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ABSTRACT: The synthesis and anion binding properties of a
new family of fluorescent halogen bonding (XB) macrocyclic
halo-imidazolium receptors are described. The receptors
contain chloro-, bromo-, and iodo-imidazolium motifs
incorporated into a cyclic structure using naphthalene spacer
groups. The large size of the iodine atom substituents resulted
in the isolation of anti and syn conformers of the iodo-
imidazoliophane, whereas the chloro- and bromo-imidazolio-
phane analogues exhibit solution dynamic conformational
behavior. The syn iodo-imidazoliophane isomer forms novel dimeric isostructural XB complexes of 2:2 stoichiometry with
bromide and iodide anions in the solid state. Solution phase DOSY NMR experiments indicate iodide recognition takes place via
cooperative convergent XB−iodide 1:1 stoichiometric binding in aqueous solvent mixtures. 1H NMR and fluorescence
spectroscopic titration experiments with a variety of anions in the competitive CD3OD/D2O (9:1) aqueous solvent mixture
demonstrated the bromo- and syn iodo-imidazoliophane XB receptors to bind selectively iodide and bromide respectively, and
sense these halide anions exclusively via a fluorescence response. The protic-, chloro-, and anti iodo-imidazoliophane receptors
proved to be ineffectual anion complexants in this aqueous methanolic solvent mixture. Computational DFT and molecular
dynamics simulations corroborate the experimental observations that bromo- and syn iodo-imidazoliophane XB receptors form
stable cooperative convergent XB associations with bromide and iodide.

1. INTRODUCTION
Inspired by the many fundamental roles negatively charged
species play in a range of chemical, biological, medical, and
environmental processes, the field of anion supramolecular
chemistry has expanded enormously during the past few
decades.1 Through the imaginative manipulation of a variety of
complementary noncovalent interactions such as electrostatics,
hydrogen bonding, Lewis acid−base,2 and anion−π inter-
actions,3 numerous efficient synthetic anion receptors have
been developed. However, the challenge of raising the degree of
recognition to that of biotic systems, a requirement for
potential commercial exploitation in anion sensing, for example,
remains a significant one. Halogen bonding (XB) is the
attractive highly directional, intermolecular interaction between
electron deficient halogen atoms and Lewis bases4 which has
been exploited successfully in the solid state crystal engineer-
ing5 of liquid crystalline and conductive material6 design. The
complementary analogy to ubiquitous hydrogen bonding has
also stimulated the utilization of XB in solution phase molecular
recognition processes which is rapidly becoming an established
field in its own right.7 Importantly, the relatively few examples
of XB anion receptors reported to date all exhibit promising

anion recognition behavior in competitive polar and polar/
aqueous solvent media.8 In addition, the combination of
cooperative halogen and hydrogen bonding in urea-based9 and
interlocked rotaxane anion receptors has been shown to
modulate anion binding selectivity.10 With the objective of
constructing the first examples of fluorescent XB chemosensors
for anions capable of operating in aqueous solvent mixtures,11

we describe herein the synthesis of a series of novel charge-
assisted bidentate chloro-, bromo-, and iodo-imidazoliophane
receptors which incorporate fluorescent naphthalene antenna
groups into their macrocyclic host frameworks. NMR and
fluorescence spectroscopic investigations, together with X-ray
structural determinations and computational DFT and
molecular dynamics simulations, demonstrate the remarkable
ability of the bromo- and iodo-imidazoliophane XB receptors to
selectively sense iodide and bromide anions, respectively, in
competitive aqueous/methanol media.
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2. RESULTS AND DISCUSSION

