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Di-, tri-, and tetravalent halonium ions have been investigated by theoretical means with respect to their geometries and their electronic
structure using DFT as well as MP2 calculations. Even tricationic species where halides (F, Cl, Br, and 1) are surrounded by an appropriate
tetracationic hydrocarbon cage are calculated to be stable species. All halides show bonding interactions with all four cationic carbon centers.

The quest for unusual binding situations® has fascinated
chemists from the very beginning when scientists started to
understand the way in which a chemical bond is formed.? Not
only were highly strained molecular entities investigated® but
also so-called hypervalent bonding situations in which a main
group element contains formally more than eight electrons in
its valence shell.®> Another unusual type of bond formation, this
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time not in contrast to the octet rule, is further binding of
remaining lone pairs of the main group VI and VI1I elements to
carbocations. Oxonium ions 2 (RsO™) are widely known as
intermediates of various transformations in organic chemistry;*
that have also been isolated® and have been used as
Meerwein’s salt in synthesis.® However, their halogen coun-
terparts, the halonium ions 5 (R,Hal*),” are less famous.
Nevertheless, they play an important role in organic reactions
such as halogenation and Friedel—Crafts alkylations.® Dialky-
Ihalonium ions were even isolated as stable SbXFs~ salts.®
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Recently, we elucidated in a theoretical study the pos-
sibility to utilize the remaining lone pair of a trivalent
oxonium ion 2 for further binding to a carbocation to af-
ford a tetracoordinated oxonium dication 3 (Scheme 1).*°

Scheme 1. Repetitive Binding of Carbocations to Ether 1
Leading to a Trivalent Oxonium lon 2 and Tetravalent Oxonium
Dication 3 and Comparison with the Halogen Counterparts 4—6
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Appropriately designed hydrocarbon cages led to the conclu-
sion that a tetracoordination of oxygen should be accessible.
From this result arose the question whether halogen lone pairs
could also accommodate a carbocation as binding partner
led via the experimentally well-known disubstituted mono-
cationic to tri- and tetracoordinated di- and tricationic
halonium ions (Figure 1).

s‘ a 1 @ /Iﬂ'.N ..nl“\ —|2®
.w>3x X a"xa{
1 (e
7 (X=F) 1 (X=F) 15 (X=F)
8 (X=Cl) 12 (X=Cl) 16 (X=0Cl)
9 (X=8n 13 (X=8Bn 17 (X =Bn)
10 (X=1) 14 (X=1) 18 (X=1)
& b ‘|3® ‘|3e
19 (X=F) 23 (X=F) 27 (X=F)
20 (X=Cl) 24 (X=Cl) 28 (X =Cl)
21 (X=Br) 25 (X =Br) 29 (X=Br)
22 (X=1) 26 (X=1) 30 (X=1)

Figure 1. Parent t-butyl halides 7—10, divalent halonium ions
1114, trivalent halonium dications 15—18, and tetravalent caged
halonium trications 19—30 with ethano, propano, and methano
bridges. Definition of the most relevant geometrical parameters
(used in Table 1).

This idea inspired us to sytematically elucidate the different
kinds of halonium ions starting with t-butyl halides 7—10
as parent compounds; the formal attachment of one or two
carbocationic centers affords the corresponding divalent
cyclic halonium ions 11—14 and their trivalent counterparts
15—18, respectively. Of course, the most intriguing question
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is whether a tetracoordination might also be in reach.
Therefore, we extended the above-mentioned series of
compounds 7—18 to three types of hexacyclic trications with
a caged halogen atom (Figure 1) varying in the cage size.
The medium-sized cages 19—22 use ethano bridges, the
larger cages 23—26 propano bridges and even halogens caged
in an adamantane-like structure 27—30 (methano bridges)
were investigated. All these cages can also be seen as a halide
anion that is coordinated by a tetradentate tetracation.

For all compounds 7—30 the geometrical parameters were
optimized (without any symmetry restriction (C,) and for
compounds 19—26 also in point group T and for 27—30 in
Tq) using density functional theory (DFT)* by applying the
three-parameter hybrid functional by Becke (B3)'? and the
correlation functional by Lee, Yang, and Parr (LYP).™® As
basis set we used 6-311G(d) as suggested by Pople et al.,***°
implemented in Gaussian 03.*® All minima were character-
ized by frequency calculations (NImag = 0), and all energies
are corrected by zero-point vibrational energies.

