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Influence of the Attachment of a Gold(I) Phosphine Moiety at the 

Upper Rim of a Calix[4]pyrrole on the Binding of 

Tetraalkylammonium Chloride Salts 

Qingqing Sun,[a],[b]‡ Gemma Aragay,[a]‡ Andrea Pinto[c],[d]‡, Elisabet Aguiló[c], Laura Rodríguez[c],[d]* and 

Pablo Ballester[a],[e]* 

Abstract: We report the synthesis of an unprecedented mono-

gold(I) phosphine complex based on a “two wall” aryl-ethynyl 

extended calix[4]pyrrole. We describe and compare the binding 

properties of the parent 10α,20α-bis-aryl-ethynyl calix[4]pyrrole 

ligand and the prepared organometallic compound as receptors for 

tetraalkylammonium chloride salts in dichloromethane and acetone 

solutions. We describe the results of 1H NMR, UV-vis titrations and 

isothermal titration calorimetry (ITC) experiments in DCM and 

acetone solution, aiming to thermodynamically characterize the 

formed complexes. The obtained results indicate a noticeable 

decrease in the binding affinity of the chloride for the mono-gold(I) 

receptor 1 compared to the parent ligand 2. The increase in the 

negative value of the electrostatic surface potential at the center of 

the aromatic ring of the gold(I) meso-aryl-ethynyl substituent serves 

to explain the observed results and the presence in solution of the 

chloride complex of 1 as a mixture of two conformers. 

Introduction 

Calix[4]pyrroles are macrocyclic compounds consisting of four 
pyrrole units linked through their 2 and 5 positions via four tetra-
substituted sp3 hybridized meso carbon atoms.1,2 In non-polar 
solvents, calix[4]pyrroles exist in solution in alternate 
conformations. Remarkably, they are known to undergo a 
conformational change from alternate to cone conformation 
upon anion binding. However, in the solid state, examples of 
bound calix[4]pyrroles with neutral polar substrates 
demonstrated that non-cone conformations are also possible.3,4 

The introduction of two aryl groups in opposed meso-carbons 
renders the so-called “two wall” calix[4]pyrrole as two possible 
constitutional isomers (Figure 1).4,5,6,7,8 In cone conformation, 
the α,α-isomer displays a polar aromatic cleft ideal for the 
binding of mono-atomic spherical anions i.e. chloride. The anion 
establishes four simultaneous hydrogen bonds with the pyrrole 
NHs and it is sandwiched between the opposing meso-aryl 

substituents, which are oriented in a parallel arrangement. 
Calix[4]pyrroles are known to function as heteroditopic receptors 
for ion-pairs, especially in non-polar organic solvents like 
chloroform or dichloromethane.9,10,11,12,13,14 Normally, the cation 
prefers to bind opposite to the anion. That is, it is partially 
included in the shallow and electron rich aromatic cavity defined 
by the four-pyrrole rings in cone conformation that is opposite 
the bound anion. This type of binding geometry of the ion-paired 
complex is referred as a receptor separated binding mode. 
Alternatively, the cation might be located on top of the anion 
resulting in an ion-paired complex with close-contact binding 
mode.10 In more polar organic solvents, like acetone or 
acetonitrile,15,16 the influence of the cation in the binding process 
is reduced owing to the partial dissociation of the salt ion-pair 
and the resulting ion-paired complexes. 
The introduction of electron withdrawing and electron donating 
groups on the para and meta positions of the meso-aryl 
substituents (upper rim) of “two wall” α,α-calix[4]pyrroles 
modulates their binding affinity towards anions.5 Specifically, we 
described that anion binding with aryl-extended calix[4]pyrroles 
decreases with the increase in the number and electron-
donating character of the aromatic substituents. This effect was 
attributed to an increase in the negative value of the electrostatic 
surface potential (ESP) at the centroid of the aryl substituent 
resulting in more repulsive anion-pi interactions.5 

To the best of our knowledge, all described “two wall” α,α-
calix[4]pyrrole receptors display C2v symmetry, that is their two 
meso-aryl substituents are identical. Likewise, the introduction of 
organometallic moieties in the meso-aryl substituents of these 
receptors remains unexplored. 

 

Figure 1. a) Binding equilibrium between the 1,3-alternate conformational 
isomer of a free “two wall” aryl extended calix[4]pyrrole and the corresponding 
1:1 complex with Cl- in cone conformation. b) Energy minimized (MM3) 
structure of the chloride complex. The receptor is shown in stick 
representation and the chloride as CPK model. 

In particular, the introduction of gold(I) alkynyl substituents in the 
meso-aryl groups would provide intrinsic luminescence 
properties to the receptors and their complexes.17 In this sense, 
calix[4]arene receptors modified with alkynyl gold derivatives 
showed changes in their optical properties upon cation 
binding.18,19,20 In addition, this type of substituents endow the 
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supramolecular receptors with the possibility to be involved in 
weak aurophilic interactions (AuꞏꞏꞏAu). 21,22 

