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ABSTRACT: The SbF;-4,4'-dipyridyl N,N’-dioxide
co-crystal is prepared and characterized via infrared
spectroscopy and *2Sb and 2Sh nuclear quadrupolar

resonance. Single crystal X-ray analyses proves thata i

major role in co-crystal formation is played by Sh---O
pnictogen bonds, the attractive interactions wherein
antimony and oxygen act as the electrophilic and
nucleophilic  sites, respectively. Molecular
Electrostatic Potential and Natural Bond Orbital %
analyses confirm the relevance of this interaction in
the self-assembly process. Dipyridyl dioxide forms
also hydrogen bonded and halogen bonded co-
crystal, e.g., when water and 1,4-diiodo-tetrafluoro-
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benzene function as acceptors of electron density. Experlments of competltlve co-crystal formation indicate that under the
adopted conditions pnictogen bond prevails over halogen bond and hydrogen bond in identifying the tecton involved in

co-crystal formation with dipyridyl dioxide.

1. INTRODUCTION

Non-covalent interactions are a hot topic in supramolecular
chemistry? thanks to the relevance they have in numerous
fields spanning crystal engineering,? the design of
molecular materials,® the recognition processes between
small molecules and biological receptors.* The need to
finely tune these phenomena and to control and engineer
aggregation and self-assembly processes, has raised the
attention on less established interactions, e.g. cation-n and
anion-n bondings,>® aurophilic interactions,” n-hole and o-
hole bondings.®®

These latter interactions encompass a wide set of
bondings wherein an electron rich moiety (nucleophilic
site, e.g., a lone pair possessing atom or an anion, such as
the nitrogen of an amine or a pyridine derivative, the
oxygen of a carbonyl or an ether, a bromide or an iodide
ion, the oxygen of a perchlorate or periodate ion) forms a
short’® and net attractive contact with the region of
depleted electron density (c-hole)'! on an atom. The
halogen bond (HaB),*? and the chalcogen bond (ChB)™ are
the interactions wherein an halogen and a chalcogen atom
function as the electrophilic site, respectively, and are the
better known cases of the group of attractive interactions
encompassed by the term o-hole bondings. Also elements
of groups 13, 14, and 15 of the periodic table can work as
electrophiles and form short contacts at their positive o-
hole(s) with electron rich moieties. Consistent with the
tendency to name interactions referring to the electrophilic
site,!* these contacts are typically named triel bond (TrB),
tetrel bond (TtB)*™® and pnictogen bond (PnB).1"8

o-Hole interactions present several common features,
independent from the group of the periodic table to which
the electrophilic atom belongs.2%° In general, interaction
strength and positive electrostatic potential at the o-hole
run parallel. An atom forming n covalent bonds can have
on its surface up to n positive c-holes which can be
involved in up to n net attractive interactions with electron
rich sites in surrounding molecular entities. The strength of
the interaction of a donor of electron density with an
electrophilic element of a given group of the periodic table
increases with the polarizability of the element and
decreases when its electronegativity increases. For
instance, fluorine, oxygen, or nitrogen typically form very
weak HaBs, ChBs, and PnBs, if any, while interactions
formed by iodine, tellurium, or antimony are fairly strong.
For a given element, the more electron withdrawing a
covalently bonded residue, the greater the depletion of
electron density at the o-hole opposite the covalent bond it
forms.®%16 For instance, o-holes opposite to a fluorine or
cyano group are more extended and their surface
electrostatic potential more positive than c-holes associated
with most other substituents.

o-Hole interactions typically occur on the elongation of
the covalent bond responsible for the hole formation and
this directionality is another common and distinctive
feature.®9 This preferential linearity is related to the o-hole
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localization on atom surface and may offer additional
advantages in crystal engineering and recognition
processes.?’ Experimental evidences!”*82! show that ChBs
and even more PnBs frequently present greater deviations
from linearity than HaB and TtB. Theoretical
calculations®? reveal that this corresponds to a dislocation
of the o-hole from the extension of the covalent bond, a
likely consequence of the anisotropic electronic effects of
the substituents at the chalcogen and pnictogen atoms and
the presence of lone pair(s) on these atoms.

