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ABSTRACT: X-ray structural measurements and computational Symmetric 3c-4e bonding<:> Asymmetric 3c-4e bonding
analysis demonstrated the similarity of the geometries and (Haloniumions) (Strong HaB complexes)

electronic structures of the X—I-N (X = CI, Br, I, and N)
bonding in strong halogen-bonded (HaB) complexes and in the
anionic or cationic halonium ions. In particular, I--*N bond lengths
in the solid-state associations formed by strong HaB donors (e.g., I,
IBr, ICl, and N-iodosuccinimide) and acceptors (e.g., quinuclidine
or pyridines) were in the same range of 2.3 + 0.1 A as those in the
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halonium ions [eg, the bis(quinuclidine)iodonium cation or the
1,1’-iodanylbis(pyrrolidine-2,5-dione) anion]. In all cases, bond 02 4
lengths were much closer to those of the N—I covalent bond than '
to the van der Waals separations of these atoms. The strong N---I o

bonding in the HaB complexes led to a substantial charge transfer,

lengthening and weakening of the I---X bonds, and polarization of the HaB donors. As a result, the central iodine atoms in the strong
HaB complexes bear partial positive charges akin to those in the halonium ions. The energies and Mayer bond orders for both N---I
and I---X bonds in such associations are also comparable to those in the halonium ions. The similarity of the bonding in such
complexes and in halonium ions was further supported by the analysis of electron densities and energies at bond critical (3, —1)
points in the framework of the quantum theory of atoms in molecules and by the density overlap region indicator. Overall, all these

strong HaB complexes, as well as the weakly covalent character of these 3c—4e interactions.

1. INTRODUCTION and acceptor (Figure 1), which leads to ground-state charge
transfer and the appearance of diagnostic charge-transfer bands
in the absorption spectra.'’

In recent years, halogen bonding is most commonly been
related to the electrostatic attraction of electron-rich species to
areas of positive potential on the surfaces of covalently bonded
halogen atoms.'”> This o-hole model of HaB complex
formation is illustrated in Figure 2A.

Trihalide anions represent another association which are
known for more than a century.'* The bonding in these species
was discussed by Pauling in 1940 and subsequently analyzed in
detail by Rundle and Pimentel.'>™"7 The simplified MO
diagram of trihalides (Figure 1, right) indicates that it can be
interpreted as the interaction of filled orbitals of two electron
donors D (in this case, halide anions) with an empty orbital of

Halogen bonding became a focal point of supramolecular
chemistry during the last 20 years or so.'”> However, many
associations that nowadays are considered halogen-bonded
(HaB) complexes were extensively studied long before this
term was defined by the TUPAC in 2013.* Complexes between
dihalogens or interhalogens and various electron-rich species
represent an example of such systems.” In fact, the adduct
formed by diiodine with ammonia was reported more than 200
years ago.’ Identification of complexes between diiodine and
arenes in solutions by Benesi and Hildebrand and X-ray
structural characterization of the association between dibro-
mine and 1,4-dioxane (and other electron donors) in the solid-
state by Hassel et al. led to the development of the Mulliken
(charge-transfer) theory of molecular complexes and a flurry of
studies in this area during the 1950s—1970s.” "' The driving m—
force of such associations was related to the interaction of the Received: ~August 15, 2023 lnulg,a“'CCheml\i" y
highest occupied molecular orbital (HOMO) of the electron Published: October 23, 2023 v
donor (HaB acceptor) with the (antibonding) lowest

unoccupied molecular orbital (LUMO) of the electron

acceptors (HaB donor). The resulting orbitals of the complex

contain contributions from the frontier orbitals of the donor
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Figure 1. Simplified molecular-orbital diagrams of D-X, (left) and D-
X*-D (right, D = X~ or a different nucleophile).

Figure 2. Electrostatic (c-hole) model showing the attraction of
electron-rich species (red) to the area of the positive potential (blue)
on the surface of the halogen atom in halonium cations (A) and
conventional HaB complexes (B).

an electron acceptor (here, a halonium cation). Such an
interaction produces filled bonding and nonbonding orbitals
and an empty antibonding orbital at the trihalide. With four
electrons delocalized over three atoms, the interaction in these
anions is frequently referred to as 3c—4e bonding. Similar
orbital interactions take place in the systems in which terminal
halides are replaced by other neutral or anionic electron
donors, D (the Lewis bases). The charge of D together with
the formally positive charge of the central halogen atom
determines the overall (cationic or anionic) charge of the
halonium ions.

