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Synthon hierarchy in theobromine cocrystals with
hydroxybenzoic acids as coformers+
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Pharmaceutical cocrystals, multicomponent solids composed of molecular and/or ionic compounds
connected by noncovalent interactions, are objects of interest in crystal engineering. Theobromine, as an
active pharmaceutical ingredient, was used for cocrystallization with dihydroxybenzoic acids as crystal
coformers. All of these dimethylxanthine derivatives were obtained by slow evaporation from solution and
they were structurally-characterized by a single X-ray diffraction method. Solid-state synthesis products
through grinding (green chemistry experiments) were confirmed by powder X-ray diffraction
measurements. Simultaneous thermal analyses for samples from grinding were performed. The various
supramolecular synthons formed by theobromine responsible for the arrangement of molecules in the
crystal lattice of its cocrystals were specified. The hydrogen-bonded motifs present in these cocrystals
together with theobromine-acid solids deposited in the CSD were summarized. Furthermore, UV-vis

spectra measurements were made to check the change in the solubility of theobromine after its

rsc.li/crystengcomm cocrystallization.

1. Introduction

The production of drugs is extremely important nowadays.
Chemical stability, high solubility and, hence, high
bioavailability are some of the most important properties that
should be characteristic of a particular active pharmaceutical
ingredient (API)." Amidon et al. introduced the classification
of APIs into 4 groups due to the above parameters: class 1
(high solubility, high permeability), class 2 (low solubility,
high permeability), class 3 (high solubility, low permeability)
and class 4 (low solubility, low permeability).> About 40% of
sold medicines and 80-90% of drugs in the production
process are pootly soluble in water.> A major problem for the
pharmaceutical industry is the lack of desired
physicochemical properties for given APIs, because it requires
searching for suitable methods to improve them,” ie.
obtaining polymorphic forms,”* solvates and hydrates,"*>*
cocrystals®>2° or salts.”” "

Polymorphs of APIs have different properties, such as
hygroscopicity, stability, solubility or processability, but, in
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many cases, it is not possible to predict or design a specific
polymorphic form of an API. Moreover, some of them may be
metastable and may undergo phase transformations,*'*?
which may result in undesirable changes in physicochemical
properties.®>® Solvent molecules in solvates can improve the
stability of metastable forms through strong hydrogen bonds
with API molecules, or they can act as guests by filling free
places in the host crystal lattice without interactions between
them.>*° However, solvents can sometimes lead to disorder
in the crystal lattice, which can result in a metastable form of
a substance.®® In contrast to cocrystals, preparation of salts
requires APIs having ionizable functional groups.* Therefore,
the cocrystallization of drugs offers more synthetic
possibilities. Another advantage is that a particular API can
exist in a stable crystalline form with a suitably selected
coformer without excipients.’” What is more, it is a relatively
fast and simple method, which in turn translates into
financial issues for pharmaceutical companies and can
improve properties such as tabletability, stability, solubility,
dissolution  rates,  bioavailability = and  mechanical
properties.*® ™

In this paper, four theobromine (TBR) cocrystals with 2,4-
dihydroxy- (24DHBA), 2,5-dihydroxy- (25DHBA), 3,4-dihydroxy-
(34DHBA) and 3,5-dihydroxybenzoic acid (35DHBA), a
cocrystal hydrate with 2,3-dihydroxybenzoic acid (23DHBA),
and a salt monohydrate containing 2,6-dihydroxybenzoate
anion (26DHBA) were reported. All of these xanthine
derivatives obtained by cocrystallization from solution and by
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grinding were characterized by SXRD, PXRD and UV-vis spectral
measurements to check the improvement of their solubility in
water after cocrystallization. In earlier work, we report
theobromine with monohydroxybenzoic acid cocrystals.*> Both
of these studies fit into the mainstream of structural studies of
purine alkaloid cocrystals.”***** Their aim is to hierarchize
supramolecular synthons responsible for the molecular
arrangement in xanthine cocrystals. The design of new
pharmaceutical derivatives with the desired physicochemical
properties, having two or more components, could be simpler
with a greater understanding and knowledge of the synthonic
hierarchy in organic cocrystals.*” ™’

The choice of theobromine for cocrystallization is related
to the fact that only 8 cocrystals (with 5-chlorosalicylic,*®
2-hydroxybenzoic,” oxalic,”® trifluoroacetic,”® malonic,”
acetic,” and anthranilic*>>® acids and melamine®*) and 4
cocrystal hydrates (with quercetin,®® vanillin,*® vanillic acid®”
and 3,4,5-trihydroxybenzoic acid®®) with this alkaloid have
been deposited in the CSD so far. Hydroxybenzoic acids are
often used as coformers to obtain multi-component systems,
e.g. with theophylline,*® caffeine,"**® pyrazinamide,>**°
urotropine,®~** ethenzamide® and gabapentin.®®

2. Experimental section
2.1. Materials

Theobromine (99%) was purchased from Swiss Herbal
Institute. 2,3-Dihydroxy- (98%), 2,4-dihydroxy- (95%), 2,5-
dihydroxy- (99%), 2,6-dihydroxy- (98%), 3,4-dihydroxy- (95%)
and 3,5-dihydroxybenzoic acid (97%) were obtained from
TriMen Chemicals and they were used without purification.
Methanol and acetonitrile were purchased from Chempur.
Millipore distilled water (18 MQ cm) was used in all
absorption experiments.

2.2. Cocrystallization from solution

The stoichiometric ratios of theobromine and a particular
dihydroxybenzoic acid were used (Fig. 1). TBR (19.3 mg, 0.107
mmol) with 23DHBA (16.4 mg, 0.106 mmol), TBR (18.7 mg,
0.104 mmol) with 24DHBA (16.2 mg, 0.105 mmol), TBR (19.6
mg, 0.109 mmol) with 25DHBA (17 mg, 0.110 mmol), TBR
(18.6 mg, 0.103 mmol) with 34DHBA (16.2 mg, 0.105 mmol),
and TBR (19.6 mg, 0.109 mmol) with 35DHBA (17 mg, 0.110
mmol) were dissolved in methanol-water solution, whereas
TBR (19.6 mg, 0.109 mmol) with 26 DHBA (16.6 mg, 0.108
mmol) was dissolved in acetonitrile-water solution by heating
and stirring. The resulting clear solutions were filtered. Single
crystals of (TBR){(23DHBA)-(H,0), (TBR)-(24DHBA), (TBR)
.(25DHBA), (TBR-H)"-(26DHBA) -(H,0), (TBR):(34DHBA) and
(TBR)-(35DHBA) were obtained by slow evaporation of filtrates
under ambient conditions within 3-7 days.

2.3. Cocrystallization by grinding

An oscillatory ball mill (Retsch MM300) was used for milling
experiments. The stoichiometric ratios of theobromine and
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Fig. 1 Theobromine and dihydroxybenzoic acids.

the given dihydroxybenzoic acid were placed in stainless steel
milling jars. TBR (15.1 mg, 0.083 mmol) with 23DHBA (12.9
mg, 0.084 mmol) and TBR (19.6 mg, 0.109 mmol) with
26DHBA (16.8 mg, 0.109 mmol) were ground with the addition
of 20 pl of water. Neat grinding processes were performed
using TBR (14.2 mg, 0.079 mmol) with 24DHBA (12.1 mg,
0.079 mmol), TBR (27.2 mg, 0.151 mmol) with 25DHBA (23.1
mg, 0.150 mmol), TBR (16.6 mg, 0.092 mmol) with 34DHBA
(14.3 mg, 0.093 mmol) and TBR (8.6 mg, 0.048 mmol) with
35DHBA (7.5 mg, 0.049 mmol). Each grinding was carried out
for 60 minutes at a frequency of 25 Hz using two 4.8 mm
stainless steel balls.

