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The crystal structure of L-5-methyltetrahydrofolate calcium trihydrate has been solved and refined
using synchrotron X-ray powder diffraction data and optimized using density functional techniques.
Calcium levomefolate trihydrate crystallizes in space group P2;2;2; (#19) with a=7.1706(6),
b=6.5371(5), ¢ =53.8357(41) A, V=2523.58(26) A®, and Z=4. The structure is characterized by
alternating hydrophobic and hydrophilic layers along the c-axis. The Ca cations are 7-coordinate,
and share edges to form chains along the b-axis. Each of the water molecules acts as a donor in
two hydrogen bonds. The coordinated water molecule makes two strong intermolecular O-H---O
hydrogen bonds to carboxyl and carbonyl groups. The two zeolitic water molecules form weaker
hydrogen bonds, to carbonyl O atoms, ring N atoms, and aromatic C atoms. Several N-H:--O/N
hydrogen bonds, as well as C-H---O hydrogen bonds, also contribute to the lattice energy.
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I. INTRODUCTION

Levomefolic acid is a metabolite of folic acid (Vitamin
B9) and is a major active form of folate found in foods and
in the blood circulation. It is transported across membranes,
including the blood-brain barrier, and plays an essential role
in DNA and protein synthesis. Levomefolate is approved as
a food additive and is designated as a GRAS (generally recog-
nized as safe) compound. It is available commercially as a
crystalline Ca salt (trade name Metafolin), which has the
required stability for use as a supplement (https:/www.
drugbank.ca/salts/DBSALY001276). The ITUPAC name (CAS
Registry number 151533-22-1 for the anhydrous salt) is (25)-
2-[[4-[[(6S)-2-amino-5-methyl-4-0x0-3,6,7,8-tetrahydropteridin-
6-ylJmethylamino]benzoyl]amino]pentanedioate calcium tri-
hydrate. A two-dimensional molecular diagram is shown in
Figure 1.

Stable crystalline salts of 5-methyltetrahydrofolic acid are
disclosed and claimed in US Patent 6,441,168 (Miiller et al.,
2002; Eprova AG). The patent includes claims for “a water
of crystallization of at least one equivalent per equivalent
of 5-methyltetrahydrofolic acid” and “>3 equivalents of
water”. Commercial samples are generally described as the
trihydrate, although the pentahydrate is also available com-
mercially. Powder diffraction data for additional (6S)-5-meth-
yltetrahydrofolate calcium salts are reported in Chinese Patent
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CN 104530051 A (Wang and Cheng, 2015; Beijing Jinkang
Hexin Pharmaceutical Technology Co.). A connectivity
search in the Cambridge Structural Database (Groom et al.,
2016) for derivatives of levomefolic acid yielded no hits.
Name and formula searches in the Powder Diffraction File
(Gates-Rector and Blanton, 2019) yielded no hits.

Il. EXPERIMENTAL

Calcium L-5-methyltetrahydrofolate trihydrate (Lot
#WNO02-130227) was supplied by Virtus Pharmaceuticals. A
laboratory pattern (measured on a Bruker D2 Phaser using
Cu Ko radiation; K, =1.540593 A, K,,=1.544451 A)
could be indexed on a primitive monoclinic unit cell with
a=13.314(3), b=26.868(6), c=8.187(2) A, f=94.33(2)°,
V=2563.6(8) A%, and Z=4. This cell predicted a peak at
3.3° 26, which was confirmed by changing the configuration
of the diffractometer. Attempts to solve the structure using
this cell were unsuccessful.