Several theoretical studies?® and some Cambridge
Structural Database surveys'’!® suggested a remarkable
ability of PnB to affect self-assembly processes, but
designed and experimental confirmations of this ability are
less numerous.'®*?% In order to test of ability of PnB to
drive the formation of co-crystals, we studied the
aggregation features of antimony(l11) fluoride, a commonly
used fluorinating reagent in organic chemistry (Swarts
reagent) and, expectedly, a strong PnB donor. It has been
reported?® that SbF; has three remarkably positive c-holes,
consistent with the high polarizability of antimony and
high electronegativity of fluorine. We report here the
formation of the SbF;-4,4'-dipyridyl N,N’-dioxide co-
crystal (1) (Figure 1), its characterization via single crystal
X-ray analyses and nuclear quadrupole resonance (NQR)
analyses, as well as some computational results on
derivatives where pnictogen atoms bear fluorine and cyano
substituents. Dipyridyl dioxide has a remarkable tendency
to form hydrogen bonded co-crystals, the solvate with
water can be considered the prototype of such adducts.?’ In
the presence of a HaB donor as good as 1,4-
diiodotetrefluorobenzene, formation of halogen bonded co-
crystals if favored over the formation of hydrogen bonded
co-crystals.?® Competitive co-crystallization experiments
showed that SbF; is a PnB donor good enough to prevail
over diiodotetrafluorobenzene and water in accepting
electron density from dipyridyl dioxide oxygen atoms and
PnB prevails over HaB and hydrogen bond (HB) in driving
co-crystal formation.

2. RESULTS AND DISCUSSION

The melting point of SbF; is quite high (292 °C) and is
much higher than the melting point of heavier antimony
trihalides (mps of SbCls, SbBrs, and Sbls are 73, 97, and

Figure 1. Ball and stick representation (Mercury 4.1.2) of a part of
co-crystal 1. Hydrogen atoms have been omitted for sake of clarity,
PnBs are black dashed lines. N; values are reported close to the
interactions. Color codes: gray, carbon; light blue, nitrogen; red,
oxygen; green, fluorine, violet, antimony.

Crystal Growth & Design

170 °C in the order). This suggests a particularly strong
propensity of the compound to be involved in
intramolecular attractive interactions. Both SbF; and SbCls
exist in the solid phase as molecular crystals. In the overall
packing of SbCls,?® three short covalent Sb—Cl bonds
(2.35-2.38 A) form the SbCls; molecule and the shortest
non-covalent Sb--Cl separation is ~350 pm, this value
corresponding to a normalized contact N ~0.92.
Differently, in the packing of SbF;,3! SbFs; molecules are
assembled via three short covalent Sb—F bonds (190-194
pm) and are connected into a three dimensional network
via three Sb F interactions 260-263 pm long,
corresponding to Nc ~0.74. These interactions are well
below the sum of van der Waals radii of Sb and F (the
corresponding N value is ~0.74), develop approximately
along the axis of the Sb—F covalent bonds, and can be
considered fairly short PnBs.

Single crystal X-ray analyses. We expected that the
robust network of intermolecular PnBs present in pure and
crystalline SbF; is more likely overcome by interactions
with a co-crystal former if a strong donor of electron
density is used. Indeed, Cambridge structural database
(CSD) analyses indicate that SbF; affords co-crystals
typically when strong and polydentate donors of electron
density (PnB acceptors) are used (e.g., anions, crown
ethers, diphosphine-dioxides, see ESI).

