CIS

A RTTCUL E S

Published on Web 02/09/2010

A Combined Solid-State NMR and Synchrotron X-ray
Diffraction Powder Study on the Structure of the Antioxidant
(+)-Catechin 4.5-hydrate.

James K. Harper,™ Jennifer A. Doebbler,* Elisabeth Jacques,’ David M. Grant,*'
and Robert B. Von Dreele*

Department of Chemistry, University of Utah, 315 South 1400 East, Salt Lake City, Utah 84112,
and Argonne National Laboratory, Advanced Photon Source, 9700 South Cass Avenue,
Argonne, Illinois 60439

Received September 9, 2009; E-mail: grant@chem.utah.edu

Abstract: Analyses combining X-ray powder diffraction (XRD) and solid-state NMR (SSNMR) data can
now provide crystal structures in challenging powders that are inaccessible by traditional methods. The
flavonoid catechin is an ideal candidate for these methods, as it has eluded crystallographic characterization
despite extensive study. Catechin was first described nearly two centuries ago, and its powders exhibit
numerous levels of hydration. Here, synchrotron XRD data provide all heavy-atom positions in (+)-catechin
4.5-hydrate and establish the space group as C2. SSNMR data (*3C tensor and *H/**C correlation) complete
the conformation by providing catechin’s five OH hydrogen orientations. Since 1903, this phase has been
erroneously identified as a 4.0 hydrate, but XRD and density data establish that this discrepancy is due to
the facile loss of the water molecule located at a Wyckoff special position in the unit cell. A final improvement
to heavy-atom positions is provided by a geometry optimization of bond lengths and valence angles with
XRD torsion angles held constant. The structural enhancement in this final structure is confirmed by the

significantly improved fit of computed **C tensors to experimental data.

Introduction

Flavonoids are a group of phytochemicals that are, perhaps,
best known for their antioxidant properties. These nonessential
nutrients relieve oxidative stress from both metabolic and
exogenous sources, which can lead to aging and disorders such
as heart disease and cancer.* The flavonoids have considerable
structural diversity that corresponds with awide variety of other
bioactivities. Certain flavonoids exhibit antitumor? and insec-
ticidal® activities, and some appear to play an important role in
maintaining ecosystems.* The Dictionary of Natural Products
lists 6805 known flavonoidsin 82 subclasses;® while the majority
of these compounds have been well characterized using various
analytical or synthetic methods, nearly 85% have no reported
crystal structures. Since the majority of the flavonoids are
bioactive, the availability of more crystal structures promises
to extend our understanding of the mechanism of their activity.

In this paper, we report a combined solid-state NMR/X-ray
powder diffraction (SSNMR/XRD) analysis for one of the
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Figure 1. Structure of catechin showing the crystallographic asymmetric
unit with the carbon and water oxygen numbering used herein. Individua
rings are designated by letters as shown.

simplest monomeric flavonoids, (+)-catechin (C150¢H14, Shown
in Figure 1). Catechin belongs to the subclass flavan-3-ols® and
occurs naturally in green tea leaves,® wine,” certain fruits and
seeds,® and chocolate.® The presence of catechin in wine may
help explain the “French Paradox”—a low incidence of heart
disease despite a diet rich in high-fat foods. Catechin has also
been shown to block the growth of human cell lines originating
from prostate’® and breast'* cancers. In addition to its antioxi-
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dant and anticancer activities, catechin is antimutagenic*? and
has been implicated in the therapeutic treatment of liver
disease.™®

Catechin was originally described nearly two centuries ago™
and has been the focus of an enormous amount of research.*®
Despite this intense emphasis and catechin’s relatively rigid
structure, which would seem to favor crystal formation, no
crystal structure has yet been reported. Many conformational
conclusions regarding flavan-3-ols are therefore presumed from
crystal structures of catechin derivatives such as 6-bromo-
3,3 ,4',5,7-penta-O-methyl catechin,'® 8-bromo-tetra-O-methyl-
(+)-catechin,*” penta-O-acetyl-(+)-catechin,®® and tetra-O-
methyl-(+)-catechin'® or closely related products such as
epicatechin.® However, the relevance of structures derived from
related products may be debated, since these structures have
steric and/or stereochemical differences. The potentia for
discrepancy is illustrated by the observation of an axia
orientation of the B ring in penta-O-acetyl-(+)-catechin—a
conformation unique among the characterized derivatives. Other
methods have been applied to catechin, including theoretical*
and SSNMR? to predict structure, but these studies provided
no information on the crystal structure.

The limited insight provided from existing single-crystal
diffraction studies of products related to catechin has motivated
research on the microcrystalline phases of catechin using powder
diffraction methods. Presently, six microcrystalline forms of (+)-
catechin are known; atetrahydrate, two monohydrates, and three
anhydrates.?® Differences in the powder diffraction patterns for
al six forms have been demonstrated, but further crystal-
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lographic information is unavailable. In this study, we extend
these powder studies to provide a full crystal structure for the
tetrahydrate using SSNMR and synchrotron XRD with a high-
resolution multianalyzer diffractometer.

X-ray powder diffraction and SSNMR have become promi-
nent techniques for analyzing microcrystalline powders. Both
methods have the advantage of providing structural information
on individual atomic sites, which can be used to provide
complete structures: generally for small molecules but also small
proteins.?*2> The potential for these techniques to characterize
hydrogen bonding is particularly interesting, because the binding
of small molecules by receptors is frequently directed by
hydrogen bonding.?® However, crystal structures provide sig-
nificantly more insight than just atomic positions: for example,
optical properties, magnetic susceptibility, and electrical con-
ductivity of certain solids can aso be predicted.?”