The same pale yellow powder was packed into a 1.5 mm
diameter Kapton capillary, and rotated during the measure-
ment at ~50 Hz. The powder pattern was measured at
295 K at beamline 11-BM (Antao et al., 2008; Lee et al.,
2008; Wang et al., 2008) of the Advanced Photon Source
at Argonne National Laboratory using a wavelength of
0.413691(2) A from 0.5° to 50° 20 with a step size of
0.001° and a counting time of 0.1 s/step. The high-resolution
powder diffraction data were collected using twelve silicon
crystal analyzers that allow for high angular resolution, high
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Figure 1. The 2D molecular structure of calcium L-5-methyltetrahydrofolate.

precision, and accurate peak positions. A mixture of silicon
(NIST SRM 640c¢) and alumina (NIST SRM 676a) standards
(ratio Al,03:Si=2:1 by weight) was used to calibrate the
instrument and refine the monochromatic wavelength used
in the experiment.

The synchrotron pattern was indexed with difficulty using
DICVOLI14 (Louér and Boultif, 2014) on a primitive mono-
clinic unit cell having a =6.9575, b =6.5372, ¢ =53.7699 A,
B=92.320°, V=2444.33 A>, and Z=4. Analysis of the sys-
tematic absences using EXPO2014 (Altomare et al., 2013)
suggested the space group P2,. Attempts to solve the structure
using this cell yielded some plausible structures, but they all
contained some molecular overlap. Analysis of this cell
using PLATON (Spek, 2009, 2020) showed that it was not
the conventional monoclinic cell, which has a=7.202, b=
6.548, ¢=53.837 A, and $=90.5 4°. The fact that the j
angle was close to 90° suggested that we explore orthorhom-
bic unit cells. EXPO2014 yielded a better Le Bail fit using an
orthorhombic cell, and suggested the space group P2,2,2,,
which has a 4-fold general position. A reduced cell search
in the Cambridge Structural Database (Groom et al., 2016)
yielded 36 hits, but no folate derivatives.

The levomefolic acid molecule was downloaded from
PubChem (Kim et al.,, 2023) as Conformer3D_CID_
135398561.mol2. In this molecule, both C14 and C25 have
the S stereochemistry. The structure was difficult to solve,
using several different strategies and programs. The successful
solution came by using FOX (Favre-Nicolin and éemy,
2002). The maximum sin@/4 used was 0.25 A~'. The anion
(converted to a Fenske-Hall Z-matrix using OpenBabel
(O’Boyle et al., 2011)), a Ca atom, and 3 O atoms (for the
water molecules) were used as fragments, along with 001 pre-
ferred orientation (the extreme anisotropy of the unit cell
makes preferred orientation likely) and a bump penalty
(which increases the cost factor when pairs of atoms become
closer than specified distances). In the lowest-cost solution,
two of the O atoms were too close to each other, so one was
removed from the model. The third O was added in a void,
detected by Mercury (Macrae et al., 2020). The default
mode of FOX includes enough molecular flexibility to invert
the chirality of a carbon atom occasionally, as was the case
here. In the lowest-cost model, C25 was R, so H47 was
removed and reintroduced to the other side of this C atom
using Materials Studio (Dassault, 2021). This model was sub-
jected to a molecular mechanics optimization (fixed unit cell)
using the Forcite module of Materials Studio. This optimized
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model was the start of a DFT optimization using CRYSTAL14
(Dovesi et al., 2018). The basis sets for the H, C, N, and O
atoms were those of Gatti et al. (1994), and the basis set for
Ca was that of Peintinger et al. (2013). The calculation was
run on eight 2.1 GHz Xeon cores (each with 6 GB RAM) of
a 304-core Dell Linux cluster at IIT, using 8 k-points and
the B3LYP functional, and took ~150 h.

Rietveld refinement was carried out using GSAS-II (Toby
and Von Dreele, 2013). Only the 0.7-18.0° portion of the dif-
fraction pattern was included in the refinement (dp,=
1.322 A). All non-H bond distances and angles in the folate
anion were subjected to restraints, based on a Mercury/
Mogul Geometry Check (Bruno et al., 2004; Sykes et al.,
2011) of the molecule. The Mogul average and standard devi-
ation for each quantity were used as the restraint parameters.
The Ca—-O distances were restrained manually at 2.48(10) A.
The restraints contributed 6.87% to the overall 7. The hydro-
gen atoms were included in calculated positions, which were
recalculated during the refinement using Materials Studio.
The Uiy, were grouped by chemical similarity, and the Ujg,
of each H atom was constrained to be 1.3x that of the heavy
atom to which it is attached. The background was modeled
using a 6-term shifted Chebyshev polynomial, along with
one peak at 4.56° to model the scattering from the Kapton cap-
illary and an amorphous component. The peak for the Kapton
capillary generally occurs ~5.2°.