2.1. Synthetic Strategy. The novel bidentate haloimida-
zoliophane receptors were prepared by a stepwise procedure
involving the initial synthesis of bis(2-haloimidazolylmethyl)-
naphthalene derivatives (3b−3d). Reaction of equimolar
mixtures of 3b−3d and 1 gave respective haloimidazoliophane
bromide salt cyclic products. Importantly, whereas with the
chloro- and bromo-imidazoliophanes, only one respective
conformer, 52+·2Br− and 62+·2Br−, was isolated, two product
iodo-imidazoliophane conformers, anti 72+·2Br− and syn
82+·2Br−, were separated by repeated recrystallization from
methanol. The steric demands of the larger iodine atom
imidazolium substituents inhibit intramolecular ring rotation,
which results in the isolation of the two conformers in the
isomer ratio of anti/syn 35:65. Anion exchange to the
corresponding hexafluorophosphate salts was achieved on
addition of aqueous NH4PF6. The protic imidazoliophane
receptor 42+·2PF6

− was synthesized following an analogous
procedure using 4,5-dimethyl-1H-imidazole (2a) as the starting
material (Scheme 1).

2.2. Studies of Conformers in Solution. Xylyl-linked
imidazolium and benzimidazolium cyclophanes have been
demonstrated to exhibit fluxional behavior in solution via the
interconversion of different conformers.12 It was of interest
therefore to investigate the solution dynamic conformational
properties of the bidentate haloimidazoliophane receptors by
variable temperature 1H NMR in DMSO-d6 solution. The
room-temperature 1H NMR spectra of the protic imidazolio-
phane receptor 42+·2PF6

− revealed a sharp singlet for the
methylene protons (δ = 5.72 ppm) and singlets for the methyl

groups (δ = 2.08 ppm) and the C−H protons of the
imidazolium ring (δ = 9.31 ppm) which indicates rapid
interconversion of all possible conformations on the NMR time
scale. By contrast, the 1H NMR spectra at room temperature of
receptors 52+·2PF6

− and 62+·2PF6
− exhibited several signals for

the methylene and methyl protons, attributed to the presence
of different conformers in solution. The ratio between the anti
and syn isomers was 28:72 in the case of the receptor 52+·2PF6

−

and 25:75 for the receptor 62+·2PF6
−. On warming a DMSO-d6

solution of chloroimidazoliophane 52+·2PF6
−, the signals began

to broaden and finally coalesced to one signal at 100 °C,
suggesting rapid interconversion of the different conformations
on the NMR time scale. The rate constant and the free energy
of activation for the anti → syn exchange process were
calculated13 from the variable-temperature NMR data to be 86
s−1 at 100 °C and 78 kJmol−1, respectively (Figure 1).

The bromoimidazoliophane 62+·2PF6
− exhibited similar VT

1H NMR behavior to that of 52+·2PF6
− with a room

temperature conformational ratio of anti/syn 25:75 and a
higher coalescence temperature (120 °C) (see Supporting
Information). The determined rate constant at coalescence (41
s−1) and free energy of activation energy (85 kJmol−1) suggests
the conformational anti → syn interconversion for 62+·2PF6

− is
more energetically difficult than the conformer exchange
process for the chloroimidazoliophane receptor, as might be
expected due to the former receptor’s larger sized bromine
atoms.
An analogous VT 1H NMR study with anti and syn

iodoimidazoliophane receptors 72+·2PF6
− and 82+·2PF6

−

revealed no changes in the respective 1H NMR spectra.
Presumably, the steric demands of the iodine atom imidazolium
substituents completely inhibit intramolecular ring rotation,
which results in the isolation of the two conformers. The 1H
NMR spectra of the iodoimidazoliophanes 72+·2PF6

− (anti) and
82+·2PF6

− (syn) are very similar with only slight differences in
some chemical shift values being observed.

Scheme 1. Synthesis of Macrocyclic Receptors 4·(PF6)2−
8·(PF6)2

a

aReagents and conditions: (i) NaOH (1 M in water), CH3CN, reflux,
3a, 70%; 3b, 58%; 3c, 65%; 3d, 68%; (ii) 2,7-bis(bromomethyl)-
naphthalene, CH3CN, reflux; (iii) wash with saturated NH4PF6 (aq),
4·(PF6)2, 75%; 5·(PF6)2, 45%; 6·(PF6)2, 70%; 7·(PF6)2, 23%; 8·(PF6)2,
44%.

