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Summary — Computer programs which are designed to assist in the planning of organic syntheses can suggest pertinent
solutions only if they use an adequate computer-oriented representation of synthetic methods. In order to generate synthetic
precursors from a given target, these programs use retrosynthetic representations of synthetic methods, so-called transforms.
Although stereochemistry is an essential factor of synthetic complexity, up to now only few efforts have been made to represent
the stereochemical aspect of transforms. The known approaches exclusively rely on basic knowledge about the stereochemical
course of reactions, and every transform is described in terms of a few elementary stereochemical operations. Although this
works satisfactorily in numerous cases, there remain nevertheless valuable stereoselective synthetic methods the description
of which requires taking into account a more complex stereochemical knowledge. In order to solve this problem, we propose
a general computer-oriented representation of the stereochemical aspect of transforms.

computer-aided organic synthesis design / stereochemistry / representaiion of synthetic methods / transform

Résumé — Représentation informatique des méthodes de synthése stéréosélectives. Un systéme d’aide & la conception
de plans de synthése ne peut proposer des solutions pertinentes que s’il utilise une représentation informatique adéquate des
méthodes de synthése. Pour générer les précurseurs a partir d’une cible donnée, un tel systéme utilise les représentations
rétrosynthétiques des méthodes de synthése que l'on appelle transformations. Bien que la stéréochimie soit un facteur
contribuant fortement & la complexité des problemes de synthése, seulement peu d’efforts ont été faits jusqu'd présent
pour représenter l'aspect stéréochimique des transformations. Les approches connues sont basées exclusivement sur une
connaissance élémentaire du cours stéréochimique des réactions, chaque transformation étant décrite en termes de quelques
opérations stéréochimiques de base. Si ces approches donnent des résultats satisfaisants dans de nombreux cas, il reste
néanmoins d’'importantes méthodes de synthéses stéréosélectives dont la description nécessite I'utilisation d’une connaissance
stéréochimique plus complexe. Pour remédier & ce probléeme, nous proposons une représentation informatique générale de
I'aspect stéréochimique des transformations.

conception de plans de synthdse assistée par ordinateur / stéréochimie / représentation des méthodes de synthése /
transformation

The empirical knowledge base of RESYN essentially
consists of a transform [4] library which contains ret-
rosynthetic representations of relevant synthetic meth-
ods. A synthetic method is a concept corresponding
to either a class of chemical reacticns or a combina-
tion of such classes which allows to create a significant
structure. Above all, we need to represent the following

Introduction

The development of computer programs to assist
chemists in the planning of organic syntheses has now
been going on for about 30 years. Essentially, two cate-
gories of programs have emerged [1]: (i) those that op-

erate in retrosynthetic [2] direction and are dedicated
to help in the design of organic multistep syntheses; (ii)
those that work in synthetic direction and aim at pre-
dicting the outcome of chemical reactions. Our work is
dedicated to the development of RESYN [3] which is
the retrosynthetic analysis module of a synthesis design
system that will also provide reasoning in the synthetic
direction.

* Correspondence and reprints

knowledge associated with the transforms: (i) the mod-
ification of the structure of a given target molecule in
order to generate the structure of the synthetic precur-
sor(s); (ii) the situations that are (un)favorable to the
application of a given transform.

While predicting the outcome of chemical reac-
tions requires to account for their mechanism, in the
context of synthesis design it is the net structural
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change effected by synthetic methods that must be
taken into account. A transform is an operator which
retrosynthetically modifies the computer-oriented
representation of a chemical structure according to this
net structural change. It is composed of the follow-
ing primitive operators: addition/removal of atoms, cre-
ation/destruction/modification of bonds or stereogenic
units [5].

In this article we shall focus on the representation
of the stereochemical aspect of transforms. Despite the
importance of stereochemistry for organic synthesis de-
sign, only few publications on this subject have come
out. Ugi [6] and Wipke [7] have published their funda-
mental work already more than twenty years ago. Both
methods can be used, in principle, for the representation
of reactions in the synthetic as well as in the retrosyn-
thetic direction. They exclusively take into account ba-
sic knowledge about the stereochemical course of reac-
tions, for example, that an addition to a double bond
proceeds in syn or anti fashion, that a substitution at an
sp3 center proceeds with inversion or retention of con-
figuration, or that the course of a pericyclic reaction is
suprafacial or antarafacial. Every reaction is described
in terms of a few elementary stereochemical operations
reflecting this basic knowledge. While many stereose-
lective organic reactions can be adequately described in
these terms, there remain nevertheless numerous reac-
tions the description of which requires taking into ac-
count a more complex stereochemical knowledge, for ex-
ample, the stereocontrol exerted by the existence of a
preferred transition state or by asymmetric induction.