The final refinement of 136 variables using 17 303 obser-
vations and 91 restraints yielded the resic}uals Ry, =0.1011
and GOF =1.77. The largest peak (0.06 A from Ca34) and
hole (1.82 A from C21) in the difference Fourier map were
0.17 and —0.12(3) eA ™3, respectively. The largest errors in
the fit (Figure 2) are in the shapes of some of the peaks.
The data did not support refinement of the generalized micro-
strain model, so a uniaxial model (with 001) as the unique axis
was used.

Additionally, a dihydrate model (without a coordinated
water molecule, and derived from an optimization using
VASP (Kresse and Furthmiiller, 1996)) was refined. This
model yielded poorer residuals: Ry, =0.1252 and GOF=2.13.

lll. RESULTS AND DISCUSSION

This synchrotron power pattern of calcium L-5-methylte-
trahydrofolate trihydrate is in excellent agreement with that
reported by Miiller et al. (2002) (Figure 3). The agreement
is good enough to conclude that the patterns represent the
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Figure 2. The Rietveld plot for the refinement of calcium L-5-methyltetrahydrofolate trihydrate. The blue crosses represent the observed data points, and the
green line is the calculated pattern. The cyan curve is the error plot, and the red line is the background curve. The vertical scale has been multiplied by a

factor of 5x for 26> 3.0°.
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Comparison of the synchrotron pattern of calcium L-5-methyltetrahydrofolate trihydrate (magenta) to that of Form I reported by Miiller et al. (2002;

black). Note that the patent pattern does not include the lowest-angle (and strongest) peak of the pattern. The literature pattern (measured using Cu K, radiation)
was digitized using UN-SCAN-IT (Silk Scientific, 2013) and converted to the synchrotron wavelength of 0.458963(2) A using JADE Pro (MDI, 2022). Image

generated using JADE Pro (MDI, 2022).

same material, known as Type I. We should note that the pat-
ent pattern does not include the strongest peak of the pattern,
because the pattern was not measured to low-enough an angle.
This is not a problem for characterizing the phase for patent
purposes, but is a useful cautionary tale.

The refined atom coordinates of L-5-methyltetrahydrofo-
late trihydrate Type I and the coordinates from the DFT opti-
mization are reported in the CIFs deposited with ICDD. The
root-mean-square (rms) Cartesian displacement of the non-
hydrogen atoms in the Rietveld-refined and DFT-optimized
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structures is 0.744 A (Figure 4), outside the normal range
for correct structures (van de Streek and Neumann, 2014).
The absolute difference in the Ca position in the two structures
is 1.025 A. The major differences are in the orientation of the
C21-C29 phenyl ring, the orientations of the side chains, and
the absolute position of the molecule in the unit cell. In the
population of samples of this compound, this is an exception-
ally crystalline one (hence the progress described here), but
the peaks are relatively broad and the sample contains an
amorphous component. As we will see later, the sample
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Figure 4. Comparison of the Rietveld-refined (red) and VASP-optimized (blue) structures of calcium L-5-methyltetrahydrofolate trihydrate. The rms Cartesian

displacement is 0.744 A. Image generated using Mercury (Macrae et al., 2020).

exhibits significant texture. All of these “features” mean that
we can expect poorer accuracy of the refined structure than
usual. Perhaps this should be considered a “proposed” struc-
ture for this compound; it is certainly better than no structure.
The discussion below concentrates on the DFT-optimized
structure, as we believe it is more reliable. The asymmetric
unit (with atom numbering) is illustrated in Figure 5, and
the crystal structure is presented in Figure 6.

