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Arrangement of r-holes at the halogen atom in
halonium cations†

Mariusz Michalczyk * and Wiktor Zierkiewicz

Halonium cations are key entities that can stabilize transition states in organocatalysis. The distribution

of the electrostatic potential on the crystal structures and theoretical models was investigated in the

current study. The Cambridge Structural Database (CSD) survey revealed 478 structures of the

[L� � �X� � �L]+ (X – halogen atom, L – ligands attached to the halogen) structural motif, which were divided

by the values of the L� � �X� � �L angles. The value of this angle determined the number of s-holes at the

halonium cation and hence its ability to accommodate nucleophilic attack. Complexation with HCN as a

Lewis base showed that one or two such ligands can be attracted depending on the number of s-holes.

Further investigation into the electrostatic potential distribution on the surface of the model halonium

[HF2C2–X–C2F2H]+ cations revealed that altering the values of the C� � �X� � �C angles leads to the follow-

ing consequences: two s-holes can merge into a single belt-like region, or they may both disappear

entirely. The unusual fluctuations in the distribution of s-holes caused by such geometry maneuvering

were observed.

1. Introduction

Halogen bonds (XBs)1–5 are the second most well-documented
type of noncovalent interactions, following hydrogen bonds
(HBs).6,7 This kind of interaction was officially recognized by
the IUPAC8 in 2013, shortly after its introduction, which
appeared in 2005–2007.4,5,9 The characteristics of XBs are
similar to those of hydrogen bonds,10,11 including the direc-
tionality, interaction energy and primary driving force—electro-
statics. However, the distinct nature of the halogen bond lies in
s-hole contribution. The ‘‘s-hole’’12–14 expression describes an
area of depleted electron density, which can be observed at the
outer lobe of the halogen atom (in the position of the partially
empty p-orbital) that is covalently bonded with the electron-
withdrawing agent. The phenomenon of s-holes is confirmed
not only by theoretical calculations but also by an experiment
with Kelvin force probe microscopy.15 A typical halogen bond is
commonly denoted as R–X� � �L, where R is the group covalently
attached to the halogen, X is the halogen atom (usually Cl, Br,
or I atoms, rarely a F atom) and L is a Lewis base (an electron-
rich system, e.g. an anion) approaching the R–X molecule. This
canonical pattern of halogen bonding has been the focus of
research throughout the years, involving both neutral and

anionic complexes.16–24 Other interactions rationalized in terms
of s-holes are also evidenced in the literature.25–36 A trend is seen
in naming these interactions according to the conventional
nomenclature of atomic groups in the periodic table.

Significantly less explored is the involvement of halonium
cations in complexes stabilized by halogen bonds, as well as the
topic of halonium cations themselves. Only recently (2024), the
formation of the 1,3-dibromopropane (DBP+) halonium cation
was reported in Nature.37 The halogen atom within the halo-
nium cation is able to simultaneously interact with two Lewis
bases to form an [L� � �X� � �L]+ specimen. This hypervalent
arrangement allows the halogen atom to act as a strong Lewis
acid and form halogen bonds with incoming ligands,38 even
those that are highly reluctant to form noncovalent contacts,
such as noble gases.39 Iodonium ion transfer was studied in the
theoretical work of Parra within the ternary NCI� � �CH3I� � �CN�

complex. This trimer was converted to its equivalent form,
NC�� � �CH3I� � �NCI. The electronic barrier for this conversion
has been calculated as 6.44 kcal mol�1 using the MP2.5
method.40 Recently, Velasquez et al.41 showed the most
important features of many halonium compounds with the
[N� � �X� � �N]+ structural motif in the context of theoretical
models and structures from the crystal database. The com-
plexes described therein were labeled as three-center-four-
halonium compounds, and the nature of the halogen bond
was postulated to be more adequately suited to the Pimentel–
Rundle42,43 delocalized molecular orbital model than the
untainted electrostatic one. Halonium ions have also been
recognized in the literature as potential organocatalysts.
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Novikov et al. reported that noncovalent interactions involving
halonium, chalconium and pniconium cations are responsible
for stabilizing the transition state structures in two model
reactions: the hydrolysis of methyl chloride and the addition
of ammonia to acetone.44 Likewise, Sysoeva et al. reported
that halonium and chalconium cations play a role in catalyzing
Schiff condensation between 4-methylbenzaldehyde and 2-
aminopyridine.45 The applicability of halonium cations in
other organic reactions46–49 and in designing supramolecular
architectures as halogen-bonded organic frameworks (XOF)50

