authors.

4. A simple methodology for unambiguous ranking of
ligands

To overcome the problems encountered, a new method-
ology is proposed next to form and rank pairs of
descriptors. For this purpose the concept of a first
descriptor needs to be enlarged to that of a descriptor
called here reference descriptor, not linked with any node
in the digraph. However, its choice, R or S, depends on
the descriptors of the highest ranked nodes.

(1) The reference descriptor, is chosen as proposed for
the first descriptor,’ and previously described. This
reference descriptor, however, is not associated with
any particular node in the digraph.*

(2) The reference descriptor in each ligand is then
paired with all the descriptors associated with nodes
corresponding to chiral units in the ligand, respect-
ing their connectivity and hierarchy. Corresponding
pairs in both ligands are then compared until the
first difference is encountered.

(3) The digraph is reordered, whenever required, to
reflect modifications introduced in the hierarchy
of the nodes during the analysis process.

An application of this methodology is illustrated in Fig-
ure 7. For digraph I, previously analyzed (see Fig. 3), all
nodes, and consequently all pairs of descriptors, are suc-
cessively ranked as indicated in the figure. Comparison
of pairs of descriptors does not modify their previous
hierarchy, and ligands are ranked by the comparison
of the lowest ranked pair of ligands, that is, comparison
in A between the reference descriptor S and the descrip-
tor R of node 6, to give an unlike (1), and similarly for B
to produce a like (/). Hence, B takes priority to A:
B> A.

In the case of digraph Ill, already mentioned (see Fig. 4),
nodes 1, 2 and 3 are all equally ranked when analysis

#Note that in their examples Prelog and Helmchen always associate
the first descriptor with one node of the digraph.
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pairs of descriptors:
S1 — | R1 — |
S§$3 — | R3 — |
S$4 — u R4 — u
§$5 — | R5 — |
$6 — y =—> R6 — |
final result:
Sliulu < R Ilull
A < B
1} A B
4 1R\ ‘ SR
5 2 2
5—R—C—C—C—85—R°
6 3 / ‘
R—S R—RS
reference descriptor:
R S
pairs of descriptors:
R1 — | S1 — |
R2 — | S2 — |
R3 — u S$3 — u
R4 — wu S 4 — u
R5 — u S5 — u
R6 — | - > S6 — u
final result:
R /lluuul > Slluuuu
A > B

Figure 7. Application of the reference descriptor methodology, pro-
posed for the formation and comparison of pairs of descriptors. Note:
The sequence of the pairs of descriptors shown reflects its hierarchical
rank at the end of the comparison process. Equally ranked pairs are
grouped by braces.

starts. However, this situation changes upon compari-
son of the pairs of descriptors. For example, for ligand
A, nodes 1 and 2 form like pairs with the reference
descriptor R and node 3 forms an unlike pair. This
requires a redefinition of the ranking of these nodes.
Thus, the equivalent nodes 1 and 2 take priority over
3. This difference of hierarchy is reflected in the next

: Asymmetry 16 (2005) 2215-2223

sphere of the digraph: 4 and 5 are hierarchically equiva-
lent to each other and take priority over 6.

In digraph VIb of Figure 8, previously analyzed (see
Fig. 6), before starting comparison according to Rule
4-b, all nodes in each sphere of the digraph are equally
ranked (1 =2=3>4=5=06). Thus, six different hier-
archical digraphs are valid to represent each ligand
(see lower part of Fig. 8 for ligand A). When analysis
of the second sphere of the digraph (nodes 1, 2 and 3)
ends, the ranking of the nodes (and pairs of descriptors)
is the modified (1=2>3>4=5>6), and only two
hierarchical digraphs can represent each ligand (see low-
er part of Fig. 8). However, after analysis of the third
sphere, node 4 takes priority over 5, taking this priority
to 6. Thus, all pairs of descriptors are successively
ranked (1 >2>3>4>5>6), as indicated in Figure
8, and only one hierarchical digraph can represent the
ligand. Ligands are perceived as identical according
to Rule 4-b. Rule 5 is required to finish the ranking
process.

Using this methodology, digraph Vla in Figure 6 does
not represent the hierarchy of nodes after concluding
the analysis of the third sphere. Thus, it cannot be used
to rank these ligands and therefore they are unambigu-
ously perceived as equivalent.

The comparison in Figure 9 of the ligands of digraphs
IV and V (previously in Fig. 5) by Rule 4-b requires
the use of both descriptors as reference descriptors.
While analysing using each one of the descriptors as ref-
erence, the hierarchical digraph should be reordered
accordingly, thus the pairs are all sequentially ranked
as indicated in the figure.

Analysis of ligands proceeds by comparison of hierar-
chically equivalent sets of pairs formed with both refer-
ence descriptors (in the same row in Fig. 9) in each
ligand. In IV the ligands are perceived as different and
ranked by the highlighted difference. In V the ligands
are perceived as identical according to this rule and com-
parisons should proceed using Rule 5. The proposed
methodology allows a correct and unambiguous analysis
of the ligands, which are enantiomorphic.

