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Structural analysis and multipole modelling of
quercetin monohydrate — a quantitative and

comparative study

The multipolar atom model, constructed by transferring the
charge-density parameters from an experimental or theore-
tical database, is considered to be an easy replacement of the
widely used independent atom model. The present study on a
new crystal structure of quercetin monohydrate [2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxy-4 H-chromen-4-one mono-
hydrate], a plant flavonoid, determined by X-ray diffraction,
demonstrates that the transferred multipolar atom model
approach greatly improves several factors: the accuracy of
atomic positions and the magnitudes of atomic displacement
parameters, the residual electron densities and the crystal-
lographic figures of merit. The charge-density features,
topological analysis and electrostatic interaction energies
obtained from the multipole models based on experimental
database transfer and periodic quantum mechanical calcula-
tions are found to compare well. This quantitative and
comparative study shows that in the absence of high-
resolution diffraction data, the database transfer approach
can be applied to the multipolar electron density features very
accurately.

1. Introduction

Quercetin is a naturally occurring flavonoid pigment found in
coloured leafy vegetables, herbs and fruits. This biologically
active compound has gained immense attention from the
research community due to its medicinal properties. It is
reported to possess anticancer (ElAttar & Virji, 1999),
antithrombotic (Gryglewski et al., 1987), antioxidant (Lamson
& Brignall, 2000) and antimicrobial (Formica & Regelson,
1995; Gatto et al., 2002) properties. Recent research supports
the idea that quercetin may be helpful for patients with
chronic prostatitis with interstitial cystitis possibly because of
its action as a mast cell inhibitor (Shoskes et al, 1999). The
presence of quercetin along with other flavonols in our daily
diet is also reported to be associated with a reduced risk of
fatal pancreatic cancer in tobacco smokers (NOthlings et al.,
2007).

Charge-density analysis of accurate high-resolution single-
crystal X-ray diffraction data is now a matured branch of
modern crystallography, published in a variety of journals,
focusing on an ever-increasing range of inorganic, organo-
metallic, organic and biological materials (Coppens, 1997;
Spackman, 1997; Koritsanszky & Coppens, 2001; Munshi &
Guru Row, 2005a). This technique has now reached a level at
which the experimentally derived electron density can be
compared with the charge density obtained from high-level
theoretical calculations. Experimental and theoretical charge
densities can be used to analyse a range of problems of
chemical (Coppens, 1997) and physical (Tsirelson & Ozerov,
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Table 1
Summary of the atom models.

Model Description

IAM_R xyz, ADPs and scale factor refined versus experimental
structure factors
X—H distances, angles involving H atoms and ADPs of
the H atoms restrained
xyz, ADPs and scale factor refined versus experimental
structure factors
ADPs of the H atoms restrained
xyz, ADPs and scale factor refined versus experimental
structure factors
X—H distances, angles involving H atoms and ADPs of
the H atoms restrained
Multipolar parameters transferred from the extended
database
xyz, ADPs and scale factor refined versus experimental
structure factors
ADPs of the H atoms
Multipolar parameters transferred from the extended
database
Optimized geometry used
Multipolar parameters transferred from the extended
database
Optimized geometry used
Multipolar parameters refined versus theoretical struc-
ture factors
k and «’ parameters for some H atoms restrained
TAAM_THEO_R xyz, ADPs and scale factor refined versus experimental
structure factors
X—H distances, angles involving H atoms and ADPs of
the H atoms restrained
Multipolar parameters transferred from the THEO_OPT
model

TAM_UR

TAAM_R

TAAM_UR

TAAM_OPT

THEO_OPT

1996) interest since the charge density is a physically obser-
vable quantity. One of the most exciting applications of charge
density analysis is the evaluation of one-electron properties in
molecular crystals (Spackman, 1992).

Bader’s Quantum Theory of Atoms In Molecules (QTAIM)
is an ultimate approach to studying the topological features of
the charge-density distribution (Bader, 1990, 1998). Topolo-
gical analysis via the QTAIM approach is capable of providing
the information about the existence and the nature of
hydrogen bonds. The eight criteria suggested by Koch and
Popelier (Koch & Popelier, 1995; Popelier, 2000; hereafter
referred as KP) based on QTAIM allow a hydrogen bond to
be distinguished from a van der Waals interaction. In this
study we focus on the first four of the criteria.
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Figure 1
Chemical structure of quercetin monohydrate.

