#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Poly-pnictogen bonding: trapping halide ions by

i") Check for updates‘
a tetradentate antimony(i) Lewis acid¥

Cite this: Chem. Sci., 2023, 14, 13551

J. Louis Beckmann, © Jonas Krieft, © Yury V. Vishnevskiy, © Beate Neumann,
Hans-Georg Stammler@ and Norbert W. Mitzel ® *

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry
A highly halide affine, tetradentate pnictogen-bonding host-system based on the syn-photodimer of 1,8-
diethynylanthracene was synthesized by a selective tin-antimony exchange reaction. The host carries
four C=C-Sb(C,Fs), units and has been investigated regarding its ability to act as a Lewis acidic host
component for the cooperative trapping of halide ions (F~, CL7, Br™, I7). The chelating effect makes this
host-system superior to its bidentate derivative in competition experiments. It represents a charge-

reversed crown-4 and has the ability to dissolve otherwise poorly soluble salts like tetra-methyl-
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Accepted 5th November 2023 ammonium chloride. Its NMR-spectroscopic properties make it a potential probe for halide ions in

solution. Insights into the structural properties of the halide adducts by X-ray diffraction and
computational methods (DFT, QTAIM, IQA) reveal a complex interplay of attractive pnictogen bonding
interactions and Coulomb repulsion.
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Introduction

The application of cooperatively binding c-hole systems for the
complexation of nucleophiles is of increasing interest as it
paves the way for compounds used in anion-abstraction catal-
ysis, substrate recognition in host-guest chemistry, or anion
transport.”” The application of c-hole donors for complexation
of Lewis bases offers the possibility of non-covalent interac-
tions, which are mainly characterized by a high directionality of
the Lewis acid-base interaction.** Halogen bonds are the most
prominent representatives of c-hole interactions. They are
usually represented as R-X---Y and describe the attractive, non-
covalent interaction of a halogen X with a Lewis base Y, while R
should preferably be an electronegative substituent.® Using
suitable organic backbones, the directionality of c-hole donor
sites can be prearranged to achieve cooperativity as well as
selectivity. On this basis, various multidentate host systems and
catalysts based on halogen bonding have been designed.®>*
Cooperative chalcogen bonding or pnictogen bonding systems
have only been explored to a lesser extent.***

Recent results suggest that the application of chalcogen or
pnictogen bonding may open up exciting new opportunities for
catalysis and anion recognition.?”** While the lighter group 15
elements are unsuitable candidates due to steric overloading,
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antimony turns out to be an exceptionally good pnictogen bond
donor due to its size and easy polarizability.**** Almost all
group 15 based host systems known in the literature are
bidentate and based on Sb(v), such as the distiborane A of
Gabbai et al. (Scheme 1).** One of the few examples of a biden-
tate Sb(i) host is an oxo-bridged distibane of Cozzolino et al.***

Building on this, we have previously explored the enormous
potential of antimony(ur) in the form of the bidentate
pnictogen-bonding host system 1.°® By using pentafluoroethyl
substituents as extremely electron-withdrawing groups, we
could demonstrate that the bis(pentafluoroethyl)stibanyl-
ethynyl function exhibits two strongly pronounced o-holes at
the antimony(m) atom, approximately perpendicular to the
alkyne. We found host 1 to be a promising tool for the chelation
of various group-15-, -16-, and -17-based Lewis bases. It shows
the highest affinity towards halide ions. Following this idea, in
this work we introduce the tetradentate photodimer 2, the ‘big
brother’ of 1. The arrangement of four antimony atoms in
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Schemel Fluoride complex of the bidentate Sb(v) host system A% and
halide complexes of our Sb(i) host systems investigated previously and
herein.
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a rectangular pocket facilitates the cooperativity of multiple
pnictogen bonding interactions. The chelating effect is used to
construct a particularly affine receptor for halide ions. In the
following, we describe the synthesis and complexation behavior
of this partly fluorinated charge-reversed crown ether, also with
respect to a competition with 1.

