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How to easily replace the independent atom model
— the example of bergenin, a potential anti-HIV

agent of traditional Asian medicine

Bergenin, which has been isolated from a variety of tropical
plants, has several pharmacological applications in traditional
Asian medicine. Its electron-density distribution was obtained
from a room-temperature low-resolution X-ray data set
measured with point detection making use of multipole
populations from the invariom library. Two refinement models
were considered. In a first step, positional parameters and
ADPs were refined with fixed library multipoles (model E1).
This model was suitable to be input into a second refinement
of multipoles (model E2), which converged smoothly although
based on Cu Ko room-temperature data. Quantitative results
of a topological analysis of the electron density from both
models were compared with Hartree-Fock and density-
functional calculations. With respect to the independent atom
model (IAM) more information can be extracted from
invariom modelling, including the electrostatic potential and
hydrogen-bond energies, which are highly useful, especially
for biologically active compounds. The reliability of the
applied invariom formalism was assessed by a comparison of
bond-topological properties of sucrose, for which high-
resolution multipole and invariom densities were available.
Since a conventional X-ray diffraction experiment using basic
equipment was combined with the easy-to-use invariom
formalism, the procedure described here for bergenin
illustrates how it can be routinely applied in pharmacological
research.

1. Introduction

In 3 years the crystallographic community will celebrate
100 years of X-ray diffraction. Since its discovery in 1912, X-
ray crystal-structure analysis has seen several stages of
development. For the first 50 years, the method was applicable
only in exceptional cases and with almost unacceptable effort,
so that for example the Cambridge Crystallographic Database
(CSD; Allen, 2002) lists less than 1000 organic and organo-
metallic crystal structures published before 1960.

Through simultaneous developments in solving the phase
problem, the introduction of automatic diffractometers and
progress in computer technology, the number of published
crystal structures increased dramatically, as illustrated by the
number of CSD entries now being close to half a million. In
almost all cases the IAM was applied that uses spherical
scattering factors, which do not allow a detailed description of
chemical bonding. However, a deeper understanding of the
chemistry of a given compound can only be achieved by taking
into account non-spherical valence electron density.

For aspherical-atom modelling, the Hansen & Coppens
multipole formalism (Hansen & Coppens, 1978) is commonly
used. It is a pseudoatom formalism (Stewart, 1976) that
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Table 1
Crystallographic data and IAM refinement.

Crystal data

Chemical formula C4H609-H,O

M, 346.28

Crystal system, space group Orthorhombic, P2,2,2,
Temperature (K) 293

a, b, c(A) 7.488 (1), 13.934 (1), 14.275 (1)
V (A% 1489.4 (2)

V4 4

Radiation type Cu Ko

u (mm™") 1.16

Crystal size (mm) 0.50 x 0.38 x 0.36
Data collection
Diffractometer Stoe four-circle, point detector
Absorption correction None
No. of measured, independent and 5547, 2531, 2467
observed I > 20(I) reflections

Rini> Rygma 0.019, 0.018
Overall completeness (%) 100
Redundancy 22

IAM refinement

Refinement on P

R,[F > 40(F)], wR,(F?), S 0.021, 0.054, 1.07
No. of reflections 2531

No. of parameters 290
(A/0)max X < 0.0001
ADpags APin (€ A7) —0.11/0.13
Flack parameter —0.02 (12)

describes the asphericity of an atomic electron density by a
sum of spherical harmonic-density functions. The application
of a multipole model may require up to 30 additional para-
meters per atom and therefore makes the collection of high-
resolution diffraction data (d < 0.5 A) necessary in order to
obtain a high data-to-parameter ratio. Such a resolution is
generally far beyond the scattering power of macromolecules
and needs considerable experimental effort even in small-
molecule crystallography, so that some limitations in this field
still exist.

Recently, the maximum entropy method (MEM) has been
used in a number of cases (van Smaalen et al., 2003; Hofmann,
Kalinowski et al., 2007; Hofmann, Netzel & van Smaalen, 2007,
Netzel et al., 2008) as an alternative to the multipole model.
Since MEM also requires high-order data, the experimental
challenge still remains.

