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Theobromine cocrystals with
monohydroxybenzoic acids - synthesis, X-ray
structural analysis, solubility and thermal
propertiesy

Mateusz Gotdyn, ©* Daria Larowska, @
Weronika Nowak and Elzbieta Bartoszak-Adamska @

Theobromine, an organic compound from the purine alkaloid group, is much less soluble in polar solvents
than its analogues, i.e. caffeine and theophylline, that is why it has been used as an active pharmaceutical
ingredient (APIl) model in cocrystal preparation. A series of theobromine (TBR) cocrystallization processes
from solutions with such coformers as 2-hydroxybenzoic acid (2HBA), 3-hydroxybenzoic acid (3HBA) and
4-hydroxybenzoic acid (4HBA) were carried out. In addition, neat grinding and liquid-assisted grinding were
performed. The obtained cocrystals TBR-2HBA and TBR-3HBA as well as TBR-2(4HBA)-H,O cocrystal
monohydrate have been characterized by single crystal X-ray diffraction (SXRD), PXRD, UV-vis and STA
(TGA/DSC) analyses. In all cases no proton transfer from the acid molecule to the imidazole nitrogen atom
in theobromine was observed. TBR-acid heterosynthons are sustained by N---H-O interactions, where pro-
ton donors in TBR-2HBA and TBR-3HBA are carboxylic groups, and in TBR-2(4HBA)-H,O the proton donor
is the hydroxyl group of the acid molecule. In each cocrystal, TBR-TBR homosynthon R3(8) formation by
N-H---O hydrogen bonds was observed. Acid-acid dimers are created only in the crystal lattice of TBR
-2(4HBA)-H,0. In the obtained cocrystals, similar supramolecular synthons were observed, such as in the-
ophylline and caffeine cocrystals with the same coformers. C-H---O and =---n forces present in the de-
scribed structures are responsible for 2D and 3D structure stabilization.

1. Introduction

The term “cocrystal” was used for the first time by Friedrich
Wohler in 1844 for quinhydrone, which consists of quinone
and hydroquinone." Cocrystals can be defined as homoge-
neous solids, composed of two or more substances (molecular
and/or ionic) with a well-defined stoichiometric ratio, except
simple salts and solvates. Their components have to be solids
under ambient conditions.” In 2004, a subgroup of cocrystals
was defined, where one of the components is an active phar-
maceutical ingredient (API).> A new drug has to undergo a se-
ries of clinical trials, before it is placed on the market. Unfor-
tunately, a lot of medicines (60-70%), which have good
pharmacological properties, are characterized by poor aque-
ous solubility, which results in poor bioavailability.*® In this
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case, improvement of the physicochemical properties such as
solubility, stability, permeability or tabletability is crucial
from the perspective of drug companies. The long times
needed for introducing drugs on the market are usually
connected with higher costs for pharmaceutical companies. A
lot of methods like particle size reduction,” nanoparticle for-
mation,® encapsulation® self-emulsifying drug delivery system
(SEDDS),'® salt formation,"’ complexation,'” etc. can be used
to improve the solubility of APIs in water. Moreover,
cocrystallization of APIs with selected coformers is also used to
improve the medicine’s properties."® Cafcit (caffeine cit-
rate),""> Steglatro (ertugliflozin 1-pyroglutamic acid)'®'’ and
Lexapro (escitalopram oxalate)'®'® are examples of medicine
cocrystals. When it comes to the advantages of this method,
APIs can exist in a stable crystalline form and their pharma-
cological activity is maintained while improving the physico-
chemical properties.

Theobromine is an organic compound, which belongs to
the purine alkaloid group. It is present in cacao, yerba mate,
kola nut, the guarana berry and the tea plant.*® It is one of
the metabolites formed in the human liver as a result of caf-
feine demethylation.** It affects the nervous system (cAMP
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deactivation). It is a vasodilator and heart stimulant and it
has diuretic properties.”> For these reasons, it can be classi-
fied as an API but currently it is rarely used in the pharma-
ceutical industry. Although the theobromine molecule is
structurally similar to paraxanthine, theophylline and caf-
feine, it is less soluble in water than them (0.33 g L™ for
theobromine, 1 g L™ for paraxanthine, 7.4 g L™ for theophyl-
line, and 21.6 g L" for caffeine).>® That is why theobromine
was chosen as an API model for cocrystallization and as a re-
sult, its solubility in water can be improved. Mono-
hydroxybenzoic acids were used as coformers, because they
have proton-donor groups. Our choice is also related to an
earlier use of these coformers for theophylline and caffeine
cocrystallization (Fig. 1).>***

In this paper, two cocrystals of theobromine (TBR) with
2-hydroxybenzoic acid (2HBA) and 3-hydroxybenzoic acid
(3HBA), and a cocrystal hydrate with 4-hydroxybenzoic acid
(4HBA) were reported.

All of these solids were obtained by slow evaporation from
different solutions and they were analyzed by a single-crystal
X-ray diffraction method. Steady-state UV-vis spectroscopy was
used to determine the cocrystal solubility. Additionally, simul-
taneous thermal analysis (STA) measurement was carried out.

2. Experimental section
2.1. Materials

TBR (99%) was purchased from Swiss Herbal Institute. 2HBA
(=99%), 3HBA (99%) and 4HBA (=99%) were obtained from
Sigma-Aldrich. Hydroxybenzoic acids were used for cocrystalli-
zation without purification. Methanol was purchased from
Chempur and ethanol from Stanlab. In all absorption experi-
ments, Millipore distilled water (18 MQ cm) was used.

