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Abstract: A symmetry point group study of different segmentation patterns for molecules is presented as an aid for their
retrosynthetic analysis. Symmetry properties of the target molecule allow the design of synthetic routes using either achiral,
homochiral, or heterochiral isometric segments. It is found that chiral molecules can only be dissected into homochiral segments,
whereas achiral molecules can only be fragmented into achiral or heterochiral segments in most cases. The only achiral molecules
which can be dissected into homochiral segments (la coupe du roi) are those belonging to the C,, or D, point groups, in two

particular dissection modes.

Introduction

The design of a chemical synthesis is based on a retrosynthetic
analysis! in which the target molecule is conceptually dissected
into smaller fragments or synthons through the disconnection of
bonds. High-symmetry molecules can sometimes be conveniently
synthesized by joining together isometric segments!? through a
convergent synthesis.* In this case, the segments may be identical
(achiral or homochiral segments) or enantiomeric pairs (heter-
ochiral segments).

The convergent synthesis from homochiral segments and its
reciprocal process, the bisection of an achiral molecule into ho-
mochiral fragments, are usually referred to as la coupe du roi.?
A recent example of the bisection of a molecule in a la coupe du
roi mode has been reported by Cinquini et al. for cis-3,7-di-
methyl-1,5-cyclooctanedione.® On the other hand, the coupling
of heterochiral segments to produce an achiral molecule has been
named narcissistic coupling. This strategy has two major ad-
vantages: it is convergent and reflexive,” and it does not require
the resolution of the starting materials into optically pure enan-
tiomers. Such a strategy has been proposed by Serratosa and
co-workers? for the synthesis of dodecahedrane.

Once the target molecule has been submitted to retrosynthetic
analysis, the different ways in which some of the bonds may be
disconnected must be evaluated. A symmetry point group® study
should allow us to establish some rules to determine which bond
disconnections might lead to achiral, homochiral, or heterochiral
segments., The aim of this study is to analyze the different possible
disconnections of a molecule into isometric segments according
to its symmetry and the relationship between the resulting seg-
ments for each case. In what follows, we will consider bond
disconnections (or bond cutting) as if they were always homolytic.
Therefore, a heterolytic bond disconnection between two sym-
metry-related atoms may be conceptually considered in two
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successive steps: some asymmetry (“functionalization”) is first
introduced into the bond, which is then cut (“disconnection”).
Alternatively, the bond is first cut (“disconnection”), and alternate
positive and negative charges (indicating the electrophilic and
nucleophilic character of the atoms) are assigned to the
“disconnected” atoms (in the resulting fragments), which are then
properly “functionalized” in order to attain the formal charges
assigned. Both approaches are summarized in 1.
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Although the methodologies and strategies discussed here have
been developed mainly in the area of organic chemistry, the
formation of transition metal coordination compounds can be also
considered in a similar way. Multinuclear transition metal com-
pounds with either metal-metal bonded skeletons or bridging
ligands can also be imagined to be formed by isometric fragments
which could eventually undergo self-assembly reactions.

In a slightly different approach, coordination compounds can
be considered as supermolecules in which the metal ion(s) hold
the ligands together. Ligand dissociation can then be considered,
within the framework of this paper, as the fragmentation of the
complex into isometric segments (the ligands), disregarding the
presence of the metal ion(s). An example of such an approach
is given by the case of the double helicates synthesized by Lehn
and co-workers.1® Moreover, the bond connection—disconnection
terminology and the analysis of the relationships between segments
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could also be applied in template syntheses,!! since the presence
of a transition metal ion at the center of symmetry of the molecule
does not affect the symmetry of the ligand array (typically a
macrocyclic system).

Mislow and co-workers? have recently examined the problem
of dividing finite geometric objects into isometric segments, in-
cluding the special case of la coupe du roi. Our systematic analysis
based on symmetry point groups corroborates some of the
statements made by these authors and establishes more general
rules and some new conclusions.

Symmetry Relationships between a Molecule and Its Segments

In order to study how the symmetry of a molecule dictates the
ways in which it can be isometrically segmented and to define the
relative chirality of the resulting segments, the following premises
must be first stated.

(1) The molecule belongs to a symmetry point group G. When
several conformers are possible around the bond to be cut, the
highest symmetry conformer will be considered.

(2) If the molecule can be fragmented into isometric segments,
these are necessarily related by a symmetry operation R, R being
an element of G.

(3) In the general case, the molecule can be fragmented in
several different ways, depending on the symmetry operation
chosen to define the isometric segments. For each fragmentation
pattern, the number of segments produced is thus determined by
symmetry.