Herein, we describe the synthesis of the “two wall” α,α-isomer 
aryl-extended calix[4]pyrrole 1 bearing one gold(I) alkynyl 
substituent in the para-position of only one of the two meso-aryl 
substituents (Scheme 1). We also describe the unusual binding 
properties of the mono-gold(I) alkynyl derivative 1 in 
dichloromethane (DCM) and acetone solutions towards 
tetraalkylammonium chloride salts. As could be expected, 
calix[4]pyrrole 1 acts as an excellent heteroditopic receptor in 
DCM solution, displaying an impressive selectivity for the 
binding of methyl-tri-octyl ammonium chloride (MTOACl) in 
comparison to tetra-butyl ammonium chloride (TBACl). It is 
important to note here that previous reports of 
tetraalkylammonium ion-pairs binding with heteroditopic 
calix[4]pyrrole receptors already demonstrated a large increase 
in the binding affinity of the salts featuring at least one methyl 
substituent in the organic cation. This observation was attributed 
to the superior fit of the methyl group in the shallow aromatic 
cavity opposite to the bound anion.12,23  
In acetone solution, owing to the partial dissociation of the ion-
pairs the binding selectivity of 1 seems to level off. However, in 
both solvents, the resulting 1:1 fully ion-paired complex (DCM) 
or partially dissociated ion-paired complex (acetone) feature the 
bound-host in two different geometries/conformations as inferred 
by the observation of two sets of separate proton signals in their 
1H NMR spectra. Remarkably, the results of Isothermal Titration 
Calorimetry (ITC) experiments, performed in acetone solution for 
the two receptors and tetraalkylammonium salts, fit nicely to a 
simple 1:1 binding model not taking in account ion-pairing 
processes.  

 

Scheme 1. Synthesis of the mono-gold(I) phosphine calix[4]pyrrole derivative 
1. The molecular structure of the parent compound 2, the gold(I) salt precursor 
3 and the model systems 4, 5 and 6 are also shown. 

The derived apparent binding constant values and the results of 
DFT calculations provide support for the existence of stronger 

repulsive chloride-π interactions in the chloride complex of the 
organometallic receptor 1, which might also explain its existence 
in solution as a mixture of conformers. 

Results and Discussion 

Synthesis. 
The synthesis of the gold(I) phosphine calix[4]pyrrole receptor 1 
was carried out starting from 10α,20α-bis(4-
[ethynylphenyl])calix[4]pyrrole 2 as precursor ligand (Scheme 1). 
Compound 2 was prepared following a reported literature 
procedure.24,25  
The bis-alkynyl calix[4]pyrrole 2 was deprotonated by 
suspending it in a KOH methanol solution. DCM was added to 
the above suspension in order to obtain a solution. Next, a DCM 
solution of the AuClPTA precursor complex 3 (PTA = 1,3,5-
triaza-7-phosphaadamantane)26 was added dropwise. After two 
hours of stirring, the reaction mixture was partially concentrated 
and hexane was added to induce the precipitation of a pale 
yellow solid. The mono-gold(I) aryl-ethynyl phosphine derivative 
1 was isolated in moderate yield (60%) after precipitation of the 
solid from a CH2Cl2/hexane mixture. Compound 1 was fully 
characterized by a complete set of high resolution spectra (SI). 
 
Photophysical characterizations. 
The absorption and emission (λexc = 300 nm) spectra of the 
mono-gold(I) phosphine calix[4]pyrrole 1 and the bis-aryl-ethynyl 
parent ligand 2 were recorded in dichloromethane solution (10 
µM). The most relevant absorption and emission bands are 
detailed in Table 1. 
Excitation at 300 nm of a dichloromethane solution of 1 resulted 
in two weak emission bands with maxima at ca. 370 nm and 465 
nm. The bands were assigned to fluorescence and 
phosphorescence 3IL transitions, respectively (SI). The increase 
of intensity of the lowest energy emission band upon oxygen 
removal supports the phosphorescence 3IL emission 
assignment. On the other hand, no significant emission was 
detected for a solution of 2 in the same solvent neither at room 
temperature nor at 77 K. 

Table 1 Absorption (λmax (nm), (ε 10-3 (M-1 cm-1)) and emission (solution, λmax 
(nm)) data of compounds 1 and 2 in 1ꞏ10-5 M dichloromethane solution at 298 
K and 77 K (λexc = 300 nm). Fluo and Phos refer to fluorescence and 
phosphorescence emission bands, respectively. 

Compound Absorption 
Emission 

298K 77K 

2 
243 (38.1), 253sh 
(27.8), 280 (4.15) 

 
 

1 

243 (29.11), 253sh 
(22.06), 274 (24.80), 
288 (26.52), 299 
(21.54) 

339, 370 (Fluo) 
430, 465 (Phos) 

 
430, 470 
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This result is a nice example on how heavy-atom-induced spin-
orbital coupling effects can induce luminescence of non-
emissive chromophores,27,28 in particular, from metal-perturbed 
π-π* excited states localized on aryl-ethynyl ligands through fast 
population of the triplet state by intersystem crossing.29,30 

 

Binding studies of the 10α,20α-bis-aryl-ethynyl 
calix[4]pyrrole 2 with tetraalkylammonium chloride salts  