Recently, our groups and others have employed a combination
of SSNMR and XRD to provide full crystal structures for several
compounds.?® Synchrotron data are particularly helpful in these
studies, due to the higher resolution and increased signal-to-
noise ratio. This combination of SSNMR and XRD techniques
overcomes some of the weaknesses of either method used alone,
such as the challenges to XRD created by overlap of Bragg
peaks or the difficulty for many SSNMR methods to characterize
long-range order. Various approaches have been proposed for
combining SSNMR and XRD data,®® and the availability of
these methods invites application to classes of solids that have
historically been difficult to study. Recently, characterization
of certain problematic zeolites has been demonstrated using
these techniques.?®*"?° In these materials, the connectivity in
the basic repeating structural unit is provided by a SSNMR pulse
sequence devel oped to measure 2Si/?Si distances.*® Thisinitial
SSNMR model structure serves as a starting point for the full
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crystallographic characterization by XRD. These refinements
have recently been improved by including 2°Si tensor principal
value datato provide structures rivaling those obtained by single-
crystal X-ray diffraction.?®" This pioneering work on zeolites
portends similar applications to other classes of materials. Here,
an extension of these techniques is reported using **C SSNMR
data and synchrotron XRD data in paralel to evauate the
flavonoid catechin.

Experimental Section

(+)-Catechin powder (290.27 g/mol) was purchased from Fluka
and recrystallized in HPLC grade water by adding approximately
25 mL of water to 5 g of catechin. This procedure has been used
for over a century to yield a microcrystalline phase known as the
tetrahydrate.®* The recrystallization steps were repeated twice more
to ensure high sample purity. A small amount of water was retained
in the sample, since fully drying the powder causes a phase change
to the 5-monohydrate form within 1 day, even at room temperature.
This procedure was also followed to prepare the sample recrystal-
lized from D,0O, with 99.9% deuterium D,O (Cambridge Isotope
Laboratories) replacing the HPLC grade water.

The density of (+)-catechin recrystallized from H,O was
measured to be 1.449 g/cm® by the floatation method using a
mixture of bromobenzene and chlorobenzene. The sample was
prepared by pouring the catechin/water slurry onto filter paper and
then alowing most of the water to dry through a wicking process
over al—2 h period. This procedure retains all water moleculesin
the lattice and simply removes water not associated with the lattice,
as demonstrated by the close match between an isotropic °C
SSNMR spectrum of this sample and a spectrum from a freshly
prepared sample. The theoretical density of catechin 4.5-hydrate
(1.456 g/lcm?®) provides the best match to the experimental density
with an error of only +0.48%.

Powder data were collected at the new powder diffraction
beamline (11-BM) at the Advanced Photon Source, Argonne
National Laboratory,®? at 15 keV (1 = 0.8133 A), with the sample
spun at 5400 rpm to ensure powder averaging. Calibration of the
instrument for wavelength, detector offsets, and instrument profile
shapes was performed with a mixture of NIST SRMs 640c (Si),
676a (Al,05), 660a (LaBg), and sucrose (Domino sugar). Datawere
typically collected from —6 to 80° at 0.05 or 0.01 s/step with 0.001°
steps.

The hydrated catechin powder was packed into a Kapton capillary
tube following the standard protocol for protein samples.®® Four
individual data sets at the same sample location were taken from
—6 to 50° with 0.001° steps at 0.01 s/step, resulting in collection
times of 9.3 min per data set. These rapid analyses of samples
packed in sealed capillaries ensured that all waters of hydration
were retained in the lattice. The first data set alone was used for
both the Pawley refinement and the molecular replacement calcula
tions. Once the molecular replacement solution was determined,
all four data sets were combined in order to increase the signal-
to-noise ratio and improve the data quality.

The SSNMR *3C tensor principal value data were collected on
a Chemagnetics CM X 400 MHz spectrometer using a 7.5 mm rotor
and the FIREMAT pulse sequence™ with TPPM decoupling.® Data
were collected using a sample recrystallized from H,O and then
cooled to —15 °C to prevent a phase change to the 5-monohydrate.
The spectrum was referenced to the high-frequency peak of
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adamantane at 38.56 ppm, and a sample spinning speed of 813 Hz
was used together with a pulse delay of 3 s. Pulse widths of 4.1 us
(*H 90°) and 8.5 us (*3C 180°) were used. Evolution and acquisition
dimension spectral widths of 20.325 and 33.333 kHz, respectively,
were chosen. The digital resolution in the acquisition dimension
was 32.5 Hz/point. Twenty-five evolution points of 192 scans each
were collected and the data processed using the replication and
rearrangement scheme described elsewhere3* A total of 625
evolution data points were generated after replication with adigital
resolution of 32.5 Hz/point. An estimation of the average error in
experimental principal values was obtained by acquiring a total of
three FIREMAT data sets using, for each anaysis, the parameters
listed above and a new sample of recrystallized catechin. An average
error of 0.9 ppm was determined from these data.

The B3C/*H heteronuclear dipolar correlation (HETCOR) data
were acquired on a Varian Infinity plus operating at 599.789 16
and 150.830 70 MHz for *H and *°C, respectively. Analyses were
performed at a spinning speed of 11 kHz using a T3 4 mm probe
and the pulse sequence of van Rossum et al.*® Five data sets were
acquired for the catechin sample recrystallized in D,O using cross-
polarization (CP) times of 70, 120, 170, 210, and 300 us. A sixth
data set was acquired to clarify assignments at C6 and C8 using a
sample recrystallized from H,O and a short contact time (90 us)
that emphasized covalently bonded *H—3C sites. For al data sets,
other parameters included 64 evolution increments of 128 scans
each, 'H and '°C spectral widths of 23.920 and 30.003 kHz,
respectively, and recycle times of 3.0 s. The intensity of the B;
(*H) field was 104.2 kHz, and each evolution increment consisted
of two Lee—Goldberg 27 cycles. Spectrawere externaly referenced
to TMS (*H) at 0.0 ppm and the high-frequency peak of adamantane
(*3C) at 38.56 ppm. A 'H scaling factor of 0.828 was determined
using a procedure described elsewhere.>”