Results and discussion
Synthesis and study of the host system

To chelate a halide ion by four Lewis acidic antimony atoms,
our approach uses a roughly square planar coordination envi-
ronment. The four o-holes should be positioned in a rectangle
and have the ability to align to its center. In previous work, we
established the synthesis and application of the syn-photodimer
of diethynylanthracene as an organic backbone for poly-Lewis
acids.” This tetraalkyne brings four functions into close prox-
imity and thus provides a suitable arrangement necessary for
quadruple interactions. The diagonal spacing of the alkyne
carbon atoms of about 6.2 A in the tetraalkyne® should provide
a suitable binding pocket for halide ions. The electrophilic
binding sites opposite the pentafluoroethyl substituents and
the alkyne form approximately a right angle.*® This is essential
for the functionality of our fourfold host system. The free
rotatability around the alkyne-axes allows one of the positively
polarized regions of each of the four Sb(ir) atoms to align into
the central cavity of the host.

The synthesis of host system 2 was achieved by following
a protocol established for the bidentate system 1: reaction of the
corresponding tin compound 3 in a metal exchange reaction
with four equivalents of chlorobis(pentafluoroethynyl)stibane
(4) with liberation of chlorotrimethylstannane (Scheme 2).°%%
After recrystallization, the tetrastibane 2 was obtained in 74%
yield. Like the bidentate system 1, system 2 decomposes on
exposure to air by oxidation of Sb(m) and hydrolyses on contact
with moisture forming pentafluoroethane. The determination
of the solid-state structure of 2 by single-crystal X-ray diffraction
experiments confirmed the desired arrangement of four anti-
mony atoms approximately in one plane (Fig. 1), for all calcu-
lations, only the main positions of the atoms were considered in
the case of disorder.

The C*™™°-sb-CF angles average 92.0° over all eight angles,
suggesting the desired perpendicular orientation of the c-holes
to the alkyne. Since the diagonal Sb---Sb distances are 7.28(1) A
and 7.74(1) A, the cavity is wider than in the unfunctionalized
tetraalkyne (d(Sb---Sb) = 6.2 A).™* This indicates a certain, albeit
limited, flexibility of the alkyne groups and thus ensures some
adaptability of the binding pocket towards different halide ions.

[M] = SnMe; (3)

4 CISb(C,Fs), (4)
dichloromethane, -5 °C

[M] = Sb(C5F5), (2)

Scheme 2 Synthesis of the tetradentate host system 2.
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The Sb-CF bond lengths, which will later serve as a reference for
a donation into the o*(Sb-C")-orbital, are 2.229 A on average
(range 2.198(5)-2.244(6) A). Some Sb---F distances in host 2 are
shorter than the sum of their van der Waals radii (2£d,qw(Sb,F) =
3.53 A),* including 16 Sb---F distances between each anti-
mony atom and the four geminal fluorine atoms of their adja-
cent C,F5 groups.

Of greater interest are the additional five Sb---F contacts
between two Sb(C,Fs), functions, which indicate weak intra-
molecular pnictogen bonding interactions between the fluorine
atoms of CF, groups and the antimony atoms of another group.
Four out of five of these interactions show a directionality by
adopting F-Sb-C® angles between 162.8(2)° and 170.6(2)°,
which is typical for o-hole interactions of pnictogens. On
a larger scale, the molecules arrange back-to-back, forming
alternating layers of perfluorinated Sb(C,Fs), groups and
organic backbone, exhibiting different aryl-aryl interactions
(see ESIT).