has been documented elsewhere.
In the present work, our attention is focused on the halo-

nium cation and its molecular electrostatic potential (MEP)
distribution. It has been shown51 that halonium cations have
strong acidity due to the anisotropy of the electron density over
their surface, resulting in powerful s-hole region. A guide for
recognizing acidity of s-hole donors is the value of the max-
imum of electrostatic potential (represented widely in the
literature as VS,max) measured on the contour of electron
isodensity, ordinarily set at 0.001 electrons per Bohr3. The
MEP for the studied Cl+, Br+, and I+ cations ranged from 256
to 285 kcal mol�1, being the greatest for the chloronium
cation.51 It must be stressed that within the neutral hole
donors, the s-hole is positive, even though the surroundings
are negatively charged (due to the lone-electron pairs of the
halogen atoms). In the ionic halogen s-hole donors, both the s-
hole and its neighborhood have the same sign; however, in
anions, the s-hole is less negative than the remainder of the
surface, while in cations, it is more positive than the vicinity.
These distinctive regions are exceptionally prone to nucleophi-
lic attacks. The literature data almost uniformly reveal that the
magnitude of the s-hole in halonium cations is notable
(usually more than 100 kcal mol�1 (ref. 41, 44, 45 and 51)),
but a relevant question concerning the number of s-holes
remains: which scenario is more common? One or two s-
holes? According to our previous calculations,39 for the I–Pr+

halonium cation (Pr = propyl entity) there is one s-hole (as large
as 130 kcal mol�1), but it is shifted by 5.71 towards the line
connecting the I atom with the midpoint of the C–C bond
(Fig. 1 in the cited work). The location of VS,max is far from the
extensions of two C–I axes, which is unconventional for
halogen-type s-hole donors. This deviation was even stronger
for the Cl–Pr+ and Br–Pr+ species. For the halonium cations
with a pyridine molecule and Xe atom, the s-holes were
situated in the standard way, namely, directly along the exten-
sion of the X–N and X–Xe covalent bond axes, respectively.
Then, one can claim that the geometry of the halonium cations
affects the distribution of MEP as well as the positioning of the
s-holes. In the current work, a Cambridge Structural Database
(CSD)52 search addresses the question of the number of s-holes
in halonium cations based on the framework of the experimen-
tally obtained structures, whereas theoretical models inspired
by CSD-derived compounds made it possible to trace the
process of changing the distribution of MEP versus slight
geometric variations of the halonium cations. Our systematic
analysis was aimed at capturing the border geometry of

halonium cations where the two s-holes merge into one. The
current research could be crucial in understanding the cap-
ability of establishing noncovalent interactions by the halo-
nium cations, which is particularly relevant from the point of
view of their participation in stabilizing the transition state
structures in organocatalysis.

2. Computational details

Quantum chemical calculations involving geometry optimiza-
tion and wave function generation for selected halonium cation
models were carried out using the M06-2X method, with the aid
of the def2tzvpp53–56 basis set, by means of the Gaussian 16
(Rev. C.01) code.57 It was previously stated37,58–60 that this DFT
functional is able to correctly forecast the electronic structure
of systems comprising halogen atoms. Its performance has also
been validated in benchmark studies.61,62 Harmonic frequency
analysis of normal modes confirmed that the optimized geo-
metries of the model structures are real minima by the absence
of any imaginary frequencies. The MEPs for the monomeric
systems were calculated using the MultiWFN software (version
3.7)63,64 to assign the position and magnitude of s-holes in the
investigated halonium compounds. Graphical visualization of
the MEP was performed using the VMD 1.9.4 software.65 The

Fig. 1 Pie chart and bar chart representing the distribution of CSD hits in
the angular ranges [L� � �X� � �L0]+. Color groups in the pie chart, in order of
decreasing abundance: grey, 90–1201, light blue, 150–1801, orange,
60–901, yellow, 120–1501 and dark blue, 30–601.
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geometry of the fragments of the crystal structures used within
the MEP evaluation was directly taken from the CSD52

(ver. 5.44) without any pre-optimization. For extra calculations
for complexes between halonium cation models adapted from
CSD and the HCN molecule as a Lewis base, the full relaxation
and interaction energy calculations were performed. The basis
set superposition error was reduced in terms of the counter-
poise procedure.66

