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In the process of drug discovery the crucial step to initiate a
medicinal chemistry program is to identify molecular entities
that interact with a specific target, namely an enzyme, a
receptor, or an ion channel. The usual experiment one carries
out to identify these lead structures is the so-called ªblind
screeningº. Although today automation has made this process
fast for large target families, there are still particular cases for
which the set-up of the screen is expensive and time-
consuming. This is especially true when a very complex
device is used for measuring the interaction of chemical
compounds with a protein, as for instance in functional
receptor assays. In these latter cases as soon as a few lead
structures have been identified a very appealing complemen-
tary approach is to derive a pharmacophore model from the
known active structure (the ªseedº or ªqueryº structure) and
perform a computer-based similarity search to speed up the
process of lead identification.[1]

Several such ªvirtual screeningº techniques have been
invented on the basis of two- or three-dimensional represen-
tations of molecular structures and various definitions of
biophores/pharmacophores.[2] The underlying idea is to define
a measure of molecular similarity and collect the most similar
compounds to a given seed from a large collection of
prospective candidates. Despite recent advances in predicting
three-dimensional molecular structures,[3] current high-
throughput similarity searches are primarily based on two-
dimensional (2D) topology.[4] Herein we present the success-
ful application of a novel straightforward technique to
ªscaffold-hoppingº, that is, identification of isofunctional
molecular structures with significantly different molecular
backbones.

Topological cross-correlation of generalized atom types is a
simple molecular descriptor that leads to a compact, molec-
ular size independent description of potential pharmaco-
phores.[5] The general idea of this representation scheme is to
count the distances between atom pairs and then to regard the
histogram of counts as a simplifying but exhaustive pharma-
cophore fingerprint of the molecule. Distances are expressed
as the number of bonds along the shortest path connecting
two nodes (non-hydrogen atoms) in the molecular graph
(Figure 1). Each node is checked as to whether it can be
assigned one of the following generalized atom types: hydro-
gen-bond donor (D), hydrogen-bond acceptor (A), positively

were corrected for by adding distilled water in some cases. The gel was
shaken at room temperature for 12 h for homogenization and aging. The
multiclave was placed in an oven for 24 h at 160 8C. The products were
washed and isolated as an array by a custom-designed centrifuge apparatus.
The sample array collected on filter paper was transferred to an X-ray
sample holder for X-ray analysis. Automated X-ray diffraction analysis was
carried out with a computer-controlled xy stage on either a Scintag XDS
2000 diffractometer equipped with a liquid N2 cooled germanium solid-
state detector using CuKa radiation, or on a rotating anode diffractometer
with a Nonius CCD detector using MoKa radiation. In both cases, the
diffractograms were obtained in the transmission mode. Data collection
time varied from 10 to 60 min per spot depending on the detector. The data
collection time for the standard powder diffractometer can be significantly
reduced by using a more powerful X-ray source within the same setup.
Powderize, a program from Nonius, was employed to integrate the CCD
images.
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Figure 1. Conversion of a two-dimensional molecular representation (A)
into the molecular graph (B), in which generalized atom types are assigned
as implemented in CATS. See text for more information.

charged (P), negatively charged (N), or lipophilic (L). The
numbers of all 15 possible pairs of generalized atom types
(DD, DA, DP, DN, DL, AA, AP, AN, AL, PP, PN, PL, NN,
NL, LL) are determined, and the resulting histogram counts
are divided by the total number of non-hydrogen atoms to
obtain scaled vectors. Distances of up to ten bonds were
considered in the present study, which led to a 150 (15� 10)
dimensional vector representation of a molecular compound.

Large virtual compound libraries can be searched on the
basis of this correlation-vector representation for structures
similar to a given molecule with a defined biological activity.
Each library molecule is compared to the query vector
(derived from the query structure). Here we used the
euclidian distance measure D(A,B) [Eq. (1)] to express the
similarity between two molecules A and B.
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nA and nB are the correlation vectors derived from
molecules A and B, respectively. As a result the library
compounds are ordered by their distance-to-seed value, and a
ranking list of virtual hits is constructed. This technique is
referred to as ªCATSº (chemically advanced template search)
herein. Molecules with a low distance-to-seed value are
expected to exhibit an overall distribution of pairs of
generalized atom types that reflects the characteristics of
the query molecule. The in vivo or in vitro activity of potential
hits can then be tested for using a biological assay.

Correlation vectors are not new to the field of computer-
based similarity searches, for example, they were used as an
encoding scheme for molecular surface properties and amino
acid sequences.[5, 6] The special attraction of CATS is its
exhaustive 2D pharmacophore/biophore model based on the
cross-correlation of generalized atom types. As a consequence
problems associated with three-dimensional model building
and multiple conformers can be avoided.[7] All potential
ligand ± receptor contact points are described by five inter-
action types (D, A, P, N, L) and expressed as a scaled
histogram of two-point parmacophores. By defining this
topological descriptor for a similarity search we minimize
the risk of using a misleading three-dimensional pharmaco-
phore model, which can easily happen if, for example, the
conformation of the receptor-bound ligand is unknown or
several different conformations appear equally possible.[2] We
are well aware that ignoring three-dimensional conformation
bears the danger of missing essential information required to
capture relevant pharmacophores and enantiomers. The

heuristic CATS pharmacophore representation can, however,
easily be extended to the third dimension.

