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Single crystal X-ray analyses show that iodine in pyridinium period-
ates acts as a halogen bond (HaB) donor forming short and almost
linear contacts with neutral and anionic electron donors. A combi-
nation of QTAIM and NClplot computational tools proves the
attractive nature of these contacts.

The recognition of the anisotropic distribution of the electron
density around bonded atoms" allows for a reliable prediction
of the occurrence of a variety of noncovalent interactions and
paved the way to a systematic rationalization of many of them.>

Many noncovalent forces related to the electrophilic behaviour
of covalently bonded atoms have been identified and categorized®
within the frame of c-holes,* i.e. the regions of depleted electron
density opposite to single covalent bonds. Elements of the p block
of the periodic table have been investigated after this viewpoint,
and according to the IUPAC definition, c-hole interactions given
by elements of groups 17 and 16 can be named halogen bonds
(HaBs)’ and chalcogen bonds (ChBs),° respectively. Recently, an
analogous mindset was developed also for interactions formed by
elements of the d block, specifically elements of groups 7 (matere
bond, MaB),” 8 (osme bond, OmB),® 11 (coinage bond, CiB),>*°
and 12 (spodium bond, SpB)."*

For group 8 elements, Os---N/O short contacts have been
identified experimentally in neutral adducts between OsO,
(electrophile) and pyridine/pyridine N-oxide derivatives (nucleo-
phile). These contacts are on the elongation of O-Os covalent
bonds, as typical for c-hole interaction.® Results of theoretical
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investigations, the slight distortion of the OsO, tetrahedral
geometry on adduct formation, and the high oxidation state of
osmium, consistently led to the inference that the short contacts
involving the metal are not of coordinative nature. A similar
behaviour has been observed also in tetrahedral derivatives of
group 7 elements as perrhenate and permanganate anions can
behave as electrophiles.”

Many reports describe the reliability of tetrahedral and neutral
c-hole donors wherein the donor atom is a p block element, e.g., a
carbon,'” germanium,” and tin'* atom. We decided to make a
major step forward and to identify tetrahedral and anionic c-hole
donors wherein the donor atom is a p block element. Moving from
the interest in hypervalent iodine compounds,’™” we decided to
explore the c-hole donor ability of anionic iodine in its highest
oxidation state, ie. in the periodate anion. This anion
was exploited as a tridentate nucleophile in the construction of
(6,3) halogen-bonded networks on self-assembly with 1,4-
diiodotetrafluorobenzene acting as a bidentate electrophile.'®
However, to the best of our knowledge, the potential of the
electrophilic behaviour of iodine in the periodate anion has never
been investigated in recognition phenomena. Here, we report that
in the solid the iodine atom of pyridinium periodates 1-4
(Scheme 1) forms short contacts'® with neutral and negatively
charged electron rich atoms (Fig. 1). Theoretical calculations prove
the attractive nature of these contacts and allow for periodate
anions to be added to the palette of hypervalent halogens function-
ing as HaB donors. Pyridinium ring substituents in salts 1-4 are in
meta and para positions and have different steric and geometric

X)_R
| ’d 1 2 3 4
@N/) R 4CN 3-NO, 3-COOH 3-F
| 102
H

Scheme 1 Chemical structure of the pyridinium periodates 1-4.
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Fig. 1 Ball and stick representation (Mercury, 2022.2.0) of crystal struc-
tures 1-4 evidencing the HaBs involving the periodate anion (purple dotted
lines). Nc values of HaBs and O-I- - -O/F angles are given close to the HaBs.
Selected HBs (black dotted lines) are reported for salts 1-3. Colour code:
whitish, hydrogen; grey, carbon; red, oxygen; indigo, nitrogen; purple,
iodine; yellow, fluorine.

features. The HaB occurrence independent of these differences
suggests that periodate anions may function as robust and reliable
HaB donor tectons.

Single crystal X-ray analyses of 4-cyanopyridinium periodate
(1) and 3-nitropyridinium periodate (2) (Fig. 1) display
anion- - -anion dimers where each 10,  unit functions as both
a HaB donor and acceptor and two 10, units self-assemble via
an antiparallel pairing. This recognition motif is commonly
shown by c- and n-hole based tectons wherein the donor and
acceptor atoms are directly bonded to each other.”*'° Consis-
tent with the typical HaB features, I- - -O short contacts occur on
the extension of a O-I covalent bond, namely the O-I- - -O angles
are very close to linearity (175.85° in 1 and 176.98° in 2). The
observed I---O separations are far below the sum of van der
Waals radii® of the involved atoms, with normalized contacts
(Nc)** which are notably small for anion. - -anion interactions
(0.91 in 1 and 0.94 in 2). In both structures, hydrogen bonds
(HBs) between the cationic unit and the I0,” oxygen atoms are
present and exert an important role in withdrawing negative
charge from the anion, as confirmed by computations. Of note,
in 2 a strong n-hole interaction involving the nitrogen atom of
the nitro group and one oxygen atom of the anion further
contributes to the 10, negative charge dissipation.