Fig. 1 Molecular structure of 2 in the solid state from two perspec-
tives. Hydrogen atoms, a disorder of one pentafluoroethyl group, and
fluorine atoms (bottom) are omitted for clarity. Red dotted lines (top)
indicate Sb---F contacts below the sum of van der Waals radii.®*®2
Ellipsoids are set to 50% probability. Selected distances [A] and angles
[°]: Sb(1)---Sb(2) 5.731(1), Sb(2)---Sb(4) 5.615(1), Sb(3)---Sb(4) 5.722(1),
Sb(1)---Sb(3) 4.217(1), Sb(1)---F(21) 3.223(3), Sb(2)---F(7) 3.255(4), Sb(2)---
F(37) 3.044(1), Sb(3)---F(31) 3.220(4), Sb(3)---F(36) 3.311(1), Sb(3)-C(43)
2.230(5), Sb(3)-C(45) 2.244(6); C(42)-Sb(3)-C(43) 87.9(2), C(42)-
Sb(3)-C(45) 94.5(2), C(41)-C(42)-Sb(3) 169.7(5), C(27)-C(41)-C(42)
174.5(5), C(40)-C(27)-C(41) 118.1(4), C(28)-C(27)-C(41) 122.6(4).
Root mean square deviation of the four Sb atoms from their best plane:
0.001 A.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Adduct formation of [2-X]™ in benzene, dichloromethane
or THF and competitive reaction of host 2 with up to two equivalents
of monomer 1.
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Fig. 2 Sections of the 1°F NMR spectra (471 MHz) of compound 2 and
its titration with TBAI in THF-dg. Depicted are the signals of the CFz-
groups (left) and the CF,-groups (right, intensities not in the corre-
sponding ratio). Titration experiments of 2 with TMACLl and TBABr
show a similar pattern (see ESI{).

In a first attempt at complexation experiments with halide
ions, we used tetra-butyl-ammonium halides (TBAX, X = Cl, Br,
I). Since attempts to obtain single crystals of the chloride adduct
with TBACI failed, but were successful with the tetramethy-
lammonium cation, we used tetramethylammonium chloride
(TMACI) instead. Attempts to synthesize the corresponding
fluoride adduct by reaction with anhydrous TMAF or TASF
resulted in decomposition.

For each reaction (Scheme 3), the selective formation of a
1:1-adduct of the composition [2-X] [R4N]" could be verified by
NMR titration, X-ray diffraction of single crystals, elemental
analyses, and IR spectroscopy.

NMR studies

The host system forms stable adducts with the tetra-alkyl-
ammonium halides (X = Cl, Br, I), resulting in salts containing
the complex anions [2-X]™ in quantitative yield. In solution, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bromide and iodide adducts are stable for up to a week, whereas
the chloride adduct begins to decompose after a few days.

Although the three tetraalkylammonium halides as well as
the host are poorly soluble in benzene, a mixture of the
suspensions immediately forms the 1:1-adduct, which is first
dissolved as a (probably supersaturated) solution, from which
the adduct precipitates after seconds. In THF, however, all three
adducts are soluble and can be characterized by NMR
spectroscopy.

Due to the formation of the anionic complex, the cavity-side
bridgehead protons receive a characteristic shift in the "H NMR
spectrum. In the 'F NMR spectrum, the resonances of the
pentafluoroethyl groups split in a diagnostic way (Fig. 2). Due to
the limited rotatability of the Sb(C,Fs), groups, both penta-
fluoroethyl groups are chemically inequivalent to each other,
resulting in two sets of signals for these groups. In addition,
signals with roof effect for a geminal *J g-coupling are present
for both sets of AB-systems (*/zr = 301 Hz and 305 Hz) due to
the prochirality of antimony and thus the diastereotopic of the
CF, fluorine atoms (Fig. 2, top). While for the free host, the
chemical inequivalence of the two fluorine atoms is less
pronounced, leading to a partial signal overlap (Fig. 2, bottom),
this effect is much more noticeable in the three adducts due to
the coordination of the halide ion.