As a simple retrospective test of CATS we used the
thrombin inhibitor PPACK as a query structure to search for
other known thrombin inhibitors in the MEDCHEM library
(version 1997, as distributed by Daylight Chemical Informa-
tion Systems Inc., Irvine, CA, USA) containing approximate-
ly 33 000 molecules.[8] The CATS system was able to rank 15
out of 29 (52%) annotated thrombin inhibitors among the top
100 potential hits. For comparison, the commercially available
search tool MERLIN (Daylight Chemical Information Sys-
tems Inc., Irvine, CA, USA)Ðwhich is based on Daylight�s
definition of topological fingerprintsÐretrieved only 12
(41 %) known inhibitors among the top 100. In addition,
CATS found five inhibitors not reported by MERLIN,
whereas MERLIN retrieved only two thrombin inhibitors
not found by CATS among the top 100. As a result of this
preliminary analysis in which CATS retrieved a larger number
of relevant structures than a conventional fingerprint-based
search we concluded that CATS seems to be a useful tool for
database mining.

In a prospective test CATS was applied to the prediction of
novel cardiac T-type Ca2� channel blocking agents by explor-
ing the Roche in-house compound depository. Mibefradil (1),
a known T-channel blocking agent (IC50� 1.7 mm) (Fig-
ure 2),[9] was used as the seed structure for CATS. The 12
highest-ranking molecules were tested using a cell culture

Figure 2. Query structure 1 (mibefradil) and a high-ranking isofunctional
structure 2 (clopimozid) derived from 1 by CATS.

assay for their ability to inhibit cellular Ca2� influx.[10] Nine
compounds (75 %) showed significant activity (IC50< 10 mm),
of which one compound (2, clopimozid[11]) had an IC50< 1 mm.
The IC50 values of the next best structures (not shown) were:
1.7, 2.2, 3.2, and 3.5 mm. These hits have structural scaffolds
that differ significantly from the query structure 1. However,
essential function-determining points are preserved, which
form the basis of a relevant pharmacophore pattern.

From the experimental results we conclude that CATS can
be useful for identifying novel molecular structures with
substantial biological activity. The procedure might help to
save time and efforts to create targeted libraries and obtain
rational molecular designs.[12]
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Solvent-free reactions of solids with solids profit from
crystal packing effects and are usually highly selective.[1, 2] In
contrast to gas ± solid reactions[3] no multistep syntheses are
known in this field. We report herein on a one-pot synthesis of
highly substituted pyrroles (see Scheme 1), which gives
moderate yields in solution, but quantitative yields in the
solid ± solid variant at much lower temperatures, although at
least four reaction steps are required in these reactions, not
counting proton transfers from N and O. Such reaction
cascades[4] have not yet received due recognition in academic
teaching, because some particularly elegant examples, which

exhibit environmentally friendly and resource-saving behav-
ior due to the lack of workup requirements for intermediates,
and which use generally accessible starting materials,[5] were
not mentioned in the leading reviews.[6] Rather, the complex-
ity of the starting materials in these reviews require compli-
cated multistep syntheses and thus question both sustainabil-
ity and broader applications. The execution of the present
cascade reactions in the absence of liquid phases avoids
product workup because of the 100 % yield and is thus truely
resource-saving and environmentally friendly.

If the primary or secondary enamine esters 1 a ± d or the
enamine ketone 4 are treated with trans-1,2-dibenzoylethene
(2) in solution or in a ball-mill without liquid phase, the
pyrroles 3 or indole 5 are obtained in moderate or quantitative
yields (Table 1), despite the multistep course of reaction
(Scheme 1). A thermal after-treatment is only required in the
case of 3 c in order to complete the elimination of water (from
8 c, see Scheme 2).

Scheme 1. One-pot synthesis of pyrrole derivatives from easily accessible
starting materials.

The complex cascade reactions are remarkable in view of
their high selectivity (Table 1) and apparently broad versa-
tility.[7] The constitution of the compounds 3 and 5 is derived
from analytical and spectroscopic data.[8] The neighborhood
of the phenyl group to the pyrrole-N atom becomes evident
from the d(13C) values of C4 and C3 in 3 b (C2 and C3 in 5),
which were determined to be 110.1 and 115.1 (114.2 and
119.2). These values correspond much better to the calculated
chemical shifts[9] of 112.7 and 117.9 (117.4 and 120.0) than
those of the isomeric structure in which the phenyl and
benzoylmethyl groups are exchanged: 106.5 and 124.7 (127.5
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Table 1. Reactions of 1 and 4 with 2 to give 3 and 5, respectively.

Com- M.p. [8C] Yield [%] M.p. [8C] Milling time [h]
pound (starting material) in solution in crystal (product) (T [8C])

1a 81 ± 83 68 100 144 ± 146 3 (25)
1b 67 ± 68 81 100 152 3 (25)
1c 1 ± 2 78[a] 100[a] 122 ± 124 3 (ÿ20)
1d 21 55 100 130 ± 131 3 (0)
4 182 46 100 240 ± 241 3 (25)

[a] After short heating (150 8C) of the 1:1 mixture (78 %; solution) or 2:3 mixture
(solid) of 3 c and 8 c.


