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ABSTRACT: Halenium ions, X, are particularly strong halogen-bond donors that interact with two Lewis bases simultaneously to
form linear [D--X:--D]*-type halonium complexes. Their three-center, four-electron halogen bond is both fundamentally interesting
and technologically valuable as it tames the reactivity of halogen(I) ions, opening up new horizons in a variety of fields including
synthetic organic and supramolecular chemistry. Understanding this bonding situation enables the development of improved
halogen(I) transfer reactions and of advanced functional materials. Following a decade of investigations of basic principles, the range
of applications is now rapidly widening. In this Perspective, we assess the status of the field and identify its key advances and the
main bottlenecks. Clearing common misunderstandings that may hinder future progress, we aim to inspire and direct future research

efforts.

B INTRODUCTION

Halogen bonding' is a noncovalent interaction that has for a
long time been overlooked” but subsequently has left a stamp
on virtually all fields of chemistry.” Following a series of
fundamental studies, it has found applications, among others,
in crystal engineering,”* medicinal chemistry,”” material
sciences,”” and organic synthesis.'"” Halogen bonding
resembles hydrogen bonding to a great extent'' and by
analogy is defined as the attractive interaction of an
electrophilic region of a halogen with a Lewis base. It is
directional,'” and its strength is modulated by the electron
density and type of halogen involved. As more electron-poor
halogens give stronger halogen bonds, halenium ions (X*) that
carry a full positive charge evidently form stronger interactions
(up to 180 kJ/mol) than neutral halogens that are covalently
bound, for instance, to a carbon (typically <20 kJ/mol)."’
Covalently bound halogens, including /13’—haloganes, dihalo-
gens, as well as alkyl and aryl halides, act as halogen-bond
donors due to the electrophilicity of their C—X antibonding
orbital. This is the noninvolved electron-deficient lobe of a
half-filled p orbital of the halogen that participates in forming a
covalent bond to a next atom (R in Figure 1)."* In contrast,
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Figure 1. Halogen bond of (a) conventional monovalent halogen-
bond donors, (b) divalent halogen(I) ions, and (c) trivalent 2°-
halogane ions. The electrophilic moiety is the antibonding orbital of a
carbon—halogen o-bond, a o-hole, for the mono- and trivalent
halogen-bond donors, whereas it is an empty p orbital, a p hole, for
divalent halogen(I) ions. D stands for the Lewis base and R for any
alkyl or aryl group.
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halenium ions establish halogen bonds through their empty p
orbital. As this has two lobes, it prefers to interact with two
Lewis bases simultaneously (Figure 2) and forms a three-
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Figure 2. (a) The empty p orbital (blue) of the halenium ions forms
two p holes, opposing each other and separated by a neutral equator
(yellow). (b) Each p hole may interact with a Lewis base, here with
the nonbonding electron pairs of a pyridine nitrogen, forming a
halonium complex. The surface electron density is visualized with red
for the most electron-rich and blue for the most electron-poor
regions.

center, four-electron (3c4e) bond,"*™'® [D--X:--D], which is
remarkably strong (where D is a Lewis base and X a halogen).
Importantly, a three-center halogen bond forms for all types of
halogens but for fluorine(I)"” and for any type of Lewis base
(N, O, S, X, etc) involved.">"”

This interaction has dominantly charge transfer and
electrostatic character.'”*° Halogen-bonded halenium ions,
[D---X:-D], are halogen(I) species that are frequently termed
halonium ions.
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Halogen-bonded halogen(l) ions have been known and
been in use for decades”"*” but for a long time without an
understanding of the nature of their bonding. The triiodide
ion, [I"---I"-17], [I-I--I"], or [I---I---I]7, commonly depicted
as 1,7, has been known for two centuries, whereas bis-
(pyridine)iodonium tetrafluoroborate was marketed by
Barluenga as an iodination and oxidation agent in the
1980s.”7** The halogen bond of these complexes has first
been discussed in 2012'%'® and ever since been intensely
studied and repeatedly reviewed.'”'”**7** A decade of
fundamental spectroscopic, crystallographic, and computa-
tional investigations was followed by an array of initial
applications in, for instance, supramolecular chemistry and
organic synthesis with a growing number of research groups
working on the topic. In this Perspective, we assess the current
status of the field, identifying its key advances as well as its
main bottlenecks. We aim not only to inspire and direct future
research efforts but also to clear misunderstandings that may
hinder future progress. Accordingly, we dedicate sections to
topics that need to be addressed to maintain quality, which we
see as essential for further development of this flourishing

research field.

B TERMINOLOGY

A variety of terms are in use to describe halogen-bonded
halogen(I) complexes. Some may have a different meaning to
different people; others, despite sounding evocative, may be
misleading. The use of parallel nomenclatures may lead to the
rediscussion of already studied concepts, under new names,
which is unproductive. Conversion to a commonly accepted,
clear terminology is expected to facilitate a productive and
coherent scientific discourse. This we wish to support by
discussing the terms that are currently in use and
recommending a notion for the future literature.

Halonium ions are open-chain or cyclic onium ions of the
form D,X*, where X is a halogen.29 Halonium ions bound to
two carbons, [C—X—C]*, do not possess halogen-bond donor
character and were comprehensively explored by Kimball,*
Olah,*'? Wyndberg,33 Brown,>* Nugent,35 Kochi,** Den-
mark,”” and others. When nitrogen, sulfur, oxygen, or halogen-
donor Lewis bases (D) are involved, [D--X--D]* halogen-
bond complexes are formed. Here, [D--X:-D]" denotes the
hypervalent/hypercoordinate halonium ion, which is the
halogen-bonded halogen(I) complex, and the halogen-bond
donor Lewis acid X" is a hypovalent/hypocoordinate halenium
ion."” This ion may also be described as a 10-X-2 complex, as
its halogen(I), X, possesses 10 valence electrons and binds to 2
ligands. Four of the electrons are donated by the two Lewis
bases, whereas six originate from the hypovalent halenium ion,
X". As three atoms are held together by four electrons and the
interaction requires the presence of all three, the bond is
classified as a three-center, four-electron (3c4e) halogen bond,
following the Pimentel-Rundle theory.”*”*° The D--X
halogen-bond distances are longer than a covalent D—X
bond and have partial covalent and partial electrostatic
character."”"” These bonds have sometimes been referred to
as “coordinative halogen bonds” or “halogen bonds with
coordinative nature”,"** which are terms that are misleading
and should be avoided. Halogen(I) complexes do not behave
as coordinative transition metal complexes,” for example,
when exposed to solvents and counterions.”* The bond has
occasionally also been named a halonium bond* and the
complexes superhalides.”””> We note that halogen(I) com-

plexes should not be misconceived with A°-halogane (4°-
iodane, A*-bromane, A’-chlorane) compounds, which some-
times are also termed halonium complexes yet encompass a
halogen(II1).**”

In a 3cde halogen bond, [D--X--D]*, the positive charge of
the halenium ion, X', is transferred to a large extent to the
coordinating Lewis bases (D),">'”"” and therefore, we
recommend the use of the term “halogen(I) complex” as it
was initially introduced by Lin and Hope in 1972.*° This
provides a more accurate description of the charge distribution
than the term “halonium complex”, which in turn presumes the
positive charge to be located on the halogen, which, however,
is not the case. To emphasize the charge transfer character of
these complexes,20 on the recommendation of Rissanen,”®
halogen-bonded halogen(I) complexes are described as
[bis(ligand)halogen(I)]* rather than bis(ligand)halonium
species (that is [bis(pyridine)iodine(I)]* instead of bis-
(pyridine)iodonium complexes). We recommend the con-
tinued use of this notion. >’

The D---X bonds of halogen(I) complexes are in most cases
comparable in the bond length. Such complexes are designated
as symmetric, >'® whereas those possessing different Lewis
bases, D, having slightly different D---X bond lengths while
retaining their 3cde character are termed asymmetric.*” These
geometries have recently been remarketed as homo- versus
heteroleptic.””*" As there is no conceptual difference of the
latter nomenclature to the original notion, our recommenda-
tion is to retain the terms symmetric and asymmetric to avoid
the creation of parallel discussions of the same phenomenon.