1H NMR binding studies in DCM solution 
First, we probed the interaction of the parent bis-aryl-ethynyl 
calix[4]pyrrole receptor 2 with TBACl and MTOACl in DCM 
solution using 1H NMR spectroscopy. The 1H NMR spectrum of 
2 in DCM (~ 1 mM) showed sharp and well-resolved proton 
signals in agreement with a C2v symmetry (Figure 2a). The 
incremental addition of TBACl (0.1-12 equiv) to the above 
solution induced chemical shift changes on some of the proton 
signals of 2 (Figure 2 left panel and SI). This observation 
indicated that the binding process with the ion-pair experienced 
fast exchange dynamics on the chemical shift time-scale. The 
NH proton signal of 2 moved downfield (δ ~ + 3.0 ppm) 
suggesting its involvement in hydrogen-bonding interactions with 
the chloride. The aromatic proton signals shifted slightly upfield 
(δ ~ - 0.1 ppm) in response to the chloride-π interactions 
established in the complex Cl⸦2•TBA. One of the β-pyrrole 

protons moved upfield and the other downfield. These chemical 
shift changes are diagnostic that chloride binding is concomitant 
with a change in receptor’s conformation from alternate, in the 
free state, to cone, in the bound receptor (See Figure 1a for 
details in calix[4]pyrrole conformers). Finally, the methylene 
protons alpha to the nitrogen atom of the TBA cation shifted 
downfield as its concentration was increased. This behaviour 
supports the involvement of the TBA cation in the ion-paired 
complex formed in solution, Cl⸦2•TBA, featuring a receptor 
separated binding mode. The TBA cation binds opposite to the 
anion in the electron-rich aromatic cavity defined by the pyrrole 
ring in cone conformation. In this location, it experiences the 
shielding effect of the pyrrole rings and resonates slightly upfield 
(δ = - 0.12 ppm when 0.1 equiv are added) with respect to the 
chemical shift value of the TBA in the TBACl ion-pair (δ = 3.3 
ppm). As the concentration of TBA is increased, the amount of 
TBA in the free ion-pair, TBACl, also increases with respect to 
that bound in the ion-paired complex, Cl⸦2•TBA. This produces 
that the signal of the TBA methylene protons moves towards δ = 
3.3 ppm owing to the fast chemical exchange regime that is 
operative for the equilibrium between the TBA cation in the salt 
ion-pair, TBACl, and ion-paired complex, Cl⸦2•TBA. The partial 
formation of the Cl⸦2•TBA complex in an equimolar mixture of 
the binding partners at a concentration suitable to acquire the 1H 

Figure 2. Left panel) 1H NMR spectra acquired during the titration of 2 (1 mM) with incremental amounts of TBACl in DCM solution: a) 0 equiv; b) 3.0 equiv c) 5.0 
equiv and d) 10 equiv. Right panel) 1H NMR spectra acquired during the titration of 2 (1mM) with incremental amounts of MTOACl in DCM solution: a) 0 equiv; b) 
0.5 equiv; c) 1.0 equiv; and d) 2.0 equiv. See top panel for proton assignment. Primed signals correspond to protons in bound 2. 
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NMR spectrum (1 mM) allowed us to estimate that the binding 
constant of the Cl⸦2•TBA complex considering a 1:1 
stoichiometry must be lower than 104 M-1. The fit of the chemical 
shift changes experienced by the β-pyrrole protons signals 
during the titration to a theoretical binding model was good and 
afforded a more accurate value for the binding constant as 
K(Cl⸦2•TBA) = 2.7 × 102 M-1 (SI). 
The analogous 1H NMR titration of receptor 2 with MTOACl 
provided significant different results (Figure 2, right panel). Thus, 
the addition of 0.5 equiv of MTOACl produced broadening of 
some signals of the receptor, as well as the observation of two 
sets of separate signals of equal intensity for others. One of the 
two sets corresponded to the free receptor, while the new one 
was assigned to the protons in bound 2. In the presence of 1 
equiv of MTOACl only the set of signals corresponding to bound 
2 was detected. The addition of more than 1 equiv of the ion-pair 
salt induced the sharpening of the signals of the receptor but it 
did not produce any chemical shift changes. Taken together, 
these observations indicate that 2 and MTOACl formed a 1:1 
ion-paired complex, Cl⸦2•MTOA, displaying slow/intermediate 
exchange dynamics on the chemical shift timescale between the 
free and bound receptor. We can also estimate that the binding 
constant value for the 1:1 complex K(Cl⸦2•MTOA) is larger than 
104 M-1, owing to its almost quantitative formation in an 
equimolar mixture of the binding partners. In analogy to the TBA 
cation, the MTOA cation must be also located in the electron-
rich and shallow cavity defined by the pyrrole rings of bound 2. 
The methyl group, alpha to the nitrogen atom of the MTOA 
cation, resonates highly upfield shifted (δ = 0.19 ppm) owing to 
its deeper inclusion in the aromatic cavity, where it experiences 
the strong shielding effect caused by the four aromatic pyrrole 
rings. The methylene groups alpha to the nitrogen atom of the 
MTOA cation are more exposed and affected to a lesser extent. 
We also assigned a separated receptor binding geometry to the 
Cl⸦2•MTOA complex. When more than 1 equiv of MTOACl is 
added, the signals of the methyl and methylene proton atoms 
alpha to the nitrogen start moving downfield. This dynamic 
behaviour derives from fast chemical exchange process that 
exists between the MTOA cation in free and bound ion-pairs, 
MTOACl and Cl⸦2•MTOA, respectively. 
The increase in affinity constant for the Cl⸦2•MTOA complex 
(estimated as > 104 M-1) compared to that of the Cl⸦2•TBA 
counterpart (K(Cl⸦2•TBA) = 2.7 × 102 M-1) supports that 
receptor 2 is acting as a heteroditopic receptor in DCM solution. 
The superior fit of the methyl group of the MTOA cation in the 
aromatic cavity opposed to the bound chloride is mainly 
responsible of the observed selectivity. 
 