(4) In order to generate isometric segments, a complete set of
bonds related through one of the symmetry operations of G must
be cut. Notice that in polycyclic molecules it may be necessary
to cut more than one set of bonds in order to obtain independent
segments. Notice also that a complete set of bonds is not nec-
essarily formed by the n bonds related through C,, for example,
since there are only n/m bonds related through C,,.

(5) The symmetry operation which relates the isometric seg-
ments of a molecule is not a symmetry operation of the segments.
As a result, the point group of a segment, S, is a subgroup of G.
All of the symmetry operations in G can be obtained by successive
application of the powers of R and the symmetry operations in
S,ie, G =S X R.!? It is obvious that all of the isometric segments
belong to the same symmetry group S. The special case of
molecules of low symmetry with fragments of higher local sym-
metry, in which S might not be a subgroup of G, will not be
considered in this paper.

(6) If the isometric segments are related by a proper rotation,
C,, they are superimposable (i.e., they may be either achiral or
homochiral, but never heterochiral).

(7) Chiral segments related in the molecule through an S,
operation (including reflections, S, and inversion, S,) are enan-
tiomers (heterochiral segments).

(8) When a molecule has at least one atom sitting on a sym-
metry element, nonisometric segments are also necessarily ob-
tained. This is the case of mononuclear coordination compounds,
in which dissociation reactions would produce several isometric
segments (ligands) plus the central atom.

Dissection Patterns and Molecular Symmetry

When a molecule is fragmented into isometric segments, the
symmetry operation which converts the segments into each other
is lost. For the subsequent discussion it is important to know the
relationships between the particular dissection pattern applied to
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Chemistry; McGraw-Hill: New York, 1969.

Alvarez and Serratosa

Table I. Effect of Different Dissection Patterns on the Existing
Symmetry Operations

operation
dissection operations operations relating
pattern preserved destroyed segments
alo ot+,C,t Jd,cl st S0 i g
S,,/U Cn/Z (n even), ol CnHv Snﬂv Snly ol a
G/o, g, (nodd), ¢, G+ C,, S,* C,
04 (n CVCn), Ops CZJ- Cm Oy Snl Cn
CZ/Cn Cnl CZ
Cn/g Op Cm Oy T4 Cn
Sn/gc Cn/z (n even) Sm Op g
S,/¢g none ¢
i/i i a
i/g i g

the molecule, the symmetry elements that are lost or retained by
the segments, and those which remain in each segment. Let us
identify each dissection pattern by a symbol of the type R/p, where
R is the symmetry operation which relates the resulting segments
and p refers to the position of the disconnected bonds relative to
the symmetry elements of the molecule. The parameter p can
be either o for a bond passing across a symmetry plane (or a
pseudosymmetry plane; see below), C, for a bond across a proper
rotation axis but not across a symmetry plane, or g for a bond
in a general position and not passing through a symmetry plane
or a proper rotation axis. Other types of positions p will be
introduced later.

We start by looking at those bond disconnections which split
the molecule into two halves. In other words, we cut all of the
bonds that go across a reference plane. Any molecule can be
idealized as a sphere with some symmetry elements, and its ste-
reographic projection may be represented as in 2. Even if the

: d b
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cutting plane is a symmetry plane of the molecule, it is not a
symmetry plane of each fragment, i.e., that plane is lost upon
cutting. All symmetry elements not perpendicular to the cutting
plane (C,,, C,, and ¢” in 2) exchange pieces of both fragments,
i.e., the associated symmetry operations are lost upon fragmen-
tation. What symmetry elements are retained by the fragments?
Only the mirror planes and proper rotation axes perpendicular
to the cutting plane are retained (C,, ¢/, and the plane of the
paper). If a perpendicular improper rotation axis is present (e.g.,
S, 1in 2), it is also lost upon cutting since its reflection component
converts pieces of both fragments into each other.

Now, not every plane can be used as a cutting plane. The two
fragments are required to be isometric, so they must be related
by a symmetry operation. We consider two possible cases: in one,
the cutting plane is a symmetry plane, the resulting segments are
mirror images of each other, and the dissection pattern will be
abbreviated ¢ /0 in the following. In the second case, the cutting
plane is the reflection component of an improper rotation (not
necessarily a symmetry plane, but we can consider it as a pseu-
dosymmetry plane), and the dissection strategy should be ab-
breviated S, /g, indicating that the resulting fragments are related
in the molecule by the improper rotation S, and that the dis-
connected bonds cross a pseudosymmetry plane. It is enough to
rotate one of the disconnected segments by an angle of 2x/n to
find that it is the mirror image of the other one (i.e., if the segments
are disymmetric, they must be heterochiral). The only difference
between the o /¢ and S, /o cases is that the existence of a pseu-
dosymmetry plane implies a perpendicular improper axis S,. We
have already stated that improper rotations are lost when cutting
through a plane; a proper rotation C,/, colinear with S, must exist

Cn T '
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for even n and a colinear C, for odd n. Since these proper rotation
axes are perpendicular to the cutting plane, they are retained by
the fragments. All of this is summarized in Table I.