2.2. Crystallographic database CSD search

To date, 31 different structures containing theobromine have
been reported and they are available in the Cambridge Struc-
tural Database.?® 10 of them contain carboxylic acid, such as
5-chlorosalicylic acid (CSATBR), oxalic acid (GORGUR),
trifluoroacetic acid (HIJYAB), malonic acid (HIJYEF), gallic
acid (MUPPET), acetic acid (NURYUV), salicylic acid
(RUTHEV), anthranilic acid (ZIZRUX and ZIZRUX01), and
4-hydroxy-3-methoxybenzoic acid (ZOYBOG). Only five of them
are composed of theobromine and a benzoic acid derivative:
CSATBR, MUPPET, RUTHEV, ZIZRUX, and ZOYBOG. The
ConQuest program was used for searching deposited struc-
tures containing theobromine.>**’

o COOH
/  COOH COOH
HN N OH
A0
N
o 'T OH
OH
TBR 2HBA 3HBA 4HBA

Fig. 1 Theobromine and monohydroxybenzoic acids.
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2.3. Cocrystal preparation

2.3.1. Cocrystallization by slow evaporation from solution.
Single crystals of TBR-2HBA and TBR-3HBA were obtained by
slow evaporation from ethanol-water solution, and TBR
-2(4HBA)-H,,O crystals from methanol-water solution. We used
stoichiometric ratios of theobromine and the particular mono-
hydroxybenzoic acid. TBR (16.1 mg, 0.09 mmol) with 2HBA
(12.5 mg, 0.09 mmol), TBR (17.5 mg, 0.097 mmol) with 3HBA
(13.4 mg, 0.097 mmol) and TBR (13.5 mg, 0.075 mmol) with
4HBA (20.7 mg, 0.15 mmol) were dissolved by heating and stir-
ring, respectively. Monocrystals were obtained by slow evapora-
tion of filtrates under ambient conditions within 3-5 days.

2.3.2. Cocrystallization by grinding. Substance cogrinding
was carried out in stainless steel milling jars, where the stoi-
chiometric amounts of theobromine with the given acid and
two 6 mm stainless steel balls were placed inside. TBR (16.0
mg, 0.089 mmol) with 2HBA (12.5 mg, 0.091 mmol) and TBR
(17.8 mg, 0.099 mmol) with 3HBA (13.7 mg, 0.099 mmol)
were subjected to neat grinding, respectively. TBR (12.0 mg,
0.067 mmol) and 4HBA (18.5 mg, 0.134 mmol) were co-
ground with the addition of 20 pl of water. Milling was
performed using an oscillatory ball mill Retsch MM300 for 45
minutes at a frequency of 25 Hz.

2.4. Single-crystal X-ray diffraction (SXRD)

X-ray diffraction data were collected on an Oxford Diffraction
SuperNova diffractometer equipped with a CuKo radiation
source (4 = 1.54178 A) and with a Cryojet cooling system.
CrysAlisPro®® and CrysAlisRed® were used for data collection
and data reduction, respectively. Multi-scan absorption correc-
tion was applied to the diffraction data.’® Olex2 software was
used as an interface to facilitate the solution, refinement and
structural analysis.>* The structures were solved using intrinsic
phasing with SHELXT-2015 and were refined with SHELXL-2015
software.>” For non-hydrogen atoms, refinements were carried
out with anisotropic atomic displacement parameters. All hy-
drogen atoms were derived from a difference Fourier map and
they were refined isotropically. In TBR-2(4HBA)-H,0, hydrogen
atoms of two carboxyl groups are disordered over two positions
and they were refined with restraints (occupancies 0.5 for H1C
and H2C atoms, 0.25 for H1D and 0.75 for H2D atoms). The
extinction coefficient was applied in the refinement of
TBR-2HBA and TBR-3HBA structures. The crystallographic
data and refinement details are presented in Tables 1 and 2.

2.5. Powder X-ray diffraction (PXRD)

Powder samples of components and cocrystals synthesized by
grinding and by slow evaporation from solution were mea-
sured on an Oxford Diffraction Xcalibur diffractometer with a
MoKo. radiation source (A = 0.71073 A) at room temperature.
The main goal of using the grinding method was to test this
technique as an alternative way for this cocrystal synthesis.
Experimental conditions: scanning intervals, 5-50° (20); step
size, 0.01% and time per step, 0.5 s. CrysAlisPro*® was used
for data collection. The experimental and calculated powder

This journal is © The Royal Society of Chemistry 2019
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Table 1 Cocrystal detection wavelengths

Detection wavelength (Zqe)

TBR-2HBA 320
TBR-3HBA 310
TBR-2(4HBA)-H,0 300

patterns from the crystal structures were analyzed using Kdif
software.**

2.6. Solubility studies of cocrystals by steady-state absorption
spectroscopy

Steady-state UV-vis spectroscopy was used to determine the
cocrystal solubility in distilled water. The powdered samples
of cocrystals obtained by cocrystallization from solution were
used for measurements. UV-vis absorption spectra were
recorded using a two-beam spectrometer Cary 100 UV-vis
scanning from 200 to 800 nm with 1 nm increments. Quartz
cells with an optical length of 10 mm were used. Calibration
curves of every cocrystal were prepared (Fig. S1). Substance
concentrations versus absorbance of the substance at detec-
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tion wavelength (Table 1) were plotted. A linear relationship
was obtained and the slope was calculated from the graph.

To determine the solubility of the cocrystals, saturated
aqueous solutions of each were prepared. The absorbance at
detection wavelength (14e) was measured and the concentra-
tion of the substance was calculated by applying the follow-
ing relationship:

absorbanceat detection wavelength (4, )

(1)

[substance] =
slope

2.7. Simultaneous thermal analysis (STA)

The thermal properties of the samples were characterized
using a STA analyser (Perkin-Elmer STA6000). The sample
measurements were carried out under a nitrogen atmosphere
from room temperature to 400 °C at 10 °C min™".

