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Abstract: Co-crystallization experiments of 4-halophenylboronic acid with several pharmaceutical
compounds (including aciclovir, caffeine, nitrofurazone, and proline) produced several new molecular
complexes. The experiments involved varying the solvent and the molar ratio of boronic acid to a
pharmaceutical compound (e.g., 1:1, 2:1, 1:2). The screening process for new crystal phases revealed
that the formation of the different molecular complexes was strongly influenced by the molar ratio
and the presence or absence of water in the solvent. The new molecular crystals were characterized
through single crystal X-ray diffraction and differential scanning calorimetry (DSC) analyses. The
single crystal analyses of the molecular complexes revealed an unexpected variety in the hydrogen
bonding network interactions that can be produced by the –B(OH)2 motif.
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1. Introduction

The predictable and repeatable establishment of weak intermolecular interactions
underlies co-crystal formation and is often stated as a “pillar” in crystal engineering [1].
One usually associates those interactions with hydrogen bonding, though the contribution
of different types of several other weak interactions (e.g., π . . . π, CH3 . . . π, CH . . . O etc.)
is not always accounted for. Normally the three-dimensional arrangement of the molecules
in the crystal tends to produce the densest packing and to accommodate the greatest number
of weak interactions, taking into account their strength, directionalities, etc. In order to
obtain the densest packing, a molecule of the solvent(s) may also be incorporated, and thus
crystal solvates are obtained. Using a preliminary designed scheme based on the expected
appearance of a reproducible hydrogen bonding interaction (motif), one can attempt and
eventually control the initial assembly of the molecules constructing the solid crystalline
state. The ability to intentionally alter a specific atom or group in the molecule would
allow finetuning of the crystallization process. Even minimal isostructural/isotypical
variations at the molecular structure level (e.g., substitution or rearrangement, permutation
of atoms, replacement of one functional group with another) often drastically changes
unit cell parameters and the space group and produces entirely new crystalline phases.
Crystal engineering is hampered by the appearance of unpredictable polymorphic forms
that are related to the ability of a particular molecular species to exist in different crystalline
arrangements [2–5]. Although the concept is simple and straightforward, i.e., identify a
repeatable intermolecular bonding motif and implement it for obtaining a desired “pair up”
or pattern, in practice one may find that nothing goes according to the envisaged scheme.
Boron-containing compounds, and in particular boronic acids, R–B(OH)2, are of interest for
applications in organic synthesis (Suzuki reaction) [6,7], macromolecular chemistry [8–10],
crystal engineering [11,12], and molecular recognition (sugar sensors) [13,14]. In addition,
pharmaceutical chemistry shows an increasing interest for boron compounds, since some of
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them have shown antitumor (Bortezomib) [15,16], antiviral [17], antifungal [18], or cytotoxic
properties [19]. Organic boronic acids possess a –B(OH)2 moiety that can theoretically
participate in the establishment of predictable and repeatable R2

2(8) hydrogen bonding
interactions [20,21]. Thus, boronic acids can be used as a building block in the preparation
of molecular complexes based on the possible self-complementary interaction pattern. One
should note that –B(OH)2 moiety has a conformational flexibility regarding hydroxyls
hydrogen atom (H atom). The B(OH)2 moiety H atom orientation and positioning is
formally distinguished as syn/syn, syn/anti, and anti/anti [22]. In this article, we report on
co-crystallization trials of 4-chlorphenylboronic acid (4ClB) with a series of pharmaceutical
drugs, namely: Theophylline (TEO), Caffeine (CAF), Nitrofurazone (NIT), Aciclovir (ACL),
Diltiazem (DIL), Paracetamol (PAR), Indometacine (IND), some amino acids Proline (Pro),
Serine (Ser), Phenylalanine (Phe), and Arginine (Arg). These drugs have a broad application
in practice, and many of them are used in different fields of medicine. Of interest are
the studies of the mentioned drugs in the treatment of cognitive impairment caused by
diseases such as dementia and Alzheimer’s (AD). Caffeine [23,24], Theophylline [25],
Indometacine [26], Diltiazem [27], and particularly Aciclovir [28–30] are the subject of
modern studies in the field of symptomatic improvement in the pathogenesis of AD patients.
In addition, there are recent studies which report the improvement in the treatment of AD
by the use of boron-containing compounds such as Aβ aggregation inhibitors and boronic
acids which prevent drug leakage for AD combination treatments [31–34]. The co-crystals
reported in the article could serve as a reliable starting point to improve existing drugs and
expand their application.

2. Materials and Methods
2.1. Materials

The active pharmaceutical ingredients were purchased from Sigma Aldrich (Merck;
Darmstadt, Germany), and the boronic acid was purchased from Frontier Scientific Inc.
(Newark, DE, USA). All the solvents for the co-crystallization experiments were purchased
from Sigma Aldrich (Merck; Darmstadt, Germany) and Alfa Aesar (Kandel, Germany)
and were used without further purification. The co-crystallization experiments were per-
formed using L-proline hydrate (P8865 Sigma Aldrich; Darmstadt, Germany), not a racemic
D,L-proline mixture.

