
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
6 

5:
25

:4
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
“Anti-electrostat
aDepartment of Chemistry, Ball State Univer

svrosokha@bsu.edu
bFakultät für Chemie und Biochemie, Ruhr-

44801 Bochum, Germany. E-mail: stefan.m.
cInstitut für Organische Chemie, Friedrich-A

Henkestr. 42, 91054 Erlangen, Germany

† Electronic supplementary informa
10.1039/d1sc01863a

Cite this: Chem. Sci., 2021, 12, 8246

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 2nd April 2021
Accepted 8th May 2021

DOI: 10.1039/d1sc01863a

rsc.li/chemical-science

8246 | Chem. Sci., 2021, 12, 8246–82
ic” halogen bonding in solution†

Cody Loy,a Jana M. Holthoff,b Robert Weiss,c Stefan M. Huber *b

and Sergiy V. Rosokha *a

Halogen-bonded (XB) complexes between halide anions and a cyclopropenylium-based anionic XB donor

were characterized in solution for the first time. Spontaneous formation of such complexes confirms that

halogen bonding is sufficiently strong to overcome electrostatic repulsion between two anions. The

formation constants of such “anti-electrostatic” associations are comparable to those formed by halides

with neutral halogenated electrophiles. However, while the latter usually show charge-transfer

absorption bands, the UV-Vis spectra of the anion–anion complexes examined herein are determined by

the electronic excitations within the XB donor. The identification of XB anion–anion complexes

substantially extends the range of the feasible XB systems, and it provides vital information for the

discussion of the nature of this interaction.
Halogen bonding (XB) is an attractive interaction between
a Lewis base (LB) and a halogenated compound, exhibiting an
electrophilic region on the halogen atom.1 It is most commonly
related to electrostatic interaction between an electron-rich
species (XB acceptor) and an area of positive electrostatic
potential (s-holes) on the surface of the halogen substituent in
the electrophilic molecule (XB donor).2 Provided that mutual
polarization of the interacting species is taken into account, the
s-hole model explains geometric features and the variation of
stabilities of XB associations, especially in the series of relatively
weak complexes.3 Based on the denition of halogen bonding
and its electrostatic interpretation, this interaction is expected
to involve either cationic or neutral XB donors. Electrostatic
interaction of anionic halogenated species with electron-rich XB
acceptors, however, seems to be repulsive, especially if the latter
are also anionic. Yet, computational analyses predicted that
halogen bonding between ions of like charges, called “anti-
electrostatic” halogen bonding (AEXB),4 can possibly be
formed5–12 and the rst examples of AEXB complexes formed by
different anions, i.e. halide anions and the anionic iodinated
bis(dicyanomethylene)cyclopropanide derivatives 1 (see
Scheme 1) or the anionic tetraiodo-p-benzoquinone radical,
were characterized recently in the solid state.13,14 The identi-
cation of such complexes substantially extends the range of
feasible XB systems, and it provides vital information for the
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discussion of the nature of this interaction. Computational
results, however, signicantly depend on the used methods and
applied media (gas phase vs. polar environment and solvation
models) and the solid state arrangements of the XB species
might be affected by crystal forces and/or counterions. Unam-
biguous conrmation of the stability of the halogen-bonded
anion–anion complexes and verication of their thermody-
namic characteristics thus requires experimental characteriza-
tion of the spontaneous formation of such associations in
solution. Still, while the solution-phase complexes formed by
hydrogen bonding between two anionic species were reported
previously,15–17 there is currently no example of “anti-electro-
static” XB in solution.

To examine halogen bonding between two anions in solu-
tion, we turn to the interaction between halides and 1,2-
bis(dicyanomethylene)-3-iodo-cyclopropanide 1 (Scheme 1).‡
Even though this compound features a cationic cyclo-
propenylium core, it is overall anionic, and calculations have
demonstrated that its electrostatic potential is universally
negative across its entire surface.13 The solution of 1 (with
tris(dimethylamino)cyclopropenium (TDA) as counterion) in
acetonitrile is characterized by an absorption band at 288 nm
with 3 ¼ 2.3 � 104 M�1 cm�1 (Fig. 1). As LB, we rst applied
iodide anions taken as a salt with n-tetrabutylammonium
Scheme 1 Structures of the XB donor 1 and its hydrogen-substituted
analogue 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Spectra of acetonitrile solutions with constant concentration of
1 (0.60 mM) and various concentrations of Bu4NI (6.0, 13, 32, 49, 75,
115 and 250 mM, solid lines from the bottom to the top). The dashed
lines show spectra of the individual solutions 1 (c ¼ 0.60 mM, red line)
and Bu4NI (c ¼ 250 mM, blue line). The ionic strength was maintained
using Bu4NPF6. Insert: Differential spectra of the solutions obtained by
subtraction of the absorption of the individual components from the
spectra of their corresponding mixtures.