UV-vis titrations in DCM solution 
In order to determine an accurate value for the binding constant 
of the Cl⸦2•MTOA complex, we also probed the binding process 
using UV-vis titrations ([2] = 20 µM). We observed a non-
monotonic behaviour for the absorbance changes at most 
wavelengths (Figure 3). For example, at the maximum of the 
band centred at 242 nm, the absorbance intensity decreased 
until the addition of 6.4 equiv and started to increase when more 
equivalents of the salt were added. This biphasic behaviour 

suggested the co-existence in solution, at this lower 
concentration, of the anionic chloride complex [Cl⸦2]ˉ and the 
ion-paired counterpart Cl⸦2•MTOA in significant extents. Flood 
and co-workers analysed 1H NMR titration data of a 
triazolophane receptor with TBACl in DCM solution, displaying 
fast chemical exchange on the chemical shift timescale, as well 
as the corresponding UV-vis data using an elaborated binding 
model. 31  We applied a closely related binding model, which 
considers the ion-pairing of the MTOACl salt (Kip), the formation 
of the 1:1 chloride anionic complex, [Cl⸦2]ˉ, (K1:1) and its 
subsequent ion-pairing to yield the ternary complex Cl⸦2•MTOA 
(K1:1ip), to perform the mathematical analysis of the UV-vis 
titration data using the HypSpec software.32 It is worth to note 
that the unrestricted factor analysis in HypSpec of the UV-vis 
titration data already revealed three mathematically significant 
light absorbing species. During the fit, we fixed the value of the 
ion-pairing constant of the MTOACl salt as Kip = 3.0 × 104 M-1.31 
We manually optimized the values of K[Cl⸦2]ˉ and 
K(Cl⸦2•MTOA). The returned values for the best fit, which also 
provided sensible UV-vis spectra for [Cl⸦2]ˉ and Cl⸦2•MTOA, 
were K[Cl⸦2]ˉ = 6.3 × 104 M-1 and K(Cl⸦2•MTOA) = 6.3 × 108 
M-2. Based on Fuoss’ law, 33  as well as in previous results 
reported by Flood and co-workers, the equilibrium constant of 
complex ion-pairing constant K([Cl⸦2]ˉ ‹-› Cl⸦2•MTOA) should 
be smaller than the Kip of the MTOACl salt. Based on the values 
returned from the fit, we calculated K([Cl⸦2]ˉ ‹-› Cl⸦2•MTOA) = 
1.0 × 104 M-1. The value is in agreement with our expectations, 
thus providing some indication of the quality and fit of the data 
analysis. If the Cl⸦2•MTOA complex is considered to have a 1:1 
stoichiometry, its apparent average binding constant can be 
estimated as K(Cl⸦2•MTOA) = (6.3 × 108 M-2)1/2 = 2.5 × 104 M-1. 
In doing so, we can determine that the Cl⸦2•MTOA complex is 
two orders of magnitude more stable than the Cl⸦2•TBA 
analogue. 

  

Figure 3. UV-vis spectra acquired for the titration of 2 (20µM) with MTOACl (0-
52 equiv) in DCM solution. Inset: Fit of the titration data to the extended 
binding model at 239 nm. The biphasic behaviour of the titration data is nicely 
reproduced by the extended binding model (see text for details). 
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The analogous titration of 2 with incremental amounts of TBACl 
lead to a steady diminution of absorbance. Even after the 
addition of 32 equiv of the salt, we did not reach the saturation 
point. We concluded that the observed spectral changes were 
not suitable for further mathematical analysis of the binding 
process. Most likely, at this concentration ([2] = 20 µM) the 
extent at which the complexes (anionic and ion-paired) are 
formed in solution is low and the absorbance changes might be 
mainly related to the increase of the dielectric constant of the 
media. 
Taken together, the results of the UV-vis titrations support that at 
μM concentrations the anionic complex [Cl⸦2]- is present at very 
low concentrations and the ion-paired counterpart, 
independently of the cation, is the almost exclusive complex 
formed in solution. This finding is a direct consequence of the 
fact that the values of the ion-pairing constant in DCM for the 
salts and complexes are larger than 104 M-1. 

ITC titration in DCM solution 
The binding of MTOACl with receptor 2 in DCM was also 
investigated by isothermal titration calorimetry (ITC). 
Noteworthy, the resulting binding isotherm showed a single 
sigmoidal behaviour that nicely fits to a simple 1:1 binding model 
(SI). The determined apparent binding constant was 
K(Cl⸦2•MTOA) = 6.0±0.5 × 104 M-1, which is in the same order 
of magnitude to the one estimated for the formation of the 
complex in a single step from the UV-vis titration (vide supra). 
The binding of chloride to receptor 2 is enthalpically driven and 
highly exothermic, as might be expected for a binding process in 
taking place in a non-polar solvent.  

Binding studies of the mono-gold(I) phosphine 
calix[4]pyrrole derivative 1 with tetraalkylammonium 
chloride salts  
Having clarified the binding properties of the parent ligand 2 
towards MTOACl and TBACl in DCM solution, we felt prepared 
to analyse those of the organometallic gold(I) derivative 1. 

