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ABSTRACT: Polymorphism of 6-methyluracil, which affects the regulation of lipid peroxidation and wound healing, has been
studied by experimental and quantum chemical methods. Two known polymorphic modifications and two new crystalline forms
were crystallized and characterized by single crystal and powder X-ray diffraction (XRD) methods as well as by the differential
scanning calorimetry (DSC) method and infrared (IR) spectroscopy. The calculations of pairwise interaction energies between
molecules and lattice energies in periodic boundary conditions have shown that the polymorphic form 6MU I used in the
pharmaceutical industry and two new forms 6MU_III and 6MU_IV, which can be formed due to temperature violations, may be
considered as metastable. The centrosymmetric dimer bound by two N—H---O hydrogen bonds was recognized as a dimeric building
unit in all of the polymorphic forms of 6-methyluracil. Four polymorphic forms have a layered structure from the viewpoint of
interaction energies between dimeric building units. The layers parallel to the (100) crystallographic plane were recognized as a basic
structural motif in the 6MU_I, 6MU_III, and 6MU _1IV crystals. In the 6MU_II structure, a basic structural motif is a layer parallel
to the (001) crystallographlc plane. " The ratio between the interaction energies within the basic structural motif and between
neighboring layers correlates with the relative stability of the studied polymorphic forms. The most stable polymorphic form
6MU_II has the most anisotropic “energetic” structure, while the interaction energies in the least stable form 6MU_IV are very close
in various directions. The modeling of shear deformations of layers in the metastable polymorphic structures has not revealed any
possibility of these crystals to be deformed under external mechanical stress or pressure influence. These results allow the use of
metastable polymorphic forms of 6-methyluracil in the pharmaceutical industry without any limitations.

H INTRODUCTION rate, temperature, grinding conditions, or tableting pressure.
The polymorphism study of biologically active molecules Unfortunately, the appearance of a new polymorphic form can
pursues both theoretical and practical aims.' ™ The conditions be a reason for significant financial losses for a pharmaceutical
for the formation of various crystal structures are of great company, as happened with the manufacturers of Tegretol,
theoretical interest, and this knowledge leads to the develop- Norvir, Vermox, Coumadin, or Neupro.””'® So, finding all of

ment of crystal engineering principles. Different physicochem-
ical and biological properties (bioavailability, dissolution rate)
of polymorphic forms are of great importance to the
pharmaceutical industry.”” Crystallization of a new polymorph
of an active pharmaceutical ingredient (API) can result in a
change of manufacturability, stablhty, reproducibility, and
biological activity of the drug.°~® This process is difficult to
control, and the formation of a new crystal form can be caused
by minimal changes in a solution concentration, crystallization

the ways to obtain as many polymorphic forms of a drug as
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Table 1. Crystallographic Data for 6MU Polymorphic Forms

polymorph 6MU I
empirical formula CH(N,0,
formula weight, a.m.u. 126.12
crystal system monoclinic
space group P21/c
a (&) 4.5194(14)
b (A) 10.9811(18)
¢ (A) 11.7294(14)
£ 97.750(16)
v (A% 576.8(2)
V4 4
p (grem™) 1.452
u (mm™) 0.115
F(000) 264
reflections collected/unique 3320/1016
Ry 0.0974
parameters 92
final R, values (I > 26(I)) 0.0711
final wR,(F*) values (I > 26(I)) 0.1771
goodness-of-fit on F* 0.998
CCDC 2243617

6MU_II 6MU_III 6MU_IV
C2/c P21/c P21/c
20.537(3) 4.6081(7) 9.3874(15)
3.9108(4) 10.767(3) 11.6695(13)
14.801(3) 11.881(4) 11.3883(17)
110.972(19) 99.76(2) 112.516(18)
1110.0(3) 580.9(3) 1152.4(3)
8 4 8
1.509 1.442 1.454
0.119 0.114 0.115
528 264 528
4163/979 3513/1023 4252/2019
0.1314 0.1403 0.0518
92 92 185
0.0871 0.0816 0.0782
0.2031 0.1945 0.2355
1.027 0.961 1.076
2243620 2243618 2243619

possible and study them thoroughly is a very important task for
crystallographers and pharmaceutical chemists.

Being one of four nucleobases in a nucleic acid, uracil was
found in RNA while its derivative S-methyluracil or thymine
was found in DNA. These compounds are well known for
more than a century but their polymorphism is poorly studied.
There are no polymorphic modifications of uracil in the
Cambridge Crystal Structure Database'' while polymorphic
modifications of S-methyluracil were found and thoroughly
studied only recently.'”"® 6-Methyluracil is the closest
analogue of uracil and S-methyluracil but it can be obtained
only synthetically.'*"> This compound is widely used in
pharmaceutics as a drug affecting the regulation of lipid
peroxidation and healing of wounds.'®'” 6-Methyluracil is also
used as a component of complex compositions. For example,
the complex with N-methyl-p-glucamine was proposed for the
treatment of a variety of medical conditions characterized by
excessive or inappropriate apoptosis such as ischemia, type I
diabetes, stroke, and Alzheimer’s and Parkinson’s diseases.'®"’

First, the molecular and crystal structure of 6-methyluracil
was determined by the powder diffraction study.”” The
accuracy of this method did not allow us to determine the
positions of hydrogen atoms. A more preferable diketo
tautomeric form of this very simple conformationally rigid
molecule has been proposed based on the bond lengths, which
have also been determined with high inaccuracy. The keto—
enol tautomerism of 6-methyluracil was studied by the g
phase electron diffraction and quantum chemical methods.”"**
The diketo form of 6-methyluracil was confirmed by further X-
ray diffraction (XRD) studies that revealed the second
polymorphic form of this compound.””** It should be noted
that polymorph II was crystallized from water” or from
DMF"* while polymorph I was named pharmaceutical and any
reliable information about its crystallization is absent. In
addition, Leonidov and co-workers discussed a possible
difference in the biological activity of two polymorphic forms
of 6-methyluracil based on the difference in their crystal
packing.”® However, this discussion has not been confirmed by
experimental data.