Figure 1. Variable-temperature 1H NMR spectra (aromatic region) in
DMSO-d6 of receptor 5

2+·2PF6
−.
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2.3. X-ray Crystallography. Crystals suitable for single
crystal X-ray diffraction structural analysis were obtained of the
bis-hexafluorophosphate salt of 72+, and of the mixed
hexafluorophosphate-bromide and hexafluorophosphate-iodide
salts of 82+. The latter two complexes are isostructural in the
solid state, both crystallizing in the unusual cubic space group,
Im3 ̅.
In the structures that contain hexafluorophosphate anions,

no XB is observed between these anions and the
haloimidazolium cations (Figure 2).

The larger size of the naphthalene-containing macrocycles
allows for a dimeric arrangement in the solid state whereby two
macrocycles surround two halide anions in a pincer-like
arrangement (Figures 3 and 4).
Details of XB in the solid state are summarized in Table 1.

Two clear trends are observed: first, a XB interaction causes a
significant increase in the haloimidiazolium C-halide bond
length compared with this bond length in the corresponding
bis-hexafluorophosphate compound. This is consistent with a
weakening of the C−X bond (X = halogen substituent of the
imidazolium motif) due to electron donation from the anion
into the C−X σ* orbital.14

For the structures where the anion is bromide, the X···Br
distance decreases with increasing size of X. This then results in
a large drop in the percentage of the sum of the van der Waals
(VdW) radii from 86 to 87% when X = Br, to 81% when X = I.
This is consistent with increasing halogen bonding strength
when a larger, more polarizable halogen is used as the Lewis
acid. Interestingly, however, when iodide is used as the anion
instead of bromide, the halogen bond length increases as does
the percentage of VdW radii suggesting a weaker halogen bond,
consistent with the solution binding studies (vide infra), and
our previous results on a bromo-imidazoliophane xylene
system.8a The XB angles are close to linear which is typical
of such systems.8a,g,h

2.4. Anion Binding Studies. The anion binding properties
of the receptors were investigated initially by 1H NMR titration
experiments with various tetrabutylammonium (TBA+) anion
salts (F−, Cl−, Br−, I−, NO3

−, H2PO4
−, SO4

2−, C6H5−COO−

and AcO−) in the competitive aqueous solvent mixture
CD3OD/D2O 9:1.

It is noteworthy that addition of a large excess of the TBA+

anion salts to receptors 52+·2PF6
− and 72+·2PF6

− (anti) caused

Figure 2. Ball and stick model of the X-ray crystal structure of
72+·2PF6

−; hexafluorophosphate counteranions and hydrogen atoms
are omitted for clarity. Color scheme: gray = carbon, blue = nitrogen,
purple = iodine.

Figure 3. Ball and stick representation (top) and space-filling packing
(bottom) of the solid-state structure of 82+·I−·PF6

−; hexafluorophos-
phate anions and hydrogen atoms are omitted for clarity. Color
scheme: gray = carbon, blue = nitrogen, purple = iodine.

Figure 4. Ball and stick model of the X-ray crystal structure of
82+·Br−·PF6

−. Halogen bonds are shown as dashed lines, hexafluor-
ophosphate anions are omitted for clarity. Color scheme: gray =
carbon, blue = nitrogen, purple = iodine, orange = bromide. This
structure is isostructural with 82+·I−·PF6

−.

Table 1. Details of Halogen Bonding in the Solid State

compound, C−X
substituent (conformer)

C−X
[Å]a

C−X···Br
[Å]

X···Br
[%]b

∠C−X···Br
(deg)

82+·Br−·PF6
− (syn) 2.094(8) 3.095(1) 81 167.48(19)

compound, C−X
substituent (conformer) C−X [Å]a

C−X···I
[Å]

X···I
[%]b

∠C−X···I
(deg)

82+·I−·PF6
− (syn) 2.079(6) 3.303(1) 83 167.90(14)

aC−X in corresponding PF6 salt.
b[%] of VdW radii.
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no significant changes in the 1H NMR spectra, whereas
significant perturbations were only observed with receptors
62+·2PF6

