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In medicinal chemistry it is generally accepted that steric
and electronic properties play a dominant role in drug ± target
recognition processes. Molecular activity, similarity, and
recognition, which are ambiguously defined properties, are
therefore most often screened in terms of their relationship to
a definite and readily accessible property, the molecular
structure. However, all of these properties can be deduced
unambiguously from the distribution of the electronic charge,

denatured states, given a force field that accurately describes
the characteristics of this limited denatured state. Study of
only folded states[20] will be insufficient to solve the folding
problem. The key to solving the protein folding problem lies
rather in a good understanding of the denatured state.

Methods

The MD simulations were carried out using the GROMOS96 program[18]

and the force field 43A1.[19] Aliphatic CHn groups were treated as united
atoms, both in the peptides and the solvents. Periodic boundary conditions
were applied in a rectangular or truncated octahedron box. The nonbonded
interactions were cutoff at a distance of 1.4 nm, and a Poisson ± Boltzmann
reaction field force was used to approximate electrostatic interactions
beyond the cutoff in water, DMSO, and chloroform. Bond lengths in both
peptides and solvents and bond angles in the solvent molecules were kept
fixed. The integration time step was 2 fs and systems were kept at constant
temperature and pressure (1 atm) by weak coupling to temperature and
pressure baths.

The results of the simulations are independent of the various initial
structures used because of the relatively long lengths of the simulations.
The trajectory structures (at 0.01 ns intervals) of the peptides were
clustered into conformations as follows:[8] The number of neighbors (that
is, the number of structures satisfying the similarity criterion) was
determined for each trajectory structure, with the criterion of similarity
between two structures being the positional RMSD value of their main
chain atoms. The structure with the highest number of neighbors was then
taken as representing the first (most populated) conformation or cluster of
structures. After removing the structures belonging to the first cluster from
the trajectory, the procedure is repeated to find the second cluster or
conformation, and so on.
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which is a physical property that can be observed and derived
from the first principles of quantum mechanics.[1, 2] Despite
recent dynamic advances in theoretical methods, the model-
ing of drug ± receptor interactions at the electronic level is not
yet a feasible approach. Owing to the complexity of bio-
chemical systems and to the lack of information on the
receptor site, practical models are limited to drug molecules
with properties that are established, at most, at the semi-
empirical level of theory.

The charge or electron density 1(r) can be obtained
theoretically from high level ab initio quantum chemical
calculations and also experimentally from a high-resolution
X-ray diffraction experiment at low temperature (T� 100 K).
The charge density extracted from the X-ray diffraction data
of a crystalline sample does not correspond to the pure
quantum state. Although the applied pseudoatom formalism[3]

is a density model which is formally equal to a one-center
representation of 1(r), it does not allow for the reconstruction
of the wave function, hence, orbitals, for example, are not
observable in the deformation density.[4, 5]

The rationalization of the experimental charge density has
been made possible through their comparison with theoretical
densities. In this respect topological analyses have played a
major role.[2] Such studies have demonstrated that the
experimental density is homologous not only to that derived
from the ground-state periodic wave function but also to that
calculated for the isolated molecule with the experimental
geometry.[6±8] The experimental charge density obtained after
multipole refinement[3] is affected by experimental errors and
model inadequacies. The quality of the theoretical counter-
part, on the other hand, depends primarily on the approx-
imations involved and the basis set used in the calculation.
The comparison of experimental and theoretical bond topo-
logical descriptors for chemically analogous bonds reveals
that the spread of these parameters, as changing conditions, is
narrower for the former than for the latter method.[9]

By making use of recent technical developments in X-ray
crystallography[10±12] we were able to investigate the charge
density[13] and related topological properties of an antithrom-
botic drug molecule of more than 50 atoms. The comparison
of experimental and theoretical properties suggests that those
extracted from X-ray data, and thus referring to the crystal-
line environment, are substantially better suited to simulate
physiological conditions than those calculated for the isolated
molecule.