Thus, we can conclude that the polymorphism of 6-
methyluracil has not been investigated systematically. In the
present study, we have re-determined 6-methyluracil poly-
morphic form I and found new polymorphic forms of this
pharmaceutically important compound.

B RESULTS AND DISCUSSION

Search for Polymorphic Forms of 6MU. Being a very
effective drug, 6MU is manufactured by the pharmaceutical
industry in the tablet form or as an ointment. Therefore, the
control of its polymorphic form is of great importance for the
quality of the final product. The analysis of the pharmaceutical
substance (API) has revealed that 6MU exists rather in
polymorphic form I (6MU _I) that has been determined only
by powder diffraction data which have low enough quality.”’
So these data proved to be not very good for a reliable analysis
of API and need to be improved.

Our attempts to crystallize 6MU from various solvents have
always led to the formation of needle-like crystals of the
polymorphic form IL Even crystallization from water used in
the technological process did not give the polymorph 6MU_I
in the laboratory. The main difference between crystallization
in the technological process and in the laboratory is not the
solvent used, but the volume of the crystallizing mixture and
the stirring of the solution during the crystallization process.
Thus, it can be presumed that the gradient of temperature
decrease and the inertness of the reaction mixture can play a
key role in the formation of the polymorph 6MU_I during the
technological process.

To exclude the solvation effects, an attempt was made to
crystallize 6MU from the melt. A sample of polymorph 6MU 1
was dissolved in water, boiled, and dried. Then the obtained
powder was heated up to the sintering temperature (heating up
to the melting point was not performed to avoid compound
decomposition). The analysis of the obtained sample by
powder diffraction has revealed that the main crystal phase is
the polymorph 6MU _II but an impurity of a new phase can be
found. Indeed, a more thorough analysis has revealed needle-
like crystals of a new polymorph 6MU III and prism-like
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Figure 1. DSC thermograms of polymorph 6MU_I (at the top) and 6MU_II (at the bottom).

Table 2. Powder Diffraction Data of the 6MU Sample at Different Temperatures According to Rietveld Refinement

T, °C Phase a, A b, A ¢ A B, deg v, A3
RT 6MU 1 4.4983(1) 11.0352(5) 11.7277(4) 97.283(4) 577.46(4)
100 6MU 1 4.4948(1) 11.0374(6) 11.7197(4) 97.215(4) 576.81(4)
140 6MU 1 4.4967(1) 11.0360(6) 11.7212(4) 97.246(4) 577.02(4)
180 6MU 1 4.5120(1) 11.0059(5) 11.7331(4) 97.503(4) 577.66(4)
200 6MU_III 4.5406(1) 10.9419(6) 11.7647(4) 98.094(4) 578.67(4)
210 6MU_III 4.5610(1) 10.9025(6) 11.7851(4) 98.500(4) 579.58(4)

6MU_II 3% 20.5131(1) 3.9147(5) 14.8193(2) 111.022(3) 1110.82(3)
245 6MU_III 4.5866(2) 10.8437(8) 11.8212(5) 99.086(6) 580.57(6)

6MU_1V 11%“ 9.416(5) 11.731(9) 11.325(2) 112.14(2) 1158.6(1)

6MU _II 12%“ 20.732(1) 3.9227(8) 14.831(2) 111.22(2) 1124.4(7)
275 6MU_IV 9.3925(4) 11.6622(5) 11.3664(S) 112.392(2) 1151.17(8)
290 6MU_IV 9.3944(3) 11.6577(4) 11.3654(4) 112.420(1) 1150.61(6)

“The phase ratio was calculated using the Rietveld method.

T T T T T T T T T T
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Figure 2. Powder X-ray diffraction patterns of 6MU polymorphic forms.
20663 https://doi.org/10.1021/acsomega.3c01231
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Figure 3. Powder X-ray diffraction patterns of 6MU_I and 6MU_III in the 20 region from 20 to 30°.
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Figure 4. DSC curves measured for pure samples of 6MU_I, 6MU_II, 6MU _III, and 6MU_IV.

crystals of a new polymorph 6MU IV in the pre-melting
sample. Both new polymorphs of 6MU were identified
primarily by the single crystal X-ray analysis (Table 1). It
should be noted that unit cell parameters of form 6MU_III are
very close to the ones determined for polymorph 6MU_L
Therefore, additional arguments are needed to prove the
existence of form 6MU_III as a new polymorph.

To separate new polymorphic forms 6MU_III and 6MU_IV
as a pure crystal phase, DSC thermograms of the polymorphs
6MU I and 6MU _II (Figure 1) have been studied thoroughly.
Polymorphic crystals 6MU I have been heated in a double
Petri dish up to a temperature below the endothermic effect
found in the DSC thermogram (Figure 1, at the top). It was
found that partial sublimation of the sample (white haze can be
seen) occurs at ~200 °C, and the product was crystallized on
the cover dish as very thin needles of polymorph 6MU_IIL
Heating up to a temperature of 250 °C led to re-crystallizing of
the powder mass in the bottom dish giving elongated prismatic

20664

crystals of the polymorph 6MU_IV. It should be noted that
crystals of 6MU_IV obtained at this temperature contained
crystals of 6MU _III as an impurity and were purified due to
further heating up to ~270 °C.

The additional study of the 6MU_I heating process was
performed by the powder diffraction method. A sample of
polymorph 6MU I was heated up to various temperatures and
analyzed using the Rietveld method (Table 2). The data
obtained have confirmed the formation of polymorph
6MU_III at 200 °C and polymorph 6MU_IV at 245 °C and
above. In addition, the presence of the polymorphic form
6MU_II as an impurity within the temperature range of 210—
245 °C may explain some of the problems with an ointment
containing 6MU due to the appearance of grains.

The same study was carried out for the polymorphic form
6MU_II. Being more stable than the polymorph 6MU_]I, these
crystals sublimated at 230 °C. As a result, coarse crystals of
6MU_IV were formed without any impurity of the polymorph

https://doi.org/10.1021/acsomega.3c01231
ACS Omega 2023, 8, 20661—-20674
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Scheme 1. Possible Tautomeric Forms of 6MU and Their Relative Energies (kcal/mol, in Bold) Calculated by the m06-2x/cc-

PVTZ Method
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Figure S. Molecular structure of 6MU according to the X-ray diffraction data (on the left). The disordered molecule B found in the structure

6MU _IV (on the right).