Table 1 Equilibrium constants and spectral characteristics of the
complexes of 1 with halide anions X�

Complexa K [M�1] Dlmax
c [nm] 10�3D3d [M�1 cm�1]

1$I� 15 � 2 302 9.0
1$I�b 8 � 2 303 8.0
1$Br� 17 � 2 302 3.7
1$Cl� 40 � 8 302 3.0

a All measurements performed in CH3CN at 22 �C, unless stated
otherwise. b In CH2Cl2.

c Wavelength of the maximum of the
differential spectra. d Differences in extinction coefficients of XB [1,
I�] complex and individual 1 at Dlmax.
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counter-ion, Bu4NI. This salt does not show absorption bands
above 290 nm, but its addition to a solution of 1 led to a rise of
absorption in the 290–350 nm range (Fig. 1). Subtraction of the
absorption of the individual components from that of their
mixture produced a differential spectrum which shows
a maximum at about 301 nm (insert in Fig. 1). At constant
concentration of the XB donor (1) and constant ionic strength,
the intensity of the absorption in the range of 280–300 nm (and
hence differential absorbance, DAbs) rises with increasing
iodide concentration (Fig. S1 in the ESI†). This suggests that the
interaction of iodide with 1 results in the formation of the [1,
I�]-complex which shows a higher absorptivity in this spectral
range (eqn (1)):

1 + X� # [1, X�] (1)

To clarify the mode of interaction between 1 and iodide in
the complex, we also performed analogous measurements with
the hydrogen-substituted compound 2 (see Scheme 1). The
addition of iodide to a solution of 2 in acetonitrile did not
increase the absorption in the 280–300 nm spectral range.
Instead, some decrease of the absorption band intensity of 2
with the increase of concentration of I� anions was observed
(Fig. S2 in the ESI†). Such changes are related to a blue shi of
this band resulting from the hydrogen bonding between 2 and
iodide (formation of hydrogen-bonded [2, I�] complex is
corroborated by the observation of the small shi of the NMR
signal of the proton of 2 to the higher ppm values in the pres-
ence of I� anions, see Fig. S3 in the ESI†).§ Furthermore, since
H-compound 2 should be at least as suitable as XB donor 1 to
form anion–p complexes with the halide, this nding (as well as
solid-state and computational data{) rules out that any increase
in absorption in this region observed with the I-compound 1
may be due to this alternative interaction.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Likewise, the addition of NBu4I to a solution of TDA cations
taken as a salt with Cl� anions did not result in an increase in
the relevant region. Hence, we could also rule out anion–p
interactions with the TDA counter-ions as source of the
observed changes, which is in line with previous reports on the
electron-rich nature of TDA.18

All these observations (supported by the computational
analysis, vide infra) indicate that the [1, I�] complex (eqn (1)) is
formed via halogen bonding of I� with iodine substituents in 1.
The changes in the intensities of the differential absorption
DAbs as a function of the iodide concentration (with constant
concentration of XB donor (1) as well as constant ionic strength)
are well-modelled by the 1 : 1 binding isotherm (Fig. S1 in the
ESI†). The t of the absorption data produced a formation
constant of K ¼ 15 M�1 for the [1, I�] complex (Table 1).k The
overlap with the absorption of the individual XB donor
hindered the accurate evaluation of the position and intensity
of the absorption band of the corresponding complex which is
formed upon LB-addition to 1. As such, the values of Dlmax

shown in Table 1 represent a wavelength of the largest differ-
ence in the absorptivity of the [1, I�] complex and individual
anion 1, and D3 reects the difference of their absorptivity at
this point (see the ESI† for the details of calculations).

