
DOI: 10.1002/chem.200600546

Anion-Binding Properties of the Tripyrrolemethane Group: A Combined
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Introduction

One of the central concepts of molecular recognition is the
issue of selectivity. This aspect has motivated the design of
ion sensors that are based on molecular recognition process-
es.

Pyrrole derivatives are traditionally associated with effi-
cient ligation to metal cations in macrocyclic systems, such
as porphyrin[1] and porphyrin derivatives.[2a,1] These are very

abundant in biological systems,[2] playing major roles in all
sorts of biochemical transformations, such as light harvest-
ing[3] and redox processes.[4]

In the last decade, following the pioneering work of the
group headed by Sessler,[5] the anion-binding properties of
pyrrole and its derivatives were studied with the aim of de-
veloping efficient and selective anion-binding ligands.[6] Cal-
ixarene analogs, termed calixpyrroles, developed over the
last decade, display promising properties with respect to af-
finity and selectivity.[7] The rather simple synthesis of these
compounds allows relatively easy derivatisation with the re-
porting group, thereby offering a simple and effective means
of sensing the presence of ions in solution.[8] Another most
promising anion ligand is the tripyrrolemethane moiety that
was recently coupled to several optical-reporting groups.[1,8]

Bistripyrrolemethane systems have also been proposed as
promising ligands that prove to be effective and selective
hosts for anions.[9] Nevertheless, the basic intrinsic properties
of tripyrrolemethane as a ligand for anions have not yet
been explored.

Molecular or ion recognition can be studied by NMR ti-
tration experiments, X-ray crystallography, UV-visible spec-
troscopy and other analytical techniques. The use of mass
spectrometry to study host–guest interactions and molecular
recognition involving either biological hosts or synthetic
hosts has also been an enormously active area of research
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over the past decade.[10] Electrospray ionisation (ESI) mass
spectrometry allows the study of a wide variety of host–
guest complexes and other noncovalent species that are
formed in solution, because the process is gentle enough to
allow the survival of many types of weakly bound com-
plexes. There are a few examples of the specific use of ESI
and mass spectrometry for the study of ion sensors. For ex-
ample, Kubik and co-workers developed an artificial anion
receptor in which two cyclohexapeptide subunits containing
l-proline and 6-aminopicolinic acid subunits in an alternat-
ing sequence are connected via an adipinic acid spacer.[11]

ESI mass spectrometry and NMR spectroscopic investiga-
tions showed that the bridged bis(cyclopeptide) does indeed
form defined 1:1 complexes with halides, sulfate and ni-
trate.[11] In another study, Jurczak and co-workers presented
a macrocyclic ligand containing four amide functionalities
that complexes with various anions (F�, Cl�, AcO�, H2PO4

�

and p-NO2C6H4O
�).[12] NMR titration experiments, X-ray

studies and ESI mass spectrometry were employed to deter-
mine the stoichiometry and selectivity. The results in solu-
tion indicated predominant formation of 1:1 complexes for
all anions studied. However, the existence of a 2:1 complex
was also detected.[12]

Here we report the study of the anion-binding properties
of tripyrrolemethane. The interaction between tripyrrole
methane and different anionic species was studied in solu-
tion, in the gas phase and in the crystalline state. Computa-
tions were applied to selected systems to improve our under-
standing of the experimental results.

Experimental Section

Materials : All materials, including HPLC-grade solvents, were purchased
from Sigma-Aldrich and Fluka. Solvents and starting materials were used
as received, unless stated otherwise. Tripyrrolemethane was prepared ac-
cording to a slightly modified literature procedure.[13]

NMR spectra were recorded by using a Bruker AVANCE 500 spectrome-
ter at 298�1 K.