2.4. Single crystal X-ray diffraction

Low-temperature measurements were carried out using an
Oxford Diffraction SuperNova diffractometer with
monochromatic CuKa radiation (1.54184 A) and a Cryojet
cooling system. Data collection and data reduction were
performed using CrysAlisPro®® and CrysAlisRed®” programs,
respectively. The crystal structures were solved by intrinsic
phasing using SHELXT-2015 and were refined using the least-
squares method with SHELXL-2015 software.®® Solution,
refinement and structural analyses were carried out using the
Olex2 program.®® All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were
derived from the difference Fourier map but, finally, in (TBR)
-(24DHBA) and (TBR)-(23DHBA)-(H,0), hydrogen atoms bonded
to carbon atoms were positioned geometrically using AFIX
commands and were refined using a riding-hydrogen model
with Ujso(H) = 1.2U¢4(C) for aromatic and imidazole H atoms or
Uiso(H) = 1.5U,4(C) for hydrogen atoms belonging to the methyl
group. In these two crystals, hydrogen atoms connected with
heteroatoms were refined without constraints. In the rest of the
theobromine derivatives, all hydrogen atoms were refined
isotropically. Crystallographic data are presented in Table 1.

2.5. Powder X-ray diffraction (PXRD)

An Oxford Diffraction Xcalibur diffractometer with a MoKo
radiation source (. = 0.71073 A) was used for powder
diffraction of samples from grinding. Measurements were
performed at room temperature. Experimental conditions:
scanning intervals 5-40° (26), step between thetas 0.01 and

This journal is © The Royal Society of Chemistry 2019
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Table 1 Crystallographic data and refinement details for the described theobromine complexes

(TBR)-(23DHBA)-

(H,0) (TBR)-(24DHBA) (TBR):(25DHBA) (TBR-H)"-(26DHBA)-(H,0) (TBR)-(34DHBA)  (TBR)-(35DHBA)
Molecular formula (C;HgN,0,) (C;HgN,0,) (C;HgN,0,) (C7HoN40,)-(C;H504) (C;HgN,0,) (C;HgN,0,)
(C;Hg0,)-(H,0)  +(C,Hg0,) -(C;H0,) -(H,0) -(C;Hg0,) -(C;H40,)
M, g mol* 352.31 334.29 334.29 352.31 334.29 334.29
Crystal system Monoclinic Monoclinic Triclinic Monoclinic Orthorhombic Monoclinic
Space group Cc P24/n Pi P24/n Pbcn P24/c
a, A 13.2358(3) 7.9392(3) 6.8492(3) 15.2976(3) 26.7527(5) 14.4617(3)
b, A 15.2794(2) 6.3569(2) 7.9605(4) 6.8450(1) 14.2120(2) 12.7978(3)
¢, A 7.8074(2) 28.7601(7) 14.0276(8) 15.9300(3) 7.2608(2) 15.7666(3)
a, © 90 920 79.391(4) 90 90 90
B, ° 106.180(2) 96.093(3) 78.550(4) 115.911(3) 90 92.3554(17)
7, ° 90 90 77.232(4) 90 90 90
v, A3 1516.39(6) 1443.29(8) 723.16(7) 1500.38(6) 2760.62(10) 2915.58(10)
Z,Z 4,1 4,1 2,1 4,1 8,1 8,2
Dy, g em™ 1.543 1.538 1.535 1.560 1.609 1.523
F(000) 736 696 348 736 1392 1392
#(Cu K,), mm™ 1.08 1.05 1.05 1.09 1.10 1.04
T, K 132(2) 132(1) 130.3(4) 131.8(3) 130.9(8) 130.8(6)
Crystal size, mm®  0.15 X 0.20 X 0.26  0.30 X 0.07 X 0.28 x 0.10 x 0.30 x 0.12 x 0.05 0.33 X 0.05 x0.03 0.14 x 0.12 x 0.12
0.03 0.04
© range for data 4.5-75.9 3.1-76.1 3.3-76.4 3.3-76.3 3.3-76.4 3.1-76.1
collection, °©
Range of indices -16 — 16,-199 -~ -9 —-9,-7—7, -8 —8,-9—~9, -19 — 15 -8 —8,-19 - -33 — 29, -14 — -17 — 18, -16 —
(hy &, 1) 13,-9 — 9 -36 — 22 -17 — 17 17 17,-8 — 7 14, -18 — 19
Collected 7869 5993 11318 6426 7196 16119
reflections
Unique reflections 2847 2932 2963 3062 2827 6048
Reflections with I 2834 2574 2678 2766 2530 5330
> 20(1)
Rint 0.017 0.018 0.027 0.019 0.037 0.023
No. of parameters 252 235 273 290 273 545
Rindices with I > R, = 0.0260, R, = 0.0464, R, = 0.0519, R, = 0.0366, R, = 0.0533, R, = 0.0470,
20(I) WR, = 0.0728 WR, = 0.1363 WR, = 0.1499 WR, = 0.1018 WR, = 0.1441 WR, = 0.1302
R indices with all R, = 0.0261, R, = 0.0542, R, = 0.0556, R, = 0.0399, R; = 0.0594, R, = 0.0529,
data WR, = 0.0730 WR, = 0.1414 WR, = 0.1553 WR, = 0.1051 WR, = 0.1478 WR, = 0.1354
GOF 1.064 1.095 1.047 1.075 1.09 1.08
Apmins Mmax, € A2 —0.18, 0.20 -0.23, 0.53 -0.32, 0.41 -0.25, 0.25 -0.28, 0.25 -0.29, 0.32
CCDC deposit no. 1938121 1938122 1938144 1938146 1938148 1938149

time per step 0.5 s. For data collection, CrysAlisPro®® software
was used.®® Analysis and comparison of experimental powder
XRD patterns from grinding and calculated powder XRD
patterns from the crystal structure were made using Kdif
software.”® Theoretical patterns were determined using the
Mercury program.””

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. UV-vis absorption
spectra were recorded using a two-beam Cary 100 UV-vis
spectrometer scanning from 200 to 800 nm with 1 nm
increments. Quartz cells with an optical length of 2 mm were
used. Calibration curves of every cocrystal were prepared (Fig.
S17). Substance concentrations versus absorbance of the
substance at detection wavelength were plotted (Table 3). A
linear relationship was obtained and the slope was calculated
from the graph. To determine the solubility of cocrystals,

This journal is © The Royal Society of Chemistry 2019

saturated aqueous solutions of each were prepared. The
absorbance at detection wavelength (14¢) Was measured and
the concentration of the substance was calculated by applying
the following relationship:

absorbance at detection wavelength (4qet)

[substance] =
slope

(1)

2.7. Simultaneous thermal analysis (STA)

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

3. Results

In this paper we report four cocrystals of theobromine (TBR)
with 2,4-dihydroxy- (24DHBA), 2,5-dihydroxy- (25DHBA),

CrystEngComm, 2019, 21, 7373-7388 | 7375
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Table 2 Hydrogen bond parameters in the described theobromine cocrystals

Cocrystal D-H---A D-H [A] H-A[A] D---A [A] D-H--A [?]