To overcome the limitations mentioned above, various
activities have been initiated in the last few years to establish
databases of aspherical scattering factors obtained either from
experimental or theoretical investigations (Pichon-Pesme et
al., 1995; Zarychta et al., 2007; Dominiak et al., 2007). One
concept is to replace the IAM by the invariom formalism
(Dittrich et al., 2004), an aspherical scattering model which
assigns fixed multipoles to each atom of a structure from an
invariom library to calculate non-spherical scattering factors.
This allows the refinement of only positional and displacement
parameters as in an IAM refinement, so that data sets of
medium resolution (d < 0.9 A) are sufficient. Application of
the invariom method was made possible by easy-to-use soft-
ware that has been developed recently, see Fig. 1 (Dittrich et
al., 2005; Hiibschle et al., 2007). At present the invariom

library, which is under continuous development, contains all
entries for amino acids/oligopeptides, some entries for
nucleotide bases/nucleosides and a large number of entries for
organic molecules, e.g. carbohydrates. An extension to
common inorganic molecules is planned. Since the require-
ments for X-ray and computer equipment are modest, the
aspherical invariom model lends itself to a wide application
including cases where crystal scattering power might limit the
attainable resolution or if the latest equipment is not available.
This is demonstrated by the example of bergenin (Frick et
al., 1991), a compound of traditional Asian medicine, which
has been isolated from a variety of tropical plants. It is known
for anti-HIV and other biological activities (Ye et al., 2004).

2. Bergenin structure, X-ray experiments

The X-ray structure of bergenin monohydrate is well docu-
mented. Two room-temperature structures (Shang-Zhen et al.,
1989; Ye et al., 2004) and one 120 K study were reported
(Caldas et al., 2002). In addition, the X-ray structure of the
corresponding penta-acetate is known (Frick et al., 1991). The
molecular structure of bergenin consists of a tricyclic system, a
p-glucopyranose ring in *C; conformation, an annelated §-
lactone ring and an aromatic ring fused to the lactone ring
(Fig. 2). All OH groups are involved in hydrogen bonds, one is
intramolecular and six are intermolecular (for details see
below). The absolute structure assigned in this study is the
same as was established by chemical preparative work on
bergenin where it was obtained from an «-p-glucopyranosyl
bromide (Frick ef al., 1991). The sample used in this study was
kindly provided by Dr Tran Dinh Thang from Vinh University,
Vinh City, Vietnam.

To demonstrate that inexpensive experimental equipment
which is far from today’s standard is sufficient for the required
data collection, the X-ray intensities were measured with point
detection on a more than 20 year-old diffractometer at room
temperature with Ni-filtered Cu Ko radiation from a sealed
2 kW tube providing a homogeneous beam diameter of

Simple and Automated Invariom Application
with the InvariomTool Software

Conventional reflection measurement (d<1 A) X-ray tube or Synchrotron

!

Structure solution and spherical refinement SHELX
Identification of Invariom-names InvariomTool
Choice of local coordinate systems InvariomTool
Transfer of Multipole populations from the data base InvariomTool
Refinement of x, y, z, and U, or U XDLSM
Calculation of properties XDPROP

Figure 1
Scheme describing the application of the invariom formalism using the
InvariomTool software (Hiibschle et al., 2007).
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Table 2

Multipole refinements.

Model El E2

No. of reflections in refinement 2436 2436
No. of parameters 289 201
Weighting scheme 1/0*(F?) 1/0%(F2)
Ry 0.0141 0.0130
R, 0.0145 0.0131
R(F?) 0.0315 0.0291
wR(F?) 0.0286 0.0259
Gof 2.19 1.87

N, /Ny 8.4 12.1
(A/Omay) <1077 <107®
APraxs APmin (€ A?) —0.092/0.109 —0.087/0.093
Flack parameter 0.02 (7) 0.02 (7)

1.0 mm at the crystal site. From an exposure time of 8d,
around 5550 reflections were collected to a moderate resolu-
tion of sin /A = 0.59 A! (d =0.85 A). For further experi-
mental details, see Table 1.