X-ray crystallography : Single crystals of 1a, 1b and 1-Br�, were mounted
on a Nonius KappaCCD diffractometer and the data were collected with
MoKa radiation. Intensities were collected by means of f and w scans and
were processed with the Collect data collection software[14] and DENZO-
SMN for cell refinement and data reduction.[15] The structures were
solved by direct methods with SHELXS-97[16] and were refined with
SHELXL-97[17] within the WinGX[18] package. SHELXL-97 was also used
for material publication. TEXRAY was used for structure analysis and
ATOMS[19] for graphics.

Mass spectrometry : All mass spectra were acquired by using an APEX
III Fourier transform ion cyclotron resonance (FT-ICR) mass spectrome-
ter (Bruker Daltonics, Billerica, MA, USA) equipped with a 4.7 T
magnet (Magnex Scientific, Oxford, UK) with an Apollo electrospray ion
source. Spectra were acquired in the broadband detection mode by accu-
mulating 16–24 scans. The ESI capillary voltage was maintained at
3.3 kV, the end plate at 3 kV, the skimmer voltage was �2.5 V and the ca-
pillary exit was �10 V (all voltages indicated). Ammonium halide salts
were dissolved in water (0.05m) and further diluted in methanol to stock
solutions of 5x10�4 and 5x10�6

m. A syringe pump was used to introduce
solutions at a rate of 0.1–0.2 mLh�1. Nitrogen was used both as nebulis-
ing and drying gas at 1008C. For the IR multiphoton dissociation
(IRMPD) experiments the desired precursor ions were isolated by stand-

ard ejection pulses (“isolation shot”). IRMPD was performed by using a
25-W CO2 IR-laser unit (Synrad, Mukilteo, WA, USA) operating at a
wavelength of 10.6 mm. The diameter of the laser beam was �3.5 mm.
The laser was aligned to the centerline of the ICR cell.

Computations : Calculations were carried out by using the GAUSSIAN03
series of programs.[20] Geometries were optimised at the B3PW91/6-31G-
ACHTUNGTRENNUNG(d,p) hybrid density functional level of theory and the energies of opti-
mised structures were recalculated at the B3PW91/6-311++G ACHTUNGTRENNUNG(d,p) level.
Structures were analysed by means of analytical frequency calculations
(zero-point energies correction at the B3PW91/6-31G ACHTUNGTRENNUNG(d,p) level).

Results and Discussion

NMR binding studies : Tripyrrolemethane 1 was prepared in
34% yield from pyrrole and triethylorthoformate, in the
presence of chloroacetic acid (Scheme 1).

The association of different anions to 1 was studied by
means of NMR titrations. As can be seen from Figures 1
and 2, the 1H NMR spectrum of 1 in CD3CN and

[D6]DMSO is distinctly changed upon addition of tetrabutyl-
ACHTUNGTRENNUNGammonium fluoride (TBAF). Addition of TBAF to the so-
ACHTUNGTRENNUNGlutions of 1 led to downfield shifts of the pyrrole N�H peak.
Upon addition of 6 mm TBAF to 0.5 mm solutions of 1 in
CD3CN, this peak shifted by �4.5 ppm from its initial posi-
tion at d=8.9 ppm. Similarly, under the same conditions, the

Scheme 1. Preparation of tripyrrolemethane, 1.

Figure 1. 1H NMR spectra of 1 (0.5 mm) in CD3CN in the presence of in-
creasing concentrations of TBAF.
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N�H peak shifted by �3.4 ppm from its initial position at
d=10.4 ppm in [D6]DMSO that contained 0.25% D2O. In
both solvents, significantly smaller guest-induced shifts
(Dd<0.2 ppm) were recorded for all other protons of 1. The
binding of F� by 1 is a fast process on the NMR timescale,
reaching equilibrium instantaneously at any concentration.
The titration curves were successfully reproduced, assuming
mixed formation of 2:1 and 1:1 host:guest complexes. The
calculated binding constants are summarised in Table 1.