TBR-23DHBA-H,0 N1-H1---04' 0.87(3) 2.04(3) 2.898(2) 172(3)
07-H74---06" 0.88(4) 1.99(4) 2.857(2) 168(3)
02-H2:-N4 1.03(6) 1.63(6) 2.657(3) 174(5)
07-H7B---06' 0.81(4) 2.06(4) 2.867(2) 177(4)
04-H4:--07 0.87(3) 1.89(3) 2.689(2) 152(3)
03-H3:+-01 0.87(5) 1.76(5) 2.566(2) 153(4)

Symmetry codes: (i) x — 1/2, =y + 1/2, z + 3/2; (ii) x + 1/2, =y + 1/2, z = 3/2; (iii) x + 1/2,y - 1/2,z2 - 1

TBR-24DHBA N1-H1---04' 0.89(3) 2.02(3) 2.899(2) 172(2)
04-H4---06" 0.91(3) 1.77(3) 2.673(2) 174(3)
03-H3:+-01 1.04(2) 1.63(3) 2.584(2) 150(3)
02-H2:--N4 1.06(4) 1.59(4) 2.648(2) 173(3)

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

TBR-25DHBA 04-H4---06' 0.85(3) 1.91(3) 2.748(2) 168(2)
N1-H1---05" 0.87(3) 1.92(3) 2.781(2) 172(2)
03-H3:+-01 0.94(3) 1.75(3) 2.602(2) 150(3)
02-H2--N4 0.96(3) 1.68(3) 2.628(2) 171(3)

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

(TBR-H)"-(26DHBA) -H,0 N1-H1--07 0.92(2) 1.81(2) 2.735(2) 179(2)
07-H7A---04' 0.93(2) 1.90(2) 2.826(2) 177(2)
07-H7B---05 0.86(3) 1.98(3) 2.827(2) 167(3)
04-H44:--02 0.95(3) 1.68(3) 2.549(1) 150(2)
03-H3:+-01 0.91(2) 1.68(2) 2.554(2) 161(2)
N4-H4--02 1.06(3) 1.50(3) 2.564(2) 180(2)

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

TBR-34DHBA 04-H4---01! 0.84(3) 1.91(4) 2.731(2) 164(3)
03-H3---06" 0.95(4) 1.83(4) 2.783(2) 178(3)
N1-H1---05' 0.85(3) 1.89(4) 2.742(2) 175(3)
02-H2:--N4 0.90(4) 1.77(4) 2.670(2) 178(4)

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

TBR-35DHBA 024-H2A---N4B. 0.91(3) 1.78(3) 2.690(2) 178(2)
034-H34--01B' 0.95(4) 1.87(4) 2.795(2) 164(3)
044-H4A--06A 0.81(3) 1.96(3) 2.757(2) 172(3)
02B-H2B---N4A 0.98(3) 1.71(3) 2.689(2) 178(3)
03B-H3B---014" 0.95(4) 1.85(4) 2.789(2) 173(3)
O4B-H4B--06B_ 0.83(3) 1.92(3) 2.737(2) 170(3)
N14-H1A---O5B™ 0.87(2) 1.92(2) 2.785(2) 176(2)
N1B-H1B--054" 0.89(3) 1.93(3) 2.811(2) 176(2)

Symmetry codes: (i) x, y, z + 1; (ii) x, ¥,z - 1; (ili) x - 1, y, z; (iv) x + 1, 3, 2

3,4-dihydroxy- (34DHBA) and 3,5-dihydroxybenzoic acid
(35DHBA), one cocrystal hydrate with 2,3-dihydroxybenzoic
acid (23DHBA) and one salt monohydrate containing
2,6-dihydroxybenzoate anion (26DHBA).

The nature of the above complexes has been ambiguously
confirmed based on the geometry of the carboxyl group and
the carboxylic acid proton location. In (TBR-
H)"-(26DHBA) -H,O the acidic proton was localized on a
difference Fourier map near the imidazole nitrogen atom.

An empirical parameter which can help in acid-base
system design and gives an indication of the interval values,

Table 3 Cocrystal detection wavelengths

Detection wavelength (Zqe)

TBR-23DHBA-H,0 340
TBR-24DHBA 315
TBR-25DHBA 323
(TBR-H)"-(26DHBA) -H,0 340
TBR-34DHBA 310
TBR-35DHBA 323

7376 | CrysttngComm, 2019, 21, 7373-7388

where proton transfer between an acid and base can be
observed, is the ApK, parameter’® described by the equation:

ApK, = pK,(protonated base) — pK,(acid) (2)
All ApK, values for our theobromine derivatives indicated
that cocrystals would be formed (Table 4). The latest studies

about the ApK, rule on crystal design have shown that a salt
will form when ApK, > 4 and a cocrystal when ApK, < -1

Table 4 Calculated ApKj, values

Acid pK,, . “° Calculated ApK,”
23DHBA 2.96 -3.87
24DHBA 3.32 -4.23
25DHBA 3.01 -3.92
26DHBA 1.30 -2.21
34DHBA 4.45 -5.36
35DHBA 3.96 —4.87

“ pK, values for dihydroxybenzoic acids were taken from D.-K. Bucar
et al. publication.”* ® pK, (protonated base) for theobromine is equal
t0 -0.91.7?

This journal is © The Royal Society of Chemistry 2019
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(based on 6465 acid-base complexes deposited in the
CSD).”»”* In Cruz-Cabeza work” ionizable and neutral
complexes as a function of the calculated ApK, graph were
presented and it can be concluded that salt formation is even
possible, when this value is equal to about -3. For
2,6-dihydroxybenzoic acid and theobromine this value is equal
to —2.21 and a typical salt was formed. Considering three
principles of hydrogen bond formation in organic compounds
established by Etter:”

1. “All good proton donors and acceptors are used in
hydrogen bonding.”

2. “6-membered-ring intramolecular hydrogen bonds form in
preference to intermolecular hydrogen bonds.”

3. “The best proton donors and acceptors remaining after
intramolecular hydrogen-bond formation form intermolecular
hydrogen bonds to one another.” and the structure of selected
coformers, it can be concluded that TBR has one good proton
donor (N-H group in the pyrimidine ring) and three good
proton acceptors (exo- and endo-carbonyl oxygen atoms, and
the imidazole nitrogen atom), while dihydroxybenzoic acids
have three good proton donors (hydroxyl groups) and one
good proton acceptor (carbonyl oxygen atom in the carboxyl
group). Water molecules can also play a very important role in
crystal structure formation, because they can be both
hydrogen bond acceptors and donors. The occurrence and role
of particular synthons in the described cocrystal structures will
be discussed below.

3.1. Structural characterization of theobromine cocrystals

3.1.1. Theobromine-2,3-dihydroxybenzoic acid
monohydrate. TBR and 23DHBA cocrystallize as a
monohydrate in the monoclinic, noncentrosymmetric Cc
space group in a 1:1:1 stoichiometric ratio (Fig. 3a). The
components form a 1D polymer chain (Fig. 3b). The TBR
molecule is hydrogen bonded via O2-H2--*N4 interaction
with the 23DHBA molecule (synthon B1 - Fig. 2, Table 2).