2.1. Invariom application, refinement and theoretical calcu-
lations

The room-temperature atomic parameters known from the
literature (Ye et al., 2004) were used to initiate a conventional
spherical refinement with SHELXL (Sheldrick, 2008). Making
use of the InvariomTool software (Hiibschle et al., 2007), 42
invarioms were assigned, 41 of them automatically by the
software, which analyses the molecular geometry and then
identifies the appropriate invariom. For one atom, user
intervention was required. Because many atoms have the
same chemical environment, only 19 of the 42 invarioms are
unique. Input files for XD2006 (Volkov, Macchi et al., 2006)
containing the multipole population parameters and also the
local atomic coordinate systems adjusted to site symmetry (if
any) were automatically generated by the software. In a first
refinement step (hereafter referred to as experimental model
E1l), only the positional and displacement parameters were
refined, while the multipoles were kept fixed to the invariom
library values. Hence, in this invariom refinement fixed non-
spherical scattering factors were applied and the number of

H13

Figure 2

ORTEP (Burnett & Johnson, 1996) representation of the structure of
bergenin monohydrate with atomic numbering scheme. Displacement
ellipsoids are drawn at 50% probability.

parameters used in XD was the same as in the spherical
refinement, see also Table 2. It has recently been shown that a
considerable improvement of anisotropic displacement para-
meters (ADPs) from invariom model refinement can be
achieved (Dittrich et al., 2005, 2008), leading to ADPs of a
quality equivalent to those of a free multipole refinement.
Hence multipole refinement was attempted using the
converged E1 model and the invariom library multipoles as
input (fixed x, y, z and ADPs). The refinement procedure of
this model (referred to as experimental model E2) converged
smoothly after seven cycles, the number of refined parameters
was even lower than for model E1.

Conventional figures of merit for the JAM and the two E1
and E2 refinements are summarized in Tables 1 and 2. R values
decrease considerably from IAM to El, and are further
reduced from E1 to E2; this also holds for the minimum and
maximum residual density. We conclude that the application
of the invariom formalism provides a molecular geometry
(positional parameters and ADPs) which allows a stable
refinement of multipoles even from a low-resolution room-
temperature data set. However, one has to be very careful and
aware of parameter correlations, as recently pointed out by
Dittrich et al. (2009).

We note that the procedure described here could be equally
well applied to the 120 K data reported by Caldas et al. (2002).

The molecular geometry obtained from model E1 was
entered into single-point calculations with HF and DFT
methods [HF/6-311+G(d,p) and B3LYP/6-311+G(d,p); Frisch
et al., 1998] to allow a comparison with the experimental
results.

The experimental (E1 and E2) and theoretical electron-
density distributions were analyzed quantitatively according
to Bader’s Quantum Theory of Atoms in Molecules (QTAIM)
formalism (Bader, 1994). For the experimental data XDPROP
of the XD2006 program suite was employed and the theore-
tical calculations were analyzed with A7M2000 (Biegler-Konig,
2001).

3. Results and discussion

A qualitative picture of chemical bonding is illustrated in
static deformation densities for a couple of selected planes for
models E1 and E2 (Fig. 3). While in the intramolecular
sections (aromatic ring and intramolecular HB), the densities
are rather alike for E1 and E2 (with somewhat more
pronounced negative regions for E2), the lone-pair density of
the acceptor oxygen shows some differences in the inter-
molecular HB. For the E1 model, the two lobes are properly
separated, while a continuous distribution is seen for the E2
model.

3.1. Atomic and bond-topological properties

As already mentioned, Bader’s AIM formalism was applied
to quantitatively analyze and to compare atomic and bond-
topological properties.