It should be noted that when each one of the descriptors
is used as reference, the hierarchy of the nodes is neces-
sarily different, leading to two different hierarchical
digraphs (Fig. 10). In (a) nodes 1, 2, 3 and 4 are
sequentially ranked and, similarly in (b), the sequence
of nodes is 2, 1, 4, 3. These reordered hierarchical
digraphs are temporary. When the analysis finishes if
the ligands are perceived as different and ranked accord-
ingly, the hierarchical digraphs will not be further used.
However, if the ligands are not yet ranked, the hierarchi-
cal digraph, valid before starting the comparison by
Rule 4-b, in which nodes 1 and 2 are equally ranked
and have priority over the equally ranked nodes 3 and
4, is resumed.

When comparison of ligands requires the use of both
descriptors, as reference descriptors, a special situation
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Vib A

S§——S R R
reference descriptor:
R S
pairs of descriptors:
R1 — | S1 — |
R2 — | S2 — |
R3 — u S$3 — u
R4 — | S4 — |
R5 — u §$5 — u
R6 — u S6 — u
final result:
R /luluu S lluluu
A B

Valid digraphs for ligand A at different stages of the analysis:

1)
a) d)
R—R R—R

S§——S§ —R
b) e)
S—R S—R

5—S§ R—R
c) f)
5—S§ §—s

2) 3)
a) a)
R—R R—R
§S—R—C— | s—AR—0C—
S—S/ S—S/
b)
S—R
R7R>C*

S
S——S

Figure 8. Application of the reference descriptor methodology and illustration of the process of the reordering of the digraph. Valid digraphs of
ligand A: (1) before starting comparison by Rule 4-b; (2) after ending analysis of pairs containing descriptors of nodes 1, 2 and 3; (3) in the end of the

analysis process.

can arise, which was not previously considered. This is
illustrated in Figure 11.

In ligand A in VII there are two different descriptors (R
and S) associated with hierarchically equivalent nodes
and both should be considered as reference descriptors.
However in ligand B there is only one descriptor (R)
and thus only one reference descriptor should be consid-
ered. Consequently, in ligand A four pairs of descriptors

must be considered for comparison, while in ligand B only
two pairs can be formed. Comparison of a different num-
ber of pairs of descriptors can be a problem. In this case,
no further analysis is required because the first difference
is encountered, which is the number of reference descrip-
tors in each ligand, and this is enough to rank them.
For such situations, it is proposed that ligands with only
one reference descriptor (Ror S) should have priority over
ligands with the two reference descriptors (Rand S).
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reference descriptor:
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pairs of descriptors:

R1— 1 S§2—1| R1— 1 82—
R2—u S§1—u R2—u S§1—u
R3—1I S4—| =—> R3—>u S§4—u
R4 —u 83— u R4 — 1 83—
final result:
R Iulu S Rluul
Slulu Sluul
A > B
v A B
3 1 1 3
Hi.‘?\ ‘ /st
X—C—X
4 2 / ‘ \2 4
R——S R——S
reference descriptor:
R S R s
pairs of descriptors:
R1—1 S2—| R2— 1 S§1—1
R2—u S1—u R1—u S2—u
R3— 1 S4—u R4—u 83—
R4 —~1 S§3—u R3—u S4—|
final result:
Riull _ Rluuu
Sluuu B Silull
A = B

Figure 9. Hierarchical digraphs having ligands whose comparison
requires both descriptors to be considered as reference descriptors.

The new proposal for Rule 4-b is as follows:

A reference descriptor (not associated with any node in the
digraph) is chosen in each ligand and is: (a) the one asso-
ciated with the highest ranked node corresponding to a
chiral unit in the ligand; (b) the one that occurs the most
in the set of equivalent highest ranked nodes; (c) sequen-
tially both descriptors (e.g. Rand S), if these occur in the
same number in the set of equivalent highest ranked nodes.

v a reference descriptor: R
3 1 1 3
H—R\ ‘ /H—S
X—C—X
4 2 / ‘ \ 2 4
S S S—R
b NS
reference descriptor: S
4 2 2 4
S—S\ ‘ /S—R
X—C—X
3 1 / ‘ \ 1 3
R—R R——S

Figure 10. Hierarchical digraphs for molecules represented by digraph
IV, when each one of the descriptors is used as reference descriptor.

Vil

reference descriptors
R and S for ligand A

reference descriptor
R for ligand B

Figure 11. Digraph of a molecule having ligands for which different
sets of reference descriptors are used.

(1) If the number of reference descriptors is different in
both ligands then the ligand with one reference
descriptor has priority over the one with two refer-
ence descriptors.

(i1) If both ligands have the same number of reference
descriptors, then the reference descriptor is paired
with each one of the descriptors associated with
nodes corresponding to chiral units, respecting their
connectivity and hierarchy in the digraph. Then the
one with the first-chosen like descriptor-pair has
priority over the one with a corresponding unlike
descriptor-pair. (Note that like descriptor-pairs
are, e.g., RR, SS and unlike pairs RS, SR).

5. Conclusions

Herein, the CIP methodology for comparing pairs of
chiral descriptors is discussed, with examples of situa-
tions where ambiguity emerges reported and a proposal
to overcome such shortcomings is presented. Its main
aspect is related with the introduction of a reference
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descriptor, which is not directly associated with any
node of the digraph, and should be paired with all rele-
vant descriptors for ligand comparison purposes,
according to Sequence Rule 4-b. The use of the compar-
ison of the number of reference descriptors in both
ligands to rank them, in some special cases, not
considered by the previous rules is also proposed. This
methodology is simple, solves the ambiguity encoun-
tered and also simplifies the required reordering of the
hierarchical digraph.

—_
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