The variety of applications of trihalides and halonium ions,
from mediating electron transfer in solar cells to synthetic
organic chemistry,'® >’ led to a large number of experimental
and computational studies.”> " However, the nature of this
bonding still remains a matter of debate. Besides weakly
covalent 3c—4e bonding, it was sometimes referred to as a
reversible or dynamic covalent bond or viewed as coordination
bonding of I'" with two Lewis bases. These complexes were also
regarded as hypervalent species with an expanded octet to ten
electrons. Following the electrostatic (c-hole) model of the
bonding in the conventional HaB complexes, the bonding in
D—I"—D associations was also interpreted as an attraction of
two Lewis bases to two o-holes on the surface of I' cations
(Figure 2A).%!

It should be noted that the 3c—4e bonding in D—I'—D
species is usually shorter and stronger than the conventional
halogen bonds. Many recent studies showed, however, that
complexes between strong HaB donors, eg, diiodine or
interhalogens, IX (X = I, Br, or Cl), and strong nucleophiles,
eg, l,4-diazabicyclo[2.2.2]-octane (DABCO) are character-
ized by the very short I--N bonds of about 2.25—2.30 A, which
are close to that in the cationic or anionic associations
comprising N—I"—N fragments [e.g., bis(1,4-
diazabicyclo[2.2.2]octane)iodine(I), or 1,1’-iodanylbis-
(pyrrolidine-2,5-dione)].*>** Computational analysis also
demonstrated that many characteristics of the bonding in
complexes of DABCO with IX are close to those in the
trihalide anions.”® Similar short N—I distances were also
observed in the complexes of some nucleophiles with N-
iodosaccharin and N-iodosuccinimide.®*™*' As such, several

previous publications suggested that the interaction in the
strong HaB complexes (e.g., chlorine with phosphines) can also
be described as 3c—4e bonding.“_45 Still, a detailed
comparison of the characteristics of such X—I--N halogen
bonding vis-a-vis 3c—4e N---I---N interactions in the halonium
ions is lacking. Thus, the goals of the current work are to clarify
the relationship between these types of interactions and the
nature of these bonds. Accordingly, we carried out an
experimental and/or computational analysis of the HaB
complexes formed by quinuclidine (QN) or pyridines with
the strong HaB donors, eg, I,, IBr, and ICl, or N-iodo-
substituted succinimide or saccharine illustrated (together with
their acronyms) in Scheme 1.

Scheme 1. Structures and Acronyms of HaB Donors and
Acceptors
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Similar to DABCO, QN and pyridines are capable of
forming strong HaB complexes or iodonium ions.*”***” Due
to the presence of only one nucleophilic nitrogen, they form
1:1 associations, which facilitate the comparison of the
computational and experimental data. The juxtaposition of
the characteristics of the complexes of QN or pyridine with the
strong HaB donors with that of the typical halonium anions
and cations, as well as of the weaker HaB complexes (such as
that formed by QN with IPFB), allows elucidation of
similarities and distinctions (if any) between the nature of
interactions in these associations.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

2.1. Materials. Commercially available QN, iodopentafluoroben-
zene, N-iodosaccharine, diiodine, iodine monochloride, and iodine
monobromide were used without additional purification.