A. Theobromine-theobromine homosynthons

| 1 /
N N e N H_——OWN H\N)tN H\N)JIN
74
<N/|VKH/\N( ---o/)\)k/[ /> N/g/ko _,H,N o)\N | N/> R Oél\N | N{‘>
/ o | /go | \H\

O

! /

~ N

N

)\ | /> Synthon A1
o) T N
C=0(exo-carbonyl)
N-H(pyrimidine)

C=0(endo-carbonyl) o / o]
N(imidazole) H\N N H\N N
R )\ WA )\ L0
N | N
o. .0O N .0 N
W S
Synthon C1 Synthon C2

Fig. 2 Particular theobromine synthons identified in its cocrystals with mono-42
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Synthon A2

C. Heterosynthons with exo- or endo-oxygen atoms as proton acceptors
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asymmetric unit with an atomic numbering scheme (thermal ellipsoids

representation showing the TBR-23DHBA-H,O

are plotted with the 50% probability level); b) two-dimensional
structure showing a “stair” motif composed of 1D polymer systems
connected by water molecules; c) 3D structure of TBR-23DHBA-H,O
cocrystal hydrate held by n-stacking interactions.
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The N-H group in the alkaloid pyrimidine ring is the proton
donor to the oxygen atom of the meta-hydroxyl group in the
acid (N1-H1---04' hydrogen bond, synthon D1). This hydroxyl
group is connected with a water molecule by the O4-H4---O7
hydrogen bond. At the same time the solvent molecule is the
proton donor to the oxygen atom of the endo-carbonyl group
in the TBR molecule (O7-H7A---06" interaction, synthon C2).
In this way an R3(8) cyclic array is formed. Additionally, the
intramolecular hydrogen bond O3-H3---O1 in the 23DHBA
molecule leads to Si(6) ring formation. The water molecule is
also the donor of the second proton to the oxygen atom of
the endo-carbonyl group of TBR located in the neighboring
chain (O7-H7A:--06 hydrogen bond, synthon C2). So, the
DDA (donor-donor-acceptor) hydrogen-bonding character of
solvent molecules can be observed and it is responsible for
the 2D structure formation. 1D polymer systems are arranged
in a “stair” motif, and by 7(TBR)---7(23DHBA) interactions a
3D network is formed (Fig. 3c, Table S17).

3.1.2. Theobromine-2,4-dihydroxybenzoic acid cocrystal.
TBR and 24DHBA form a cocrystal in a 1:1 stoichiometric
ratio in the monoclinic P2,/n space group. The asymmetric
unit consists of one molecule of each component (Fig. 4a).
TBR and 24DHBA form 1D linear polymer chains parallel to
the (452) crystallographic plane (Fig. 4b). The hydrogen atom

View Article Online

CrysttngComm

in the carboxyl group of 24DHBA is hydrogen bonded via O2-
H2---N4 interaction with TBR (synthon B1 - Fig. 2, Table 2).
The ortho-hydroxyl group in the acid participates in an
intramolecular O3-H3-:-O1 hydrogen bond. The oxygen atom
in the para-hydroxyl group of the acid accepts a proton from
the N-H group in the pyrimidine ring of TBR (N1-H1---04'
interaction, synthon D1) and it is also a proton donor to the
endo-carbonyl group of the TBR molecule (O4-H4:-06"
hydrogen bond, synthon C1) present in the neighboring
chain parallel to the (638) crystallographic plane. Two sets of
polymer chains are inclined by 62.294(3)° and they are
stabilized through n(TBR)---n(24DHBA) forces (Fig. 4c, Table
S1t). The TBR-24DHBA three-dimensional network is formed
thanks to C-H---O interactions between adjacent stacks
(Fig. 44d).

3.1.3. Theobromine-2,5-dihydroxybenzoic acid cocrystal.
Theobromine-2,5-dihydroxybenzoic acid cocrystal crystallizes
in the P1 space group in a 1:1 ratio. The asymmetric unit
contains one acid and one alkaloid molecule (Fig. 5a). TBR
and 25DHBA form molecular ribbons (Fig. 5b). Within the
ribbons TBR molecules are held together by N1-H1---O5"
hydrogen bonds (synthon A2 - Fig. 2, Table 2) to form an
R3(8) cyclic array. An imidazole nitrogen atom of TBR accepts
the proton from the 25DHBA carboxyl group (O2-H2---N4

Fig. 4 a) ORTEP representation of the TBR-24DHBA asymmetric unit with numbering of atoms (thermal ellipsoids are plotted with the 50%
probability level); b) polymer chain consisting of alternately hydrogen bonded TBR and 24DHBA molecules; c) 2D structure, viewed along the (101)
crystallographic plane, composed of two sets of polymer chain stacks inclined by ¢ = 62.294(3)°; d) 3D structure of TBR-24DHBA held by C-H---O

interactions.
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Fig. 5 a) ORTEP representation showing the asymmetric unit of the
TBR-25DHBA cocrystal with numbering of atoms (thermal ellipsoids are
drawn with the 50% probability level); b) molecular layer composed of
1D ribbons connected by C-H:--O hydrogen bonds (marked in green
colour); ¢) 3D network (“stair” motif) formed by TBR and 25DHBA
molecules held by n-stacking interactions.

interaction, synthon B1). At the same time the meta-hydroxyl
group in the acid is a proton donor to the oxygen atom in the
endo-carbonyl group of TBR (04-H4:--06' hydrogen bond,
synthon C1). An intramolecular O3-H3:--O1 hydrogen bond
in the 25DHBA molecule forms an Sj(6) motif. The TBR-
25DHBA ribbons are connected by C-H---O interactions to
form sheets parallel to the (212) crystallographic plane
(Fig. 5b). Layers are stacked in an offset manner and are
sustained by n(TBR)---n(25DHBA) forces (Fig. 5¢, Table S17).
3.1.4. Theobrominium-2,6-dihydroxybenzoate
monohydrate. Theobromine and 2,6-dihydroxybenzoic acid
cocrystallize as a monohydrate salt (TBR-H)'-(26DHBA) -H,-
O. The crystal structure was solved in the monoclinic P2,/
n space group. The asymmetric unit consists of one (TBR-
H)" cation, one 2,6-dihydroxybenzoate anion and a water
molecule (Fig. 6a). The structural analysis unambiguously
indicated the proton position at the imidazole nitrogen
atom of theobromine. In the 26DHBA molecule
intramolecular charge assisted O-H:--O" hydrogen bonds
are observed (0O3-H3:--O1 and O4-H4A---02) and they form
a 281(6) motif. A (TBR-H)" monocation is connected by an

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 a) ORTEP representation of the (TBR-H)*-(26DHBA)-H,O
asymmetric unit (thermal ellipsoids are drawn with the 50% probability
level); b) opposite-handed helices connected by water molecules (red
colour - left-handed helix along the 2; axis at the 4, b,  position, blue
colour - right-handed helix along the 2; axis at the %, b, 1 position; c)
3D structure formed by interdigitated helices held by stacking
interactions.

N4-H4---02” hydrogen bond with an acid monoanion. The
TBR molecule is hydrogen bonded with two solvent
molecules via N1-H1---O7 (synthon D2, Fig. 2, Table 2)
and O7-H7B:--O5" (synthon C3) interactions. At the same
time one of the hydroxyl groups of the 26DHBA anion
accepts a proton from a water molecule (O7—H7A~-~O4i
hydrogen bond). In the crystal structure of (TBR-
H)"-(26DHBA) -H,O helices of opposite handedness are
present and the solvent molecules are responsible for
connecting adjacent helical systems (Fig. 6b). The left-
handed helices extend along the 2, axis at the %, y, *
position and the right-handed helices extend along the 2,
axis at the i, y, i position. The pitch of these helices is

CrysttngComm, 2019, 21, 7373-7388 | 7379
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equal to 6.845(1) A, determined as a O7:-070"*
distance. Additionally, in the 3D network the opposite-
handed helices are interdigitated and held together by C-
H---O and n-stacking interactions (Fig. 6c, Table S17).