The resulting, very characteristic signal pattern serves here
as an NMR sensor for a complete 1:1-adduct formation.
Titration of the host system with halide salts leads to a strong
broadening due to exchange reactions in the case of a sub-
stoichiometric amount of halide ions; the fully resolved signal
pattern appears only with equimolar or higher concentrations
of halide ions. In contrast, an excess of halide salt does not lead
to further changes, indicating that the system is saturated with
one equivalent. The signal indicates an equal participation of
each Sb(C,Fs), group and therefore a dynamic exchange can be
inferred. These features can be observed for each halide adduct.
The adducts differ from each other only by slightly different
shifts in the '°F NMR spectrum.

It should also be mentioned that TMAC! (unlike the
tetrabutylammonium halides) is insoluble in THF. When host
system 2 is added, exactly one equivalent of TMACI is com-
plexed and dissolved, while excess TMACI remains undissolved.
Thus, the host acts as a complexing agent and the anionic
complex must have a significantly better solubility product than
TMACI.

To demonstrate the effect of more efficient chelation, the
binding properties of host 2 were investigated by NMR titration
experiments. In titration experiments with TBAX (X = Cl, Br, I),
the cavity-side bridgehead protons of the backbone showed
a significant shift (up to 0.5 ppm) in the '"H NMR spectra during
titration. Binding isotherms were obtained confirming a 1:1
binding mode of complexation and the binding constants K,
were calculated using the WinEQNMR 2 program® (see ESIf for
further details and data). The K, values of 2 (K,(Cl™): 2140(296)
M, Ku(Br ): 2007(560) M, K,(I7): 1786(519) M ") are signif-
icantly higher than those of the bidentate system 1 (K,(Cl"):
76(6) M, Ky(Br): 28(1) M, K,(17): 16(1) M 1).%

Chem. Sci., 2023, 14, 13551-13559 | 13553
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Fig. 3 Molecular structures of [2-ClI"[Me4NI*, [2-Brl ["BusNI* and [2-11 ["BusNI™ in the solid state. Hydrogen atoms, solvent molecules
(benzene) and disordered fragments are omitted for clarity. Ellipsoids are set at 50% probability. In the top row, the ammonium ion is omitted. In
the bottom row, only the Sb,X-plane and the carbon atoms of the pentafluoroethyl groups are depicted. Distances [A] and angles [°] of
[2-ClU~[MegNI*: Sb(1)-C(17) 2.302(13), Sb(1)-C(19) 2.234(10), Sb(2)-C(23) 2.252(10), Sb(2)-C(25) 2.248(11), Sb(3)-C(43) 2.299(6), Sb(3)-C(45)
2.242(5), Sb(4)-C(49) 2.362(10), Sb(4)-C(51) 2.223(8); Sb(1)-Sb(2)-Sb(4) 62.7(1), Sb(2)-Sb(4)-Sb(3) 103.9(1), Sb(4)-Sb(3)-Sb(1) 90.6(1), Sb(3)-
Sb(1)-Sb(2) 102.8(1); [2-Brl ["BusNI*: Sb(1)-C(37) 2.304(5), Sb(1)-C(40) 2.237(5), Sb(2)-C(41) 2.255(5), Sb(2)-C(43) 2.251(5), Sb(3)-C(45)
2.248(5), Sb(3)-C(47) 2.271(6), Sb(4)-C(49) 2.223(6), Sb(4)-C(51) 2.267(5); Sb(1)-Sb(2)-Sb(4) 82.5(1), Sb(2)-Sb(4)-Sb(3) 97.5(1), Sb(4)-Sb(3)-Sb(1)
73.7(1), Sb(3)-Sb(1)-Sb(2) 106.2(1); [2-117["BusNI*: Sb(1)-C(37) 2.276(3), Sb(1)-C(39) 2.253(3), Sb(2)-C(41) 2.274(3), Sb(2)-C(43) 2.248(3), Sb(3)-
C(45) 2.331(7), Sb(3)-C(47) 2.311(19), Sb(4)-C(49) 2.257(3), Sb(4)-C(51) 2.242(3); Sb(1)-Sb(2)-Sb(4) 87.8(1), Sb(2)-Sb(4)-Sb(3) 90.5(1), Sb(4)-

Sb(3)-Sb(1) 99.1(1), Sb(3)-Sb(1)-Sb(2) 82.5(1).