− and 82+·2PF6
− (syn) upon addition of bromide and

iodide anions. As might be expected in this competitive
aqueous methanolic solvent media, the chloroimidazolium
receptor 52+·2PF6

− is an ineffectual anion complexing regent
due to the chlorine atom being a relatively poor XB donor.7s In
the case of the anti iodo-imidazoliophane isomer 72+·2PF6

−,
these NMR observations suggest a single charge assisted XB
interaction is unable to bind anions in this protic media.
At room-temperature in CD3OD/D2O 9:1, the 1H NMR

spectrum of 62+·2PF6
− displays an anti/syn conformer ratio of

25:75. Addition of increasing amounts of Br− anions induced
significant downfield shifts of the internal naphthalene protons
(Δδ = 0.19 ppm), concomitant with a change in the ratio of
conformers to 8:92 anti/syn after addition of 2 equiv of
bromide (see Supporting Information). Addition of I− anion
caused similar chemical shift changes, where a larger magnitude
of perturbation for the naphthalene protons (Δδ = 0.40 ppm)
was observed. Importantly, in the presence of 2 equiv of I−, the
syn conformer dominates (2:98, anti/syn) (Figure 5).

Monitoring the naphthalene proton a of receptor 62+·2PF6
−,

WinEQNMR analysis15 of the titration data revealed the
receptor binds bromide and iodide anions very strongly,
beyond the limits of the NMR technique (Ka > 1 × 104 M−1).
In a similar fashion, addition of Br− and I− anions to a

solution of 82+·2PF6
− (syn) receptor in CD3OD/D2O 9:1

induced downfield shifts of the internal naphthalene protons,
Δδ = 0.08 ppm for bromide and Δδ = 0.23 ppm for iodide
(Figure 6).
Job−plot analysis revealed both receptors to form 1:1

stoichiometric complexes with Br− and I− anions. To ascertain

whether the halide recognition phenomenon in solution was
dimeric in nature, as suggested by the crystal structure of
82+·I−·PF6

− (Figure 3), DOSY NMR spectroscopic experiments
were carried out in a solution of a ∼2:1 syn/anti mixture of
82+·2PF6

− and 72+·2PF6
− with 0, 6, and 10 equiv of NBu4I in

DMSO-d6/D2O 9:116 (see Supporting Information for
experimental details). Dimeric association in solution should
result in a decrease in diffusion coefficient for the syn isomer
only as I− is added, whereas the anti isomer would be expected
to show little or no reduction as it would be unable to form
such a dimeric complex. To account for potential variations in
solution viscosity on addition of NBu4I, the diffusion
coefficients were normalized to that of the solvent DMSO.
The diffusion data for both the syn and anti complexes (Table
2) show no significant change on addition of increasing
amounts of I− with any small variation being attributable to
viscosity changes (as evidenced by the normalized Dcomplex/
Dsolvent ratios) and suggests the dimeric structure does not exist
as a stable entity in solution under these conditions.
Experiments employing greater excesses of I− were not possible
owing to sample precipitation.
It was not possible to determine association constant values

with bromide and iodide halide ions with receptor 82+·2PF6
−

due to complex precipitation during the titration experiments.
With the protic macrocycle 42+·2PF6

− the C-H proton of the
imidazolium ring, which in the free receptor appears at δ = 9.31
ppm, shifted downfield upon the addition of chloride (Δδ =
0.09 ppm), and bromide and iodide ions (Δδ = 0.10 ppm).
Significant downfield perturbations were also noted in the
internal naphthalene protons upon halide anion addition
(chloride Δδ = 0.09 ppm; bromide Δδ = 0.11 ppm; iodide
Δδ = 0.17 ppm).
Association constants for 1:1 stoichiometric halide anion

binding were determined by WinEQNMR16 analysis of the
titration data, monitoring the internal aromatic protons of
receptor 42+·2PF6

−. The association constant values for
chloride, bromide, and iodide anions of Ka (error) = 19 (1),
85 (1), and 80 (3) M−1, respectively, indicate the protic
receptor binds the halides weakly in this competitive aqueous
methanolic solvent mixture.17

By virtue of the naphthalene groups present in the
cyclophane receptors, fluorescence spectroscopy was used to

Figure 5. 1H NMR spectral changes observed in the aromatic region
of 62+·2PF6

−, in CD3OD/D2O 9:1 at 20 °C during the addition of up
to 2 equiv of iodide ions.