3.1.5. Theobromine-3,4-dihydroxybenzoic acid cocrystal.
Theobromine (TBR) and 3,4-dihydroxybenzoic acid (34DHBA)
cocrystallize in the orthorhombic Pbcn space group in a
stoichiometric ratio (1:1) with both one TBR and one
34DHBA molecule in the asymmetric unit (Fig. 7a).
Components of this cocrystal form 1D ribbons parallel to the
(201) and (201) crystallographic planes inclined by 120.6°
(Fig. 6b). The equivalent 1D layers are at 13.376(1) A from
each other. In this system synthons R3(8) are formed between
two TBR molecules through N1-H1--05" interactions
(synthon A2 - Fig. 2, Table 2). Each alkaloid molecule is
hydrogen bonded via Nimidazo1''*HOOC interaction with one
34DHBA (synthon B1) and with a second acid molecule via
O-H(meta)---O=C(endo-carbonyl) interaction (synthon C1,
Fig. 2). These ribbons are held together by 04-H4---O1%
hydrogen bonds between the carboxyl group in one acid and
the para-hydroxyl group in the second acid molecule,
resulting in “wavy” zigzag sheet formation (Fig. 7c). These 2D
systems form stacks sustained by C-H---O forces and
n(TBR) --n(TBR) and n(TBR)---n(34DHBA) interactions (Table
S17).

3.1.6. Theobromine-3,5-dihydroxybenzoic acid cocrystal.
The crystal structure of theobromine and 3,5-
dihydroxybenzoic acid in 1:1 stoichiometry was solved in the

a)

View Article Online
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monoclinic P2,/c space group. There are two TBR and two
35DHBA molecules in the asymmetric unit. These
components form two-dimensional layers parallel to the (101)
crystallographic plane. Two alkaloid molecules form a dimer
through N-H:--O hydrogen bonds (synthon A1) and the result
is the cyclic array R3(8) formation. Each TBR molecule is
connected with two 35DHBA molecules by O-H--N (synthon
A2) and O-H'--O (synthon B1) hydrogen bonds, respectively.
The second hydroxyl group from the acid is involved in dimer
acid-acid R3(14) formation by C=0(carboxyl)---H-O(hydroxyl)
interactions. In this cocrystal the two hydroxyl groups of the
acid molecules adopt the most favorable anti-anti
conformation.”® The TBR-35DHBA sheets form stacks along
[010] and they are held together by n(TBR)---n(35DHBA)
interactions (Fig. 8c, Table S17).

3.2. Powder X-ray diffraction

The theoretical powder XRD patterns for theobromine-
dihydroxybenzoic acid systems were generated using the
Mercury program.”’ They were compared with the powder XRD
patterns for the samples from neat grinding (II - TBR-24DHBA,
Il - TBR-25DHBA, V - TBR-34DHBA, VI - TBR-35DHBA) and
liquid-assisted grinding (I - TBR-23DHBA-H,0 and IV - (TBR-
H)"-(26DHBA) -H,0). The experimental and theoretical
diffractograms denoted by A and B, respectively, for I, II, III, IV
and V samples are similar. We can see differences in the peak
intensity for the two powder XRD patterns of III and V

Fig. 7 a) ORTEP representation of the TBR-34DHBA cocrystal with an atomic numbering scheme (thermal ellipsoids are drawn with the 50%
probability level); b) 2D structure composed of molecular ribbons connected by O-H:--O hydrogen bonds present on the sheet bend; c) the
“zigzag” sheet formed by n-stacking interactions between 1D ribbons (blue and green colours represent 34DHBA and TBR molecules,

respectively).
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Fig. 8 a) ORTEP representation of the asymmetric unit in the TBR-35DHBA cocrystal (thermal ellipsoids are plotted with the 50% probability level);
b) the 2D molecular layer consisting of TBR and 35DHBA molecules; c) the 3D structure composed of layers sustained by n-stacking forces.

substances. For cocrystal VI, differences in both powder
diffractograms are visible, particularly in the peak positions and
intensities, which can be explained by the difference in the
degree of sample crystallinity (Fig. 9).

3.3. Solubility measurements

The current great attention towards development of
cocrystals is due to the ability of cocrystals to fine tune the
solubility properties of APIs. Theobromine is very slightly
soluble in water (0.330 g L).>° Therefore, to improve its
aqueous solubility cocrystals with dihydroxybenzoic acids
were prepared. Solubility values were determined using
steady-state absorption spectroscopy.

The results summarized in Table 5 show an improved
solubility in all six solids compared to the pure TBR. The
solubility of cocrystals with dihydroxybenzoic acid containing
ortho-hydroxyl groups increases with increasing coformer
solubility. The exception is (TBR-H)"-(26DHBA) -H,0, which is
the most highly soluble complex among all the cocrystals
described in this paper and shows 100 times improvement in
the solubility of TBR. TBR-25DHBA is the least soluble
cocrystal, whose solubility is 4.4 times higher than the
solubility of TBR. The solubilities of 34DHBA and 35DHBA
are comparable. Surprisingly, TBR-35DHBA shows an about

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Powder XRD patterns for described theobromine systems. | -
TBR-23DHBA-H,O, Il - TBR-24DHBA, Ill - TBR-25DHBA, IV - (TBR-
H)*.(26DHBA)-H,0O, V - TBR-34DHBA, and VI - TBR-35DHBA. A -
powder XRD patterns for samples from grinding, B - theoretical
powder XRD patterns generated from the single crystal structure.
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Table 5 Solubility of theobromine cocrystals in water. The increase relative to TBR is shown in parentheses

Absorption solubility” (g L™")

Aqueous solubility of coformers (g L™)

TBR-23DHBA-H,0 6.25 (x18.9)
TBR-24DHBA 1.60 (x12.2)
TBR-25DHBA 1.45 (x4.4)
(TBR-H)"-(26DHBA) -H,0 33.3 (x100)
TBR-34DHBA 2.20 (x6.7)
TBR-35DHBA 8.76 (x26.5)

29.1 (ref. 77)
8.0 (ref. 78)
2.2 (ref. 79)
9.56 (ref. 80)
12.4 (ref. 81)
12.0 (ref. 82)

“ The values in parentheses indicate the extent of increase (x) relative to the solubility of TBR.

26 fold increase in the solubility of TBR whereas for
TBR-34DHBA only 7 times.

3.4. Simultaneous thermal analysis (STA)

The thermal behaviour of the resulting cocrystals was
characterized by DSC, as shown in Fig. 10. Four out of the six
(TBR-24DHBA, TBR-25DHBA, TBR-35DHBA, and TBR-34DHBA)
samples display a sharp melting endotherm, indicating highly
crystalline materials. In their DSC curves, two signals are
observed. The first signal refers to the complete
decomposition of appropriate dihydroxybenzoic acid. The
second signal, around 310-320 °C, is attributed to the
decomposition of the TBR molecules. The melting points of
the cocrystals and starting materials are tabulated in Table 6.
The melting points of the cocrystals range from 198 to 279 °C
although all the cocrystals are position isomers. There is no
correlation between the melting point of the cocrystals and

Heat flow

Weight, %

Weight, %
Heat flow
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Heat flow
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the melting point of the coformers but cocrystal melting
points are between those of the coformer and theobromine.
Since the decomposition temperature of dihydroxybenzoic
acids is higher than that of the pure coformers, it can be
concluded that the 24DHBA, 25DHBA, 34DHBA and 35DHBA
molecules are stabilized in the cocrystals.