The addition of a solution containing 1.0 mmol of ICI (163 mg) in
hexane to a solution of 1.0 mmol of QN (111 mg) in hexane
immediately produced a yellow precipitate in an essentially
quantitative yield (267 mg). The precipitate was filtered, washed
with hexane, and dissolved in acetonitrile. The clear yellow solution
was cooled slowly to —35 °C and left at this temperature for several
days. This resulted in the formation of pale-yellow rhombic plates of
QNICL (1). Yield: 161 mg (59%). Mp: 185—188 °C (decomp).
Elemental analysis (%): calcd for C;H;CIIN (273.54 g mol™'): C
30.74, H 4.79, N 5.12; found C 30.72, H 4.74, N 5.15. IR (ATR,
cm™"): 2982, 2947, 2921, 2869, 1680, 1474, 1453, 1366, 1319, 1311,
1278, 1205, 1168, 1038, 982, 958, 902, 828, 780, 637. Crystals of QN-
IBr (2) suitable for single-crystal X-ray structural measurements were
obtained in a similar way by the interaction of 1.0 mmol of IBr (207
ng) with 1.0 mmol of QN (111 mg) in hexane, followed by the
recrystallization of the pale yellow powder from acetonitrile. Yield:
179 mg (56%). Mp 176—179 °C (decomp). Elemental analysis (%):
caled for C;H3BrIN (318.00 g mol™): C 26.44, H 4.12, N 4.40;
found C, 26.48, H 4.28, N 4.25. IR (ATR, cm™'): 2978, 2943, 2919,
2867, 1472, 1452, 1364, 1318, 1311, 1277, 1204, 1167, 1043, 1018,
982, 900, 826, 776, 636. Colorless crystals of QN-IPFB (3) were
obtained by slow evaporation of a hexane solution comprising a
mixture of 1.0 mmol of IPFB (294 mg) and 1.0 mmol of QN (111
mg), followed by cooling to —35 °C. Yield: 270 mg (67%). Mp: 51—
53 °C Elemental analysis (%): caled for Cj3H3FIN (405.15 g
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mol™)): C 38.54, H 3.23, N 3.46; found C, 38.54, H 3.13, N 3.37. IR
(ATR, cm™): 2949, 2928, 2871, 1634, 1579, 1506, 1476, 1456, 1383,
1364, 1358, 1322, 1270, 1202, 1139, 1076, 1052, 1004, 990, 981, 968,
824, 803, 78S, 775, 713. Mixing acetonitrile solutions of 0.50 mmol of
QN (56 mg) and 0.50 mol (155 mg) of ISac and cooling the resulting
solutions to —35 °C and keeping them at this temperature for several
days afforded light yellow plates. X-ray analysis showed that they
comprised [QN-I-QN]*[Sac-I-Sac]™ (4) salt consisting of cationic
bis(1,4-diazabicyclo[2.2.2]octane)-iodine(I) and anionic bis(1,1,3-
trioxo-1,3-dihydro-2H-1,2-benzothiazol-2-yl)iodide counterparts.
Yield: 107 mg (51%). Mp 174—176 °C. Elemental analysis (%):
caled for CygHy,,N,O4S, (840.53 g mol™): C 40.01, H 4.08, N 6.67;
found C, 40.12, H 4.11, N 6.63. IR (ATR, cm™): 2955, 2930, 2874,
1678, 1592, 1482, 1458, 1371, 1353, 1334, 1278, 1325, 1169, 1158,
1133, 1125, 1058, 1018, 990, 953, 878, 832, 786, 772, 748, 707, 675,
654.

2.2. X-ray Crystallographic Analysis. The cell determination
and the intensity data collection were carried out with a Bruker AXS
Quest diffractometer equipped with graphite-monochromated Mo Ka
radiation (0.71070 A). The data were collected by the standard p—m
scan techniques and reduced using SAINT v8.37A.** SADABS was
used for scaling and absorption correction.”” The structures were
solved by direct methods and refined by full-matrix least-squares
against F? using ShelXI with the ShelXle GUL***" Non-hydrogen
atoms were refined with anisotropic thermal parameters. All hydrogen
atoms were geometrically fixed and refined using a riding model.
Crystallographic, data collection, and structure refinement details are
listed in Table S1 in the Supporting Information.