6MU III In contrast to the sublimation of the polymorphic
form 6MU_]I, heating of 6MU_II was not accompanied by the
appearance of a white haze.

Characterization of 6MU Polymorphic Forms. Powder
Diffraction. All of the separated individual polymorphic forms
of 6MU were characterized by the powder diffraction method
(Figure 2). Rietveld refinement proved a nice agreement
between the experimental diffractograms and the theoretical
ones obtained from the single crystal study (Figure S1). The
powder X-ray diffraction patterns of the polymorphs 6MU_I
and 6MU_III with close unit cell parameters (Table 1) proved
to be very similar (Figure 2). But the thorough analysis of
these patterns has revealed some differences in the 20 region
from 20 to 30° (Figure 3, and Tables S1 and S3). This fact
allows to consider structure 6MU _III as a new polymorphic
form.

Differential Scanning Calorimetry (DSC). The pure
polymorphic forms of 6MU have been characterized by the
DSC method (Figure 4). The 6MU_I and 6MU_III samples
demonstrate the same melting process. The blue curve
corresponded to polymorph 6MU_II and has a wider melting
band. The curve measured for the polymorphic form 6MU_IV
is very similar to the ones found for the samples of 6MU_I and
6MU III. The similarity in DSC of 6MU I and 6MU III
forms may be due to the similarity in the mutual arrangement
of molecules and close energies of intermolecular interactions
in their crystal structures.

Infrared Spectroscopy. The pure polymorphic forms of
6MU have been characterized by infrared spectroscopy
(Figures S2—S4 and Table SS) in the wavenumber range of
500—4000 cm™" at room temperature. All of these spectra were
measured with a resolution of 1 cm™. The analysis of infrared
(IR) spectra has revealed the characteristic vibrations of the
N-H bond in the regions of 3090—3040 and 2990—2938
cm™, vibrations of the CHj group in the region of 2850—2800
cm™". The carbonyl groups give vibrational lines in the regions
of 1747—1704 and 1651—1644 cm™" while the C=C bond is
characterized by vibrations in the region of 1615—1614 cm™".
Any vibrations corresponding to enol tautomers of 6MU were
not detected. The most significant changes are observed in the
vibrational frequencies of the N—H bond (the region of 2850—
2800 cm™') and carbonyl groups (Table SS), indicating
different participation of the N1H and both carbonyl groups in
hydrogen bonding. The vibrations of the methyl group and
endocyclic double bond are very close in all polymorphic forms
under study.

Molecular Structure Analysis. The 6MU molecule can
theoretically exist in six tautomeric forms (Scheme 1).
According to the quantum chemical calculations using the
MP2 electron correlated method, the diketo tautomeric form A
proved to be the most stable.”* Calculations by the m06-2x/cc-
PVTZ method”*”’ coincide in general with the earlier data
(Scheme 1) indicating that tautomer A is the most energeti-
cally preferable and tautomer F is the least expected. However,
all possible tautomeric forms are expected to be in equilibrium
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in a liquid or gas phase, and transitions between them can
occur due to the transfer of a hydrogen atom. Which of these
tautomeric forms can be found in a crystal phase depends on
the crystallization conditions. It may be presumed that the
kinetically controlled crystallization (rapid cooling of a
supersaturated solution, rapid evaporation, sublimation, etc.)
can lead to the formation of metastable polymorphic crystals
containing a less energetically preferable tautomeric form or a
mixture of several tautomers. Thermodynamically controlled
crystallization should result in the formation of stable
polymorphic crystals containing molecules in the tautomeric
form with the lowest energy.

The positions of hydrogen atoms are usually determined not
very reliably in an X-ray diffraction study. Consequently, the
tautomeric form of a molecule in a crystal phase can be
discussed mainly based on the analysis of bond lengths. Such
an analysis was performed for 6MU molecules in the
polymorphic crystals 6MU_I-6MU _III. An asymmetric part
of the unit cell contains two molecules (A and B) in the
6MU_1V structure, where molecule B is disordered over two
positions with equal populations due to rotation around the
virtual axis passing through the N3B---C6B atoms (Figure 5).
To refine this disorder, the bond lengths in this molecule were
restricted (see the Experimental Section). As a result, only
bond lengths of molecule A may be analyzed in the 6MU_IV
polymorphic crystals.

The bond length analysis has revealed the diketo form of
6MU. The C2—O0O1 and C4—02 bonds have the same lengths
(Table 3) in the polymorphic crystals 6MU II. This

Table 3. Bond Lengths (A) in the 6MU Molecule in
Polymorphic Crystals 6MU_I — 6MU_IV

bond 6MU I 6MU_II 6MU_III 6MU_IV*
N1-C2 1.372(4) 1.368(6) 1.353(5) 1.385(4)
C2-N3 1.370(4) 1.368(6) 1.381(6) 1.360(4)
N3-C4 1.370(4) 1.396(6) 1.378(5) 1.369(4)
C4-C5 1.417(5) 1.425(7) 1.400(6) 1.423(4)
C5-Cé6 1.337(5) 1.331(6) 1.353(6) 1.329(4)
C6—N1 1.362(4) 1.388(6) 1.384(5) 1.365(4)
C2-01 1.215(4) 1.226(6) 1.230(5) 1.213(4)
C4-02 1.253(4) 1.222(6) 1.253(6) 1.243(4)
C6—C7 1.497(5) 1.485(7) 1.469(6) 1.493(4)

“Bond lengths are presented for non-disordered molecule A.

polymorph has been obtained from various solvents as a result
of slow evaporation. The C=0 bonds are not equivalent in
6MU molecules found in all other structures (Table 3). Such a
difference can be explained by two main reasons:

(a) contribution of zwitterionic forms to the molecular
structure of 6MU (Scheme 2);

(b) different participation of two carbonyl groups in
intermolecular hydrogen bonds.