2.2. Co-Crystallization Experiments

The co-crystallization experiments were carried out with 1:1, 1:2, and 2:1 molar ratios
of boronic acids vs drugs/amino acid. The compounds were carefully mixed in an agate
mortar (manual grinding) and then dissolved in water, ethanol, methanol, or 1:1 v/v mix-
tures of water:ethanol, water:methanol, or ethanol:methanol (depending on the solubility
of each compound). Crystals (co-crystals) of 4ClB:PRO (1:1), 4ClB:NIT (1:1), 4ClB:ACL (1:1),
4ClB:TEO (1:1), and 4ClB:CAF (2:1) were obtained by slow evaporation of the solutions at
room temperature. No co-crystal formation was observed from the systems involving 4ClB
with Ser, Phe, and Arg.

2.3. Single Crystal X-ray Diffraction (SCXRD)

Single crystals of synthesized derivatives with suitable size and diffracting quality
were mounted on nylon loops. The diffraction data were collected on a Supernova diffrac-
tometer equipped with a micro-focus X-ray source (MoKα radiation, λ = 0.71073 Å) and
an Atlas CCD detector. The collected data were processed with CrysalisPro software
(version-171.42.58a; Rigaku Oxford Diffraction: Oxford, UK) [35]. The structures were
solved with intrinsic methods and refined by the full-matrix least-squares method on F2

(ShelxT and ShelxL [36,37] program packages using OLEX2-ver. 1.5 software [38]. All
the nonhydrogen atoms were located successfully from the Fourier map and were refined
anisotropically. The hydrogen atoms were placed on calculated positions riding on the par-
ent carbon atoms (Ueq = 1.2 for C-Haromatic = 0.93 Å and C-Hmethylenic = 0.97 Å). The N–H
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and O–H hydrogen atoms were located on difference Fourier maps and refined isotropically.
Ortep-3v2 software [39] was used to prepare the figures. Complete crystallographic data
for the structure of compounds 1–5 reported in this paper have been deposited in the CIF
format with the Cambridge Crystallographic Data Center as 2236720–2236724, respectively.

2.4. Powder X-ray Diffraction (PXRD)

Powder XRD patterns were determined for the physical powder of compounds 1–5 to
establish crystalline properties, purity, and the eventual presence of polymorphs. Powder
samples of the synthesized co-crystals were analyzed on an Empyrean Powder X-ray
diffractometer (Malvern Panalytical, Almelo, The Netherlands) in the 2–50◦ 2θ range using
Cu radiation (λ = 1.5406 Å) and PIXcel3D detector. The diffraction patterns of the co-crystals
were compared with those of the starting compounds and those computed from SCXRD
pattern to confirm the presence or absence of additional phases (Figures S1–S5).

2.5. Thermal Analysis (DSC)

Differential scanning calorimetry was conducted to estimate the thermotropic prop-
erties and thermal behaviors of the new co-crystals. DSC analyses were performed on a
Discovery DSC250 (TA instruments, New Castle, DE, USA). Samples weighing between
1 and 5 mg were heated in aluminum pans from 20 to 350 ◦C (10 ◦C·min−1) in argon
(flow rate 10 mL·min−1). The endothermic/exothermic effects of the solvent evaporation,
melting point, and decomposition of the synthesized compounds were determined from
the DSC experiments.

2.6. Thermogravimetric Analysis (TGA)

The weight loss of a sample as a function of temperature is typically assessed by
thermogravimetric analysis (TGA). The TGA was performed on a Q50 analyzer (TA Instru-
ments) using ~10 mg of sample placed in a ceramic crucible. Measurements were made in
the temperature range of 20 to 350 ◦C with a heating rate of 10 ◦C/min under a nitrogen
flow rate of 25 mL/min.