2.1. The CSD survey and calculations for selected crystalline
solids

We surveyed the crystal database aiming to find structures
including any halogen atoms of charge +1, bonded to exactly
two atoms (L and L0). We considered the value of the L� � �X� � �L0
angle as an additional criterion, as the geometry of the
[L� � �X� � �L0]+ moiety is crucial for the MEP distribution on
halonium cations. Such searching was repeated several times
by altering the L� � �X� � �L0 angle by periods of 101, starting from
the 30–401 range up to the 170–1801 compartment. The CSD
survey comprised only 3D structures that were non-disordered,
with no-errors and R-factor r0.1 in order to reach the highest
possible credibility. The results are presented in Fig. 1 and
in Fig. S1–S3 (ESI†), while a detailed summary is provided in
Table S1 (ESI†).

As can be seen in Fig. 1, two thirds of the obtained hits
consist of a 90–1201 L� � �X� � �L0 angle motif. In fact, the majority
(283 structures) of the revealed hits possess the L� � �X� � �L0 angle
in a narrow 90–1001 range. The second largest group (88 hits) is
that with a near-linear geometry of the [L� � �X� � �L]+ group,
where the considered angle was close to being half-full. A very
small fraction of crystalline solids found were those with tighter
packing of the ligands attached to the halogen atom. Angles
from 301 to 801 were observed for only seven search results. In
the work of Velasquez et al.,41 all the found structures of the
[N� � �I� � �N]+ motif had angles from 175 to 1801. The CSD survey
was refined to provide a more detailed view of the halonium
cations available in the CSD. The structures with an iodine
atom as the halogen constituted 87% of all found deposited
crystals (407 hits), while the remaining hits contained bromine
(40), chlorine (18), or fluorine (2) atoms. As for the type of atom
with which the ligand binds to the X atom in halonium entities,
73% was carbon, followed by nitrogen (20%). The remaining
7% of found crystals were those with Se, S, O, B, Cu, and Cr
atoms (see Fig. S1, ESI†). Homo halonium ions (in which X was
bound to atoms of the same element) were encountered more
frequently than hetero ions (in a ratio of 436 to 31). The
distribution of the ligand� � �halogen distances (L1–X and L2–
X) was represented in the form of a heat plot, as shown in Fig.
S2 (ESI†). The arrangement of the data points roughly along the
diagonal of this figure indicates that the two distances are
approximately equal within a particular halonium cation. The
highest density of results was in the area corresponding to the
2.10–2.15 Å distance, which encompassed about 30% of
the surveyed crystals. Analysis of the cell volume in crystalline
solids within the CSD revealed that the largest number of hits
belonged to the 1000–2000 Å3 compartment. Only a small

fraction of results concerned cells with a volume larger than
7000 Å3 (9 hits out of 467, see Fig. S3, ESI†).

Ten selected structures, differing in halogen type, were
examined using MEP analysis. The majority (seven out of ten)
had the same atoms attached to the halogen atom, which
reflects the abovementioned global trend. When the L1–X–L2
angle was 36–431, only one s-hole with a magnitude of 83.2–
96.9 kcal mol�1 was found on the surface of the molecule. The
increase in s-hole depth followed the order: Cl o Br o I. For
the remaining hits, characterized by L1–X–L2 angles from
91–1301, two s-holes were found. The strength of these holes
was nearly equivalent when both ligands were the same,
whereas for different ligands a difference in the intensity of
the s-hole was observed. It was up to 18 kcal mol�1 for the
AMEPAM structure. Two out of ten molecules, differing con-
siderably in the L� � �X� � �L angle, were chosen for detailed
allocation of the electrostatic potential, namely the fragments
of the WEVPOC67 (the iodonium cation of adamantylideneada-
mantane) and BEVVOR68 (the gem-difluorovinyl iodonium
cation) crystals (marked by bold font in Table S2, ESI†). MEP
maps for these two compounds are presented in Fig. 2. As both
structures are cations of +1 formal charge, the whole examined
surface has in fact a positive sign of EP. To differentiate the
regions of lower and higher electrostatic potential, color scales
have been applied. As depicted in Fig. 2a, part of the WEVPOC67

structure is characterized by the C� � �I� � �C angle of 36.01, the
lowest of all found in the CSD survey. The MEP protocol
unveiled only one s-hole for this system of magnitude equal
to 96.9 kcal mol�1 lying roughly over the midpoint of the C–C
bond. For this cation, only one Lewis base is expected to be
bound. Conversely, one of the members of the most abundant
structural motifs from the CSD search is shown in Fig. 2b.