The contribution of two zwitterionic structures to molecular
geometry should slightly lengthen the C5—C6 bond and
shorten the N3—C4, C4—C35, and N1-C6 bonds in 6MU
molecules found in structures 6MU_I, 6MU_III, and
6MU IV. The tendency for such a redistribution of electron
dens1ty has been found in structures 6MU_I and 6MU_III and
is absent in structure 6MU IV (Table 3). Therefore, the
difference in bond lengths is caused mainly by the difference in
the participation of carbonyl groups in intermolecular
interactions. The higher ability of the C4—02 carbonyl bond
to be elongated can also be due to the stronger conjugation
between the endocyclic C=C and exocyclic C=0 double
bonds compared to the conjugation between the electron lone
pair of the nitrogen atom and the C=0 bond.”*

Crystal Structure Analysis. The analysis of intermolecular
interactions in the polymorphic crystals under study has
revealed different patterns formed by N—H:-O hydrogen
bonds in structures 6MU_I, 6MU_III, 6MU_IV, and 6MU_II
(Figure 6). According to Etter’s rules,”? all strong proton
donors and acceptors must participate in the formation of
hydrogen bonds. The 6MU molecule contains two NH groups
and two carbonyl groups, which can form two strong
centrosymmetric N—H--O hydrogen bonds. However, this
rule is realized only in structure 6MU_II while the N;H donor
and the C=02 acceptor form a centrosymmetric dimer of the
same type in all other crystals studied (Figure 6, Table 4).

Another NH group is also involved in intermolecular
hydrogen bonding but with different acceptors in different
polymorphic structures. The centrosymmetric dimer formed
by the N1H and C=01 groups is found only in the 6MU_II
structure. The centrosymmetric dimers of two types (formed
by the N3—H--O2 or N1—H:--O1 hydrogen bonds) form a
ribbon as the main structural motif (Figure 6). The
neighboring ribbons are bound by the weaker C—H--z
hydrogen bonds (Table 4).

In structures 6MU_I, 6MU III, and 6MU IV, the N1H
group forms the linear intermolecular hydrogen bond with the
C=02 carbonyl group acting as a bifurcated proton acceptor.
In addition, four centrosymmetric dimers bound by the N1—
H---O2 hydrogen bonds form a cyclic fragment that can be
recognized as a repeating part of the corrugated layer parallel
to the (100) crystallographic plane in the structures 6MU I
and 6MU_III (Figure 6). The neighboring layers are bound by
the weaker C5—H--O1 intermolecular hydrogen bonds.

In the 6MU IV polymorphic form, the centrosymmetric
dimers formed due to the N3A—H--O2B and N3B—H--02A
hydrogen bonds between molecules A and B are bound by the
linear N1IA—H:--O2B hydrogen bonds. So, a zigzag chain in
the [010] crystallographic direction can be recognized as a

Scheme 2. Superposition of Resonance Structures Describing the 6MU Molecular Structure in Polymorphic Crystals 6MU_]I,

6MU_III, and 6MU_IV
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6MU_III

6MU_IV

Figure 6. Packing patterns formed by the N—H:---O intermolecular hydrogen bonds in the polymorphic structures of 6MU.

structural motif in the polymorph 6MU IV (Figure 6). The
disorder of molecule B in structure 6MU IV means the
formation of hydrogen bonds of two types in one direction
(N1C—H:-O1A/C5B—H--O1A or N1B—H:-02A/C5C—
H---O2A hydrogen bonds) linking the neighboring chains.

The energies of the hydrogen bonds revealed in four
polymorphic crystals were estimated within Bader’s “Atoms in
Molecules” (AIM) theory.”’ The wave function for each of the
hydrogen-bonded dimers was recorded by the m06-2x
functional®® and the standard cc-pVTZ basis set”’ (m06-2x/
cc-pVTZ) and was analyzed using the AIM2000 program’”
with all default options. The energy of a hydrogen bond can be
calculated using the correlation between the hydrogen bond
energy and the pressure exerted on the electrons around the
(3, —1) bond critical point revealed by Espinosa and co-
workers.”> The N3—H--02 intermolecular hydrogen bond
proved to have the highest energy in all of the studied
structures as compared to the N1—H:--O1/02 hydrogen
bonds. This ratio persists even in the 6MU_II polymorph
(Table 4), where the N1—H:-O1’ hydrogen bonds form a
centrosymmetric dimer. The higher energy of the N3—H:--02
hydrogen bond is assumed to be a result of the higher ability of
the C4=02 bond to be delocalized. It should be noted that
the smaller energy of the N3—H:-O2’ hydrogen bond in
6MU I compared to 6MU II can be explained by the O2
participation in two hydrogen bonds simultaneously. The
bifurcated character of N1—H---O2" and N3—H:--O2’ hydro-
gen bonds in 6MU_I weakens both interactions.

The 6MU molecule contains the conjugated system that
creates pre-conditions for the formation of stacking inter-
actions. The analysis of short contacts in the polymorphic
structures 6MU_I — 6MU_1IV has revealed the distances and
overlapping degree between neighboring 6MU molecules,
which are characteristics of stacking. However, intermolecular

interaction of this type is very complicated to be
characterized.’**

The analysis of pairwise interaction energies between
neighboring molecules takes into account the contribution
not only of hydrogen bonds but also stacking and non-specific
interactions. Being more analytical and objective, such an
analysis allows understanding the role of intermolecular
interactions of different types in the crystal packing
formation.”® The first coordination sphere of the 6MU
molecule contains a different number of neighboring molecules
in four polymorphic structures (Table S). Furthermore, the
highest interaction energy between a basic molecule and its
first coordination sphere is found in polymorphic structure
6MU_II, where the number of neighbors is the smallest. This
may be explained by the presence of stronger hydrogen bonds
between molecules forming a centrosymmetric dimer in the
polymorphic form 6MU_II (Table S).

Based on our earlier data,””*® such interactions of a basic
molecule with its environment allow presuming that the
polymorphic form 6MU_II is the most stable in comparison
with other studied forms. The calculations of the lattice
energies in periodic approximation for all of the polymorphic
forms under study have revealed that polymorph 6MU_II has
the lowest lattice energy. The polymorphic structures 6MU_]I,
6MU_III, and 6MU_IV have lattice energies which are greater
than 1.55, 1.53, and 1.67 kcal/mol, respectively. These data
allow considering form 6MU_II as stable while the forms
6MU_I, 6MU _III, and 6MU_IV have to be recognized as
metastable.