3. Results and Discussion

Although the possible formation of molecular complexes based on 4-halophenylboronic
acids has been reported [21], a search in the Cambridge Structural Database [40] (CSD Version
2022.2; August 2022) yielded only 39 structures [12,21,22,41–44] for 4-Halophenylboronic
acids (Halo = Cl, Br or I) with eleven structures containing the 4ClB molecule [12,21,43,45].
Of the eleven structures containing the 4-chlorophenylboronic acid, in six the B(OH)2 con-
formation is syn/anti (NIQYUI, RORMOC, RORMUI, RORNOD RORPOF, and ULUQUP)
and in five (RORMIW, TAZBII, TAZLAK, TAZLEO, and TAZPIW) the conformation is
syn/syn. Similarly, for 4-iodo and 4-bromophenylboronic acid, six structures show syn/syn
conformation, three exhibit simultaneously syn/syn and anti/anti conformation, and the
remaining eleven have syn/anti conformation (FETZUA has been excluded due to the
improbable position of the hydrogens, while BPHBAC has no H atoms). Compared to the
conformational preferences of aromatic boronic acids 81%, 13%, and 6% [22], and 70%, 23%,
and 7% (from 240 structures, CSD Version 5.37) for syn/anti; syn/syn; and anti/anti conforma-
tions, respectively, in the case of 4-halophenylboronic acids the conformational preferences
are not as pronounced (59%, 26% and 15%), with the main conversion occurring for syn/anti
to syn/syn. Nevertheless, the design of the co-crystals acknowledged the domination of
the syn/anti conformation. The newly obtained co-crystals were characterized by single-
crystal analysis and DSC. The most important data collection and refinement parameters
for 4ClB:PRO, 4ClB:NIT, 4ClB:ACL, 4ClB:TEO, and 4ClB:CAF are provided in Table 1. The
ORTEP view of the molecules in the ASU of compounds 1–5 with the appropriate labeling
scheme is shown on Figure 1. The structural description of the obtained co-crystals is
discussed in the next section.
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From the molecular structures (Figure 1), it is evident that the –B(OH)2 moiety of
the boronic acid is predominantly in the syn/anti conformation, with the exception of the
4ClB:PRO supramolecular assembly.

Table 1. The most important data collection and refinement parameters for 4ClB:PRO, 4ClB:NIT,
4ClB:ACL, 4ClB:TEO, and 4ClB:CAF.

Compound 1 2 3 4 5

4ClB:PRO 4ClB:NIT 4ClB:ACL 4ClB:TEO 4ClB:CAF
CCDC number 2236720 2236721 2236722 2236723 2236724

Formula C11H15BO4ClN C12H12BClN4O6 C14H17BClN5O5 C13H14BClN4O4 C40H44B4Cl4N8O12
Formula weight 271.50 354.52 381.58 336.54 1013.87
Temperature/K 290.0 (2) 290.0 290 (2) 290 (2) 290 (2)
Crystal system monoclinic triclinic monoclinic triclinic triclinic

Space group P21 P-1 P21 P-1 P-1
a/Å 6.6059 (7) 6.8833 (5) 4.0007 (4) 7.5153 (6) 7.2639 (4)
b/Å 7.7320 (8) 7.2705 (5) 11.0858 (8) 9.4796 (13) 17.9480 (14)
c/Å 13.0643 (13) 17.7274 (9) 19.5865 (13) 11.9034 (8) 20.1908 (14)
α/◦ 90 93.911 (5) 90 85.806 (8) 115.949 (7)
β/◦ 102.532 (11) 96.519 (5) 95.837 (7) 80.073 (7) 94.592 (5)
γ/◦ 90 117.499 (7) 90 68.837 (12) 93.700 (5)

Volume/Å3 651.38(12) 774.49 (10) 864.17 (12) 778.93 (15) 2344.7 (3)
Z 2 2 2 2 2

ρcalcg/cm3 1.384 1.520 1.466 1.435 1.436
µ/mm−1 0.298 0.285 0.258 0.270 0.322

F(000) 284.0 364.0 396.0 348.0 1048.0
Crystal size/mm3 0.25 × 0.24 × 0.2 0.24 × 0.2 × 0.16 0.35 × 0.15 × 0.15 0.35 × 0.3 × 0.15 0.35 × 0.2 × 0.15

Radiation MoKα

(λ = 0.71073)
MoKα

(λ = 0.71073)
MoKα

(λ = 0.71073)
MoKα

(λ = 0.71073)
MoKα

(λ = 0.71073)
2Θ range for data

collection/◦ 6.39 to 62.25 6.378 to 61.844 6.272 to 57.708 5.738 to 62.162 5.662 to 58.416

Index ranges
−9 ≤ h ≤ 6,
−11 ≤ k ≤ 7,
−18 ≤ l ≤ 18

−9 ≤ h ≤ 9,
−10 ≤ k ≤ 9,
−25 ≤ l ≤ 23

−4 ≤ h ≤ 5,
−12 ≤ k ≤ 13,
−25 ≤ l ≤ 25

−9 ≤ h ≤ 10,
−13 ≤ k ≤ 12,
−16 ≤ l ≤ 17

−9 ≤ h ≤ 8,
−21 ≤ k ≤ 24,
−27 ≤ l ≤ 24

Reflections
collected 4160 8671 4180 8481 18,637

Independent
reflections/Rfactors

2700
Rint = 0.0310,

Rsigma = 0.0657

4307
Rint = 0.0217,

Rsigma = 0.0386

2899
Rint = 0.1390,

Rsigma = 0.1157

4415
Rint = 0.0287,

Rsigma = 0.0432

10,462
Rint = 0.0799,

Rsigma = 0.1092
Data/restraints/

parameters 2700/1/163 4307/0/219 2899/1/242 4415/0/212 10,462/0/639

GOF on F2 0.952 1.037 1.053 1.061 1.098
Final R indexes

[I> = 2σ (I)]
R1 = 0.0550,

wR2 = 0.1233
R1 = 0.0519,

wR2 = 0.1094
R1 = 0.0752,

wR2 = 0.1803
R1 = 0.0599,

wR2 = 0.1682
R1 = 0.0953,

wR2 = 0.2377
Final R indexes

[all data]
R1 = 0.1223,

wR2 = 0.1551
R1 = 0.0898,

wR2 = 0.1293
R1 = 0.0927,

wR2 = 0.2027
R1 = 0.1009,

wR2 = 0.2029
R1 = 0.1527,

wR2 = 0.2901
Largest diff.

