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ABSTRACT: The geometrical parameters and the bonding in [D---X---D]* halonium compounds, where D is a Lewis base with N
as the donor atom and X is Cl, Br, or I, have been investigated through a combined structural and computational study. Cambridge
Structural Database (CSD) searches have revealed linear and symmetrical [D---X:--D]* frameworks with neutral donors. By means of
density functional theory (DFT), molecular electrostatic potential (MEP), and energy decomposition analyses (EDA) calculations,

(D) attached to an iodonium cation (X = I), and the influence of the electron density alteration on the [D---I---D]* halonium bond
by variation of the R substituents at the N-donor upon the symmetry, strength, and nature of the interaction. The physical origin of
the interaction arises from a subtle interplay between electrostatic and orbital contributions (6-hole bond). Interaction energies as
high as 45 kcal/mol suggest that halonium bonds can be exploited for the development of novel halonium transfer agents, in
asymmetric halofunctionalization or as building blocks in supramolecular chemistry.

B INTRODUCTION sional (2D) halogen-bonded organic framework (XOF)
materials.”’ ™' The nature of the interaction in halonium
cations can be described in terms of orbital and electrostatic
contributions,>™>° with smaller contribution of dispersion
forces.>* According to the Pimentel—Rundle model,”” ™" the
halonium cation interacts simultaneously with two Lewis bases

are simultaneously found, either competing8 or cooperating.g’IO by .acceptlng electrons through t,)Oth lf)bes of 1t§ empty p-
Like tetrel ! pnicogen 12° 4 chalcogen’® bonds. the nature of orbital. Consequently, three atomic orbitals combine to form
the intera::tion cang b;. rationalized gin terms of{ a o-hole! 'S three molecular orbitals (Figure 1). Two electrons are in the

. .. . . bonding orbital and two in the nonbonding orbital, while the
with non-negligible charge transfer, dispersion, and polar- B ) - B 17.19 ) .
.. 2o 4713 . antibonding orbital remains unfilled.””"” Notice that this
ization contributions. In contrast to the classical two-

center halogen bond, R—X-D, in which a covalently bonded simplified model does not take into account the interaction

ol ) . . .
neutral halogen interacts with a Lewis base (D), the electron- betV\;jen .the ?CC}? pied S(dX) Orbltsl land }Eh; §ymnclletr1c
deficient halonium ions (X*) tend to interact simultaneously combination of the two donor orbitals, which introduces

with two Lewis bases. The resulting linear three-center bond, s1gfr\11ﬁcant .Palu li rep ulswlg. d haloni . Tti
[D--X--D]* is shown in Scheme 1."7 ternatively, one could consider a halonium ion as resulting

from the interaction between two closed-shell groups, D—X"
and D, to which the o-hole formalism could be applied, since
the anisotropic electron distribution of D—X" forms a o-hole,
produced by the presence of an empty D—X antibonding
[D ______ T D] + orbital opposite to that bond, that can establish Coulombic

and orbital interactions with the electron density of the lone

Halogen bonds are highly directional noncovalent interactions
between a nucleophilic Lewis base (D) and the electrophilic
region of a polarized halogen atom (X)." In terms of geometry,
bond strength, and origin of the interaction, halogen bonds are
similar to hydrogen bonds.””” In some cases, both interactions

Scheme 1. Structure of a Halonium Cation (X = Halogen, D
= Neutral Lewis Base)

The bonding in halonium ions (X = Cl, Br, and I) leads to a Rece_iVEd: February 27, 2023 I
hypercoordinated system. These stable'® > noncovalent Published: May 31, 2023 ;
complexes with short interatomic distances, in which the
central atom exceeds the octet rule, have attracted interest due
to their applicability as synthetic reagents' 7" and in the design
of complex supramolecular synthons'”**~** and two-dimen-
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Figure 1. Molecular orbital diagram for the halonium bond, [D--X---
D], for X = Cl, Br, and L

pair of the incoming donor. Since the o-hole originates from
the lobe of the empty p-orbital of the cationic halogen atom,
X", Hakkert has proposed that the two partially positively
charged regions of X' may best be termed as p-holes.”
According to Ruedenberg’s seminal work, the formation of
chemical bonding can be alternatively explained in terms of the
lowering of the kinetic energy associated with electron
delocalization upon bond formation.*’

Notice that a trihalide anion, X;~, can be considered as a
central halogen cation bonded to two terminal halides, X
X"~ X7, the main difference with halonium cations being that
the whole assembly is in this case negatively charged.”'
Unsurprisingly, the MO diagram for the trihalides” is identical
to that of the halonium cations (Figure 1). In a similar way,
X3~ can also be described as X, and X™ interacting units that
could be rationalized by the o-hole model.*

In the case of the fluoronium complexes, [D--F--DJ*
computational studies for D = pyridine suggest that they are
best described as [D—F]"--D ion—molecule complexes’* since
they prefer an asymmetric geometry with one classical covalent
bond (1.360 A) and a second, weaker and longer halogen bond
(3.499 A).** Indeed, to form [D--F--D]* adducts, a highly
electron-withdrawing group directly attached to the F center is
required, thereby enhancing its o-hole.'”

When D is an N-donor, [N--I--N]" complexes are
symmetric and static in both the solid state and in
solution,'”*** regardless of the solvent polarity** and of the
size, charge distribution, or coordination strength of the
counterion.”” The effect of the substituents on the electron
density of the [N---I--N]* halonium bond was assessed upon
symmetric modulation of the para-positions of [bis(4-R-
pyridine)iodine]* model'”*® and the geometrically restrained
[1,2-bis((4-R-pyridine-2-ylethynyl)benzene)iodine]* com-
plex.*® To the best of our knowledge, no attempts at analyzing
the impact of the electron density alteration on the strength
and nature of the bond have been reported when the R groups
are located at ortho-, double ortho-, meta-, and double meta-
positions relative to the pyridine nitrogen.