Acta Cryst. (2009). B65, 749-756
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From the -electron-density
distribution  obtained  after
refinement of models E1 and
E2, all expected bond-critical
points (b.c.p.s) on the covalent
bonds and on the hydrogen
bonds were found. In addition,
ring-critical points (r.c.p.s) were
identified for the three six-
membered rings mentioned
above. Topological properties at
the b.c.p.s were compared for
the E1 and E2 models with the
corresponding results of the two
theoretical calculations at the
Hartree-Fock and density-func-
tional level. For a list of detailed
data, see the supporting infor-
mation." The mean differences
between experiment (E1 and
E2) and theory (Hartree-Fock
and B3LYP calculations, coded
H and B) summarized in Table 3
agree satisfactorily and show a
normal spread, similar to that
found previously for electron-
density studies based on high-
resolution data sets, where
inconsistencies in  p(ry,) and
V2p(ry,,) of ~0.1e A~ and 2-
Se A*SP are tolerated (Luger,
2007; Messerschmidt et al., 2005;
Dittrich et al., 2002; Grabowsky
et al.,2009). In addition, we note
that the average experimental/
theoretical differences are very
comparable to the differences
between the two theoretical
calculations. There is a marginal
increase of the experimental
versus theoretical difference in
p(rbcp) for the multipole-refine-
ment model E2, which is not
unexpected since this model
might account better for the
crystalline state than model E1. (e)
On the other hand, the E1-E2
differences are very small, so
that with respect to bond-topo-
logical properties significant
differences between the E1 and
E2 models are not seen. Hence,
in the following discussion we only refer to the E2 results.

Figure 3

0.05¢ A3,

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: SN5088). Services for accessing these data are described
at the back of the journal.

(d)

N

Static deformation-density maps in the aromatic ring (top), in the plane of the intramolecular hydrogen bond
(middle) and in the plane of the strongest (intermolecular) hydrogen bond O6—H2.--O10 (bottom). Left/
right: model E1/E2. Blue/black/red contour lines for positive/zero/negative densities. Contour interval

Bond-topological properties in the glucopyranosyl frag-
ment may be compared with the monosaccharide fragments in
sucrose, of which an experimental electron-density study was
carried out recently (Jaradat et al., 2007). For sucrose, p(ry,)/
V2 p(ry,) values averaged over eight exocyclic C—O(H)

752 Birger Dittrich et al. + Replacing the independent atom model
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Table 3

Average differences A of topological descriptors o(rpcp), Vzp(rbcp)
between experiment (models El1 and E2) and theory: B3LYP/6-
311+G(d,p) (B); HF/6-311+G(d,p) (H) (Frisch et al., 1998).

Ap(ry,) (e A7) AV p(ry,) (€ A7)

E1-B 0.09 43
E1-H 0.08 9.5
E2-B 0.12 44
E2-H 0.11 9.0
H-B 0.054 55
E2-E1 0.045 2.0
bonds and ten C—C single bonds were derived as

1.90 (4) e A3 /—142 (15) e A™° and 1.76 (3) e A™%/
—14.9 (6) e A=>. For bergenin, the corresponding quantities
for three C—O(H) bonds are 1.87 (1) e A73-13.8 (6) e A™°
and 1.83 (2) e A™/—16.3 (5) e A~ for five C—C single bonds.

For the three six-membered rings in bergenin, the electron
densities on the r.c.p.s are uniformly between 0.17 and
021 e A7, and the corresponding Laplacian range is 2.7—
3.0e A The r.c.p. in the glucopyranosyl ring of sucrose has
o)/ V2 p(r,,) = 014 ¢ A7 R6e A,

Bader’s QTAIM theory also allows us to obtain atomic
properties in terms of volumes and charges from integration
over the zero-flux surfaces of the electron-density gradient-
vector field. Since atomic volumes and charges are additive,
the success of the integration procedure can easily be vali-
dated: The sum of atomic volumes in one unit cell should be
equal to the experimental cell volume. Consequently, the sum
of all atomic charges should add up to zero. For bergenin, the
sum of atomic volumes (1491.3/1479.7 A® for models E1/E2)
differs by 0.1/0.7% from the experimental unit-cell volume
Vexp = 14894 A3 (see Table 1), while the sum of charges differs
by only 0.04/0.05e from electroneutrality. The average
difference between E1 and E2 charges and volumes is very
small, 0.05 e and 0.26 A®, again within the normal spread of
experimental error. For a detailed list of individual atomic
properties, see the supplementary data.