Addition of other halides and anions (as their TBA salts)
led to significantly smaller guest-induced shifts, as shown in
Figure 3, the only exception being TBAH2PO4. However,
the association constant between 1 and TBAH2PO4 was sig-
nificantly smaller than that measured for association with F�

(Table 1).
Table 1 presents the different stoichiometric ratios and as-

sociation constants that were derived for fluoride and phos-
phate anions. NMR binding experiments show an exclusive
preferential interaction between 1 and the fluoride anion.
The strongest binding is revealed in pure acetonitrile, with
K1 and K2 binding constants of 40800 and 17100m�1, respec-
tively, for F� and a K1 of only 300m�1 for a 1:1 complex with
H2PO4

�.

Influence of water on the anion-binding properties of 1:
Water acts as a competitive inhibitor for the formation of
hydrogen-bonded complexes. In many cases, water competes

with both the host and the guest.[21] Nevertheless, both the
exact structure of the cavity of the host and the solvation
ability of the guest play a role in the extent of water compe-
tition.[22] The effect of water on the anion-binding properties
of 1 was investigated by performing 1H NMR titration ex-
periments with TBAF in [D6]DMSO that contained increas-
ing amounts of D2O (Figure 4 and Table 1). The binding

constants that were derived from these experiments clearly
show a decrease in the binding efficiency between the two
anions and 1 upon addition of water, indicating the impor-
tance of hydrogen bonding in the association process under
investigation.

Crystal structures of 1 and its bromide complex : Crystallisa-
tion of 1 from methanol yielded two different crystalline
phases that were suitable for crystallographic-structure de-
termination.[23] The detailed structural analysis revealed that

Figure 2. 1H NMR spectra of 1 (0.5 mm) in [D6]DMSO in the presence of
increasing concentrations of TBAF.

Table 1. Experimental binding constants for 1-F� and 1-H2PO4
� complex-

es.[a]

Solvent TBAF TBAH2PO4

[D6]DMSO+0.25% D2O K1=5000m�1, K2=2000m�1 K1=60m�1

[D6]DMSO+1% D2O K1=1400m�1, K2=1000m�1 K1<50m�1

[D6]DMSO+5% D2O K1=220m�1, K2=200m�1 K1<50m�1

CD3CN K1=41000m�1, K2=17000m�1 K1=300m�1

[a] In all experiments, the error was estimated to be less than �10%.

Figure 3. 1H NMR titration of 1 in [D6]DMSO before (a) and after the
addition of 10 mm TBACl (b), 10 mm TBABr (c), 14 mm TBAI (d),
40 mm TBAHSO4 (e), 20 mm TBAH2PO4 (f), 50 mm TBANO3 (g), 50 mm

TBABF4 (h) and 75 mm TBAClO4 (i).

Figure 4. Titration binding curves for 1 with TBAF in [D6]DMSO with
0.25 (~), 1.0 (!) and 5.0% (^) of D2O.
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the two phases are polymorphs of 1, denoted as 1a and 1b
(Figure 5). Polymorph 1a crystallises in a noncentrosymmet-
ric space group and consists of one S enantiomer, whereas
polymorph 1b crystallises in a centrosymmetric space group
and consists of both S and R enantiomers. The crystal struc-
tures differ in the molecular packing, which is a conse-
quence of their crystal symmetry.

Crystallisation of 1 from methanol in the presence of tet-
rabutylammonium bromide yielded a crystalline phase that
contains six crystallographically independent 1-Br� com-
plexes. Figure 6 shows six different 1-Br� complexes. All
complexes are dimeric in nature with a highly distorted tet-
rahedral coordination around the bromide ion. The com-
plexes are interconnected and
form two independent infinite
chains, one consisting of com-
plexes with 1-Br1 and 1-Br2
(Figure 7a), the other consisting
of complexes with 1-Br4, 1-Br6,
1-Br3 and 1-Br5 (Figure 7b).
The six complexes can be divid-
ed into three main families:
1) two complexes (1-Br1, 1-
Br2) in which one of the tripyr-
rolemethane groups binds the
bromide ion through three N�
H···Br� bonds, and a second tri-
pyrrolemethane ligand interacts
with the bromide ion through a
C�H···Br� interaction; b) three

Figure 5. S enantiomers of 1: a) noncentrosymmetric polymorph 1a,
b) centrosymmetric polymorph 1b.

