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Abstract—The QUIRAL computer program analyzes the 3D structure of a target organic molecule to find which sugar(s) can be used
as a starting material for its synthesis. The program also proposes schemes for the preparation of rare or unavailable sugars whose
chiral centers fit with those of the target molecule. Castanospermine, an anti-HIV natural compound is chosen as an example to

illustrate what the QUIRAL program achieves.
© 2007 Elsevier Ltd. All rights reserved.

The idea of computer assisted retrosynthetic analysis
emerged several decades ago, but it still has little impact
on organic chemists everyday life.The first computer
program was proposed by Corey as early as 1969,
according to the guidelines defined by Vléduts.> This
pioneering work was followed by others (Hendrickson,?
Ugi,* Gasteiger,® see also reviews in Ref. 6). The most
successful program was undoubtedly ‘Logic and Heuris-
tics Applied to Synthetic Analysis’ (LHASA) that was
developed at Harvard University by Corey.’

The synthesis of enantiopure molecules remains a chal-
lenge in organic synthesis. The main strategies in this
field rely either on asymmetric catalysis or on the use
of compounds derived from the natural chiral pool. In
the latter approach, asymmetric centers from carefully
selected starting materials are reused to elaborate those
in the target molecules. Among naturally chiral
compounds, carbohydrates are of particular importance
because they generally present adjacent asymmetric
centers that may be ‘recycled’ in target molecules that
also contain adjacent asymmetric centers. This approach
minimizes the waste of high value carbon atoms.
Hanessian created the Chiron software which relates a
complex structure to simpler chiral precursors, in order
to guide chemists in the synthesis of enantiopure mole-
cules.® We wrote the QUIRAL program with the same
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goal in mind so that a chemist may more quickly
identify to which sugar(s) a synthetic target is structur-
ally related. We chose to focus on sugars as starting
materials, and gave ways to identify inversion of
configurations (inter-relations between sugar families),
keeping in mind the practical feasability.

In order to be as accurate as possible, a list of definitions
is necessary. A C* atom is a carbon bound to two car-
bon atoms, a hydrogen atom, and an X atom, X being
oxygen, nitrogen, sulfur, or any halogen. A Q-sugar is
an aldose molecule that contain from p = 3 to 6 carbon
atoms and therefore, n = p — 2 adjacent C* atoms. The
aldehyde carbon of a Q-sugar is its A-end (anomeric
end) and the primary alcohol is the NA-end (non
anomeric end). In order to avoid confusion with
conventional R and S labeling, T and U have been
introduced to qualify the configuration of the C* atoms
(Fig. 1). In Q-sugars, R chiral centers are of the T type
and S chiral centers are of the U type. The configuration
of the chiral atoms in a Q-sugar is simply summarized
by a list of its “T or U’s’, arbitrarily starting from the
C” that is bonded to the A-end. With this convention,
the reference of p-glucose is “TUTT’.
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Figure 1. Definition of the T and U configuration of C* atoms, as used
by the QUIRAL program. In aldoses, T and U configurations are like R
and S, respectively.
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Scheme 1. General scheme for the creation of adjacent asymmetric centers in a given target molecule.

A target molecule contains one or more clusters of adja-
cent C* atoms. By definition, a cluster is either linear or
monocyclic. A linear cluster has two ends, one qualified
as the A-end and the other one as NA-end, without any
consideration of oxidation state. In a cyclic cluster, two
adjacent C* atoms are arbitrarily transformed in an A-
end and an NA-end. A Q-target of a target molecule is
a Q-sugar whose reference exactly matches the one of
a cluster of C* atoms within this target. The set of pos-
sible Q-targets is restricted to pentoses and hexoses.

A Q-reaction transforms a Q-sugar into another
Q-sugar. In a general reaction scheme (Scheme 1), a
Q-reactant is transformed into a Q-target, possibly with
Q-subtarget(s) as intermediate(s), to obtain the desired
asymmetric configurations in the target. Q-reactants
and Q-subtargets are also Q-sugars. The list of Q-reac-
tions includes: the inversion of a single C* (e.g., Mitsu-
nobu reaction), the inversion of two adjacent C¥s
(epoxide formation and opening), the exchange of the
A-end and NA-end, the cleavage of one of the ends,
and the addition of a carbon atom at one of the ends.
For the latter reaction, the possible generation of a
new C* with either a T or a U configuration is consid-
ered. A Q-scheme is a succession of one or more Q-reac-
tions that transforms a Q-reactant into a Q-target.