3. Results and discussion

In this paper, three solids containing theobromine and
monohydroxybenzoic acids are presented. This dimethyl-
xanthine cocrystallizes with 2HBA and 3HBA (1:1) as co-

Table 2 Crystallographic data and experimental details for 1, 2 and 3 cocrystals

1 2 3
TBR-2HBA TBR-3HBA TBR-2(4HBA)-H,0
Deposition number 1934751 1934758 1934759

Molecular formula

Formula weight, g mol™

C;HgN40,-C;H60;
318.29

Crystal system Triclinic
Space group P1

a, A 6.8096(2)
b, A 7.9530(3)
¢, A 14.0826(4)
a,° 94.042(2)
By ° 103.561(2)
7, ° 103.726(3)
v, A’ 713.78(4)
Z,7 2,1
F(000) 332

Dy, gem™* 1.481
Radiation, A 1.54184
4, mm™* 0.975

T, K 150.0(1)

Crystal size, mm®

26 range for data collection, °

0.57 x 0.20 X 0.18
6.514 to 152.442

Index ranges (%, k, [) -8<h<8
-10<k<9
-17<1<15

Collected reflections 14874

Independent reflections

Reflections with I > 24(I)

2986 (Rip = 0.0287,
Ryigma = 0.0184)
2795

Data/restraints/parameters 2986/0/265
Final R indices with I > 24(I) R; = 0.0352
WR, = 0.0982
Final R indices with all data R, =0.0372
WR, = 0.1003
GOF 1.046
Extinction coefficient 0.0061(13)
Apmins Apmaxy € A7 -0.19, 0.28

This journal is © The Royal Society of Chemistry 2019

C7HgN40,-C7H6O;

C,;HgN,0,-2(C;He03)-H,0

318.29 474.43
Monoclinic Triclinic
P2,/c Pi
6.4812(2) 7.0166(2)
23.7503(7) 12.4761(4)
9.3288(3) 24.6450(8)
90 99.639(3)
101.841(3) 91.740(3)
90 99.464(3)
1405.44(8) 2094.29(12)
4,1 4,2

664 992

1.504 1.505
1.54184 1.54184
0.990 1.02
150.0(1) 130.0(1)

0.26 x 0.11 x 0.09
7.444 to 152.012

0.21 x 0.11 x 0.05
7.290 to 153.214

-6<h<8 -8<h<8

-29 <k <29 -15<k<14
-11<1<10 -30<1<30
8760 16429

2911 (Rine = 0.0216,
Ryigma = 0.0214)
2627

8559 (Rip = 0.0302,
Ryigma = 0.0369)
7299

2911/0/265 8559/0/797
R, = 0.0384 R, = 0.0452
WR, = 0.1052 WR, = 0.1325
R, =0.0437 R, = 0.0525
WR, = 0.1086 WR, = 0.1388
1.162 1.067
0.0013(3) None

-0.20, 0.21 -0.33, 0.33

CrysttngComm, 2019, 21, 5721-5732 | 5723
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Table 3 Calculated ApK, values

Acid pKaacid ApKﬂa
2HBA 3.01 -3.92
3HBA 4.08 -4.99
4HBA 4.57 -5.48

% pKapase (theobromine) is equal to —0.91.

crystals. A hydrate was formed by combination of TBR and
4HBA (1:2). The bond lengths of C-O and C=O0 indicate the
carboxylic group geometry. The difference Fourier map
clearly shows the position of the acidic hydrogen atom near
the oxygen atom of the carboxyl group in 2HBA and 3HBA.
There is no proton transfer from hydroxyl groups of the
4HBA molecules to the imidazole nitrogen atom of TBR
(Table 3).

The ApK, parameter, described by the following equation:

ApK, = pK,(base) — pK,(acid) (2)

allows prediction of salt or cocrystal formation.** The de-
termined values of ApK, are less than zero. So, there is a high
probability that the combination of theobromine with mono-
hydroxybenzoic acids would result in cocrystals.

3.1. Crystal structure of the investigated cocrystals

3.1.1. TBR-2HBA cocrystal. For the first time, a theobro-
mine (TBR) 2-hydroxybenzoic acid (2HBA) cocrystal was
obtained by F. Fischer et al. in 2015 by cocrystallization from

f‘ »% @

b) q\ﬁ%
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solution and by neat grinding.*® The structure was refined to
an R value of 10.16%. In the above paper, there is no descrip-
tion of hydrogen bonds present in TBR-2HBA. Therefore, we
decided to repeat the cocrystallization and X-ray analysis to
obtain satisfactory refinement parameters.

TBR-2HBA crystallizes in the triclinic space group P1 with
one TBR and one 2HBA molecule in the asymmetric unit
(Fig. 2a). Typical C-O and C=O0 bond lengths of the carbox-
ylic group were observed (1.310(1) A for C7-02 and 1.233(2) A
for C7=01), which confirmed the crystallochemical nature of
this cocrystal. Each TBR molecule is hydrogen bonded to
2HBA via O2-H2:--N4 interaction (synthon III, Fig. 3 and
Table 4). The ortho-hydroxyl group in 2HBA participates in
intramolecular hydrogen bonding O3-H3--*O1 and six-
membered ring Si(6) is formed. In the crystal lattice, a finite
centrosymmetric four-component system was identified
(Fig. 2b). In this system two molecules of TBR interact via
N1-H1---04" hydrogen bonds (synthon II).