Figure 6. Six crystallographically independent complexes of 1-Br�.

Figure 7. Two independent chains of 1-Br� complexes found in the solid state.

www.chemeurj.org G 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 657 – 665660

C. Denekamp, K. Suwinska, Y. Eichen et al.

www.chemeurj.org


complexes (1-Br3, 1-Br4, 1-Br6) in which one of the tripyr-
rolemethane groups binds the bromide ion through two N�
H···Br� bonds and one C�H···Br� interaction, and a second
tripyrrolemethane ligand contributes one N�H···Br� bond;
c) one complex (1-Br5) in which each of the tripyrrole ACHTUNGTRENNUNGmeth-
ACHTUNGTRENNUNGane groups binds the bromide ion through one N�H···Br�

bond and one C�H···Br� interaction. Table 2 summarises the

hydrogen-bond lengths and angles for the six complexes.
From the complexes found in the crystal structure, it is clear
that the coordination of the bromide ion is not saturated by
complexation with one moiety of 1. Figure 6 shows two in-
dependent chains of 1-Br� complexes found in the solid
state.

Mass spectrometry : Two types of mass-spectrometry experi-
ments were performed: negative-ion attachment in solution
employing ESI, and IRMPD of the resulting [1+X]� ions
(X=F, Cl, Br and I) in the gas phase.

Investigation of 1-halide complexation in methanol by ESI :
Mixtures of ammonium halides and 1 in methanol were
measured at different concentrations of ammonium salts. A
typical ESI mass spectrum of this mixture is shown in
Figure 8. All four halides give rise to [1+X]� ions; however,
only a fluoride-bound dimer is generated under these condi-
tions. Nevertheless, the formation of [1+X]� ions, for which
X= I and Br, is favoured over the formation of [1+F]� and
[21+F]� together.

Figure 9 shows the complexation of 1 with the four am-
monium halides as a function of the salt concentration and

with a constant amount of 1. The presence of a chloride at-
tachment anion was observed even in pure solvents, before
addition of NH4Cl. Therefore, the relative intensity of the
[1+Cl]� ion, m/z 246 and 248, at low concentrations is
higher than other halides and drops upon addition of the
salts. Clearly the generation of a [1+I]� ion upon addition
of the halide mixture is most favoured and the formation of
a [1+F]� ion is disfavoured, and [1+Cl]� and [1+Br]� ions
are generated in moderate amounts. ESI measurements of
the complexation of 1 performed separately with each am-
monium halide as a function of the salt concentration also
demonstrated weak complexation of 1 with the fluoride
anion (Figure 10).

IRMPD experiments on 1-halide complexes in the gas phase :
The [1+X]� ions under investigation were isolated in the gas
phase and were subsequently excited by an IR laser (so
called IR multiphoton dissociation).[24] The irradiation time,
and, thus, the internal energy, was gradually increased, in-
ducing dissociations of the [1+X]� ions studied. This experi-
ment allows evaluation of the relative barriers for bond dis-
sociation between 1 and the halide anions. Figure 11 shows
the relative survival yields of each [1+X]� ion as a function

Table 2. Hydrogen-bond lengths [Q] and angles [8] in 1-Br�.[a]

D�H···A dACHTUNGTRENNUNG(D–H) d ACHTUNGTRENNUNG(H···A) d ACHTUNGTRENNUNG(D···A) aACHTUNGTRENNUNG(DHA)