Since earlier computational studies demonstrated substan-
tial dependence of formation of the AEXB complexes on polarity
of the medium,6–12 interaction between 1 and I� anions was also
examined in dichloromethane. The spectral changes in this
moderately-polar solvent were analogous to that in acetonitrile
(Fig. S4 in the ESI†). ** The values for the formation constants
of the [1, I�] complex and D3 (obtained from the tting of the
DAbs vs. [I�] dependence) in CH2Cl2 are lower than those in
acetonitrile (Table 1). This nding is in line with the compu-
tational studies,6–12 predicting stronger binding in more polar
solvents.

The addition of bromide or chloride salts to an acetonitrile
solution of 1 caused changes in the UV-Vis range which were
generally similar to that observed upon addition of iodide. The
variations of the magnitude of the differential absorption
intensities with the increase in the bromide or chloride
concentrations are less pronounced than that observed upon
addition of iodide (in agreement with the results of the DFT
computations of the UV-Vis spectra of the complexes, vide infra).
Chem. Sci., 2021, 12, 8246–8251 | 8247
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Yet, they could also be tted using 1 : 1 binding isotherms (see
Fig. S5 and S6 in the ESI†). The formation constants of the
corresponding [1, Br�] and [1, Cl�] complexes resulted from the
tting of these dependencies are listed in Table 1. The values of
K (which correspond to the free energy changes of complex
formation in a range of �6 to �8 kJ mol�1) are comparable to
those reported for complexes of neutral monodentate bromo- or
iodosubstituted aliphatic or aromatic electrophiles with
halides.19–22 Thus, despite the “anti-electrostatic” nature of XB
complexes between two anions, the stabilities of such associa-
tions are similar to that observed with the most common
neutral XB donors.

In contrast to the similarity in thermodynamic characteris-
tics, the UV-Vis spectral properties of the complexes of the
anionic XB donor 1 with halides are substantially different from
that reported for the analogous associations with the neutral XB
donors. Specically, a number of earlier studies revealed that
intermolecular (XB or anion–p) complexes of halide anions are
characterized by distinct absorption bands, which could be
clearly segregated from the absorption of the interacting
species.21–23 If the same neutral XB donor was used, the
absorption bands of the corresponding complexes with chloride
were blue shied, and absorption bands of the complexes with
iodide as LB were red shied as compared to the bands of
complexes with bromide. For example, XB complexes of CFBr3
with Cl�, Br� or I� show absorption band maxima at 247 nm,
269 nm and 312 nm, respectively (individual CFBr3 is charac-
terized by an absorption band at 233 nm).21 Within a framework
of the Mulliken charge-transfer theory of molecular
complexes,24 such an order is related to a rise in the energy of
the corresponding HOMO (and electron-donor strength) from
Cl� to Br� and to I� anions. In the complexes with the same
electron acceptor, this is accompanied by a decrease of the
HOMO–LUMO gap, and thus, a red shi of the absorption band.
The data in Table 1 shows, however, that the maxima of
differential absorption spectra for these systems are observed at
roughly the same wavelength. To clarify the reason for this
observation, we carried out computational analysis of the
associations between 1 and halide anions.

The DFT optimization†† at M06-2X/def2-tzvpp level with
acetonitrile as a medium (using PCM solvation model)25

produced thermodynamically stable XB complexes between 1
and I�, Br� or Cl� anions (they were similar to the complexes
which were obtained earlier viaM06-2X/def2-tzvp computations
with SMD solvation model13). The calculated structure of the [1,
Fig. 2 Optimized geometries of the [1, I�] complex with (3, �1) bond
critical points (yellow spheres) and the bond path (green line) from the
QTAIM analysis. The blue–green disc indicates intermolecular attrac-
tive interactions resulting from the NCI treatments (s ¼ 0.4 a.u. iso-
surfaces, color scale: �0.035 (blue) < r < 0.02 (red) a.u.).

8248 | Chem. Sci., 2021, 12, 8246–8251
I�] complex is shown in Fig. 2 and similar structures for the [1,
Br�] and [1, Cl�] are shown in Fig. S7 in the ESI.†

QTAIM analysis26 of these structures revealed the presence of
the bond paths (shown as the green line) and (3, �1) bond
critical points (BCPs) indicating bonding interaction between
iodine substituent of 1 and halide anions. Characteristics of
these BCPs (electron density of about 0.015 a.u., Laplacians of
electron density of about 0.05 a.u. and energy density of about
0.0004 a.u., see Table S1 in the ESI†) are typical for the
moderately strong supramolecular halogen bonds.27 The Non-
Covalent Interaction (NCI) Indexes treatment28 produced char-
acteristic green–blue discs at the critical points' positions,
conrming bonding interaction in all these complexes.