B SYNTHESIS

Halogen-bonded halogen(I) complexes are conventionally
prepared from the analogous silver(I) complexes (Scheme 1)

Scheme 1. Halogen-Bonded Halogen(I) Complexes Are
Conventionally Generated from Their Silver(I) Analogues
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by addition of molecular halogen, X,. The driving force of the
reaction is the precipitation of silver halide, which may be
removed either by centrifugation or on larger scale by filtration.
Subsequently, the halogen(I) complex is isolated by precip-
itation using nonpolar solvents, such as pentanes or
hexanes.' ¥ This protocol is typically performed in CH,Cl,
but also works using other aprotic solvents, such as CH,;CN.>”
Being a robust procedure, it can be applied for the preparation
of halogen(I) complexes using various Lewis bases to yield
virtually any type of [D--X---D] complexes, independent of
charge and donor atom, thus including, for instance, the [O—
X—0]*** and [N-I-0]%° analogues. Importantly, this
procedure is unlikely to provide pure product in the presence
of protic solvents, such as alcohols or water, which have been
used in some initial protocols.””*”** In protic solvents, the
protonated Lewis base, or the halogen(I) complex contami-
nated with it, is formed according to D,I" + H,0 — 2DH" +
OI°, where D is the Lewis base. Due to the high
electrophilicity of halogen(I), these complexes rapidly react
with moisture when not properly dried solvents and %lassware
are used. This instability was reported early on® but is
sometimes forgotten. The halogen(I) complex may be isolated
from such mixtures by recrystallization, as described by Hope
and Hassel;*® however, the solution will at best contain a
mixture of product and byproduct. As the [D,H]* and [D,I]*
complexes may be in rapid chemical exchange, only a single set
of NMR signals might be detected, due to signal coalescence,
which can lead to unfortunate data misinterpretations.’”®" The
'H and *C NMR chemical shifts of [bis(pyridine)iodine(I)]*
and protonated pyridine, for instance, are similar and hence are
not sufficient for distinguishing these species. The "N NMR
chemical shifts, acquired via 'H,"*N HMBC, can best be used
for the analysis of halogen(I) complexes. Reference "N NMR
chemical shifts for bis(pyridine)halogen(I) complexes and the
corresponding grotonated and silver(I) complex are available
(Table 1).'>™°%% We see the use of properly dried aprotic
solvents accompanied by careful NMR characterization of the
resulting complexes as a key for the progress of the field. This
will help to avoid unfortunate misapprehensions. We wish to
further note that halogen(I) complexes can be synthesized in

Table 1. '>’N NMR Chemical and Coordination Shifts®
(ppm) of the Halo§en(l), Silver(I), and Proton Complexes
of Pyridinels’lg’sz’é‘

entry structure S(°N) (N coord
1 pyridine (Pyr) —67.0
2 PyrH'BE,~ —186.5 —-119.5
3 (Pyr),H'BE,” —134.1 —67.1
4 (Pyr),Ag'BF,~ —126.5 —59.5
5 (Pyr),I'BE,” —175.1 —108.1
6 (Pyr),Br'BE,” ~142.9 —75.9
7 (Pyr),CI'BE,~ na“ na“
8 (Pyr),F*BF,” —122.1 /—68.8" —55.1/—1.8
9 (4-NMe,-Pyr),I'BF,” —214.2 —104.8
10 (4-CF,-Pyr),I'BE,” —164.1 —112.5

“The "N NMR coordination shift represents the chemical shift
change upon complex formation, 5("*N). o = 5(15N)complex —
5(15N)hgand. “Measured in CDCN; at —35 °C; all other chemical
shifts given here were measured in CD,Cl,. The fluorine(I) complex
is asymmetric, and accordingly, its nitrogens have different chemical
shifts. “Due to the instability of this complex,'”®* its SN NMR
chemical shift data is unavailable.

the presence of a wide variety of counterions,** but the
hygroscopicity of the resulting salts is counterion dependent
and has a noticeable influence on the stability of the complex.
The use of weakly coordinating spherical anions, such as BE,~,
PF4™, and SbF™, is preferred over strongly coordinating ones,
such as OTF~, CF;COO7, and OAc™, to achieve less
hygroscopic complexes.

An alternative option for the generation of halogen-bonded
halogen(I) complexes is to mix stabilized N-halonium
compounds, such as N-fluoropyridinium salts'’ or N-
haloimides,”” with a Lewis base (Scheme 2). This as a rule

Scheme 2. Generation of Halogen-Bonded Halogen(I)
Complexes by Mixing an N-Halogenated Lewis Base with
Another Lewis Base™"'?%%?
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“It is important to remember that the presence of two or more Lewis
bases yields a mixture of halogen-bond complexes (Scheme 3).

gives asymmetric complexes in which one of the bonds to
halogen(I) has a stronger covalent character than the second
weaker noncovalent bond. Such complexes may not have a true
3-center-4-electron bond character but may resemble conven-
tional halogen bonds and are then accordingly weak."” It is
important to note that in cases where two different Lewis bases
are present in solution, a mixture of complexes is formed as a
rule with their population being dependent on the binding
constants and the relative concentrations.

A third alternative to generate halogen-bonded halogen(I)
complexes makes use of ligand exchange with a stronger Lewis
base in an excess. As halogen bonding is a noncovalent
interaction, halogen(I) complexes are present in solution as
dynamic mixtures of quickly associating and dissociating
species (K =~ 0.9).65’66 Mixing two or more dissimilar Lewis
bases with comparable nucleophilicity in the presence of
halogen(I) leads to the formation of a mixture of complexes.
The most polar asymmetric form can occasionally be isolated
from such mixtures by crystallization.”’ Generating a mixture
of products, this technique is not very useful for the synthesis
of complexes for fundamental studies. We expect, however,
that this method will gain importance in the production of
insoluble halogen(I) complexes, such as halogen-bonded
frameworks (XOFs), as it provides a halogen(I) complex
without silver halide precipitate as a byproduct. At the
production of halogen-bonded frameworks, this is a major
advantage since coprecipitation of silver halide contaminates
the framework, and there are at best very limited possibilities, if
any, for the separation of the insoluble coprecipitates.’” Thus,
we recommend the exploration of this synthetic route
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especially for upcoming studies of halogen-bonded frame-
works.