Herein, we present a combined structural and computational
study of the [N---X:N]* halonium bond. By means of density
functional theory (DFT) calculations, the geometry and
strength of the halonium bond were studied from three
different viewpoints in the present work: (1) the effect of
various halogen atoms (X) on the [py-X--py]" framework,
(2) the effect of different nitrogen-donor groups (D) attached
to the iodonium cation and (3) the influence of the electron
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density alteration on the [N--I-N]* halonium bond by
variation of the R substituents at the N-donor. The MN12-SX
method was selected after an extensive benchmark study on
the performance of 11 common DFT functionals and the
corresponding dispersion-corrected functionals, as well as with
the second-order Moller—Plesset perturbational method
(MP2), in predicting the geometry and interaction energy of
the bis(acetonitrile)-iodonium cation (BUKNAX,"’ Figure 2).

o

Figure 2. Short I-N contacts in the crystal structure of
bis(acetonitrile)-iodonium cation.*” Color code: pink, H; brown, C;
blue, N; and purple, L.

The results were compared with the experimental and
calculated data at the coupled cluster singles and doubles
(CCSD) and Perturbative Triple excitations (CCSD(T)) level
(see Supporting Information, Table S2). The covalent vs
dative character of the X---N bond in the bis-pyridine halonium
cations was discussed by Georgiou and co-workers using both
theoretical and synthetic techniques. They concluded that the
removal of the “first” pyridine is clearly heterolytic, both in the
gas phase and in the presence of solvent dielectric fields.”* In
light of these results, we have focussed our analysis on the
heterolytic dissociation of several halonium ions (Scheme 2).

Scheme 2. Heterolytic Cleavage Reactions Considered in
This Study

[D-1-DJ*

IE— .

[D-I* + D

D = substituted pyridine

3 2 4-R-py
3-R-py
4 \ N 2'R'
/ py
5 5 3,5-R,-py
2,6-Ro-py

R = NMe,, NH,, OH, OMe, CHg, H, F,
CH,F, ClI, Br, I, CHF,, CF3, SOgH, CN

To further investigate the nature of the interaction and the
factors that affect its strength we have performed molecular
electrostatic potential (MEP) and energy decomposition
analyses (EDA) of the same compounds (Scheme 2). Since
the strength of the electrostatic interaction in the halonium
bond is related to the positive value of the electrostatic
potential (V) at the o-hole of [D—X]" and the anisotropic
distribution of charge around the halogen atom,*® we have paid
special attention to possible correlations between the value of

Vmax and computed geometrical and/or energetic descriptors.

B STRUCTURAL ANALYSIS

We have searched the Cambridge Structural Database
(CSD)* for compounds containing a [N-X-+N] central
framework with X:--N bonds or contacts shorter than the sum
of the van der Waals radii. In our searches, the central atom X

https://doi.org/10.1021/acs.inorgchem.3c00654
Inorg. Chem. 2023, 62, 8980—8992
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was set to be I, known to form linear and highly symmetric
three-center-four-electron bonds.*”*°~>*

Only linear [N--I--NJ]* halonium systems with neutral
donors (Figure 3) have been reported in the CSD database, all

30
25

Frequency

0
160 165 170 175

N-I-N a (°)

180

Figure 3. N—I-N angle distribution for compounds containing a
[N---I--N] central framework.

having angles between 175 and 180°. This result is consistent
with the proposal that the central atom employs an empty
atomic p-orbital to interact with the N lone pairs of the two
donors and thereby give rise to practically linear [N--I--N]
frameworks (Figure 1). Altogether, 37 crystal structures were
found, 1 with an sp nitrogen atom attached to the iodonium
cation (BUKNAX),"” 35 with sp? nitrogen, and 1 with sp®
nitrogen atoms (HMTITI).”* Among the sp®> nitrogen
compounds, three are nonaromatic in an R;P=N-I
phosphazene moiety (HINXIL,”' HINXOR,”' and KAB-
RUB™). The average [N distance in these structures is
2.26 A and the average N-I--N angle is 179°. The difference
of less than 3% between the two I:--N bond lengths is within
chemical accuracy. Thus, the complexes show an overall
symmetric [N--I.-N]* geometry in the solid state. The
shortest contact is found for BUKNAX" (Figure 2), with
two identical I---N distances of 2.20 A, i.e, 1.5 A shorter than
the sum of the van der Waals radii (3.70 A),>® or an
interpenetration of the van der Waals crusts of 94%, consistent
with a hypercoordinated bond.”*

B ANALYSIS OF THE MOLECULAR ELECTROSTATIC
POTENTIAL

Effect of the Central Atom X. Figure 4 shows the MEP
maps of the [X—NC¢H;]* cations (X = F, Cl, Br, and I). These
systems were selected to evaluate the effect of the halogen
atom on the magnitude of the o-hole.

Upon initial inspection, all compounds exhibit a o-hole close
to the central atom and opposite to the N—X bond and the
maximum electrostatic potential value (V) of the o-hole
increases when descending down the halogen group. All in all,
the MEP maps allow us to explain the structural preferences
found in the previous section. Halogen(I) compounds (X = Cl,
Br, and I) would form highly linear [N---X--N] frameworks
since the interaction with the Lewis base along the X--N axis is
favored by the Coulombic attraction. Regarding fluor(I)
compounds, its small o-hole might be the cause for the
asymmetric arrangement (dy..p = 1.337 and 2.790 A; ay_p.x =
179.0°) of the optimized fluoronium compound, [py-F--py]*,
similar to a classical halogen bond. For that reason, we will not
consider the F center in the following discussion.

Effect of the Donor. Figure S shows the MEP maps of [I--
D]* complexes, where D is imidazole (C3H,N,), pyridine
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Figure 4. MEP maps for [X:NC;H;]" cations (X = F, Cl, Br, and I)
calculated at the MN12-SX/def2-TZVP level and plotted on the
electron density van der Waals isosurface (s = 0.001 A). Energies are
given in kcal/mol. Red and blue colors indicate the least and most
positive MEP values, respectively.