The fragment of the BEVVOR68 crystal includes two s-holes
at the halogen atom, on the elongations of the phenyl–I and
CHCF2–I bonds. They stem from the different arrangement of
the [C� � �I� � �C]+ group than in the WEVPOC, as the C� � �I� � �C
angle was 94.71. The maxima of EP within BEVVOR were
somewhat different, viz., 126.1 and 132.7 kcal mol�1. A greater
VS,max was found on the extension of the CHCF2–I bond. It must

Fig. 2 MEP distribution on the 0.001 electrons per Bohr3 electron iso-
density contour for two fragments of selected halonium cations from CSD:
(a) with one s-hole and (b) with two s-holes. The color scale is from lower
(blue) to higher (red) values of MEP in the following order: (a) from 0.10 to
0.14 a.u., and (b) from 0.12 to 0.20 a.u. Refcodes are taken from CSD.
The VS,max spots are indicated by black dots. Colors of atoms: I – purple,
C – grey, H – white, F – cyan.
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be stressed that the number and localization of the s-holes on
these two exemplary structures remained the same regardless
of the adopted contour of electron density, which was changed
from the standard 0.001 electrons per Bohr3 to ranging from
0.00001 to 0.1 electrons per Bohr3.

The two s-holes located on the BEVVOR system let us
assume that it is possible to attach two Lewis bases to such a
configuration, giving the BEVVOR hypothetically a capacity of
accepting twice as many ligands as the WEVPOC system. To
verify this concept, full optimizations of BEVVOR and WEVPOC
cation-neutral complexes with one or two HCN ligands (as Lewis
bases) were conducted. The resulting complexes are presented in
Fig. 3. The two-hole BEVVOR structure was able to host either one
or two hydrogen cyanides through one or two I� � �N interactions of
distance about 3 Å. Both interactions were directed to the s-hole
spots. In the dimer, the HCN molecule was attracted by the area
situated around the extension of the CHCF2–I bond.

The interaction energy for the dimer was �13.46 kcal mol�1.
With regard to the trimer, the attachment of two HCN mole-
cules was inequivalent as the I� � �N distances were 2.95 and
3.04 Å. A shorter contact was observed on CHCF2–I bond
elongation; so this site had a higher VS,max value. The
interaction energy was measured in two ways. The interac-
tion energy between two HCN ligands and the cation was
�25.90 kcal mol�1, while the Eint values calculated for each
ligand separately were �12.11 and �11.37 kcal mol�1. A more
negative value of interaction energy was observed when attach-
ing the HCN ligand on the extension of the difluoroethylene–I
bond. A second ligand incorporated into the second s-hole
(less intense by about 5%) sitting on the extension of the
phenyl–I bond is bonded weaker by about 6% than the first
one. One may ask about the possibility of adding another
ligand. We obtained a stable minimum for the tetramer;
however, the third ligand located between the previous two
was displaced from the halogen atom to a distance of 3.34 Å.
The bond path generated by the QTAIM protocol for the
bonding of the third ligand is described by the value of electron
density (r) of 0.009 a.u., which is twice as low as for the
attachment of the two ligands directed to the s-hole. The
weaker character of bonding a third HCN is also manifested
by the value of interaction energy between the single ligand and

the remaining subunits of the system. It is �5.81 kcal mol�1 for
encompassing a third ligand and �9.57 or �10.51 kcal mol�1