In the attempt to obtain a co-crystal, we thus used 4,4'-
dipyridyl N,N’-dioxide as PnB acceptor. 1:1 Solutions of
dipyridyl dioxide and SbF; afforded, under different
conditions, a white crystalline precipitate. IR spectrum of
this white crystalline precipitate showed, with respect to
pure starting compounds, non minor shifts and intensity
changes for absorptions of both the dioxide and the
trifluoride, consistent with the formation of a well-defined
chemical species rather than a physical mixture. DSC
analyses confirmed this indication as a single endothermic
phenomenon, different from melting point of starting
compounds, was obtained. Elongated block plates were
formed when a methanol solution of SbF; was layered over
a tetrahydrofurane solution of the dioxide. Single crystal
X-ray analyses confirmed that these plates consisted in the
pnictogen bonded SbFs-4,4'-dipyridyl N,N’-dioxide co-
crystal (1) and afforded the structural details of the self-
assembled architecture (Figure 1). The homogeneity of
different batches was proven by the match between the
experimental patterns from powder X-ray diffraction
analyses and the diffraction pattern simulated from single
crystal analyses.

HBs (between the hydrogen atoms of dipyridyl units
and the fluorine atoms of SbF; units) and PnBs (between
the antimony atom of a SbF; unit and oxygen and fluorine
atoms of closeby dipyridyl and SbF; units) are the closest
interactions in the crystal packing of 1. The shortest HB is
characterized by an N value of 0.88, namely much greater
than Nc values of PnBs (vide infra) and the following
discussion will focus on the latter interactions. Two
dipyridyl dioxide units double bridge two SbF; units and a
pnictogen bonded non-covalent tetramer is assembled
around an inversion center via four Sh--O PnBs which are
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Figure 2. Ball and stick representation of the ribbon formed by the
Sn—F---F PnBs (black dashed lines). Hydrogen atoms have been
omitted for sake of clarity. Color codes as in Figure 1.

241.8 and 257.1 pm long (corresponding N values are 0.67
and 0.71). Reminiscent of what occurs in pure SbFs, the
PnB donor ability of two adjacent antimony atoms are
saturated by the formation of two symmetry related Sh---F
PnBs (298.4 pm, N¢=0.83) involving the regions of
expected higher electron density of fluorine atoms. These
PnBs connect the non-covalent tetramers mentioned above
into linear ribbons (Figure 2).

Longer and weaker o-hole interactions tend to be less
linear than shorter and stronger ones,'? consistent with
the fact they generate milder driving forces towards
formation along the axis of the covalent bond producing
the hole. F-Sb---O angles are 168.41° and 164.08° (the
considered F atoms are those roughly opposite the oxygen
atom). These values match with the F-Sb---c-hole angle
computed in this manuscript for SbF; (165°, see onwards)
and the angle already reported in the literature.® The Sh--F
PnB is substantially longer, and weaker (see onwards),
than Sh--O PnBs, the F-Sbh--F angle being 153.52°. The
non-complete substitution, on co-crystal formation, of

;%“% <
Fynd h

Figure 3. Ball and Stick representation of the repeating unit in the
crystal packing of the antimony trifluoride-bis(dimethyl-
phosphinoyl)methane adduct (Refcode UROYUW). Color codes:
Orange, phosphorus; other colors as Figure 1.

Sb---O PnBs involving the co-crystal former for the Sb---F
PnBs present in pure SbF; is quite common. This
persistence of Sh-+F PnBs is a further confirmation of the
strength of latter interactions and of the tendency of SbF;
to function as tridentate PnB donor. The involvement of
antimony in the formation of two shorter PnBs with the co-
crystal former and one longer with another SbF; unit has
been observed in various adducts wherein the donor of
electron density is an oxygen atom of a highly nucleophilic
moiety (Figure 3).