Computed tensors were calculated using Gaussian 03 at the
B3PW91/D95** level of theory.*® Prior work has demonstrated
that B3PW9L1 calculations provide better matches to experimental
13C tensor data than several aternative methods.*® Recently,
improved procedures for computing shift tensors have been
introduced;** however, the B3PW91/D95** calculations provided
sufficiently accurate tensors to assign dihedral angles with high
statistical confidence at all positions examined. A detailed com-
parison of other tensor computation methods is given elsewhere.*?
We note that the B3PW91 method suffers from systematic errors
in the calculation of tensor values*®® due, perhaps, to its inability
to fully account for electron correlation. Other tensor computation
methods have also been found to suffer from systematic errors,
and methods for compensating for these inaccuracies are described
elsewhere.*2>*3 |n B3PW91 calculations, this error is primarily
evident at sp? carbons, where errors are significantly larger than
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Figure 2. °C isotropic spectrum of catechin 4.5-hydrate (top plot),
establishing that the solid is a single-crystalline phase with one molecule
in the asymmetric unit immediately after recrystallization from water. The
appearance of new peaks in the bottom spectrum indicates that drying at
room temperature, over even short periods of time, produces a second phase.

those found at sp° sites. In catechin, this systematic error was largely
removed by fitting sp? and sp® carbons by two separate least-squares
procedures. Although this approach has been questioned,** the prior
demonstration of statistically significant differences in the accuracy
of computed tensors at sp? and sp® sites’*>*%¢ justifies separate
fittings. All computed and experimental tensor data were converted
to the icosahedral representation”® before using the least-squares
fitting procedure. Optimal conversions of shielding values to shifts
were achieved using shift = ((shielding) — 185.4781)/—0.9597 for
sp? sites and shift = ((shielding) — 193.8929)/—1.0945 for sp®
carbons. Geometry optimizations (B3L Y P/D95*)*° were performed
by initially placing the OH hydrogens at the approximate conforma-
tions specified by a given model structure and then allowing an
unrestricted energy minimization. The B3LYP method with the
D95* basis was chosen for the structural refinement because this
method has been reported to provide high-quality structures.*”

Variable-temperature SSNMR *3C data were collected on a
Chemagnetics CMX 400 spectrometer using the TOSS pulse
sequence™ with TPPM *H decoupling® and other parameters as
described for the FIREMAT analysis. Reported temperatures are
uncalibrated.

Results and Discussion

Preparing a Stable Single Phase of Catechin 4.5-Hydrate. A
SSNMR isotropic **C spectrum of this phase unambiguously
established the presence of only one molecule per asymmetric
unit with 14 resonances clearly resolved for the 15-carbon
structure. Line width and cross-polarization behavior® indicated
that this phase was crystalline. Sample drying over ap-
proximately 1 day, however, induced a phase change to the
B-monohydrate form, which was easily discerned by the
appearance of new resonance lines (as shown in Figure 2). This
change occurred despite the fact that the sample was enclosed
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Figure 3. Motion at or near specific molecular sites is seen from changes
in 13C line shape over a temperature change of 60 °C. The largest changes
in peak shape are observed at C3, C8, C2/, and C3', indicating dynamic
disorder near these sites.

in the rotor and the only external effects were from sample
spinning and the intermittent application of pulses. This phase
change is known to be reversible and strongly dependent on
humidity.?® To prevent this phase change from occurring during
analysis, al SSNMR experiments were performed at —15 °C
on freshly recrystallized catechin.

Information regarding molecular motion near specific sites
of the molecule was aso provided by SSNMR data. |sotropic
13C spectra were acquired over a 60 °C range and changes in
resonance intensity and shape noted (as seen in Figure 3).
Sample drying during this analysis was avoided by acquiring
all datawithin a3 h period, and no evidence of a phase change
was observed during the analysis, as indicated by the absence
of new resonance lines. These data suggest the presence of
motion near C3, C8, C2’, and C3'. Subsequent XRD refinement
found minimal disorder at these sites, implying that these
changes arise from disorder in nearby waters. At al other heavy-
atom positions, negligible disorder was also observed, excluding
the possibility that catechin exists as a mixture of conformers
at non-hydrogen positions.

Assigning *H and *C SSNMR Shifts in Catechin Hydrate.
A correct assignment of spectral lines is required for accurate
structural analysis. In catechin hydrate, all assignments were
made on the basis of *H/*3C HETCOR spectra.®*® Carbon atoms
with covalently attached hydrogens were identified from H/
18C correlations that appeared at contact times less than 100
us.* Correlations appearing at longer contact times served to
identify nonprotonated carbons and longer-range *H — 3C
transfers. A complication in the analysis of these spectra arises
from the presence of OH hydrogens. These protons give
correlations only at longer contact times, because their separation
from *3C sites is large compared to protons covalently bound
to carbons. This delayed transfer can cause an O'H — °C
correlation to be mistaken for along-range C—*H — *3C transfer
when the OH proton has a shift value degenerate with a proton

(50) Van Rossum, B.-J.; Steengaard, D. B.; Mulder, F. M.; Boender, G. J;;
Schaffer, K.; Holzwarth, A. R.; de Groot, H. M. J. Biochemistry 2001,
40, 1587.
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Table 1. Carbon and *H Chemical Shift Assignments for
(+)-Catechin 4.5-Hydrate

position  *C (ppm) ™H (ppm) 'H — 3C correlation

2 81.37 44 C2-H to C3,2 C8a,° C1’,2 and C6

3 66.07 4.2 C3-H to C2,2 C4,° C4a’ C1®, and C22
4.8(C30-H) C30-H to C3?