(C¢H¢N), pyrimidine (C,H,N,), acetonitrile (NCMe), and
ammonia (NH;).

Different nitrogen-containing donors (D) have been selected
to study their effect on the magnitude of the o-hole associated
with the I--N bond axis (we kept the iodonium cation as the
reference central atom X because it showed the most marked
o-hole among the halonium ions). Upon changing from
pyridine (CsHgN) to other aromatic donors such as imidazole
(C3H,N,) and pyrimidine (C,H,N,), the V, .. value of the o-
hole changes very little. In contrast, it increases with
nonaromatic donors such as ammonia (NH;) and acetonitrile
(NCMe).

Effect of the R Group. The [py--I]* complex has been
used as a reference to analyze the influence of the electron
density alteration on the I--N o-hole induced by variation of
the R substituents attached in ortho (2-R-py and 2,6-R,-py),
meta (3-R-py and 3,5-R,-py) and para-positions (4-R-py)
relative to the pyridine nitrogen. Several substituents have been
studied (R = NMe,, NH,, OH, OMe, CH,, CH,F, CHF,, CE,,
F, Cl, Br, I, CN, SO;H, and NO,). The V max Values of o-holes
for these compounds are shown in Table 1. For comparison,
the magnitude of the o-hole of the unsubstituted model (R =
H) is +131 kcal/mol (Figures 4 and S).

The smallest positive MEP value is found for NMe, and the
highest ones for CN and NO,. Two examples of MEP maps
are depicted in Figure 6 (for the MEP maps of all compounds
studied, see Figure S3.1—5 in the Supporting Information).
The V., values of o-holes show fair correlations with the
electron-releasing power of the R groups measured by their
Hammett 6, (4-R-py) and o, (3-R-py and 3,5-R,-py)
parameters, whereas no correlation is found for the ortho
mono- and disubstituted pyridines (2-R-py and 2,6-R,-py),
clearly indicating the important steric effects in these two cases
(Figure 7 and eqs S1—SS in the Supporting Information).
Those trends are most clearly seen in the CH;_,F,-substituted
pyridines, for which the magnitude of the o-hole increases with
the number of F atoms, and in the halogenated pyridines, for
which it decreases on descending down the halogen group.
The strongest inductive effect among singly substituted
pyridines is found for the para derivatives. It must be noted
also that the incorporation of two substituents at two
equivalent positions of the pyridine ring practically doubles

https://doi.org/10.1021/acs.inorgchem.3c00654
Inorg. Chem. 2023, 62, 8980—8992
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Figure 5. MEP map for [I-+-D]* cations (D = C;H,N,, C;H;N, C,H,N,, NCMe, and NHj,) calculated at the MN12-SX/def2-TZVP level and
plotted on the electron density van der Waals isosurface (s = 0.001 A). Energies are given in kcal/mol. Red and blue colors indicate less and more

positive MEP values, respectively.

Table 1. Highest Positive Value of the Electrostatic
Potential (V,,,,,) of o-Holes Related to the Iodine Atom in
the Substituted [(Pyridine)Iodine]* Complexes, and
Hammett Parameters of the Substituents”

Visgorse
R 2-R-py 2,6-R,-py 3-R-py 3,5-Ry-py 4-R-py o, O
NMe, 123 114 123 117 118 —-0.83 —-0.21
NH, 128 126 125 122 121 —-0.66 —0.16
OH 127 122 129 130 128 —-0.37 0.12
OMe 125 118 128 125 125 —-0.28 0.12
CH; 128 123 128 125 127 -0.17 -=0.07
H 131 131 131 131 131 0 0
E 134 137 134 138 132 0.06 0.34
CH,F 130 130 130 130 129 0.11 0.12
Cl 131 130 132 133 131 0.23 0.37
Br 130 128 132 133 130 0.23 0.39
1 128 123 130 129 128 0.28 0.35
CHF, 130 131 132 133 132 0.32 0.29
CF, 133 134 136 138 135 0.54 0.43
SO;H 131 137 133 136 134 0.64 0.38
CN 135 138 137 144 136 0.66 0.56
NO, 136 142 139 144 138 0.78 0.71
“Energies are given in kcal/mol.
NMe, 115
+118 5
£
S
75

Figure 6. MEP maps of [{4-NMe,-py}I]* and [{4-NO,-py}I]*
complexes calculated at the MN12-SX/def2-TZVP level and plotted
on the electron density van der Waals isosurface (s = 0.001 A).
Energies are given in kcal/mol. Red and blue colors indicate less and
more positive MEP values, respectively.

the effect of a single substituent. For 2,6-(SO;H),-py, there are
two additional o-holes related to the O—H bond axis (both of
144 kcal/mol) parallel to the I-+N o-hole (see Supporting
Information, Figure $3.2). Although the trends found in Figure
7 point to a clear influence of electron donor properties of the
substituents on the electrostatic potential at the o-hole, the
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correlation is somewhat poor, indicating that some fine-tuning
is due to other effects.

In summary, it is expected that for a given Lewis base, and
considering the electrostatic attraction as the main driving
force, an increase of the V. value will strengthen the
interaction, whereas its reduction will weaken it.

B ANALYSIS OF THE INTERACTION ENERGIES

Effect of the Central Atom X. The effect of varying the
central atom on the bonding and geometry between the py and
[X-py]* fragments has been studied by means of DFT
calculations. We have used the same X atoms as in the
above MEP analysis (Figure 4, X = Cl, Br, and I). The main
results are shown in Table 2. The optimized geometry of the
bis-pyridine halonium(I) cations exhibits D,, symmetry with
two identical X---N bond distances. The calculated halogen---
nitrogen bond lengths are 1.52 A (N--Cl), 1.43 A (N--Br),
and 1.45 A (N---I) shorter than the sum of the van der Waals
radii of the involved atoms (3.48, 3.52, and 3.70 A,
respectively).”” The interaction energy increases in magnitude
from ClI to I, in good agreement with the magnitude of the o-
holes.