Figure 6. 1H NMR spectral changes observed in the aromatic region
of 82+·2PF6

− (syn) in CD3OD/D2O 9:1 at 20 °C during the addition
of up to 2 equiv of iodide ions.
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investigate their anion sensing capabilities in CH3OH/H2O 9:1.
In agreement with the 1H NMR titration results, upon addition
of F−, Cl−, NO3

−, H2PO4
−, SO4

2−, C6H5−COO−, and AcO−,
no changes in the fluorescence emission spectrum of 62+·2PF6

−

and 82+·2PF6
− (syn) were observed even when in large excess.

By contrast, in the presence of Br− and I− anions, an increase in
emission bands was seen.
The emission spectrum of 62+·2PF6

− when excited at λexc =
355 nm displays a structureless band at 401 nm, and upon
addition of equivalents of I−, two important anion binding
induced effects in the fluorescent spectrum were noted: an
increase of the intensity of the emission band present in the
free ligand at 401 nm, and the appearance of a new emission
band at λem= 437 nm which is accompanied by an increase of
the intensity emission (Imax/Io = 5.8) (Figure 7). In the
presence of 1.5 equiv of Br− anion, a smaller increase of the
emission band at 437 nm was observed (Imax/Io = 2) (see
Supporting Information).

The addition of increasing amounts of Br− anion to a
solution of receptor 82+·2PF6

− in the same aqueous solvent
mixture induced a red shift of the emission band from 401 to
410 nm (Δλ = 9 nm) accompanied by a remarkable increase of
the intensity of the emission band that appears at λem = 437 nm
(Imax/Io = 6.4) (Figure 8). A relatively smaller emission
enhancement was detected when 1.5 equiv of I− anion was
added (Imax/Io = 1.6) (see Supporting Information). Analogous
fluorescence spectroscopic anion titration experiments with
hydrogen-bonding receptor 42+·2PF6

− and the chloroimidazo-
liophane 52+·2PF6 produced no significant emission responses
with any anion. Specfit18 analysis of the fluorescent titration

data determined 1:1 association constant values for Br− and I−

binding shown in Table 3.

Both receptors bind Br− and I− strongly in this aqueous
solvent mixture with the bidentate bromo-imidazoliophane
62+·2PF6

− exhibiting selectivity for iodide, whereas the reverse
halide preference for bromide is displayed by iodo-imidazolio-
phane receptor syn 82+·2PF6

−. It is noteworthy that computa-
tional DFT and molecular dynamics simulations discussed in
the following section corroborate these experimental findings
that both XB receptors form strong and stable associations with
the heavier halide anions. Thus, these results highlight the fact
that the incorporation of bromine and iodine atoms into the
bis(imidazolium) naphthalene macrocyclic receptor framework
dramatically influences the anion recognition capabilities of the
cyclic host, with receptors 62+·2PF6

− and 82+·2PF6
− selectively

recognizing and optically sensing bromide and iodide anions
exclusively, via pure halogen bonding in aqueous methanolic
solvent media (Figure 9).19

2.5. Molecular Modeling. The remarkable affinity of
receptor 62+ toward I− and 82+ toward Br− was also investigated

Table 2. NMR Diffusion Coefficients for 82+·2PF6
− and 72+·2PF6− in DMSO/D2O 9:1 at 20 °C in the Absence and Presence of

I− (Added as NBu4I)
a

82+·2PF6
− + 72+·2PF6

− 82+·2PF6
− + 72+·2PF6

− + 6 equiv I− 82+·2PF6
− + 72+·2PF6

− + 10 equiv I−

anti syn anti syn anti syn

Dcomplex/10
−10 m2 s−1 1.14 1.14 1.18 1.19 1.16 1.17

Dsolvent/10
−10 m2 s−1 4.52 4.73 4.65

Dcomplex/Dsolvent 0.252 0.252 0.249 0.251 0.249 0.252
aD value errors are ±0.01 × 10−10 m2 s−1.