4 2740 16,24 C4-H to C2,° C3,2 and C4a®

4a 10052

5 155.81 8.4 (C50-H) C50-H to C5° and C6°

6

-

97.25 6.1 C6-H to C5° and C7°

15580 9.3(C70-H) C70-H to C7° and C8°
8 93.79 55
8a  153.85
r 128.97
2 116.19 6.3 C2-H to C2,* C3,* C1’,* and C3*
3 145.12 8.0(C30-H) C3'0-H to C2°and C3*
4 144.43 9.3(C40O-H) C4O-H to C4®
5 117.76 56 C5'-H to C4® and C6@
6 12531 57 C6’-H to C2,2, C1’,* and C5*

C8-H to C7¢ and C8a°®

@ Correlation that was best observed at a cross-polarization contact
time of 120 us using a sample recrystallized three times from D,O.
b Correlation that was best observed at a cross-polarization contact time
of 170 us using a sample recrystallized three times from DO.
¢ Correlation that was best observed at a cross-polarization contact time
of 210 us using a sample recrystalized three times from D,O.
d Correlation that was best observed at a cross-polarization contact time
of 300 us using a sample recrystallized three times from DO.
€ Correlations only observable in a sample recrystallized from H,O. All
correlations were observed at a cross-polarization contact time of 90 us.

bonded to carbon. Such *H degeneracies are more common in
solid-state spectra than may be anticipated, due to the wide *H
line width in typical spectra. In catechin hydrate, this problem
is especialy evident because water hydrogens can also produce
HO—!H — 23C correlations. To eliminate all O'H — 3C
correlations, a sample of catechin was recrystallized from D,0O
to convert OH sitesto OD and to eliminate H,O. NMR analysis
of the D,O-containing sample provided clear correlations for
most positions, allowing chemical shift assignment. Surprisingly,
a small fraction of COH sites remained after D,O exchange
and CO—'H — 3C signals were observed for these sites and
provide *H assignments at the OH groups at C3, C5, C7, C3',
and C4'. Complete *H and *3C assignments and observed
correlations are summarized in Table 1.

The near-degeneracy of 'H shifts at C2 and C3 complicated
the shift assignments. Likewise, 'H degeneracy at C5’ and C6’
was observed, as shown in the lower plot of Figure 4.
Assignments for the correlations C3—H — C2', C2—H — CT/,
C5-H — C4’, and C6’-H — C1’ could, however, be made by
recognizing that magnetization transfers occur via dipolar
coupling that strongly favors the closest hydrogen. Therefore,
the degeneracy of the hydrogens at C5” and C6’, for example,
can be readily differentiated in an interaction with C4’, since
the proton at C5’ is closer to C4” and the observed correlation
must therefore be assigned as C5-H — C4'.

Inspection of the *C spectrum of the D,O-recrystallized
catechin revealed that the signals for C6 and C8 diminished by
roughly 50% relative to a sample prepared from H,O. The low
intensity of the C6 and C8 signals resulted in an absence of
correlations in the HETCOR spectra of the D,O-containing
sample (Figure 4, top spectrum) and an inability to assign these
signals. To correct this omission, a sample recrystallized from
H,O was prepared and analyzed by the HETCOR method.
Several missing correlationsinvolving the A-ring were observed
in this sample, completing the assignments (Table 1). Corre-
sponding solution shifts support the assignments given with rms
deviations between SSNMR and solution shifts of 1.64 ppm
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Figure 4. H/*®C correlation spectra of catechin showing only protons
directly bonded to 1°C sites, as observed at short contact times of <100 us.
The upper and lower spectra show catechin samples recrystallized from
D,0 and H,0, respectively. The missing C6 and C8 signals in the upper
(D,0) plot facilitate assignments by eliminating *H degeneracy of the protons
from C2', C%’, and C6" with those at C6 and C8. In addition, the loss of
these correlations indicates that C6 and C8 receive significant cross-
polarization contributions from the OH protons at C5 and C7, even at short
cross-polarization times. This elimination suggests that the C5 and C7 OH
hydrogens are oriented toward C6 and C8, respectively.

for 13C and 0.7 ppm for *H. Solution shifts were measured in a
D,O solution to provide a direct comparison to the work
described herein.>* All solution shifts in D,O are available as
Supporting Information.

The observation that recrystallization from D,O influences
cross-polarization at C6 and C8 suggests conformations for two
OH protons. Specifically, the OH to OD conversion at C5 and
C7 is expected to modify cross-polarization at C6 and C8 only
if these OH protons are oriented directly toward C6 and C8.
The only conformation matching this description has an A-ring
conformation with the C5 OH proton directed toward C6 and
the C7 OH oriented toward C8. Additional SSNMR analyses,
described below, confirm these conclusions.

The recrystallization from H,O generates a solid expected to
contain HO *H — *3C correlations. The presence of such signals
provides information needed to map the hydrogen-bonding
network involving the water molecules of the asymmetric unit.

(51) Jacques, E. NMR Study of the Complexation of (+)-Catechin and
Caffeine; Senior Honors Thesis, University of Utah, 2006.
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Unfortunately, only four hydrogens from water were clearly
evident as unique shifts and showed water protons near C6,
C3, CY, and C6’. Presumably, motion at the other water sites
is sufficiently rapid to prevent cross-polarization. Hence, only
a limited picture of the water hydrogen-bonding network was
obtained from SSNMR data.

Synchrotron XRD and Crystal Structure Solution of the
Powder Catechin Sample. Structural anaysis by XRD can be
pursued solely from diffraction data where sufficient resolution
isavailable. However, in many cases an initial structural model
is required. This model can be a related molecule or a partial
structure. Previously, our group and others have proposed
generating this initial model from SSNMR analysis.?® In the
case of catechin, however, a closely related molecule, tetra-O-
methyl-(+)-catechin,*® had already been characterized crystal-
lographically, alowing us to employ the classical crystallog-
raphy method of molecular replacement. A truncated version
of tetra-O-methyl-(+)-catechin was used as the starting model.