General considerations 
The substitution of the terminal alkynyl hydrogen atom of an 
aryl-ethynyl substituent by a gold(I)•PTA residue should have a 
strong impact on the electronic properties of the phenyl group. 
We therefore performed DFT calculations in order to determine 
the modification of the electrostatic surface potential (ESP) at 
the centre of the aromatic ring provoked by this substitution. We 
computed the ESPs of 1-ethynyl-4-methyl benzene 4 and [2-[4-
(methyl)phenyl]ethynyl](1,3,5-triaza-7-phosphaadamantane-
P)Au(I) 5 (Scheme 1), as model systems of the two different 
aromatic walls present in the mono-gold(I) phosphine 
calix[4]pyrrole derivative 1, at the BP8634,35-D336/def2-SVP level 
of theory using GAUSSIAN version 09 (Figure 4).37  
As shown in Figure 4, the introduction of the gold(I)•PTA as 
terminal residue of the ethynyl substituent doubles the ESP 
value at the centre of the aryl ring. This result indicates that the 

aryl ring with the gold(I)•PTA unit becomes more electron rich 
and prone to be involved in a more repulsive anion-π interaction 
than an analogous compound with a simple ethynyl substituent. 

 

Figure 4. Calculated ESP values for the model systems 4 and 5 of the 
aromatic walls in 1. ESP cubes mapped at electron density value of 0.0004 
a.u. 

We estimated that ESP values of the order of -12 kcal/mol at the 
centre of the aromatic ring corresponded to a free energy value 
of the chloride-π interaction close to 0 kcal/mol. We also 
demonstrated the existence of a linear-relationship between 
ESP and G values for chloride-π interactions.5 By 
extrapolation of this linear relationship, we assign a significant 
repulsive interaction, G  0.8 kcal mol-1, between the anion 
and the aryl of the gold(I)-ethynyl phosphine substituent (ESP = 
-32 kcal mol-1). 
 
1H NMR titrations in DCM solution. 

We first probed the interaction of mono-gold(I) phosphine 
calix[4]pyrrole derivative 1 with MTOACl and TBACl using 1H 
NMR spectroscopy. Calix[4]pyrrole 1 has a reduced solubility in 
DCM solution. Its 1H NMR spectrum in DCM solution showed 
four aromatic proton signals in agreement with a Cs symmetry. 
The aromatic protons for the ethynyl substituted meso-phenyl 
group resonate as doublets at δ = 7.34 and 6.92 ppm. The latter 
signal corresponds to the aromatic proton ortho to the meso-
carbon. In turn, the aromatic protons of the meso-phenyl bearing 
the p-ethynyl gold(I)•PTA substituent appear slightly upfield 
shifted at δ = 7.19 and 6.81 ppm (Figure 5a - left panel). The 
difference observed in chemical shifts is in agreement with the 
meso-phenyl having the pristine ethynyl substituent being more 
electron-poor, as it is also derived from the DFT calculations. 
The protons of the PTA ligand appear as three separate signals. 
Two doublets corresponding to the axial and equatorial protons 
of the six-membered ring containing the three nitrogen atoms 
and one singlet for the methylene protons connecting the 
nitrogen atoms to the phosphorus. The four chemically non-
equivalent β-pyrrole proton (Hb1-Hb4) produced only two 
separate signals. The addition of incremental amounts of each 
salt to separate DCM solutions of 1 produced changes in the 
registered 1H NMR spectra that are identical to those described 
by the parent ligand 2 in the corresponding previous section. 
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The most relevant changes are the downfield shift of the pyrrole 
NH protons of the bound receptor indicating the involvement of 
these protons in hydrogen bonding interactions with the bound 
anion. In short, the mono-gold(I) phosphine 1 also acts as a 
heteroditopic receptor for ion-pairs in DCM solution. 38  The 
obtained results served to estimate that the binding constant 
K(Cl⸦1•MTOA) is still larger than 104 M-1. On the other hand, the 
fit of the chemical shift changes experienced by the protons of 1 
in the titration with TBACl to a 1:1 binding model assigns the 
value of K(Cl⸦1•TBA) lower than 50 M-1 (Figure 5– left panel 
and SI). The reduction in the magnitude of the binding constant 
for the Cl⸦1•TBA compared to that of Cl⸦2•TBA can be used to 
assign a value of 0.6 kcal mol-1 as a minimum estimate of the 
chloride-π interaction that putatively operates in the former. 
Gratifyingly, this value is in the same order of magnitude with 
our predictions. 
Noteworthy, we encountered a much-unexpected observation in 
the 1H NMR titration experiments of 1 in DCM solution. That is, 

the appearance of second set of signals for the bound receptor 1 
(Figure 5 - left panel). These signals became visible when we 
added the salt over the equimolar point and remained as low 
intensity signals after further incremental addition. We surmised 
that the ion-paired chloride complex of 1 could be present in 
solution as a mixture of two conformers of the bound receptor. 

Attempts to perform UV-vis titrations of 1 in DCM solution. 
We titrated a solution of 1 in DCM ([1] = 10 µM) with incremental 
amounts of MTOACl (0- 75 equiv) maintaining the concentration 
of the receptor constant throughout the titration. We observed 
the steady decrease of the absorbance of all the bands in 
response to the addition of the salt. Surprisingly to us, the 
change of absorbance did not reach saturation or showed signs 
of a biphasic behaviour as observed for 2. The UV-vis titration of 
1 in DCM solution using TBACl displayed an identical behaviour 
(SI).  