A further option for the formation of halogen(I) complexes
is to mix a strong Lewis base, such as DMAP or a thione, with
a dihalogen to generate a halogen(I) complex.*” This reaction
was used in the very first reports on the structural investigation
of halogen(I) complexes by Prescott and Trowbridge in
1895”" as well as by Hope and Hassel in 1961, whose impact
on this research field cannot be overstated.”” This redox
reaction does not generate a pure product in high yield, but the
product can be isolated through careful crystallization. Riedel
and co-workers have used an analogous strategy for the
production of [bis(pyridine)chlorine(I)]* and bis(luthidine)-
chlorine(I)]*Cly~ crystals from —196 to —40 °C,%* which has
been a truly impressive achievement considering that such a
com 16e7x could previously only be studied in solution at —80
OC‘ )

In summary, halogen-bonded halogen(I) complexes can be
produced through a variety of robust synthetic routes;
however, one needs to carefully exclude moisture and avoid
the use of protic solvents to obtain pure products. For their
characterization in solution, the detection of N NMR
chemical shifts is strongly recommended as the 'H and "*C
NMR spectra of the halogen(I) and proton complexes are
often similar.

B FUNDAMENTALS

The basic principles of the bonding of halogen(I) complexes
have initially been explored by X-ray diffraction,"***°® Raman
spectroscopy,”’ and calculation.”” These were followed by
scarce reports based on X-ray diffractometric observations over
the period of 1970—2010.°*7"7° The field has received
increasing interest over the past decade, leading to the
generation of a rapidly growing pool of experimental and
theoretical data. Presently, the most knowledge is available for
[bis(pyridine)halogen(I)]* complexes, studies that have
provided the basis of our current understanding. It should be
emphasized that the nature of the halogen bond and the
properties of halogen(I) complexes are largely independent of
the overall charge of the complex ([D--X:-D], [D--X--D]*, or
[D--X---D] ~) and of the type of Lewis base (N, O, S, X)
involved in complex formation.

Three-Center Bond Character. In the electrostatic field
of two Lewis bases, the p orbitals of halogen(I) are occupied in
the spin-paired szpyzpzo arrangement (Figure 3).">'7*%>° The

[ STesle ) antibonding

oo oo -} nonbonding

cooooco fj bonding

Figure 3. Molecular orbital diagram for the 3c4e halogen bond of
halogen(I) ions I*, Br*, and CI*. Two of the four electrons are on the
bonding and two on the nonbonding level.

two empty lobes of the p,° orbital interact with the electron
pairs of two Lewis bases, D, resulting in formation of a linear
(180°) [D--X---D] bond. Depending on whether the Lewis
bases are neutral or anionic, the halogen-bond complex
becomes cationic,'® neutral,” or anionic.’” Independently of
the charge, a strong three-center bond is formed. This bond
has covalent (charge transfer)”” and electrostatic (Coulomb

attraction) character, whereas the contribution of dispersion is
negligible.19 The covalent nature of the bond increases as the
size of the halogen decreases. The strength of the bond
increases in the order CI < Br < I, as it mainly originates from
the electrostatic character.'>'? Still, a simple electrostatic
model is unable to explain the stability of three-center halogen-
bond complexes.* These halogen bonds are characteristically
short and strong, AG > 50 kJ/mol, with their bond strength
and length depending on the involved halogen and Lewis
bases. The bond distance is often characterized by the
reduction of the contact distance of the interacting atoms in
comparison to the sum of their van der Waals radii, which for
three-center bonds is 60—70% (Ryp; = 0.6—0.7)."**° The bond
lengths and the bond strengths decrease with the size of the
involved halogen(I) decreasing. For [bis(pyridine)halogen-
(I)]* complexes, the N—X bond length is ~2.3 A for [N-+I---
N]* (Ryg = 0.65), 2.1 A for [N--Br-~N]* (Ryg = 0.63), and 2.0
A for [N---Cl--N]* (Ryg = 0.61) complexes, whereas it is 1.4
and 3.5 A for the [N—F--N]* complex (Figure 4). The

Figure 4. DFT geometry-optimized (B3LYP/LANLO8d) structure of
[bis(pyridine)halogen(I)] complexes. From left to right: [N--I---N]*,
[N---Br--N]*, [N---Cl--N7]*, and [N—F--N]*."”

fluorine(I)-centered complexes are best described as [D—F]*-
D interactions, with a short and strong covalent N*—F and a
long and weak N--F halogen bond.'”* Initially, even
fluorine(I) complexes have been predicted to be symmetric,
a suggestion that was later experimentally and computationally
refuted.'”*' The bond energies strongly depend on the Lewis
basicity of the electron donors involved. The bond length is, in
contrast, largely electron density independent. Accordingly, a
87 kJ/mol variation in bond energy is associated with a 0.0011
A variation in bond length, as shown using substituted
[bis(pyridine)iodine(I)] complexes.m’62 Such a small alter-
ation in bond length is unmeasurable with current X-ray
diffractometers. Conclusions on the bond strength of three-
centered halogen bonds based on interatomic distances
measured by X-ray diffraction are therefore often misleading.
The halogen bond lengths of halogen(I)s bound to different
Lewis bases are dominated by the properties of the electron-
donor atoms and hence are naturally different for complexes
involving O, N, and S donors or for aliphatic and aromatic N
donors, independent of the bond strength of the halogen bond
formed.

Symmetry. The position of the halogen(I) within the
three-center bond and the factors possibly affecting it have
been extensively studied over the past decade. These halogen
bonds strongly prefer a linear and symmetric arrangement as
confirmed by computation,">'”'® NMR,'>'° and single-crystal

https://doi.org/10.1021/jacs.3c11449
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X-ray diffraction.'®*>**%*%*7> The symmetric arrangement
remains independent of the solvent polarity,”” the identity of
the counterion,** the electron density of the Lewis
bases,””°>%2 and weak steric and electronic effects.”” The
outcome of the initial studies have been corroborated by
further computational™”*~*" and single-crystal X-ray diffrac-
tion*>* investigations. Halogen-bond symmetry may be
broken using electron donors with different Lewis basic-
ities*”*”*"** or through secondary 1nteract10ns to only one of
the two halogen-bonded Lewis bases.” If the Lewis basicities
of the two coordinating electron donors do not differ
drastically, slightly asymmetric complexes with a strong 3c4e
bond are formed.” In such a complex, the halogen(I) is
positioned closer to the more Lewis basic coordinating ligand
(Figure 5).*% Tt is important to remember that halogen(I)

s’ 2.292 2228

O

)\ O

@1? 2. 220 2.304 C>7
N ____________

Figure 5. N—I bond distances (Angstroms) of the halogen-bonded
complexes of N-iodosaccharin and (a) 4-(dimethylamino)pyridine
and (b) 4-methylpyridine, as observed by X-ray crystallography.*®

complexes of monodentate ligands easily dissociate in solution,
resulting in ligand scrambling. The asymmetric complex may
by chance be isolated by crystallization, whereas in solution,
the ligands rapidly interchange (scramble), yielding a mixture
of symmetric and asymmetric species.”’ Studying the bond of
(a)symmetric halogen(I) complexes using a bidentate
ligand,'>****°>”” which prevents ligand scrambling, lowers
the risks of misinterpretations.

It has been predicted that asymmetric complexes may be
prepared by enforcing a longer than optimal distance between
the coordinating Lewis bases.”” In practice, such attempts led
to formation of symmetric halogen-bonded dimeric complexes
of the bidentate ligands rather than asymmetric monomers.
Forming a stable asymmetric complex with a longer than
optimal Lewis base distance remains an unsolved challenge.

