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Reaction Planning: Computer-Aided Discovery of a

Novel Elimination Reaction

RAINER HERGES* AND CHR1STOPH HOOCK

Algorithms based on graph theory and implemented in a computer program have been
used to search for unprecedented reactions. This approach is illustrated by a systematic
and exhaustive screening of pericyclic reactions in order to find new reactions useful in
the synthesis of conjugated dienes. Two reactions were found. They were optimized by
structural variation with the aid of quantum-chemical calculations and were then

experimentally verified.

OST DISCOVERIES OF THE IM-

portant synthetic organic reac-

tions have been serendipitous (1).
For example, the Wittig reaction, H. C.
Brown’s hydroboration, and low-pressure
polymerization of ethylene were not de-
signed with the aim of synthesizing or func-
tionalizing olefins or polymerizing ethylene
but were discovered during experiments
based on completely different ideas (2). In
contrast to the case of synthesis planning
(3), there are few general problem-solving
strategies available to “invent” chemical re-
actions. Recently, a general methodology
for the systematic search and design of or-
ganic reactions was reported. The task of
finding the complete set of basic reaction

Institut fiir Organische Chemie, Universitit Erlangen-
Niirnberg, HenkestraBe 42, 8520 Erlangen, Germany.

*To whom correspondence should be addressed.

schemes that comply with a given mecha-
nism can be reduced to a graph-theoretical
problem (4). A similar algorithm has been
implemented in the program IGOR (5).
The methods are used to thoroughly screen
areas of organic chemistry for unprecedent-
ed reactions (6-8). The search, design, and
experimental verification of two reactions
aimed at the synthesis of conjugated dienes
serve as an example.

Conjugated dienes are important in gen-
eral organic synthesis and polymer chemis-
try. Because pericyclic reactions are usually
stereoselective, this class of reactions was
selected as the search area for new synthetic
methods. Generation of the complete set of
conceivable pericyclic reactions with three
to six atoms, four to six electrons, and a
maximum of one lone pair involved in the
transition state yielded 44 basic reaction
schemes (8), of which 5 are suitable for the
synthesis of dienes: electrocyclic ring-
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opening of cyclobutenes, the chelotropic
reaction, the retro Diels-Alder reaction, the
1,5-sigmatropic shift, and the concerted
1,4-elimination. Because these reactions
are known and well investigated, the search
was extended to the seven-center, eight-
electron pericyclic reactions. In Fig. 1 the
72 basic reaction schemes of this category
are listed. Of these reactions, 26 contain a
1,3-diene substructure and are preliminary
candidates for a synthetic method. Howev-
er, general access to dienes can only be
expected from those reactions yielding an
exact butadiene structure. Suitably substi-
tuted reactants would thus give corre-
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spondingly substituted dienes. Because oc-
tet structures of elements in the first period
are more stable than sextet structures, only
reactions in the given direction (sextet on
reactant side and octet on product side,
Fig. 1) were considered. This reduced the
number of candidates to the three basic
reaction schemes 8, 38, and 60 in Fig. 1.
Reaction 60 is known with several exam-
ples (9), but reactions 8 and 38 are unprec-
edented, even as heteroanalogs. Because
the reactions are generated exclusively on
the basis of combinatorial fundamentals,
chemical reasoning has to be introduced to
“design” the proposed reactions before ver-
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Fig. 1. Computer-generated basic reaction schemes of the seven-center, eight-electron pericyclic
reactions. The set of 72 reactions is defined by the cyclic bond redistribution pattern and the valence
schemes of the atoms involved in the reaction. The set of “allowed” valence schemes is indicated at
top. Substituents and lone pairs that are not involved in the reaction are not shown. Hence, hetero
variants of each reaction with any element combination, except variants with triple bonds, can be
derived (if triple bonds are included, 470 basic reaction schemes are conceivable). Only a few of these
reactions are known (such as reaction 21 as a nitrene reaction). Reactions 8, 38, and 60 are suitable
for the synthesis of butadienes and were selected for further consideration.
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ification in the laboratory.

