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1. Introduction

Evaluation of halogen bonding proclivity of
oxazole derivatives carrying multiple acceptor
sites in cocrystals with perfluorinated
iodobenzenes

Ruder Susanj, © Nikola Bedekovi¢, @ Sara Cerovski, Nea Baus Topic¢, ©
Vinko Nemec @ * and Dominik Cingi¢ ©*

In order to study the competition between halogen bond acceptor sites of multifunctional N,O,X-based
halogen bond acceptors (X = S, O, N or © aromatic ring) we have synthesized a family of oxazole
derivatives and cocrystallized them with selected iodoperfluorinated benzenes as halogen bond donors.
Out of 28 combinations, 19 experiments yielded crystals suitable for single-crystal X-ray diffraction.
Structural analysis revealed that in all of the obtained cocrystals the most prominent supramolecular
interaction is the I'-*Nyxazole halogen bond with relative shortening values of up to 18%, comparable to
I---Npyrigine halogen bond shortening values. The acceptors are ditopic in 10 cocrystals and form additional
[-=*N, I---O or I---n halogen bonds. A majority of cocrystals feature one donor molecule per one acceptor
molecule. In order to rank the acceptor sites and establish how the electrostatic potential differences
impact the supramolecular landscape around these molecules, the values of molecular electrostatic
potentials (MEPs) were calculated on their optimized geometries. These calculations were in agreement
with experimental observations, since the best (most negative MEP value) acceptor binding site in the series
of used oxazoles is the oxazole nitrogen atom. Depending on the difference between MEP values of the
oxazole oxygen atom and the peripheral functionalities, additional halogen bonds could potentially be
formed with one of these acceptor sites, leading to the formation of two different types of halogen-
bonded supramolecular chains.

supramolecular systems. Although research on the use of
halogen bonding in crystal engineering has recently

Since the utilization of halogen bonding® in supramolecular
chemistry and especially in the field of crystal engineering in
the late 1990s,>* there has been an enduring trend of growth
in the volume of research directed towards its application in
property-driven design of molecular solids.” This interest is
not surprising given that these scientific endeavours have
unveiled a diverse array of applications across a wide field
within supramolecular and material science. Photochemically

active materials,””’ multicomponent solids of
pharmacologically ~ active ~ compounds,®™®  explosive
stabilizers'* and molecular recognition™®'® exemplify

merely a fraction of the manifold applications wherein
halogen bonding has exhibited its role in the field of

Department of Chemistry, Faculty of Science, University of Zagreb, Horvatovac 102a,
Zagreb — 10000, Croatia. E-mail: vnemec@chem.pmf.hr, dominik@chem.pmf.hr
 Electronic supplementary information (ESI) available. CCDC 2358783-2358803.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4ce00557k
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broadened to include a wider range of different types of
acceptor species,”'” > by searching the Cambridge Structural
Database (CSD),>* one can find around 3104 deposited data
sets featuring the N---X-D (where X = Br or I, D = C, N, Br or
1) interaction that is consistent with the TUPAC definition of
halogen bond." Somewhat more represented are structures
containing O---X-D halogen bonds with oxygen as the
acceptor (7540 data sets) but less represented are structures
containing S---X-D halogen bonds (943 data sets). A subset of
the above mentioned data corresponds to multicomponent
crystals containing perhalogenated benzenes as classic
halogen bond donors***2® (PHB), C¢YsX (Y = F, CI, Br, I; X =
Cl, Br, I), with 1627 data sets. The best studied and most
reliable acceptors in this data set are nitrogen-containing
species. Currently, the N---Xpyp halogen bond is present in
770 data sets and the most commonly used halogen bond
acceptors are pyridyl nitrogen atoms, with 526 data sets for
the NpyriayrXpus motif.”’ > Furthermore, the O-Xpug
halogen bond is present in 368 data sets. Of those, 130 data