In order to investigate the cation effect on the electrophilicity
of iodine in 10, , we performed the analysis of the molecular
electrostatic potential (MEP) of a naked periodate anion and of
compound 1, used as exemplifying pyridinium salt (Fig. 2). For
the naked anion, the MEP values are negative on the entire
surface, as expected. However, it can be observed that the
distribution of the electron density is anisotropic, disclosing
the existence of four symmetric (negative) c-holes on the exten-
sions of the O-1 bonds. Remarkably, in compound 1 where the
cation is H-bonded to one periodate O-atom, the MEP value at the
iodine’s o hole changes drastically becoming positive (Fig. 2b).
Obviously, the MEP maximum is located in the cationic part of
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Fig. 2 MEP surfaces (isosurface 0.001 a.u.) of the periodate anion (a) and

compound 1 (b) optimized at the PBEO-D3/def2-TZVP level of theory.
Values at some points of the surfaces are indicated in kcal mol™.
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the salt (aromatic H-atoms, +55.0 kcal mol ") and the minimum
at the O atoms of the anion (—37.0 kcal mol ™).

This analysis anticipates the attractive nature of the I---O
contacts reported in Fig. 1. Moreover, the HB driven withdrawal
of negative charge from the anion is expected to be more
important in the X-ray structure, where the anion participates
in more than one HB (or n-hole) interaction.

In 3-carboxypyridinium periodate (3) and 3-fluoropyridinium
periodate (4), the 10,  moiety acts as an electron density
acceptor, i.e. HaB donor, towards neutral nucleophilic atoms.
In detail, in 3 the carbonyl oxygen of the carboxylic acid gets
close to iodine (I- - -O separation 349 pm, Nc 0.96, O-1- - -O angle
175.05°). This almost ideal geometry of the HaB is favoured by a
strong HB between an 10,  oxygen and the hydroxyl group of
the carboxylic functionality. In 3-fluoropyridinium periodate 4,
an I---O HaB assembles two periodate anions into a supramo-
lecular dimer (I- - -O distance 351.6 pm, Nc 0.96; O-I. - -O angle
162.54°). In this dimer the iodine atoms of the periodate units
acting as HaB acceptor and donor also function as bidentate
and monodentate HaB donors, respectively. They accept elec-
tron density from two crystallographically different fluorine
atoms and the I---F separations are 349.2 pm (Nc 0.97) and
351.8 pm (Nc 0.98) on the bidentate iodine (respective O-I- - -F
angles are 175.47° and 169.76°) and 353.2 pm (Nc 0.98) on the
monodentate iodine (respective O-I- - -F angle is 171.03°).

Further theoretical studies have been carried out in order to
assess the attractive nature of the short contacts involving the
periodate anions and in order to confirm the ability of iodine in
these anions to act as an electrophile, i.e., HaB donor. First, we
used two methods based on the topology of the electron density
(see ESIt for details), namely the quantum theory of atoms in
molecules (QTAIM) and the noncovalent interaction plot
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Fig. 3 (a) Combined QTAIM/NCIPlot for a hetero tetramer of compound
1. Only intermolecular interactions are represented by bond CPs (in
fuchsia) and bond paths (dashed lines). The interaction energy was
evaluated as a dimer of two ion pairs. (b) Combined QTAIM/NCIPlot of
compound 4 (left). Models used to evaluate the contribution of the HaB
(right). The energy of the HB was evaluated using the equation £ = 1/2 x Vr.

(NCIPlot). Combined information from the two methods is useful
to characterize noncovalent interactions in real space. In parti-
cular, the reduced density gradient (RDG) isosurfaces not only
provide information about which intermolecular regions interact
but also if the interaction is attractive or repulsive. Blue-green
colours, meaning (signi,)p < 0, are used for attractive and red-
yellow colours for repulsive interactions [(sign/,)p > 0]. The
results are given in Fig. 3 for compounds 1 and 4 (see ESLi
Fig. S6, for similar assemblies of compounds 2 and 3). In 1, we
have analysed the self-assembled dimer already commented
above and shown in Fig. 1. Apart from the HB network, the
QTAIM analysis confirms the existence of the reciprocal I---O
HaBs that are characterized by bond critical points (CPs, small
spheres) and bond paths interconnecting the I and O atoms.
Moreover, the interactions are characterized by bluish RDG
isosurfaces, thus evidencing their attractive nature. The QTAIM
analysis also shows the existence of a O- - -O contact characterized
by a bond CP and bond path interconnecting both O-atoms.
The colour of the NCIplot RGD isosurface is yellow around the
bond CP, thus suggesting that this interaction is repulsive and
most likely compensated by other interactions. In fact, the
dimerization energy is very large (it has been computed for the
coupling of two 4-cyanopyridinium periodate ion pairs), AE; =
—38.9 keal mol ™, due to the strong nature of the charge assisted
HBs, as confirmed by the blue colour of the RGD isosurface of the
NH---O HBs and the HaBs. Similar interaction energies have
been found for compounds 2 and 3 (see Fig. S6, ESI}).
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Combined QTAIM/NCIPlot analysis has been also performed
for 3-fluoropyridinium periodate salt (4) (Fig. 3b). Interestingly,
it evidences the existence of two anion-cation contacts. One is
an HB between an aromatic hydrogen and a periodate oxygen
and is characterized by the corresponding bond CP, bond path,
and blue isosurface (see Fig. S5, ESIt). The other one is the HaB
between the F atom and the I atom, also characterized by a
bond CP, bond path, and a blue RGD isosurface. The binding
energy is very large due to the pure Coulombic attraction
between the counterions (AE, = —63.5 kcal mol™'). In an effort
to estimate the HaB energy free from the electrostatic effects
resulting from ion pairing, we have used a model employing 3-
fluoropyridine (Fig. 3, bottom-right).>” The interaction is dras-
tically reduced to AE; = —6.2 kcal mol ™, which corresponds to
the contribution of both halogen and hydrogen bonds. The energy
of the HB has been estimated using the potential energy density at
the bond CP and the equation proposed by Espinosa et al.>* The
computed energy of the C-H---O HB is —1.8 kcal mol " and that
of the O-1- - -F HaB is —4.4 kcal mol ™%, in line with conventional
HaB energies reported in the literature.>