for the remaining ones.
In the case of the WEVPOC compound, which was charac-

terized by a single s-hole, the dyad structure was stabilized by
I� � �N interaction, which faced the s-hole with a 2.97 Å distance.
The interaction energy of this dimer was �9.24 kcal mol�1, so
around 30% weaker bonding than for its BEVVOR counterpart,
which is in accordance with the about 25% lower magnitude of
the WEVPOC s-hole. Regarding the trimer, the initial geometry
was aligned by putting two ligands on both sides of the s-hole
zone of the iodine atom. The optimization led to complexation
with one HCN molecule, which occupied the vicinity of the
VS,max place at 2.989 Å distance, while the second ligand was
repelled outside of the s-hole spot, to the I� � �N distance of
3.579 Å. This value is on the edge of the sum of the van der
Waals radii69 for the respective atoms. The QTAIM analysis for
the bonding of the second ligand disclosed two H� � �N bond
paths and one I� � �N bond path, all characterized by r =
0.007 a.u. For comparison, the HCN bonded at a shorter
distance had r = 0.017 a.u. (see Fig. S6, ESI†). The status of
gluing a second HCN molecule to the s-hole in the halonium
cation is debatable, as actually, complete dissociation of the
second ligand is prevented mostly by the two C–H� � �N hydro-
gen bonds. A detailed study on the complexation abilities of
halonium cations will be performed in a future project.

2.2. Theoretical models

To check the distribution of electrostatic potential around the
halogen atom in the halonium cations in detail, three theore-
tical monomer models based on the BEVVOR crystal structure
were designed. The BEVVOR system was reproduced in asym-
metric [H5C6–X–C2F2H]+ molecules (X = Cl, Br, or I), while in the
two remaining models we decided to replace the phenyl ring
and –CHCF2 group to obtain a symmetric arrangement around
the X atom, with two identical ligands. Hence, we prepared
[HF2C2–X–C2F2H]+ and [H5C6–X–C6H5]+ system models. These
three model systems are illustrated for X = I in Fig. 4.

Fig. 3 The DFT optimized structures of the complexes between selected
parts of the crystal structures: (a) dimer of WEVPOC with HCN, and
(b) trimer BEVVOR with two HCN. Distances in Å.

Fig. 4 Iodine representation of three elementary halonium cation models
investigated, where X = Cl, Br, or I. Colors of atoms: I – purple, C – grey,
H – white, F – cyan.
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The results of full DFT optimization of the studied com-
pounds are gathered in Table 1. In Fig. 5, in turn, there is a MEP
map for one of the deliberated structures – [HF2C2–I–C2F2H]+,
where all descriptors appearing in Table 1 are explained. For all
the monomers studied, two holes were identified on the
halonium cation surfaces, as it was in the case of the original
crystal source. The values of VS,max were all above 100 kcal mol�1,
which is consistent with earlier literature reports.41,44,45,51 Nota-
bly, the s-hole magnitudes are in the order Cl o Br o I, which is
in line with the lower electronegativity and greater polarizability of
the heavier halogen atoms. The C1–X distances were sorted in the
same manner, from lighter to heavier halogens. Within the three
main model groups, the most intense s-holes can be found for
the [HF2C2–X–C2F2H]+ group (from 130.4 to 136.8 kcal mol�1),
followed by the [H5C6–X–C2F2H]+ collection (maxima of EP in the
range of 117.1 to 126.0 kcal mol�1) and [H5C6–X–C6H5]+ set, where
the VS,max values were below 112 kcal mol�1. As was expected, for
the symmetric compounds, the electrostatic potentials of both
holes were identical, while for the asymmetric [H5C6–X–C2F2H]+

models, there were differences in the s-hole magnitudes of the
values from 1 to 5 kcal mol�1, deepening with the increase in the
atomic size of X. In more detail, a higher VS,max was found on the
extension of the CHCF2–X bond, which agrees with the higher
electron-withdrawing character of the difluoroethylene group, as
well as the results obtained for the BEVVOR crystal structure. The
a and b tags were introduced to signpost the C1–X–C2 and
Vmax(2)–X–Vmax(1) angles, which are crucial in further studies
where the geometry of the halonium cation will be modified. It
should be underlined that these angles do not correspond to
apical positions. For the [H5C6–X–C2F2H]+ and [H5C6–X–C6H5]+

cations, b was bigger than a, while the reverse was true only for the
[HF2C2–Cl–C2F2H]+ molecules. These differences are explained by
the last two columns of Table 1. They collected the values of the
C1/C2–X–Vmax(1)/Vmax(2) angles as a measure of the location of the
s-hole towards the extension of the given bond. For a perfectly
linear s-hole assembly, these values should be equal to 1801.
According to our results, none of them were 1801, regardless of
whether the surroundings of the X atoms were identical or not.
The deviations from linearity were in the range of 0.5 to 6.3
degrees, with no systematic trends concerning specific X atoms or
the remainder of the cation. Consequently, deviation from linear-
ity in the layout of s-holes triggered the inequality of the a and b
angles.