Note, however, that the binding isotherm shows a sharp
bend at 1.0 equivalents of halide salt and almost no further
change of the chemical shift above 1.0 equivalents. Because of
this rather atypical feature, which we suspect is due to the
unique binding situation of the four stibanyl functions as well
as the special position of the bridgehead protons, the fit func-
tion does not fit perfectly around 1.0 equivalents, resulting in
a comparatively large error for K.

In addition, competitive reactions of the tetradentate host 2
with two equivalents of the bidentate host 1 were performed.

Assuming that complexes of the form [1,-X]™ are present in
solution, two equivalents of monomer 1 were mixed with the
corresponding halide salt (Scheme 3). In this way, the only
differences would be the pre-organization of either two or four
Sb(C,Fs), groups as well as an entropic contribution that further
disadvantages the trimolecular process of [1,-X]” formation.
According to NMR spectroscopic data, ligand 1 is almost
completely displaced and the adducts [2-X]™ are formed. Since
the "°F NMR spectra clearly show when host 2 is saturated with

13554 | Chem. Sci., 2023, 14, 13551-13559

halide ions (see above), it can be assumed that the equilibrium
is far on the side of [2-X] . Regarding TMAC], another inter-
esting observation is made: in contrast to 2, which dissolves
exactly one equivalent of TMACI, host 1 dissolves only traces of
up to 0.15 equivalents.

Consequently, the chelating effect of four pre-organized
antimony functions in 2, as opposed to only two in 1, has
a pronounced effect on the complexation abilities of 2, which
can be seen in the significantly higher binding constants K, in
the competition experiments with 1 as well as in the ability of
the tetradentate system to dissolve quantitative amounts of
TMACI.

Solid state studies

Recrystallization from benzene yielded single crystals of all
three adducts. The solid-state structures of each adduct show
the expected structural motif of a halogen atom surrounded by
four antimony atoms in a roughly square-planar fashion (Fig. 3).
This coordination geometry of halide ions is rare, but not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Diagram of the four Sb---X distances of [2-Cl"[Me4NI",
[2-Brl ["BusN]* and [2:17["BusNI* in the solid state. The red area
marks an Sb---X distance below the sum of the covalence radii,®® the
blue area a distance above the sum of the van der Waals radii.®*? In
addition to these distances, the corresponding angle of each X---Sb—
CF motif is given. Sb-+-X distances, for which the corresponding Sb—CF
bond is not elongated (compared to the longest Sb—CF distance in free
host 2; 2.244(6) A) are marked with a circle. The numerical values of
this figure are provided in the ESI.{

Table 1 Enthalpies of formation of halide complexes of 1°® and 2. An
error of +2 kcal mol ™ is estimated for AH (see ESI)

AH [keal mol ']

Adduct [2-X]~ [1-X]~
F —91.1 —87.0
cl —-93.2 —51.8
Br —95.0 —45.6
I —94.4 -39.3

DFT
[Sb(CF3)3'X]” +2 —————— > [2-X]” + Sb(CF3); AH;4

reference CCSD(T)
B

X~ + Sb(CF3)3 [Sb(CF3)3-X]~ AH,
2+ X —_— 22X AH = AHq + AH,
Scheme 4 |sodesmic reactions of host 2 with halides X~ (X = F, CL, Br,

1). Enthalpies of formation of the adducts are provided in Table 1, those
of the calibration complexes [Sb(CFsz)s-X]™ are provided in the ESIy of
our previous work.58

unknown in the literature. For example, the solid-state structure
of the complex [K([18]crown-6)][(PhSbI,),I] by Huttner et al. can
be described as an iodide ion surrounded by four PhSbI, units
in a square-planar coordination.®* The spontaneous assembly of
this structural motif in the solid state suggests that this unusual
coordination geometry of iodide may sometimes be favorable.
In the halide adducts of host 2, this square planar coordination
geometry of Sb,X is partially distorted.