There are two reasons why the known techniques
do not always allow to adequately represent the net
structural change effected by a given synthetic method.
First, the exclusive use of basic stercochemical know-
ledge leaves room for ambiguities. For example, for a
given regiochemistry there exist two possible syn ad-
ditions to a double bond. Both Ugi’s and Wipke's
methods " always consider all possible stereochemical
outcomes of each elementary operation. Neither pro-
vides a means of control that would allow to resolve
such stereochemical ambiguities when necessary. This
prevents these approaches from representing the stereo-
selectivity of valuable synthetic methods. The second
reason for the shortcomings of the known methods is
that the elementary stereochemical operations provided
by Ugi or Wipke do not cover all conceivable types of
correlation of stereochemical features between a target
and its precursor(s).

We propose a gencral computer-oriented representa-
tion of the stereochemical aspect of transforms which
allows to deduce the correct stereogenic units in the pre-
cursor(s) from stereogenic units of the target molecule,
whatever the stereochemical course of the reaction(s)
which is (are) involved. '

How to overcome the problems of the existing
approaches

First of all, we must avoid the stereochemical ambigu-
ities, that is, we must ensure that each application of
a transform generates a unique precursor (or a unique

set of precursors, if the target structure becomes frag-
mented).

What exactly does ‘application of a transform to
a target molecule’ mean? The application of a trans-
form is closely related to the transform selection pro-
cess which in turn is related to the notion of ‘structural
objective’. Following a certain strategy, one can decide
that some part of the target structure should be es-
tablished or preserved. We define a structural objective
as such an action (establish/preserve) on a given sub-
structure. The goal of a synthetic method is to reach a
structural objective which aims at establishing a sub-
structure. For example, a synthetic method may allow
to construct a certain type of polycyclic system, or to
establish an assembly of several stereocenters in a cer-
tain relationship, or even create this assembly of sterco-
centers embedded in a polycyclic system. Although a
structural objective globally affects a certain substruc-
ture, only some of the components of the substructure
are actually modified. For example, the formation of a
ring system requires creating only some of its bonds.

A synthetic method may allow one to attain several
structural objectives concerning substructures of differ-
ent synthetic complexity. Figure 1 shows some substruc-
tures that can be established using the aldol condensa-
tion, ranging from the basic substructure 3 over the
cyelic substructure 4 to the cis fused bicyclic substruc-
ture 5. Note that these substructures have a minimal
substructure 1 in common which includes all.the compo-
nents modified by the synthetic method, and which we
call the operand of the transform. A transform retrosyn-
thetically specifies the corresponding structural changes
with respect to the operand. For example, the transform
corresponding to the aldol condensation is graphically
represented by 1 = 2.
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In order to modify a given target structure according
to a certain transform, a synthesis design system must
determine a valid one-to-one correspondence (bijection)
between the atoms of the operand of the transform and
those of a substructure of the target. This is accom-
plished as follows. Let our structural objective be to es-
tablish the cis fused bicyclic system (middle and right
5-membered rings) of target 6 [8]. The synthesis design
systemn selects, via compatison of substructures, a trans-
form capable of attaining this or an even more specific
structural objective. In our example, because substruc-
ture 5 includes two cis fused 5-membered rings, and
because target 6 includes substructure 5, the transform
corresponding to the aldol condensation will be selected.
The one-to-one correspondence between the atoms of
the target substructure and those of the operand are
indicated by the lowercase letters in figure 1. Taking
into account this mapping, the transform correspond-
ing to the aldol condensation can be applied to target
6, that is, the substructure of the target can be modified
according to 1 = 2.