A different strategy consists of splitting the molecules into two
or more fragments related by a proper rotation C,. Let us first
study those cases in which there are n symmetry planes containing
the rotation axis (g, 0/, ,”, and ¢, in 3). Bonds can then be
disconnected across equivalent symmetry planes, i.e., separated
by angles of 27 /n, as shown in 3. This strategy is therefore called

T o KD
-

L2y e (2
K= &S

C,/o. For odd n, each segment retains one of the o, planes. For
even n, the g, planes are lost, but there are always o, planes which
are retained by the segments. The proper rotation C, interconverts
the segments, but it is not a symmetry operation of each segment.
If there are binary rotation axes at the intersection of the remaining
planes and the plane of the paper, they continue to be symmetry
operations of the segments. All other rotations are lost upon
segmentation. If a o, symmetry plane exists in the molecule, each
segment will keep such a symmetry plane. Notice that the ex-
istence of g, together with o, implies the existence of C, and,
conversely, the existence of o, and C, implies the existence of o},
A brief summary of the results for the C,/q strategy is presented
in Table I.

If the bonds to be cut are not across a symmetry plane but across
a C, axis, as represented by the stereographic projection 4, a
perpendicular axis C, (if present) is retained in each fragment,
but other symmetry elements disappear. In the absence of a
symmetry plane, the two isometric segments are related through
a C, rotation. Hence, these are C,/C, dissection patterns.

c n
c/C, ‘
c, = C, Cy

4

One can also choose to disconnect bonds that are related by
a proper rotation C, but do not cross symmetry planes or axes,
which may not even be present in a particular molecule. This is
a C,/g dissection pattern. We can now use the stereographic
projection 5§ and cut the bonds at the positions indicated by the
arrows. It is clear that C, and the symmetry planes o, and o,
are lost. Other rotation axes are also lost. Only a o, plane, if
present, remains as a symmetry element of each segment.

.. f

If we disconnect bonds related by an improper rotation S,, but
not by a perpendicular symmetry plane nor by the coaxial proper
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rotation of the same order, the improper rotation and any per-
pendicular symmetry planes are lost. , rotation can be
preserved, depending on the connectivity of t{w molecule. In 6
the two shaded pieces (above the plane of the paper) remain
connected after dissection, retammg a G, rotation, and the same
applies for the two white pieces (below the plane of the paper).

@QD
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S./g
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7

This will be referred to as an S,/ge dissection, the ¢ referring to
the fact that some connectivity between the smallest possible
isometric segments remains after dissection. This is what happens
if there are two atoms or two bonds sitting on the improper rotation
axis. If there are no additional bonds connecting such pieces (the
S, /g pattern), isometric segments result with no symmetry ele-
ment. Notice that S,/g is equivalent to the successive application
of S,/gc and C,,/C, ;. Other types of §,/p dissection patterns
will be dxscussed later during the analysxs of the D,ld point groups.

When a bond located at a center of inversion is cut and the
molecule is split into two segments related only through the in-
version, this symmetry operation is lost and the resulting segments
are mirror images of each other. This dissection pattern is nat-
urally called i/i. Similarly, if two bonds related only through
inversion are cut, in an i/g dissection pattern, two mirror-related
segments result with no inversion center.

Finally, two geometric restrictions apply to bond cutting: If
one or more atoms are sitting on a symmetry element Q, neither
the Q/p nor the R/Q dissection is allowed (i.e., they would not
produce isometric segments). The above analysis of the rela-
tionships between bond disconnections and symmetry operations
retained by the segments provides us with most of the information
needed to decide which cutting strategy can split a molecule of
known symmetry into either achiral, homochiral, or heterochiral
segments. In general, for each possible dissection pattern in a
particular point group G, we can easily identify, from Table I,
which symmetry operations are lost and find the point group of
the segments, S. Also, the dissection pattern chosen determines
whether the segments generated are related through a rotation
(i.e., superimposable) or mirror images (see Table I). In the
following, a systematic study of the results of the above dissection
patterns for each family of point groups is presented, together with
some examples of applications to real molecules.

Segmentation of Chiral Molecules: C, and D, Groups

The only symmetry operations available in a chiral molecule
are the proper rotations C,, and consequently they can only belong
to point groups D, or C, (disymmetric molecules) or to C;
(asymmetric molecules). Since no isometric segments can be
generated from an asymmetric molecule, we do not consider the
C, point group here (see below). All of the subgroups of the C,
and D, point groups are also of the C, or D, types; hence all
isometric segments of C, or D, molecules are necessarily chiral
(premise 5). Furthermore, all isometric segments of C, or D,
molecules must be related by a proper rotation and are therefore
homochiral, according to premise 6. A detailed summary of the
results for C, molecules is presented in Table II.