Figure 7. Changes in the fluorescence spectra of receptor 62+·2PF6
− (1

× 10−5 M) in CH3OH/H2O 9:1 upon addition of iodide at 20 °C.

Figure 8. Changes in the fluorescence spectra of receptor 82+·2PF6
− (1

× 10−5 M) in CH3OH/H2O 9:1 upon addition of Br− ion. Inset:
Changes of emission upon addition of Br− at 20 °C.

Table 3. Association Constants Ka for Receptors 6
2+·2PF6

−

and 82+·2PF6
− with Different Anions in CH3OH/H2O 9:1 at

20 °C

Ka (M
−1)b

aniona 62+·2PF6
− 82+·2PF6

−

Br− 2.88 × 104 9.55 × 105

I− 6.31 × 105 3.71 × 104

aAnions have been used as tetrabutylammonium salt. bError < 10%.
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by means of Density Functional Theory (DFT) calculations
and Molecular Dynamics (MD) simulations. The structures of
62+ and 82+ were optimized by DFT (Figure S17) using the
B3LYP functional in methanol solution (the main component
of the solvent mixture used in the binding studies) described by
a polarizable continuum solvent model (see Supporting
Information for full details). Since the experimental evidence
suggests that XB to the receptors has a 1:1 stoichiometry in
solution, the associations 6·Br+, 6·I+, 8·Br+, and 8·I+ were also
optimized in the same solvent medium and are represented in
Figure 10 together with relevant bond distances and angles.
In 62+, the DFT C−Br distance is 1.866 Å, while in 6·Br+ and

6·I+, the distances are slightly elongated to 1.894 and 1.881 Å.
For 82+, the calculated C−I distance is 2.086 Å, while in 8·Br+

and 8·I+, they are 2.138 and 2.118 Å. The elongation of C−I
upon halide interaction is also evident in the crystal structures
of 82+·I−·PF6

− and 82+·Br−·PF6
− when the C−I covalent bond

distance is compared with that found in 72+. The C−I distance
in the X-ray structure of 82+·Br−·PF6

− (2.094 Å) compares very
well with the 8·Br+ value (2.138 Å) and the calculated I···Br−

distance for the C−I···Br− halogen bond (3.192 Å) is also close
to the experimental value (3.095 Å). In the X-ray structure of
82+·I−·PF6

−, the C−I distance is 2.079 Å, and the DFT one is
2.118 Å, while the I···I− distance is also comparable (3.303
experimental vs 3.580 calculated). The agreement is not
excellent but we have to take into account solid state structures
correspond to a different binding scenario in which two
receptor molecules are assembled by two halide anions. In
contrast, in our DFT optimized structures, the receptors bind
one halide using both C−X bonds in a synergetic fashion.
We calculated the Wiberg bond indexes20 (WI), which are

indicators of the bond orders and the values obtained are given
in parentheses in Figure 10. The bond orders of covalent bonds
C−Br in 62+ (1.100) and C−I in 82+ (1.051) are very close to
1.0, as expected for a covalent single bond. Both bond orders
decrease in all receptor/halide associations, specially in 8·Br+

where the C−I bond order is reduced to 0.920 which is entirely
consistent with the bond length elongation and the population
of the C−I σ* orbital. Moreover, among the C−I···Br−, C−
I···I−, C−Br···Br−, and C−Br···I− XB interactions investigated,
the first one in 8·Br+ has also the larger WI for the I···halide
intermolecular interaction (0.161) in agreement with the
experimental association constants presented in Table 3. The
receptor:halide interaction energies in methanol solution at the

DFT (B3LYP) level of theory were also calculated. The results
are collected in Table 4.