The concept of halogen-bond symmetry is closely associated
to the ablhty of controlling halogen(I) transfer between Lewis
bases.” Hence, the [D=X---D]*, [D---X---D]*, and [D--X-D]*
geometries represent varying stages of a halogen(I) ion transfer
from one halogen-bond acceptor to another one. These stages
show a varying degree of covalency and D—X bond length.
Understanding whether a halogen transfer in between two
halogen-bond acceptors follows a single-well or double-well
potential and whether a symmetric geometry is energetically
favorable relative to a resonance-stabilized equilibrating
mixture of asymmetric ones (halotropy) is of fundamental
importance and accordingly has raised wide inter-
est,! V102949598183 785 1t ¢hould further be noted that electro-
philic halofunctionalizations follow an analogous halogen(I)
transfer process: (i) the initial weakening of a covalent bond of
a halogen; (ii) formation of a 3c4e halogen-bond complex

consisting of a nucleophile, a halogen(I), and a leaving group;
(iii) collapse of this intermediate upon formation of a covalent
halogen—nucleophile bond and leaving group elimination.
Accordingly, understanding halogen-bond symmetry is a key
step toward the development of (enantioselective) halogen(I)
transfer strategies.

Halotropy. The 51m11ar1t1es of halogen and hydrogen bonds
have been often emphasized,'’ in which context we wish to
stress that the symmetry of H* and X' complexes is
fundamentally unalike. Three-center hydrogen bonds are
neither short nor strong, and such complexes are present in
solution as a mixture of rapidly interconverting asymmetric
geometries.*”” In contrast, when studied with the same
techniques, the corresponding three-center halogen bonds of
iodine(I), bromine(I), and chlorine(I) are symmetric, short,
and strong.'”"”** This difference presumably originates in the
size and electron affinity of hydrogen(I) and halogen(I) and
hence the orbitals involved in the interactions.'® The empty s
orbital of H is small and unable to simultaneously interact
with two nonbonding/p orbitals, while such concomitant
interaction is favorable for the larger and directional empty p
orbital of halogen(I). Accordingly, halogen(I) complexes do
not show halotropy, in contrast to the prototropy, [D—H--D]*
< [D-+H—D] *, of the analogous [D---H---D]* systems.

Dynamics. Halogen(I) ions’ halogen bonds are unusually
strong, and therefore, the consequences of their noncovalent
character are occasionally neglected, presuming these inter-
actions to be as static as covalent bonds. Halogen(I) complexes
are, however, present in solution as dynamic mixtures of their
associated and dissociated forms (Scheme 3). Presuming a

Scheme 3. Similar to Other Chemical Entities Held
Together by Noncovalent Forces, Halogen-Bonded
Halogen(I) Complexes Undergo Quick Dissociation—
Associate Equilibria in Solution”
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“Consequently, if more than one Lewis base is present in solution, a
rapid ligand exchange (scrambling) takes place.
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bond strength of AG® & 150 kJ/mol, the equilibrium constant
is K = 0.94 M (AG®° = —RT In K), which corresponds to 3%
dissociation in a 100 mM and 10% dissociation in a 10 mM
solution (a = \/ (K/c), where c is the concentration and « is
the degree of dissociation). Accordingly, if two or more
possible ligands with reasonably similar Lewis basicity (ApK, <
10) are present in solution, the mixture rapidly equilibrates and
complexes encompassing all possible combinations of Lewis
bases are present in solution.*>%° Consequently, forming a
halogen(I) complex with two different monodentate Lewis
bases does not lead to formation of an asymmetric
(heteroleptic) complex, [D;—X—D,], in solution but to a
mixture of all possible species, [D;—X-D,], [D;—X—D,], and
[D,—X—D,], with their populations being dependent on the
association constants and relative concentrations.””*> More-
over, a halogen(I) complex cannot be converted into another
complex via simple ligand exchange in solution, with the
exception of special cases, for instance, when the new product
selectively precipitates and thereby leaves the equilibrium. This
might be useful for the generation of halogen-bonded
frameworks, avoiding silver halide contamination by copreci-
pitation. It should also be emphasized that the ligand exchange
between halogen(I) and metal or proton complexes is rapid as
well. A small amount of moisture consequently leads to
mixtures of hydrogen- and halogen-bonded complexes in rapid
exchange, which may be difficult to identify.”” There is an
often neglected ligand exchange between silver(I) and
halogen(I) complexes in solution, when silver(I) ions remain
due to incomplete silver(I) to iodine(I) exchange at the
preparation of halogen-bond complexes. Lewis basic solvents
and counterions of comparable Lewis basicity to that of the
Lewis base of the complex may also compete for binding to the
halogen(I). We see that neglecting the dynamic nature of the
halogen(I) complexes and the consequent equilibrium
processes are a major risk for the progress of the research field.

Lewis Base. [Bis(pyridine)halo§en(_l)] comsplexes have by
far been the best studied,!162326.274450,51,60-63,6588-91 oy
number of analogues with other nitrogen,””*’ oxygen,”*"*
sulfur,*>0%7673795 selenium,”>”>7*°%"7 and tellurium” donor
ligands as well as complexes with mixed nitrogen/oxygen
donor Lewis bases®' have also been reported. Stronger Lewis
bases (O™ > N > O > S > Se > Te) form complexes with
stronger halogen bonds.”* The [O--I-+-O]* complexes of
pyridine N-oxides are linear and centrosymmetric and slightly,
~10 kJ/mol, stronger than the analogous [N---I---N]*
complexes.54 They are, nonetheless, more moisture sensitive,
which explains the lack of reported X-ray structures. Crystal
structures are available for the [O---1--O]~ complex”>*>'** and
corroborate the linear and centrosymmetric arrangement (djq
=2.195 A, Ry = 0.63), typical for 3c4e halogen bonds. The
anionic [N-I--N]~ and [N--Br-~N]~ complexes are also
linear and possess near identical N—X bond lengths to the
analogous [N---I--N]* and [N---Br--N]* complexes, indicating
that this halogen bond is insensitive to the type and charge of
the Lewis bases involved.’® In contrast to [N---X.-NJ*
complexes, weaker [S:--X:-S]" complexes have so far only
been reported for iodine(I) by X-ray studies and have not yet
been observed in solution.”>®*’%%*™5 The S—1I halogen-bond
distances vary more (2.59—2.70 A)*® than the N—I distances
(4.66—4.77 A)°” of the corresponding complexes do. As a
result of the lower nucleophilicity of sulfur, the average Ry is
0.70,>%** indicating slightly longer halogen bonds than the Ryj
= 0.65 reported for [N--I--N]* complexes."” [S---X--S]*

complexes also prefer a symmetric 3c4e halogen-bond
geometry. There are only a few known [Se---X:--
Se]* 737370997 and [Te--X--Te]*”® complexes, most of
them having iodine(I) as the halogen-bond donor,”® and
average Ryz = 0.72. The S-, Te-, and Se-based halogen(I)
complexes have only been studied in the solid state by X-ray
diffraction, not yet in solution.