Binding energies, DE, for the [1, X�] complexes are listed in
Table 2. They are negative and their variations are consistent
with the changes in experimental formation constants
measured with three halide anions in Table 1. The DE value for
[1, I�] calculated in dichloromethane is also negative. Its
magnitude is lower than that in acetonitrile, in agreement with
the smaller formation constant of [1, I�] in less polar
dichloromethane.

The TD DFT calculations of the individual XB donor 1 and its
complexes with halides (which were carried at the same level as
the optimizations) produced strong absorption bands in the UV
range (Fig. 3). The calculated spectrum of the individual anion 1
(lmax ¼ 252 nm and 3 ¼ 4.27 � 104 M�1 cm�1) is characterized
by somewhat higher energy and intensity of the absorption
band than the experimental one, but the differences of about
0.6 eV in energy and about 0.3 in log 3 are common for the TD
DFT calculations.

The TD DFT calculations of the XB complexes with all three
anions produced absorption bands at essentially the same
wavelength as that of the individual XB donor 1, but their
intensities were higher (in contrast, the hydrogen-bonded
complex of 2 with iodide showed absorption band with
slightly lower intensity than that of individual 2). The differ-
ential spectra obtained by subtraction of the spectra of indi-
vidual anion 1 from the spectra of the complexes are shown in
Fig. 3, and their characteristics are listed in Table 2. Similarly to
the experimental data in Table 1, the calculated values of Dlmax

are very close in complexes with different halides, and values of
D3 are increasing in the order 1$Cl� < 1$Br� < 1$I�.

An analysis of the calculated spectra of the complexes
revealed that the distinction in spectral characteristics of the XB
complexes of anionic and neutral XB donors with halides are
related to the differences in the molecular orbital energies of
the interacting species. Specically, the energy of the highest
occupiedmolecular orbital (HOMO) of the anionic XB donor 1 is
higher than the energies of the HOMOs of I�, Br� and Cl�, and
the energy of the lowest unoccupied molecular orbital (LUMO)
of 1 is lower than those of the halides (Table S2 in the ESI†). As
such, the lowest-energy electron excitations (with the substan-
tial oscillator strength) in the AEXB complexes involve molec-
ular orbitals localized mostly on the XB donor (see Fig. S8 in the
ESI†). Accordingly, the energy of the absorption bands is
essentially independent on the halide. Still, due to the molec-
ular orbital interactions between the halides and 1, the small
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated characteristics of the [1, X�] complexesa

Complex DE, kJ mol�1 lmax,
c nm 10�43,c M�1 cm�1 Dlmax,

d M�1 cm�1 10�3D3,d M�1 cm�1

1$I� �14.2 252 5.70 255 14
1$I�b �4.7 253 6.07 — —
1$Br� �14.8 252 5.02 253 7.4
1$Cl� �16.2 251 4.78 249 5.3

a In CH3CN, if not noted otherwise. b In CH2Cl2.
c Extinction coefficient for the lowest-energy absorption band of the complex. d Position and

extinction coefficient of the differential absorption (see Fig. 3).

Fig. 3 Calculated spectra of 1 and its complexes (as indicated). The
dashed lines show differential absorption obtained by subtraction of
absorption of 1 from the absorption of the corresponding complex.
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segments of the HOMOs of the complexes are localized on the
halides, which affected the intensity of the transitions.‡‡ In
contrast, in the XB complexes with the neutral halogenated
electrophiles, the energies of the HOMOs and LUMOs of the
halides are higher than the energies of the corresponding
orbitals of the XB donors. As such, the HOMO of such
complexes (as well as the other common molecular complexes)
is localizedmostly on the XB acceptors (electron donor), and the
LUMO on the XB donor (electron acceptor). Accordingly, their
lowest energy absorption bands represent in essence charge-
transfer transition, and its energy vary with the energies of the
HOMO of halides (the TD DFT calculations suggest that similar
charge-transfer transitions in complexes of halides with 1 occur
at higher energies, and they are overshadowed by the absorp-
tion of components).