In an attempt to derive a correlation between volumes and
charges or other physical or chemical properties, two types of
plots were generated (Figs. 4a and b). In Fig. 4(a) a charge
versus volume diagram is displayed, which obviously does not
show any correlation. This is in accordance with a corre-
sponding diagram recently published for peptide fragments
(Leherte et al., 2007). Only a few clusters for the different
elements and atom types can be recognized.

In Fig. 4(b) a plot of atomic volumes (only non-H atoms
included) versus the sum of electronegativities (EN) of adja-
cent atoms shows some amount of linear correlation. We note
that the strongest outlier is oxygen O3 being the acceptor of
the only intramolecular hydrogen bond. If the donor hydrogen
H1 were to be partly included in the EN sum of the nearest
neighbors, the O3 data point would be shifted closer to the
correlation line.

The H atoms, which are not included in the diagram of Fig.
4(b), can be easily distinguished whether they are bonded to
carbon or oxygen (see the corresponding clusters in Fig. 4a).

When bonded to the more electronegative oxygen, the H
atoms lose volume and charge compared with H atoms
bonded to carbon.

3.2. Hydrogen bonding and electrostatic potential

After the introduction of the aspherical invariom model, the
H atoms closely approach positions normally found in
neutron-diffraction experiments, see the summary in Table 4.
This allows a more reliable analysis of hydrogen bonds.

As already mentioned, there are seven hydrogen bonds in
the crystal structure of bergenin, according to the number of
potential OH donors (Fig. 5). One of them (O4—H1---03) is
intramolecular, the other ones are intermolecular hydrogen
bonds (Table 5). The strongest hydrogen bond is formed
between the O6—H2 hydroxyl donor group and the water

1.4 e
1.24 ©c1 ‘u
1.0-
0.8
0.6{ @& c
04{ H-0)

— 0.2]

2

S, 0.0
-0.21
-0.44
0.6
-0.81
-1.01
-1.21

001 2 345678 91011121314151617 181920
Volume (A%)
(a)

Volume vs.
> EN

Vit (A%)

NS TR BN e

0 30 40 50 60 70 80 90 100 110 12.0
T EN
(b)

Figure 4

(a) Plot of Bader charges Q versus atomic basin volumes V. Clusters
according to atom types are marked. Red dots: model E1; blue triangles:
model E2. (b) Representation of Vi, versus the sum of electronegativ-
eties (EN) of adjacent atoms. The linear correlation coefficient is 0.96.
The largest outlier (for O3) would approach closer to the least-squares
line if the neighborhood of the hydrogen-bond donorship of H1 were
considered in the EN summation (arrow, see also text).
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Table 4

Averaged X—H bonds.

X—H Spherical Invariom (E1/E2) Neutron*
O—H 0.86 (4) 0.93 (3) 0.97
C—H 0.96 (3) 1.08 (2) 1.06-1.09

References: (a) Allen et al. (1992).

oxygen O10 acceptor (see again the deformation-density
distribution of this interaction, illustrated in Fig. 3, bottom).
The influence of hydrogen bonding on the electron density
was studied quantitatively by means of topological properties,
also listed in Table 5. In all cases, relatively low values of
electron density and positive Laplacians at the b.c.p.s are
indicative of closed-shell interactions (Koch & Popelier, 1995).
Hydrogen-bond energies Eyp were calculated from the rela-
tion of Abramov (1997) which uses the electron-density p(r,)
and Laplacian values V? p(rye,) (see also Fig. 5), and from the
relation of Espinosa (et al., 1998), where only the hydro-
gen- - -acceptor distance (H---A) is entered. Since neither the
p(rye,) nor the Vzp(rbcp) values differs strongly between the
two experimental models E1 and E2, the Abramov hydrogen
bonding energies are rather alike and their average difference
is 1.2 kI mol~!. Accordingly the difference to the Espinosa
hydrogen-bonding energy is small (2.0-2.5kJ mol™!) if the
proper hydrogen positions of the invariom geometry are used.
The hydrogen bond O6—H2---010 is confirmed to be the
strongest by Eyg > 60 kJ mol™!, which is three times stronger
than Eyg being close to 20 kJ mol~! for the weakest hydrogen
bond O9—HS. - -O6. Since the H---A distance is used in the
Espinosa Eyg calculation, the spherical model would have led
to lower hydrogen-bond energies, because shorter spherical
O—H bond lengths (see Table 4) imply longer H- - -A acceptor