2.3. Computations. The geometries of the complexes were
optimized without constraints via MO062X/def2tzvpp calculations
using the Gaussian 09 suite of programs.”>~>* For comparison with
the experimental data, calculations were done in dichloromethane
(since this moderately polar solvent is well suited for modeling ionic
salts and polar substances in a solid state) using a polarizable
continuum model.>® An earlier analysis demonstrated that inter-
molecular HaB associations are well-modeled using this method.*®*”
The energies and atomic coordinates of the optimized species are
listed in the Supporting Information. Binding energies, AE, were
determined as AE, = E. — (E, + Eg), where E¢, E,, and Ej are sums
of the electronic and ZPE of the optimized complex and its
counterparts (A and B). In particular, the AE,(N--I) in the HaB
complexes were evaluated with A = QN or pyridine and B = HaB
donor (ICI, IBr, etc.,), and AE,(I:+-X) was found with A = QN-I* or
Pyr-I* cation and B is an anionic residue of the HaB donor (CI~, Br~,
etc.,). AE,(N--I) values in the halonium ion were determined with
iodine-containing (e.g, QN-I" or ISac) and iodo-free fragments (e.g,
QN or Sac™) as A and B. Since the formation of the complex is
accompanied by a distortion of the reactants, the binding energy
represents a combination of preparation (distortion) energy, Epep
and interaction energy between distorted fragments, AE,; . Charge
transfer values, Aq, were estimated via natural bond orbital (NBO)*®
and quantum theory of atoms in molecules (QTAIM) calculations.>
QTAIM, the density overlap region indicator (DORI),*” and the
Mayer bond order (MBO)®"®” analyses were performed with
Multiwfn and visualized using VMD programs®>** (note that these
analyses were performed using both optimized geometries and
experimental geometries extracted from the X-ray structures, and the
results obtained for a certain complex were similar). Intermolecular
interaction energy calculation in the solid-state associations was
performed using CrystalExplorer 21.5 (TONTO and B3LYP-
DGDZVP),* using experimental crystal geometries from the X-ray
structures. This method was developed for evaluation of the
interaction energies in the solid-state material, and analysis of its
performance showed that its results were close (with a mean absolute
error of 0.7 kJ mol™') to the counterpoise-corrected B3LYP-D2
interaction energies computed with a mixed basis set [DGDZVP on
second-row transition metals and 6-31G(d,p) on all other atoms].%

3. RESULTS AND DISCUSSION

3.1. X-ray Structural Characterization of the Solid-
State Associations. Mixing hexane solutions containing
equimolar quantities of QN and ICl or IBr resulted in the
immediate formation of a yellow precipitate. Dissolution of
these precipitates in acetonitrile and slow cooling of the
resulting solutions to —35 °C produced rhombic plates suitable
for X-ray crystallographic analysis. They comprised the 1:1
HaB complexes, as illustrated in Figure 3.

A B

4 ~

Figure 3. X-ray structures of the (A) QN-ICI (1) and (B) QN-IBr (2)
complexes. Color code: dark gray—carbon, light gray—hydrogen,
blue—nitrogen, magenta—iodine, green—chlorine, and brown—
bromine.

These associations (and the complex of QN with I, which
was reported earlier by Rissanen et al.*®) are characterized by
almost linear halogen X—I---N bonds, which were slightly
shorter than the corresponding distances in the isomorphic
associations with DABCO (Table 1).

Table 1. Selected Characteristics of the Solid-State
Complexes

E*°

complex dy., A di.x, A kcal/mol structure
QN-ICI 2.268(3) 2.5891(8) 237 this work (1)
QN-IBr 2.299(3) 2.7195(5) 202 this work (2)
QNI 2.351° 2.869" 152 IWABUG"
QN-IPFB 2.6859(11)  2.1306(13) 10.4 this work (3)
QN-IBEN 2.930° 2.109¢ 5.5 INAJEP*
QN-I-Sim 2.3707 2.185¢ 19.4 IBOZOS?
Pyr-ISac 2.279¢ 2.254° 16.0 MUGDAU®
Pyr-ICI 2.284" 2.523 14.6 PYRIIC1V
Pyr-IBr$ 2304 2.653 11.4 PYIOBRO3
Pyr-1, 2425 2.804 8.0 VUHDIN"
QN-I-QN* 2.3034(14) this work (4)
Sac-I-Sac™ 2.2467(15) this work (4)
Sim-I-Sim ™" 2.244/2.264' YUNPUV*
Pyr-I-Pyr*! 2259 crcQqQ’

“Interaction energy between N and I in the solid-state HaB complexes
(calculated using CrystalExplorer®), see Table S3 in the Sugporting
Information for details and energy decomposition analysis. ~Ref 46.
“Ref 67. “Ref 47. “Pyr = pyridine, ref 68. Ref 69. *Ref 70. "Ref 71.
iCentrosymmetric cation in 4. / Centrosymmetric anion in 4.
Noncentrosymmetric anion, salt with #Bu,N", ref 37. 'Salt with
PE,7, ref 72.