Molecules belonging to a D, group can be fragmented in dif-
ferent ways: either into n segments related by the C, rotation
(C,/p dissections) or into two segments related by C, (C,/p
dissections). In the first case, depending on the position of the
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Table II. Summary of the Different Patterns for Dissection of a Molecule
into Isometric Segments®

number chirality
dissection of of
G pattern segments S segments examples’
C, no 1
C /g 2 C,  hetero
C, GCJ/g n C, homo s
b, ¢J/C, n C,  homo
C/g n C,  homo s
Ci/g 2 C, homo
C,/C, (n even) 2 C, homo
C,/C, (nodd) 2 C,  homo
C ofo 2 C, hetero
Cy 0,/a, (neven) 2 C,  achiral s
a,/a, (n odd) 2 C,  hetero s
C,/g n C,  homo s
C,/o, n C,  achiral s
2C, /o, 2n C,  pairwise hetero s
Cuy 010y, 2 C, hetero Figure 3
C/e n C,  achiral s
C,/C, 2 C, achiral Figure 3 and s
S,/gc 2 C,j2» hetero
S./g n C,  pairwise hetero
S, S./ge 2 C,;2 Thetero Figure 4 and s
S,/g n C, pairwise hetero Figure 4 and s
D,; 04/0,(neven) 2 C,  achiral
a4/04 (n odd) 2 C,  hetero
C,/C, n C, homo s
C./g n C, homo s
S,,/a40 2 D,  hetero
Sy/04 2n C,  pairwise hetero
S,/ Cye 2 C,,  achiral s
8$:,/C, 2n C,  achiral s
S,,/gc 2 C, hetero 10
S../8 2n C, pairwise hetero 10 and s
C,/C, 2 C,  achiral s
Dy, 0a,/o, (n even) 2 C,, achiral s
a,/a, (n odd) 2 C,  achiral s
o/ oy 2 C,, achiral s
C,/a, n C,, achiral s
CJ/g n C,  achiral s
S,/gc n C,  achiral

?G and S are the symmetry point groups of the molecule and the seg-
ments, respectively. ®An s in this column indicates that an example is pro-
vided as supplementary material.

disconnected bonds relative to the C, axis, the segments will be
either asymmetric (C; point group) or disymmetric (C, point
group). Similar results are found for the C,/p dissection patterns
(Table II).

A good example of fragmentation of disymmetric molecules
is provided by the double-stranded helicates reported by Lehn et
al.!% (Figure 1). These compounds belong to the D, point group
for any length of the double helix. Consequently, the only con-
ceivable fragmentation mode for the double-stranded helicates
yields only two homochiral segments (ligands).

According to statement 2 above, asymmetric molecules cannot
be fragmented into isometric segments. However, molecules such
as (1R,2R)-1,2-dichloro-1,2-dibromoethane or (1R,2S5)-1,2-di-
chloro-1,2-dibromoethane, which are asymmetric in the general
conformation, must be analyzed in their most symmetric con-
formation according to statement 1. Thus, these molecules should
not be considered as asymmetric but rather as belonging to the
C, and C, point groups, respectively, and both can be split into
two isometric segments.

Segmentation of Achiral Molecules

Achiral molecules possess at least one improper rotation S,
considering reflections and inversion as .S, and S,, respectively.
They belong to any symmetry group other than Cy, D,, or C,.
Fragmentation of such molecules can yield either chiral or achiral
segments, depending on the fragmentation pattern chosen. We
will focus mainly on the generation of chiral segments in the
following section.

When the fragmentation pattern is such that isometric chiral
segments are related through a C, rotation, these are homochiral.
Notice the fragmentation of an achiral molecule into segments
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Figure 1. Schematic representation of di- (a) and trinuclear (b) helicates
belonging to the D, point group. The two sets of ligands are related
through C;, and each retains C,’" as a symmetry operation.

related by a proper rotation is not a sufficient condition for the
segments to be chiral, since for many symmetry groups other
symmetry operations must be simultaneously destroyed. If the
segments are related through a reflection, an inversion, or an
improper rotation, they will be heterochiral, according to premise
7. These segments can be further fragmented into smaller ho-
mochiral segments according to what is described in the preceding
section, resulting in n segments of each chirality. It is clear that
the appropriate choice of the fragmentation pattern would allow
the dissection an achiral molecule into either homo- or heterochiral
segments. Whether both kinds of fragmentation or only one of
them is possible depends on the symmetry group of the molecule
and will be analyzed below.

A molecule belonging to the point group C, can only be cut into
isometric segments along its symmetry plane (o/o pattern).
Obviously, the two segments are mirror images of each other, i.e.,
they are heterochiral.