The basic molecule of 6MU forms only one centrosym-
metric dimer with the strongest interaction energy, but this
dimer differs in the polymorphic structures 6MU_I, 6MU _II1,
6MU_IV, and 6MU_II (Tables S, and S6—S9). It is bound by
the N3—H--O2 hydrogen bond in the structures 6MU I,
6MU _III, and 6MU_1IV or by the N1-H:--O1 hydrogen bond
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Table 4. Intermolecular Interactions, Their Geometric
Characteristics and Hydrogen Bond Energy, Evaluated from
Characteristics of (3, —1) Bond Critical Point within the
AIM Analysis in Polymorphic Crystals of 6MU

geometric
characteristics

symmetry D-H-A, E,, kcal/mol
interaction operation H--A, A deg (3, -1)
6MU I
N1-H--02' % 05—y, 1.94 168 —6.76
—-05+z
N3-H--02'(2) —x, —y 1 -z 1.99 171 —11.42
C5—-H--01’ 1+x 05—y, 2.40 174 —-1.74
0S5 +z
77 stacking x—1,5z distance between planes 3.49 A,
shift 2.875 A
6MU _II
N1-H--01'(2) 1-x-y1l—2z 197 168 —~12.39
N3-H--02'(2) 15-x05-y, 177 165 —22.57
1-2z
C5—H--C4' 15— %05+y, 282 170 ~1.02
15—z
C5—H--C§' 1S —x05+y, 276 154 —-0.98
15—z
7+ stacking xy—1z distance between planes 3.33 A,
shift 2.049 A
6MU_III
N1-H--02' % 0.5 — y, 1.91 171 -8.52
05 +z
N3-H--02'(2) —x —y 1 -z 1.77 176 —21.53
C5—H--01’ 1+x 05—y, 2.36 173 —-1.92
0S5 +z
77 stacking x—1,yz distance between planes 3.49 A,
shift 3.009 A
6MU_IV
NIA-H--O2B'  —x, —0.5 +y, 2.08 173 —442
05—z
N3A-H-02B' 9,z 2.05 173 —12.58
CSA—H-O1B'  1—x —05+y, 245 159 —1.64
15—z
NI1B-H-O02A" =« 15—y, 221 169 —2.70
—0.5 +z
CSB—H~O1A' 1+ 15—y, 2.14 157 -3.83
0.5 +z
NIC-H--OlA 1+ 15—y, 226 159 —232
0.5 +z
CSC—H-028" 15—y, 2.19 155 —3.29
—0.5 +z
-7t stacking 1—x1-y, distance between planes 3.25 A,
(AB) 1-2 shift 2.675 A

Table 5. Number of Molecules Belonging to the First
Coordination Sphere of the Basic 6MU Molecule, Total
Interaction Energy of a Molecule with all Neighbors (kcal/
mol) and a Hydrogen Bond in the Dimer with the Highest
Interaction Energy

the dimer with the highest

interaction energy

number of total Ey,, Eio

polymorph neighbors kcal/mol hydrogen bond  kcal/mol
6MU_I 16 —66.56 N3—-H--02(2) —13.28
6MU _II 13 —67.12 NI-H-01(2) -1931
6MU_III 14 —64.04 N3-H--02(2)  —13.02
6MU_IV 15 —65.56 N3-H-02(2)  —13.20

(Aa)
6MU_IV 14 —64.91

(B)

in structure 6MU_II. The question of which centrosymmetric
dimer is the strongest in the structure 6MU_II turned out to
be somewhat controversial (Table 6).

According to the geometric characteristics, the N3—H---O2’
hydrogen bond is stronger than the N1—H---O1’ one. This is
confirmed by the estimation of the hydrogen bond energy
using the characteristics of the (3, —1) bond critical point
within AIM analysis (Table 6). However, the interaction
energy between two molecules in a centrosymmetric dimer
bound by the N3—H:--O2 bonds turned out to be smaller as
compared to a similar dimer bound by the weaker N1-H---O1
bonds (Table S7). To resolve this contradiction, the
interaction energies for two dimers bound by these hydrogen
bonds were calculated using the m06-2x functional®® with the
TZVp basis set,” and their components were analyzed using
the LMOEDA method® implemented in the GAMESS-US
software package."' This analysis has shown that a stronger
hydrogen bonding leads to an increase in energy of the
electrostatic, exchange, polarization, and dispersion compo-
nents of the total interaction energy (Table 6). In addition to
the energy of the repulsive component increases to a greater
extent due to an approach of molecules bound by the stronger
N3—H---O2 hydrogen bonds. This results in a decrease in the
total interaction energy between two molecules. This fact
provides arguments in a long-standing controversy about what
is the nature of the energy estimated from the characteristics of
the (3, —1) bond critical point between two molecules bound
by a hydrogen bond.*** Is this the energy of interaction
between contacting atoms or between molecules? Comparison
of the energies of the N3—H--O2 and N1—H:--O1 hydrogen
bonds estimated from the (3, —1) bond critical points and the
energies of interaction between molecules in the dimers bound
by these hydrogen bonds (Table 6) suggests that the AIM
theory provides the interaction energy between two contacting
atoms rather than between two molecules.

The centrosymmetric dimer with the strongest interaction
energy should be considered as a complex dimeric building
unit (DBU,) in all of the polymorphic 6MU structures. The
first coordination sphere of the DBU, contains the least
amount of neighboring DBU; in the 6MU _II structure (Table
7). In addition, the total interaction energy with all
surrounding is also the smallest in the 6MU_II structure.

Structures 6MU_I and 6MU_III are very close (Figure 7). A
basic DBU, forms four equal interactions (N1—H--O2
hydrogen bonds) in each of them (Table 8). As a result, the
layer parallel to the (100) crystallographic plane may be
recognized as BSM,. The interaction energy of the DBU, with
all neighboring DBU; within the layer is —56.36 kcal in the
6MU I structure and —51.24 kcal/mol in the 6MU III
structure. Neighboring layers are bound mainly by stacking
interactions and C—H---O hydrogen bonds, and interaction
energy between molecules belonging to neighboring layers is
less than two times lower than the interaction energy within
the layer (Table 7).