Complexes with mixed nitrogen/oxygen donor Lewis bases
have been studied over the recent years.*"*” The [N---I---O]~
halogen-bond complex encompassing N-iodosuccinimide and
acetate as Lewis bases has been crystallized and showed a
linear geometry with dy; = 2.17 A (Ryg = 0.61) and d; = 2.30
A (Ryp = 0.66)."°" Similar linear [N---I---O] interactions with
shorter N—I than I—O bonds were reported for the iodine(I)
complexes of N-iodosaccharins and pyridine.'"”> The linear
[N---I---O]™ halogen bonds formed upon the interaction of N-
iodosuccinimide or N-iodosaccharin with pyridine N-oxide
have short N—I (2.14 A, Ryz = 0.60) and O—1 (2.32 A, Ry =
0.66) distances.®®” The interaction energy was estimated to
be up to 120 kJ/mol in CDCl; by measuring the association
constants by NMR titrations (K, up to 10° M). Analogous
bromine(I)-centered [N-+-Br---O] complexes have also been
assessed and showed similar yet weaker bonds, a trend that fits
that observed for the bis(pyridine) complexes of bromine(I)
and iodine(I)."* Importantly, the N—Br and N—I bond lengths
of substituted analogues vary insignificantly and are independ-
ent of the bond strength.®” This observation is also in line with
the strength independence of the N—I bond lengths of
[bis(pyridine)iodine(I)]* complexes,62 highlighting the sim-
ilarity of the bonds of halogen(I) complexes, independent of
the Lewis base involved. Neutral [N--I--O] complexes
encompassing substituted pyridines and carboxylic acids as
Lewis bases show the expected linear N—I—O geometry with
N-I (2.24 A) and O-I (2.21 A) bond distances analogous to
the previously studied [N--I-N]* and [O-I-+-O]* com-
plexes.*

The influence of substituents on the stability and the
geometry of halogen(I) complexes has been extensively
studied using solution NMR, X-ray diffraction, and computa-
tions.**>>% In short, electron-donating substituents
strengthen while electron-withdrawing ones weaken the 3c4e
halogen bond. It is important to note that the halogen-bond
strength shows a strong dependence on the electron density of
the Lewis base, whereas the halogen-bond donor—acceptor
distance and the NMR coordination shifts do not show a larger
strength-dependent variation.®”

Lack of Nucleophilicity. Despite their positive charge and
filled electronic shells, cationic iodine(I) complexes, such as
[bis(pyridine)iodine(I)]*BF,”, were proposed to be nucleo-
philic and establish an attractive interaction to cationic
complexes.””'**'* This hypothesis originated in the observa-
tion of short iodine(I)—silver(I) distances (3.40—3.52 A, Rpgt
=0.92—0.95) in some X-ray structures and was complemented
by computational, NMR, and calorimetric investigations.
Follow-up work revealed that the "N NMR chemical shift
changes originally presented as proof for this interaction were
the unfortunate result of neglected water contamination, ligand
exchange between silver(I) and iodine(I) complexes, and the
detection of low-resolution 'H,""N HMBC spectra preventing
reliable detection of small chemical shift changes.”’ Reinves-
tigation of the original computational data revealed that the
interaction of the silver(I) and the iodine(I) of the studied
complexes is endothermic (7—13 kJ/mol, depending on the
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computational method applied), where the repulsion is
overcompensated by the attractive face-to-face 7—r interaction
of the electron-poor aromatic ligands (38—67 kJ/mol) bound
to the cations. Despite this, the overall interaction of the
cationic complexes remains much too weak to play a role or to
be detectable in solution.’” The supplementary calorimetric
evidence originally provided'®* suggests an unexpectedly high
binding constant (K, ~ 37 000 M~!, AG 21.6 kJ/mol) along
with a positive entropy, +14.8 kJ/mol, upon formation of the
complex, which is unanticipated for an association process. In
our assessment, the interaction of iodine(I) and silver(I) is
repulsive. In the studied systems, this repulsion is compensated
by the 7---7 interaction of the electron-poor aromatic ligands of
the complexes, resulting in an overall weak attractive force,
which facilitates packing at crystallization but is undetectable in
solution. An analogous short iodine(I)—iodine(I) contact has
been reported earlier.'”® The small Mayer bond order between
the iodine(I) ions (BO = 0.01) indicates negligible orbital
overlap. The proximity of the iodine(I) ions is permitted upon
the redistribution of the charge from the iodine(I) ions to the
conjugated 7z-system through charge transfer (halogen
bonds),” decreasing the Coulombic repulsion between the
two cations. Our conclusion is that halogen(I) ions are not
expected to act as nucleophiles.

Stability. The stability of [D---X---D] complexes follows the
I' > Br* > CI' trend, in general. Fluorine(I) does not form
stable 3c4e complexes. Iodine(I) complexes can be stored for
months as solids when dry, and they survive days in dry
solutions in aprotic solvents. Bromine(I) complexes decom-
pose within hours in solution, whereas chlorine(I) complexes
can only be studied at low temperatures."”**®” The 3c4e
halogen-bond complexes of electron-rich ligands are more
stable those of electron-poor ones.’” The complexes of
bidentate ligands, such as (1,2-bis(pyridin-2-ylethynyl)-
benzene), are comparably stable to their monodentate
analogues, whether a symmetric or asymmetric halogen bond
is formed.'>* The most common cause of decomposition of
[D---X---D] complexes is the presence of moisture or a protic
solvent. Accordingly, halogen(I) complexes of 4-aminopyridine
could be obtained when the complex was crystallized quickly,
whereas a mixture of protonated and halogen(I) complexes
was detected when a longer crystallization time was used.'’® Tt
is not uncommon that the analytical data presented to justify
the existence of a halogen(I) complex corresponds to a
protonated analogue.'”’

NMR Characterization. The formation of halogen(I)
complexes of N-donor ligands is best detected by the
observation of N NMR coordination shifts. Due to the
similarity of the "H and '*C NMR chemical shifts of the free
and complexed ligands, these are not suitable for detection or
structural characterization. The analogous proton complexes
that might be present as contaminants are sometimes mistaken
for halogen(I) complexes, as they may have similar "H and "*C
NMR chemical shifts to those of the latter. The N NMR
coordination shifts upon formation of [N--I--N]* complexes
are large (Table 1), importantly, characteristic for the type of
Lewis base involved, and do not reflect the strength of the
bond. Accordingly, the 5("*N) oorq of [bis(pyridine)iodine(I)]*
complexes is ca. —110 ppm, that of the analogous [(1,2-
bis(pyridine-2-ylethynyl)benzene)iodine(I)]* complexes is ca.
—100 ppm,®””” and that of the pyridine—hypoiodate
complexes is ca. —105 ppm.*® It cannot be stressed enough
that the magnitude of the coordination shifts within a

structurally closely related series of complexes is independent
of substitution, counterion, and solvent (Table 1, entries S, 9,
and 10)."***°*% The coordination shifts are unaltered even in
the absence of solvent.'”® Variations <+5 ppm are typically the
consequence of acquiring NMR chemical shifts with low
resolution in the '*N dimension, or in worst case due to rapid
chemical exchange with a contaminant proton complex. The
iodine(I) complexes of tertiary amines show 5(**N) yo.q of ca.
—15 ppm.'” It is important to note that despite the halogen
bonds of aliphatic amines being ~50 kJ/mol stronger due to
the larger Lewis basicity of these amines than those of the
aromatic Lewis bases, their coordination shifts are significantly
smaller. The large coordination shift of the pyridine complexes
of halogen(I) ions is the consequence of paramagnetic ring
currents (deshielding term), which are the result of the partial
quaternary character of the nitrogen upon formation of the
halogen bond. This is much larger than the diamagnetic
shielding term, which reflects the total electron population on
the nitrogen, which is similar for the halogen(I) complexes of
aliphatic amines and pyridines. Hence, the larger coordination
shifts of aromatic amines cannot be interpreted in terms of
extra stabilization by the aromatic ring system. A further
misconception occasionally found in the literature®®'® is that
asymmetric halogen(I) complexes cannot be characterized in
solution due to ligand scrambling. They are straightforwardly
studied by solution NMR using bidentate ligands.">*’