Because each application of a transform to a target
structure is to generate a unique precursor (or set of
precursors), we admit only stereochemically unambigu-
ous structural modifications in our transform descrip-
tions. In contrast to this, the existing approaches de-
scribe transforms using inter alia ambiguous elementary
stereochemical operations. This implies that one appli-
cation of a transform may simultancously generate sev-
eral precursors, some of which may be stereochemically
incorrect. As a consequence, the known methods fail to
represent the stereoselectivity of many transforms.

If a transform has been selected to attain a struc-
tural objective for a given target structure, this means
that the corresponding substructure of the target fulfills
the necessary structural conditions for the transform to
be applied. However, these conditions may not be suffi-
cient. In general, for reasons related to chemical consid-
erations or to the transform description we must addi-
tionally require that the structural context of the target
substructure be not unfavorable for the transform appli-
cation. This technique of specifying structural contexts
will be illustrated below, where it is used to represent
the endo selectivity of the Diels-Alder reaction.

Moreover, we introduce the concept of ‘mapping
of sterecogenic units’. This means the creation of a
stereogenic unit from another one by replacing the
atoms of the foriner according to a given atom-to-
atom mapping. In its generalized form, the mapping
of stereogenic units allows one to create a stereogenic
unit of any type (double bond, asymmetric carbon,
etc) depending on another stereogenic unit. With this
technique, it becomes possible to deduce stereogenic
units of the precursor from those of the target, even
if the correlation of these stereochemical features is too
complex to be expressed by elementary stereochemical
operations.

In the following we shall explain the techniques used
in our approach with the help of examples illustrating
the relevance and generality of these techniques. None
of the corresponding transforms can be adequately rep-
resented using the existing methods.
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Mapping of stereogenic units

Let us suppose that during the retrosynthetic analysis
of a target molecule the modification of substructure 7
(fig 2) has been recognized as a strategic objective. We
must therefore have at least one synthetic method at
our disposal which allows to attain — perhaps indirectly
— this objective. For example, the stereospecific hydrox-
ylation of a double bond under the control of the con-
figuration of a sulfoxide group (which is subsequently
oxidized under the reaction conditions) is a known re-
action [9). Figure 2 shows that this reaction will produce
9 from educt 8. One could therefore imagine to subse-
quently both hydrolyze the amide and take advantage
of the reactivity of the sulfoxide in order to use this
reaction for obtaining 7 from 10 via Ta. (In the same
manner, the stereospecific hydroxylation of 8’ leads to
9/, and it should be possible to obtain sterecoisomer 7
from 10'.) This leads to the definition of 7a as a new
objective.
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Fig 2

During the development of the retrosynthetic tree,
our synthesis design system will therefore have to first
select and then apply the transform corresponding to
the stereospecific -hydroxylation of olefins mentioned
above. This transform is formulated in figure 3. It is
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the operator which modifies either of the two enan-
tiomorphic substructures 11 and 11’ in a given target
structure in order to generate the structure of the cor-
responding precursor. Besides the constitutional mod-
ifications concerning the atoms and bonds, the stereo-
chemical modifications that are to be made consist in
removing the configuration of the two stereocenters a
and b in 11 (11’), creating the conformation [10] of
the double bond in 12 (12’), and in creating the con-
figuration of the new stereocenter m in 12 (12’). The
former two modifications can be achieved by an elemen-
tary stereochemical operation which is the syn elimina-
tion of two hydroxyl groups. In the latter case, how-
ever, the elementary stercochemical operations of the
known methods do not allow to stereospecifically cre-
ate the configuration of the new stereocenter. In fact,
such an operation necessarily creates the two possible
configurations of m, such that from a target molecule
containing either 11 or 11’ the pair of precursors con-
taining both 12 and 12’ is generated. In order to solve
this problem, we need to describe the dependence that
exists between the configurations of the stereocenters
which are removed by the transform and the configu-
ration of the stereocenter that is created. The notion
of dependence is introduced by the mapping p (fig 3)
which expresses the correlation between the configura-
tion of carbon b (more precisely, the subconfiguration
of b which includes atoms a, b, f, and g) in 11 (11') and
that of sulfur m in 12 (12'). This allows to generate the
configuration of m from a copy of this subconfiguration
by replacing atom b by m, a by n, f by 1, and g by p,
according to mapping u. (Note that we have made an
arbitrary choice. Instead of the above subconfiguration
of b and mapping u, we could have chosen any pyra-
midal subconfiguration of either atom a or b, together
with a suitable mapping.) Therefore, if we represent our
transformation in this manner, its application generates
exclusively the stereochemically correct precursor.