Notice that the interpenetration of the van der Waals cores
increases slightly with the atomic size of X and that the values
of around 87—90% are consistent with those of other
hypercoordinated compounds.”* While the maximum electro-
static potential at the o-hole decreases linearly with the Pauling
electronegativity of the halogen, the interaction energy shows a
linear dependence on the penetration indices.

Effect of the Donor. The effect of different N-donor
groups (D) on the bond strength and geometry of the D++[I—
D]* interaction (Scheme 2) has been analyzed using the same
donors as in the MEP analysis (Figure 5), and the results are
shown in Table 3. The optimized [N--I--N]* backbones’ are
all linear with two identical I---N distances. Ammonia, which
induces the most marked o-hole (151 kcal/mol), has an
interaction energy of —43.48 kcal/mol. However, even if
imidazole has the lowest V. value (130 kcal/mol), it gives
the most stable adduct. Furthermore, the acetonitrile iodonium
is less stable than the pyridine one even though the V., value
of the former is as high as 150 kcal/mol. In addition,
pyrimidine yields the least stable adduct although its V..
value is the highest among the aromatic donors (135 kcal/

https://doi.org/10.1021/acs.inorgchem.3c00654
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Figure 7. Dependence of the electrostatic potential at the o-hole (V,,,,) on the Hammett parameters for (a) the 4-R-py (R*> = 0.89) and (b) the 3-

R-py (triangles, R* = 0.86) and 3,5-R,-py (squares, R* = 0.84).

Table 2. Key Geometrical Parameters and Interaction

Energies for the Optimized [py-X-py]* Model (X = Cl, Br,
and I) Calculated at the MN12-SX/def2-TZVP Level
dy Px.-N ON-I-N Ve max AE;,
x A ) ) (keal/mol) (keal/mol)
cl 1961 86.8 180.0 114 —37.37
Br 2.088 88.5 180.0 120 —40.01
I 2.255 90.3 180.0 131 —41.30

Table 3. Key Geometrical Parameters and Interaction
Energies for the Optimized [D-I-D]* Models with
Different N-Donor Lewis Bases (D) Calculated at the
MN12-SX/def2-TZVP Level

dy1 Pr.N ON-_[-N Vs AE;,
donor (X) (%) ° (kcal/mol) (kcal/mol)
pyrimidine 2.261 89.9 179.8 135 —38.50
acetonitrile 2.190 94.4 180.0 150 —40.09
pyridine 2285 90.3 180.0 131 —41.30
ammonia 2.299 87.6 180.0 151 —43.48
imidazole 2.238 91.4 180.0 130 —44.87

mol). It seems thus clear that the strength of the bond cannot
be explained by Coulombic interactions only.

Among the aromatic donors, the interaction energy increases
with the penetration index, while for the differently hybridized
N-donor atoms, the interaction energy seems to follow the
following trend: sp® > sp> > sp, considering the average value
for the three aromatic ligands, 25(2) kcal/mol.

(3,5-Ry-py), and para (4-R-py) positions, relative to the
pyridine nitrogen of the [bis(pyridine)iodine]* adducts, with
the same substituents used in our previous MEP analysis
(Table 1), we have analyzed the impact of the electron density
alteration on the stability and geometry of the bonding
between pyridine and [I-py]* (Scheme 2). Previous works
using the same compound have only focused on substitution of
the pyridine para-hydrogen using a few substituents.'”** The
numerical results are summarized in Tables $3.1-5 in the
Supporting Information.

When comparing the interaction energy between a pyridine
donor (D) and the corresponding [I-D]* cation with the
electrostatic potential at the o-hole (Vj,,,), some correlation
between the two parameters are found for the 4-R-py, 3-R-py
and 3,5-R,-py families (Figure 8 and eqs S6—S8 in the
Supporting Information), whereas no correlation is found for
the ortho-substituted 2-R-py and 2,6-R,-py families. The
surprising aspect of that correlation is that it is positive, ie.,
the interaction energy is made less attractive as the electrostatic
potential increases. These results clearly indicate that the
attractive interaction between the two moieties is modulated
via substituents by forces other than the electrostatic attraction
associated with the o-hole at the [I-D]* cation. Consider, for
instance, the 2,6-(NO,),-py iodonium cation that appears in
the calculations as the least stable one (AE,, = —30.56 kcal/
mol), yet the electrostatic potential of the [I-D]* cation at its
o-hole is among the highest ones (142 kcal/mol). Another
clear example is the 4-NH,-py adduct, calculated to be the
most stable one (AE,, = —44.65 kcal/mol) despite the rather

Effect of the R Group. Upon substitutions at the ortho (2- low V... value (121 kcal/mol) of the interacting iodonium
R-py), double ortho (2,6-R,-py), meta (3-R-py), double meta group.
-354 3,5-Ra-py,

Interaction Energy (kcal/mol)

125 130 135 140

120
Vs max (kcal/mmol)

115

~

-404

Interaction Energy (kcal/mol)

-45

120 125 130 135 140

Vs max (kcal/mmol)

115

Figure 8. Interaction energy between a pyridine donor (D) and the corresponding [I-D]* cation, represented as a function of the electrostatic
potential at the ¢-hole (V, ) for (a) the 4-R-py (R* = 0.89) and (b) the 3-R-py (triangles, R* = 0.82) and 3,5-R,-py (squares, R* = 0.84) adducts.