Computational Analyses. The geometry and energy of
the halogen bond have been studied at various levels of
computations (DFT, MP2, CCSD(T)).'>!9*#145,49,5%62,77,79,80
Benchmarking indicated that the M06 functional in combina-
tion with the aug-cc-pVTZ basis set provides the overall most
accurate predictions.110 The LC-wPBE, ®B97X-D, LC-TPSS,
CAM-B3LYP, and B3LYP functionals also showed acceptable
performance, whereas MP2, M06-HF, and HF did not. A
recent study® indicated that the interaction energies and the
electrostatic, dispersion, and orbital terms of the interaction
remain unaffected by steric hindrance. This is in agreement
with related X-ray crystallographic and solution NMR
observations.''" Energy decomposition analysis (EDA)*
confirms that the halogen bond of halogen(I) ions cannot be
properly described by a purely electrostatic model but rather as
a 3c4e bond,'®?* confirming the initial observations of Odd
Hassel.”

The ability to estimate bond energies and geometries for
complexes that cannot be crystallized is a great advantage of
computational methods. In most cases, the predicted
parameters can be validated against experimental data and
hence geometries against X-ray data and bond energies against
kinetic observations.””"'" As it is an advantage to keep data
originating from different laboratories comparable, we
recommend standardized hypothetical reactions for the
computational estimation of the energies of halogen(I)
complexes using [bis(pyridine)iodine(I)]* complexes as the
model system for visualization (Figure 6). The transformation
shown in Figure 6a may be used for the estimation of the
Gibbs free energy (AG) and of the electronic energy (AE) of
halogen(I) complexes, in general. Depending on the charge
and thus the presence or absence of a counterion, the equation
may need adjustment. The isodesmic reaction shown in Figure
6b is applicable for comparison of the relative stabilities, for
instance, of close structural analogues bearing different
substituents.””®* The (relative) stabilities of complexes formed
upon the interaction of a halogenated Lewis base with a
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Figure 6. Recommended hypothetical transformations for estimation of the stability of halogen(I) complexes. Transformations for estimation of
(a) the Gibbs free energy (AG) and the electronic energy (AE) of halogen(I) complexes and (b) the relative stabilities of structurally related
complexes. Transformation for computational estimation of (c) the energy of asymmetric halogen(I) complexes, (d) the energy required for
lengthening a D—X covalent bond to the distance corresponding to a D---X halogen bond, and (e) the energy gain/cost of forming a symmetric
three-center, four-electron halogen bond from a conventional asymmetric halogen bond.

nonhalogenated one is shown in Figure 6¢c. This reaction is
most relevant for the estimation of the energies of the
asymmetric halogen-bond complexes of, for instance, N-
halosaccharins,®® N-halosuccinimides,''> and hypoiodates®**°
as well as of fluorine-centered halogen-bond complexes.'” The
energy cost of stretching a D—X covalent to a D---X halogen
bond of a [D-X---D]* complex may be calculated using the
hypothetical transformation shown in Figure 6d, whereas the
energy gain of forming a symmetric 3c4e complex from the
corresponding asymmetric one may be calculated by applying
the equation shown in Figure Ge. For estimation of the charge
distribution within halogen(I) complexes, natural bond orbital
analysis including natural population analysis (NPA) and
second-order perturbation theory analysis of the Fox matrix is
recommended; for literature examples providing further
details, we direct the readers to refs 19 and 77.

B APPLICATIONS

Halogen Transfer Reactions. Halogen(I) complexes were
originally introduced as mild halogen transfer agents with
applications, for instance, in halofunctionalizations,''* halocyc-
lizations,""* and alcohol oxidations.”* New analogues following
the established concepts are still being disclosed.'® The
progress of synthetic applications has recently been reviewed,"”
and therefore, only some of the conceptually most important
recent work is highlighted herein.

Mechanism of Halogen(l) Transfer. Barluenga’s re-
agent””* has been around for a quarter of century, however,
without understanding of the mechanism of the halogen(I)
transfer process. The mechanism of halocyclization reactions of
[bis(pyridine)iodine(I)]* reagents has recently been estab-
lished based on kinetic and computational (DFT) data.”” The
free energy profile corresponding to the most feasible reaction
pathway is shown in Figure 7, including the structures of the
key intermediates. Iodine(I) transfer from the bidentate [1,2-
bis((pyridine-2-ylethynyl)benzene)iodine(I)]* complex pro-
ceeds via the same mechanism.”” In light of this, recent
speculations suggesting that bidentate ligands may “negatively”
influence the mechanism of halogen(I) transfer reactions are
unsubstantiated. Based on the similarity of the bonding of

halogen(I) complexes, whether symmetric (homoleptic) or
asymmetric (heteroleptic), charged or neutral, encompassing
aliphatic or aromatic Lewis bases with nitrogen, oxygen, or
sulfur donors, the mechanism of halogen(I) transfer is similar.

Asymmetric Halogenation. Halogen-bonded halogen(I)
complexes are applicable for electrophilic halofunctionalization
of the carbon—carbon double bonds of alkenes. Despite
diastereoselectivity, there is no facial selectivity in such
halenium additions, and accordingly, halogen(I) addition as a
rule results in racemic products. The 3c4e halogen-bond
complexes of chiral Lewis bases are promising candidates for
the development of robust and substrate-independent
enantioselective halogen transfer strategies as (i) they allow
modulation of the reactivity of halogen(I) complexes via
substituents of the Lewis bases while (ii) they are encompassed
in a chiral environment,®* which are the two key challenges.

Brown, Cui, and Neverov were first to evaluate chiral
monodentate pyridines for enantioselective halogen transfer
reactions. They demonstrated that the complexes of these
ligands do not produce an intermediate that would react with
different faces of the alkenes at different rates.''” Halocycliza-
tions using the halogen-bond complex of (2-substituted)
pyridines lead to the formation of a [Lewis base—X]* complex
following the mechanism shown in Figure 7 (1-int), which
partitions between reversal and product formation. The relative
rate of the stereoselective processes is insensitive to the nature
of the substituents ortho to the donor of the Lewis base.
Despite extensive efforts,"'”~""? an appreciable enantiomeric
excess could not be obtained using monodentate chiral ligands.
Our conclusion is that the halogen-bond complexes of
monodentate ligands—independent of charge or type of
donor atom—easily dissociate in solution, which leads to
rapid ligand scrambling and thereby constant variation of the
chiral environment. In addition, such ligands are flexible, and
their chiral moieties are too far from the reaction center;
hence, they are not suitable for the development of
enantioselective halogenation strategies.

Chiral bidentate bis(pyridine)-type ligands were next
evaluated for encapsulation of a halogen(I) ion into a chiral
pocket to provide a stronger influence on the stereochemistry
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Figure 8. Three-center halogen-bond complexes of chiral bidentate ligands that were explored in the development of enantioselective electrophilic

of halofunctionalization to make it enantioselective.''® Such

systems (Figure 8) do not suffer from ligand scrambling and

are expected to influence the halenium transfer process with
both chiral substituents. The complexes shown in Figure 8
11
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transferred iodine(I) to a model alkene, however, without
significant enantioselectivity. This may be explained by
insufficient substrate preorganization, by their flexibility, and
by the distance between the chiral groups and the reaction
center.