Their I---N bond lengths decrease in the order I, > IBr > ICI,
which corresponds to the increases of the maximum electro-
static potential on the surface of iodine in the IX molecules.*
The N--I interaction energies in these solid-state associations
(which were calculated using CrystalExplorer®®) increase in the
same order. It is also noticeable that strong halogen I---N
bonding led to about a 10% increase of the I-X bond length as

https://doi.org/10.1021/acs.inorgchem.3c02843
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compared to the individual molecules (2.321, 2.469, and 2.665
A in IC, IBr, and 1,, respectively).”

N-Iodo-substituted saccharine and succinimide molecules
represent another type of very strong HaB donor. For example,
the reported earlier associations of ISim with QN are
characterized by the I-+N bond length of 2.370 A.*’
Interaction N---I energy in this complex is comparable to
that in complexes with I, (Table 1). Our attempts to crystallize
associations of ISac with QN (see Experimental and Computa-
tional Methods Section for details) resulted in the formation of
the product of halogen transfer, ie, the salt (4) of the
centrosymmetric QN-I-QN* cations and Sac-I-Sac™ anions
(Figure 4). The interatomic I---N separations in the cationic

Figure 4. X-ray structure of the salt (4) showing cationic and anionic
associations formed by the N--I---N interaction. Color code: dark
gray—carbon, light gray—hydrogen, blue—nitrogen, magenta—
iodine, red—oxygen, and yellow—sulfur.

and anionic counterparts were close to those in the HaB
complexes of QN with interhalogens, as well as those in the
reported complexes of ISac with 4-aminopyridine or
pyridine,“o‘68 and in the halonium Pyr-I-Pyr" association
(Table 1).?

The colorless blocks of the cocrystals of QN with IPFB (see
Experimental and Computational Methods for details of their
preparation) comprised 1:1 HaB complexes (Figure S).

Figure S. X-ray structure of the halogen-bonded complex of QN with
IPFB (3). Color code: dark gray—carbon, light gray—hydrogen,

blue—nitrogen, magenta—iodine, and lime—fluorine.

which is 17% shorter than the van der Waals contacts (Table
1). Most notably, the N---I separations in the associations of
QN with the strong HaB donors, such as interhalogens or N-
iodosuccinimide, are in the same range of 2.3 + 0.1 A as that
found for the cationic or anionic halonium ions. Similar short
bond lengths (about 1—2% longer than those in the
corresponding associations with QN) were also observed in
the complexes of the same HaB donors with pyridines.*”~"" To
further compare bonding in the halonium ions with that in the
complexes of different HaB donors with QN and pyridine
molecules, we carried out quantum-chemical computations of
these systems as follows.

3.2. Computational Analysis of the Complexes. To
ensure that the bonding characteristics are determined by the
intrinsic properties of the interacting species, the analysis of the
bonding in the solid-state associations (which could be affected
by the crystal forces) was accompanied by the consideration of
fully optimized complexes. The optimizations were carried out
using M062X/def2tzvpp computations (earlier works showed
that this method produces excellent geometries and energies of
HaB complexes at a reasonable computational cost).”>™>’
Binding energies and N---I and I--X bond lengths of the HaB
complexes resulting from these calculations are listed in Table
2 (note that N---I---X angles in all calculated complexes were
very close to 180° see Table S2 in the Supporting
Information).