Molecular Replacement via Monte Carlo and Simulated
Annealing. The synchrotron X-ray diffraction data set was
analyzed in TOPAS (Bruker-AXS) to determine the space group
as C2 with unit cell parametersa = 2217 A, b=4.71A, c=
20.16 A, and 8 = 126.40°. A set of powder structure factors
needed for the subsequent molecular replacement was obtained
via a Pawley refinement®® with GSAS®> over the full d-spacing
range of 23.3—0.96 A. A 10-term log linear interpolation
function was used to describe the background, and the peak
profile function® included microstrain broadening terms. The
refinement converged to wRp = 0.17 for 873 reflections.

PSSP is a combined Monte Carlo and simulated annealing
algorithm,>® which facilitates molecular replacement of powder
diffraction data by accounting for peak overlaps. This software
was used to orient the model structure (i.e., the atomic
coordinates of tetra-O-methyl-(+)-catechin, with al of the
methyl groups and hydrogen atoms removed) into the C2 unit
cell. As the space group for catechin (C2) is polar, only two
coordinates (x and z) and three orientations (Eulerian w, y, and
¢) needed to be determined. Fifteen trials using the 150 lowest
order reflections were carried out on an annealing schedule of
50—0.001° in 20% decrements, with 50 000 cycles at each
“temperature”. All of the solutions were identical, but the
intermolecular packing was not optimal—most likely due to the
high texture of the sample, which preferentially affects the low-
order reflections. The hydrogen atoms from the model structure
were reintroduced to aid in scattering and prevent close contacts.
The range of reflections was reduced to 5.1—30° (9.14—1.57
A) in an effort to curb any possible texture contribution. The
algorithm was rerun with the new set of 150 lowest order
reflections over 5 experiments, yielding reasonable packing
interactions with all solutions identical.

This final molecular replacement solution provided input to
GSAS to begin crystal structure refinement of (+)-catechin. The
poor fit in the low-angle regime confirmed the presence of
texture, resulting from the small b axis of the microcrystallites.
GSAS dlows for refinement of preferred orientation using a

(52) Pawley, G. S. J. Appl. Crystallogr. 1981, 14, 357.

(53) Larson, A. C.; Von Dreele, R. B. Genera Structure Analysis System
(GSAS); Los Alamos National Laboratory Report LAUR 86-748,
2000.

(54) (a) Stephens, P. W. J. Appl. Crystallogr. 1999, 32, 281. (b) Finger,
L. W.; Cox, D. E.; Jephcoat, A. P. J. Appl. Crystallogr. 1994, 27,
892.

(55) Pagola, S.; Stephens, P. W. Mater. Sci. Forum 2000, 321—324, 40—
45.

series of spherical harmonics.®® Thus, before performing a
Rietveld refinement of the crystal structure, a sixth-order
spherical harmonic was refined. The analysis produced a texture
value of 1.2, and the angular distribution aong the 001, 100,
and 010 crystal facesindicated a funnel-shaped packing scenario.
The inclusion of the texture model significantly improved the
low-angle fit of the data, and the structure solution using XRD
proceeded.

Further XRD Refinement using Bond Distance and Angle
Restraints. Restraint files were created for the bond distances
and the angles between bonds based on the standard experi-
mental values for each of the atomic configurations (i.e., sp?
versus sp°). Due to the nonatomic resolution of the data
(minimum usable d spacing of 1.5 A), it seemed prudent to
restrain the atoms to the known distances in the refinement than
to let them wholly vary. The A- and B-ring atoms (including
the hydrogens) remained planar after several rounds of refine-
ment; therefore, planar restraints for these two features were
added to ease convergence. A restraint on the chira center
volume (2.5) was added for the C2 and C3 atoms. There are
101 restraints for this structure—37 bonds, 60 angles, 2 planes,
and 2 chira centers. Once the atomic coordinates of the (+)-
catechin crystal structure were identified, difference density
maps were created by GSAS to locate water molecules in the
solvent. Rapid XRD analysis times of less than 10 min ensured
retention of all waters of hydration, and five water molecules
were identified, which are integral to the hydrogen bond
scaffolding. The data did not alow for a detailed temperature
factor analysis at this point, but the Uiy, values of the heavy
atoms, the waters, and hydrogens were collectively evaluated
with values of 0.0298, 0.0811, and 0.0228, respectively.

Orienting OH Hydrogens with SSNMR Data. X-ray powder
diffraction data are insensitive to proton locations because
hydrogen atoms scatter poorly. Thus, positions of hydrogens
in C—H bonds are usualy inferred from geometry. More
problematic are OH protons, because neighboring moieties often
suggest more than one orientation for these H's to optimize
hydrogen bonding. These intermolecular hydrogen bond dictated
orientations can be energetically less favorable than conforma-
tions obtained from consideration of a single molecule under
vacuum. Previous SSNMR analysis, which can probe H
positions, has demonstrated that OH conformations can be
established with an accuracy of +11° in the dihedral angle using
tensor principal values.>*2%° This approach compares the three
experimental tensor principal values measured at each °C site
with corresponding computed values from conformationally
varied model structures. In catechin, such experimental tensor
data (described in Table 2) were acquired using the FIREMAT
technique.® Ten model structures were prepared and computed
13C tensor values compared to establish OH proton orientations.
Ingold has previously established that phenolic O—H protons
invariably lie in or very near the plane of the aromatic ring.®”
Even steric factors due to bulky ortho substituents (e.g., 2,6-
di-tert-butyl-4-substituted phenols) do not significantly alter this
coplanarity. Therefore, all models considered initially placed
the phenolic proton in the plane of the aromatic ring. Optimal
orientations were established by a geometry refinement using

(56) Harper, J. K.; Mulgrew, A. E.; Li, J. Y.; Barich, D. H.; Strobel, G. A.;
Grant, D. M. J. Am. Chem. Soc. 2001, 123, 9837.