NQR analyses. Nuclear magnetic resonance (NMR) and
NQR are powerful tools to study o-hole interactions. For
instance, HaB formation affects chemical shifts of *°F2 and
13C38 NMR nuclei of the acceptor moiety in solution and in
the solid. The same and other spectral parameters of

v, (123sb)

—

v, (12Sb) v, (1235b)

3.47 MHz
1.45 MHz
e
0.36 MHz
(
Vs Vs
V4 V4
94.0 93.5 93.0 92.5 92.0 91.5 79.5 79.0 785 78.0 775 77.0 49.5 49.0 485 48.0

95.0 94.5
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Figure 4. 'S and '2°Sh Frequencies and their shifts for SbF;-4,4’-dipyridyl dioxide adduct 1 (black) and SbF; (grey).

Table 1. NQR frequencies for SbF; and SbFs-4,4’-dipyridyl dioxide adduct 1. Asterisk values are calculated from experimentally observed

frequencies.

121g) 123g), Experimental
v / MHz
v, v, v, v, Ng Cq(*¥Sb) Cy(*23Sb)
SbF; 79.08 157.62* 48.34 95.58 143.53* (05 525818 670.102

SbFs3-4,4’-dipyridyl dioxide 77.63 152.43* 48.70 92.11 139.05* 0.12 509.966 649.901
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15\ 34 35/37C|,35 127) 36 31p 37 170 38 and PSePnuclei have been
reported to undergo significant modifications on HaB and
ChB formation.Tthe usefulness of *212Sp NQR
spectroscopy for probing PnBs in adducts formed by SbF;
and ShCl; was reported.?* Experiments carried out on co-
crystal 1 showed substantial changes of spectral parameters
relative to pure SbF; (Figure 4, Table 1). The quadrupolar
coupling constants of 1 for ?!Sh and 22Sh are 509.97 and
649.90 MHz, respectively, consistent with previous
observations® that stronger and more directional PnBs at
antimony are associated with smaller Cq values. It is also
worth noting that the Cq values for 1 are comparable to
those reported for the SbFs-urea co-crystal which has a
chemical environment around the antimony atom
somewhat similar to 1 as, in both adducts, the oxygen atom
of two nearby electron density donor molecules engage in
PnB formation.

Computational details. In order to have theoretical
confirmation that deviation from linearity in PnBs and in
related o-hole interactions is also a consequence of
inherent molecular features rather than an exclusive effect
of crystal packing requirements, the molecular electrostatic
potential (MEP) on the 0.001 a.u. electron density
isosurface was calculated for some Y—X, derivatives (Y=P,
As, Sh, n=3; Y=S, Se, Te, n=2; Y=CI, Br, I, n=1; X=F,
CN). A graphic representation of the maximum values of
the positive electrostatic potential (Vs max) at Y in Y=X; is

X=F =X=CN X=F sX=CN
PX,

AsX;
SbX,

——
— ]
5X, j—

SeX; —

TeX; ——

CIX

BrX

260 220 180 140 100 5 10 15 20 15
a-hole MEP (kJ mol?) 6{deg)

<

Figure 5. Histograms showing values of 0.001 a.u. Vsmax (left) and
values of angular deviations € (right) of Vs max from the axis of the Y-
X covalent bond associated with o-holes in some fluorides and
cyanides of groups 15-17 elements (angular deviation for halogens
derivatives are not sketched since, due to symmetry, are zero for
isolated molecules). Numerical values are reported in Table S3.

Y =S, Se, Te
“.0 X=FCN “.0

AN

Figure 6. Schematic representation of angular deviation 0 of Vsmax
(orange circle) from the axis of Y-X covalent bond. & Angles for
pnictogen and chalcogen derivatives (left and right) lie on a oy
bisecting plane and on the molecular plane, respectively.

Y =P, As, Sb
X=FCN
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given in Figure 5 along with the angular position 6 of Vs max
with respect to the Y-X covalent bond (Figure 6).
Relativistic effects for heavy elements have been taken into
account by using convenient core potentials (ECPLOMDF
and ECP28MDF on fourth and fifth row elements,
respectively).