As small chiral Lewis bases do not provide a strong enough
chiral environment for enantioselective halogen(I) transfer,
more advanced attempts aim at embedding halogen(I) ions
into a large continuous chiral environment, such as a helicate
(Figure 9).'” Homochiral self-sorting enantiomeric helices

Figure 9. P (top) and M (bottom) stereoisomer of a halogen-bonded
helicate encompassing stabilized halogen(I) ions in a chiral environ-
ment, which is stable at ambient conditions and is capable of
halogen(I) transfer to alkenes.'*® Providing a continuously chiral
environment, a monochiral helix is expected to be superior for
enantioselective halogen(I) transfer reactions as compared to the
halogen-bond complexes of small chiral ligands shown in Figure 8.

were prepared and shown to transfer iodine(I) to a model
alkene with a controllable rate yet without enantioselectivity.

This preliminary work indicated that a halogen(I) encompass-
ing a chiral helix is stable at room temperature without the
need for a protective atmosphere, whereas it is labile enough to
release its halogen(I) content in the presence of an alkene.
Such helices encompass a high density of halogen(I) ions that
due to an efficient charge transfer from the halogen(I) ions to
the conjugated backbone do not carry a full positive charge and
accordingly can be packed with a remarkably short distance to
each other (d = 1.88 A), shorter than the sum of the van der
Waals radii of two iodines (1. 98 A) and of the sum of the
cationic radii of two iodine(I) ions (2.21 A).

The above work has triggered markedly increasing interest in
the development of enantioselective halogen transfer reactants
following the same strategy and using conceptually similar even
if structurally different ligands (different donor atom, charge,
etc.).*%® Literature studies indicate that small, chiral,
monodentate ligands, such as chiral pyridines and hypoiodates,
are insufficient to provide significant enantiomeric excess.
Instead, the design of a large continuously chiral environment,
avoidance of ligand scrambling and halogen dancing (exchange
of X" between alkenes), rational modulation of the reactivity of
halogen(I) ions, and a comprehensive understanding of the
mechanism of halogen(I) transfer are necessary for success.
Chiral supramolecular complexes and halogen-bonded organic
frameworks currently provide the most promising strategies
toward chiral halogen(I) transfer. Thorough reaction kinetics
investigations are expected to be essential for progress.”>””'"”

Halogen(l) Catalysis. The iodine(I) and bromine(I)
complexes of 1,2-bis(pyridine-2-ylethynyl)benzene accompa-
nied by a non-nucleophilic counteranion have been proposed
as anion binding catalysts for a Mukaiyama—Mannich-type
reaction of N-heteroaromatics (Scheme 4) by Momiyama and
co-workers,'”” providing excellent yields even with as low as
0.1% catalyst loading. The halogen(I) of the [N--X--N]*
complex is suggested to participate in the exchange reactions
[N--~X~~N]+ - [N---X-nCl] - [Clan-Cl]_ — [N-nX'--N]*
throughout the catalytic cycle, which involves the breakage and
formation of three-center halogen-bond complexes. The role of
the [N--X---N]* complex in this catalytic cycle is thus the
reversible release of a halogen(I) to modulate the nucleophil-
icity of chloride ions toward a silyl protecting group by
temporarily storing them in a stabilized 3c4e [Cl-X--Cl]*
complex. In contrast to a series of previous applications, in
which halogen(I) complexes were utilized as halogen(I)
transfer agents or oxidants, this transformation makes use of
the tamed reactivity of the halogen(I) ion embedded in a 3c4e
halogen-bond complexes by using it as a catalyst. It is

Scheme 4. [N*I*N]* Complex-Catalyzed Mukaiyama—Mannich-Type Reaction, As Proposed by Momiyama and Co-
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Figure 10. Structure of an [N-~I--N]* halogen-bond-bridged halogen-bonded organic framework (XOF), as proposed by Wang, Chen, and co-

workers.”’

important to note the high stability of [N---X--N]* complexes,
which is true as long as they are handled under moisture-free
conditions in an aprotic solvent.'*'

For further examples of the synthetic applications of
halogen(I) complexes we direct the reader to the recent
reviews. !’

Supramolecular Chemistry. The tamed reactivity of
halogen(I) ions when embedded in halonium complexes and
the strength of their halogen bonds make the [D--X---D]
halogen bond into an excellent supramolecular synthon.**”"'**
It is highly directional and has an electron density-independent
length,™* which makes it ideal candidate for building complex
architectures. Complexes held together by several [D-+I---D]
interactions have been observed to be surprisingly stable and
insensitive even to moisture.”""'" There is an obvious
geometric similarity of iodine(I) complexes to that of silver(I),
tempting one to presume that the 3D structure of silver(I)
complexes can be used to extrapolate to that of analogous
iodine(I) complexes. We wish to emphasize that this is not
necessarily the case,"”** and it thus may lead not only to
unjustified presumptions but also to unfortunate misappre-
hensions.

Cages and capsules held to§ether by [N---I-N]* halogen
bonds were reported®~""'*>'** to not require inert conditions
for preparation and to be stable in aprotic solvents for
extended periods (weeks). Some were reported to decompose
upon addition of acetonitrile,*” most likely due to the aqueous
contamination of the solvent as halogen(I) complexes are
known to be stable in acetonitrile.”””" Dimeric capsules were
prepared utilizing the formation of four [N--X--N]* bonds
between ethylene-bridged tetrakis(3-pyridyl)cavitands.'*” In
contrast to the analogous silver(I)-based systems that form
several types of capsules, a single type of capsule was reported
for iodine(I) complexes. Using tetrakis(4-pyridyl)cavitands,
octahedral hexameric capsules were assembled in chloroform
whereas pentameric ones were assembled in dichloro-
methane.”” These capsules were capable of encapsulating
tosylate ions. Furthermore, a symmetrical cage was obtained by
the formation of [N--I--N]* bonds between 1,3,5-tris-
(imidazole-1-ylmethyl)-2,4,6-trimethylbenzene units.”® Tris-
(1-methyl-1-azonia-4-azabicyclo[2.2.2]octane)-mesitylene,
analogous in structure but bigger, formed a tetrameric [N--I---
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N]* bond-assembled cage. An [N--I--N]* bond-stabilized
helicate (Figure 9) has also been reported.'”

Halogen-Bonded Organic Frameworks (XOF). A recent
advance has been the disclosure of two-dimensional halogen-
bonded organic frameworks (XOFs) held together by [N---I---
N]* halogen bonds to pyridines.”” These mimic covalent
(COF), metal (MOF), hydrogen-bonded (HOF), and supra-
molecular organic (SOF) frameworks. Evidently, XOFs
encompassing halogen(I) ions ought to be mild and
comparably stable halogen(I) transfer agents, and accordingly,
they are expected to attract vast attention the coming decade.