The eight pentafluoroethyl groups are oriented outwards.
The C=C-Sb units show different degrees of curvature, which is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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why on the one hand the C=C-Sb angles vary between 166.7(9)°
and 176.8(8)°, while on the other hand the C*"™*-Sb---X angles
vary between 71.1(3)° and 87.7(1)°. Each of the halogen atoms in
the three structures are close to the calculated geometrical
center of the four antimony atoms (d(X:--Sb,-centroid) Cl:
0.387(3), Br: 0.116(1), I: 0.390(2) A). A closer comparison shows
an increasing distortion in the arrangement of the antimony
atoms within the Sb,X-plane along the series iodide (rectangle)
and bromide to chloride (rhombus), which is indicated by an
increasing deviation of the corners’ angles from 90°. At the
same time, the halogen moves deeper into the molecule, i.e. in
the direction of the aromatic backbone. While the iodide is still
0.101(3) A above the plane defined by the four antimony atoms,
the bromide is only 0.025(1) A and the chloride 0.316(3) A below
this plane. With a smaller anion radius, the antimony atoms
move closer together, causing the pentafluoroethyl groups in
turn to increasingly sterically repel another. A possible inter-
pretation is a competition between an attractive Sb---X inter-
action and a repulsion of the pentafluoroethyl substituents,
with an increasingly repulsive contribution with decreasing
anion size.

A comparison with the complexes of monomer 1 shows, that
the two Sb---X distances in the adducts [1-X] [*BuyN]" (X = Br,
I) are slightly shorter than the four Sb---X distances in
[2-X] ["BugN]" (X = Br, I). It appears, that the ‘ideal’ distance
cannot be realized in the adducts of 2, since the four antimony
atoms cannot sufficiently approach the central halide ion due to
repulsion of their substituents. In this context, decisive differ-
ences between the iodide, bromide and chloride adducts also
become apparent when one looks more closely at the formation
of pnictogen bonding contacts in the solid state. A common
criterion for a o-hole interaction is a distance between donor
and acceptor atoms smaller than the sum of their van der Waals
radii.” In the case of [2-1] 7, all four distances are below this sum,
while for [2-Cl]™ as well as [2-Br] ", only three of their Sb---X
distances are smaller than this sum (Fig. 4). Another charac-
teristic feature of c-hole interactions is the collinearity of the
donor-acceptor bond with an electronegative ligand at the
electron acceptor. In classical halogen bonding, the electron-
withdrawing substituent, the halogen atom and the electron
pair donor span an angle of 180°. In pnictogen bonding, this
linearity is usually distorted by the presence of the lone pair and
falls within a range of 165° to 175°.**°% When the three
adducts are examined in terms of these angles, the iodide
adduct has one angle that is strongly out of linearity, while the
bromide and chloride adducts each have two strongly deviating
angles. The X---Sb-C* motifs with these deviating angles
correlate with the longest Sb---X distances mentioned above. A
strongly developed interaction comprises a substantial attrac-
tive electrostatic component, but also a charge-transfer
component of a lone pair — o* donation type or, in other
words, an incomplete 3c-4e-type bonding.>**” Such a donation
of the electron pair of the nucleophile populates the o*(Sb-CF)-
orbital and results in an elongation of that bond. Consistent
with theory, the longest Sb-CF bonds of each adduct are found
to be associated with the strongest Sb---X interactions, i.e. the
shortest Sb---X distances, as well as the straightest C*-Sb---X

Chem. Sci., 2023, 14, 13551-13559 | 13555
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‘_.—-\

A---B d OscP V2 pacp.
Sb1--Br1 3.137 0.18 0.94
Sb2---Br1 3.557 0.09 0.63
Sb3:--Br1 3.557 0.09 0.63
Sb4---Br1 3.137 0.18 0.94