TBR-2HBA tetramers are connected by C-H---O forces cre-
ating a 2D layer parallel to the crystallographic plane (210).
The oxygen atom of the endo-carbonyl group of TBR partici-
pates in C6-H6---05' hydrogen bonding (Table 4), which to-
gether with the COOH"**Njnidazole heterosynthon forms the
R:(22) motif. Carbon atom C14 of the methyl group at the im-
idazole ring acts as a donor in C14-H14C---O3" interaction,
which takes part in cyclic array R$(22) formation (Fig. 2b).
Two TBR molecules in neighboring sheets are connected
through C14-H14B:--04" hydrogen bonding. Layers are ar-
ranged in an offset manner and form stacks (Fig. 2c), which
are held together by n(TBR)---n(2HBA) forces (Fig. 2d and
Table 5).

n‘(zz)

Qﬁrﬁ‘*ﬁv‘x’;&
s el

g1(6)

Fig. 2 a) ORTEP representation of the asymmetric unit of the TBR-2HBA cocrystal (thermal ellipsoids were drawn with the 50% probability level);
b) molecular layer composed of four-component centrosymmetric systems of TBR-2HBA connected by C-H:--O hydrogen bonds; structural motifs
S1(6), R3(8), R4(22) and RE(22) are marked; c) neighboring TBR-2HBA sheets represented by green and blue colors interlinked via m---m interactions;
d) representation of stacking interaction in the TBR-2HBA cocrystal (symmetry codes: (v) 1-x,1-y,1-z (vij2-x,1-y,1-2).
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Fig. 3 Theobromine synthons observed in the described cocrystal

structures.

Table 4 Hydrogen bond parameters for the described cocrystals
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3.1.2. TBR-3HBA cocrystal. The TBR-3HBA cocrystal, which
crystallizes in the monoclinic space group P2,/c, contains one
TBR and one 3HBA molecule in the asymmetric unit
(Fig. 4a). The bond lengths of C-O (1.327(1) A) and C=0
(1.217(2) A) confirmed that a cocrystal was obtained. In the
crystal lattice, four-component centrosymmetric motif R3(26)
composed of two TBR and two 3HBA molecules is observed
(Fig. 4b). This alkaloid is hydrogen bonded to two 3HBA mol-
ecules by O2-H2:--N4 (synthon III) and O3-H3:--05"
(synthon V) hydrogen bonds (Fig. 3 and Table 4). TBR-TBR
dimers R3(8) are held by N1-H1---04" (synthon II) interac-
tion, where the exo-carbonyl of TBR is involved in this
formation.

The components of this cocrystal are arranged in ribbons
parallel to the (152) and (152) crystallographic planes, which
are inclined by y = 100.6(1)° and form the “zigzag™ sheet
(Fig. 5a) by C5-H5---03' interactions between 3HBA mole-
cules (Fig. 4c). The 1D ribbons form stacks, which are
sustained by n(TBR)---n(TBR) and w(TBR)---n(3HBA) forces
(Fig. 5b and Table 5). The average distance between neigh-
boring layers is equal to 3.159(1) A. The distance between

Cocrystal D-H:-A D-H [A] H--A[A] DA [A] D-H--A [A]

TBR-2HBA C6-H6-+-05' 0.99(2) 2.42(2) 3.146(2) 130(1)
N1-H1--04" 0.87(2) 1.96(2) 2.835(1) 175(2)
C14-H14B---04'" 0.99(2) 2.55(2) 3.387(2) 142(2)
C14-H14C---03" 0.99(2) 2.72(2) 3.646(2) 157(2)
03-H3---01 0.92(2) 1.75(2) 2.587(1) 149(2)
02-H2-+-N4 1.05(2) 1.60(3) 2.635(1) 168(2)

Symmetry codes: (i) —x + 1, -y, -z + 1; (ii) —x + 1, -y, —z; (iii) ~x + 1, -y + 1, -z; (iv) x + 2, -y + 2, 2 + 1

TBR-3HBA C5-H5---03' 0.98(2) 2.85(2) 3.716(2) 148(2)
N1-H1--04 0.93(2) 1.84(2) 2.760(2) 173(2)
03-H3:--05'1 0.89(3) 1.93(3) 2.806(2) 169(3)
02-H2--N4 0.98(3) 1.75(3) 2.722(2) 177(3)

Symmetry codes: (i) x, <y + 1/2, z + 1/2; (ii) —x + 3, -y + 1, —z + 1; (iii) x+ 1, y + 1, 2

TBR-2(4HBA)-H,0 O1-H1E---O4A' 0.87(3) 1.93(3) 2.798(2) 173(3)
O1-H1F---05A' 0.85(4) 2.13(4) 2.926(2) 156(3)
O2A-H2A---O1B 0.89(4) 1.68(4) 2.564(2) 172(4)
O3A-H3A:--01 0.87(3) 1.82(3) 2.683(2) 174(3)
02B-H2B'--O1A 0.90(4) 1.78(4) 2.683(2) 176(4)
O3B-H3B+-N4A 0.93(3) 1.83(3) 2.742(2) 167(3)
C5B-H5B---02A" 0.94(3) 2.43(3) 3.308(2) 155(2)
C6B-H6B---O1B" 0.94(3) 2.60(3) 3.395(2) 143(2)
C5D-H5D-+-02C" 0.96(3) 2.40(3) 3.253(2) 147(2)
C6D-H6D---01D" 0.98(2) 2.53(2) 3.344(2) 141(2)
02C-H2C---01D 0.84(6) 1.74(6) 2.580(2) 177(4)
03C-H3C---02 0.91(4) 1.73(3) 2.635(2) 173(3)
02D-H2D-+-01C 0.72(5) 1.95(5) 2.660(2) 170(5)
03D-H3D--N4B 0.87(3) 1.95(3) 2.804(2) 169(3)
N1B-H1B---O5B™ 0.89(3) 1.98(3) 2.864(2) 175(2)
N1A-H1A--O5A" 0.85(3) 2.01(3) 2.861(2) 178(2)
02-H2E---O5B" 0.84(4) 2.08(4) 2.884(2) 163(3)
02-H2F"+-04B' 0.85(3) 1.93(3) 2.781(2) 173(3)
C13A-H13F---03D" 0.99(3) 2.76(3) 3.703(3) 158(2)
C13B-H13B---0O3B" 0.96(2) 2.60(2) 3.535(2) 164(2)
C14A-H14D:--04A" 1.00(3) 2.56(2) 3.252(2) 127(2)
C14B-H14A --O4B" 1.02(3) 2.63(3) 3.347(2) 128(2)