The first XOF (Figure 10) was proposed by Wang, Chen,
and co-workers, preparing it following the classical silver(I)
exchange reaction using iodine.”” The X-ray diffractometric
structure of the 4,4'-bipyridine- and pyridyl-functionalized
tetraphenylethylene-based [N:--Ag--N]* metal organic frame-
work has been obtained following crystallization from
acetonitrile. Unfortunately, no crystal structure was obtained
for the analogous iodine(I) complex. Achieving this has
expectably been hindered by the presumptive [N--I--N]*
complex being contaminated by silver iodide coprecipitate,
which forms when a silver(I) complex is converted into the
corresponding iodine(I) complex (Scheme 1). The preparation
of this XOF was attempted in the presence of the protic
solvent methanol, further risking transformation of the
iodine(I) complex into an [N-+H--N]* complex. The latter
might be difficult to differentiate from the analogous [N---I---
N]* complex with techniques typically used for character-
ization of supramolecular frameworks, such as SAXS, SEM,
TEM, PXRD, IR, and UV—vis. Subsequently, 1,3,5-tri(pyridin-
4-yl)benzene- and 1,3,5-tri-4-pyridyl-1,2-ethenylbenzene-based
halogen-bonded two-dimensional frameworks were presented
and proposed as halogen(I) transfer agents.'”> These
complexes were prepared in a methanol—chloroform solvent
mixture, with silver iodide remaining in the obtained material
as coprecipitate. The obtained material was explored for use in
converting aryl boronic acids into aryl iodides (39—95% yield,
80 °C, 14—20 h). This has doubtlessly been a major leap in the
development of advanced iodine(I) transfer agents.

The expected next large step in the development of XOFs is
the disclosure of a route that does not involve silver(I) to
iodine(I) exchange as this results in unavoidable Agl and I,
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contamination. A viable synthetic route is expected to use the
exchange reaction®” between the [bis(pyridine)iodine(I)]*
complex and a multidentate ligand offering several Lewis
basic sites. Following iodine(I) transfer, the byproducts may in
this case easily be removed by washing with an aprotic solvent,
yielding an uncontaminated XOF.

We expect a further key leap to be the first confirmation of
the formation of a XOF with X-ray diffraction or MicroED
instead of indirect evidence only. New types of 2D and 3D
frameworks encompassing iodine(I), bromine(I), or chlorine-
(I) bridges and a variety of polyfunctional ligands with
different donor functionalities will likely be developed.

Functional Materials. The first explorations of 3c4e
halogen bonds in advanced functional materials applicable in,
for instance, energy conversion, mobility, cooling, medicine,
and robotics have just begun. One early example demon-
strated'*® that the photoisomerization of an enediyne cis—
trans switch (Figure 11) is differently modulated by a [N---I-+-

X=1,Ag, H,-

Figure 11. Photoswitching of an enediyne is differently modulated by
a [N--I--N]* halogen bond as compared to a [N--Ag-N]*
coordination bond or a [N--H--NJ]* hydrogen bond.'*® The
modulation of this photoswitch foreshadows the development of a
variety of halogen-bond based advanced functional materials.

N]* halogen bond as compared to a [N-Ag:-N]* coordina-
tion or a [N---H--N]* hydrogen bond. Hence, a [N---H--N]*
hydrogen bond decreases the photoisomerization rate, a
coordination bond inhibits it, whereas a [N---I---N]* halogen
bond allows photoisomerization and is simultaneously
converted to the analogous hydrogen-bonded complex.

The use of the tri(4-pyridylphenyl)amine-based [N---I---N7*
halogen-bonded organic framework as an absorbent of acetic
and propionic acids has recently been proposed.'”” This
material has been prepared via the [N--Ag-N]* to [N-I--
N]* exchange reaction with iodine in methanol. The resulting
material absorbed acetic acid (418 mg/g, pK, 4.8) and
propionic acids (173 mg/g, pK, 4.9) while showing negligible
spectral changes (PXRD) of the framework. These vapors
could be removed at 60 °C in 12 h without collapsing the
framework structure. Hydrogen bonding to the anilinic amine
of tri(4-pyridylphenyl)amine (~11 kJ/mol) was proposed as
the basis of the reversible absorption. Formic acid (pK, 3.8)
and trifluoroacetic acid (pK, 0.2) induced the decomposition
and dissolution of the framework. This framework is a further
example of the opportunities that might be provided by three-
center halogen-bond-based stimulus-responsive materials.

Bl CONCLUSIONS AND OUTLOOK

The past investigations of the halogen bonds of halogen(I)
ions were dominated by fundamental studies aiming to reach
an improved understanding of the bonding situation and the
geometry and properties of halogen(I) ion complexes. Major

leaps achieved by solution NMR spectroscopy were corrobo-
rated primarily by computation and X-ray diffraction and
revealed that halogen(I) ions form linear 3c4e halogen bonds.
Although these noncovalent bonds are unusually strong, they
remain dynamic, and accordingly, [D--X:+D] complexes
undergo association—dissociation equilibria in solution. As
the bonding situation is the same independent of the type of
halogen-bond donor, the Lewis base, and the overall charge of
the complex, the dynamic nature of halogen(I) complexes
cannot be neglected. These complexes are stable in dry aprotic
solvents, allowing their use, for instance, as organocatalysts. In
the presence of moisture or protic solvents, however, they
gradually decompose to their protonated [D--H:--D] ana-
logues. One should keep in mind that ligand exchange between
the hydrogen-bonded, the halogen-bonded, and the analogous
coordinative metal complexes may complicate the detection of
such contaminants and make the differentiation between such
complexes cumbersome. Halogen(I) complexes of electron
donors with comparable Lewis basicity, whether mono- or
bidentate, prefer a symmetric arrangement. Complexes
encompassing electron donors with different Lewis basicities,
whether mono- or bidentate, form asymmetric complexes,
independent of the overall charge of the complex and of the
Lewis base. The bond strength may be modulated by changing
the electron donor ability of the Lewis bases by substituents.
The change of bond strength has a minor effect only on the
halogen—Lewis base interatomic distance, and it does not
change the NMR coordination shifts. Halogen(I) ions are
electrophilic, and their engagement in interactions as
nucleophiles is questionable.

We expect that besides some further routine work
confirming the already existing knowledge by complementary
studies of analogues of already existing systems, the
applications of the three-center halogen bonds will become
the center of attention of the coming decade. Making use of
the fundamental knowledge and of the experiences gained in
initial investigations, we expect major steps to be taken in the
development of robust enantioselective halogen transfer
strategies. Small and chiral monodentate or bidentate ligands
were shown to be inadequate to achieve enantiomeric access,
and instead, complexes providing a large continuous chiral
space are expected to lead toward success. Using halogen(I)
complexes as catalysts is elegant yet may remain a curiosity
with limitations in scope and applicability. Development of
advanced functional materials, including XOFs and stimulus-
responsive complexes, is further anticipated. Reaching major
developments in materials science will require thorough
structural characterization of these materials. This will help
to avoid misinterpretations based on artifacts originating from
contaminants in the form of synthetic byproducts and
hydrogen-bonded complexes formed upon hydrolysis. We
anticipate further developments in the construction of complex
supramolecular architectures. Following the early examples of
cages and capsules that did not have a function, apart from
proving that their construction is possible, the emergence of
supramolecular assemblies with cleverly engineered utilities is
anticipated. Ion transporters, optoelectronic materials, organo-
catalysts, molecular machines, and absorbents are just a few of
the countless opportunities. Undoubtedly, there will be
exciting new applications with the rate of progress not being
determined by the number of creative ideas and enthusiasm
but rather being limited by the thoroughness of structural and
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mechanistic characterization and the awareness of the available

fundamental knowledge.
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