The following is another example of a transform
where the stereogenic units in the precursor cannot
be deduced from those in the target by means of ele-
mentary stereochemical operations. Target molecule 13
(fig 4) can be obtained from precursor 14 [13] by a tan-

H Me
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Fig 4

dem reaction in which the cleavage of the ring junctions
4a-2 and 5-1 is followed by an ene reaction.

If we would use Wipke’s method [7] to describe the
corresponding transform and apply it to 13, we would
wrongly obtain both 14 and 15 as precursors. Ugi's
method [6] would additionally generate two further
stereochemically incorrect precursors. Our correspond-
ing transform uses the technique of mapping stereogenic
units in order to deduce the configurations of atoms 1,
2, 4a, and 5 in the precursor from that of atom 4a (or
8a) in the target 13, thus exclusively generating the
correct precursor 14.

Even in the case of reactions which follow a stereo-
chemical course that is a priori simple, the known
approaches may fail to adequately represent the cor-
responding transforms,

One example is the ring contraction of lactones
via Ireland-Claisen rearrangement [14] (fig 5). The Z
macrolactones 17 stereoselectively yield cis substituted
rings 16. (The case of the- £ macrolactones does not
seem to have been studied extensively. In the known
cases, a mixture of cis and trans products [14] or the
trans product [15) has been obtained.)

According to either Ugi’'s or Wipke’s method, ap-
plication of the corresponding transform to target 16
would yield not only the correct precursor 17 but
wrongly also 18. (Both methods do work, however, fu
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Claisen or Ireland-Claisen rearrangements of acyclic
molecules. In this case, a given target may actually
be obtained from two stereochemically different precur-
sors.) In contrast to this, we deduce the conformation
[10] of the double bond in the precursor from the relative
sterecochemistry of the substituted target ring, thus gen-
erating exclusively the correct precursor 17 from tar-
get 16.

Use of structural contexts

The Diels-Alder reaction is another example of an im-
portant synthetic method which follows an a priori sim-
ple stereochemical course but which cannot be ade-
quately represented by the existing approaches. This re-
action proceeds suprafacially with respect to both diene
and dienophile. Moreover, under kinetic control the in-
termolecular Diels~Alder reaction stereoselectively fol-
lows an endo-addition pathway, as a rule. Figure 6 shows
a simple example [16]: the set of molecules 19 yiclds the
enantiomeric cyclohexenes 21 and 21/,

The methods of Ugi and Wipke merely allow to take
into account the suprafacial ¢ourse of the Diels~Alder
reaction, but not the endo selectivity. Consequently, if
we would apply the corresponding transforms to tar-
get molecule 21 (or 21'), we would not only obtain the
correct set of precursor molecules 19 but also 20. How-
ever, the latter set of molecules would probably only
show poor reactivity {17} and produce the cyclohexenes
22 and 22’ instead of 21 and 21’ |18].

We introduce the technique of specifying a struc-
tural context in order to represent the endo selectiv-
ity of the Diels—Alder transform, thereby avoiding these
problems [19]. Figure 7 shows a graphical representation
(23 = 24) of this transform. The necessary structural
context for the transform application is given by the
following requirement, concerning the one-to-one cor-
respondence between the atoms of the cyclohexene sub-
structure of a given target Diels—Alder adduct (includ-
ing the atoms directly attached to the ring) and those
of the operand 23: the transformn 23 = 24 can only
be applied if the target substituents stemming from
the dienophile are attached via atoms corresponding to
atoms m and/or o of 23. Figure 7 shows that exactly
one such atom correspondence exists for each of the tar-
get molecules 21 and 21/, Therefore, in either case the

transform 23 => 24 can be applied to generate exclu-
sively the correct set of precursor molecules 19, that
is, it takes into account both suprafacial endo-addition
pathways,

Together, the transform 23 = 24 and the required
structural context describe the stereochemical relation-
ship between the stereogenic units in the target and
the set of precursor molecules. The structural context
required above adequately accounts for the endo selec-
tivity in our simple example, where one of the ring
atoms stemming from the dienophile is unsubstituted
while the other one is monosubstituted. It is also valid
when both of these atoms are monosubstituted with the
substituents in c¢is relation. Should the two substituents
be in transrelation, or should at least one of these atoms
be disubstituted, priority rules are needed to determine
the positioning of the substituents on positions m, n,
o, and p. For example, we could preferably put onto
positions m and/or o of 28 such substituents that are
capable of secondary orbital interactions in the transi-
tion state of the Diels-Alder reaction [26, 27].