Table 2. Calculated Bond Length and Energies of the
Complexes”

complex AE,,” kcal/mol d, A
N-I 1I-X N-I 1I-X
QN-ICI —24.0 —-34.6 2.309 2.522
QN-IBr =220 —-32.0 2.320 2.676
QN-I, —16.7 —=31.1 2.368 2.838
QN-IPFB —8.3 —66.6 2.700 2.115
QN-IBEN —4.6 —100.0 2.930 2.107
QN-ISim —-17.2 —43.7 2.399 2.143
QN-ISac —=22.5 -314 2.310 2212
Pyr-ISac —15.7 —35.7 2.342 2.165
PyrICl —16.8 —38.5 2.327 2.480
Pyr-IBr —14.6 —35.8 2.346 2.523
Pyr-I, -9.8 —-35.4 2432 3.779
QN-I-QN* -29.1 2285
Pyr-I-Pyr* —24.7 2252
Sac-I-Sac™ —18.2 2.24S
Suc-I-Suc™ —20.8 2.244

“From MO062X/def2tzvpp

calculations (PCM, CH,CL,), see the

energies and atomic coordinates of the complexes and their counter-
parts in the Supporting Information.

The I---N separation of 2.686 A in this association was 24%
shorter than the sum of the van der Waals radii of iodine and
nitrogen.73 Besides the I---N bond length, the I--C distances
were also shorter than the van der Waals separations. It should
be noted in this respect that a search of the Cambridge
Crystallographic Database”* showed that (close to linear) I--N
separations are observed most frequently in the 2.70—2.95 A
range (Figure S1 in the Supporting Information). Thus, the I---
N bond in the complex of QN with IPFB is shorter than the
most typical 1N HaB lengths. In fact, even a reported
complex of QN with the weak HaB donor, iodobenzene
(IBEN),” is characterized by an I.--N separation of 2.930 A,

Comparison with the data in Table 1 reveals that the
properties of the optimized complexes are close to those of the
solid-state associations. In accordance with the solid state, the
complexes with pyridine are somewhat weaker than the
corresponding associations with QN. The linear dependence
of the calculated and experimental I-N bond length is
characterized by an R* or 0.99 and a coefficient of 1.00 (Figure
S2 in the Supporting Information), and the average difference
between these values was less than 0.01 A. The average
difference of binding energies in the calculated and
experimental HaB complexes was less than 0.5 kcal/mol.
This confirms that the characteristics of the solid-state

https://doi.org/10.1021/acs.inorgchem.3c02843
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associations obtained from the X-ray structural analysis are
indeed determined by the intrinsic nature of these complexes
and they are not affected substantially by crystal forces. It also
verified the reliability of the M062X/def2tzvpp calculations in
the modeling of such complexes.

Specifically, the I---N bond lengths and binding energies in
the optimized HaB complexes of QN (or Pyr) with the strong
HaB donors (IX, Isac, or ISim molecules) are in the same
range as those in the cationic and anionic halonium complexes.
It is also noticeable that in the strong HaB complexes, the I---N
bond strengths are only about 1.5—2 times weaker than those
of the corresponding I---X bonds. In comparison, the
complexes with the weaker (IPFB and IBEN) HaB donors
are characterized by I---N binding energies, which are about 8
and 21 times lower than the corresponding I---C bond
(heterolytic) dissociation energies, and they are much lower
than those in the halonium cations.

The similarity between the very strong HaB complexes and
halonium ions is supported by the analysis of the charge
distribution in all of these associations. Indeed, the formation
of HaB complexes is accompanied by a considerable charge
transfer from the QN to the HaB donor (of about 0.3e, see
Table S4 in the Supporting Information). It also leads to a
substantial polarization of the HaB donor. As a result, the X
(or N) atoms in the HaB donor parts of the complexes are
characterized by negative charges (Table S4 in the Supporting
Information). The central iodine atoms are positively charged
and their values in the strong complexes are close to those in
the iodonium ions (Figure 6).

0.6

°
S
.

Sac-I-Sac”
Pyr-ISac
QN-ISim
QN-ICI
QN-IBr
QN-I,
QN-IPFB
QN-IBEN

Pyr-I-Pyr*
Pyr-ICI

QN-I-QN*

Sim-I-Sim-

Figure 6. Charge on the central iodine atom in iodonium ions (blue
squares) and HaB complexes (red circles), see Table S4 in the
Supporting Information for the numerical values.