CrystEngComm, 2024, 26, 4137-4145 | 4137
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sets correspond to structures containing the C=O-‘-Xpyp
motif.***? Many of these data have been published in reports
over the past decade dealing with supramolecular hierarchy
of halogen (and hydrogen bonds)*****¢ and research on the
competition/cooperation of acceptor species located on
molecules with multiple acceptor sites (i.e. N,0-, S,0-, N,S,0-,
N,N,0-, N,0,0-based acceptors etc.).*”*> Recently, Aakerdy and
co-workers prepared a family of 13 cocrystals of compounds
carrying both nitrogen- and oxygen-based acceptor sites
together with a hydrogen bond donor species (-NH-) in order
to explore the structural competition between hydrogen- and
halogen bonding.?” They established that in these cocrystals
the interaction between halogen bond donor and acceptor
molecules was either to a Npyrigy (81%), Ocarbonyl (15%) or Cy
(4%). Multifunctional acceptor systems were recently also
studied by Shimizu and co-workers.*> They have examined a
family of tetrafluorodiiodobenzene cocrystals with N,N,0,0-
based acceptors carrying two hydrogen bond donor species (-
NH-), and established that the oxalamide self-assembly
C=O0--"H-N hydrogen bonding motif proved to be strongly
directional and consistent, appearing in all 12 cocrystals,
which, coupled with an additional I---N halogen bonding
motif, afforded well-defined supramolecular architectures.
Our recent research into halogen-bonded systems in which
there is an absence of conventional hydrogen bond donor
species led to a systematic study of S,0- and S,N,0-based
acceptors in cocrystals with perhalogenated aromates.** Out
of 18 combinations, only 7 (39%) yielded cocrystals, although
with a high occurrence of the targeted I---S halogen bonding
motif (71% of all cocrystals), the I--Omorpholine (100% of the
imine cocrystals) as well as the I'*Njnine motif (100%).
Furthermore, we also explored the potential of oxygen and
nitrogen atoms of morpholine and piperazine fragments
which are peripherally located on N,0,0- or N,N,O-based
acceptors.”> The molecular electrostatic potential surfaces
(MEPs) of four acceptors were evaluated, which allowed for a
charge-based ranking. In all cocrystals, halogen bonds are
formed with either the morpholinyl oxygen atom or the
terminal piperazine nitrogen atom with additional I-*-Ocarbonyi
halogen bonding.

Following our previous research, in this work we decided
to explore acceptors carrying nitrogen and oxygen atoms
relatively close together in a cyclic fragment. For this
purpose, we chose oxazole derivatives which contain a
functional group that can be a halogen bond acceptor (S, O,
N or n aromatic ring) in addition to the oxazole fragment on
one side. Oxazoles'® are a class of heterocyclic aromatic
compounds composed of an oxygen, a nitrogen and three sp”
hybridized carbon atoms, and are known for their diverse
biological activities"”*® and potential applications in cancer
treatment*>*® that make them an important class of
compounds for further research. There are around 700 data
sets in the Cambridge Structural Database corresponding to
systems containing the oxazole fragment, but only four of
them feature Br/I'-'Noyazole halogen bonding containing
bromo- and iodoperfluorinated benzenes, mainly focusing on
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luminescence properties.”™>> For this research six acceptors
have been prepared by van Leusen's oxazole synthesis from
corresponding aromatic aldehydes:* 5-(thiophen-3-yl)oxazole
(tfox), 5-(furan-3-yl)oxazole (fox), 5-(pyridin-3-yl)oxazole (pox),
5-(p-nitrophenyl)oxazole (nox), 5-(p-tolyl)oxazole (tolox) and
5-phenyloxazole (phox), Scheme 1. Alongside with the
commercially available benzo[d]oxazole (box), all seven
acceptor molecules have been cocrystallized with selected
perfluorinated iodobenzenes: 1,2-diiodotetrafluorobenzene
(12tfib), 1,3-diiodotetrafluorobenzene (13tfib),
1,4-diiodotetrafluorobenzene (14tfib) and 1,3,5-trifluoro-2,4,6-
triiodobenzene (135tfib). In order to rank the acceptor sites
in target molecules, values of molecular -electrostatic
potentials were calculated on their optimized geometries.