peak/hole/e Å−3 0.17/−0.16 0.28/−0.24 0.28/−0.39 0.30/−0.30 0.88/−0.58
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Figure 1. Ortep view of the molecules present in the ASU of (a) 4ClB:Pro (1:1), (b) 4ClB:NIT (1:1), (c) 
4ClB:ACL (1:1), (d) 4ClB:TEO (1:1), and (e) 4ClB:CAF (2:1). 
Figure 1. Ortep view of the molecules present in the ASU of (a) 4ClB:Pro (1:1), (b) 4ClB:NIT (1:1),
(c) 4ClB:ACL (1:1), (d) 4ClB:TEO (1:1), and (e) 4ClB:CAF (2:1).
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Co-crystals of compound 1 4ClB:PRO were obtained from the 1:1 molar ratio of 4ClB:PRO
from the water/ethanol solution (1:1 v/v). The crystal structure of 4ClB:Pro is isostruc-
tural to LOXHAJ [41] with structure similarity parameters: S = 0.0165, dmax. = 0.5985 (Å),
dav. = 0.2911 (Å), ∆ = 0.111 [46,47] (after transforming 1 with (P, p): −c,−b,−a; 0, −0.77209,
−1/2), COMPSTRU [47,48]. The difference in the relative position of the Cl and I atoms is
0.1721 Å. As one would expect, the –B(OH)2 group in structure 1 (4ClB:PRO) is in syn/syn
conformation. Thus, the hydrogen bonding between B(OH)2 groups is prohibited, due
to the fact that steric hindrance and the hydrogen bonding occur between the proline
carboxylic group and the –B(OH)2 moiety from 4ClB. In the crystal structure, the pro-
line molecule is present as a zwitterion. The transfer of a proton from COO– to NH2

+

results in a tetrahedral conformation of the N (sp3 hybridization), allowing the two hydro-
gen atoms of NH2

+ to interact with the available acceptors from the B(OH)2 and COO–

groups. The result is the observation of three more hydrogen bonding interactions (Figure 2
and Table 2). Previous studies suggested that the formation of the anionic –B(OH)2 . . .
–OOC– heterosynthon is energetically more favorable than the –B(OH)2 . . . HOOC– R2

2(8)
motif [49,50].
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Figure 2. Observed hydrogen bonding interactions (shown as dotted lines) in 1.

Table 2. Observed weak interactions in 1.

D H A d(D-H)/Å d(H-A)/Å d(D . . . A)/Å D-H-A/◦

O1 H1 O3 1 0.94 1.77 2.672 (5) 159.7
O2 H2 O3 1 0.98 2.64 3.460 (5) 142.0
O2 H2 O4 1 0.98 1.66 2.589 (5) 158.0
N1 H1A O1 2 1.03 2.20 3.050 (5) 138.2
N1 H1A O4 1.03 2.03 2.616 (5) 113.4
N1 H1B O2 3 0.89 2.29 2.924 (5) 127.6
N1 H1B O3 4 0.89 2.47 3.205 (5) 140.8

1 −1 + x, + y, −1 + z; 2 + x, + y, 1 + z; 3 −x,−1/2 + y, 1 − z; 4 −1 + x, + y, + z.

Further analysis of the close contacts present in the crystal structure of 4ClB:PRO
revealed that the chlorine atom is not involved in weak interactions. A somewhat distorted
T-type C–H . . . π interaction (3.289 Å) is observed between the phenyl rings (Figure 3).
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interaction (3.289 Å) between phenyl rings.

In view of the almost identical hydrogen bonding interactions observed in LOXHAJ
and 1, this is a clear example of the potential of 4-haloboronic acids for isostructural design.

Interestingly, co-crystallization trials involving 4ClB and the amino acids (AA) Ser,
Phe, and Arg were unsuccessful. It is interesting to point out that the co-crystallization
cannot be related to the variation in common AA descriptors such as the pKa and pKb
values (from the used AA, only Arg has pKx side chains), hydrophobicity/hydrophilicity
(Pro and Arg are hydrophobic, Ser neutral, and Phe hydrophylic), etc.