8984

https://doi.org/10.1021/acs.inorgchem.3c00654
Inorg. Chem. 2023, 62, 8980—8992


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00654/suppl_file/ic3c00654_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00654/suppl_file/ic3c00654_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00654?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00654?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00654?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00654?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00654?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00654?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00654?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00654?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c00654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

All optimized compounds show linear [N---I---N]* frame-
works with two equal I---N distances, although a slight bending
of a few degrees is obtained for singly ortho-substituted
pyridines and for the [{2,6-(NMe,),-py},I]* cation (Tables
S$3.1,2, respectively, in the Supporting Information). It must be
stressed that, at difference with the wide range of interaction
energies induced by the nature and positions of the
substituents at the pyridine ring, the I--N distances fall in a
narrow range (2.24—2.27 A) for the meta and para-substituted
pyridines, while they result more variable and longer (2.26—
2.36 A) for the ortho-substituted ones. For those ortho-
substituted compounds, the steric hindrance and other
secondary interactions such as hydrogen bonds surely play
an important role in the geometry and stability of the system.
For instance, despite the strong electron-releasing character of
NMe,, the I--N distance in the 2,6-NMe,-py compound is
longer, and the interaction energy smaller, than in the
unsubstituted compound. It is worth mentioning here that
the influence of hydrogen bonds on the structure of the related
[CL]" system has been previously reported.” In addition, the
pyridine donors form a handle-shaped structure around the
central [N--I---N]* framework (Figure 9), probably due to the

/ |

Figure 9. Optimized geometry for the [{2,6-(NMe,),-py},I]*
complex. Color code: brown, C; blue, N; and purple, I. H atoms
are omitted for clarity.

steric hindrance of the methyl groups. Furthermore, in the 2,6-
(SO;H),-py adduct, four O-+-H hydrogen bonds of 1.73 A are
formed between the hydrogen sulfonato groups (Figure 10a),
explaining the unusually high interaction energy between the
two fragments (AE;,, = —60.67 kcal/mol), to be compared
with the much smaller value for the monosubstituted trans-
derivative, 2-SO;H-py (—38.73 kcal/mol). Comparison with
the interaction energy of the monosubstituted cis-derivative 2-
SO;H-py (—49.86 kcal/mol), which shows two O--H
hydrogen bonds of 1.76 A formed between the substituents
(Figure 10b), allows us to estimate the stabilization energy of
each hydrogen bond in 5.41 kcal/mol. The interaction energies
between ortho-substituted pyridines, 2-R-py and 2,6-R,-py, and
the corresponding [I-D]* cations are affected by the same
effects. As a result, neither the I--N distances nor the
interaction energies in this family correlate with the electron-
withdrawing/releasing power of the substituents, calibrated by
the Hammett o, parameters. Notice that the same effects have
prevented the definition of a Hammett parameter for
substituents in the ortho position. Also note that although
the interatomic distance might correlate with the interaction
energy in some cases, the bond length is not necessarily an
appropriate general measure of the strength of a bond.*
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*)
b

Figure 10. Hydrogen bonds (dashed lines) in the calculated structure
of (a) [{2,6-(SO3H),-py},I]" and (b) [cis-{2-(SO3H)-py},1]"
adducts.

Both the I--N distances and the interaction energies of 3-R-
py, 3,5-R,-py, and 4-R-py compounds are expected to remain
unaffected by steric hindrance and other intramolecular
secondary interactions between the R groups and thus are
most adequate to analyze the effect of changes in the electron
density of the Lewis base. Plots of those two parameters as a
function of the Hammett 6, and o, constants of the pyridine
substituents (Figures 11 and 12, respectively) show that they
are nicely correlated (see eqs S9—S10 and S11-S14,
respectively, in the Supporting Information). Such behaviors
bear some similarities with the trends just discussed for the
electrostatic potential at the o-hole. Now the highest
interaction energies within each substitution scheme are
found for R = NH, and NMe, and the lowest ones for CN
and NO,. As for the general trends, the I--N distance
increases, and the interaction energy decreases, as the
Hammett parameters become more positive, ie., as the
electron-releasing power decreases or the electron-withdrawing
ability increases. The effect of a para substitution at the
pyridine ring on the interaction energy is stronger than a single
meta-substitution. However, the incorporation of a second
substituent at the meta-position practically doubles the effect of
a single substituent, as can be appreciated by the higher slope
of the least-squares lines for the 3,5-R,-py compounds with
respect to the 3-R-py analogues (Figures 12a,b and eqs S11—
S14 in the Supporting Information).

Those trends can be clearly seen in the subsets of CH;_,F,
and halogen-substituted pyridines (Table S3.1—5). For the
former, the interaction energy is made less stabilizing as the
number of F atoms increase, within every family with a given
substitution pattern. While single substitution with these
groups induces changes in the interaction energy of up to 3.4
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Figure 11. Dependence on the Hammett 6, parameter of (a) the I-N bond distances (R* = 0.90) and (b) the interaction energy between the N

and [I-N]* fragments (R* = 0.96) in 4-R-py compounds.
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Figure 12. Dependence on the Hammett 6, parameter of (a) the I-N bond distances (R* = 0.91, 0.89) and (b) the interaction energy between the
N and [I-N7]* fragments (R* = 0.91, 0.94) in 3-R-py (triangles) and 3,5-R,-py (squares) compounds.

Table 4. EDA for the Interaction of Pyridine and [X-py]* in the Optimized [py*-X-py]* Model (X = Cl, Br, and I), Calculated

at the MN12-SX/def2-TZVP Level”

X AEp,y AEg,. AEg,

cl 145.88 —81.41 (44.4%) —8.83 (4.8%)
Br 125.62 —79.71 (48.1%) —8.03 (4.8%)
I 105.56 —74.44 (50.7%) —7.16 (4.9%)

AEpol AEct AEint
—25.08 (13.7%) —67.93 (37.1%) —37.37
—26.86 (16.2%) —51.14 (30.9%) —40.12
—25.94 (17.7%) —39.32 (26.8%) —41.29

“The percentage represents the contribution to the sum of the attractive (negative) contributions to the interaction energy. Energies are given in

kcal/mol.

kcal/mol, double substitution modifies it by 6.5 kcal/mol.
Among the halogen-substituted pyridines, the interaction
energy decreases on descending down the halogens group,
but with smaller changes than those induced by the
fluoromethyl groups.