2. Experimental methods
2.1. Synthesis of acceptors

Acceptors (with the exception of box which was used as
purchased) were prepared by the conversion of appropriate
aromatic aldehydes into 5-substituted oxazoles according to
the reported general procedure for van Leusen's reaction.”
All reagents were used as purchased, without purification.
General procedure. In a 250 mL round-bottomed flask
equipped with a reflux condenser, the corresponding
aldehyde (10.0 mmol) was mixed with equimolar amounts of
p-toluenesulfonylmethyl isocyanide (TosMIC) (10.0 mmol,
2.112 g) and potassium carbonate (10.0 mmol, 2.419 g). The
reaction mixture was dissolved in methanol (44.8 mL), and
was then heated, stirred and refluxed at 70 °C for 3 hours.
After cooling to room temperature, distilled water (22.4 mL)
was added and the mixture was stirred for a further 10
minutes at the room temperature. Methanol from the
resulting solution was removed by rotary evaporation. The
residual liquid was transferred to a separatory funnel, and
then extracted with methyl tert-butyl ether (3 x 12 mL). The
combined organic layers were washed with water (5 mL) and
a saturated solution of sodium chloride. The solution was
then dried over anhydrous sodium sulfate and filtered. The

Halogen bond acceptors
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Scheme 1 Molecular structures of halogen bond acceptors and
donors used in this study.
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resultant solution containing the product was used for
cocrystallization  experiments (as  aliquots)  without
purification and yield determination (see ESI} for details).

2.2. Synthesis of single crystal cocrystals

Aliquots (50-300 pL) of the methyl tert-butyl ether solution
obtained by synthesis were transferred into crystallization
vessels containing perfluorinated iodobenzenes dissolved in
an appropriate solvent or mixture of solvents. Crystallization
vessels were left undisturbed either at normal laboratory
conditions (20-25 °C, 40-60% RH) or at 4 °C for a couple of
days until the formation of single crystals suitable for XRD
analysis. The box reactant was first melted and then
dissolved in a solvent or a solvent mixture together with
perfluorinated iodobenzenes (see ESIt for details).

2.3. Thermal analysis

DSC measurements were performed on a Mettler-Toledo
DSC823° instrument. The bulk samples obtained from
crystallization experiments were placed in sealed aluminium
pans (40 uL) with a pinhole made in the top cover, and
heated in flowing nitrogen (150 mL min™") from -10 °C or 25
°C to 300 °C at a rate of 10 °C min~". Data collection and
analysis were performed using the program package STARe
Software 17.00.>*

2.4. Powder X-ray diffraction experiments (PXRD)

PXRD experiments were performed on a Malvern PANalytical
Aeris X-ray diffractometer with CuK,,; (1.54056 A) radiation at
15 mA and 40 kV in Bragg-Brentano geometry. The scattered
intensities were measured with a line (1D) detector. The
angular range was from 5 to 40° (26) with an interpolated
step size of 0.00543322°. Data analysis was performed using
the program Data Viewer.

2.5. Single-crystal X-ray diffraction experiments (SCXRD)

Crystal and molecular structures of the prepared cocrystals
were determined by single crystal X-ray diffraction. Unit cell
parameters and refinement data are listed in ESL} Diffraction
measurements were made on a Rigaku Synergy XtaLAB X-ray
diffractometer with graphite-monochromated MoK, (4 =
0.71073 A) radiation. The data sets were collected using the w
scan mode over the 26 range up to 64°. The CrysAlisPro
program package®® was employed for data collection, cell
refinement, and data reduction. The structures were solved
by direct methods and refined using the SHELXS, SHELXT,
and SHELXL programs, respectively.”’”®  Structural
refinement was performed on F” using all data. Hydrogen
atoms were placed in calculated positions and treated as
riding on their parent atoms. Calculations were performed
using the WINGX or Olex2 crystallographic suites of
programs.®”®® The molecular structures of compounds and
their molecular packing projections were prepared using
Mercury.®*

This journal is © The Royal Society of Chemistry 2024
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2.6. Computational details

All calculations were performed using the Gaussian 16
software package.®” Geometry optimizations of oxazole
molecules, halogen-bonded dimers and trimers as well as
MEP calculations were performed using MO062X/def2-tzvp
level of theory,®® with ultrafine integration grid (99 radial
shells and 590 points per shell). The default Gaussian
convergence criteria were used. The same level of theory was
used to calculate the binding energies on optimized
geometries, employing the Boys-Bernardi counterpoise
scheme to account for basis set superposition error.®*
Harmonic frequency calculations were performed on the
optimized geometries to ensure the success of each geometry
optimization. The figures were prepared using GaussView
5.1.°