0.21 A&
35.4] of 0.18
o -

€ )
0.29 v

812 J du
;.h

strongest

0.19

014
21.8
Figure 5

The seven hydrogen bonds in the crystal lattice of bergenin monohydrate.
For each hydrogen bond, the value of the electron density (model E2) at
the b.c.p. (po(ry,), in € A7?) is given and the hydrogen-bond energy Ey
(in kJ mol™) after Abramov (1997).

distances and hence lower Eygs. It follows that the invariom
formalism promotes a more reliable derivation of quantitative
hydrogen-bond properties in the Espinosa formalism.
However, the E2 model obtained after multipole refinement
obviously does not provide significantly more information
about the intermolecular interactions in the bergenin lattice
than the E1 model.

For the consideration of the reactive behavior of a chemical
system, the three-dimensional distribution of its electrostatic
potential is very helpful in that negative regions can be
regarded as nucleophilic centers, whereas regions with positive
electrostatic potential are potential electrophilic sites. The
electrostatic potential, which can be derived directly from the
electron density, was calculated from the experimental (E2)
data using the method of Volkov, King et al. (2006) and is
represented in Fig. 6 by a color code mapped on the isoelec-
tron-density surface at p(r) = 0.5e¢ A™>. The electrostatic
potential makes the polarization of the electron density
visible, in that, for example, a noticeable negative electrostatic
potential is seen around the O atoms, while positive electro-
static potential regions are found around the H atoms.
Moreover, it can be seen that the OH hydrogen atoms, which
are involved in hydrogen bonding, have a stronger positive
electrostatic potential than the H atoms bonded to the C
atoms not being involved in such interactions (see the dark
blue or deep violet and hence strong positive regions) so that
in total the polarization in the hydrogen-bonding regions is
visible.

While these features in the electrostatic potential already
make intermolecular interactions visible, the sites and
strengths of these types of contacts can also be studied from
the illustration in Fig. 7, where the electron density is mapped
on the Hirshfeld surface (Spackman & Byrom, 1997
McKinnon et al., 1998) using a color code. It can easily be
recognized from the intensity of the colored regions where
hydrogen bonding takes place. The strongest electron-density

1716 e/A
1357
0.990

-0078 4§

Figure 6

Experimental (E2) electrostatic potential, mapped by a color code (see
color bar) on the electron-density isosurface at 0.5e A~ (Mollso
representation; Hiibschle & Luger, 2006). For this isosurface value, the
E1 model (not shown) looks alike within the graphical accuracy.
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Table 5 . . .
Summary of hydrogen-bonding data (units in A, °, e A™>, e A™>, kJ mol™").
D—H.--A D—H H.-A D---A D—H---A P(Frey) V2 0(Fep) Ept Eppt
O4—H1.--03 0.91 (1) 1.87 (1) 2.666 (1) 145 (1) 0.19 3.03 30.16 21.81 33.40
0.19 2.97 33.13
06—H2..-010' 0.98 (1) 165 (1) 2,620 (1) 171 (1) 029 473 66.59 46.46 61.22
0.29 4.72 61.17
O7—H3.--09" 0.94 (1) 1.81 (1) 2741 (1) 170 (1) 0.19 3.33 37.43 28.07 34.76
) 0.20 334 36.56
08—H4. .07 0.92 (1) 1.82 (1) 2.737 (1) 172 (1) 0.19 3.32 34.83 30.16 3471
0.19 3.26 34.44
09—HS. - -06" 0.87 (1) 1.99 (1) 2.823 (1) 160 (1) 0.13 2.20 18.89 17.58 20.42
0.14 2.19 21.75
010—H17. - .08l 0.92 (1) 1.84 (1) 2.764 (1) 175 (1) 0.20 2.80 33.60 2430 34.11
0.21 2.69 35.42
010—HI8. --01" 0.94 (1) 1.92 (1) 2.857 (1) 175 (1) 0.16 235 25.19 25.19 25.42
0.18 2.32 28.48