Figure 9. Graphical representation of the fluorescence emission
intensity response of emission band at λ = 437 nm of receptor
hexafluorophosphate salts on addition of 1 equiv of various anions in
CH3OH/H2O 9:1 at 20 °C.

Figure 10. DFT optimized structures of 6·Br+ (a), 6·I+ (b), 8·Br+ (c),
and 8·I+ (d) complexes showing the corresponding halogen bonding
interactions as yellow dashed lines together with their distances (Å)
and angles (°) given in italic, and Wiberg indexes in parentheses.

Table 4. Calculated (DFT, Methanol) Interaction Energies
ΔE Compared with the Experimental Binding Free Energies
(ΔGbind) for 6·Br+, 6·I+, 8·Br+, and 8·I+ (Both Values Given
in kcal mol−1)

complex calculated ΔEa experimental ΔGbind
b

6·Br+ −13.3 −6.0
6·I+ −8.3 −7.8
8·Br+ −4.3 −8.0
8·I+ +3.5 −6.1

aΔE is the difference between the energy of the complex and the
energies of the isolated relaxed components. bΔGbind values were
estimated from the experimental association constants Ka.
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The ΔE energies for 6·Br+ and 6·I+ predict that 62+ binds
bromide better than iodide while the experimental ΔGbind
values indicated that iodide association is slightly favored. For
82+, the results are much more acceptable since this receptor
has higher affinity toward bromide as suggested by the
experimental binding free energies. However, it must be
mentioned that these values were calculated using a polarizable
continuum model describing methanol while the experiments
were performed in a 9:1 CH3OH/H2O solvent mixture.
The previous DFT calculations already demonstrated that

82+ is indeed able to bind bromide with great affinity in 8·Br+.
Therefore, the dynamics of this interaction were further
evaluated in the competitive 9:1 CH3OH/H2O media through
molecular dynamics simulations (MD) and compared with 8·I+.
Very recently, two similar approaches were proposed for the
treatment of XB in MD simulations using to represent the
positive region centered on the halogen atom covalently
bonded (C−X), an extra-point (EP) of charge,21 or a
pseudoatom.22 Here, we used an approach with the σ-hole
represented by a dummy atom with a suitable charge located at
an ideal distance of C−X (see Supporting Information for full
details) which proved to be efficient for the simulation of the
halogen bonding interactions between two bromo-imidazolium
moieties and one chloride in a catenane assembly as described
in our previous work.11 Indeed, the use of a dummy atom
allows us to describe the halogen bonding interactions of Br−

and I− with 82+, as evident in molecular mechanics (MM)
minimized structures of these associations shown in Supporting
Information. Subsequently, those MM minimized structures
were immersed in cubic boxes of a 9:1 CH3OH/H2O mixture
(∼40 Å side, after equilibration period) and MD simulations
were performed with AMBER1123 with parameters from the
General AMBER Force Field24 and using the pmemd.cuda
AMBER executable, able to accelerate explicit solvent Particle
Mesh Ewald (PME) calculations through the use of GPUs.25

The structural data were collected along 30 ns preceded by a
multistage equilibration protocol described in Supporting
Information. Representative snapshots of 8·Br+ and 8·I+

associations in solution are depicted in Figure 11.
The two simultaneous C−I···halide halogen bonds observed

in the structures of 8·Br+ and 8·I+ are preserved during the
entire time of the long collection period (see Supporting
Information, Figure S19). In 8·Br+ the I···Br− distances
fluctuate around 3.5 Å, with averages of 3.553 ± 0.139 Å and
3.548 ± 0.139 Å, which are large when compared with the DFT
values (3.192 Å). However, it must be pointed out that the
DFT optimization was conducted in the methanol solvent
continuum model while the MD simulations were performed in
9:1 CH3OH/H2O mixture with the dummy atom approx-
imation to enable the XB interaction. Therefore, in these
circumstances, the results obtained are quite acceptable. For
8·I+, the I···I− distances fluctuate around 3.7 Å, with averages of
3.7842 ± 0.1566 Å and 3.7863 ± 0.1583 Å, closer to the DFT
values (3.580 Å).
Our MD simulations clearly demonstrate that the 8·Br+

association, through the two cooperative XB interactions, is
stable during the simulation time even in a competitive media
such as a CH3OH/H2O (9:1) solution. The 8·I+ association is
also maintained in agreement with the large experimental
binding constant (3.71 × 104 M−1).
The solvation of 8·Br+ and 8·I+ associations by methanol and

water solvent molecules was also evaluated from MD data.
Figure 12 depicts the individual radial distribution function,