Terbogrel (Figure 1) is a new antithrombotic agent which is
in the course of clinical development. It has recently been
introduced as the first compound with a guanidine moiety to
combine antagonism to the thromboxane A2 receptor and
synthase inhibition.[14, 15] The experimental results presented
here are based on an X-ray data set of almost 220 000
reflections up to a resolution of d� 0.4 � that were col-
lected in 5 days by using area detection.[16] This is to be
compared with approximately 200 days of exposure time
that would have been needed for the corresponding experi-
ment performed with conventional scintillation detection,
or to over 85 days of CPU time on a SGI Origin 2000
(R10000 processor) that would be needed to calculate the
corresponding results for the isolated molecule at the

Figure 1. Chemical formula of Terbogrel and its molecular structure as
obtained by this X-ray study (ORTEP representation,[23] the displacement
ellipsoids are plotted at a 50 % probability level).

HF/6-311��G(3df,3pd) level of theory with the GAUSSI-
AN94 program package.[17] The resulting intensity data were
interpreted in terms of the Hansen and Coppens multipole
formalism,[3] which allows the modeling of an aspherical
distribution of electron density. The multipolar refinement
with the program package XD[18] led to a crystallographic
agreement factor of 1.8 %. This value shows the excellent
quality of the crystal and diffraction intensities. Hence, even
the use of a conventional X-ray source is suited for these types
of investigations.

From the analytic charge density obtained it is possible to
perform a topological analysis according to Baders theory of
ªatoms in moleculesº.[2] This analysis provides the definition
of molecular structure, an atomic partitioning of the molecule,
and the characterization of atomic interactions in terms of
local topological indicesÐsuch as the value of the electron
density 1(rb) and its Laplacian function r21(rb) at the bond
critical point (BCP, located at rb, wherer1(rb)� 0), as well as
the bond ellipticity e[19] (see also Table 1).

Table 1 shows a comparison of theory and experiment in
terms of quantitative bond topological data for various CÿN
bonds in the guanidine group, the cyano group, and the
pyridine ring of Terbogrel (Figure 1). The weakest bond
strength, as given by 1(rb), is found for the bond N23ÿC27
with an experimental value of 1.76(2) e �ÿ3, which indicates
an almost pure single bond. This result is supported by the
bond ellipticity which is close to zero and shows a cylindrical
density distribution along the bond. A 1(rb) value of 2.05 e �ÿ3

for the bond N21ÿC19 is lower and higher, respectively, than
that expected for a double and single bond, which suggests
there is conjugation with the phenyl ring. The topological
equivalence of the N11ÿC10 and N11ÿC12 bonds may be
attributable to the aromatic character of the pyridine ring.
High charge concentrations are found for the formally single
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bonds N23ÿC22 and N24ÿC25 in the guanidine residue. In
terms of their 1(rb) values, the other two bonds to C22 appear
to have strong double bond character. The overall trend found
here can be rationalized on the basis of the resonance forms
depicted in Scheme 1. The bond orders of the different CÿN
bonds, as revealed by the 1(rb) values, suggest the resonance
forms 4 and 6 to have considerable weight.

The Laplacian distribution of the charge density yields
valuable chemical information on the reactive sites of the
molecule and on the sites where intermolecular interactions
are favored. Figure 2 displays this function in a few selected

Scheme 1. Different resonance forms of the guanidine fragment. On the
basis of the results from the topological analysis the resonance forms 4 and
6 have considerable weight.

molecular planes, and shows features such as bonded valence
shell charge concentrations (VSCCs, with local maxima at
ÿr21(rb)) on all the covalent bonds and nonbonded VSCCs
in the lone-pair regions of the nitrogen and oxygen atoms.
Figure 3 displays the zero-Laplacian isosurface (the reactive
surface) and shows a high depletion of the VSCC at C2 and
C22. These two atoms are therefore the most likely sites for a
nucleophilic attack. On the basis of the nonbonded VSCCs

Figure 3. Zero-Laplacian isosurface (r21(r)� 0, reactive surface). The
labels for the H atoms are omitted. The VSCC at atoms C2 and C22 is
reduced, as shown by the open regions in this surface. These are the most
likely sites for nucleophilic attack.