The fact that both the I-N distance and the interaction
energy show a dependence on the Hammett parameter of the
substituent means that there is also some correlation between
the distance and the interaction energy, and comparison of
bond distances in halonium ions should give approximate
information on relative interaction energies. Moreover, the

electrostatic potentials at the o-hole (V,,.,) are also correlated

max
with the Hammett parameters, as can be seen in Figure 7a,b
and, consequently, the interaction energy becomes less
attractive as the electrostatic potential at the o-hole increases,
clearly showing that such an interaction is not the main
responsible for the strength of the I-N bonds in the studied

[D--I--D]" iodonium cations.
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B ENERGY DECOMPOSITION ANALYSIS

In light of the above results, we have performed an energy
decomposition analysis (EDA) to investigate the effect of (i)
the central atom X, (ii) the N-donor D, and (iii) the
substituents R on the nature of the bond between D and [X—
D]*. EDA schemes are a useful tool to understand the physical
origin of a given interaction that have attracted increasing
interest in recent years among theoretical chemists.”” %'
Effect of Central Atom X. The results for three halogen
atoms (X = Cl, Br, and I) with D = pyridine are summarized in
Table 4. The orbital-based interactions, shown as polarization
(AE,) and charge transfer (AE,) terms, decrease as we go
down the group of the halogens. The less electronegative the
central atom is, the higher the energy of its np orbitals, thus
enlarging the energy gap between the donor and acceptor
orbitals and allowing for a poorer orbital interaction.
Simultaneously, the electrostatic (AE,,.) contribution in-
creases, accordingly with the polarizability of the central
atom. The sum of AE,, and AE, represents 51% (Cl), 47%
(Br), and 44% (1) of the total attractive interaction energy. For
the three halogens, the electrostatic term is not enough to
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Table S. EDA for the Interaction of Different Nitrogen-Containing Lewis Bases (D) and the Corresponding [I-D]* in the
Optimized [D+ID]* Models, Calculated at the MN12-SX/def2-TZVP Level”

donor AEp, AE,. AEyq, AE,, AE, AE;,
pyrimidine 101.84 —70.02 (49.9%) —6.71 (4.8%) —25.44 (18.1%) —38.17 (27.2%) —38.50
acetonitrile 91.91 —67.33 (51.0%) —5.53 (4.2%) —23.28 (17.6%) —35.86 (27.2%) —40.09
pyridine 105.56 —74.44 (50.7%) —7.16 (4.9%) —25.94 (17.7%) —39.32 (26.8%) —4129
ammonia 98.80 —81.42 (57.2%) —5.53 (3.9%) ~18.06 (12.7%) —37.27 (262%) —43.49
imidazole 107.68 —80.62 (52.9%) —6.96 (4.6%) ~26.30 (17.2%) —38.66 (25.3%) —44.86

“The percentage represents the contribution to the sum of the attractive (negative) contributions to the interaction energy. Energies are given in

kcal/mol.
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Figure 13. Dependence on the Hammett ¢, parameter of (a) the EDA contributions to the interaction energy and (b) the net interaction energy
between the 4-R-py donors and the [(4-R-py)-1]* cations. AEp,;, AEcoy, AEqy, and AEyg, are the Pauli repulsion, electrostatic, orbital (AE, =
AE,q + AE,), and dispersion, contributions to the interaction energy, respectively.

overcome the Pauli repulsion but the significant contributions
of polarization, charge transfer and, to a lesser extent (<5%)
dispersion make the net interaction attractive (see Figure S4 in
the Supporting information).

Effect of the Donor. The EDA results for the interaction
between various N-donors D and the corresponding [I-D]*
cation (Scheme 2) are summarized in Table 5. The first
observation is that the electrostatic term is the largest attractive
contribution, yet it is insufficient to overcome the Pauli
repulsion. The dispersion term contributes less than 5%,
whereas the polarization and charge transfer terms contribute
nearly as much (39—45%) as the electrostatic term to the
attractive part of the interaction, making the formation of the
adduct energetically favorable in all cases by 38—45 kcal/mol.
Among the aromatic donors, imidazole has the greatest
magnitude of AEpyr, whereas pyrimidine has the smallest
one, while the proportion of orbital contribution to the total
attractive interactions is smallest for imidazole (43%) and
largest for pyrimidine (45%). For the nonaromatic donors, the
ammonia iodonium interacts more strongly than the
acetonitrile one. All in all, these results indicate that, in all
cases, the electrostatic term is not enough to overcome the
Pauli repulsion and it is the combined effect of the orbital-
based terms (polarization and charge transfer) and a smaller
contribution of dispersion forces, which makes the interaction
attractive (see Figure SS in the Supporting information).

Effect of the R Group. Finally, we have applied the same
approach to analyze how the energetic contributions change
with the electron density distribution of the [N--I.--N]*
halonium bond. The modifications of the electron density
were achieved by modulation of ortho (2-R-py and 2,6-R,-py),
meta (3-R-py and 3,5-R,-py), and para-position (4-R-py)
relative to the pyridine nitrogen of the [py--I---py]* complex
(R = H, Scheme 2), with the same R groups as in the previous
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sections. The numerical results are summarized in Tables
S4.1-S5 in the Supporting Information.

As happens with the interaction energies, the electrostatic,
dispersion, and orbital terms remain unaffected by the steric
hindrance and other intramolecular secondary interactions
between the R groups for 3-R-py, 3,5-R,-py, and 4-R-py
compounds, and they can therefore be used to study the nature
of the [N--I-+-N]* halonium bonding. In contrast, extreme
caution must be taken when interpreting the results obtained
for 2-R-py and 2,6-R,-py compounds. Although these
complexes somewhat follow the same trend previously found,
the EDA analysis not only decomposes the energetic
contributions between the I:--N bond, but it is sensible to all
the interactions among the fragments, including secondary
interactions between the R groups.