3. Results and discussion

Out of 28 combinations, 19 resulted in cocrystals that were
then suitable for SCXRD structural analysis (Fig. 1).
Preparation of the cocrystals from solution has been a
considerable challenge, since most of the prepared acceptors
were obtained in the form of a viscous oil or as low melting
point solids. Cocrystallization of halogen bond donors with
aliquots of solutions containing the prepared acceptors
enabled the preparation of single crystals. This approach,
however, was not favourable for the preparation of pure
crystal bulk, resulting in solids whose PXRD patterns do not
correspond to those simulated from SCXRD data, and/or
whose DSC curves contain multiple or irregular peaks (see
Table S2 in ESIT and Fig. S22-S52). Therefore, according to
PXRD and DSC data we have obtained a pure crystal bulk for
only four cocrystals, (tfox),(14tfib), (tfox)(135tfib), (phox)
(14tfib) and (phox)(135tfib). In the small set of reliable DSC
data we observed that the melting points for these cocrystals
are lower than for pure donors, that tfox cocrystals have
lower melting points than phox cocrystals with the same
donor molecule, and that 135tfib cocrystals have a higher
melting point than 14tfib Crystal structure
determination has revealed that, as anticipated, the main
supramolecular interaction in all obtained cocrystals is the
halogen bond with distances, angles and relative shortening
values]} that follow established trends of dependency on the
acceptor moiety. A majority of cocrystals feature one donor
molecule per one acceptor molecule. Exceptions are
(tfox),(14tfib), (pox)(12tfib), (phox)(12tfib), and
(box);(135tfib). The most consistent trend is the formation of

ones.

1 Relative shortening values (R.S.) describe percentage of shortening of the
contacts between donor and acceptor atom relatively to the literature values of
the van der Waals radii.®® R.S. were calculated by following formula:

d(D---A)
r(D)+r(A)
where d(D--A) stands for crystallographically measured contact length as r(D)
and r(A) are values of van der Waals radii of donor atom and acceptor atom,

R.S.= +100 %

respectively.

CrystEngComm, 2024, 26, 4137-4145 | 4139


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ce00557k

Open Access Article. Published on 10 July 2024. Downloaded on 7/19/2025 8:03:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

CrystEngComm

Fig. 1 Partial crystal structure of cocrystals: a) (tfox),(14tfib); b) (tfox)(135tfib); c) (fox)(14tfib); d) (fox)(135tfib); e) (pox)(14tfib); f) (pox)(135tfib); g)
(pox)(12tfib),; h) (pox)(13tfib); i) (tolox)(14tfib); j) (tolox)(135tfib); k) (nox)(14tfib); 1) (nox)(135tfib); m) (phox)(14tfib); n) (phox)(13tfib); o) (phox)
(12tfib),; p) (phox)(135tfib); r) (box)(14tfib); s) (box)s(135tfib) and t) (box)(12tfib).

a halogen bond between a donor iodine and the oxazole
nitrogen atom as an acceptor, regardless of additional
acceptor or donor species (Table 1). This bond is present in
all (100%) cocrystals. These halogen bonds have high values
of relative shortening, up to 18.7%, and averaging at 15.9%,
comparable to the values found between iodine and pyridine
nitrogen atoms (17.6%). Halogen bonding with the oxazole
oxygen atom is considerably less frequent, being present in
only 3 cocrystals containing 135tfib due to its geometrical
disposition. Contrary to expectations based on recent
emerging insights into the proclivity of the sulfur atom as an
acceptor and, more specifically, the thiophenyl moiety,** in
cocrystals containing tfox neither halogen nor chalcogen
bonding involving the sulfur atom was observed. All halogen
bonds in cocrystals are monocentric with the exception of the
(phox)(12tfib),, where trimers are formed via (I'**),Noxazole
halogen bond in which the oxazole nitrogen atom is a
bifurcated acceptor. As expected, all four acceptors with a
pyridine moiety participate in a halogen bond with short
I--Npyridine contacts. Consistency was also achieved with the
acceptor nitro group in cocrystals (nox)(14tfib) and (nox)
(135tfib) with relative shortening values of I'**Opi¢o Of 12.1%
and 15.4% respectively. These I--‘Opio halogen bonds are
somewhat shorter than those reported previously in similar
cocrystals.*"*”*® The I'--Of,y halogen bond was observed in
one of the two cocrystals with the furyl moiety.