The possibility of using previously extracted electron-
density parameters within Hirshfeld’s (1971) aspherical
formalism in crystallographic modelling was first realised by
Brock et al. (1991). This work was followed by Pichon-Pesme
et al. (1995), resulting in the construction of the first experi-
mental database of peptide and amino-acid fragments, called
the experimental library of multipolar atom models
(ELMAM) based on the Hansen—Coppens (Hansen &
Coppens, 1978) multipolar formalism. Two more aspherical
atom libraries based on the same formalism but using
computed electron densities were also constructed: University
at Buffalo Pseudoatom Databank (UBDB; Volkov et al., 2004)
and the Invariom database (Dittrich et al, 2004). All three
libraries are in continuous development and were revised
several times. ELMAM was updated in 2004 (Pichon-Pesme et
al.,2004), UBDB in 2007 (Dominiak et al., 2007) and Invariom
was improved in 2006 (Dittrich, Hiibschle et al., 2006). The
advantages of using aspherical atom databases in routine
crystallographic modelling were pointed out in several studies
(Jelsch et al., 1998, 2005; Dittrich et al., 2005, 2007, 2008;
Dittrich, Hiibschle et al., 2006, 2009; Dittrich, Striimpel et al.,
2006; Dittrich, Weber et al., 2009; Volkov et al., 2007; Zarychta
et al., 2007; Bak et al, 2009). Improvements to the residual
electron density, geometrical parameters and atomic displa-
cement parameters have been thoroughly discussed. More-
over, some of the databases were also used to compute the
electrostatic interaction energies between host—guest protein
complexes (Dominiak et al., 2009; Fournier et al., 2009).

The ELMAM database has been extended from protein
atom types to common organic molecules and is based on the
optimal local coordinate systems (Domagata & Jelsch, 2008).
New chemical environments (atom types) can be easily added
to the database when new charge-density diffraction data
become publicly available. Details of the construction of this
extended database will be published in a separate paper. In
this work we present the application of the extended database
for the multipolar atom modelling of quercetin monohydrate
(Fig. 1). The most important features of the modelled electron
density of this compound are discussed and are the subject of a
detailed comparison with the theoretical multipole model
based on periodic quantum mechanical calculations. All the
atom models discussed here are summarized in Table 1. The
charge-density parameters transferred to quercetin are
described in the CIF files in the supplementary material.*

2. Experimental and theoretical details
2.1. Crystallization, data collection and data reduction

Quercetin dihydrate (CAS number 6151-25-3) purchased as
a powder from Sigma-Aldrich was dissolved at ~ 233 K in
acetonitrile. The solution was left overnight to slowly cool
down to room temperature. Yellow crystals of prismatic shape
were crystallized from the solution. A crystal of size 0.35 x

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: GW5011). Services for accessing these data are described
at the back of the journal.
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Table 2
Experimental details.

For all structures: C;sH;007-H,O, M, = 320.24, monoclinic, P2,/c, Z = 4. Experiments were carried
out at 110 K with Cu Ko radiation using a SuperNova, Dual, Cu at zero, Atlas diffractometer.
Absorption was corrected for by multi-scan methods. ‘Empirical absorption correction using
spherical harmonics was implemented in the SCALE3 ABSPACK scaling algorithm.” Refinement
was on 256 parameters with 29 restraints. H-atom parameters were constrained.

IAM_R TAAM_R TAAM_THEO_R

Crystal data

haran & Pople, 1973). Upon energy conver-
gence (AE ~ 107°), a periodic wavefunction
based on optimized geometry was obtained.
The index generation scheme proposed by Le
Page & Gabe (1979) was applied to generate
18 404 unique Miller indices up to 1.2 A~!
reciprocal resolution. Option XFAC of the
CRYSTAL(O6 program was then used to
generate a set of theoretical structure factors
from the computed electron density and using
a set of prepared indices.