Figure 5. Left panel) Downfield region of the 1H NMR spectra acquired during the titration of 1 (1 mM) with incremental amounts of TBACl in DCM solution: a) 0 
equiv; b) 0.5 equiv; c) 1.0 equiv; d) 2.0 equiv and e) 3.0 equiv. Right panel) Downfield region of the 1H NMR spectra acquired during the titration of 1 (1mM) with 
incremental amounts of TBACl in acetone-d6 solution: a) 0 equiv; b) 0.5 equiv; c) 1.0 equiv; d) 2.0 equiv and e) 3.0 equiv. See top panel for proton assignment. 
Primed signals correspond to protons in bound 1. Black arrows correspond to a new set of emerging proton signals for the bound 1. 

10.1002/chem.201905160

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

 
 
 
 
 

We prepared the organometallic gold complex 2-phenyl-ethynyl-
(1,3,5-triaza-7- phosphaadamantane-P)Au(I), 6 (Scheme 1), as 
model system of the metallated aromatic wall of 1, in order to 
examine the effect caused by the incremental addition of 
tetraalkylammonium chloride salts on its absorption spectrum. 
We were surprised to discover that the absorbance of the UV-vis 
spectrum of 6 in DCM solution decreased as the amount of the 
salt increased (SI). Based on these results, we concluded that 
UV-vis spectroscopy is not a suitable technique to study the 
binding of chloride to the mono-gold(I) alkynyl receptor 1. The 
absorption spectrum of the chromophore is modified in response 
to a process that is not directly related to the chloride binding. 

Additional 1H NMR titrations of 1 in acetone solution. 
In order to gain further evidence of the presence of two chloride 
complexes of 2 in solution, possibly a mixture of conformers, we 
performed additional titration experiments of 1 with the two salts 
in acetone solution. In acetone solution, the ion-pairing is 
expected to be weaker and this might facilitate the formation of 
the second chloride complex to a different extent. Moreover, the 
oxygen atom of acetone is a good hydrogen bond acceptor. The 
putative formation of hydrogen bonds between the solvent and 
dangling pyrrole NHs could favour the chloride bound receptor to 
adopt other conformations than the cone. In this respect, we 
observed in the solid-state that “two wall” calix[4]pyrroles adopt 
alternate conformation when bound to polar solvents like 
acetone or acetonitrile (see SI for X-ray of 2).4,39 
The gold(I) metallated calix[4]pyrrole 1 also features a very 
reduced solubility in acetone-d6. We titrated 1 mM solutions of 1 
with incremental amounts of both salts, TBACl and MTOACl, in 
separate NMR tubes. Contrary to the experiments carried out in 
DCM solution, but in agreement with our expectations, the 
results of the titrations with the two salts are quite similar. In 
short, the more polar environment provided by acetone 
minimizes ion-pairing and 1 behaves mainly as a monotopic 
anion receptor (Figure 5 – right panel and SI). 
In both titrations, the chloride binding saturates after the addition 
of 1 equiv of the salt. The addition of more than 1 equiv of the 
salt induces small changes in the protons of the bound receptors. 
All in all, these results are consistent with a binding affinity of 1 
for chloride in acetone-d6 solution, K[Cl⸦1]̄ˉ, larger than 104 M-1.  
Unfortunately, at this point, the lack of accurate binding constant 
values for the [Cl⸦1]̄ˉ and [Cl⸦2]̄ˉ 40  anionic complexes in 
acetone-d6 does not allow us to test our theoretical predictions in 
favour of the energetically more favourable [Cl⸦2]̄ˉ complex, 
owing to the reduced repulsive chloride-π interactions (see 
section on ITC experiments in acetone to overcome this 
limitation). 
 

Molecular Modelling Studies 

The results above show that the [Cl⸦2]̄ˉ anionic complex 
(acetone solution) and its ion-paired counterparts 
Cl⸦2•TBA/MTOA (DCM solutions) are present in solution as 
single conformers featuring a unique binding geometry in the 
latter case. In striking contrast, the complexes of the mono-
gold(I) phosphine calix[4]pyrrole 1 exist in solution as mixture of 

two conformers and possibly with different binding geometries. 
We ascribed this difference to the existence of stronger 
repulsive chloride-π interactions41,42 in the case of the [Cl⸦1]̄ˉ 
complex. These energetic repulsions might induce the bound 
receptor to adopt a conformation different from the cone. The 
increase in repulsive chloride-π interactions derives from the 
more electron rich nature of the meso-phenyl ring equipped with 
the gold(I)•PTA ethynyl substituent that is present in 1. For the 
same token, the alkynyl π-system covalently bound to the AuI 
atom largely increases its electron density and may energetically 
favour the location of the tetraalkylammonium cation close to it 
instead of opposed to the bound chloride. This arrangement of 
the anion and the cation will result in the formation of an ion-
paired complex with close-contact binding geometry having an 
energy in par with the alternative receptor-separated binding 
mode even when the bound receptor adopts the cone 
conformation. For ion-paired complexes in which the bound 
receptor is not in cone conformation, the close-contact binding 
geometry should be likely preferred. 
In order to assign relative energies and structures to the different 
binding modes hypothesized for the [Cl⸦1]̄ˉ complex we 
performed DFT calculation at the BP8634,35-D336 def2-SVP level 
of theory and a continuum solvent model using GAUSSIAN 09.37 
Figure 6 depicts the energy-minimized structures of the [Cl1]̄ˉ 
complexes in which the receptor adopts cone and half-cone 
conformations. For a fairer comparison of energies, we 
introduced an implicit molecule of acetone in the structures. This 
molecule satisfies the hydrogen-bonding needs of the dangling 
NH pyrrole on the half-cone bound receptor conformation. The 
calculations assign an energetic advantage of 2.2 kcal mol-1 to 
the [Cl1]̄ˉ complex with the receptor in cone conformation 
(Figure 6a). 