Obtained results (ESI) parallel those already available
in the literature.® It is confirmed that the o-hole of an
element of a given group of the periodic table becomes
more positive when the polarizability of the element
increases. Moving from pnictogens to halogens, o-holes
generated by cyano substituents get more and more
positive compared to those produced by fluorine
substituents. As a result, electrostatic potential values at o-
holes on phosphorus, arsenic, and antimony tricyanides are
79%, 42%, and 32% more positive than in the
corresponding trifluorides. Consistent with the anisotropic
electrostatic effects determined by substituents and lone
pair(s) at pnictogen and chalcogen atoms, the o-hole
position on group 15 and 16 atoms deviates from the axis
of the Pn/Ch-substituent covalent bond. The deviation
from linearity is larger for pnictogens than for chalcogens
and the cyano group prompts larger angular deviations than
fluorine group (it is as high as 22° for Sb(CN)3). For cyano
derivatives, deviation increases with the polarizability of
group 15 and 16 element.

While the electrostatic effects usually play an important
role in determining the attractive nature of o-hole
interactions and causing interpenetration of van der Waals
volumes,® charge-transfer, polarization, and dispersion
contributions are all influential®® and their relative
relevance depends on the donor, the acceptor, and the
conditions in which the adducts are formed. After
considering the electrostatic point of view by calculating
the electron density isosurfaces, we tackled the charge-
transfer perspective by performing natural bond orbital
(NBO) analysis with the specific aim to have some insight
into the energetic features of PnBs and the relation of these
features to the interaction geometry.**%? Second-order
perturbation theory analysis of the Fock matrix in the NBO
base offers the stabilization energy term E® as a useful
tool which is associated with the exchange of electron
density from a Lewis-like occupied NBO to a non-Lewis-
like unoccupied NBO. The relative position of nucleophilic
atom Z (Z=0, F) with respect to SbF; was characterized by
the ¢ angle formed by Sbh---c-hole axis and the axis of the
closest Z---Sh PnB (the orientation of ¢ angle about the Sb-
--o-hole axis was neglected here due to the relative
homogeneity of the electrostatic potential gradient around
the o-hole, and the delocalized electron density around Z
nucleus). E@ energies and ¢ angles for interactions in 1
and other structurally similar adducts are reported in Table
2. It is interesting to observe that the E@ energy for the
Sb--O PnBs in SbF;-(4-methoxy-pyridine N-oxide), adduct
3% is as high as ~103 kJ-mol?. Consistent with the
established greater tendency of oxygen to act as donor of
electron density than of fluorine, Sb--O PnBs in 1 are
stronger than Sb---F PnB (up to ~75 kJ-mol vs. ~6 kJ-mol~
1y and a similar relative strength of Sh--O and Sh--F
interactions is found for the analogous adduct
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Table 2. E®@ energies for PnBs in compounds 1-3 as obtained from
NBO second-order perturbation analysis. Deviation angles ¢ and N,
values are also reported.

E? o Nc

Compound Interaction (k/mol) ()

F-Sb--0 562 9.9 069
F-Sb--0 752 78 073
F-Sb--F 63 136 081
F-Sbe-0 699 35 068
F-Sbe-0 295 96 078
F
0

F-Sb--- 4.5 195 0.93
F-Sb--- 102.8 5.4 0.64

W N N N R =R =

SbFs-(pyridine N-oxide), 2*. As typical for o-hole
interactions, stronger interactions are more linear (smaller
¢ angles) and shorter (smaller N values) (Table 2).
Competitive co-crystal formation. When wet methanol
is layered over a tetrahydrofurane solution of 4,4’-
dipyridyl N,N’-dioxide, the (H.O)»dipyridyl dioxide co-
crystal® is formed. When 1,4-diiodotetrafluorobenzene (1
equivalent) is present in the methanol layered over the
tetrahydrofurane solution of dipyridyl dioxide, the
precipitation of the 1:1 diiodotetrafluorobenzene-dipyridyl
dioxide co-crystal® is preferred over the water containing
co-crystal. When p-diiodotetrafluorobenzene and antimony
trifluoride (1 equivalent each) are present in the methanol
layered over the tetrahydrofurane solution of the dipyridyl
dioxide, the SbFs-dipyridyl dioxide co-crystal 1 is formed.
Under the adopted conditions, PnB is the interaction
driving the co-crystal formation, namely it prevails over
HaB and HB in identifying the module to be involved in
the solid self-assembled system with dipyridyl dioxiide.