For compound 3, we have compared the geometric and
energetic features of the optimized geometry with the experi-
mental one (Fig. 4). It can be observed that the two geometries
are in acceptable agreement, taking into consideration that the
DFT calculation is in the gas phase and uses an isolated dimer.
In the gas phase there is an elongation of the carboxylate OH
bond. Interestingly, the dimerization energies are similar using
the optimized or experimental geometries, thus suggesting that
the HaBs observed in the solid state are not due to packing
effects. The combined QTAIM/NCIPlot analysis of optimized
compound 3 is represented in Fig. 4c. The bond CP, bond path,
and blue RDG isosurface characterizing the O-I---O HaB con-
firm its attractive nature.

The natural bond orbital (NBO) analysis has been used in the
assemblies of compounds 1, 3 and 4 to investigate if the

(a) HB
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Fig. 4 (a) X-ray geometry of compound 3 and its cation---anion inter-
action energy. Distances in A. (b) DFT optimized geometry of 3 and its
interaction energy. (c) Combined QTAIM and NClplot of the optimized
compound 3. Distances in A.
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Fig. 5 Optimized structures of two [IOy- - 10412~ dimers exhibiting two (a) or
one (b) HaBs. Distances in A. The dimerization energies in water are indicated.

LP — o* orbital contribution common in c-hole interactions
exists in the HaBs involving a periodate anion. Interestingly, in
all cases we have found either LP(O) — o*(I-O) or LP(F) — o*(I-
0) orbital donor-acceptor contributions (see Fig. 3 and 4) which
range from very small in compound 4 (0.1 kecal mol ") to modest
in 1 (1.52 keal mol ™). Such small contributions are likely due to
the anionic nature of the HaB donor and suggest that the HaB
described herein are dominated by electrostatic effects.

Finally, we have also optimized the periodate dimer [10- - -10,]*~
taking into consideration solvent effects (in the gas phase the
anions separate to infinitum) and using two possible orientations
(Fig. 5), as observed in crystalline compounds 1-4 (see Fig. 1 and
ESIf). It is worthy to comment that the centrosymmetric dimer
(observed in compounds 1, 2, Fig. 1 and Fig. S6, ESI) exhibiting two
I---O HaBs is more favourable than the other one (observed in 4)
where only one HaB contact is formed. Moreover, in the centrosym-
metric dimer the HaB distance is shorter. It is worthy to highlight
that the anion- - -anion HaB interaction is attractive in water, thus
suggesting that the electrostatic repulsion of the anion.--anion
dimer can be counter-balanced by a convenient environment.

The Crystallographic Structural Database (CSD) contains
only four compounds where the periodate anion functions as
a HaB donor (see ESIi for greater details). These crystal
structures seem to confirm theoretical indications that the
involvement of periodate oxygen atoms in H- - -O HB formation
plays a key role in unmasking the HaB donor potential of iodine
by dissipating the negative charge of 10, and making positive
the electrostatic potential at iodine c-holes.>>*° Interestingly,
in imidazolium periodate, an improper molecular ferroelectric
compound,?” 10, anions are involved in a tight network of
HBs and further self-assemble into anionic infinite chains very
similar to those observed in perrhenate salts.”

In conclusion, the crystallographic analyses of some period-
ate salts show that iodine forms short and linear contacts with
electron donor atoms. These interactions can be rationalized as
HaBs and the ability of periodate iodine to act as an electrophile
is robust enough to drive the formation of anion-anion adducts.
Theoretical calculations reveal that in H-bonded periodate
anions, the surface electrostatic potential at iodine c-holes is
positive, namely adequate for interacting with electron donors.
A combination of QTAIM and NCIplot analyses proves the
attractive nature of the short contacts observed in the studied
crystals where periodate anions are the HaB donors. DFT
calculations disclose that the HaB driven anion- - -anion inter-
action between periodate anions may exist also in solution.
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