C,, Groups. Generalization of La Coupe du Roi. Taking into
account the symmetry relationships shown in Table I, it is easy
to deduce the results of the different dissection patterns on a
general molecule of symmetry C,, (Table II). It is noteworthy
that only molecules with an odd symmetry axis can be decomposed
into heterochiral halves. Notice, however, that the fragments
produced through o,/0, and C,/a, strategies belong to the C, point
group and can be further fragmented into heterochiral segments.
In the last case, one could refer to the whole process as a 2C, /a,
dissection pattern (7, segments represented by white and shaded
circles are mirror images of each other), since two sets of C,-related
bonds are disconnected. This strategy produces 2n segments which
are pairwise heterochiral.

It is interesting to apply our analysis to the particular case of
the linear point groups, using as an example an idealized apple
(C., point group). La coupe du roi (Figure 2a) is just a frag-
mentation pattern that produces two homochiral apple pieces. In
order to achieve this, we need to separate two fragments related
by a rotation C,, while simultaneously destroying the symmetry
planes (achieved through the horizontal cut) in what could be
formally described as a C,/g dissection. With this in mind, we
can generalize la coupe du roi by replacing the C,/g by a C,/g
strategy: Any number of homochiral fragments of an apple can
be generated by means of two sets of vertical C, cuts performed
on the upper and lower part of the apple, respectively. The cuts
on the same half of the apple must be separated by an angle of
2m/n (where n is the number of fragments to be generated), and
the upper and lower cuts must be displaced by an angle 8 in the
range 0 < 8 < 2m/n (Figure 2b). Perhaps this technique should
be called la coupe du parlement.!?
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Unfortunately, there are no molecular apples. Any molecule
belonging to the C.,, or D., point groups must have all of its atoms
on the symmetry axis and cannot be split into isometric segments
related by one of the C., or g, operations unless we trade chemistry
for nuclear physics. Isometric fragmentation of a linear molecule
through ¢, (or C,) would result in achiral C., segments. We can
therefore conclude that linear molecules cannot produce chiral
isometric segments.

Conversely, one can ask whether an apple could be cut into
heterochiral parts. The C., point group is just a particular case
of C,, with n = =, There are two ways in which a C,, object can
produce heterochiral segments (Table IT). In one case, a ¢/0 cut
(n odd) can yield heterochiral halves because of the absence of
a perpendicular symmetry plane. This route is not operative since
in C,,, every symmetry plane is perpendicular to another one. On
the other hand, to obtain heterochiral pairs through a C,,/0,
strategy, an infinite number of cuts must be applied. Hence an
apple cannot be dissected into heterochiral segments, as previously
found by Anet et al.> Other fruits belonging to C,, point groups
with odd 7 can be split in two heterochiral halves through a ¢ /¢
cut (an example might be an orange with an odd number of
segments).

C,;, Groups. These point groups can be obtained as a product
of the corresponding C, group and a perpendicular symmetry plane
a;. In contrast with the C,, groups, the proper rotations and a
perpendicular symmetry plane are independent, as discussed above.
As a consequence, the main results which arise for different
fragmentation patterns are as follows (Table II): (i) o/ cuts
produce two heterochiral segments, each having C, as a symmetry
operation (C, point group); (ii) C,/g dissections yield n achiral
segments which retain the symmetry plane (C; point group); and
(iii) a C,/C, dissection is only possible for C', rotations. For any
other C,, there are no bonds across the symmetry axis.

Thus, it is clear that molecules belonging to C,;, point groups
cannot be fragmented into homochiral segments only. All of this
can be illustrated through the example of tetrachlorocyclobutane
proposed by Anet et al.’ (Figure 3a). This molecule belongs to
the point group C,;. A C,/C, cut (Figure 3b) results in achiral
segments according to the above rules (point group C;). On the
other hand, if the molecule is cut through the symmetry plane
o, (04/ 0y cut, Figure 3c), heterochiral segments (point group C)
are obtained.

(13) As the general way to cut an apple into any number of homochiral
slices describes a more advanced technique than the partition into two pieces
known as la coupe du roi, we propose a name which assumes parliamentary
democracy as a higher degree of social organization than monarchy.
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a b

Figure 2. Technique for the dissection of a C.,, object into two homo-
chiral halves (la coupe du roi, a) and for its dissection into # homochiral
pieces (la coupe du parlement’?, b).

Figure 3. Two dissection patterns for tetrachlorocyclobutane (a), a
molecule of Cy;, symmetry: C,/C, (b) and o/a (c).