The DSC thermograms of compound 1, proline hydrate and 4-chlorophenylboronic
acid, are shown on Figure 4a. The comparison of the observed endothermic effects (e.g.,
temperature) reveals that that the co-crystal thermal comportment is different from that
of the two starting compounds. The DSC of proline shows two endothermic effects
at ~56 and 228 ◦C. The first effect can be associated with the release of the water molecules.
This is supported by the TGA analysis registering ~14% losses corresponding to one
molecule of water (Figure 4b). The second endothermic effect is the melting of the proline
followed by decomposition (broad peak at 235 ◦C). The 4-chlorophenylboronic acid ther-
mogram displays only one effect at ~295 ◦C associated with the melting of the substance.
The DSC of the co-crystal between 4-chlorophenylboronic acid and proline discloses also
only endothermic effects. The first and second ones are detected at 66 and 117 ◦C, but the
TGA does not register weight losses. Thus, those effects can be related to destruction of the
co-crystal and some molecular rearrangements. The melting of the co-crystals is observed
at 252 ◦C and is accompanied by significant weight losses (Figure 4b).
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Figure 4. DSC thermograms of (a) compound 1 (red), proline (green), and 4-chlorophenylboronic
acid (blue) showing the endothermic effects and (b) TGA of compound 1 and proline hydrate.

Co-crystals of compound 2 (4ClB:NIT) were obtained from a 2:1 molar ratio of
4ClB:NIT from a water/ethanol solution (1:1 v/v). Nitrofurazone (Furacilin, nitrofural) is
a compound with bactericidal properties [51]. Molecules of 4CLB and NIT co-crystallize
in the P1 space group with one molecule NIT and one molecule 4CLB in the asymmetric
unit. The angle between the mean planes of the B(OH)2 group and the benzyl ring is
15.67 (8)◦. The NIT molecule is nearly planar with rmsd of 0.031 Å. The hydrogen atoms
of the –B(OH)2 group in the structure 2 are in syn/anti conformation, and thus adjacent
4CLB molecules produce the R2

2(8) motif (Figure 4 and Table 3), typical for boronic acids.
NIT molecules also produce a R2

2(8) motif through the amide group. The homodimmers
of 4CLB and NIT interact “laterally” through N3-H3 . . . O1 and O2-H2 . . . O14 = C15
(Figure 4 and Table 3). The NO2 group and the Cl atom are facing each other, and a typical
halogen bonding interaction NO2 . . . Cl (3.165 Å) is detected [52,53]. In addition, the
three-dimensional arrangement of the molecules in the crystal structure shows that the
4CLB and NIT molecules are positioned on top of each other; thus, Cl δ+ interacts with
O– while Cl δ- is compensated by the nitro group N+ (Figure 5). The three-dimensional
arrangement of the molecules of 2 (Figure 6) is such that no suitable acceptor is available
for the second hydrogen (H4B) of the amide moiety.

Table 3. Observed hydrogen and weak interactions in 2.

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/◦

O2 H2 O14 1 0.82 2.01 2.7821 (19) 155.7
O1 H1 O2 1 0.82 1.99 2.8019 (19) 170.8
N3 H3 O1 0.86 2.55 3.244 (2) 139.0
N3 H3 O14 2 0.86 2.39 3.030 (2) 131.2
N3 H3 O2 0.86 2.838 3.351 (3) 120.1
N4 H4A O14 3 0.86 2.05 2.911 (2) 174.7
Cl1 - O12 - 3.165 - -

1 2 − x, 2 − y, 2 − z; 2 2 − x, 1 − y, 2 − z; 3 3 − x, 1 − y, 2 − z.
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The comparison of the recorded powder diffraction pattern of the 4ClB:NIT and
that calculated from the SCXRD data (Figure S2) reveals the presence of additional re-
flections, clearly discernible at 8.73, 8.82, 8.96, 18.5, and 18.8◦ 2θ in the PXRD. The ad-
ditional reflections cannot be related to the diffraction resulting from known phases
of the starting compounds Nitrofurazone (WERVEU01, WERVEU02, and 00-047-2223),
4-chlorophenylboronic acid (NIQYUI), or unindexed patterns present in the ICDD, e.g.,
00-015-1133 and 00-033-1787. As Nitrofurazone shows a tendency to produce polymorphs,
it is possible that a co-crystal with another molecular geometry of the NIT molecule may
be produced.

The DSC thermograms of compound 2, Nitrofurazone and 4-chlorophenylboronic acid,
are shown in Figure 7a,c. The comparison of the observed endothermic and exothermic effects
(e.g., temperature) reveals that that the co-crystal thermal comportment is different from that
of the two starting compounds. The DSC of Nitrofurazone shows one exothermic associated
with the sublimation and supported by TGA (Figure 7d). The 4-chlorophenylboronic acid
thermogram displays one effect at ~295 ◦C associated with the melting of the substance.
The DSC of the co-crystal between 4-chlorophenylboronic acid and Nitrofurazone discloses
endothermic effects at ~58 and 107 ◦C; the first one is sharp and relatively weak compared to
the second one. In this temperature range, the TGA does not detect weight losses; thus, the
endothermic effects are again related to the destruction of the co-crystal. The last maximum is
exothermic with a maximum at 238 ◦C, and by association the sublimation of the Nitrofurazone
as TGA registers significant weight losses (Figure 7b).
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Figure 7. DSC thermograms of (a) compound 2 (red), nitrofurazone (green), and
(c) 4-chlorophenylboronic acid (blue) showing the endothermic and exothermic effects; TGA of
(b) compound 2 and (d) nitrofurazone.