4140 | CrystEngComm, 2024, 26, 4137-4145

Halogen bonding motifs are fairly diverse from one
cocrystal to another, but it is possible to divide them into
three main categories: discrete supramolecular complexes,
chains interconnected through both oxazole nitrogen and an
acceptor moiety originating from the aldehyde, and chains
interconnected through both the oxazole nitrogen and oxygen
atoms bridged by donor molecules (Fig. 2). Discrete halogen
bonded supramolecular complexes (Fig. 2a) are formed in
(tfox),(14tfib), (fox)(14tfib), (pox)(12tfib),, (pox)(13tfib), (tolox)
(14tfib), (phox)(14tfib), (phox)(12tfib), (phox)(13tfib), (box)
(12tfib) and (box);(135tfib) while halogen-bonded chains
(Fig. 2b and c) are formed in the remaining cocrystals. It can
be observed that 14tfib tends to make discrete complexes in
cases where acceptor sites on the aldehyde-originating
fragment are absent (phox, tolox) or if the acceptor site on
that fragment is somewhat weaker (tfox, fox). However, if the
acceptor molecules have strong acceptor sites on both ends
(pox, nox), cocrystals with the same donor molecule feature
1D chains as shown in Fig. 2b and 3. This trend is also
present to an extent in the (box)(14tfib) cocrystal, where the
donor iodine atom forms a halogen bond only with the
oxazole nitrogen atom. Rather than stopping at the formation
of discrete complexes like in phox and tolox cocrystals, zig-
zag halogen-bonded chains are formed through additional
I---m halogen bonds. In cocrystals containing 135tfib, all
systems exhibit the formation of halogen-bonded chains due

This journal is © The Royal Society of Chemistry 2024
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Table 1 Halogen bond lengths (d), angles (~) and relative shortening values (R.S.) of D---A distances in the herein presented cocrystals
Cocrystal DA Acceptor specie d(D---A)/A R.S./% Z(C-D---A)/°
(tfox),(14tfib) I1---N1 Oxazole nitrogen 2.983 15.5% 174.8
(tfox)(135tfib) I1---N1 Oxazole nitrogen 2.957 16.2% 179.7
13---01 Oxazole oxygen 3.316 5.3% 157.9
12---11 XB donor 3.906 1.4% 162.8
(fox)(14tfib) I1---N1 Oxazole nitrogen 2.934 16.9% 175.9
(fox)(135tfib) I1---N1 Oxazole nitrogen 2.996 15.1% 175.9
12---01 Furyl oxygen 2.981 14.8% 176.4
(pox)(14tfib) I1---N1 Pyridyl nitrogen 2.862 18.9% 174.4
12---N2 Oxazole nitrogen 2.989 15.3% 168.8
(pox)(135tfib) I1---N1 Pyridyl nitrogen 2.909 17.6% 173.2
I3---N2 Oxazole nitrogen 2.895 18.0% 176.8
12---11 XB donor 3.877 2.1% 154.7
(pox)(12tfib), I1---N1 Pyridyl nitrogen 2.949 16.5% 169.5
I3---N2 Oxazole nitrogen 2.974 15.8% 172.2
14---13 XB donor 3.927 0.8% 151.0
(pox)(13tfib) I1---N1 Pyridyl nitrogen 2.911 17.5% 170.9
12---N2 Oxazole nitrogen 2.936 16.8% 176.7
(tolox)(14tfib) I1---N1 Oxazole nitrogen 2.910 17.6% 177.8
(tolox)(135tfib) I1---N1 Oxazole nitrogen 2.868 18.8% 176.7
12---01 Oxazole oxygen 3.270 6.6% 157.9
(nox)(14tfib) 12---N2 Oxazole nitrogen 2.963 16.1% 175.3
11---02 Nitro oxygen 3.077 12.1% 167.3
(nox)(135tfib) I1---N2 Oxazole nitrogen 2.925 17.1% 176.1
12---01 Nitro oxygen 2.962 15.4% 167.6
(phox)(14tfib) I1---N1 Oxazole nitrogen 2.919 17.3% 176.0
(phox)(135tfib) I1---N1 Oxazole nitrogen 2.952 16.4% 179.3
13---01 Oxazole oxygen 3.339 4.6% 157.1
(phox)(12tfib), I1---N1 Oxazole nitrogen 3.082 12.7% 175.5
I3---N1 Oxazole nitrogen 3.257 7.7% 170.2
(phox)(13tfib) I1---N1 Oxazole nitrogen 3.016 14.6% 174.2
(box)(14tfib) I1---N1 Oxazole nitrogen 2.910 17.6% 176.8
121 7 aromatic system 3.561 3.2% 162.4
(box);(135tfib) I1---N1 Oxazole nitrogen 2.978 15.6% 178.6
13---N3 Oxazole nitrogen 2.908 17.6% 178.4
12---N2 Oxazole nitrogen 2.943 16.6% 178.2
(box)(12tfib) I1---N1 Oxazole nitrogen 2.984 15.5% 173.8
13--°N2 Oxazole nitrogen 3.003 14.9% 175.6