Cp
/Mn
\Pd \c
N
N
c Pd
A
Cp
Cp
N /Mn SJgc
\F’d c
Cp Mn' , N
; / CJ/C,
Pd Pd
N, Mn Cp
¢ Pd Syg
N, T \ w
Ce \pu/ \c
\ N
N |
c Pd__
N,/
Mn
Cp

Figure 4. Schematic representation and dissection patterns for {(OC)-
Pd(u-NC)Mn(n-Cp’)(CO),].

S, Point Groups. These are cyclic groups generated by the
powers of improper rotations S,, where n is even, and they possess
no symmetry planes. Several segmentation choices exist for such
point groups according to the above analysis of the symmetry of
cuts when an improper rotation is present (see Table I): (i) When
an S,/c cut is applied, two reflection-related segments result. They
still possess a proper rotation C,, and are consequently hetero-
chiral. (ii) A G, ,/g cut yields n/m segments related through
C,/m» while simultaneously destroying the S, operations. The
segments belong to point group C; and are homochiral. (iii) The
combined action of the two strategies is equivalent to an S,/g cut
(Table II).

Even if there is no clear-cut definition of which bonds are in
a ge position and which are in a g position, the S,/g and S,/ge
dissection patterns can be clearly differentiated because the first
one results in n segments and the latter always produces two.

An illustrative case of an S, molecule is provided by [(OC)-
Pd(u-NC)Mn(n-Cp")(CO),], a tetranuclear cluster recently re-
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ported by Braunstein et al.,!4 which belongs to the S, point group.
This compound, schematically represented in Figure 4, can be
dissected through an §,/ge cut, producing two heterochiral
segments (point group C,). Further disconnection via a C,/C,
cut splits each fragment into two homochiral halves. The net
result, a set of n pairwise heterochiral segments, could be obtained
directly through an S,/g dissection of the starting molecule.

D,, Point Groups. These groups can be generated by adding
a o, reflection to a D, group. As a o/o cut destroys all rotations
around coplanar axes, the resulting segments retain only the
perpendicular symmetry plane (which exists only for # even), they
belong to the C; point group, and they are therefore achiral. For
n odd, on the other hand, there are no perpendicular symmetry
planes, but there is a perpendicular C, axis; the o/o pattern
produces heterochiral segments of C, symmetry. Stereographic
views of such dissection patterns are presented in 8 (for n even)
and 9 (n odd), where the white and shaded regions represent the
parts of the molecule lying above and below the plane of the paper,
respectively. Of course, this strategy can only be applied when
there are no atoms sitting on the ¢, symmetry plane.

Dng groups (n even)

Y ]
s @ b
N

Sav/ge \
/ S,n/Cac

8

C,/ C, cuts always preserve a perpendicular C, axis (see 8 and
9), but all of the symmetry planes are destroyed since they are
not coplanar with the binary axes. Thus, » homochiral segments
of C, symmetry are produced. If bonds at general positions are
disconnected (C,/g cut), all symmetry elements are destroyed and
n asymmetric homochiral segments result.

The D, point groups can also be generated by S, and per-
pendicular C, rotations. Since we have seen that S,,/pc cuts can
be imagined which preserve the proper rotation C,, it is clear that
segments with D,, C,, or C, symmetries can, in principle, be
generated. S,,/oc dissection yields two heterochiral segments
of D, symmetry, as shown in 7 and 8, and further disconnection
(S,,/0 pattern) yields 2n segments of C, symmetry which are
pairwise heterochiral. Other choices can be seen in 7 and 8 and
are summarized in Table II.

Finally, one could choose to cut the molecule into two pieces
related by the C, rotations, dissecting bonds perpendicular to either
the C, or another C, axis. In the former case, the result is different
for the odd and even groups: a C,/C, dissection yields two
homochiral segments of C', symmetry when n is even, but two

(14) Braunstein, P.; Oswald, B.; Tiripicchio, A.; Tiripicchio-Camellini, M.
Angew. Chem., Ini. Ed. Engl. 1990, 29, 1140.

Alvarez and Serratosa
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achiral C, segments when n is odd. The result of a C,/C, dis-
section is presented in Table II.

An example of a D,; molecule is provided by bisnor-
adamantane!® (10). Despite the large number of dissection

4

,

Q
Q
o

/

ﬂc&
A

10

patterns available for D,; molecules, most of them cannot be
applied to this molecule: ¢,/0,, C,/C3, S1,/0¢, S24/0, S2,/C2
and o, patterns are forbidden because there are atoms sitting on
the corresponding symmetry elements. C,/g and C,/C, patterns
do not disconnect this molecule. Thus, we are left with only S,,/ge
and S,,/g strategies to cut this molecule in isometric segments.
In the S,,/gc pathway, we cut a bond in a general position (in-
dicated by an arrow in 10) and all of the equivalent bonds related
through S, rotations. The result is two heterochiral segments of
C, symmetry (Table IT), which could be further disconnected to
yield four pairwise heterochiral asymmetric fragments.