 

Figure 6. Energy minimized structures BP86-D3 def2-SVP of [Cl⸦1]̄ˉ: a) 
receptor in cone conformation; b) receptor in half-cone conformation. The 
receptor is shown in ball and stick representation. The chloride and the implicit 
acetone as CPK models. The gold atom is displayed as scaled ball and stick 
representation. The calculation assigns an energy advantage of 2.2 Kcal mol-1 
to the complex with the receptor in cone conformation. 

We postulate that the two sets of proton signals observed for 
bound 1 in the 1H NMR titrations performed in DCM-d2 and 
acetone-d6 correspond to the two binding geometries of the 
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[Cl1]̄ˉ complex. 43 , 44  The one featuring receptor 1 in cone 
conformation is energetically favoured and present in solution 
largely. We did not compute the structures for the receptor 
separated or close contact ion-paired complexes of 
Cl1•TBA/MTOA because experimentally the cation exchange 
between the free and bound state is fast on the chemical shift 
timescale and also a putative chemical exchange between the 
two sites of the complex should also take place in the same 
dynamic regime. Consequently, cation exchange processes 
cannot be considered as responsible for the observation of two 
separate proton signals of the bound receptor. 

Isothermal Titration Calorimetry Experiments in acetone. 

The assessment of accurate values for the binding constants of 
the anionic complexes formed in acetone was not possible using 
UV-vis titrations. The absorbance of the solvent is in the range 
of the absorbance of receptors 1 and 2. Instead, we performed 
isothermal titration calorimetry (ITC) experiments (direct and 
reverse titrations) to characterize thermodynamically the binding 
processes of both tetraalkylammonium chloride salts, TBACl and 
MTOACl, with the two receptors 1 and 2. 
In all cases, the resulting exothermic binding isotherms showed 
a single sigmoidal behaviour with the inflexion point centred at a 
1:1, receptor:salt, ratio. Consequently, we fit all isotherms using 
a simple 1:1 binding model and the thermodynamic parameters 
returned from the fit (H and Ka) are referred as apparent values 
owing to the simplification of the model used, which does not 
take into account the ion-pairing processes that might occur in 
this solvent. In other words, we consider that at the 
concentrations used for the titration, both the salt and the 
complex are almost fully dissociated. Table 2 summarizes the 
thermodynamic parameters determined from the ITC 
experiments. 

Table 2. Apparent binding constants (Ka, M-1), enthalpies (H, Kcal mol-1) 
and free energies (G, Kcal mol-1) of the binding equilibria of 1 and 2 with 
TAACl salts (TAA = TBA+ or MTOA+) in acetone at 295 K using direct ITC 
titrations.45 

Receptor 1 2 

Salt TBACl MTOACl TBACl MTOACl 

Ka ×10-4 1.0 ± 0.1a 2.4 ± 0.2a 4.8 ± 0.4b 7.1 ± 0.9b 

ΔH -3.6 ± 0.2a -2.1 ± 0.4a -3.0 ± 0.1b -3.4 ± 0.1b 

ΔG -5.3 ± 0.1 -6.0 ± 0.1 -6.3 ± 0.1 -6.5 ± 0.1 

a Ka and H are the average values from two independent direct titrations (salt 
over receptor). Errors are reported as standard deviation. b Ka and H are the 
average values from one direct titration (salt over receptor) and one reverse 
titration (receptor over salt). Errors are reported as standard deviation of the 
two measurements. 

We can draw several conclusions from the listed data. Firstly, for 
a given receptor the determined value of the binding constant for 
its anionic chloride complex should be identical, independently 
of the salt used as chloride precursor. This would be the 
expected result if anionic complexes and salts were completely 
dissociated. However, the obtained results show differences in 
the binding constant determined for the two salts with a single 

receptor. For example, the value of Ka[Cl1]̄ˉ is slightly larger 
(double) when MTOACl is used as chloride precursor instead of 
TBACl. This finding is also observed with receptor 2. Most likely, 
these results derive from not fully dissociation of ion-pairs in 
acetone solution. Nevertheless, we consider that in acetone 
solution the effect of the cation (doubling the Ka values) is 
markedly reduced compared to DCM solution (two orders of 
magnitude difference in Ka values). Secondly, we have now 
accurate values for the apparent binding constants of the two 
receptors with chloride, which although not being identical, they 
can be used to calculate the effect exerted by the putative 
chloride-π interaction operative in the complexes with receptor 1. 
Thus by subtracting the free energies of binding of the two 
complexes produced by the two salt precursors, we derived a 
value between 1 – 0.5 kcal mol-1 for the repulsive interaction. 
This estimate agrees nicely with the calculated one using DFT 
calculations (0.8 kcal mol-1) on model systems (vide supra). 
Finally, the binding of chloride in both receptors is both enthalpy 
and entropy driven. The entropic term is an important 
component to binding. This observation indicates the importance 
of the solvation and desolvation processes that take place in 
polar organic solvents i.e. acetone for the binding of chloride 
through hydrogen-bonding interactions in deep and polar 
aromatic clefts. 