(57) (@) Ingold, K. U.; Taylor, D. R. Can. J. Chem. 1961, 39, 471. (b)
Ingold, K. U.; Taylor, D. R. Can. J. Chem. 1961, 39, 481. (c) Wright,
J. S,; Carpenter, D. J.; Mckay, D. J; Ingold, K. U. J. Am. Chem. Soc.
1997, 119, 4245,
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Table 2. *3C Principal Values (ppm) of Catechin 4.5-Hydrate?

position Oiso C Ot Oz Og
2 81.37 91.7 91.7 60.7
3 66.07 82.1 82.1 34.0
4 27.40 40.6 23.2 18.2
4a 100.52 159.3 1215 20.8
5b 155.81 233.7 165.8 68.0
6 97.25 151.0 110.9 29.9
7° 155.80 236.4 163.2 67.7
8 93.79 149.8 102.8 28.8
8a 153.85 233.9 159.0 68.7
1 128.97 216.7 154.0 16.2
e 116.19 190.4 139.6 185
3 145.12 217.1 154.5 63.7
q 144.43 212.1 157.6 635
5 117.76 196.1 134.1 23.0
6 125.31 2216 132.0 22.4

@ Average error in measured principa values is +0.9 ppm based on
analyses described in the Experimental Section. ® The 3C signals for
these carbons are degenerate, and the HETCOR H shifts are used to
obtain the assignments shown. Specificaly, the lower frequency portion
of the *°C signa near 155.8 ppm receives magnetization from the C8
proton, indicating that C7 is the more shielded region of the overlapped
peak.

H H
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H
30 ) o~

2 | |
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Figure 5. The three OH hydrogen orientations considered for the B-ring.
Structure |1 gave the best fit to experimental data, with structures | and I11
rejected with high statistical confidence. The A- and C-rings are omitted
here because varying the OH protons in these rings had only a small
influence (less than 1 ppm) on all B-ring tensor values.

an energy minimization procedure. The specific model structures
evaluated are described below. All computed **C tensor values
are included in the Supporting Information.

The OH proton orientations in the B-ring were modeled first.
This choice allows conformational uncertainties at other OH
hydrogens to be ignored because such sites are several bonds
removed and therefore have only a minor influence on computed
tensor values in the B-ring. Three model structures were
evaluated to locate the OH protons in the B-ring (shown in
Figure 5), and only carbons from the B-ring were included in
the statistical comparison. Conformations of all OH’sin the A-
and C-rings were arbitrarily set due to their negligible influence.
Model 11 was retained as the most probable structure, with
models | and 111 rejected at the 83% and 85% confidence levels,
respectively. Independent support for model |1 was found in
the HETCOR data, where astrong C3'O—H — 3C2’ correlation
was observed at a contact time of 210 us.

An evaluation of OH orientationsin the A-ring included four
conformations (displayed in Figure 6). In al models, the B-ring
OH conformations established previously for model Il were
retained. Computed tensors for these structures were compared
to experimental data from all A-ring carbons, and model 1V
was eliminated as a probable structure at the 94% confidence
level. The three remaining structures (V —VII) were statistically
indistinguishable, with all giving high-quality fits. Fortunately,
further selection among these structures was possible on the
basis of the HETCOR *H/*3C dipolar coupling correlations.

2934 J. AM. CHEM. SOC. = VOL. 132, NO. 9, 2010

Harper et al.
H
8
O O.
~
H 7
6
5
(o] o]
H SH
v T \'
o) O.
H/
(0] (0]
\H H/
VI VII

Figure 6. The four A-ring OH hydrogen orientations evaluated. Model
VIl gave the best fit to experimental data. Model 1V was rejected (94%
confidence level) on the basis of a poor fit to tensor data from all A-ring
carbons. Models V and VI were rejected on the basis of the observation of
a C50—1H — 13C6 transfer in the experimental HETCOR data indicating
a C50H hydrogen directed toward the C6 carbon. Omission of the B- and
C-ringsin thisfigure reflects the fact that conformational variationsin these
rings had little effect on tensor values in the A-ring. In all calculations, the
complete B- and C-rings were included.
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Figure 7. Newman projections of conformational models investigated at
the C30H hydrogen. Model X was eliminated with high statistical
confidence of 87%, but models VIII and IX gave equal quality fits and
were both retained as probable conformations. Subsequent refinement using
X-ray diffraction data found dynamic disorder at C3 and indicated a structure
consisting of a 50/50 fractional occupancy of VIII and IX.

Specifically, a C50—*H — 3C6 transfer was observed at a
contact time of 90 us, indicating that the C50H proton is
oriented toward C6. Of the three remaining structures, only
model VII has this orientation. Notably, model VII is also
consistent with the previously described observation that C6
and C8 receive magnetization from the C50—H and C70—H
hydrogens, respectively, during short cross-polarization periods.

Modeling the OH orientation at C3 involved three structures
prepared by placing the protons at the three staggered positions
around the C3—0 bond (shown in Figure 7). This choice reflects
the fact that staggered conformations are usually energetically
preferred for C—O bonds involving sp® carbons.®® All OH
orientations in the A- and B-rings were retained at the best-fit
positions previously described. Comparison to computed tensors
eliminated model X at the 87% confidence level. The remaining
structures (models VIII and 1X) both gave high-quality fits,
which were statistically equivalent. Further selectivity from
HETCOR correlations was not obtained, because the *H signal
from the C30H produced no *H/*C correlations with neighbor-
ing sites such as C2 and C4. Models V111 and IX were therefore
both retained as feasible structures.

In addition to the prediction of OH hydrogen conformation,
SSNMR provides estimations of relative hydrogen bond strengths

(58) Lowe, J. P. Prog. Phys. Org. Chem. 1968, 6, 1.
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at certain OH sites.®® Phenolic OH proton shifts reflect both
the strength of hydrogen bonding at the OH and the aromatic
substitution pattern.®® When two phenols have the same
substitution pattern and similar substituents, variations in the
O'H shifts primarily reflect differences in hydrogen bond
strength, with higher frequency shifts indicating stronger
hydrogen bonding.