Symmetry codes: (i) x + 1, y, z + 1; (ii) —x + 2,

1; (vii)—x+1,-y,-z+1

This journal is © The Royal Society of Chemistry 2019
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Table 5 Stacking interaction geometry in the described cocrystals
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Cocrystal ArM ArN ArM:---ArN“ [A] Dihedral angle” [°] Interplanar distance® [A] Offset” [A]

TBR-K2HB Ar1 Ar3Y 3.454(1) 2.35(1) 3.337(1) 0.89(1)
Ar2 Ar3Y 3.578(1) 1.96(1) 3.348(1) 1.26(1)
Ar1 Ar3" 3.633(1) 2.35(1) 3.332(1) 1.45(1)
Ar2 Ar3¥ 3.714(1) 1.96(1) 3.322(1) 1.66(1)

Symmetry codes: (v) 1 -x,1-y,1-2,(vij2-x,1-y,1-2

TBR-K3HB Ar1 Ar1Y 3.318(1) 0 3.226(1) 0.78(1)
Ar2 Ar1" 3.664(1) 2.12(1) 3.198(1) 1.79(1)
Ar2 Ar3¥ 3.756(1) 5.52(1) 3.224(1) 1.93(1)

Symmetry codes: (iv) 2 —x,1-y,1-2,(v)1+x,y,2

TBR-2(K4HB)-H,0 Ar2A Ar3C 3.925(1) 10.35(1) 3.088(1) 2.42(1)
Ar2B Ar3Aviii 3.708(1) 4.25(1) 3.353(1) 1.58(1)

Symmetry codes: (viii) -2 + x,y, -1 + 2

“ The distance between the ring centroids. ” The angle between aromatic ring planes. ¢ The distance between the ArN plane to the ArM
centroid. ¢ The distance between ArM and ArN projected onto the ring plane M.

equivalent TBR:3HBA is equal to 11.875(1) A, determined as a
half (1/2 W) of the O1---O1°™" * ¥ * distance (Fig. 5a).

3.1.3. TBR-2(4HBA)-H,O cocrystal hydrate. Theobromine
(TBR) and 4-hydroxybenzoic acid (4HBA) cocrystallize as a
monohydrate in the triclinic space group P1. The asymmetric
unit contains two hydrate systems (I and II, Fig. 6a). Each of
the hydrates forms a 1D ribbon with the same hydrogen

~

A | .
R3(26) Y\ b
9 LR ¥4 L
‘/’ixk fﬁ)ji((f\ \/Y :i.:(j\ b
-
) H
i "
L s
Y )’b A x &
‘el ,/f)- /f;’
~ Nt

Fig. 4 a) ORTEP representation of the asymmetric unit of the
TBR-3HBA cocrystal (thermal ellipsoids were plotted with the 50%
probability level); b) molecular ribbon composed of structural units
R%(26) connected by N-H:--O hydrogen bonds, which in turn take part
in R3(8) cyclic array formation; c) C-H---O interactions between acid
molecules occurring on the sheet bend (Fig. 5a).
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bond architecture (Fig. 6b). In this system, we can distin-
guish TBR-TBR and 4HBA-4HBA dimers R3(8) held by
N-H---O (synthon I, Fig. 3) and O-H---O hydrogen bonds, re-
spectively (Table 4). The hydroxyl group of one 4HBA mole-
cule is connected with the imidazole nitrogen atom of TBR
through O-H:-N interaction (synthon IV), and the hydroxyl
group of the second 4HBA molecule is a proton donor for the
oxygen atom from the water molecule (O-H---O interaction).
Hydrogen atoms of the solvent are hydrogen bonded to the
oxygen atom from the exo-carbonyl group of one TBR mole-
cule (synthon VIII) and from the endo-carbonyl group of the
second TBR molecule (synthon VII) via O-H:--O hydrogen
bonds, respectively. In this way, together with N-H---O forces,
motifs R3(8) are formed. In the 1D ribbon, C-H---O interac-
tions are present, where aromatic carbon atoms of 4HBA
molecules are proton donors for two oxygen atoms of the
neighboring acid-acid dimer.

By means of C-H:--O hydrogen bonds, neighboring 1D
polymers in TBR-2(4HBA)-H,O are arranged in layers
(Fig. 6b). The methyl groups at the imidazole ring are proton
donors for oxygen atoms of the exo-carbonyl groups in TBR.
In the second interaction, the imidazole carbon atom is a

a)

ZE\

w

& Tx e HReTT Oy
E‘:. < .?:;:4/:4 /Y“L 7 ArdY

Fig. 5 a) The “zigzag” sheet of TBR-3HBA formed by C-H---O
interactions between ribbons, which are stacked by =n--'7 interactions,
b) representation of stacking interaction in TBR-3HBA (green and blue
colors represent TBR and 3HBA molecules, respectively).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 a) ORTEP representation of the TBR-2(K4HB)-H,O asymmetric unit, which is composed of two hydrate systems (I and II; thermal ellipsoids
were drawn with the 50% probability level); b) molecular layer of hydrate | formed by C-H---O interactions (green color) between ribbons; in
ribbons C-H---O hydrogen bonds were identified between aromatic carbon atoms, which are proton donors for oxygen atoms participating in

acid-acid dimer formation.

proton donor for the 4HBA hydroxyl group connected to the
water molecule. 7(TBR)---7(K4HB) interactions (Fig. 7b and
Table 5) are responsible for creating stacks (Fig. 7a).

3.2. Comparison of supramolecular synthons found in
theobromine, caffeine and theophylline cocrystals with
monohydroxybenzoic acids

Molecules of theobromine (3,7-dimethylxanthine), theophyl-
(1,3-dimethylxanthine) and caffeine

line (1,3,7-trimethyl-

a)

b) g:%@—‘s:S« S>3
Lﬁ?{:‘)—g\f}/“

Ar2,
— %i\i}— Ar3C
Ar3AM

Fig. 7 a) Molecular layers of TBR-2(4HBA)-H,O, which are held by r---x
interactions (blue and green colors indicate the layers composed of |
and Il hydrate systems, respectively); b) representation of
n(TBR)---n(K4HB) interactions in the TBR-2(4HBA)-H,O cocrystal hydrate.