In summary, combined experimental (UV-Vis spectral) and
computational studies of the interaction between halides and 1
demonstrated spontaneous formation of the anion–anion XB
complexes in moderately-polar and polar solvents (which
attenuate the electrostatic anion–anion repulsion and facilitate
close approach of the interacting species§§). To the best of our
knowledge, this constitutes the rst experimental observation
of AEXBs in solution. Stabilities of such “anti-electrostatic”
associations are comparable to that formed by halide anions
with the common neutral bromo- and iodo-substituted
aliphatic or aromatic XB donors. These ndings conrm that
halogen bonding between our anionic XB donor 1 and halides is
© 2021 The Author(s). Published by the Royal Society of Chemistry
sufficiently strong to overcome electrostatic repulsion between
two anions. It also supports earlier conclusions29 that besides
electrostatics, molecular-orbital (weakly-covalent interaction)
play an important role in the formation of XB complexes. Since
the HOMO of 1 is higher in energy than those of the halides, the
lowest-energy absorption bands in the anion–anion complexes
is related mostly to the transition between the XB-donor local-
ized MOs (in contrast to the charge transfer transition in the
analogous complexes with neutral XB donors). Therefore, the
energies of these transitions are similar in all complexes and
the interaction with halides only slightly increase their
intensities.
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§ Orientating attempts to obtain a formation constant for the iodide complex of 2
via NMR titrations yielded only very small shis. We estimate that this constant is
at least two orders of magnitude lower than the one involving XB donor 1 (see
Fig. S3 in the ESI†).

{ This conclusion is consistent with the absence of any indication for anion–p
interaction within the crystal structures of 1 with iodide and chloride.13 It is also
supported by the DFT calculations, which showed that the hypothetical anion–p
complexes of XB donor 1 with I�, Br� or Cl� have positive (unfavourable) binding
energies. In addition, the observed stability trends of complexes of 1 with different
halides (with the chloride complex being least stable) and the UV characteristics of
such complexes (featuring almost identical lmax and 3, see Table S3 in the ESI†) do
not match the experimental ndings (Table 1).

k The equilibria constants K in Table 1 were obtained by averaging values from the
tting of several (3–5) series of measurements (and the errors were obtained from
the variations of these values), each series included 10–18 solutions with constant
concentration of 1 and ionic strength, and different concentrations of the halide
anions (see ESI† for details).

** Note that the study of complex formation in the low-polarity solvents were
hindered by the limited solubility of halide salts in such media.

†† Geometries of the XB complexes and their components were optimized without
constrains using Gaussian 09 suite of program.30 The binding energies were
determined as: DE ¼ Ecomp � (E1 + EX) + BSSE, where Ecomp, E1 and EX are sums of
the electronic and ZPE of the complex, optimized 1 and halide and BSSE is a basis
set superposition error. AIM and NCI analyses were performed and visualized
using Multiwfn and VMD programs, respectively.31 Details of the calculations,
energies, geometric and spectral characteristics of HB and XB complexes as well as
atomic coordinates of the calculated complexes are listed in the ESI.†

‡‡ The closer is the energy of HOMO of halide to that of 1, the more effective is
their interaction. This probably explains the fact that the difference between
absorption band intensities of the individual 1 and its complex with halide is
increasing from chloride to bromide and iodide. Besides, the most pronounced
effects observed in complexes with iodide is probably related to involvement of the
MO residing mostly on the XB acceptor in the excited state responsible for the
appearance of the absorption band (see Fig. S7 in the ESI†).

§§ Electrostatic interaction energy between iodide and XB donor 1 estimated using
ESP atomic charges (which are tted to reproduce the molecular electrostatic
potential) and atomic coordinates of the optimized AEXB 1$I� complex afforded
values of 102 kJ mol�1 in the gas phase and 2.8 kJ mol�1 in acetonitrile. Such
changes are comparable to the reported earlier13 shi of the calculated binding
energy in 1$I� from 108 kJ mol�1 in the gas phase to �10 kJ mol�1 in acetonitrile.

1 (a) L. C. Gilday, S. W. Robinson, T. A. Barendt, M. J. Langton,
B. R. Mullaney and P. D. Beer, Chem. Rev., 2015, 115, 7118; (b)
G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimagi,
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