to the favourable structural arrangement of donor atoms
which can link both oxazole acceptor sites and

) o)

PP P

yoyy

Fig. 2 Schemes of the three main groups of observed motifs: a)
discrete supramolecular complexes; b) chains interconnected through
the oxazole nitrogen atom (Al) and the additional acceptor moiety
originating from the aldehyde part (A3); c) chains interconnected
trough oxazole nitrogen (A1) and oxygen atoms (A2) bridged by donor
molecules (D).

This journal is © The Royal Society of Chemistry 2024

interconnect them into chains even in systems containing
phox and tolox that only have acceptor sites on the
oxazole fragment. Chains in 135tfib cocrystals can
therefore be divided into two groups: linear chains in
which 135tfib molecules bridge oxazole molecules through
the available oxazole fragment oxygen and nitrogen atoms
(Fig. 2c and 4), and zig-zag chains that are formed when
there are favourable acceptor sites on both the oxazole
and aldehyde fragments (Fig. 2b and 5).

It is noteworthy to compare tolox- and phox-containing
cocrystals with 135tfib (Fig. 4b and c). Although they are

a) 5 - " 5
¥ % NS
A R A e YR
Fig. 3 Halogen-bonded chains in cocrystals of a) (pox)(14tfib) and b)

(nox)(14tfib).
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Fig. 4 Halogen-bonded chains in a) (tfox)(135tfib), b) (phox)(135tfib)
and c) (tolox)(135tfib).

nearly identical in structure (the only difference is one
methyl group relatively far from the acceptor sites), they do
not form the same supramolecular motif. In the (tolox)
(135tfib) cocrystal the molecules form a directional (linear),
but highly branched V-shaped chain (1D) that runs parallel
to the c-crystallographic axis. In the (phox)(135tfib) cocrystal,
the chain is almost planar and each molecule is
symmetrically equivalent. In case of (box);(135tfib) which
differs from other observed stoichiometries, each molecule of
135tfib is tritopic, participating in halogen bonding with
three box molecules, is surrounded by a total of six acceptor
molecules, and the discrete motifs are connected into a 2D

Fig. 5 Zig-zag halogen-bonded chains in a) (fox)(135tfib), b) (pox)
(135tfib) and c) (nox)(135tfib).
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Fig. 6 a) Discrete complex, and b) hydrogen (blue) and halogen bonds
(orange) in a 2D layer in the (box)s(135tfib) cocrystal.

layer through C-H:'*Ogyazole hydrogen bonding (Fig. 6).
Further connection into 3D frameworks in all systems is
attained via C-H---F or weak interhalogen contacts.
According to the calculated MEP values (Fig. 7) it follows
that the oxazole nitrogen (A1) is, on average, the best binding
site in the series of used oxazoles, which is in accordance
with the trends observed in the crystal structures of the
prepared cocrystals. Such a regularity has not been observed
for oxazole oxygen atoms (A2) and peripheral binding sites
(A3), whose relative acceptor strength depends on the
functional groups present in the corresponding oxazole
molecule. For the purpose of quantitatively ranking these two
acceptor sites by strength, a AMEP scale has been defined
that corresponds to the difference of MEPs on the peripheral
group and that on the oxazole oxygen atom (AMEP = MEP,; —
MEP,,). According to the obtained AMEP values, the 7 used