Conclusions 

In summary, we report the synthesis of an unprecedented 
organometallic “two wall” α,α-calix[4]pyrrole 1 featuring a gold(I) 
phosphine covalently attached to one of its two para-ethynyl 
groups in the meso-aryl substituents. In DCM solution, the 
parent ligand 2 and its mono-gold(I) derivative 1 act as 
heteroditopic receptors in the binding of tetraalkylammonium 
chloride salts producing 1:1 ion-paired complexes. The two 
receptors show high selectivity and affinity for the binding of 
methyl-tri-octyl ammonium chloride (MTOACl) compared to 
tetra-butyl ammonium chloride (TBACl) owing to the better fit of 
the methyl group of the MTOA cation in the shallow aromatic 
cavity opposed to the anion binding site. Moreover, we 
calculated that the Cl⸦1•TBA complex is energetically 
destabilized with respect to the Cl⸦2•TBA analogue by ~ 0.6 
kcal mol-1 because of stronger repulsive chloride-π interactions. 
The experimentally determined value is in agreement with the 
one derived from DFT calculations using model systems 4 and 
5. The increase in the negative ESP value at the centre of the 
phenyl ring displaying the para-gold(I) phosphine ethynyl 
substituent is responsible for this deleterious effect and possibly 
for the existence in solution of the Cl⸦1•TBA/MTOA complexes 
as a mixtures of two conformers. In the chlorinated solvent, the 
binding constant values of Cl⸦1•MTOA and Cl⸦2•MTOA are too 
large (> 104 M-1) to be measured accurately using 1H NMR 
spectroscopy. At µM concentrations, UV-vis titrations in DCM 
solution revealed the co-existence of the anionic chloride 
complex [Cl⸦2]ˉ and its ion-paired Cl⸦2•MTOA counterpart. We 
assessed their stability constant using an elaborated binding 
model. Unfortunately, the results of the UV-vis titrations of 1 in 
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DCM were hampered by spectroscopic changes resulting from a 
non-specific interaction between the chloride and the gold(I) 
aryl-ethynyl residue. 
In acetone solution, compounds 1 and 2 mainly function as 
homotopic receptors for chloride. The stability constants of the 
anionic chloride complexes, [Cl⸦1]ˉ and [Cl⸦2]ˉ are estimated to 
be larger than 104 M-1 by 1H NMR experiments. The [Cl⸦1]ˉ 
complex is also present as a mixture of two conformers in 
solution with an slight increase on the amount of the minor 
component in comparison to DCM. Using ITC experiments, we 
determined accurate but apparent binding constant values for 
the two anionic complexes and demonstrated that the cation 
effect of the salts is markedly reduced in this solvent. We also 
determined that in acetone the difference in energy between 
[Cl⸦1]ˉ and [Cl⸦2]ˉ is in the range of 1 – 0.5 kcal mol-1 in favour 
of the later.  

Experimental Section 

Synthesis of [Au{10α,20α-bis(4-
[ethynylphenyl])calix[4]pyrrole}-(PTA)] (1). A solution of 
[AuCl(PTA)] (32 mg, 0.08 mmol) in CH2Cl2 (5 mL) was added to 
a solution of KOH (5 mg, 0.089 mmol) and 10α,20α-bis(4-
[ethynylphenyl])calix[4]pyrrole (50 mg, 0.083 mmol) in a mixture 
of MeOH (10 mL) and DCM (4 mL). After 2 hours of stirring at 
room temperature, the resulting pale yellow solution was 
concentrated to ca. 10 mL, and n-hexane (10 mL) was added to 
precipitate a pale yellow solid. The filtered solid was 
recrystallized in CH2Cl2/Hexane solution and isolated by 
filtration.46 Yield: 60 % (45 mg). 1H NMR (400 MHz, (CD3)2CO): 
8.77 (br, 2H, N-H), 8.71 (br, 2H, N-H), 7.33 (d, 2H, J = 8.4 Hz), 
7.12 (d, 2H, J = 8.4 Hz), 6.92 (d, 2H, J = 8.4 Hz), 6.77 (d, 2H, J 
= 8.4 Hz), 5.78 (m, 4H), 5.60 (s, 2H), 5.56 (s, 2H), 4.65-4.48 (d, 
3H, J = 12.8 Hz, N-CH2-N), 4.50-4.45 (d, 3H, J = 12.8 Hz, N-
CH2-N ), 4.36 (s, 6H, P-CH2-N), 3.58 (s, 1H, CC-H), 1.87 (s, 
3H, CH3), 1.83 (s, 3H, CH3), 1.65 (s, 6H, CH3), 1.48 (s, 6H, CH3). 
31P{1H} NMR (162 MHz, (CD3)2CO): -47.0 ppm. ESI-MS (+) m/z 
([M + H]+ for C48H51AuN7P: 954.40, found 954.40. IR (KBr, cm-1): 
3413 ν(N-H), 3105 ν(C≡C-H), 2092 ν(C≡C), 1637 ν(C=O), 1590 
ν(C=N). 
 
Theorethical calculations. The energy-minimized structures 
shown in the manuscript were obtained using GAUSSIAN 09. 
The structures were optimized using DFT-dispersion method 
BP86-D3-def2-SVP level of theory and a continuum solvent 
model. 
 
For full experimental details, please check the Supporting 
Information document. 
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