Reaction 8 was considered first for ex-
perimental verification. Carbenes are
known to undergo 1,2-hydrogen shifts. To
prevent this side reaction, we introduced
heteroatoms at the two positions neighbor-
ing the carbene center. According to
semiempirical quantum-chemical calcula-
tions (10) performed on the reaction coor-
dinate of the dioxygen, dinitrogen, and
disulfur heteroanalogs of reaction 8 (Fig.
2), the disulfur compound exhibited by far
the lowest activation enthalpy for the an-
ticipated fragmentation reaction and was
therefore the most promising candidate for
experimental verification. To obtain more
reliable estimates of the reaction parame-
ters of the disulfur system, we performed
ab initio calculations (11). These calcula-
tions predicted the disulfur carbene 1 to
have a boat conformation with a barrier for
ring flipping of 12.3 kcal/mol. The transi-
tion state for the fragmentation process to
form butadiene and carbon disulfide was
predicted to lie only 3.3 kcal/mol above the
transition state of the ring flipping process,
and the heat of reaction was computed to
be as large as 35 kcal/mol (12). Thus, side
reactions were not expected, and because
of the large exothermicity it was predicted
that it would be possible to synthesize even
strained or unstable dienes through this
mechanism.

To prove the theoretical predictions, we
prepared three different carbene precursors
(Fig. 3). The tosylhydrazone 2 was synthe-
sized by cyclization of 1,4-dichlorobut-2-
ene with the S, S’-sodium-potassium salt of
dithiocarbonic acid-tosylhydrazone, the
diazo compound 3 was synthesized by
careful pyrolyzation of the dry Na salt of
compound 2, and the trithiocarbonate 4
was synthesized from 1,4-dichloro-but-2-ene
and potassium trithiocarbonate in dimethyl
sulfoxide. Compound 2 was pyrolyzed under
Bamford-Stevens conditions, compound 3
was photolyzed at room temperature, and
compound 4 was desulfurized with 1,3-di-
methyl-2-phenyl-1,3,2-diazaphospholidine
(PR;) according to the Corey-Winter proce-
dure (13). In each case, butadiene and carbon
disulfide were formed in yields greater than
95% (Fig. 3) (14-16).

The predicted large heat of reaction and
low barrier of activation and the high
yields in the parent system suggested a
more general applicability of our fragmen-
tation reaction. Indeed, the reaction is not
restricted to the parent system but can be
applied to the synthesis of synthetically
useful dienes, for example, o-quin-
odimethanes (which are important interme-
diates, for example, in steroid synthesis).
Starting from the commercially available
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Fig. 2. Semiempirical quantum-chemical calculations on the reaction coordinate of hetero variants of
reaction 8 (Fig. 1). The relative energy E,,, of four 1,3-hetero—substituted systems was calculated as
a function of the C-X bond length p. The S compound exhibited by far the lowest barrier of

activation.

Fig. 3. Experimental
verification of reaction 8
(Figs. 1 and 2). Three
different carbene precur-
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s
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sors, 2, 3, and 4, were =
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ylate). With suitable re- =N,
action conditions, they = 4 (PRy, 50°C)

ive butadiene and car-
bon disulfide in almost
quantitative yields. Ap-
plication of the reaction
to the benzoanellated
system shows that the
method can be used to
generate  synthetically
important dienes that are 5
not readily accessible.

chemicals o,0'-dichloro-o-xylene, carbon disul-
fide, potassium hydroxide, and tosylhydrazide,
we prepared the benzoannelated dithiepine 5
(Fig. 3) in a one-pot synthesis with 60%
isolated yield. Pyrolysis of the Na salt of com-
pound 5 gave o-quinodimethane 7, which can
be trapped by dienophiles such as acrylonitrile
in yields of 85% (17). With reaction tempera-
tures of 100°C, the simple preparation of the
starting material, and the high yields, our frag-
mentation reaction is probably superior to al-
ternative methods (18). Reaction 38 was “de-
signed” in a way similar to reaction 8 and
experimentally verified with a heteroanalog that
contained P (19).
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A large collection of powerful organic
reactions are already known. However,
there must still be numerous potentially
useful reactions waiting to be discovered.
Reaction planning has now provided a
systematic approach to tracing those re-
actions that in the past escaped the chem-
ist’s notice. Because the algorithms gener-
ate the complete solution to the given
problem, no reaction complying with the
user-defined boundary conditions can be
overlooked. Transition-metal chemistry,
however, is more difficult to describe with
these methods. Compared to other rational
approaches in chemistry, such as molecu-
lar modeling or synthesis planning, reac-
tion planning is still at an early stage, but
the results described above hint at the
potential of this new method for the dis-
covery and optimization of useful reac-
tions.
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