The analogy of I:--N bonding in the neutral HaB complexes
and iodonium ions was confirmed using the MBO indices.
These indices quantify the degrees of bonding based on
partitions of the electron density.’”®> They generate values
that are consistent with the generally accepted bond orders in
simple covalent bonds and provide valuable information about
bonding in a variety of systems.’” The MBO values for the I---
N bonds in the solid-state complexes with the strong HaB
donors are in the 0.44—0.64 range, as compared to 0.50 + 0.04
found for the iodonium ions under study (Table S5 in the
Supporting Information). The MBO values in the latter are
consistent with the formal bond orders of 0.5 in the systems
with two bonding and two nonbonding electrons forming two
bonds [which is commonly determined as BO = (N, — N,)/
2n, where Ny is the number of electrons in the bonding
orbitals, N, is the number of electrons in the antibonding

orbitals in Figure 1, right, and # is the number of bonds, i.e., n
= 2 for D—I"—D association]. It is also noticeable that MBO
values for I--N bonds in the strong (solid-state) complexes are
comparable to the corresponding values for I---X bonds (Figure
7). In comparison, the MBO values of the I--N bonds in the
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Figure 7. MBO for N--I bonds in halonium ions (blue squares) as
well as I--N (red circles) and I--X (red rhombics) bonds in HaB
complexes.

complexes with the weaker HaB donors are much lower than
those found for the I---N bonds in the halonium ions and they
are about ten times lower than those of the I---:C bonds.

The parity of the strong bonding under study was affirmed
via the analysis of the electron and energy densities at (3, —1)
bond critical points (BCPs) using Bader’s QTAIM.> QTAIM
represents a powerful methodology for the classification and
quantification of chemical bonding based on the topology of
the electron densities and energies.”*~®" The majority of
relevant previous studies were focused on hydrogen bonding,
which is arguably the most important and well-studied
supramolecular interaction.”>’® Subsequently, they were
extended to halogen and chalcogen-bonded systems.””~®'
Based on the topological and energetic properties of the
electron density distribution, these works assigned three
characteristic regions representing different interaction states,
ie, limiting pure closed-shell (noncovalent), shared-shell
(covalent) interactions, and the middle region, which involves
the formation of the bonding molecular orbital.

Most commonly, QTAIM analyses are focused on the
magnitude of density p(r), the Laplacian, V*p(r), the kinetic
energy and potential energy densities G(r) and V(r), and the
energy density H(r) = G(r) + V(r) at BCPs. These values for
the HaB complexes and halonium ions are listed in Table S6 in
the Supporting Information. The values of the electron density,
p(r), in the HaB complexes and halonium ions are illustrated
in Figure 8.

A comparison of the data in Figure 8 with those in Tables 1
and 2 shows that the p(r) values vary in parallel to the changes
in interaction energies. This confirmed earlier suggestions that
electron densities at BCP represent a good indicator of the
strength of bonding. It is thus notable that the electron
densities at the BCPs at the N---I bond paths in the strong HaB
complexes are in the same range (0.07—0.09 a.u.) as those in
the halonium ions (which are all about 0.08 a.u.). Also, the
values of p(r) at I:“N bond paths in most complexes are close
to or higher than those at the I---X bond paths, which confirms
the comparable strength of these bonds. Importantly, all these
values are closer to 0.1 a.u., which is characteristic of a covalent
bond, than to 0.01 a.u., which is typical for intermolecular
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Figure 8. Electron density at BCP at N---I bonds in halonium ions
(blue squares) as well as NI (red circles) and I---X (red rhombics)
bonds in HaB complexes.

complexes. In the weaker complexes of QN with IPFB and
IBEN, the values of p(r) at the I:“N bond paths (about 0.04
and 0.02 au.) are 4—S5 times lower than those at the
corresponding X paths (the latter are close to 0.1 a.u., as
expected for the fully developed covalent bonds).

The values of the energy density (Figure 9) showed the
same trends as those of electron densities.
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Figure 9. Energy density at BCP at N---I bonds in halonium ions
(blue squares) as well as NI (red circles) and I---X (red rhombics)
bonds in HaB complexes.

Previous studies related the negative values of H(r) with the
covalency of the corresponding bonds (and the rise of the

magnitude of these values reflects the increase of the
contribution of the covalent component).”**" It is thus
noticeable that the H(r) values at BCPs of the I--M bonds
in the strong HaB complexes are negative and their magnitudes
are comparable to those found for the I--X and I--*N bonds in
the halonium ions. In comparison, in the (moderately strong)
complex of QN with IPFB, the magnitude of the negative H
values is much smaller (indicating lower contributions of the
covalent interactions). Furthermore, the very small and
positive H(r) value in the QN-IBEN (Table S6 in the
Supporting Information) is consistent with the predominantly
electrostatic character of bonding in this complex.