The presence of water in the TBR-23DHBA-H,O crystal
structure is evident from the DSC measurement. The
signals around 100 °C are connected with the release of
the water molecules from the crystal structure. Based on
the weight loss in the 90-130 °C temperature range, the
percentage of water content is equal to about 5%. This
value is in agreement with single crystal X-ray analysis.
Below 90 °C no weight loss is observed, which leads to
the conclusion that there is no unbound water in the
sample. The next two signals at 198 °C and 310 °C refer

to complete decomposition of 23DHBA and TBR
molecules, respectively.
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Fig. 10 The simultaneous thermal analysis (STA) curves of A) TBR-23DHBA-H,O, B) TBR-24DHBA, C) TBR-25DHBA, D) (TBR-H)*-(26DHBA)-H,0, E)
TBR-34DHBA, and F) TBR-35DHBA. TGA and DSC curves are presented by black and red colours, respectively.
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Table 6 Melting points of cocrystals and coformers

Coformer melting point (°C) Cocrystal melting point

(ref. 83) (°C)
23DHBA 208 198
24DHBA 225 250
25DHBA 201 279
34DHBA 201 235
35DHBA 238 268

The (TBR-H)"-(26DHBA) -H,0 salt exhibits a melting point
at 193 °C, between those of TBR (351 °C)’*> and 26DHBA (173
°C).** For this salt, the DSC endotherm shows first signals
below 100 °C. They can be connected with the release of
water molecules. In the 100-250 °C temperature range, three
endothermic signals are observed. In this range, the material
loss reaches 32%. It can be concluded that the signals refer
to complete decomposition of 26DHBA. There is no sharp
melting endotherm, which excludes the presence of
crystalline parts. The signal at 313 °C is attributed to the
decomposition of the TBR molecules.

4. Discussion

Eight of 32 theobromine structures deposited in the CSD®
(without repeats and RUTHEV'®) contain theobromine-
carboxylic acid systems: CSATBR,*® GORGUR,*® HIJYAB,*'
HIJYEF,”" MUPPET,> NURYUV,>® ZIZRUX" (the same as
ZIZRUXO01 (ref. 53)) and ZOYBOG.?” Additionally, TBR-2HBA,
TBR-3HBA and TBR-4HBA-H,O complexes were taken into
consideration for supramolecular synthon analysis of

theobromine.*

4.1. Synthon hierarchy - synthon A1 vs. synthon A2
(homosynthon amide-amide)

The theobromine molecule, in contrast to theophylline
and caffeine, can form two types of amide-amide
homosynthons depending on the endo- or exo-carbonyl
oxygen atom, which is involved in it (synthons Al and A2,
Fig. 2). In TBR-2HBA, TBR-:3HBA, TBR:25DHBA,
TBR-34DHBA and TBR-35DHBA  cocrystals, TBR-TBR
homosynthons are formed through the exo-oxygen atom
(synthon A2). A homodimer with endo-oxygen atom
participation (synthon A1) is only observed in the TBR
“4HBA-H,O complex. In TBR-23DHBA-H,0, TBR-24DHBA
and (TBR-H)"-(26DHBA) -H,0O, an amide-amide motif is not
present. Synthon A2 TBR-TBR is more favourable than
synthon A1 in this alkaloid cocrystal within carboxylic
acids. For comparison, in the crystal lattice of pure
theobromine, synthon II is present (SEDNAQ).** Our
results are in line with deposited structures in the CSD.**
In four structures, this kind of homosynthon is formed by
the exo-carbonyl oxygen atom (GORGUR, HIJYAB, NURYUV,
and ZIZRUX). In the remaining four entries (CSATBR,
HIJYEF, MUPPET, and ZOYBOG), homosynthons TBR-TBR
are not observed, but two types of heterosynthons amide-

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Two possible types of amide-carboxylic acid heterosynthons
in theobromine-carboxylic acid systems.

acid are present (Fig. 11). In CSATBR, the exo-oxygen
atom and in HIJYEF, MUPPET and ZIZRUX, the
endo-oxygen atom take part in this heterodimer formation.

4.2. Synthon hierarchy - synthon B1 vs. synthon B2
(heterosynthon with imidazole nitrogen atom participation)

In 6 out of the 8 entries in the CSD, the imidazole nitrogen atom
of theobromine accepts a proton from the carboxyl group
(COOH'* “Nimidazole hydrogen bond, Fig. 2). In all of the
theobromine-dihydroxybenzoic  acid systems, the same
interaction (synthon B1) is present. When the theobromine forms
cocrystals with 2HBA and 3HBA, the same motif is formed. Only
in the TBR-4HBA-H,O cocrystal hydrate is that the hydroxyl
group is a proton donor to the Nimidaole atom (synthon B2,
Fig. 2, Table 7), because pairs of carboxylic acid molecules form
homosynthons. The carboxylic acid-carboxylic acid homosynthon
formation is rare in the closed neighbourhood of the alkaline
N(aromatic) atom, and thus is interesting.** In caffeine cocrystals
with  hydroxybenzoic acids as coformers, only an
Nimidazole' 'HOOC synthon is formed (Table 9) and acid-acid
homodimers are not present.*®” However, in theophylline
cocrystals with 2HBA, 3HBA, 25DHBA and 35DHBA, synthon Bl
is present. In theophylline cocrystals with 4HBA, 23DHBA,
24DHBA and 34DHBA (polymorph 1I), theophylline-acid
heterosynthons are formed through N-H:-O=Cc ybox and
C=O0¢x,"*"H-Ocarboxy1 hydrogen bonds (Table 8) and the hydroxyl
group is a donor proton for the imidazole nitrogen atom
(synthon B2). In polymorph I of TPH-34DHBA, two carboxyl
groups are engaged in acid-acid homodimer formation, thus the

Table 7 Summary of the contribution of particular theobromine groups
to supramolecular synthon formation in theobromine cocrystals with
mono- and dihydroxybenzoic acids

TBR Complex Nimidazo]e C=Oexo N_prrimidine C=Oendo

TBR-2HBA B1 A2 A2 X
TBR-3HBA B1 A2 A2 C1
TBR-2(4HBA)-H20 B2 C3 Al A1, C2
TBR-23DHBA-H,0 B1 X D1 C2
TBR-24DHBA B1 X D1 C1
TBR-25DHBA B1 A2 A2 C1
(TBR-H)"-(26DHBA) -H,0 Proton  C3 D2 x
transfer

TBR-:34DHBA B1 A2 A2 C1
TBR:35DHBA B1 A2 A2 C1

CrystEngComm, 2019, 21, 7373-7388 | 7383
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Table 8 Supramolecular synthons in theophylline cocrystals with mono-*? and dihydroxybenzoic acids**%>8¢

TPH complex REFCOD Nimidazole N_Himidazole C:Oexa C:oenda

TPH-2HBA“ KIGLES COOH " * ‘Njmidazole N-H:-O=C,y, C=0¢x0" " *H-Nimidazole X

TPH-3HBA" DOPMUS COOH" " *Nimidazole N-H:-0=Cy, C=0¢xo"**H-Nimidazole C=0¢nda0"* 'H_Ohydroxyl
TPH-4HBA? KIGLOC OH " *Nimidazole N-H-- 'OZCcarboxyI C=0¢yx0"" 'H_Ocarboxyl X

TPH-23DHBA? DOPNAZ OH ' *Nimidazole N-H-- ‘OZCcarboxyl C=0¢yx0"" 'H_Ocarboxy[ X

TPH'24DHBAb DOPNED OH"**Nimidazole N-H-- 'OZCcarboxyI C=0¢xo"" 'H_Ocarboxyl C=O0¢ndo"* 'H_Ohydroxyl
TPH-24DHBA~H20b DEYREF HO-H" " Nimidazole N-H-- ~O=Cmb(,xy1 C=0¢yx0"" 'H_Ocarb()xyl C=—0¢,,4,"-"H-OH
TPH-25DHBA” DUCRO]J COOH" " *Njmidazole N-H--0=C,, C=0¢yxo"*"H-Nimidazole C=0¢nd0"* 'H_Ohydroxyl
(TPH-H)+~(26DHBA)_-HZO WOCHEDO1 COO - *H-Njmidazole N-H:--OH, C=0¢y,"'*H-OH X