Figure 11. Representative snapshots of 8·Br+ (top), 8·I+ (bottom) in
CH3OH/H2O (9:1) solution showing both associations surrounded
by water molecules. Methanol molecules and the receptor hydrogen
atoms were omitted for clarity. Halogen-bonds are represented as
yellow dashed lines.

Figure 12. RDFs of methanol and water oxygen atoms around
bromide (8·Br+, top) and iodide (8·I+, bottom) compared with the
free anions in the same solution.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja302213r | J. Am. Chem. Soc. 2012, 134, 11533−1154111539



RDF g(r) of both solvent molecule around the bromide (top)
and iodide (bottom) in 8·Br+and in 8·I+ associations,
respectively. For comparison purposes, MD simulations with
a free bromide and iodide anions were also carried out in the
same conditions and the corresponding RDFs are also shown in
the same plot.
The first solvent shell for methanol and water molecules

around bromide in 8·Br+ occurs as well-defined peaks centered
at ∼3.4 Å. As would be expected, the density of methanol
molecules is larger than that of water. A second solvation
sphere for methanol and water (with less intensity) appears at
∼5.5 Å. When compared with the free bromide RDF, it is
evident that the density of both solvent molecules around the
anion decreases in the presence of receptor 82+, but the water
and methanol peak positions are not affected by the receptor.
For 8·I+, the scenario is equivalent although the difference from
the free iodide peaks and the complexed ones in 8·I+ is much
less pronounced meaning that the receptor has a lower impact
on the solvation of the I− anion.
All the above results, DFT calculations plus MD simulations,

demonstrate that indeed, 8·Br+ is a stable association in the
presence of water. 8·I+ should also be stable, although relatively
less so than 8·Br+.

3. CONCLUSION

The synthesis of a new family of fluorescent XB macrocyclic
halo-imidazolium receptors has been achieved where chloro-,
bromo-, and iodo-imidazolium motifs are integrated into a
cyclic molecular framework using naphthalene spacer groups.
The large size of the iodine atom substituents were found to
inhibit intramolecular ring rotation resulting in the isolation of
anti and syn conformers of the iodo-imidazoliophane, whereas
the chloro- and bromo-imidazoliophane analogues exhibit
solution dynamic conformational properties on the NMR
time scale. X-ray structural analysis revealed the syn iodo-
imidazoliophane isomer 82+ to form novel dimeric isostructural
XB complexes of 2:2 stoichiometry with bromide and iodide
anions in the solid state. Solution phase DOSY NMR
experiments, however, suggest iodide recognition takes place
via cooperative convergent XB−iodide 1:1 stoichiometric
binding in aqueous solvent mixtures. 1H NMR and fluorescence
spectroscopic titration experiments with a variety of anions in
the competitive CD3OD/D2O (9:1) aqueous solvent mixture
demonstrated the bromo- 62+ and syn iodo-imidazoliophane
isomer 82+ to exhibit remarkably strong and selective XB
recognition of iodide and bromide anions, respectively.
Importantly, 62+ and 82+ are capable of optically sensing
these halide anions exclusively via a fluorescence response and,
to the best of our knowledge, represent the first examples of XB
chemosensors to function in aqueous solvent mixtures. In stark
contrast, no evidence of anion sensing was observed with
protic-, chloro-, and anti iodo-imidazoliophane receptors in this
aqueous methanolic solvent mixture. Computational DFT and
molecular dynamics simulations corroborate the experimental
observations that receptors 62+ and 82+ form stable cooperative
convergent XB associations with bromide and iodide in
aqueous methanolic media.
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