A comparison in the series of divalent halonium ions
11—14 reveals interesting differences. The fluoronium ion
11 shows two highly different distances a/a’ (152 pm vs 194
pm) whereas all the heavier analogues 12—14 reveal the same
distance a/a’. By comparing the length a/a’ in the halonium
ions with the parent t-butyl halides it is seen that heavier
halogens only augment this distance by a small percentage
(9% for 12, 7% for 13, and only 5% for 14).

An elucidation of the trivalent species 15—18 reveals some
astounding differences. The fluorine containing congener 15
shows three highly different distances a/a’/a” from the center
to the cationic carbons (152.0 pm vs 203.5 pm vs 250.7 pm),
whereas the heavier analogues 16—18 show two distances a/a’
of almost similar length and one distance a” that exceeds the
other two by about 90 pm. A complete list of the most important
geometrical parameters including bond lengths and angles of
compounds 7—18 is provided in the Supporting Information.
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Table 1. Most Important Geometrical Parameters a, b, c and ¢ (as defined in Figure 1) of 19—28 (Calculated at the B3LYP/6-311G(d) Level
of Theory), Wiberg Bond Indices (WBI),*” Complexation Energies AHy, Natural (NPA) Charges and Chemical Shifts & (Calculated at the

B3LYP/6-311++G(2df, 2pd) Level of Theory)

19 20 21 22 23 24 25 26 27 28
a® [pm] 183.6 186.1 190.8 199.0 219.7 226.5 228.1 230.2 150.7 161.0
b* [pm] 151.4 157.3 159.7 162.9 148.4 150.1 151.2 152.8 170.4 179.9
¢ [pm] 157.4 158.6 160.0 162.9 154.8 156.2 156.7 157.5 - -
¢ [deg] 93.7 95.2 94.8 94.0 96.1 96.7 97.4 98.5 79.0 78.3
WBI (X—C)° 0.25 0.69 0.80 0.89 0.17 0.38 0.48 0.64 0.35 0.89
NPA Charge (X)* [e] ~ —0.339  +0.982  +1.499 42517 —0.489 +0.152 +0539 +1.308 —0230  +1.527
NPA Charge (C)* [e] ~ +0.526  +0.148  —0.012 —0.234 +0523 +0.370 +0.281  +0.102  +0.493  —0.108
AH; [kJ/mol] © 1987 1322 1155 906 1857 1465 1392 1269 1369 489
4 (C) [ppm] ¢ 281.9 179.4 143.6 85.6 314.8 271.1 245.9 191.3 273.0 80.2
6 (CH,) [ppm] ¢ 52.7 56.7 575 57.4 50.7 46.3 44.7 415 86.9 117.9
6 (CH,) [ppm] ¢ 4.23 4.18 4.18 4.33 3.76 3.59 3.49 3.24 7.31 7.98

@ Values calculated in point group T (19—26) or Ty (27, 28) respectively. In all cases the total energy obtained in point group T or T4 was lower than in
point group C,. ° Calculated by a natural bond orbital (NBO) analysis using the B3LYP/6-311G(d) density. ¢ Values of AH; are based on the energies of a
tetracation and a halide anion, and are not corrected for basis set superposition effects (BSSE). ¢ Relative to Tetramethylsilane.

Interestingly, when the hydrocarbon cages are used to
generate the tricationic species 19—22 an optimization in
point group T reveals the lowest energy conformer; all
distances a are equal and tetravalent halogens revealing the
typical tetrahedral angle of about 109° at the caged halogen
are observed. Because of the limited size of the cage the
distances a increase only slightly for the different halonium
ions 19—22 (Table 1). In Figure 2 we summarize the
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Figure 2. Mean value of distances a/a’/a’”” in compounds 7—22
depending on the coordination number of the halogen as calculated
on the level of B3LYP/6-311G(d).

development of the mean values of distance a in the various
species 7—22.

The larger size of chlorine, bromine and iodine is more
strongly mirrored in the increase of distance b and illustrates
the strain associated with the hosting of these heavier
elements (up to 163 pm in 22). Another parameter that
describes the strain of the cage is the angle ¢: Values higher

(17) Wiberg, K. B. Tetrahedron 1968, 24, 1083-1096.
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than 90° show an attractive interaction between the halogen
and the former trivalent carbon. Whereas in the larger cage
series 23—26 higher values of ¢ (96—99°) are observed
indicating enough space for the heavier halogens, the cage
compounds with ethano bridges 19—22 show angles only in
the range of 94—95° (Table 1). For the adamantane-like
structures (point group Tg) our calculations have shown that
only fluorine (a = 149.2 pm, ¢ = 79°) and chlorine (a =
160.9 pm, ¢ = 78°) are able to be accommodated inside the
cage. The larger halogens burst their hosts; no stable
structures were found on their potential energy surface. In
Figure 3, we have depicted the optimized structures of four
species (13, 15, 22, and 28).
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Figure 3. Optimized structures of monocation 13 (top left), dication

15 (top right), and trications 22 (bottom left) and 28 (bottom right)
as calculated on the level of B3LYP/6-311G(d).