In the 6MU _II structure, a DBU, also forms four dimers
with neighboring DBU; with very close energies (Table 8). But
these dimers are not equivalent: two of them are bound by the
N—-H-+O hydrogen bonds, and two more are bound by
stacking interactions. Thus, the layer parallel to the (001)
crystallographic plane and formed by interactions of two types,
hydrogen bonding and stacking, can be recognized as BSM,.
The interaction energy of DBU,, within the layer is —54.7 kcal/
mol, while the interaction energy between neighboring layers is
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Table 6. Comparison of the N3—H*+02 and N1-H-+O1 Hydrogen Bonds Found in Structure 6MU_II: Geometric
Characteristics, Interaction Energies within the Dimer and Their Components Calculated Using the LMOEDA Method and
the Hydrogen Bond Energy Estimated from the (3, —1) Bond Critical Points within the AIM Theory

geometric characteristics interaction energy between two molecules and its components, kcal/mol

hydrogen bond H--A, A D—H-A, deg E. E., B E Egig total E;,, Eyy, (AIM), keal/mol
N1-H---O1 1.97 168 —-21.82 —-9.25 29.11 —7.28 —8.52 —-17.75 —12.39
N3-H---02 1.77 165 —24.41 —18.31 53.12 —13.64 —10.94 —14.19 —22.57

Table 7. Interaction Energies (in kcal/mol) of a DBU, with Its First Coordination Sphere, within Recognized Basic Structural
Motifs and between Them in Polymorphic 6MU Structures

polymorphic form number of neighboring DBU

6MU_I 17 —105.88
6MU_II 16 —92.21
6MU_III 18 —109.07
6MU_IV 17 —104.77

E,, (total), kcal/mol

BSM, E;e (BSM,), keal/mol  E;; (BSM;/BSM,), keal/mol
layer —50.36 —27.47
layer —54.70 —14.67
layer —51.24 —29.97
corrugated layer —47.78 —38.37

6MU_III

6MU_IV

Figure 7. Packing of 6MU in terms of molecules and energy-vector diagrams of DBU (in purple) in the studied polymorphic forms. The layers are

selected and highlighted in green.

only —14.67 kcal/mol. It should be concluded that the
6MU II structure is also layered, similar to the 6MU I and
6MU III structures, but this polymorph has a much more
anisotropic structure in terms of the interaction energies
between molecules (Figure 7 and Table 7).

In the 6MU_IV structure, the strongest interaction between
dimeric BUs is the stacking, which proved to be slightly
stronger than the N—H--O hydrogen bonds (Table 8). The
formation of three interactions with comparable energies
results in the packing that is much more isotropic as compared
to the polymorphic forms 6MU I — 6MU_IIl. A very
corrugated layer parallel to the (100) crystallographic plane
may be recognized as a BSM,; in the 6MU_IV structure
(Figure 7), but the interaction energies of DBU, with its
neighbors within this layer and with DBU; belonging to
neighboring layers are very close (Table 7).

Comparison of the structures and crystallization conditions
of all 6MU polymorphs showed some regularities observed

earlier for crystals obtained as a result of a kinetically or
thermodynamically controlled crystallization process.”®**
Crystallization under nonequilibrium conditions (stirring a
solution or sublimation from a solid) results in crystals with
lower density and more isotropic energies of interactions
between molecules (structures 6MU I, 6MU III, and
6MU_1V). Slow crystallization from a solution under ambient
conditions leads to a crystal structure with a higher density and
more anisotropic energies of interactions (the 6MU_II
structure).

It should be noted that the metastable polymorph 6MU I is
used in the pharmaceutical industry, and two new metastable
forms, 6MU_III and 6MU_IV, can be formed during the
technological process due to temperature violations. Therefore,
the question of their behavior under mechanical stress or
pressure is of great practical importance. To estimate the
possibility of a polymorphic transition under external influence
in these metastable polymorphic forms, the method proposed
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Table 8. Symmetry Codes, Bonding Type, and Interaction Energies of the DBU, with Neighbors (E,,, kcal/mol) with the
Highest Values (More Than 5% of the Total Interaction Energy), and the Contribution of These Energies to the Total

Interaction Energy (%) in the 6MU Polymorphic Structures

dimer DBU,-DBU; symmetry operation E,p kecal/mol contribution to the total interaction energy, % bonding type
6MU 1
dd1 1—x1/2+y -1/2 -z —12.59 11.9 N—H--O
dd2 l—x—-1/2+y1/2 -2 ~12.59 119 N—H--O
dd3 1—x1/2+y1/2 -2 —12.59 11.9 N-H--0
dd4 l—x—-1/2+y-1/2 -z —12.59 11.9 N—H--O
dds 1+xyz —-10.17 9.6 stacking
ddé —1+xyz —10.17 9.6 stacking
6MU_II
dd1 12+ -1/2+yz ~13.70 14.9 N—H--O
dd2 —1/2+%1/2+y,z ~13.70 14.9 N—H--O
dd3 % 1+yz —13.65 14.8 stacking
dd4 x—1+yz —13.65 14.8 stacking
dds -1/2 =%, 1/2+y,-1/2 -z —6.12 6.6 C—-H-&
ddé 1/2 =% -1/2+y,1/2 — 2 —6.12 6.6 C-H-m
dd7 —1/2 —x,-1/2+y,-1/2 -z —6.12 6.6 C-H-n
dds 1/2 —%,1/2+y,1/2 - z —6.12 6.6 C-H-m
6MU_III
dd1 1—x1/2+y -1/2 -2 —12.81 11.7 N-H--O
dd2 l—x—-1/2+y1/2 -z —12.81 117 N—H--O
dd3 1—x1/2+y1/2 -z —12.81 11.7 N-H--O
dd4 1—x-1/2+y,-1/2 -z —12.81 117 N—H--O
dds 1+xyz2 —10.80 9.9 stacking
ddé -1+xyz —10.80 9.9 stacking
6MU_IV
dd1 -, 1—y1-z —14.23 13.6 stacking
dd2 —x, —1/2+y,1/2 -z —12.78 122 N—H--O
dd3 —x, 1/2+y,1/2 — 2 —12.78 122 N—H--0
dd4 1—x-y1-2z —9.16 8.7 non-specific
dds —-1+x1/2-y -1/2+z —7.99 7.6 N-H--O
ddeé 1+x1/2=-y1/2+z —7.99 7.6 N—-H---O
dd7 l-x1-y1-z2 —7.48 7.1 non-specific
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Figure 8. Maps of 5 (A) occurring during the shear of the dimeric mobile part in relation to the fixed part in the (100) plane (directions of the shift
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was applied. The results of the study of pairwise
interaction energies in metastable polymorphic forms can be
used to determine a possible way of the crystal structure
deformation. All of these structures are layered where
interaction energies between DBUs within the layer are high
and interactions between layers are weak. Therefore, it may be
assumed that one layer can be shifted in relation to the
neighboring one as a result of mechanical stress or pressure