A similar problem arises in the case of the intramolec-
ular Diels—~Alder reaction. This synthetic method allows
to obtain, for example, target molecule 25 (fig 8) from
precursor 26 [28].

If the corresponding transform was represented using
either Ugi’s or Wipke’s method, its application to the
target 25 would not only generate the correct precur-
sor 26, but wrongly also 27. However, E dienes react
to pive trans ring junctions [29]. In contrast to this, by
specifying a structural context necessary for the trans-
form application we can ensure that our intramolecular
Diels—Alder transform exclusively generates the correct
precursor. Using the same transform 23 = 24 as above
(fig 7), we require for the one-to-one correspondence
between the atoms of the cyclohexene substructure of
the target (including the atoms directly attached to the
ring) and those of 23, that the atom belonging to the 5-
membered ring and being attached in g position with re-
spect to the cyclohexene double bond must correspond
to either atom n or atom p. In the case of target 25 this
implies a correspondence between atom g of 25 (fig 8)
and atom p of 23 as well as between atom a of 25 and
atom h of 28 (and atom h of 24 after application of the
transform).
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Formal transform description

In the previous sections, we have illustrated the es-
sential ideas of our transform representation using the
stereospecific hydroxylation of olefins and the Diels-
Alder cycloaddition as examples. Here we give a com-
prehensive and formal description of these two trans-
forms.

We have recently proposed a representation of molec-
ular structure in which constitution, configuration and
conformation of a chemical structure are represented in-
dependently from each other [11]. The configuration of

an atom has been formally defined as the relative spa-
tial arrangement of this atom and its neighbor atoms.
Similarly, we have A=fined the conformation [10] of a
bond between two : ‘oms in terms of the relative spatial
arrangement of these atoms and their neighbor atoms.
The configuration and the conformation of a chemical
structure have been defined as the set of atomic configu-
rations and the set of bond conformations. Accordingly,
the description of a transform consists of three mutu-
ally independent parts, and primitive set operations are
used to describe constitutional as well as configurational

and conformational changes. ’

Consider first the stercospecific hydroxylation trans-
form (fig 3) which changes either structure 11 into
structure 12 or structure 11’ into structure 12', depend-
ing on the target molecule. For the sake of simplicity,
we shall develop our stercospecific transform consider-
ing the case 11 = 12.

If AtCfg(at,cs) is the configuration of atom at in
chemical structure c¢s, then Cfg(11) = {AtCfg(a,11),
AtCfg(b,11)} is the configuration of structure 11 (fig 3)
and Cfg(12) = {AtCfg(m,12)} that of structure 12.
We obviously obtain Cfg(12) from Cfg(11) through
removal of AtCfg(a,11) and AtCfg(b,11) and addition
of AtCfg(m,12).

Note that the stereospecificity of the transform
requires  us to deduce AtCfg(m,12) from either
AtCfg(a,11) or AtCfg(b,11) via a mapping of stereo-
genic units. We arbitrarily choose AtCfg(b,11), or more
precisely, AtCfg(b,11)]{a b}, the subconfiguration of
AtCfg(b,11) which takes into account only the relative
spatial arrangement of the atoms in {a,b,f,g}. We gen-
erate AtCfg(m,12) from AtCfg(b,11)|ab,1,¢) by apply-
ing the mapping 4 = {(a,n),(b,m),(£]1),(g,p)}, that is,
by replacing b by m, a by n, f by |, and g by p (fig 3).



Let add(e,s) and remove(e,s) denote the sets which
are obtained by addition and removal of element e
to/from set s. Let furthermore map(e,m) denote the
image of element e under mapping m. Then the config-
urational part of our transform case 11 = 12 is:

add(map(AtCfg(b,11) PR AR WA
remove(AtCfg(a,11),

remove(AtCfg(b,11),Ciz(11}))).