TPH-34DHBA (polymorph I)a WOCHON OH " *Nimidazole N-H:--0=C,y, C=O0¢yx0" ' *‘H-Nimidazole C=0¢na0"* 'H_Ohydmxyl
TPH-34DHBA (polymorph H)b WOCHONO02 OH " *Nimidazole N-H-- 'OZC'carboxyl C=0¢yx0"" 'H_Ocarboxyl C=0¢ngo"* 'H_Ohydroxyl
TPH-35DHBA” WOCHIHO01 COOH" " *Nimidazole N-H:--0=Cy, C=0¢x0"*"H-Nimidazole C=0¢nda0"" 'H_Ohydmxyl

“ TPH-TPH homosynthons formed through N-H---O=C,,, hydrogen bonds. b TPH-acid heterosynthons formed through N-H::-O=C_arbox,1 and

C=0¢xo"**H-Ocarboxyl hydrogen bonds.

Table 9 Supramolecular synthons in caffeine derivatives with mono- and dihydroxybenzoic acids

44,87

CAF complex REFCOD Nimidazole C=—=0¢xo C=O¢ndo

CAF-2HBA XOBCAT COOH"* Nimidazole X X

CAF-3HBA MOZCOU COOH"* *Njmidazole X C=0¢1d0"* 'H_Ohydroxyl
CAF'2(4HBA) MOZDAH COOH"**Nimidazole C=O0¢xo"* 'H_Ohydroxyl C=O¢nao"" 'H_Ohydroxyl
2CAF-4HBA MOZCUAO01 COOH: **Nimidazole x C=O4ndo"*'H-Onydroxyl
CAF-4HBA-H,0 LATBIT COOH:-*Nimidazole C=0,,,-H-OH C=0,nqo---‘H-OH
CAF-23DHBA-H,0 MOZDEL COOH:* Nimidarole C=0,,,-H-OH" x

CAF-24DHBA-H,0 MOZCIO COOH:-*Nimidazole C=0,,-H-OH C=0,nqo---‘H-OH
CAF-25DHBA MOZDIP COOH:"- 'Nimidazole C=0€xo~ : 'H_Ohydroxyl X

CAF-35DHBA-H,0 MOZCEK COOH" *Nimidazole C=0¢y," -H-OH C=0¢ndo"* 'H_Ohydroxyl

“ Hydrogen atoms in water molecules were not locatable on the difference Fourier map.

remaining two hydroxyl groups compete in proton donation to
the Nimidazole atom (the meta-hydroxyl group is a donor proton for
the endo-oxygen atom in TPH, so only the para-hydroxyl group
can donate a proton to the imidazole nitrogen atom).**5>5¢
Additionally, in two theobromine-acid structures found
in the CSD (MUPPET and ZOYBOG), the imidazole
nitrogen atom of theobromine accepts a proton from a
water molecule (Niniqazole'-H-OH synthon, Fig. 12).%% This
synthon, which is interesting, was also found only in two
alkaloid-acid systems, ie. in theophylline-2,4-
dihydroxybenzoic acid monohydrate (DEYREF) and caffeine-
3,4,5-tri hydroxybenzoic acid hexahydrate (ZICGIE).**

4.3. Synthon hierarchy - synthons C1, C2 and C3
(heterosynthons with exo- and endo-carbonyl group
participation)

The exo- and endo-oxygen atoms in the theobromine
pyrimidine ring can take part in amide-amide homosynthon

o R
R. N
N
;\JI )
0 'Tl N\\ /H
R "H-O

Fig. 12 The heterosynthon formed between a water molecule and the
imidazole nitrogen atom of the alkaloid molecule.

7384 | CrysttngComm, 2019, 21, 7373-7388

(observed in the structure in our work) or in amide-acid
heterosynthon formation. Moreover, near these synthons
there is another oxygen atom, which can also be a potential
acceptor of protons. In theobromine cocrystals with 3HBA,
25DHBA, 34DHBA and 35DHBA, where homosynthon TBR-
TBR with an exo-oxygen atom is present, endo-oxygen atoms
are proton acceptors from hydroxyl groups (synthon C1,
Fig. 2). A similar situation is found in ZIZRUX, where the
endo-carbonyl group is a proton acceptor from the amine
group. In the TBR-2HBA cocrystal (and in GORGUR, HIJYAB,
and NURYUV) with the same TBR-TBR homodimer, the
endo-oxygen atom does not take part in strong hydrogen
bond formation. In TBR-4HBA-H,0 with TBR-TBR
homosynthons formed through endo-oxygen atoms, water
molecules are proton donors to both exo- and endo-oxygen
atoms (synthons C2 and C3). In TBR-23DHBA-H,0,
TBR-24DHBA and (TBR-H)"-(26DHBA) -H,0, TBR-TBR
homosynthons are not formed. In TBR-23DHBA-H,O, the
endo-oxygen atom is a double proton acceptor from two water
molecules (synthon C2), in salt monohydrate with 26DHBA,
the exo-oxygen atom is a single proton acceptor from a water
molecule (synthon C3), and in TBR-24DHBA, the endo-oxygen
atom accepts a proton from the hydroxyl group of the acid
(synthon C1).

In CSATBR, where acid-amide heterosynthons are formed
through the exo-oxygen atom, the endo-oxygen atom does not
take part in strong hydrogen bond formation. There are also

This journal is © The Royal Society of Chemistry 2019
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three structures with amide-acid heterosynthons with
exo-carbonyl group participation. In HIJYEF, the exo-oxygen
atom is not hydrogen bonded, in MUPPET, this oxygen atom
is a double proton acceptor from two water molecules, and in
ZOYBOG, the endo-oxygen atom accepts a proton from the
hydroxyl group, and, additionally, water molecules are proton
donors to the exo-oxygen atom.

4.4. Synthons D1 and D2 (with an amine group in pyrimidine
ring participation)

In theobromine-acid systems deposited in the CSD, the N-H
group of the theobromine pyrimidine ring takes part in the
formation of either amide-amide homosynthons or amide-
acid heterosynthons.®® From the nine theobromine
complexes with mono- and dihydroxybenzoic acids in TBR
-23DHBA-H,0, TBR-24DHBA and (TBR-H)"-(26DHBA)-H,0,
homosynthon amide-amide is not formed. In the first two
systems, N-H groups are proton donors for oxygen atoms in
meta- or para-hydroxyl groups, respectively (synthon D1,
Fig. 2, Table 7). In the crystal structure of the salt containing
a 2,6-dihydroxybenzoate anion, the N-H group is a proton
donor to the oxygen atom of water molecules (synthon D2).