To evaluate the behavior of the s-hole setting in the halo-
nium cations for various geometries, the three models with the
boldest s-holes in each group (with X = I) were considered for a
detailed study. In Table 2, the geometrical data of s-hole
positioning when the a angle was increased and decreased in
101 intervals for the [HF2C2–I–C2F2H]+ cation are summarized.
Changes introduced to the equilibrium geometry caused
expected worsening of the total electronic energies, which is
shown in the last column of Table 2. In the extreme cases, the
total electronic energy was worse than for the fully relaxed
compound by about 50 kcal mol�1. The equivalent results for
the [H5C6–I–C2F2H]+ and [H5C6–I–C5H6]+ cations are listed in
Tables S3 and S4 (ESI†). The outcomes obtained provide
unusual trends. When the a angle (C1–X–C2) is enlarged, the
b angle (Vmax(2)–X–Vmax(1)) simultaneously diminishes from
106.91 at the equilibrium geometry to 88.11. This change is
accompanied by the lowering of the s-hole magnitude (from
136.8 to 118.9 kcal mol�1) and continued deviation of the
s-hole location from linearity as the C–X–Vmax angles drop
from about 1771 to 152–1531. Thus, spreading the position of
the identical ligands attached to the I atom does not spread the
position of the s-holes (as could be predicted), but brings them
closer together. When a = 151.91, VS,max values are no longer
detected at the former placements as the potential became
flattened around the halogen atom. Conversely, when both the
–CF2H2 substituents are pulled towards each other by decreas-
ing a angle, a corresponding decrease in the b angle can be
expected. However, the behavior of b is inverted—its value rises
from 106.91 to 119.61 for a = 71.91, then stabilizes for a = 61.91.
At the same time, the s-hole power is enhanced, whereas the s-
hole digression from the linear arrangement along the I–CF2H2

Table 1 Geometrical parameters and MEP descriptors of the DFT optimized halonium cation models. The C1, C2, a and b labels are described in Fig. 5.
Distances are in Å, angles in degrees, and VS,max values in kcal mol�1

Cationic compounds R(C1X) R(C2X) Vmax(1) Vmax(2) a b +C1XVmax(1) +C2XVmax(2)

HF2C2–Cl–C2F2H 1.733 1.733 130.4 130.4 108.0 102.1 173.7 175.9
HF2C2–Br–C2F2H 1.880 1.880 132.8 132.8 104.7 106.2 178.5 178.6
HF2C2–I–C2F2H (see Fig. 5) 2.050 2.050 136.8 136.8 101.9 106.9 177.0 177.4
H5C6–Cl–C2F2H 1.730 1.794 117.1 118.2 103.4 106.8 175.9 179.5
H5C6–Br–C2F2H 1.879 1.940 118.4 121.3 103.7 108.4 179.1 175.8
H5C6–I–C2F2H 2.054 2.104 121.4 126.0 100.9 111.4 175.6 173.8
H5C6–Cl–C6H5 1.786 1.786 107.0 106.9 105.6 106.9 174.0 177.1
H5C6–Br–C6H5 1.934 1.934 108.6 108.5 102.2 109.1 177.7 174.8
H5C6–I–C6H5 2.103 2.103 111.8 111.8 99.9 110.6 173.7 175.4

Fig. 5 MEP distribution on the 0.001 electrons per Bohr3 electron iso-
density contour for the [HF2C2–I–C2F2H]+ molecule. The color scale is
from 0.12 a.u. (blue) to 0.22 a.u. (red). The VS,max spots are indicated by
black dots. Colors of atoms: I – purple, C – grey, H – white, F – cyan.
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axes rapidly grows. Therefore, further reduction of a was
performed in smaller steps, specifically at 21 intervals. Starting
from a = 59.91, b shrinks by 251 and when a reaches 57.91, two
s-holes are merged into one. The integration of the s-holes is
confirmed for a = 57.91 on the various electron isodensities
(0.005, 0.001, 0.01, and 0.05 electrons per Bohr3). The trajectory
of the change in b angle versus a angle is highlighted in Fig. 6.
Roughly the same pattern was observed for the [H5C6–I–C2F2H]+

and [H5C6–I–C5H6]+ cations (see Tables S3 and S4 along with
Fig. S4 and S5, ESI†). It is worth mentioning that the VS,max