In the preceding discussion, 11 and 12 may be
cousistently replaced by 11/ and 12/, If we allow X to
take either the value 11 or 11/, the configurational part
of our stercospecific transform is therefore:

add(nmp(Athg(b,X)l {a,bfg) )
remove( AtCfg(a,X),

remove(AtCfg(b,X),Cfg(X)))).

What about the changes in conformation [10]?
In both 12 and 12’ rotation about the double
bond between atoms a and b is hindered, whereas
neither 11 nor 11’ has a double bond (fig 3).
Therefore, the conformations of 11 and 11’ are
Cfm(11) = Cfm(11’) = { }. Moreover, the confor-
mation of the double bond in 12 is the same as
in 12’: if we denote this conformation by db and if
BdCfi((at1,at2),cs) denotes the conformation of the
bond between atoms at! and at2 in chemical structure
s, we have db = BdCfin((a,b),12) = BdCfm((a,b),12’).
Consequently, the conformations of 12 and 12’ are
Cfm(12) = Cfm(12’) = {db}. If we allow X to take ei-
ther the value 11 or 11/, the conformational part of our
stereospecific transform is therefore add(db,Cfim(X)).

Note that the application of this transform to target
9 (fig 2) generates precursor 8 whereas its application
to target 9 generates precursor 8, that is, the trans-
form adequately represents the stereospecificity of the
corresponding hydroxylation reaction.

Let us now take a look at the Diels—Alder trans-
formn (fig 7): the configuration of operand 23 in-
cludes four potentially asymmetric atoms, that is,
Cfg(23) = {AtCfg(a,23), AtCfg(d,23), AtCfg(e,23),
AtCfg(£,23)}, whereas 24 includes none, that Iis,
Cfg(24) = { }. Thus, the following represents the con-
figurational part of the Diels-Alder transform 23 = 24
(fig 7):
remove(AtCfg(f,23),

remove{ AtCfg(e,23),
remove(AtCfg(d,23),
remove(AtCfg(a,23),Cfg(23))))).

The conformations of 23 and 24 are Cfm(23) =
{BdCfm{(b,c),23)} and Cfm(24) = {BdCfm((a,b),24),
BdCfin((c,d),24), BACfim((e,f),24)}. Therefore, we rep-
resent the conformational part of the Diels—Alder trans-
form 23 = 24 as follows:

add(BdCfim((e,f),24),
add(BdCfm((c,d),24),
add(BdCfm((a,b),24),

remove(BdCfm((b,c),23),Cfin(23))))).
Note that these structure manipulation instructions
represent both the intermoclecular and intramolecular
Diels-Alder transform. The endo selectivity of the in-
termolecular Diels—-Alder reaction, for example, is not
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expressed within the transform itself. It is rather repre-
sented by requiring a certain structural context in the
target structure for the transform to be applicable (see
the discussion of the Diels—Alder transform in the pre-
ceding section) [30).

Conclusion

We have proposed a general computet-oriented repre-
sentation -of the stereochemical aspect of transforms.
This work has been necessary because there exist valu-
able synthetic methods the stercoselectivity of which
cannot be adequately represented using the existing ap-
proaches.

Our method overcomes the deficiencies of the known
approaches as follows. First, we have introduced the
technique of mapping of stereogenic units which enables
us to ereate stereogenic units of the precursor from those
of the target, even if the correlation of these sterco-
chemical features is too complex to be expressed by cle-
mentary stereochemical operations. Second, each appli-
cation of a transform to a target structure generates a
unique precursor (or a unique set of precursors, if the
target structure becomes fragmented). Third, the tech-
nique of specifying necessary stercochemical structural
contexts is a means of controlling how a transform can
be applied to a target, that is, it allows to preclude cer-
tain one-to-one correspondences between a substructure
of the target and the operand of the transform. From
this results a controlled one-by-one generation of pre-
cursors, which avoids stereochemically wrong precursors
without missing correct solutions.

Although this article essentially presents the use of
our method for the retrosynthetic representation of
synthetic methods, it can also be used to represent
chemical reactions in the synthetic direction. Currently,
we are implementing and testing this stereochemical
transform representation within the framework of the
RESYN program for retrosynthetic analysis.
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