Co-crystals of compound 3 (4ClB:ACL) were obtained from a 1:1 molar ratio of
4ClB:ACL from water/ethanol solution with a solvent ratio of 1:1 v/v. The co-crystal of
4ClB:ACL (monoclinic, space group P21) contains one molecule of ACL and one molecule
of 4ClB in the ASU. The B(OH)2 group in structure 3 is in syn/anti conformation. The ob-
served hydrogen bonding reveals an intramolecular hydrogen bond for the ACL molecule.
Homosynthons of ACL produce zigzag chains (R2

2(9) motif) (Figure 8a), and in order to
obtain the densest packing, 4ClB molecule positions in the side groove of the chains. The
B(OH)2 moiety takes part in the hydrogen bonding stabilization while the R–Cl points to-
wards the open space. Thus, the 4ClB of the different chains intertwine, and a halogen bond
(Cl . . . H23A-C23 of 2.955 Å) between 4CLB and ACL produces pseudo-layers (Figure 8b).

The DSC thermograms of compound 3, aciclovir and 4-chlorophenylboronic acid, are
shown in Figure 10a. The comparison of the observed endothermic effects (e.g., tempera-
ture) reveals that that the co-crystal thermal comportment is different from that of the two
starting compounds. The DSC of aciclovir shows one well-visualized endothermic effect
at ~255 ◦C related to the melting of ACL. The decomposition of ACL accompanies the melt-
ing, although it finishes after the melting, as seen in Figure 10. The 4-chlorophenylboronic
acid thermogram displays one effect at ~294 ◦C associated with the melting of the sub-
stance. The DSC of the co-crystal between the 4-chlorophenylboronic acid and the aciclovir
discloses also only endo effects but at lower temperatures. The first endothermic effect is
complex, with a sharp maximum at ~99 ◦C. At the same temperature, no effects are detected
for 4CLB and ACL. Interestingly, the TGA of compound 3 reveals weight losses starting
at 30 ◦C and finishing after ~100 ◦C. The weight losses are related to at least two steps of
the TGA curve (Figure 10b). Thus, the destruction and melting at 99 and 112 ◦C, respec-
tively, of the 4CLB-ACL co-crystal occur at lower temperatures than those of 4CLB-PRO
and 4CLB-NIT.
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Figure 8. Visualization of (a) the hydrogen and halogen bonding interaction in 3 and (b) schematic of
the pseudo-layer construction.

In addition to the abovementioned HB and XB interactions, C-H . . . O and C-H . . .
π interactions are responsible for the stacking of the molecules (Figure 9), i.e., the pseudo
layers are stacked.

Crystals 2023, 13, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 8. Visualization of (a) the hydrogen and halogen bonding interaction in 3 and (b) schematic 
of the pseudo-layer construction. 

In addition to the abovementioned HB and XB interactions, C-H…O and C-H…π 
interactions are responsible for the stacking of the molecules (Figure 9), i.e., the pseudo 
layers are stacked. 

 
Figure 9. Observed weak C-H…O and C-H…π interactions in 3. 

The DSC thermograms of compound 3, aciclovir and 4-chlorophenylboronic acid, are 
shown in Figure 10a. The comparison of the observed endothermic effects (e.g., tempera-
ture) reveals that that the co-crystal thermal comportment is different from that of the two 
starting compounds. The DSC of aciclovir shows one well-visualized endothermic effect 
at ~255 °C related to the melting of ACL. The decomposition of ACL accompanies the 
melting, although it finishes after the melting, as seen in Figure 10. The 4-chlorophenyl-
boronic acid thermogram displays one effect at ~294 °C associated with the melting of the 
substance. The DSC of the co-crystal between the 4-chlorophenylboronic acid and the 
aciclovir discloses also only endo effects but at lower temperatures. The first endothermic 
effect is complex, with a sharp maximum at ~99 °C. At the same temperature, no effects 
are detected for 4CLB and ACL. Interestingly, the TGA of compound 3 reveals weight 
losses starting at 30 °C and finishing after ~100 °C. The weight losses are related to at least 
two steps of the TGA curve (Figure 10b). Thus, the destruction and melting at 99 and 112 

Figure 9. Observed weak C-H . . . O and C-H . . . π interactions in 3.

Crystals 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

°C, respectively, of the 4CLB-ACL co-crystal occur at lower temperatures than those of 
4CLB-PRO and 4CLB-NIT. 

 
Figure 10. DSC thermogram of (a) compound 3 (green), aciclovir (red), and 4-chlorophenylboronic 
acid (blue) showing the endothermic effects and (b) TGA of compound 3 and aciclovir. 