3. CONCLUSIONS

While computational studies®??% and CSD analyses® give
consistent and forceful indications that PnB can work as a
robust interaction to obtain co-crystals by design, very few
cases have been reported where this potential has been
explored.?* The obtainment of the SbFs-dipyridyl dioxide
co-crystal 1 reported here suggests that PnB might indeed
feature as a new and powerful tool in crystal engineering.
Single crystal X-ray analyses of 1 affords the structural
details of the self-assembled architecture. The deviation of
PnBs from linearity revealed by crystallographic analyses
parallels the dislocation, revealed by MEP analyses, of the
o-hole from the extension of the Sb-F covalent bonds.
NBO analyses gives quite high values for stabilization
energy terms E® of Sb--O PnBs. These data indicate that
both the poor linearity of PnBs and the small Sb--O
separations experimentally observed in the co-crystal 1 are
a likely consequence of the electronic features of SbF;
rather than a crystal packing effect.

In conclusion, results reported here increase the
understanding of some key features of PnBs and may be

useful in the design and realization of many other PnB
driven recognition and self-assembly processes.

4. EXPERIMENTAL DETAILS

X-ray crystallography data acquisition. X-ray
diffraction data were collected using a Bruker APEX-II
diffractometer equipped with sealed-tube and CCD
detector, and employing Mo-Ko radiation (A=0.71073 A).
The crystals were collected using Bruker KRYOFLEX
device. Semi-empirical absorption corrections and scaling
were performed on datasets, exploiting multiple measures
of symmetry-related reflections, using SADABS
program.®®. The structures were solved by ShelxS* and the
refinements were carried out by full-matrix least-squares
on F2 using the SHELXL program.*’ Pictures were
prepared using CCDC Mercury.® Essential crystal and
refinement data are reported in ESI.

Synthesis of SbFs-4,4’-dipyridyl N,/N'-dioxide co-crystal
(). A methanolic solution of SbF; was layered on top of a
THF solution containing an equimolar amount 4,4'-
dipyridyl N,N'-dioxide inside a clear borosilicate glass vial
at room temperature. Good quality, colorless crystals with
elongated block shape were obtained (mp 263 °C) in 24
hours by letting the layered solutions diffuse in the closed
vial. They were suitable for single crystal X-ray
diffraction.

Technical details for calculations. Calculations were
carried out using the B3LYP functional as it is
implemented in Gaussian16.*° Small-core fully relativistic
effective core potentials were used on fourth and fifth row
elements (ECP10MDF and ECP28MDF, respectively)
along with the associated triple-{ basis sets®®%® while
correlation-consistent cc-pVTZ bases were used for lighter
atoms.5% Before processing chemical structures extracted
from the Cambridge Structural Database (CSD), the
position of any hydrogen atom was optimized at the same
level while keeping the position of heavier atoms fixed.
Natural bond orbital (NBO) analyses were performed using
the Gaussian-embedded NBO3.1 code.%®

NQR spectroscopy. A powdered sample of 1 was packed
in a 5 mm o.d. glass tube in an argon-filled glovebox. A
Bruker Avance Il 400 NMR console, without applied
external magnetic field, was used to record the 2123Sp
NQR spectra. A Hahn—echo pulse sequence (m/2—t—n—71)
was used with pulse lengths of 4.6 and 9.2 ps. The recycle
delay was 0.2 s. Data were collected at room temperature
using a 5 mm solenoid HX probe.
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