N10�H10···Br1 0.88 2.45 3.315(7) 166.4
N11�H11···Br1 0.88 2.51 3.374(7) 169.3
N12�H12···Br1 0.88 2.49 3.368(8) 178.0
C155�H155···Br11 0.95 3.08 3.763(9) 129.6
N19�H19···Br2 0.88 2.47 3.346(7) 175.6
N20�H20···Br2 0.88 2.47 3.318(7) 163.3
N21�H21···Br2 0.88 2.49 3.371(6) 177.9
C120�H120···Br22 0.95 3.26 4.095(8) 147.7
N17�H17···Br33 0.88 2.77 3.496(7) 141.4
N18�H18···Br33 0.88 2.57 3.436(7) 170.2
N24�H24···Br3 0.88 2.63 3.450(8) 155.2
C142�H142···Br33 0.95 3.15 4.027(9) 154.8
N8�H8···Br4 0.88 2.45 3.323(7) 173.1
N9�H9···Br4 0.88 2.65 3.439(8) 150.6
N14�H14···Br44 0.88 2.50 3.347(7) 160.4
C103�H103···Br4 0.95 2.70 3.606(9) 160.0
N15�H15···Br5 0.88 2.50 3.307(8) 152.6
N16�H16···Br5 0.88 2.50 3.360(8) 166.9
C137�H137···Br5 0.95 3.12 4.059(9) 170.1
C138�H138···Br5 1.00 3.15 4.048(9) 150.7
N7�H7···Br6 0.88 2.87 3.717(8) 161.7
N22�H22···Br6 0.88 2.44 3.308(7) 170.3
N23�H23···Br6 0.88 2.60 3.414(7) 155.0
C176�H176···Br6 0.95 3.00 3.89(1) 157.9

[a] Symmetry transformations used to generate equivalent atoms:
(1) �x+1, y�1=2, �z+1; (2) x, y, z+1; (3) �x+2, y�1=2, �z+1; (4) �x+1,
y+1=2, �z+1.

Figure 8. ESI-MS spectrum of 1 adducts with halides obtained from a sol-
ution of 1 in methanol (2R10�5

m) and equimolar amounts of ammonium
halides (1R10�5

m each).

Figure 9. Formation of [1+X]� ions as a function of NH4X concentration
(X=F, Cl, Br, I) in an equimolar mixture of four ammonium halides in
methanol. The concentration of 1 was kept constant (�2R10�5

m).
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of irradiation time. Assuming that dissociation barriers cor-
relate to bond strength, it is clear that the gas-phase 1�X
bond strengths are in the order Cl>Br> I@F.

However, the dissociation of [1+F]� and [1+Cl]� ions re-
sults in the loss of HX ([1�H]� product ion), whereas
[1+Br]� and [1+I]� ions dissociate into neutral 1 and X�

ions, exclusively (Scheme 2).

The deuterium-isotope effect in the dissociation of
[1�X]� anions was also investigated. The [1(D3)+X]�/
[1(H3)+X]� ion ratios were monitored as a function of the
irradiation time. Figure 12 shows that the amount of
[1(D3)+X]� is either reduced (X=Br, I) or remains constant
(X=Cl) upon activation, indicating an inverse isotope effect

in the case of bromide and iodide complexes and no isotope
effect in the case of the chloride. As mentioned above,
[1+Cl]� ions lose both the HCl and neutral 1, whereas
[1+Br]� and [1+I]� ions give rise to X� ions, exclusively.
The formation of neutral 1 that retains the N�H(D) bond
should be faster in 1(D3) because an N�H(D) bond is
strengthened during dissociation.

DFT calculations : Complexation of 1 with fluoride and
chloride anions was studied by means of density functional
theory (DFT) calculations. Complexation of halide anions
by a calix[4]pyrrole was studied previously by Pichierri[25]

who showed that the complexation energy depends on the
electronegativity of the halide anion, namely, in the order
F�>Cl�>Br�> I�.