Co-crystals of compound 4 (4ClB:TEO) were obtained by Shimpi et al. [43] from a 1:1 
molar ratio of 4ClB:TEO and by slow evaporation of an ethanol solution. In the present 
study, the co-crystals were obtained in a similar way, e.g., 1:1 molar ratio of 4ClB:TEO, 
but with a water/ethanol solution (1:1 v/v ratio). The co-crystal of 4CLB:TEO (Triclinic, P1 
space group) is isostructural to the one reported by Shimpi et al. [43], and the B(OH)2 
group in the structure of 4 is also in syn/anti conformation. The observed weak interactions 
in 4 are in accordance with the previously reported structure of 4ClB:TEO [43] and follow 
the suggested in ref. 21 reproducible characteristics of noncovalent bonds in 4-halophenyl-
boronic acids. Briefly, intermolecular hydrogen bonds are observed between B(OH)2 moi-
ety and the imidazole N atoms and carbonyl O atoms of the TEO molecule, forming a ring 
(void). Intermolecular hydrogen bonds (N1H1…O12) are present between adjacent TEO 
molecules, producing a 𝑅 (10) motif (Figure 11). 

 
Figure 11. Visualization of (a) the hydrogen and halogen bonding interaction in 4 and (b) the 
pseudo-layer construction based on hydrogen bonding and π…. π interactions. 

The DSC thermograms of the co-crystal 4, theophylline and 4-chlorophenylboronic 
acid, are shown in Figure 12a. The DSC is quite similar to that of compound 3, where the 
starting compounds melt at higher temperatures, while the co-crystal exhibits endother-
mic effects (~59 and ~76 °C) and presumably melting at lower temperatures. Indeed, TEO 
and 4CLB melting occurs at 271 and 291 °C, respectively, while the highest endothermic 

Figure 10. DSC thermogram of (a) compound 3 (green), aciclovir (red), and 4-chlorophenylboronic
acid (blue) showing the endothermic effects and (b) TGA of compound 3 and aciclovir.



Crystals 2023, 13, 468 12 of 17

Co-crystals of compound 4 (4ClB:TEO) were obtained by Shimpi et al. [43] from
a 1:1 molar ratio of 4ClB:TEO and by slow evaporation of an ethanol solution. In the
present study, the co-crystals were obtained in a similar way, e.g., 1:1 molar ratio of
4ClB:TEO, but with a water/ethanol solution (1:1 v/v ratio). The co-crystal of 4CLB:TEO
(Triclinic, P1 space group) is isostructural to the one reported by Shimpi et al. [43], and the
B(OH)2 group in the structure of 4 is also in syn/anti conformation. The observed weak
interactions in 4 are in accordance with the previously reported structure of 4ClB:TEO [43]
and follow the suggested in [21] reproducible characteristics of noncovalent bonds in
4-halophenylboronic acids. Briefly, intermolecular hydrogen bonds are observed between
B(OH)2 moiety and the imidazole N atoms and carbonyl O atoms of the TEO molecule,
forming a ring (void). Intermolecular hydrogen bonds (N1H1 . . . O12) are present between
adjacent TEO molecules, producing a R2

2(10) motif (Figure 11).
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Figure 11. Visualization of (a) the hydrogen and halogen bonding interaction in 4 and (b) the
pseudo-layer construction based on hydrogen bonding and π . . . . π interactions.

The DSC thermograms of the co-crystal 4, theophylline and 4-chlorophenylboronic
acid, are shown in Figure 12a. The DSC is quite similar to that of compound 3, where the
starting compounds melt at higher temperatures, while the co-crystal exhibits endothermic
effects (~59 and ~76 ◦C) and presumably melting at lower temperatures. Indeed, TEO and
4CLB melting occurs at 271 and 291 ◦C, respectively, while the highest endothermic effect
for 4 is registered ~240 ◦C. The TGA of Theophylline (Figure 5b) registers only weight
losses associated with the melting. On the other hand, the TGA of the co-crystal 4CLB-TEO
reveals ~6% weight losses up to 60 ◦C and additional 35% weigh loss in the 150–200 ◦C
range and finally in the 220–300 ◦C range.

Co-crystals of compound 5 (4ClB:CAF) were obtained from a 2:1 molar ratio of
4ClB:CAF from a water/ethanol solution (1:1 v/v ratio). The co-crystal of 4ClB:CAF
(Triclinic, P1 space group) contains two molecules of CAF and four molecules of 4CLB in
the ASU. The overlay of the four molecules 4CLB discloses a conserved geometry (rmsd of
0.120 to 0.310 Å), as only the angle between the mean planes of the aromatic ring and the
–B(OH)2 moieties slightly varies (from 5.00 to 28.35◦). In the case of the two CAF molecules,
the situation is similar, with rmsd of 0.254 Å. Although all of the –B(OH)2 groups in 5 are
in syn/anti conformation, the 4CLB molecule hydrogen bonding interaction is different.
Two of the 4CLB molecules produce dimers through the expected R2

2(8) interaction, while
the other two molecules along with the caffeine ones produce R4

4(20) rings (Figure 13).
All the available donors and acceptors are involved in the hydrogen bonding; however, the
crystal packing is additionally stabilized by a multitude of weak C-H . . . O and π . . . π

interactions (Table 4).
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D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
O42 H42 O62 1 0.82 2.07 2.826 (5) 153.9 
O21 H21 N53 2 0.82 2.02 2.796 (5) 157.4 
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Table 4. Observed hydrogen and weak interactions in 5.