Finally, the similarity (and covalent character) of the N--I
and I---X interactions in the strong HaB complexes and their
analogy to the bonding in halonium ions were verified by the
DORL® Following the development of the NCI plots for the
identification and visualization of noncovalent interactions,®
the DORI was designed for the simultaneous visualization of
both covalent and noncovalent interactions.’” It reveals the
density overlap regions (bonds, intermolecular interactions,
and steric clashes) showing deviations from the exponential
dependences and identifies interactions using the sign of the
second eigenvalue of the density Hessian. The DORI
representations of the complex of QN with IPFB (Figure
10) show a blue disk between the iodine atom and the QN
molecule. Similar to NCI, such disks represent strong
intermolecular bonding.

On the other hand, there is a dark blue cylinder between the
iodine and the aromatic ring in QN-IPFB, which represents
covalent bonds. Both anionic and cationic halonium ions show
such cylinders between the central iodines and nitrogen atoms.
The DORI representation of the strong complex formed by
QN and IBr produced an analogous blue cylinder (indicating
covalent bonding) along both the N--I and I---Br bonds,
indicating their covalent character and their similarity to
bonding in halonium ions.

4. SUMMARY AND CONCLUSIONS

X-ray structural measurements and computational analysis
demonstrated that the analogy between N--I---N bonding in
(anionic and cationic) halonium ions and halogen X—I---N
bonding in the associations formed by the strong HaB donors
and acceptors extends beyond similar bond lengths and
energies. Indeed, such halogen bonding is accompanied by
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Figure 10. DORI representations of QN-IPFB (A), QN-IBr (B), QN-I-QN (C), and Sac-I-Sac (D).
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considerable charge transfer and polarization of the HaB
donor. This leads to a weakening of the I-X bond and a partial
positive charge on the halogen-bonded iodine. As a result, such
halogen bonding looks like the interaction of two electron
donors (the Lewis basis), D and D’, with a central iodonium
cation. Thus, similar to halonium and trihalide ions,”® these
HaB complexes can be described by the MO diagram in Figure
1, right, with two distinct electron donors, D and D’ (and
somewhat different energy of their HOMOs).

The binding energies and MBO indices for both N---I and
I---X bonds in the strong HaB complexes are comparable to
those found for I'N bonds in the halonium ions. Their
relative lengths and strengths apparently depend on the
electron donor strength (or basicity) of D and D’, and, in the
solid state, on the effects of the environment. While in the
majority of the HaB complexes, the I---X bond is stronger than
the I---N bond, this relationship is reversed in some systems
(e.g, the solid-state complex of ISac with 4-aminopyridine is
characterized by the shorter N—I bond with pyridine than that
with the saccharine residue, ie., it can be presented as halogen
bonding of a N-iodopyridinium cation with a saccharide
anion®’). As such, these HaB complexes represent asymmetric
3c—4e systems with the central atom shifted one way or
another (it should be noted in this respect that the symmetry
of the N—I-N bonding in the halonium cation is also
frequently distorted by crystal forces, noncovalent bonding to
one side, etc,,*”5%).

complexes and the N--I---N bonding in halonium ions are
further supported by the very close electron densities and
energies at BCPs for both N--I and I---X bonds in the HaB
complexes and iodonium ions and by DORI analysis. Overall,
all these data point out the analogy of the asymmetric
(polarized) X---I--N bonding in the strong HaB complexes and

cations and anions, which in all cases is best represented as a
weak covalent interaction with a bond order of about 0.5.
Finally, while the weaker HaB complexes are quite different
from the strong ones discussed herein, they all appear as parts
of the continuum of N--I (and other HaB’**®) bonds (Figure
S1 in the Suggorting Information). Taken together with the
other data,***>® this continuum indicates that all bonding
properties are changing gradually and even moderately strong
halogen bonding contains significant covalent component.
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