Table 1. Bond topological indices for the various NÿC
bonds.[a]

Bond 1(rb) r21(rb) d e

N23ÿC27 1.61 ÿ 10.3 0.996 0.02
1.65 ÿ 14.3 0.986 0.03
1.76(2) ÿ 8.8(1) 0.831 0.03

N21ÿC19 1.91 ÿ 15.7 0.941 0.05
1.97 ÿ 20.8 0.931 0.04
2.05(2) ÿ 13.8(1) 0.799 0.10

N21ÿC22 2.17 ÿ 23.4 0.895 0.05
2.24 ÿ 28.9 0.886 0.10
2.35(2) ÿ 16.4(1) 0.758 0.12

N11ÿC10 2.30 ÿ 19.9 0.883 0.10
2.37 ÿ 26.2 0.874 0.13
2.47(2) ÿ 21.2(1) 0.755 0.14

N11ÿC12 2.29 ÿ 19.4 0.885 0.08
2.37 ÿ 25.9 0.876 0.12
2.51(1) ÿ 22.3(1) 0.763 0.13

N24ÿC22 2.42 ÿ 30.5 0.838 0.14
2.50 ÿ 34.4 0.823 0.17
2.53(2) ÿ 20.9(1) 0.725 0.08

N24ÿC25 2.46 ÿ 30.1 0.827 0.04
2.52 ÿ 32.9 0.827 0.04
2.60(2) ÿ 18.7(1) 0.726 0.04

N23ÿC22 2.36 ÿ 27.2 0.868 0.13
2.44 ÿ 32.9 0.858 0.18
2.62(2) ÿ 24.3(1) 0.742 0.19

N26ÿC25 3.15 ÿ 9.6 0.757 0.03
3.25 ÿ 12.3 0.760 0.03
3.54(2) ÿ 35.5(1) 0.685 0.08

[a] 1(rb) [e �ÿ3] and r21(rb) [e�ÿ5] are calculated from the
corresponding bond critical point (BCP); d [�] gives the
distance of the BCP from the first listed atom; and the bond
ellipticity e indicates the aspherical nature of the charge in
the bond.[19] For each bond the first line corresponds to HF/6-
311��G(d,p), the second line to HF/6-311��G(3df,3pd),
and the third line to experimental results.

Figure 2. Comparison of the negative Laplacian distribution in four different molecular
sections: a) the phenyl ring, b) the pyridine ring, c) the guanidine group, d) the terminal
cyano group. The Laplacian function is a very sensitive indicator of local charge
accumulations (r21(r)< 0) or depletions (r21(r)> 0). The saddle-shaped features in the
bonding regions are typical indicators of the charge concentrations on a covalent bond.
The lone pairs on the nitrogen atoms are also all signaled.
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(Table 2), the oxygen atoms, as well as atoms N11 and N26
appear to be the most likely sites for an electrophilic attack
sincer21(rb) shows the most negative values, and hence local
charge concentration at these sites. This result is in excellent

agreement with that derived from the wave function. On the
other hand, the analysis of the experimental ÿr21(rb)
function reveals the lack of (3,ÿ 3) critical points at the N21
and the N23 sites. This finding also supports the suggestion
that the nonbonded electrons of these atoms are, to some
extent, involved in the bonding as suggested by the resonance
forms 4 and 6.