4.5. Hydrate formation

Theobromine cocrystallizes as a monohydrate with 4HBA,
23DHBA and 26DHBA as coformers. In theophylline cocrystal
analogues, hydrates are formed with 24DHBA®*® and
26DHBA.*® Four monohydrates of caffeine with 4HBA,*’
23DHBA,** 24DHBA** and 35DHBA** as coformers have been
published. The role of water molecules in the crystal lattice
may be the balanced ratio of hydrogen-donors to the number
of hydrogen-acceptors.*® However, in the case of alkaloid
cocrystals with mono- and dihydroxybenzoic acids, the
influence of the steric effects is more significant in hydrate
formation. In the TBR-4HBA-H,O hydrate, while two carboxyl
groups form a homodimer and one hydroxyl group of one
acid is a proton donor to the imidazole nitrogen atom, a

View Article Online
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second hydroxyl group is connected with the theobromine
molecule by a water molecule to minimize contacts between
benzene (4HBA) and the methyl group near the pyrimidine
ring. In TBR-23DHBA-H,0, the meta-hydroxyl group of one
acid molecule accepts a proton from the N-H group in the
pyrimidine ring of TBR, so direct connection of the
meta-hydroxyl group in the second acid molecule and the
endo-oxygen atom of the same theobromine molecule could
cause repulsive interactions between two benzene rings of
23DHBA. In (TBR-H)"-(26DHBA)-H,O, water molecules
localized between two theobromine molecules decrease
repulsive interactions between methyl groups near
pyrimidine and benzene (26DHBA) rings. This is the reason
why TBR-TBR homosynthons in the crystal lattice of this
complex are not formed. This example is similar to the (TPH-
H)"-(26DHBA) -H,O hydrate, where water is present between
two theophylline molecules and homosynthons TPH-TPH are
not present. In caffeine molecules, the methyl groups in the
vicinity of endo- and exo-oxygen atoms provide steric
hindrance, which destabilizes the crystal structure. Water
molecules present in caffeine cocrystal hydrates play a crucial
role in elimination of repulsive interactions between the
aromatic ring in the acid and methyl groups by forming O-
H:--O hydrogen bonds. In CAF-4HBA-H,0, CAF-23HBA-H,O0,
CAF-24HBA-H,O and CAF-35HBA-H,0O, water molecules are
proton donors only to the exo-oxygen atom, while in CAF
‘4HBA-H,0 and CAF-24HBA-H,O, each of them (endo- and
exo-oxygen atoms) is a proton acceptor from different water
molecules*”®” (Table 9). Additionally, Table 10 shows in
which way water molecules affect the dimensionality of
alkaloid-hydroxybenzoic acid hydrates.

4.6. The ortho-hydroxyl groups form intra- and
intermolecular hydrogen bonds

The ortho-hydroxyl groups in 2HBA, 23DHBA, 24DHBA,
25DHBA and 26DHBA in theobromine,”” theophylline”**>%°
and caffeine**®” cocrystals form intramolecular hydrogen

Table 10 The comparison of systems composed of strong hydrogen bonds in theobromine, theophylline and caffeine complexes with mono- and

dihydroxybenzoic acids*?-448587

TBR TPH CAF
2HBA Discrete 1D infinite Discrete
3HBA 1D infinite 1D infinite Discrete
4HBA 1D infinite® 1D infinite MOZDAH - 2D infinite
MOZCUAO1 - discrete
LATBIT - 2D infinite®
23DHBA 2D infinite® 1D infinite 1D infinite®
24DHBA 2D infinite DOPNED - 2D infinite 2D infinite?
DEYREF - 2D infinite®
25DHBA 1D infinite 2D infinite 1D infinite
26DHBA 2D infinite® 1D infinite® xP
34DHBA 2D infinite WOCHON - 2D infinite x€
WOCHONO02 - 2D infinite
35DHBA 2D infinite 2D infinite 3D infinite®

“ Infinite system with water molecule participation. ® CAF-26DHBA complex not found in the literature and in the CSD.** ¢ Cocrystal was
obtained, which was confirmed by powder XRD patterns, but cocrystallization of these substances did not give good quality monocrystals.**

This journal is © The Royal Society of Chemistry 2019
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bonds  O-Hpydroxyi'"O=Ccarboxyl- ~ This  observation s
compatible with one of the principles given by Etter:”>

“6-membered-ring intramolecular hydrogen bonds form in
preference to intermolecular hydrogen bonds.”

Therefore, the participation of this group in the
intermolecular hydrogen bond formation was doubtful.** An
exception is the structure of (TBR-H)"-(26DHBA) -H,0O where
one hydroxyl group is also a proton acceptor from a water
molecule. The same situation is found in the CAF-23HBA-H,O
cocrystal hydrate.** The ortho-hydroxyl groups in TPH-2HBA
and TPH-25HBA cocrystals form intermolecular O-
Hpydroxy1" "*O=Ccarboxyi  hydrogen bonds together with the
carboxyl group in the neighboring acid molecule. The
imidazole nitrogen atom in TPH-24HBA is a proton acceptor
from the o-hydroxyl group.”> The fact of intermolecular
hydrogen bond formation by ortho-hydroxyl groups in TBR,
TPH and CAF cocrystals is difficult to explain so far and
research in this area is ongoing.*?

5. Conclusions

We prepared six new theobromine derivatives. Four
theobromine cocrystals with 2,4-dihydroxy-, 2,5-dihydroxy,

3,4-dihydroxy and 3,5-dihydroxybenzoic acids, one TBR
23DHBA-H,0 cocrystal hydrate and one salt hydrate
containing a  theobrominium  cation and @ 2,6-

dihydroxybenzoate anion were obtained by slow evaporation
from solution and they were characterized by a single X-ray
diffraction method. The powder XRD patterns confirmed the
possibility of synthesis of these complexes by neat or liquid-
assisted grinding. The UV-vis spectral measurements showed
the improvement of theobromine solubility in water after
cocrystallization. For neutral complexes, with no proton
transfer, a 4.4- to 26.5-fold improvement in solubility
compared to pure theobromine was demonstrated. For the
salt monohydrate (TBR-H)"-(26DHBA) -H,0O, there is a 100-
fold improvement in the theobromine solubility in water in
relation to the pure alkaloid. For five theobromine cocrystals,
the simultaneous thermal analysis showed an improvement
in thermal stability after cocrystallization. Four samples
(TBR-24DHBA, TBR-25DHBA, TBR-34DHBA and
TBR:35DHBA) display a sharp melting endotherm, indicating
highly crystalline materials. A lower melting endotherm is
uncommon in cocrystals but reports for low melting-point
cocrystals are available in the literature.’’ >

In this paper, supramolecular analysis with homo- and
heterosynthons responsible for self-organizing molecules in
theobromine solids with mono- and dihydroxybenzoic
acids was presented. Homosynthon amide-amide between
two theobromine molecules with an exo-oxygen atom is
more favorable than that with endo-oxygen atom
participation. In most cases, the oxygen atoms not
involved in TBR-TBR homodimer formation are proton
acceptors from the hydroxyl group or water molecule(s).
The acid-acid homosynthon occurs only in the TBR
-4HBA-H,O cocrystal hydrate. In the intermolecular O-

7386 | CrysttngComm, 2019, 21, 7373-7388
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H:Nimidazole hydrogen bond, the carboxyl group is more

often a proton donor than the hydroxyl group. In each
solid, where the coformer has an ortho-hydroxyl group, an

intramolecular O-H--*O hydrogen bond is formed.
Additionally, in (TPH-H)"-(26DHBA) -H,0, one
ortho-hydroxyl group accepts a proton from a water

molecule. The pK, values of coformers do not affect the
formation of particular supramolecular synthons by
theobromine. These conclusions show how difficult it is
to design a cocrystal structure from molecules containing
many hydrogen-bonding groups. Our studies are in line
with the trend of structural research and supramolecular
synthon hierarchy in organic cocrystals. The similarities
and differences in the formation of specific synthons
presented in this paper are certainly important
information in the topic of preferred synthons, not only
in purine alkaloid cocrystals, indicating the need for
further research in the field of organic cocrystal design.
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