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/◦

O42 H42 O62 1 0.82 2.07 2.826 (5) 153.9
O21 H21 N53 2 0.82 2.02 2.796 (5) 157.4
O11 H11 O12 3 0.82 1.95 2.754 (5) 167.2
O32 H32 O51 4 0.82 1.96 2.729 (4) 154.8
C66 H66B O41 5 0.96 2.58 3.510 (6) 163.8
C58 H58B Cl31 6 0.96 2.98 3.910 (5) 164.3
C58 H58C O41 7 0.96 2.60 3.436 (6) 145.8
C68 H68A O31 8 0.96 2.51 3.352 (8) 146.6
C68 H68B Cl41 7 0.96 2.88 3.494 (6) 122.8
C68 H68C O61 0.96 2.63 3.123 (9) 112.3
O41 H41 O61 5 0.75 (4) 2.11 (4) 2.833 (5) 164 (4)
O22 H22 O21 9 0.74 (5) 2.09 (5) 2.829 (5) 171 (5)
O31 H31 O52 8 1.08 (6) 1.75 (6) 2.814 (5) 164 (5)
O12 H12 N63 0.89 (6) 2.01 (6) 2.793 (5) 146 (5)

1 1 + x, −1 + y, + z; 2 −x, −y, 1 − z; 3 −1 − x, 1 − y, 1 − z; 4 +x, +y, −1 + z; 5 1 − x, 1 − y, 2 − z; 6 1 − x, −y, 1 − z;
7 −1 + x, + y, + z; 8 1 − x, 1 − y, 1 − z; 9 −1 − x, −y, 1 − z.

The DSC thermograms of compound 5, caffeine and 4-chlorophenylboronic acid, are
shown in Figure 14a. The DSC is quite similar to that of compound 3 and 4, e.g., the starting
compounds CAF and 4CLB exhibit melting at higher temperatures (at 237 and 291 ◦C,
respectively) accompanied by weight losses (Figure 14b), while the co-crystals exhibit
endothermic effects at lower temperatures. Indeed, the DSC of the co-crystal 5 displays
four endothermic effects (~66, 82, 88, and ~102 ◦C) attributed to the destruction of the
co-crystal and the readjustment of the molecular geometries.
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Figure 14. DSC thermogram of (a) compound 5 (green), caffeine (red), and 4-chlorophenylboronic
acid (blue) showing the endothermic effects and (b) TGA of compound 5 and caffeine.

The co-crystallization trials of 4CLB: Diltiazem, Paracetamol, Indometacine, Serine,
Phenylalanine, and Arginine did not lead to the formation of co-crystals, at least for the
attempted conditions. The attempts produced a mixture of crystal and amorphous phases
(usually with amino acids), two crystal phases of starting compounds, e.g., 4CLB and
Paracetamol, and in some more than two crystalline phases were produced when crystal
solvates are also formed.
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4. Conclusions

In summary, for the first time the synthesis of new 4-chlorophenylboronic acid co-
crystals with pharmaceutically acceptable conformers—such as nitrofurazone, aciclovir,
and caffeine in different stoichiometry (1:1 and 2:1)—were obtained by the slow evaporation
solution growth technique, and the results were reported. The chemical characteristics
of the co-crystals were confirmed by single crystal X-ray diffraction and by the powder
XRD and DSC techniques. The analysis of packing and interactions in the crystal lattice
revealed that molecules in the target co-crystals trough are formed on the basis of the
preferred syn/anti B(OH)2 conformation. Only in one of the five investigated cases was
the B(OH)2 in syn/syn conformation. The single-crystal X-ray diffraction study did not
reveal the existence of the characteristic –B(OH)2 hydrogen bond motif in the structures; on
the contrary, R2

2(8) was detected in 2 and 5, R2
2(9) in 3, R2

2(10) in 4, and R4
4(20) in 5. The

weak π . . . π and C-H . . . O interactions additionally stabilizing the three-dimensional
crystal packing were observed in all the structures. The C-H . . . Cl or N-H . . . Cl halogen
interactions were consistently observed in all of the structures. It was shown that DSC
analyses may be applied to detect the formation of co-crystals. For all five co-crystals, the
DSC thermogram was significantly different than that of the initial reactants. The DSC
of the co-crystals was characterized by endothermic effects at lower temperatures (below
100 ◦C) not present in the initial compounds.
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