N 146 N -146
gl ! 1
(}"} . N ool
48 il
'33/' tfox \ =6l fox \
-33 -33

-146

Fig. 7 Molecular electrostatic potentials of the oxazole molecules
used in present study, mapped on isodensity surface (0.001 a.u.). All
values are in kJ mol™* e™,
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oxazoles can be divided into two groups: those with AMEP <
0 kJ mol™ e™* and those with AMEP > 0 k] mol™ e™*. In tfox,
tolox and phox the acceptor site A2 is more negative than A3
which leads to a positive AMEP value, and consequently, in
corresponding cocrystals an additional halogen bond was
formed between a donor atom and the A2 acceptor (oxazole
oxygen). On the other hand, acceptors with negative AMEP
values, nox, pox, fox and box, form a total of 7 cocrystals
(with different donors) in which an additional halogen bond
with the peripheral acceptor group (I'--A3) has been formed.
The MEP values of the nitro and pyridyl fragment (on the
periphery of nox and pox molecules, respectively) are more
negative than MEP values of the oxazole nitrogen in the same
molecules. Hence, it is not surprising that nox and pox are
selectively connected into halogen-bonded chains through
two sorts of halogen bonds, including the two strongest
acceptor sites in molecules (I'-*A1 and I---A3). Furthermore,
AMEP values for box and fox are significantly higher (less
negative) than those for nox and pox, which indicate
relatively poor acceptor properties of the furyl oxygen and
n-system functionalities compared to the nitro and pyridyl
functionalities. Interestingly, the I'--m and I---Og,y; halogen
bonds formed in box and fox cocrystals are still stronger
(14.9 kJ mol™ and 11.6 kJ mol™) than hypothetical I**Ogyazole
halogen bonds (10.1 k] mol™), which unequivocally explains
the observed I---A3 motif in the crystal structures of box and
fox cocrystals.

In addition to the described cocrystals, 5 out of 7 used
oxazoles (tfox, tolox, phox, box and fox) form a total of 10
cocrystals in which the molecules are connected into discrete
molecular complexes. By calculating the difference between
the MEPs on the oxazole nitrogen atoms and the average
MEP value of all 7 oxazole nitrogen atoms (-140 kJ mol™
e "), it can be observed that the abovementioned five oxazoles
have more negative MEP values than average, while the MEPs
on the remaining two (nox and pox) are slightly more
positive. These differences are also reflected in the I--*Noyazole
halogen bond energies, which are (on average) lower for nox
and pox (21.8 k] mol™") than for the other five oxazoles (23.9
kJ mol™). All this supports the statement that the presence of
two strong halogen bond acceptors in nox and pox structures
leads to the formation of more stable halogen-bonded chains
in which both strong acceptors participate in halogen
bonding. On the other hand, the formation of the I'**Noxazole
halogen bond with tfox, tolox, phox, box and fox is somewhat
more favorable than in the case of nox and pox, and its
formation can more easily lead to the formation of cocrystals
with discrete molecular complexes, as was also observed in
the crystal structures.

4. Conclusions

To conclude, we have prepared and structurally characterized
nineteen novel cocrystals of 5-substituted oxazoles with
perfluorinated halogen bond donors. As anticipated, the
dominant supramolecular interaction in each of the obtained

This journal is © The Royal Society of Chemistry 2024
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systems is halogen bonding. The oxazole fragment, or more
precisely the oxazole ring nitrogen atom turned out to be a
reliable acceptor site, as confirmed both computationally and
experimentally, participating in halogen bonding in all
(100%) of the herein presented cocrystals. Relative shortening
values of these contacts are 16% on average, and are
comparable to those in halogen bonding between iodine and
pyridine nitrogen atoms. In contrast, the oxazole ring oxygen
atom selectively partakes in interactions within only three
cocrystals, and is confined to systems with favourable steric
and geometric dispositions. This is due to the fact that the
MEP value on the oxazole oxygen atom is less negative than
peripheral functionalities in most oxazole molecules used in
this study. Additionally, the acceptor potential for halogen
bonding was reconfirmed for both nitro and pyridyl
functional groups in acceptors featuring these functionalities.
The coexistence of I':Noyazole With I'*:Opjro and I+-Npyriayl
halogen bonds shows cooperativities of those interactions in
connecting into chains and other supramolecular
architectures. Each of the prepared cocrystals features unique
geometric dispositions and different topicities of donor
atoms and three main categories of structural motifs were
observed. This study provides an insight into the reliability of
oxazole fragments for halogen bonding. These results could
be useful for the design and synthesis of oxazole-containing
and similar building blocks potentially enhancing their utility
in crystal engineering and supramolecular chemistry
applications.
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