For those substitution patterns affecting the meta or para-
positions, for which it is sensible to employ Hammett
parameters, the interaction energy, as well as the four
contributions obtained from the EDA analysis present a clear
dependence on the electron-releasing power of the sub-
stituents. This correlation can be seen for the 4-R-py
compounds in Figure 13a, and linear least-squares fittings are
described by eqs 1—5 (all energies in kcal/mol), where AE,y,
AE¢,y AEg, and AEy,; are the sum of the polarization and
charge transfer (AE,y + AE_,), electrostatic, dispersion, and
Pauli repulsion contributions to the interaction energy (AE,,),
respectively. Although for highly electron-withdrawing sub-
stituents (positive o, values) the weights of the electrostatic
and orbital terms are similar, the former presents a stronger
dependence on the Hammett parameter and becomes
%
values). In all cases, however, the orbital interactions are
significant and necessary to overcome the Pauli repulsion.

predominant for highly electron-releasing groups (negative
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Figure 14. Dependence on the Hammett ¢,, parameters of (a) the EDA contributions to the interaction energy between the 3-R-py donors and the
[(3-R-py)-I]* cations, (b) similarly for (3,5-R,-py) analogues, and (c) the net interaction energy for the two families of compounds (triangles for

monosubstituted, squares for disubstituted pyridine).

Notice that although the Pauli repulsion increases with
decreasing Op the slope of the electrostatic term is larger, and
the net interaction energy is consequently more attractive for
negative Hammett parameters (Figure 13a).

(R* = 0.89)

AE,y, = —65.72 + 2.04-0, (1)
AEg,, = —74.12 + 9.83:0, (R*=0.98) )
AEy, = =722 + 0.37:6, (R*=097) (3)
AEp, = 1063 — 6.67-0, (R*=0.96) (4)
AE,, = —40.74 + 5.57-0, (R* = 0.96) (s)

Similar considerations can be made for 3-R-py adducts
(Figure 14a and eqs 6—10)

AE,, = —65.60 + 3.04-5,, (R* = 0.89) ()
AEc,, = —7527 + 14146, (R* = 0.94) (7)
AEy, = =724 + 0.56:6,, (R® =0.88) (8)
AEp, ;= 1062 — 9.49-5, (R* = 0.96) )
AE,, = —41.89 + 826:6, (R*=091) (10)

as well as for 3,5-R,-py adducts (Figure 14b and eqs 11—15).
The main difference with the 4-R derivatives appears for the
disubstituted adducts that induce much wider variations of the
interaction energies with the o,, value (14 kcal/mol) than the
monosubstituted ones (7 kcal/mol).

AE,, = —65.92 + 5.50-0, (R* = 0.90) (11)
AEq,, = —75.54 + 26.70-c,, (R* =0.95) (12)
AEy, = —7.34 + 1.07.0,, (R*=087) (13)
AEp,; = 1068 — 17.72-0,,  (R* = 0.95) (14)
AE,, = —42.01 + 15556, (R* = 094) (15)

In the meta and para substitution patterns, the contribution
of dispersion forces to the total attractive interaction is small,
in good agreement with the results of previous works,” and
shows little dependence on the Hammett parameters. In
contrast, the electrostatic and Pauli contributions are strongly
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dependent on the nature of the substituent. It is important to
stress that for each of the sets of systems studied (Tables
S4.1=5 in the Supporting Information) there is a fair linear
correlation between the Pauli and electrostatic contributions
(see Figure S6 in the Supporting Information). The sum of
these two terms is in all cases positive, with values between
25.3 and 48.0 kcal/mol, and an average value of 33(2) kcal/
mol. Since the orbital contribution has in all cases negative
values in excess of 50 kcal/mol, it is clear that they overcome
the combined effect of the electrostatic and Pauli terms.
Therefore, the orbital interaction, schematically represented by
the MO diagram of Figure 1, must be blamed responsible for
the attractive nature of the interaction, which is enhanced by
highly electron-withdrawing groups.

H HALONIUM BONDING IN TRIHALIDE ANIONS

As mentioned in the Introduction Section, trihalide anions
behave very similarly to halonium cations. For example, the
bonding in I;~ could be described as the interaction between
two closed-shell groups, I, and I, and rationalized by the o-
hole model. The anisotropic distribution of the electron
density of I, forms two opposite o-holes (both of 32 kcal/mol,
Figure 15) at each side of the I-I bond axis capable of
accepting an electron pair of I” at either side of the iodine
molecule.

20

kcal/mol

-5

Figure 15. MEP map of the I, molecule calculated at the MN12-SX/
def2-TZVP level and plotted on the electron density van der Waals
isosurface (s = 0.001 A). Energies are given in kcal/mol. Red and blue
indicate more negative and more positive MEP values, respectively.

The optimized geometry of I~ is linear (179.9°) and
exhibits a D, symmetry with two identical I-I bond distances
(2.959 A), 1.12 A shorter than the sum of the van der Waals
radii of the involved atoms (4.08 A), or an 86% penetration of
the van der Waals crusts, compared to 110% in the I, molecule
and consistent with the values found in other hyper-
coordinated systems.”* Despite the low V... value of its o-

,Max
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Table 6. EDA for the Interaction of I" Anion and I, Molecule in the Optimized I;~ Anion, Calculated at the MN12-SX/def2-
TZVP Level”

X5 AEp, AE,. AEyq, AE, AE, AE
- 81.85 —53.79 (44.4%) —5.96 (4.9%) —15.14 (12.5%) —46.13 (38.1%) ~39.18

“The percentage represents the contribution to the sum of the attractive (negative) contributions to the interaction energy. Energies are given in
kcal/mol.