Whereas in all cases the distances a are longer than in the
analogous caged chalcogenium dications,*® the angles ¢ are
smaller. This fact illustrates a better binding of the carboca-
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tions to the lone pairs of the more nucleophilic chalcogens
in comparison with the lone pairs of the halogens.

We also performed a natural bond orbital analysis that reveals
that the Wiberg bond indices (WBI)'" are only 0.25 for the
fluorine containing congener 19. In general, these bond indices
are much smaller for the caged halogens compared with
analogous caged chalcogens.’® The differences of the WBIs
between the smaller and the larger cage compounds reveal a
forced binding of the cations to the halogen. In addition, the
natural population analysis afforded natural charges, presented in
Table 1, for the halogen (X) and the carbocationic centers (C).
The most electronegative element, fluorine, always carries a
negative charge (19, 23, and 27), whereas the other guests are able
to accommodate more positive charge with increasing size.

The trications might also be regarded as halide anions
complexed by a tetradentate tetracation. In order to get an
impression of the energy associated with such a conceivable
complexation process we also calculated the potential energies
of the separated ions on one hand and the potential energy of
the corresponding trications on the other (see Supporting
Information). Their difference can be considered as complex-
ation energy and is denoted as AHs in Table 1. For all cage
compounds the AHs value decreases with increasing size of the
heteroelement. This behavior reflects the decreasing ionic
character of the X—C bonds when going from fluorine-
containing to iodine-containing compounds. For 28 this value
is rather low due to the highly strained adamantane-like structure
with the hosted chloride inside.

All the cage compounds 19—28 were also investigated by
means of the MP2 level of theory (MP2/6-311G(d))*® to take
electron correlation effects into account which often play a
crucial role in weak interactions.’® Respective values in
analogy to Table 1 are given in the Supporting Information.
In general the distances are slightly shorter than the corre-
sponding ones obtained by density functional theory.

In order to test the flexibility of the caged halogen in the
medium-sized cages 19—22 we performed relaxed energy scans
of the trications by varying one of the distances a (C;). These
results are illustrated in Figure 4. It is noteworthy that the
potential energy surface of the fluorine-containing species 19
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Figure 4. Potential energy of the trications 19—22 depending on
the distance a between the caged halogen and one carbocationic
center according to B3LYP/6-311G(d).
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is rather flat revealing a high flexibility of the hosted fluoride.
It is unequivocally shown, by tighter potential wells in the series
from 19 (F) to 22 (I), that the heavier the halogen, the greater
the stability of the tetracoordination. The bending of the curves
in the case of 21 and 22 at distances of about 250 pm mirrors
the fact that their trivalent halonium ions are considerably
stabilized. In the case of 22, even a local minimum for such a
trivalent iodonium ion is found.

For all caged tetracoordinated halogens 19—28 we also
computed the NMR chemical shifts (6) of the most relevant
carbon and hydrogen atoms (Table 1). With the exception
of the adamantane-like structures 27 and 28 the *H NMR
chemical shifts do not reveal any significant differences
within the series. However, the *C NMR shifts of the
cationic centers unambigiously demonstrate the higher ionic
character when the cage size is increased (downfield-shifted
chemical shifts). The most extreme values are observed in
the fluorine-containing compound 23 with the large cage (315
pm) and on the other hand in the highly strained adamantane
cage 28 (80 ppm).

Computational studies postulating charged species must
always include realistic anions. Therefore, DFT calculations
with PFg~ as well as tetraphenylborates as counterions (see
Supporting Information) were performed.?® However, the
geometrical parameters for the tetracoordinated species were
only slightly different; in all cases the tetracoordination of
the caged halogens stays intact.

In conclusion, we present a systematic investigation of di-,
tri, and tetravalent halonium ions by means of B3LYP as well
as MP2 calculations. Whereas trivalent halonium ions com-
monly exhibit two different X—C bond lengths (even three in
the case of F), our computations have also revealed that
tetracoordinated species are local minima on the potential energy
surface. Such tetracoordinated halonium trications exhibiting
four equal X—C bond distances were designed by using simple
hydrocarbon cages with four carbocationic centers. With
appropriate large noncoordinating anions as counterions (e.g.,
tetraphenylborates) these remarkable compounds should be in
reach and are waiting to be synthesized.
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