SJQ

(15) Freeman, P. K;; Rao, V. N. M,; Bigam, G. E. J. Chem. Soc., Chem.
Commun. 1968, 511. Vogt, B. R.; Sutter, S. R.; Hoover, J. R. E. Tetrahedron
Lett. 1968, 1609.
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Figure 5. Hierarchical relationship of the 22 subgroups of the icosahedral
point group I, (adapted from ref 17).

[

It is interesting to compare the case of bisnoradamantane with
the closely related molecule of twistane (11). Despite the similarity
of the two molecules, twistane (D,; point group) can only be
segmented into homochiral pieces, and a convergent synthesis of
such a molecule is not known.16

11

Point Groups with Higher Symmetry. For molecules belonging
to point groups of high symmetry other than those discussed above,
the suppression of one symmetry element is not enough to yield
disymmetric segments. As an example, the symmetry point groups
of the fragments obtained through different dissection patterns
from a D,; molecule are shown in Table II; in all cases the seg-
ments are achiral. The symmetry therefore must be previously
reduced, e.g., by chemical modifications, and then the appropriate
fragmentation pattern chosen to produce either homo- or heter-
ochiral segments.

An example of a molecule with high symmetry is provided by
dodecahedrane. This molecule belongs to the icosahedral point
group, I, and no simple fragmentation into chiral isometric
segments is available for dodecahedrane. Through chemical
modifications, however, its symmetry can be lowered. A scheme
of the hierarchical relationships of the 22 subgroups of 1, is shown
in Figure 5,17 where the point groups corresponding to derivatives
which can be cut into heterochiral segments, according to the above
analysis, are enclosed in thick boxes. The shaded boxes correspond
to phantom point groups,® i.e., those point groups for which no
derivative of dodecahedrane can exist.

In accordance with these relationships, one can gradually lower
the symmetry, e.g., from I, to D, to Cyy, and to C; (heterochiral
segments) or C, (which can generate only homochiral segments),
as shown in Figure 6. Notice that the C, and C; isomers are built
up from the same segments, but both enantiomers of the segment
are needed to form the C; isomer, whereas two segments of an
optically pure building block give one enantiomer of the C, isomer.
Hence, a racemate of the fragments can produce a mixture of the
C; plus a racemate of the C, isomers, but optically pure fragments
produce only the corresponding C, enantiomer (also optically
pure).

A different approach consists of lowering the symmetry from
I; to Dy, (the approach proposed by Miiller, Woodward, and
Jacobsen, independently, for the synthesis of dodecahedrane from

(16) Serratosa, F. Organic Chemistry in Action; Elsevier: Amsterdam,
1990, pp 283-297.

(17) Salthouse, J. A.; Ware, M. J. Point Group Character Tables and
Related Data; Cambridge University Press: Cambridge, 1972.

(18) Brocas, J. J. Am. Chem. Soc. 1986, 108, 1135.
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Figure 6. Symmetry lowering and dissection patterns for dodecahedrane.

two moieties of the achiral triquinacene!®), and then to S (the
approach proposed by Serratosa and co-workers? using two het-
erochiral segments as building blocks), also shown in Figure 6.
The reader can use the relationships of Figure 5 and the results
in Table II to design new segmentation patterns.

A related case is that of footballane, the C4, molecule with I,
symmetry. One can homolytically split such a molecule?® in two
halves of Cs, symmetry, but first one must single out the bonds
which are going to be disconnected, therefore lowering the sym-
metry from I, to Ds,; (see Figure 5). If the disconnection is
heterolytic, some asymmetry must be introduced in the discon-
nected bonds, therefore lowering the symmetry of the molecule
to D; and producing homochiral segments of C; symmetry.?!

Conclusions

From the above discussion and the results in Table II, a first
hint of the ways in which a particular molecule can be fragmented
into isometric segments, as well as their relative chiralities, can
be obtained if the symmetry point group of the molecule is known.
We can still try to place the results of Table II in a more general
context and find the relationship between a molecule, be it chiral
or achiral, and its isometric segments. The following ruies can
be deduced.

(1) Chiral molecules can only be fragmented into homochiral
isometric segments. Conversely, for the convergent synthesis of
an optically resolved chiral molecule, optically pure chiral segments
must be used. The use of racemic segments would result in a
racemate of the target molecule. Furthermore, heterochiral
segments can only produce achiral molecules.

(2) In general, isometric dissection of achiral molecules results
in pairs of heterochiral segments, with a few exceptions discussed
below. This means that the use of a racemic mixture for the
convergent synthesis of achiral molecules is a good strategy.