ct int

holes (Figure 15), the interaction energy of the complex is as acetonitrile (10.69:1) is a better donor than ammonia
high as —39.18 kcal/mol, comparable in strength to those in (10.01:1). As in the interaction energy, the four energetic
the halonium cations discussed above. An EDA analysis shows contributions obtained from the EDA results of 3-R-py, 3,5-R,-
that the electrostatic and orbital contributions (especially py, and 4-R-py adducts correlate very well with the Hammett
charge transfer) have similar weight and, with a small 0, and o, parameters, respectively. The Coulombic and Pauli
contribution of the dispersion term (<5%), both are necessary repulsion terms are linearly correlated within each family and
to overcome the Pauli repulsion and make thus the net are overall reé)ulsive. As in the systems previously studied in
interaction energy attractive (Table 6). To sum up, the nature our group,éz’ ® the orbital and dispersion contributions are
of the interactions that governs the bonding in halonium ions required to overcome the net repulsion of the electrostatic and
can also explain the geometric parameters and the bonding in Pauli terms, but in this case, the orbital terms are much
trihalides anions. stronger than the dispersion contribution. In the compounds

with distal substituents (3, 4, and 5 positions) the orbital/
B CONCLUSIONS dispersion ratio is nearly invariably 9:1, whereas ortho mono-

and disubstitutions reduce that proportion to 7.3:1 and 5.7:1,

We have carried out a combined structural and computational ; . .
respectively. To sum up, it seems clear that a pure electrostatic

analysis of the bonding in [N--I--\N]* halonium groups. Only ) S :
linear [N--I-N] frameworks with neutral donors have been model of the o-hole or “halogen bond” is inadequate to explain

found in the CSD, with nearly equal I---N distances and angles the stability of the halonium ion.s and the. PimentelfRundle
in the range of 175—178°. An MEP analysis has disclosed a delocalized . molec_uIaF orbl_tal picture (Figure 1), ' more
well-defined o-hole at the halogen atom for all compounds adequ'ate. Slncg trihalide anions, X7, bebave very similarly to
studied. Such electron depletion is consistent with the halonium  cations, the same conclusions found for the

geometric preferences of the interaction since the bond with halonium jons can be applied to eXp 1a‘1n the ge9metr1c
the Lewis base along the X-+N axis (X = Cl, Br, and 1) is parameters and the nature of the bonding in those anions, as
b o substantiated by present calculations on the triiodide anion.

We believe that these findings allow for a better under-
standing of the nature and factors that govern the bonding and
the geometry of three-center-four-electron halonium com-
pounds, and open new ways to enable novel applications as
halonium transfer agents, asymmetric halofunctionalization, or

favored by Coulombic attraction. The value of the electrostatic
potential at the o-hole increases on going down the halogen
group, in good agreement with the polarizability of the central
atom, and its value can be modulated by the donor group D
and the nature of its substituent R.

The strength of the interaction depends on the nature of . : ) -
both the donor and the acceptor. The stability of the adduct as building blocks in supramolecular chemistry, and, ultimately,

increases with the size of the halogen, in good agreement with contribute to our understanding of chemical bonding at large.
the MEP analysis. However, aromatic donors show high
interaction energies even though the magnitude of their o-hole B COMPUTATIONAL METHODS

is low compared to ammonia and acetonitrile donors. Electron Structural searches were carried out in the Cambridge Structural

density changes have a strong influence on the stability of the Database (CSD)*’ version 5.42, November 2020. Only crystal
[N---I---N]* halonium bond in 3-R-py, 3,5-R,-py, and 4-R-py structures with three-dimensional (3D) coordinates determined,
complexes, whereas the I--N bond length remains virtually nondisordered, with no errors, not polymeric, and with R < 0.1
unaltered. The correlation of the Hammett o, and o, were allowed in searches. CSD refcodes of selected examples are given
constants, respectively, with the I---N distances, the interaction throughout the text as six-letter codes (e-g-ngBCDEF)- We used the
energy, and the Vi max indicates that the [N--I--N]* halonium van der Waals radii proposed by Alvarez.”” DFT calculations were

performed using the Gaussian 16 package®® with the MNI12-SX
functional and the def2-TZVP basis set for all atoms, with the
corresponding relativistic pseudopotentials for heavy atoms. The
functional was chosen after an extensive benchmark of the

bond is made less stable as the electrostatic potential at the o-
hole and the I---N distances increase. The steric hindrance and
other secondary interactions between the R groups in 2-R-py

and 2,6-Ry-py complexes play an important role in the stability performance of 11 functionals (with and without Grimme’s D3
of the complex. Consequently, the lack of correlation between and D3BJ dispersion correction) and the MP2 method for the
the Hammett o, parameters and the three parameters calculation of bond distance, angles, and the interaction energy in
mentioned above prevents us from discussing further along bis(acetonitrile)-iodonium cation (BUKNAX).”” The results were
this line. compared with the experimental and calculated data at the CCSD and

Our energy decomposition analysis (EDA) results shed light CCSD(T) levels. All structures were fully optimized and confirmed to

be minima of the corresponding potential energy surfaces by
frequency calculations. Interactions energies were calculated via the
supermolecule approach and corrected for the BSSE by means of the
counterpoise method.”” Only heterolytic dissociation of halonium
compounds was taken into account by considering D and [X—D]" as

on the physical nature of the interaction. As descending down
the halogen group, the orbital-to-dispersion ratio decreases (Cl
=10.53:1, Br = 9.71:1,and I = 9.11:1), in good agreement with
the atomic volume of the central atom X. Regarding the effect

of the donors (D), the aromatic groups present the lowest the interacting fragments. MEP maps were built on the 0.001 A
orbital to dispersion ratio (pyrimidine = 9.48:1, pyridine = isosurface with GaussView 6 program68 on the molecular geometries
9.11:1, and imidazole = 9.33:1). Among the nonaromatic ones, of the interacting systems. EDA analyses were carried out with Q-
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Chem 5.3 software® by means of the second-generation ALMO-EDA
method.”
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