ﬁ\.‘

A---B d PscP V2 pacp.
Sb1--11 3.713 0.09 0.51
Sb2--11 3.551 0.1 0.60
Sb3--11 3.534 0.11 0.63
Sb4---11 3.487 0.12 0.65

Fig.5 QTAIM molecular graphs of [2-X]™ (X=F, Cl, Br, I) showing the bond paths and bond critical points. Depicted are just bond paths with pgcp
> 0.06 e A=3. Additionally, the electron density contours of the plane defined by Sb2, X and Sb4 are depicted. Below each structure, the cor-
responding Sb---X distances (in A), electron densities at the bond critical point (pgcp in € A7) and Laplacian values at the bond critical point
(V2pgcp in € A=) are provided. Full molecular graphs (with additional weaker bond paths) and full contour plots are provided in the ESIT (note, that

the labels may differ).

angles (Fig. 4). To investigate the affinity for halide ions in more
detail, we also studied host 2 and its adducts by means of
quantum-chemical calculations.

Computational studies

All adduct formations (including the fluoride adduct, which was
not realized experimentally) were investigated by DFT calcula-
tions at the PBE0-D3BJ/def2-TZVPD level of theory. The
enthalpies of formation (Table 1) for the complexes were ob-
tained using the formal reaction scheme with a reference
reaction shown in Scheme 4. The calculation for this reference
was performed in our previous work, in which we already
calculated the enthalpies of formation for reactions of 1 with
F,Cl ,Br , I .5

The interatomic Sb---X interactions found in the adducts
[2-X]™ are not the only stabilizing factors in the calculated
adducts, but they are clearly the strongest interactions in each

13556 | Chem. Sci, 2023, 14, 13551-13559

adduct. Table 1 lists the enthalpies of formation (AH) of the
halide adducts [2-X]™ compared to those of the bidentate host
1. While the enthalpy of formation of [1-F]™ is identical to that
of [2-F]” (within the assumed error), the enthalpies of forma-
tion of [2-X]™ (X = Cl, Br, I) are higher than those for the cor-
responding adducts of 1. This result is consistent with our
observations in the NMR competition experiments (see above):
adducts with 2 are more stable in solution and able to abstract
halide ions from complexes with 1. Unexpectedly, the
enthalpies of formation of [2-X]™ (X = F, Cl, Br, I) are indis-
tinguishable within the assumed error. This is particularly
surprising when comparing these values with the enthalpies of
formation of host 1 with the halides. For the adducts [1-X], we
clearly demonstrated that the adducts with lighter halides (i.e.,
the anions with a higher charge density) are the more stable
ones.”® This is because the Sb---X interaction strength increases
according to the trend I < Br < CI < F. Since the enthalpies of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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formation of the complexes [2-X]™ (X = F, Cl, Br, I) are equal,
this stabilizing tendency must somehow be compensated for in
host 2. The reason for this is the different number of strongly
attractive Sb---X interactions in [2-X]™, which increases as the
halide becomes heavier.

To demonstrate this, we applied QTAIM®® and IQA® analyses
to classify the bonding situation in the adducts of 2. Fig. 5
shows the molecular graphs and electron density contours of
the four calculated structures of [2-X]™ (X = F, Cl, Br, I) along
with the four Sb---X distances as well as the electron density and
Laplacian values at the bond critical points. In general, the well-
defined pnictogen bonding interactions (for example, Sb1---Cl1
or Sb1---Brl) are very similar to the Sb---X interactions that we
found in halide adducts of 1 (in terms of the electron density
and Laplacian values). Also, as mentioned above, Sb---X inter-
actions with lighter halides are generally stronger, but only if
a suitable distance can be achieved (e.g. observed in the series
Sb4:--I < Sb4---Br < Sb4---Cl < Sb4---F). However, such
a matching Sb---X distance cannot be achieved in every case.
The optimized structures show a similar effect as already
observed in the solid state structures: the lighter, i.e. the smaller
the halide, the closer the four stibanyl groups must be to each
other to ensure an effective Sb---X interaction. However, this is
countered by the steric repulsion of the pentafluoroethyl
substituents, which makes it increasingly difficult for the
Sb(C,Fs), functions to approach spatial proximity to the anion
in case of the lighter halides. As a result, for the lighter halide
ions, fewer favorable Sb---X distances, Sb-X-C angles, and thus
less (comparatively) strong Sb---X interactions can be realized.
This counteracting effect appears to offset the generally higher
interactions with the lighter halides, so that effectively all
enthalpies of formation of host 2 are similar.