The electrostatic potential (EP), which can be derived
directly from the electron density, is an analytical tool which is
used extensively to predict the reactive behavior of chemical
systems and to study biological recognition processes, such as
drug ± receptor or enzyme ± substrate interactions. Figure 4
displays positive (blue) and negative (red) isopotential
surfaces of the EP derived from the monomolecular charge
density extracted from the crystal field according to the
method of Su and Coppens,[20] and compared to that
calculated from the HF/6-311��G(d,p) wave function. Both
maps show distinct regions of negative potential that are
especially pronounced at the cyano-substituted guanidine
residue and, to a lesser extent, at the pyridine nitrogen and
carboxylate oxygen atoms. These features are considerably
enhanced in the experimental potential and indicates the
polarization effects of the crystal field. The enlargement of the
dipole moment on going from the isolated molecule (11.2 D,
HF/6-311��G(3df,3pd)) to that in the crystalline environ-
ment (21.9(16) D) has the same origin. These observations are
in line with several results published recently on experimental
electronic properties.[21, 22]

The experimental EP extracted from the crystalline state
can be assumed to be better suited for the simulation of a
physiological situation, which are characteristic of drug ± re-
ceptor interactions, than the potential calculated from an
isolated stationary state. This occurs because it includes
effects of intermolecular interactions arising from a given
crystal packing in which molecular recognition is realized to a
high degree. To obtain comparable results theoretically,

Figure 4. Representation of the isosurface of the electrostatic potential:
a) Experimental, extracted from the crystal field by the method of Su and
Coppens,[20] b) calculated from HF/6-311��G(d,p) wave function for the
isolated molecule. The values of the isosurface in both representations are:
red�ÿ0.1 e �ÿ1, blue��1.0 e �ÿ1.

calculations need to be carried out on periodic systems, which
is hardly feasible with current CPU power and definitely
impossible for larger systems. This fact encourages the use of
experimentally derived electronic properties in the modeling
of biochemical processes since purely geometric considera-
tions are certainly not sufficient for their description. Only
steric and electronic complementarity will lead to a successful
drug ± receptor interaction, hence the accurate determination
of the electronic charge density serves as a basis for a better
understanding of such interactions. Since this study has
proven that charge-density work on medium-sized drug
molecules can be performed even with common laboratory
equipment in a short time, this method has the potential to
improve drug-finding processes.
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Polyol-Mediated Preparation of Nanoscale
Oxide Particles**
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Nanoscale oxide particles with a mean particle diameter of
30 to 300 nm are gaining increasing technical importance for
classic areas of application such as catalysts, passive electronic
components, or ceramic materials.[1] However, they also
contribute in an essential way to the realization of completely
new concepts such as transparent solar cells[2] or photonic
crystals.[3] In addition, they play an important role in the
selective surface modification (e.g. passivation, hardening,
coloration) of various substrates in the form of coatings.[4]

With regard to all of the applications mentioned, in addition
to the particle size a low degree of agglomeration and a
monodisperse size distribution are desirable to enable a
homogeneous arrangement of particles in thin films or as
coatings. The polyol method applied herein provides a
promising preparative approach to such oxide particles.

The polyol method was initially described for the prepara-
tion of elemental metals and alloys,[5] in which the reducing
properties of a high-boiling alcohol (e.g. glycerol, glycol)
towards a suitable metal precursor were utilized. With regard
to oxidic materials, only a few insights have been gained so far,
namely for ZnO, Fe2O3, CoAl2O4, and Bi2O3.[6] Our inves-
tigations show that the polyol method, which can also be
understood as a sol ± gel process carried out at elevated
temperatures in the case of oxides, is suitable for the
preparation of a host of binary and ternary oxides.

By heating suitable metal salts and a defined amount of
water in diethylene glycol (DEG), suspensions of various
materials are obtained in a simple manner (Figure 1, Table 1).
These oxide particle suspensions are colloidally stable and can
contain up to 20 wt% of solids. A detailed characterization of
the oxide particles obtained is exemplified for Cu2O, TiO2,
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Figure 1. Various oxide particle suspensions in DEG.