This journal is © The Royal Society of Chemistry 2019

xanthine) differ by the number and the position of the methyl
group(s).

Three nitrogen atoms of the caffeine molecule are
substituted by methyl groups, therefore this purine molecule
cannot form any CAF-CAF homodimer by strong classical hy-
drogen bonds. In turn, in theophylline one kind of TPH-TPH
homodimer R3(10) with the participation of C=O(endo-
carbonyl) and N-H(imidazole) groups can be observed
(Fig. 8E). However, in the theobromine molecule, there are
two possibilities of TBR-TBR homosynthon R3(8) amide-am-
ide formation via C=O0(exo-carbonyl) or C=0(endo-carbonyl)
together with the N-H(pyrimidine) group, respectively
(Fig. 8B). The carboxylic acid-carboxylic acid homosynthon is
popular®” (Fig. 8A), but in the presence of the alkaline imid-
azole nitrogen atom this hydrogen-bonded moiety is uncom-
mon.*® Below, the supramolecular synthons in theobromine
cocrystals with monohydroxybenzoic acids are discussed and
compared with theophylline and caffeine cocrystals with the
same coformers (Table 6).

3.2.1. Purine alkaloid cocrystals with 2-hydroxybenzoic
acid as a coformer. In the above alkaloid cocrystals with
2-hydroxybenzoic acid, according to Etter's rules,®® first an
intramolecular O-H---O hydrogen bond with an Si(6) motif is
expected, which mainly stabilizes the carboxylic acid mole-
cule (Fig. 8C). Consequently, cocrystal formation is only pos-
sible by intermolecular COOH:'*‘Nimidazole iNteractions

CrystEtngComm, 2019, 21, 5721-5732 | 5727
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TPH-acid heterosynthon
consist of alcohol-ketone and
ketone-amine synthons

TPH-TPH homosynthon
compared of ketone-imidazole
synthons

(E)

alcohol-ketone or
water-ketone (R=H)
heterosynthon
(F)

alcohol-imidazole
heterosynthon

acid-imidazole
heterosynthon
(G)

Fig. 8 (A-H) Supramolecular synthons present in the described
theobromine, theophylline  and caffeine cocrystals  with
monohydroxybenzoic acids as coformers. A, B, F and G motifs are
some of the commonly studied and used synthons in crystal design.>”

(Fig. 8G). In TBR-2HBA and TPH-2HBA cocrystals, one can
also expect TBR-TBR and TPH-TPH homosynthons, respec-
tively (Fig. 8B and E).

In the CAF-2HBA cocrystal, the alkaloid and acid molecule
form a two-molecular complex by a COOH:---N hydrogen
bond (Fig. 8G). The remaining interactions are weak stacking
interactions (1D and 2D structures) and C-H---O hydrogen
bonds (3D structure).>® In the case of the TPH-2HBA
cocrystal, the COOH" " *Njnidazole heterosynthon, the TPH-TPH
homosynthon R3(10) (Fig. 8E) and the acid-acid hetero-
synthon held through O-H(o-hydroxyl)---O—C(carboxyl) hy-
drogen bonds (Fig. 8F) are responsible for the 1D molecular
ribbon formation. In turn, 2D and 3D architectures of
TPH-2HBA are stabilized by C-H---O and n-stacking interac-
tions, respectively.” In both structures, the intramolecular
O-H---O interaction in salicylic acid was observed. (Fig. 8C).

In the TBR-2HBA crystal lattice, TBR-TBR R3(8) dimers hy-
drogen bonded via N-H(pyrimidine)---O—C(exo-carbonyl) in-
teractions (Fig. 8B), TBR-2HBA dimers sustained by

View Article Online
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COOH:* *Nimidazole hydrogen bonds (Fig. 8G) and the Si(6) cy-
clic array in the 2HBA acid (Fig. 8C) are in line with expecta-
tions. These synthons are some of the most common
hydrogen-bonded motifs present in organic cocrystals.*”

3.2.2. Purine alkaloid cocrystals with 3-hydroxybenzoic
acid as a coformer. The hydroxyl group in the
3-hydroxybenzoic acid is in the meta-position, so it cannot
take part in intramolecular hydrogen bond formation. This
group can probably be a proton acceptor from the endo- or
exo-carbonyl oxygen atoms in alkaloid molecules. In
CAF-3HBA>® and TPH-3HBA™* cocrystals, the hydroxyl groups in
acid molecules are proton donors for the endo-carbonyl groups
in caffeine and theophylline molecules, respectively (Fig. 8F).
The COOH':‘Nimidazole heterosynthon (Fig. 8G) is present in
both complexes. In the TPH-3HBA cocrystal, theophylline
molecules form TPH-TPH homodimers by C=O(exo-
carbonyl)---H-N(imidazole) hydrogen bonds (Fig. 8E).

The structural motifs in TBR-3HBA are similar to those
aforementioned in CAF and TPH analogues. The theobro-
mine molecules form homosynthons held by N-
H(pyrimidine)---O=C(exo-carbonyl) hydrogen bonds (Fig. 8B),
TBR-3HBA systems are held by COOH:'‘Njnidazole interac-
tions (Fig. 8G) and the meta-hydroxyl group in the acid is a
proton donor for the oxygen atom in the endo-carbonyl group
of this xanthine molecule (Fig. 8F). So, based on the caffeine
and theophylline complexes with 3-hydroxybenzoic acid, it
was possible to predict which synthons would be responsible
for the crystal lattice arrangement in the theobromine
cocrystal with the investigated coformer. The 2D and 3D net-
works of these cocrystals are sustained by C-H---O and stack-
ing interactions.