exerted on a crystal. The displacement of the neighboring

20670

layers can be modeled using the model system where the
fragment of a layer plays the role of a fixed part and one DBU
belonging to the neighboring layer acts as a mobile part. The
molecule of 6MU is conformationally rigid, which allows us to
use the rigid body model. The displacement of the mobile part
in relation to the fixed part with some step models a possible
structure deformation. To evaluate the probability of this
process, it is sufficient at the first stage to measure at each
point the closest distances between atoms belonging to the
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fixed and mobile parts of the model system. These distances
should be compared with the sums of the van der Waals radii
of the corresponding atom in order to take into account the
nature of the closest atoms. The parameter ¢ calculated as the
difference between the shortest distance and the corresponding
van der Waals radius sum during the displacement of the
mobile part relative to the fixed part can be used to construct
two-dimensional (2D) maps (Figure 8).

Such 2D maps constructed for the displacements along the
(100) crystallographic plane in the metastable structures
6MU I, 6MU III, and 6MU IV (Figure 8) clearly show
that any deformation of the studied crystal structures leads to a
significant shortening of the distances between the closest
atoms belonging to molecules of the mobile and fixed parts of
the model system that causes the appearance of strong
repulsion. As a result, any polymorphic transition without the
loss of crystallinity looks impossible. Thus, it can be concluded
that the metastable polymorphic forms of 6MU have to be
resistant to any external influences during the technological
process.

B CONCLUSIONS

A thorough study of crystalline forms of 6-methyluracil
(6MU), which affects the regulation of lipid peroxidation
and wound healing, leads to finding of two new polymorphic
modifications that can be formed in the technological process
due to temperature violations. For two previously known and
two new polymorphic modifications, the conditions for their
preparation were studied. The structure of all polymorphic
modifications of 6MU was unambiguously established by the
single crystal X-ray diffraction study. The obtained crystalline
forms have also been characterized by the powder X-ray
diffraction method, differential scanning calorimetry method,
and IR spectroscopy.

The calculations of pairwise interactions between molecules,
as well as calculations of the lattice energies in periodic
approximation, have shown that the 6MU II polymorphic
form is the most stable, while the 6MU I form used in the
pharmaceutical industry and the new forms 6MU III and
6MU_IV, which can be formed by sublimation, are metastable.
In all of the polymorphic modifications, the centrosymmetric
dimer formed by two N—H--O hydrogen bonds between
6MU molecules is a dimeric building unit (DBU) of the crystal
structure. The calculations of pairwise interaction energies
between DBUs have revealed that the studied crystalline forms
have a layered structure. The comparison of interaction
energies of DBU, with its neighbors within the layer and
with ones belonging to neighboring layers allows us to
conclude that the most stable 6MU II form has the most
anisotropic “energetic” structure. The interaction energy of
DBU, with its neighbors within the layer parallel to the (001)
crystallographic plane, is more than three times higher than the
interaction energy with the molecules of the neighboring layer.
The metastable polymorphic forms of 6MU obtained under
more nonequilibrium conditions (stirring or sublimation) have
a much more isotropic “energetic” structure. The interaction
energy of DBU, with its neighbors within the layer parallel to
the (100) crystallographic plane is almost two times higher
than with the molecules of the neighboring layer in the 6MU_I
and 6MU_III structures. In the most unstable polymorph
6MU_IV, the layer is highly corrugated, and the energies of
DBU, interactions within the layer and with the adjacent layer
are very close.

The pharmaceutical industry uses the metastable poly-
morphic form 6MU_I and two new metastable forms,
6MU_III and 6MU_IV, which may be formed during the
technologlcal process. Therefore, the possibility of these
structures to be deformed under external influence such as
mechanical stress or pressure during tableting was evaluated
using quantum chemical modeling. It was shown that any
structure deformation leads to a significant decrease in the
distances between the closest atoms belonging to the
neighboring layers. This fact allows to conclude that the
metastable polymorphic forms of 6MU cannot undergo a
polymorphic transition under external influence and can be
used in the technological process without any limitations.

B EXPERIMENTAL SECTION

Materials and Crystallization. 6-Methyluracil (6MU)
was purchased from the pharmaceutical company JSC
“Farmak”. The solvents used were purchased from Sigma
and were of analytical grade. 6MU was crystallized from
different solvents (methanol, ethanol, isopropyl, isoamyl
alcohol, acetonitrile, water, ethyl acetate, DMF, DMSO).
Each solvent (10 mL) was used to dissolve a sample of 6MU
(20 mg). The mixtures were blended and heated until clear
solutions were obtained. The solutions were cooled slowly and
left for slow evaporation at room temperature. Crystals suitable
for X-ray diffraction analysis were obtained after some days
according to the evaporation rate of the corresponding solvent.

Crystallization due to sublimation of a crystal sample was
also used. A sample of 6MU was placed in a thermally resistant
beaker covered with a glass slide and heated. Crystals suitable
for an X-ray diffraction study were obtained on the interior
side of the glass slide.