The optimised structure of 1 and its fluoride and chloride
adducts (B3PW91/6-31GACHTUNGTRENNUNG(d,p))[26] are depicted in Figure 13.
Free 1 retains a C3h symmetry; however, upon complexation,
it undergoes a significant conformational change to attach
the halide anion by three equivalent N�H···X� hydrogen

Figure 10. Formation of [1+X]� ions as a function of NH4X concentration
(X=F, Cl, Br, I) measured separately for each ammonium halide in
methanol. The concentration of 1 was kept constant (�2R10�5

m).

Figure 11. Relative abundance of [1�X]� ions as irradiation time increas-
es. The laser power applied was 20% of the maximum available.

Scheme 2. Fragmentation products for [1+X]� ions (X=F, Cl, Br and I),
HX elimination versus detachment of X�.

Figure 12. [1(D3)+X]�/[1(H3)+X]� ion ratios as a function of irradiation
time to deduce the direction of the H/D isotope effect. The laser power
applied was 10% of the maximum available.

Figure 13. Calculated geometries of [1+F]� , [1+Cl]� and free 1 optimised
at B3PW91/6-31G ACHTUNGTRENNUNG(d,p).
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bonds, resulting in a C3v point-group structure. The most no-
ticeable change in the structural parameters was observed
for the N–H distances. Thus, the average N�H bond length
is 1.01 Q, 1.03 Q and 1.05 Q in free 1, [1+Cl]� and [1+F]� ,
respectively. The F···H distance in the [1+F]� complex is sig-
nificantly shorter than the Cl···H distance in the [1+Cl]�

ion, namely, 1.55 Q and 2.18 Q, respectively.
As mentioned above, only a fluoride-bound dimer

([21+F]�) was observed in the ESI mass spectrum of 1 in
the halide salt mixture, whereas other halides afforded
mono ACHTUNGTRENNUNGmers. For comparison, the geometries of two dimers
[21+F]� and [21+Cl]� were optimised and the results are
shown in Figure 14. The calculated structures show that the

X···H distances in the [21+Cl]� and [21+F]� dimers are
greater than those in the [1+Cl]� and [1+F]� monomers by
0.14 and 0.24 Q, respectively. This indicates less stabilisation
in the formation of a fluoride-bound dimer than for its
chloride analog. Surprisingly, however, the relative dimerisa-
tion energies indicate otherwise (Table 3).

Binding energy : The binding energy of fluoride and chloride
anions to 1 is of great interest because gas-phase IRMPD
measurements and theoretical calculations may be qualita-
tively compared. The computed binding energies of [1+F]� ,
[1+Cl]� and their corresponding dimeric ions are reported
in Table 3 and were calculated according to Equation (1):

DE ¼ Eð½n1�X��Þ�Eðn1Þ�EðX�Þ ð1Þ

in which n=1,2 (energies with zero-point correction, ZPE).
A comparison of the anion-binding energies of fluoride and
chloride to 1 shows that complexation with fluoride is more

exothermic than with chloride (�64.6 and �36.3 kcalmol�1,
respectively). On the other hand, calculated reaction ener-
gies for the loss of HX from [1+X]� indicate that the elimi-
nation of HF is more favourable than the elimination of
HCl [Eq. (2) and (3)]:

½1þF�� ! ½1�H�� þ HF DE ¼ 33:8 kcal mol�1 ð2Þ

½1þCl�� ! ½1�H�� þ HCl DE ¼ 44:5 kcal mol�1 ð3Þ

The two possible dissociation products, Cl� and [1�H]� ,
were observed in the ICR IRMPD studies of the [1+Cl]�

complex. The energy difference for these two pathways was
computed to be 8.2 kcalmol�1, in favour of the formation of
a Cl� anion. Apparently, the gap of 8.2 kcalmol�1 is small
enough for both dissociation products to be observed under
the current experimental conditions. For the [1+F]� com-
plex, the computed difference for the two decomposition
pathways was 30.8 kcalmol�1 in favour of HF loss and
indeed, the only product observed in the IRMPD of [1+F]�

was the [1�H]� anion. These findings indicate that, despite
the stronger fluoride binding in the [1+F]� complex (rela-
tive to Cl�), it loses HF easily. This trend may be extended
reasonably to bromide and iodide complexes with 1 in
which only X� ions were observed as the IRMPD products,
indicating weaker binding of these halides to 1.