3.2.3. Purine alkaloid cocrystals with 4-hydroxybenzoic
acid as a coformer. In the case of the 4-hydroxybenzoic acid,
there are 3 combinations of this coformer with -caf-
feine.>*3® In each of these combinations, the
Nimidazole' "HOOC heterosynthon can be observed (Fig. 8G).
In CAF-2(4HBA), oxygen atoms in the para-hydroxyl group of
the acid molecules are proton donors for the endo- and
exo-carbonyl oxygen atoms in caffeine, however in 2(CAF)
‘4HBA this group is a proton donor only for the
endo-carbonyl oxygen atom (Fig. 8F). In the CAF-4HBA-H,0O
complex, the water molecule is a proton acceptor from the
para-hydroxyl group in 4HBA and it is also a proton donor
for the endo- and exo-carbonyl groups in the alkaloid mole-
cule (Fig. 8F for the water molecule). What is more, in the
CAF-2(4HBA) cocrystal, acid molecule pairs are connected
via O-H(carboxyl):--O=C(carboxyl) hydrogen bonds. In

Table 6 Purine alkaloid cocrystals with 2-hydroxy-, 3-hydroxy- and 4-hydroxybenzoic acids as coformers

2HBA

3HBA 4HBA

Theobromine (TBR)
Theophylline (TPH)
Caffeine (CAF)

TBR-2HBA (RUTHEV,* this work)
TPH-2HBA (KIGLES01)**
CAF-2HBA (XOBCATO01)*

5728 | CrysttngComm, 2019, 21, 5721-5732

TBR-3HBA (this work)
TPH-3HBA (DOPMUS)**
CAF-3HBA (MOZCOU)*®

TBR-2(4HBA)-H,0 (this work)
TPH-4HBA (DOPNAZ)**
2(CAF)-4HBA (MOZCUA)*
CAF-2(4HBA) (MOZDAH)>®
CAF-4HBA-H,O (LATBIT)**

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Comparison of powder X-ray diffraction patterns for theobromine, 2-hydroxybenzoic acid and the TBR-2HBA cocrystal.

TPH-4HBA, theophylline molecules are connected with one
acid molecule by Nimidazole'*'HO interaction (Fig. 8H) and
with the second one by O-H(carboxyl):--O=—C(exo-carbonyl)
and C=O(carboxyl)---H-N(imidazole) hydrogen bonds (R3(9)
motif, Fig. 8D). Homosynthons are not observed in these
cocrystals. Thus, it was difficult to predict whether the com-
bination of theobromine and 4-hydroxybenzoic acid would re-
sult in a cocrystal or cocrystal hydrate, and what stoichiome-
try of substrates and which synthons would be responsible
for the arrangement of these components in complex.
Theobromine and 4-hydroxybenzoic acid cocrystallize in a
1:2:1 stoichiometric ratio together with a water molecule
and form a cocrystal hydrate. In this structure, we recognized
two types of homosynthons, i.e. the TBR-TBR homodimer,
which are held by C=0(endo-carbonyl)---H-N(pyrimidine) hy-
drogen bonding (Fig. 8B) and the acid-acid homosynthon be-
tween two carboxylic groups (Fig. 8A). The imidazole nitrogen
atom accepts a proton from the hydroxyl group of one acid
molecule (Fig. 8H). In purine cocrystals with 2HBA and
3HBA, this synthon is not observed. The hydroxyl group of
the second acid molecule is a proton donor to water mole-
cule, which is in turn the donor of two protons to endo- and

o

exo-carbonyl oxygen atoms of two different theobromine mol-
ecules (Fig. 8F). The last motif was observed in CAF
-4HBA-H,0.%¢

3.3. Powder X-ray diffraction

The powder diffractograms of theobromine (API), coformers
(2-, 3- and 4-hydroxybenzoic acid) and the studied cocrystals
were obtained (Fig. 9-11). The differences between the
diffractograms of the substrates and the cocrystals are clearly
visible. What is more, the similarity of the powder patterns
for the cocrystal samples obtained by crystallization from the
solution and the milling samples indicates that grinding is
an alternative method for the preparation of the studied
theobromine derivatives.

3.4. Steady-state UV-vis spectroscopy

3.4.1. UV-vis measurements. TBR is slightly soluble in wa-
ter (0.33 g L7').*®* To improve its aqueous solubility,
cocrystallization with highly soluble acids was performed.
The solubility of the obtained cocrystals was determined and
compared with the solubility of pure TBR (Table 7). The 3-6

TBR-3HBA theoretical

TBR-3HBA neat grinding

TBR-3HBA cocrystal
N

Relative intensity

3HBA

TBR

6 8 10 12 14 16 18 20 22 24 26

28 30 32 34 36 38 40 42 44 46 48 50

2Theta [°]

Fig. 10 Comparison of powder X-ray diffraction patterns for theobromine, 3-hydroxybenzoic acid and the TBR-3HBA cocrystal.
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Fig. 11 Comparison of powder X-ray diffraction patterns for theobromine, 4-hydroxybenzoic acid and the TBR-2(4HBA)-H,O cocrystal hydrate.

times enhancement of the theobromine solubility in relation
to pure alkaloid was observed. Surprisingly, there is no rela-
tionship between the aqueous solubility of coformers and the
enhancement of coformers.*’

3.4.2. Solubility enhancement of theobromine in
cocrystals and their crystal structure. The better solubility of
the theobromine cocrystal with the ortho-hydroxybenzoic acid
in comparison to that with the meta isomer can be explained
by intermolecular interactions. Although both compounds
crystallize in different space groups (P1 and P2,/c), their ar-
chitecture is comparable. In TBR-2HBA and TBR-3HBA
cocrystals, an identical R3(8) synthon is observed. Addition-
ally, similar structural motifs Rj(22) and R$(22) in TBR-2HBA
and Rj}(26) in TBR-3HBA are recognized. The main difference
between the crystal structures of these cocrystals is the
strength of intermolecular interactions. In the first, more sol-
uble cocrystal, the presented motifs are formed by O-H:-'N
and weak C-H---O forces, whereas Rj(26) systems in
TBR-3HBA are stabilized by strong classical O-H:--O/N hydro-
gen bonds. The theobromine solubility in the TBR-2(4HBA)
‘H,O cocrystal hydrate is lower than that in TBR-2HBA and
greater than that in TBR-3HBA. This may be due to the pres-
ence of a water molecule in the crystal lattice and more im-
pact of strong hydrogen bonds on the molecular arrangement
compared to TBR-2HBA.