The QuUIRAL program reads a 3D MDL (http://
www.mdli.com) MOL file of the target molecule that is
conveniently created by ChemDraw 3D (http://
www.cambridgesoft.com). It identifies the clusters of
C* atoms and finds the list of possible Q-targets. When
an X atom that is bonded to a C* is not an oxygen, its
configuration is automatically inverted because the
introduction of the X atom is assumed to require a sub-
stitution reaction that inverts configuration. A particular
Q-target may be very expensive or, more generally, not
suitable to start with in a practical synthesis. Q-schemes
that contain up to three Q-reactions are proposed by
QUIRAL. Q-subtargets are indicated for Q-schemes that
contain more than a single Q-reaction. The graphical
user interface of the QUIRAL program allows the user
to select the desired MOL file of a target, to rotate the
molecule on screen, to select and visualize the position
of a proposed Q-target within the target and to retrieve
possible Q-schemes that lead to this Q-target.

Castanospermine 1 was chosen to exemplify what the
QUIRAL program can do. The castanospermine target

Castanospermine 1 L-Arabinose 1a

Table 1. Description of the Q-targets found by the QUIRAL program
within castanospermine 1

Q-target A-end C#s NA-end Reference
L-Xylose 8 9-3-4 5 TTU
L-Arabinose 5 4-3-9 8 TTU (= 1a)
D-Xylose 9 3-4-5 6 TUT (= 1b)

1 6-5-4 3 TUT (= 1¢)
L-Xylose 6 5-4-3 9 UTU

3 4-5-6 1 UTU
D-Gulose 8 9-3-4-5 6 TTUT
L-Glucose 6 5-4-3-9 8 uUTUU
p-Idose 9 3-4-5-6 1 TUTU

1 6-5-4-3 9 TUTU

contains a linear cluster made of five C* atoms. This
cluster may conformationally be superimposed with
four aldopentoses and three aldohexoses, as summarized
in Table 1.

When analyzing the Q-targets suggested by QUIRAL for
a possible retrosynthesis of castanospermine 1, few
chemists would choose unnatural L-glucose as the start-
ing material inspite of its stereochemical resemblance
with 4 of the 5 chiral centers in the target molecule.
Clearly L-arabinose or D-xylose (Scheme 2) are the most
cost effective chiral starting materials in Table 1 (atom
numbers are those from the MOL file of 1. The drawings
of the Q-targets la—c suggest how their C* superimpose
with those in 1).

The major problem with L-arabinose la as starting
material is the controlled creation of asymmetric centers
at contiguous C-5 and C-6 positions, along with the ring
closures around the nitrogen atom.

D-Xylose may also be used for the synthesis of 1, start-
ing either from Q-target 1b or lc. As in the case of
L-arabinose la, the challenges in using 1b are the con-
trolled creation of asymmetric centers at the C-9 and
C-6 positions, along with the ring closures around the
nitrogen atom. The 1¢ Q-target seems analogous to 1a,
as it also requires the controlled creation of asymmetric
centers at contiguous C-3 and C-9 positions, with bond
formations with the nitrogen atom. However, reductive
amination on the reducing end of 1c is an attractive way
to add a nitrogen functionality. A subsequent attack at
the mesylate-activated C-3 and C-8 positions would
constitute an elegant approach to castanospermine 1
(Scheme 3). Interestingly, among the many reported
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Scheme 2. The structure of castanospermine 1 and of synthetically pertinent Q-targets.
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Scheme 3. A possible retrosynthetic scheme for castanospermine 1 starting from p-xylose 1c.

syntheses of 1, a similar approach by Mulzer in 1992 fol-
lows the 1e¢ strategy.’

Other target molecules may not lead to the identification
of at least one easily accessible sugar. In such situations,
QUIRAL can be used to find Q-schemes that lead to the
proposed Q-target(s) in one to three Q-reactions.

We hope that this simple example of castanospermine 1
shows that QUIRAL is an interesting tool for the retro-
synthetic analysis of natural products in which many
contiguous asymmetric centers are present.
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Supplementary data

The QUIRAL program can be downloaded from http://
www.univ-reims.fr/LSD/IJmnSoft/Quiral.  Screenshots
of QUIRAL in action are available free of charge via
Internet at http://www.acs.org. Supplementary data

associated with this article can be found, in the online
version, at doi:10.1016/j.tetlet.2007.02.001.
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