Therefore, in [2-I]” there are about four relatively strong
interactions, which are similar to each other. In contrast, for
[2-Br]” and [2-Cl], there are two relatively strong Sb---X
interactions and two relatively weak Sb---X interactions, which
are opposite to each other. For the two stronger interactions, the
Sb---X distance is shorter, the electron densities at the bond
critical points are higher and the X-Sb-C angles are closer to
180°. This trend is consistent with our observations for the solid
state structures (Fig. 3 and 4). The fluoride adduct [2-F]  is
clearly different and most extreme: the most stable calculated
structure does not show a ‘centrally’ chelated fluoride ion, but
an only bidentate chelated F~ anion on one side of the host
molecule. The fluoride ion shows very strong Sb---F interactions
with two antimony atoms (comparable to the electron density
and Laplacian values of [1-F]7) but no stabilizing interactions at
all with the other two antimony atoms. Because the Sb---F---Sb
bonding situation is very similar in [1-F]” and [2-F], the
enthalpies of formation of these two are equal within the error.

For fluoride, we additionally calculated the conventionally
used (gas-phase) fluoride ion affinity (FIA) via the isodesmic
reference reaction with Me;SiF instead of Sb(CF;); (compare
with Scheme 4, see ESIt). The FIA of host 2 is 92.8 kcal mol™?,
which is slightly higher than that of host 1 (88.6 kcal mol )%
and remarkably higher than the FIA of Sb(C,Fs)s
(75.3 keal mol ™).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

Solid state structures and quantum-chemical calculations
suggest that with decreasing anion radius, the spatial align-
ment required for an optimal interaction with the tetradentate
host system 2 becomes increasingly difficult. For the lighter
halides, it is energetically more favorable to avoid steric
hindrance with one or two stibanyl functions and thus waive the
energetically favorable formation of additional Sb---X interac-
tions. This can be seen in the distortion of the Sb,-quadrangle
towards a rhombus shape, the different Sb---X distances, the
elongated Sb-CF bonds, as well as the X---Sb-C angles. This
counteracting effect compensates for the stronger Sb---X inter-
action of the lighter halides, making system 2 an equally strong
acceptor for F, Cl, Br, and L.

The tetradentate host 2 is a significantly stronger acceptor
than the bidentate host 1, as demonstrated both experimentally
in solution by determination of the binding constants K, and by
competition reactions with the monomer 1 as well as by the
calculated enthalpies of formation. Thus, 2 represents an
impressive example of the chelating effect for poly-Lewis acids,
that is well known for Lewis-basic ligands. Therefore, host 2 can
be considered as a charge-reversed case of [12]crown-4 and also
represents (to the best of our knowledge) the first tetradentate
poly-Lewis acid based on pnictogen bonding interactions. Its
high affinity for halides is also reflected in the ability of 2 to
dissolve equimolar amounts of Me,NCl, which is itself insol-
uble in THF. In addition, the unique "°F NMR spectroscopic
properties make host 2 a potential probe for halide ions,
although the hydrolysis sensitivity of the system may prevent its
useful application in aqueous media. The effects and correla-
tions observed for our system provide a detailed perspective for
the application of multiple, cooperating pnictogen bonding
sites.
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