In catechin 4.5-hydrate, the two A-ring OH’s have similar
substitution environments and O'H shifts are likely to reflect
differences in hydrogen bond strength. The strongest hydrogen
bonding is predicted to occur at C7, where a *H shift of 9.3
ppm is observed. An O'H shift of 8.4 ppm at C5 indicates a
weaker hydrogen bond. Similar comparisons can be made in
the B-ring at C3’ and C4’, where respective O'H isotropic shifts
of 8.0 and 9.3 ppm are obhserved. The C4'O-H is therefore
predicted to experience the strongest hydrogen bonding among
B-ring OH’s.

XRD Confirmation of OH Orientations and Elucidation of
Hydrogen Bonding. The feasibility of all SSNM R-predicted OH
hydrogen orientations was verified by refining the XRD crystal
structure with the addition of the SSNMR determined OH
hydrogen orientations. While the XRD refinement could not
confirm the hydrogen positions themselves, the stability of the
water oxygen locations with these conformations suggested that
the OH positions were correct. At C3, refinement revealed
disorder with contributions to the structure from models V11|
and 1X with a 50/50 fractional occupancy.

Disorder at C3 caused difficulty in tracing the hydrogen-
bonding connectivity though the lattice. Bonds that represent
split occupancies propagate this disorder into other parts of the
structure. Unequivoca determination of the hydrogen bond
network was therefore not achieved among the waters them-
selves or at C4'OH, C3'OH, or C30H. Nevertheless, at the
interface between catechin and the water channel, the following
donor and acceptor combinations can be made with confidence.
On the A-ring, the C7-OH donates a proton to the nearby water
oxygen (02). The C5-OH is a donor to the oxygen at C7 in a
neighboring catechin and also interacts with either the HO3H
or HO4H water, depending upon the conformation of the C30-H
at agiven time. The B-ring contains interactions at C4’-OH with
both HO1H and C3-OH. The C3'OH also interacts with the
C30H of a neighboring molecule. The water oxygen at the
specia Wyckoff position (O5) is surrounded by water molecules
and does not interact with any nearby catechin molecules. This
water iseasily lost upon drying, leading to more extensive water
loss and a phase change. Hence, HO5H serves as an essential
structural component for this lattice.

These hydrogen-bonding assignments taken together with the
previously described SSNMR observation of rapid C50-1H to
18C6 and C70O-H to ¥C8 HETCOR transfers (i.e., 90 us)
suggests that the C50H and C70OH hydrogens exist largely in
a single conformation. The HETCOR data at C3’ and C4’ are
less clear where only a slow transfer from C3'O-1H to 13C2' is
observed and no C4' O—'H to 3C3’ transfer is detected. These

(59) (@) Wu, G.; Freure, C. J.;; Verdurand, E. J. Am. Chem. Soc. 1998,
120, 13187. (b) Sears, R. E. J,; Kaiaperumal, R. J. Chem. Phys. 1990,
93, 2959. (c) Berglund, B.; Vaughan, R. W. J. Chem. Phys. 1980, 73,
2037. (d) Ditchfield, R. J. Chem. Phys. 1976, 65, 3123. (€) Kaliape-
rumal, R.; Sears, R. E. J;; Ni, Q. W.; Furst, J. E. J. Chem. Phys. 1989,
91, 7387. (f) Rohlfing, C. M.; Allen, L. C,; Ditchfield, R. J. Chem.
Phys. 1983, 79, 4958.

(60) Pretsch, E.; Clerc, T.; Seibl, J.; Simon, W. Structure Determination
of Organic Compounds. Tables of Spectral Data; Springer-Verlag:
Berlin, 1989.

observations allow for the possibility of disorder at the C3'OH
and C4'OH protons. Nevertheless, the close match between
experimental and model *C tensor data at these sites indicates
that the conformation shown in Figure 5 (structure I1) represents
the largest population.

It should be noted that since XRD data provide no method
for refining hydrogen positions, the coordinates reported in the
CIF file (available as Supporting Information) for hydrogens
are those obtained from an ab initio refinement of catechin H
atoms performed while keeping heavier atoms frozen at XRD
positions. Prior work has demonstrated that inaccurate hydrogen
positions result in poor fits between experimental and computed
13C tensor data.®* In catechin, the close match of these values
implies that the reported hydrogen positions are accurate. No
hydrogen positions are reported for waters due to disorder.

Refinement of XRD Heavy-Atom Positions with SSNMR
13C Tensor Values. NMR tensor values have recently been
demonstrated to provide a remarkably sensitive means of
evaluating the quality of a proposed powder or fiber diffraction
structure.?®*" Structural errors are indicated by alarge scatter
in alinear plot of experimental principal values versus tensors
computed from the diffraction coordinates. Because tensor data
are available at individual molecular sites, structural errors can
be precisely located and corrected. Presently, tensor data have
been used to refine heavy-atom coordinates in the zeolite
Sigma-2 (¥Si data),?®" in uniformly °C labeled cellulose 1,28
and in a*3C study of anatural abundance fungal product, ambuic
acid.?®® In the case of Sigma-2, the SSNMR refinement of the
XRD structure resulted in a molecular structure of a quality
comparable to the known single-crystal diffraction model. 2"
Stimulated by these results, a further refinement of the catechin
structure was pursued using the XRD-refined coordinates.