(3) Achiral molecules of symmetry C,, or D, can be dissected
into homochiral segments through a C,/g (C,, or D, point groups)
or a C,/C, (D,, point group) dissection pattern. These are the

(19) Miiller, D. M. Chem. Weekbl. 1963, 59, 334, Woodward, R. B;
Fukunaga, T.; Kelly, R. C. J. Am. Chem. Soc. 1964, 86, 3162. Jacobson, I.
T. Acta Chem. Scand. 1967, 21, 2235. See also: Roberts, W. P.; Shoham,
G. Tetrahedron Lett. 1981, 4895.

(20) McKee, M. L.; Herndon, W. C. THEOCHEM 1987, 38, 75.

(21) For other segmentation patterns of footballane, see: Fabre, C.;
Rassat, A. Comp. Rend. Acad. Sci. Paris, Ser. 11 1989, 308, 1223 and ref-
erences therein.
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only cases in which homochiral segments can be assembled into
achiral molecules and constitute a generalization of la coupe du
roi, generally used for C,, molecules only.

The first conclusion may have some relevance to the fact that
living beings prefer homochirality, i.e., they use only the L series
of amino acids in proteins and only the D family of nucleotides
in nucleic acids, a fact closely related to the origin of life.?>?* Since
chain compounds can be regarded as cyclic systems with an infinite
number of members,?* our symmetry analysis above indicates that,

(22) Brack, A. In La Symétrie Aujourdhui, Editions du Seuil: Paris,
1989.

(23) Hargittai, 1.; Hargittai, M. Symmetry through the Eyes of a Chemist;
VCH Publishers: New York, 1987; p 60.

in proteins or nucleic acids, an enantiomeric chain compound can
only be obtained from homochiral building blocks.
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Abstract: The mechanism for the photodecomposition of several o-diazonaphthoquinones has been examined in acetonitrile
solution using time-resolvéd laser flash photolysis techniques. It is concluded that the Wolff rearrangement, which involves
the formation of a ketene intermediate, can be regarded as a concerted process in the nanosecond time scale. It is suggested
that the reaction of the ketene with water, which is well known to yield 3-indenecarboxylic acids, involves the intermediacy
of a ketene hydrate. Pyridine, a molecule frequently employed as a carbene trap/probe, efficiently traps the ketene in these
systems; this scavenging reaction can be employed as a probe for the study of the dynamics of ketene reactions, but in some
systems it may represent a problem in carbene studies if the possibility of ketene reactions is not considered.

Introduction

The phototransformation of 2-diazo-1,2-naphthoquinones
(DNQs) into the corresponding 3-indenecarboxylic acids (3-ICAs)
(eq 1) via the Wolff rearrangement has been widely studied and
has numerous applications in photoresist technology.*

COOH

“f 200D e oo

3-ICA

It is well known that the photodecomposition of DNQs produces
an intermediate ketene, which upon reaction with water yields
the corresponding 3-ICA. It has been suggested that in some cases
a long-lived intermediate ketene (the transient decay time is of
the order of seconds) can absorb another photon, leading to un-
wanted photochemistry, which in the photoresist field is usually
referred to as a reciprocity failure.’

The conversion of o-diazo ketones into ketenes involves a 1,2
migration of a carbon atom, which is known as the Wolff rear-
rangement. Despite many investigations, the mechanism involved
in this process is still being debated. The focus of the discussion
is whether the loss of nitrogen and the 1,2 migration of the carbon

(1) University of Ottawa.

(2) Shipley Co., Inc.

(3) National Research Council.

(4) Reiser, A, Photoreactive Polymers: The Science and Technology of
Resists; John Wiley and Sons: New York, 1989; pp 409.

(S) Sheats, J. R, IEEE Trans. Elec. Dev. 1988, ED-35, 129.
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atom occur in a concerted manner or the Wolff rearrangement
is a two-step reaction which involves an a-keto carbene and/or
an oxirene-like intermediate, as represented in Scheme I. On
the basis of the studies already reported, one must point out that
the mechanism will depend on the specific type of o-diazo ketone
being studied.b

The mechanism for the photoconversion of DNQs into 3-ICAs
in solution is a matter of some discussion and controversy. There
have been different results on the number, sequence, and spec-
troscopic properties of the intermediates formed, such as the
ketene.” 12

(6) Fenwick, J.; Frater, G.; Ogi, K.; Strausz, O. P. J. Am. Chem. Soc.
1973, 95, 124,

(7) Nakamura, K.; Udagawa, S.; Honda, K. Chem. Let1. 1972, 763.

(8) Delaire, J. A ; Faure, J.; Hassine-Renou, F.; Soreau, M. New J. Chem.
1987, 11, 15.

(9) Tanigaki, K.; Ebbesen, T. W. J. Am. Chem. Soc. 1987, 109, 5883.

(10) Tanigaki, K.; Ebbesen, T. W. J. Phys. Chem. 1989, 93, 4531.
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