The structure is characterized by alternating hydrophobic
and hydrophilic layers along the c-axis (Figure 6). The Ca cat-
ions are 7-coordinate (one water molecule and six carboxylate
oxygen atoms), and share edges to form chains along the b-
axis (Figure 7). The bond valence sum of the Ca is 1.89. As
expected, the carboxylate groups bind to the Ca. The group
C32-03-04 bridges two Ca34, while the group C33-0O5-—
06 chelates to one Ca34, and bridges two others. One water
molecule (035) is coordinated to the Ca, while the other

037

H61

two (036 and O37) are zeolitic. Additional small voids can
be located by decreasing the probe radius in Mercury to
1.0 A (from the default value of 1.2 A) (Figure 8). The pres-
ence of additional water molecules in some samples can
thus be rationalized easily. Attempts to refine the occupancies
of water molecules placed in these voids resulted in values
insignificantly different from zero, consistent with the formu-
lation as a trihydrate.

Thermogravimetric analysis (TGA) indicated that the
sample was a hexahydrate. The TGA, however, was measured
5 years after the sample had been acquired and the synchrotron
pattern measured, so it is uncertain how relevant that water
content is to the specimen used to measure the data. At the
time of this writing, the diffraction pattern of the sample dif-
fered from the synchrotron pattern, indicating that the sample
changed over time. Comparison of the DFT-optimized trihy-
drate and dihydrate structures (Figure 9) reveals significant

H43

036

UHM

Figure 5. The asymmetric unit of calcium L-5-methyltetrahydrofolate trihydrate, with the atom numbering. The atoms are represented by 50% probability

spheroids/ellipsoids. Image generated using Mercury (Macrae et al., 2020).
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Figure 6. The crystal structure of calcium L-5-methyltetrahydrofolate trihydrate, viewed down the b-axis. Image generated using Diamond (Crystal Impact,

2022).

Figure 7. The chains of edge-sharing CaO; coordination polyhedra, viewed down the c-axis. Image generated using Diamond (Crystal Impact, 2022).

differences. The water content can apparently affect the struc-
ture significantly, perhaps resulting in the poorer-than-usual
agreement of the refined and optimized structures.

Almost all of the bond distances, angles, and torsion
angles fall within the normal ranges indicated by a Mercury/
Mogul Geometry check (Macrae et al., 2020). The O57-
C28—C30 angle of 109.3° (average = 105.8(10)°, Z-score =

211 Powder Diffr., Vol. 38, No. 3, September 2023

3.6) is flagged as unusual. This angle lies slightly outside a
narrow distribution of a few similar angles. The torsion
angle C9-054-C11-C12 is flagged as unusual; this represents
the linking of the two portion of the molecule, and it is
likely that crystal packing forces influence the molecular con-
formation. The torsion angles involving rotation around the
C37—-C38 bond (such as C33—-C37-C38-C39) are flagged as
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Figure 8. Potential additional voids in the crystal structure of calcium L-5-methyltetrahydrofolate trihydrate, obtained by decreasing the probe radius to 1.0 A.

Image generated using Mercury (Macrae et al., 2020).

Figure 9. Comparison of the DFT-optimized crystal structure of calcium L-5-methyltetrahydrofolate trihydrate (blue) to that of the dihydrate (green). Image

generated using Mercury (Macrae et al., 2020).

unusual. This angle lies near a minor gauche population of
mainly frans angles.

Quantum chemical geometry optimization of the
isolated anion (DFI/B3LYP/6-31G*/water) using Spartan
‘18 (Wavefunction, 2020) indicated that the observed confor-
mation of the cation is 36.5 kcal/mol higher in energy than the
local minimum conformation. The conformational differences
are spread throughout the molecule. The global minimum-
energy conformation of the anion (MMFF force field) curls
up on itself so that the ring systems are roughly parallel, and
intramolecular N-H---:O hydrogen bonds form between the
amino group NI13 and carboxylate oxygen atoms.
Intermolecular interactions are thus important in determining
the solid-state conformation.