The structure of catechin initially obtained from the XRD
analysis was further refined by retaining all dihedral angles at
the values determined and then refining bond lengths and
valence angles by an energy minimization procedure. This
approach has previously been demonstrated to significantly
improve the fit between experimental and computed SSNMR
shift tensor values while retaining a high-quality XRD fit.?8¢ In
catechin, this refinement reduced the error in the SSNMR fit
from 11.33 to 4.84 ppm; however, this process omits the water
molecules present in the lattice and is therefore incomplete. The
XRD data was used to relocate waters using electron density
maps. The resulting structure containing all waters and the
refined catechin molecule had an increased XRD error of 0.119
(WRp) versus the 0.067 obtained before the refinement step,
suggesting that a new Rietveld refinement of the complete
structure was required. An iterative process was therefore
pursued involving XRD refinement of the complete structure
(catechin with waters) followed by a new ab initio refinement
of bond lengths and valence angles of catechin with the waters
excluded. The refinement converged to a common structure in
three steps (see Figures 8—10). A more detailed description of
this refinement and errors for each step (SSNMR and XRD) is
given as Supporting Information. The CIF structure reported in
the Supporting Information is the structure obtained after this
three-step refinement. The agreement between experimental and
computed SSNMR datain thisfinal structure is nearly identical
with that observed in closely related aromatic compounds when

(61) (@) Liu, F.; Orendt, A. M.; Alderman, D. W.; Grant, D. M. J. Am.
Chem. Soc. 1997, 119, 8981. (b) Grant, D. M.; Liu, F.; luliucci, R. J;
Phung, C. G.; Facelli, J. C.; Alderman, D. W. Acta Crystallogr. 1995,
B51, 540.
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Figure 8. Figureof final fit to XRD datawith the 17—30° region (including
the difference curve) at a 3x zoom to clearly show the higher angle data.
The data are red crosses; the fit is a green line. The reflection positions are
described by black tick marks, and the difference curve is shown in magenta.
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Figure 9. Theinitial structure, solved using XRD heavy-atom positions
and SSNMR OH hydrogen orientations, had excellent agreement with
diffraction data (WR, = 0.067) but gave a poor fit of computed tensor
principal values with experimental data (a). Thislarge error in SSNMR fit
indicated that further refinement was possible. A significant improvement
in the fit (O) was obtained in the final refinement by adjusting bond lengths
and valence angles computationally, while holding dihedral angles constant
at XRD values. Computed shieldings at sp? sites have systematic errors
that are less problematic at sp® carbons (see the Experimental Section).
The trend lines shown here are intended to show only overall improvement
in the correlation and do not reflect these systematic differences.

tensors are computed from coordinates of high-quality single-
crystal structures.*°

The feasibility of the bond lengths and valence angles in the
structure obtained from the iterative refinement process is
independently confirmed by a comparison with the X-ray
structure of aclosely related flavonoid. Tetra-O-methylcatechin®®
has an identical substitution pattern and stereochemistry in the
A-, B-, and C-rings and was therefore chosen for comparison.
The refined catechin structure closely matches tetra-O-methyl-
catechin in bond lengths between non-hydrogen atoms with a
standard deviation of -£0.0154 A. This comparison includes all
bonds in the three rings and the C—0O bonds at C3, C5, C7,
C3, and C4'. Likewise, the valence anglesin catechin accurately
reflect those in tetra-O-methyl catechin with a standard deviation
of +1.80° measured for the non-hydrogen atoms listed above.

Recent work suggests that further improvements to atomic
positions may have been achieved by theoretical methods that
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Figure 10. Fina atomic coordinate positions for the (+)-catechin 4.5
hydrate looking down the b axis. The structure is shown as a ball-and-stick
model with the carbons in gray, oxygen atoms in red, and hydrogens in
white. The unit cell is displayed as a box with the a axis along b—a and
the ¢ axis dong b—c. Symmetry-related molecules within the x—z plane
are displayed. Hydrogens are omitted from all waters due to disorder. The
disorder at the C30-H hydrogen isindicated by including both occupied H
positions.

account for lattice effects***®2 These recently introduced
techniques enable geometry refinements that include lattice
structure®®’ and have been demonstrated to provide very
accurate structures. In the case of catechin 4.5-hydrate, however,
the complete set of atomic coordinates needed to perform such
a calculation are unavailable due to the omission of hydrogens
on waters. Nevertheless, the close agreement between experi-
mental and computed SSNMR tensors for the final structure
taken together with the close match to X-ray bond lengths and
valence angles of tetra-O-methylcatechin indicates that the
refined catechin structure is already reasonably accurate. Further
refinement by lattice-including methods is therefore expected
to produce relatively minor changes.

Prior work has demonstrated that refinement of only hydro-
gens can significantly improve the fit between computed and
experimental SSNMR tensors.® Since hydrogens were also
optimized during the iterative refinement process described, a
separate analysis was performed to determine what portion of
the improvement was due to hydrogen optimization. Optimal
hydrogen positions were determined by holding heavy atoms
rigid at theinitially determined XRD-determined positions (i.e.,
before any bond length or valence angle refinement) and
allowing only hydrogens to adjust via energy minimization.
Tensors (**C) were then computed using the coordinates of the
modified structure. This hydrogen refinement altered the com-
puted error by only 0.48 ppm relative to the structure before
refinement. It may therefore be concluded that roughly 93% of
the improvement in the SSNMR error comes from refinement
of non-hydrogen atoms.

Conclusion

The first crystal structure for (+)-catechin 4.5-hydrate is
obtained using X RD-determined heavy-atom positions and OH
dihedral angles established from SSNMR data. The tendency
of catechin 4.5-hydrate to rapidly dehydrate and change phases
is demonstrated and may explain the inability to characterize
catechin previously. The unusual step of refining bond lengths
and valence angles through a SSNMR *3C tensor analysis was

(62) Olsen, R. A.; Struppe, J; Elliott, D. W.; Thomas, R. J.; Muéller, L. J.
J. Am. Chem. Soc. 2003, 125, 11785.
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undertaken using the proposed XRD structure. This process
retains XRD dihedral angles and has been demonstrated to
significantly improve the fit of SSNMR tensor data. This final
modification retains a high-quality fit to XRD data and thus
represents an improvement to the structure.
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