Symmetry codes: (i) 1 —x,3+y,3 — z; (ii) =1 +x,y,z; (iii) 1+ x5 =y, 1=z, (V) i+ x3—y, 1 —2z;(v) 1 +x,y,2. 1 Eyg calculated after Espinosa’s expression (Espinosa et al.,
1998), left column: H---A entered from geometry refinement after invariom transfer; right column: H---A entered from spherical geometry. i Eyp calculated after Abramov’s
expression (Abramov, 1997). B.c.p. values and Abramov energies for model E1 in the first line, corresponding values for model E2 in italic in the second line.

region, indicated by the red circle (> 0.3 e A_3), indicates the
site of the strongest hydrogen bond O6—H2- - -O10.

3.3. Assessment of invariom data: the test case sucrose

As already mentioned, the electron density of sucrose was
recently determined based on a high-resolution (sinf/A =
1.15 Afl) 20 K Mo K« data set (Jaradat et al., 2007) followed
by a full topological analysis according to Bader’s AIM
formalism. For an assessment of the invariom procedure
applied to bergenin and the derived quantitative findings
reported above, a room-temperature low-order data set of
sucrose (CuKew, 2619 reflections, sinf/A = 0.59 A‘l) measured
under comparable experimental conditions as for bergenin
was used in an invariom refinement, so that the comparison of
the resulting topological data with those of the high-resolution
multipole-refined data published by Jaradat et al. (2007) could

0.320 e/AM3*
0.25¢
0.192
0.128

0.064

-0.000

Figure 7

Electron-density (in ¢ A~>) mapped on the Hirshfeld surface (Spackman
& Byrom, 1997; McKinnon e al., 1998) of bergenin. Illustration generated
with Mollso (Hiibschle & Luger, 2006).

serve as a benchmark test for the reliability of the invariom
formalism. The invariom bond-topological properties p(ry,)
and Vzp(rbcp) and atomic volumes and charges were plotted
versus the corresponding high-resolution multipole data (Figs.
S1-S4, see supporting information) and can be summarized as
follows: With few exceptions, the data points deviate from a
bisecting line within an interval given by the recently intro-
duced overall experimental transferability indices
(Grabowsky et al., 2009), which are 0.09 e A7 and28e¢ A™°
for p(r,,) and V2 po(ry,,) and 0.7 A% and 0.11 e for volumes and
charges. The exceptions are mainly seen for the atomic charges
(the considered interval should be doubled), indicating a
slightly less pronounced description of the polarization in the
crystal by the invariom model. Hence, we are confident that
invariom data are quantitatively reliable within the transfer-
ability indices given above.

4. Conclusion

This study has shown that simple X-ray diffraction experi-
ments with inexpensive equipment combined with the soft-
ware-supported invariom formalism can yield properties of
the investigated chemical structure far beyond those obtain-
able from the IAM. The assignment of multipole populations
from the invariom library has led to a molecular geometry
with significantly improved hydrogen positions. It has also
allowed sufficiently accurate ADPs to be obtained that are
deconvolved from the electron-density distribution. Starting
from the subsequently fixed positional and displacement
parameters of the invariom model, a multipole refinement
converges smoothly, although only a room-temperature low-
resolution diffraction data set measured with Cu Ko radiation
was used. The reliability of the invariom results was confirmed
by the quantitative findings for sucrose where invariom and
high-resolution multipole data could be directly compared and
found to be consistent with the recently published transfer-
ability indices.
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It holds for the experimental E1 and E2 models that in
addition to intramolecular topological descriptors, inter-
molecular electronic properties can be derived which are
highly useful, especially for biologically active compounds.
Drug-receptor interactions of such compounds are often not
only directed by steric and van der Waals interactions, but also
by complementarity in their electronic properties. Hence, an
intermolecular electron-density distribution can provide
further information for the understanding of such interactions
on an atomic level.

Regarding these aspects, the invariom formalism is properly
suited for further application not only in traditional medicine,
which is frequently part of the public health system (Luger et
al., 2000; Kingsford-Adaboh et al., 2001, 2006), but also as an
affordable tool in general drug research.
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