Analysis of the contributions to the total crystal energy of
the structure using the Forcite module of Materials Studio
(Dassault Systemes, 2021) suggests that angle distortion
terms dominate the intramolecular deformation energy, but
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that bond and torsion distortion terms are also significant.
The intermolecular energy is dominated by electrostatic attrac-
tions, which in this force field analysis also include hydrogen
bonds. The hydrogen bonds are better analyzed using the
results of the DFT calculation.

Hydrogen bonds are prominent in the crystal structure
(Table I). Each of the water molecules acts as a donor in
two hydrogen bonds. The coordinated water molecule O35
makes two strong intermolecular O—H:--O hydrogen bonds
to carboxyl and carbonyl groups. The zeolitic water molecules
036 and O37 form weaker hydrogen bonds, to carbonyl O
atoms, ring N atoms, and aromatic C atoms. Several N—
H---O/N hydrogen bonds, as well as C-H:--O hydrogen
bonds, also contribute to the lattice energy. The energies of
the O—H---O hydrogen bonds were calculated using the corre-
lation of Rammohan and Kaduk (2018), and the energies of
the N-H---O hydrogen bonds were calculated using the corre-
lation of Wheatley and Kaduk (2019).

Kaduk et al. 212


https://doi.org/10.1017/S0885715623000246

TABLE 1.

Hydrogen bonds (CRYSTALI14) in calcium L-5-methyltetrahydrofolate trihydrate Type 1.

H-Bond D-H (A) H---A (A) D--A (A) D-H---A (°) Overlap (e) E (kcal/mol)
037-H66---01 0.983 1.775 2.755 175.2 0.057 13.0
037-H65---C24 0.967 2.585 3.392 141.1 0.014

036-H64---N8 0.991 1.757 2.745 174.4 0.064

036-H63---N11 0.966 2338 3.012 126.3 0.012

035-H62---02 0.975 1.741 2.708 171.1 0.046 11.7
035-H61---03 0.980 1.826 2751 156.2 0.048 12.0
N13-H43---036 1.019 1.878 2.839 155.7 0.063 5.8
N13-H42---N10 1.008 2563 2918 100.3 0.010

N11-H40---N9 1.024 2379 3.350 157.9 0.037

N9-H39---N7 1.019 2.364 3.278 148.7 0.030

N8-H38---036 1.023 2.152 3.045 144.7 0.036 4.4
C29-H58---02 1.084 2.287° 2.693 99.9 0.019

C27-H55---04 1.091 2.228% 2.765 107.8 0.026

C25-H54---02 1.095 2316 2.829 106.5 0.017

C24-H53---C19 1.075 2.410° 3.480 173.3 0.011

C19-H51---037 1.096 2452 3.341 137.3 0.019

C19-H49---01 1.086 2.051° 2.837 126.7 0.024

C16-H438---01 1.092 2.590 0.019

“Intramolecular.

The Bravais—Friedel-Donnay—Harker (Bravais, 1866;
Friedel, 1907; Donnay and Harker, 1937) morphology sug-
gests that we might expect platy morphology for calcium
L-5-methyltetrahydrofolate trihydrate, with {002} as the prin-
cipal faces. A sixth-order spherical harmonic model was
included in the refinement. The refined texture index was
1.563(10), indicating that preferred orientation was significant
in this rotated capillary specimen. We should expect that pre-
ferred orientation would be significant in most specimens of
this material, especially on a Bragg-Brentano diffractometer.

IV. DEPOSITED DATA

The Crystallographic Information Framework (CIF) files
containing the results of the Rietveld refinement (including
the raw data) and the DFT geometry optimization were
deposited with the ICDD. The data can be requested at
pdj@icdd.com.
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