for the merged s-hole is not the sum of the two precedent
s-holes but is comparable to their individual magnitudes
(138.7 kcal mol�1). This could be explained based on the
formula for calculating VS,max.51 Its value depends not only on
the electron density of the system but also on the contribution
of the nuclei. The fused s-hole operates on the same electron
density and nuclei contribution as their earlier ‘‘versions’’.
Based on the aforementioned results deforming the halonium
cation beyond its equilibrium geometry results in changes that
can cause two s-holes merge into one or even result in their
complete disappearance. The geometry of the s-hole sites as
the a angle changes is counterintuitive, as narrowing the
distance between the ligands bound to the X atom pushes the

s-holes apart, while in contrast, increasing the distance
between these ligands pulls the s-holes closer together. This
anomaly could be explained by the fact that ligand tightening
associated with the halogen atom (lowering values of a) might
relocate the electron density above that atom, causing s-hole
regions to form farther away rather than near it. When we open
the gap between the ligands (rising a values), the electron
density occupies that region, thereby allowing the s-holes
above the halogen atom to be closer together.

Fig. 7 answers the question of how this conjoined s-hole
region appears. The new, deformed hole is represented by the
broad belt of electrostatic potential (colored in red on Fig. 7) of
values higher than the remaining part of the molecule. The
VS,max is centered over the I atom at the distance of 2.125 Å
from it.

3. Conclusions

The analysis of the distribution of the electrostatic potential
over selected halonium cations has been carried out. The
presence of one or two s-holes at the halogen atom of the
halonium cation decides how many ligands can be attached to
the given system, which might be crucial for its functionality in

Table 2 Geometrical parameters describing the s-hole location of the [HF2C2–I–C2F2H]+ model. Values for the equilibrium geometry are in bold. The
VS,max in kcal mol�1, angles in degrees, and energies in kcal mol�1

Compound a b VS,max(1) VS,max(2) +C1XVS,max(1) +C2XVS,max(2)
Total electronic energy
(in relation to equilibrium geometry)

[HF2C2–I–C2F2H]+ 151.9 — — — — — 52.38
141.9 88.1 118.9 118.9 152.8 152.0 37.70
131.9 92.1 123.7 123.7 159.8 160.3 14.54
121.9 97.0 128.4 128.4 167.3 167.6 6.72
111.9 103.4 132.7 132.7 174.2 175.6 1.76
101.9 106.9 136.8 136.8 177.0 177.4 0.00

91.9 111.9 140.3 140.3 171.3 168.5 1.95
81.9 116.3 143.3 143.3 162.1 163.4 8.44
71.9 119.6 144.9 144.9 156.4 155.8 20.71
61.9 119.4 141.0 141.0 152.5 149.9 39.48
59.9 94.4 138.4 138.2 175.4 150.6 43.81
57.9 — 138.7a 153.1 149.0b 48.25

a Only one s-hole exists. b
+C2–X–Vmax(1).

Fig. 6 Chart representing the changes of b angle versus a angle in the
[HF2C2–I–C2F2H]+ model. The dashed line designates equilibrium
geometry.

Fig. 7 MEP distribution on the 0.001 electrons per Bohr3 electron iso-
density contour for the [HF2C2–I–C2F2H]+ molecule when a = 57.91. Color
scale is from 0.12 a.u. (blue) to 0.22 a.u. (red). The VS,max spot is indicated
by a black dot. Colors of atoms: I – purple, C – grey, H – white, F – cyan.
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organic catalysis as a carrier of transition state structures. The
number of s-holes is a direct consequence of the alignment of
the [L� � �X� � �L]+ moiety. Among the crystalline solids revealed by
the CSD survey, two of significantly different L� � �X� � �L angles
may epitomize different Lewis base binding capacities. Within
the current project, it has been demonstrated that the amount
of s-holes on the halonium cations determined whether they
are able to accept one or two HCN ligands. Based on the CSD
content, the more common scenario is when two s-holes are
presented, as the values of the L� � �X� � �L angles mainly accu-
mulated within the 90–1201 range. When this angle is manipu-
lated within halonium cations, two effects may emerge: s-holes
can be merged into one (by decreasing this angle by about 401)
or both of them may be reduced to an area of levelled positive
EP (by increasing this angle by about 501). An explanation of the
unusual behavior of the s-hole positioning relative to each
other between these two border cases has been proposed.
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