Conclusion

NMR titration experiments show an explicit tendency of 1
to complex fluoride ions, and a much lower tendency for
phosphate anions. This interaction is based on hydrogen
bonding, as shown by competition experiments of water
binding. Furthermore, fluoride complexes are dimeric and
the formation of higher aggregates cannot be ruled out. Sup-
port for the possible formation of intermolecular arrays was
obtained from the crystal structure of the bromide-bound
complex. ESI experiments with the four halide salts did not
reveal a strong and selective interaction of 1 with fluoride.
Conversely, they did indicate that formation of [1+X]� ions,
for which X= I and X=Br, in methanol is favoured over
the formation of [1+F]� and [21+F]� together. IRMPD ex-

Figure 14. Geometries of chloride [21+Cl]� and fluoride [21+F]� halide-
bound dimers optimised at B3PW91/6-31G ACHTUNGTRENNUNG(d,p).

Table 3. Calculated total energies, zero-point vibrational energies and
binding energies of [1+X]� (X=F and Cl) anion monomer and dimer
complexes.

Total energy[a]

ACHTUNGTRENNUNG[a.u.]
ZPE[b]

[kcalmol�1]
Binding energy
[kcalmol�1]

1 �667.35863 150.2 –
ACHTUNGTRENNUNG[1�H+]� �666.80359 140.9 –
ACHTUNGTRENNUNG[1+F]� �767.30833 150.6 �64.6
ACHTUNGTRENNUNG[21+F]� �1434.70722 303.0 �87.4
ACHTUNGTRENNUNG[1+Cl]� �1127.66160 150.2 �36.3
ACHTUNGTRENNUNG[21+Cl]� �1795.04777 300.8 �52.8

[a] Calculated at the B3PW91/6-311++G ACHTUNGTRENNUNG(d,p)//B3PW91/6-31G ACHTUNGTRENNUNG(d,p)
level of theory. [b] ZPV energies were calculated at the B3PW91/6-31G-
ACHTUNGTRENNUNG(d,p) level.
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periments showed that [1+X]� ions give rise to X� and neu-
tral 1 (if X=Br, I), and both Cl� (with neutral 1) and
[1�H]� ions (with HCl) (if X=Cl), and if X=F, the dissoci-
ation products are [1�H]� and HF. The order of stabilisa-
tion of [1+X]� ions in the gas phase was Cl>Br> I>F, and
there was a reversed deuterium-isotope effect for the disso-
ciation of 1(D3) (X=Br, I), as expected for N�H bond
strengthening. A comparison of the relative gas-phase stabil-
ity of [1+X]� ions (Cl>Br> I>F) with that observed under
electrospray conditions (I>Br�Cl>F) in methanol indi-
cates the strong solvent effect on the complexation phenom-
enon studied. The only anion that generated a dimer rather
than a monomer is fluoride, which also showed a different
behaviour upon IR activation. There is, therefore, strong
evidence that the complexation of Cl�, Br� and I� is funda-
mentally different from complexation with F�. This is in
agreement with NMR investigations that indicate a particu-
lar complexation behaviour of both F� and H2PO4

� with 1.
In other words, both fluoride and phosphate anions behave
as bases and form aggregates in solution. Additional support
for the basic nature of the fluoride complex, which tends do
undergo low-energy HF elimination, was obtained by appro-
priate DFT calculations. The dissociation experiments in the
gas phase were carried out to evaluate relative association
tendencies in a solventless environment that correlates with
computations. However, because a competing dissociation
process occurs in the case of [1+F]� , it is the gas-phase asso-
ciation process that we should examine. This was not con-
ducted due to experimental limitations.
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