X-ray Diffraction. Single Crystal X-ray Diffraction. The
single crystal X-ray diffraction study was performed on an
“Xcalibur-3” diffractometer (graphite monochromated Mo Ka
radiation (4 = 0.71073), CCD detector, w-scans). The
structures were solved by a direct method and refined against
F* within anisotropic approximation for all non-hydrogen
atoms using the OLEX2 program package®® with SHELXT*
and SHELXL modules.”® The twin law in structure 6MU_IV
was identified using the TwinRotMat routine in PLATON.>!
The two twin components are related by 2-fold rotation about
the b-axis, with refined major to minor occupancy fractions of
0.783(1):0.217(1). The bond lengths in a disordered 6MU
molecule found in polymorph IV were restricted with values of
1.372 A for the Csp?(=0)—N bond, 1.362 A for the Csp>*~N
bond, 1.337 A for the Csp*=Csp” bond. Hydrogen atoms
were located in electron density difference maps, and those
bonded to N atoms were refined freely in structures 6MU I,
6MU II, and 6MU _III. The positions of the hydrogen atoms
in the CH and CHj groups in all of the studied structures as
well as the NH groups in the structure 6MU_IV were refined
using a riding model, with Uy, = nU, (n = L.S for the methyl
group and 1.2 for other atoms) parameter set of the parent
atoms.

Powder X-ray Diffraction. The powder X-ray diffraction
(PXRD) study was carried out with a Siemens D500 powder
diffractometer at room temperature (Cu Ka radiation, Bragg—
Brentano geometry, curved graphite monochromator on the
counter arm, 5 < 2 6 < 60° A20 = 0.02°). The initial
processing of the obtained PXRD patterns was performed
using the PowderX program.”> The FullProf&WinPLOTR
program” was used for Rietveld refinement. An AL,O; plate
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(NIST SRM1976) was used as the external standard, and to
determine the instrumental profile function. The Rietveld
refinement of the PXRD patterns for obtaining the temper-
ature relationships of the cell dimensions was performed using
a rigid body model (as implemented in the FullProf program)
of the 6MU molecule taken from single crystal results.

Differential Scanning Calorimetry (DSC). DSC analysis was
carried out using a TA Instrument Q2000. The sample is
continuously purged with SO mL/min nitrogen (99.999%).
About 1-2 mg of the 6MU powder was crimped in an
aluminum standard sample pan with a lid. For each analysis, a
new sample was prepared. The heating rate was 5 °C/min.

Infrared Spectroscopy. Mid-infrared absorption spectra
were acquired with a Nicolet IS 50 Fourier transform infrared
(FT-IR) spectrometer with ATR. The spectrophotometer has
a diamond ATR crystal, KBr beam splitter, and KBr DTGS
detector.

Quantum Chemical Study. Molecular Structure Study.
The optimization of all of the possible tautomeric forms of
6MU was performed using density functional theory with the
m06-2x functional®® and the standard cc-pVTZ basis set”’
(m06-2x/cc-pVTZ). The character of the stationary points on
the potential energy surface was verified by calculations of
vibrational frequencies within the harmonic approximation
using analytical second derivatives at the same level of theory.
All minima on PES possess zero imaginary frequencies. All
calculations were performed using the Gaussian09 program.”

Analysis of the Interaction Energy Components. The
interaction energies in two centrosymmetric dimers bound by
N3—H:-02 or N1-H:--O1 hydrogen bonds in the 6MU_II
polymorph were calculated by the m06-2x/TZVp method.”**’
The interaction energy components were analyzed using the
LMOEDA method.** The GAMESS-US software*' was used
for these calculations.

Crystal Structure Analysis from the Energetic Viewpoint.
The analysis of the “energetic” structure was performed using
the approach based on quantum chemical calculations of
pairwise interaction energies between molecules.”>*® Accord-
ing to this method, a molecule (monomeric building unit,
MBU) or strongly bound dimer of molecules (dimeric building
unit, DBU) may be considered as a basic building unit (BU,)
of a crystal structure. The first coordination sphere of BU, can
be constructed using a standard procedure within the Mercury
program.”” The first coordination sphere includes all molecules
or dimers for which the distance between atoms of the basic
BUj and its symmetrically equivalent BUj is shorter than the
corresponding van der Waals radii sum plus 1 A at least for one
pair of atoms. The fragment of a crystal packing separated in
such a way was divided into dimers BU,-BU; without any
change in their geometry. X—H bonds are shortened in the X-
ray diffraction study,” therefore, the positions of hydrogen
atoms were normalized to 1.089 A for C—H and 1.015 A for
N—-H bonds according to the neutron diffraction data.’” The
pairwise interaction energies for the BU,-BU; dimers were
calculated using the B97D3 density functional method*>°" and
def2-TZVP basic set.””** All of the calculated energies were
corrected for a basis set superposition error by the counter-
poise method.”* The choice of the calculation method was
based on the benchmark study of an accurate estimation of
pairwise interaction energies.65 All of the single-point
calculations were performed within the ORCA program.*®
The obtained data were visualized using energy-vector
diagrams (EVD) proposed earlier.”
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Calculations in Periodic Approximation. The calculations
of the lattice energies were performed in periodic boundary
conditions using the Quantum ESPRESSO program.®’ The
pseudopotential PAW method with the PBE exchange-
correlated functional was applied. The plane-wave cut-off
energies and cut-off electronic change density were used as 45
and 225 Ry for all calculations. The atomic coordinates of the
four structures were optimized using the “vc-relax” routine
embedded in the software.

Modeling of Shear Deformation Possibility. For modeling
the shear deformation possibility, DBU, (mobile part) and a
fragment of the neighboring layer (fixed part) were extracted
from the crystal structure.*”"” The displacement of the mobile
part in relation to the fixed part on one crystallographic
translation in two directions within the layer fragment was
performed with the step size equal to 1/100 of a translation.
The minimal interatomic distances between molecules of the
mobile and fixed parts were calculated at each point of the
displacement. The difference of interatomic distances and
corresponding van der Waals radii sum (parameter §) was used
to take into account the nature of the nearest atoms belonging
to the mobile and fixed parts of a model system

0y = dy — vdW, — vdW, (1)
where d;;, vdW,, and vdW; are the distance between the atoms i
in the mobile part and j in the fixed part and their van der
Waals radii, respectively.

A decrease in the parameter § compared to the initial point
indicates the appearance of steric repulsion between the
mobile and fixed parts of the model system, which prevents any
structure deformation.
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