a, b, ¢ (A) 8.737 (1), 4.852 (1), 30.160 (1)
B 95.52 (1)

vV (A%) 1272.6 (3)

u (mm™) 0.138

Crystal size (mm) 0.35 x 0.19 x 0.16

Data collection

Tmins Tmax

No. of measured, independent and
observed [I > 2.00(I)] reflections

0.672, 1.000
69 706, 2652, 2565

Rint 0.017
Refinement
R[F > 20(F")], wR(F), S 0.039, 0.054,2.19  0.020, 0.028, 1.11

No. of reflections 2652 2652
APimaxs APumin (€ A7) 0.39, —0.24 0.14, —0.16

0.020, 0.027, 1.11

0.15, —0.18

2.4. Experimental modelling

Initially the quercetin monohydrate struc-
ture was modelled using the independent atom
model (IAM) approximation. Atomic displa-
cement parameters (ADPs), positions (xyz
coordinates) and the scale factor were refined
with the appropriate weighting scheme and
restraints. X—H (where X = C or O) distances

Computer programs used: CrysAlisPro (Oxford Diffraction, 2009), SHELXL97 (Sheldrick, 2008), MoPro

(Jelsch et al., 2005).

0.19 x 0.16 mm was selected for the experiment. Data
collection was performed using an Oxford Diffraction Super-
Nova Dual Wavelength Microfocus diffractometer equipped
with an ATLAS CCD detector. Reflections were collected at
110 K up to sin /A = 0.63 A~! resolution using Cu radiation.
Data were collected using 91 w runs, with a 1.0° scan width and
15s per frame exposure time, resulting in a total of 4921
frames. The average redundancy was 6.7. Indexing, integration
and scaling were performed with CrysAlisPro, Version 1.171
(Oxford Diffraction, 2009). In total, 39 962 reflections were
measured and then merged to 2652 unique reflections. The
multi-scan absorption correction was applied in the scaling
procedure. Further details of the data collection and reduction
are given in Table 2.

2.2. Spherical atom refinements

Structure solution and the initial stages of refinement were
carried out using SHELX97 (Sheldrick, 2008) with full-matrix
least-squares and based on F°. The final refinements on F were
performed using the MoPro package (Guillot et al., 2001;
Jelsch et al., 2005).

2.3. Theoretical calculations

Periodic quantum mechanical calculations using
CRYSTALO6 (Dovesi et al., 2008) were performed for the
crystal structure obtained from X-ray diffraction and, using
this as a starting point, full geometry optimization was
performed using density functional theory (DFT; Hohenberg
& Kohn, 1964) and with the B3LYP hybrid functional (Lee et
al., 1988; Becke, 1993) using the 6-31G(d,p) basis set (Hari-

were shifted and restrained to the average
neutron diffraction distances (Allen et al.,
1987, 2006). Angles involving C—H bonds
were also restrained using similarity restraints.
The ADPs of the H atoms were scaled
according to U, of the carrying atoms (URATIO restraint) in
an analogous way to SHELX (Sheldrick, 2008). This
restrained model is referred to as the IAM_R model (Table 1).
Further, restraints on the distances and angles were released
from IAM_R, while the URATIO restraints were maintained.
This partially unrestrained model is referred to as IAM_UR
(Table 1).

2.5. Database transfer

A total of 12 unique atom types from the extended
ELMAM database were assigned to 35 atoms of quercetin
monohydrate. For some atoms, the same atom type was
selected (see Table S1 of the supplementary material). The
multipolar parameters (including « and «’) were then trans-
ferred to the quercetin monohydrate structure resulting from
the final ITAM_R and IAM_UR models. The corresponding
transferred aspherical atom models (TAAM) are referred to
as TAAM_R and TAAM_UR (Table 1). Subsequently, the
charge-density parameters were kept fixed and the ADPs,
atomic positions and the scale factor were refined until
convergence was reached. The same weighting scheme and
restraints were applied as in the TAM_R and IAM_UR
models. Further, the multipolar parameters from the extended
ELMAM database were transferred to the set of coordinates
obtained from the optimized quercetin monohydrate struc-
ture. The resulting model is referred to as TAAM_OPT (Table
1).

For all TAAM models, constructed using the extended
ELMAM database, the electron density of the non-H atoms
was described up to octupolar level, while for H atoms it was
described only for the bond-directed quadrupole (g;,._;) and
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