3.5. Simultaneous thermal analysis (STA)

Fig. 12 shows the TGA and DSC curves of TBR-2HBA,
TBR-3HBA and TBR-2(4HBA)-H,0.

Table 7 Solubility of theobromine cocrystals in water. The relative in-
crease to TBR is shown in parenthesis

Absorption solubility Aqueous solubility

(gL™ of coformers (g L)
TBR-2HBA 2.07 (x6.3) 2.24 (ref. 41)
TBR-3HBA 1.06 (x3.2) 7.25 (ref. 42)
TBR-2(4HBA)-H,0 1.56 (x4.7) 5 (ref. 43)

5730 | CrysttngComm, 2019, 21, 5721-5732

The presence of water in the TBR-2(4HBA)-H,O crystal
structure is evident from the DSC measurements. The first
signal of the cocrystal appears at a temperature of about
113 °C. It can be assumed that the water molecules from
the crystal structure are released. The second signal, at 215
°C, refers to the complete decomposition of the 4HBA mole-
cules, and is in agreement with the melting point of pure
4HBA.** The signal at 315 °C is attributed to the decompo-
sition of the TBR molecules. Because of the low mass con-
tent of water in the crystal structure, the weight loss in the
TGA curve at about 113 °C is nearly unnoticeable. In the
104-250 °C temperature range, the loss of material reaches
32%. The second mass loss takes place in the temperature
range of 250-325 °C.

30

25

Heat flow

Heat flow

Heat flow

T T T T T
150 200 250 300 350

Temperature, C

T
50 100

Fig. 12 The simultaneous thermal analysis (STA) curves of TBR-2HBA
(top), TBR-3HBA (center) and TBR-2(4HBA)-H,O (bottom). TG and DSC
curves are represented by black and red colors, respectively.
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In the TBR-2HBA cocrystal, the first signal is observed at
around 194 °C and in the TBR-3HBA cocrystal, it is at 223 °C.
At these temperatures, the appropriate monohydroxybenzoic
acids decompose. Since their decomposition temperature is
higher than that of the pure acids (melting temperature of
pure 2HBA - 158 °C and pure 3HBA - 202 °C).** It can be
concluded that the 2HBA and 3HBA molecules are stabilized
in the cocrystals. At these temperatures, a TBR-2HBA mass
loss of approximately 30% can be observed in the TGA curve
and the TBR-3HBA mass loss is higher and reaches about
45%, respectively. The second DSC signal is related to the
theobromine decomposition.

4. Conclusions

Three solids consisting of theobromine and mono-
hydroxybenzoic acids (ortho, meta and para) were synthe-
sized. Good quality single crystals of TBR-2HBA, TBR-3HBA
and TBR-2(4HBA)-H,O were obtained by slow evaporation
from solution and were characterized by the single-crystal
X-ray diffraction method. It allowed us to prove the
crystallochemical nature of the new cocrystals and
redetermine the TBR-2HBA crystal structure.*> Powder X-ray
diffraction studies confirmed the successful green chemistry
synthesis by grinding in a ball mill. Cocrystallization of theo-
bromine improves its solubility in water approximately 6
times for the TBR-2HBA cocrystal, 5 times for the TBR
-2(4HBA)-H,,O cocrystal hydrate and 3 times for the TBR-3HBA
cocrystal. Additionally thermal analysis confirms the pres-
ence of water molecules in the crystal lattice of TBR-2(4HBA)
‘H,0. In all of the compounds, the acids decompose first,
followed by theobromine.

Structural analysis showed that strong hydrogen bonds
play a key role in the molecular arrangement in the crystal
lattice of the described theobromine derivatives. In this work,
the supramolecular synthons observed in the theobromine
cocrystals with monohydroxybenzoic acids were discussed
and they were also compared to the structural motifs in the-
ophylline and caffeine cocrystals with the same coformers.
Generally, supramolecular heterosynthons are more preferred
than homosynthons.** Our studies showed that in all of the
investigated = theobromine  cocrystals = with  mono-
hydroxybenzoic acids, the amide-amide homosynthon is
present. Additionally, in the TBR-4HBA-H,O cocrystal hydrate,
the acid-acid homosynthon is formed. In comparison to the
theophylline cocrystals with 2HBA and 3HBA as coformers,
the alkaloid-alkaloid homosynthon (TPH-TPH) is observed.
Caffeine molecules do not form homosynthons and only
heterosynthons are present in their cocrystals with mono-
hydroxybenzoic acids.

The oxygen atoms of the exo- and endo-carbonyl groups
are good proton acceptors. In all of the described alkaloid
complexes with monohydroxybenzoic acids, at least one of
these groups is a proton acceptor from the hydroxyl group or
water molecule in the case of the cocrystal hydrate. The imid-
azole nitrogen atom accepts a proton from the carboxyl group

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

and only in two cases (TPH-4HBA and TBR-4HBA-H,0) from
the hydroxyl group. In all of the investigated structures, weak
C-H:---O hydrogen bonds and =n-stacking interactions stabilize
the 2D and 3D networks. The knowledge (based on the CSD
data) about theophylline and caffeine cocrystals with mono-
hydroxybenzoic acids allowed us to predict partially which su-
pramolecular synthons would be responsible for the arrange-
ment of theobromine and these acid molecules, when they
form cocrystals.
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