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Abstract: In this study, the ligand exchange mechanism at a
biomimetic ZnII centre, embedded in a pocket mimicking the
possible constrains induced by a proteic structure, is explored.
The residence time of different guest ligands (dimeth-
ylformamide, acetonitrile and ethanol) inside the cavity of a
calix[6]arene-based tris(imidazole) tetrahedral zinc complex
was probed using 1D EXchange SpectroscopY NMR experi-
ments. A strong dependence of residence time on water
content was observed with no exchange occurring under
anhydrous conditions, even in the presence of a large excess

of guest ligand. These results advocate for an associative
exchange mechanism involving the transient exo-coordina-
tion of a water molecule, giving rise to 5-coordinate ZnII

intermediates, and inversion of the pyramid at the ZnII centre.
Theoretical modelling by DFT confirmed that the associative
mechanism is at stake. These results are particularly relevant
in the context of the understanding of kinetic stability/lability
in Zn proteins and highlight the key role that a single water
molecule can play in catalysing ligand exchange and
controlling the lability of ZnII in proteins.

Introduction

Ligand exchange is at the basis of transition metal catalysis and
has for many years been the subject of numerous studies, the
essence of which is described in textbooks as following an
associative or a dissociative mechanism.[1] The mechanism
depends essentially on the nature and oxidation state of the
metal ion, but also on its first coordination sphere and more
specifically its geometry and the number and nature of the
ligands that tune the ion Lewis acidity. Metal ions in an
octahedral and square-base environment are the prototypes of
dissociative and associative mechanisms, respectively, whereas
for tetrahedral (Td) and 5-coordinate metal ions, ligand

exchange can be either dissociative or associative. Ligand
exchange is also at the heart of metallo-enzyme catalysis.[2] The
proteic pocket where the metal ion is located defines not only
the number and nature of amino-acid residues present in the
metal ion first and second coordination spheres, but also the
space available for exogenous binding. This space restricts the
number of accessible labile sites and is controlled by the
channel giving access to the catalytic metal ion.

In the biological context, water plays a variety of key roles.
It is of course the solvent, hence present in large quantity and
theoretically fully available. It is, however, absent in membranes
and located at very specific positions in proteins. In enzymes, it
can be a reactant (in hydration and hydrolyses reactions for
example), a proton provider or acceptor, especially in redox
reactions, or just a relay. In metallo-enzymes more specifically,
water molecules often play the role of labile ligand completing
the coordination sphere of the catalytic metal ion in its resting
state.[3–6] In mono-oxygenases, water plays a key role in the
regulation of the catalytic activity as its dissociation is required
for O2 activation.[7] In the case of hydrolytic zinc enzymes, the
metal is most often bound to three amino acid residues,
generally histidine (His), and a water molecule completes its
coordination sphere in a tetrahedral environment.[6] This water
molecule can then either be activated by deprotonation,
thereby giving rise to a hydroxide ion at physiological pH (such
as in carbonic anhydrases),[8] activated by a hydrogen-bonded
general base (e.g., in metallo-peptidases),[9] or displaced by the
substrate (e.g., alcohol dehydrogenases)[10] or an inhibitor.[11]

This raises questions relative to the role of water molecules in
substrate binding, product release, as well as in inhibitor
efficiency when the latter presents a coordinating site.
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Model complexes can help provide insight, at the molecular
level, into metallo-enzyme catalysis. Of particular interest are
metal complexes with a biomimetic first coordination sphere
and a cavity surrounding the labile site.[12–13] With regards to the
specific role of water molecules, “funnel complexes” based on
calix[6]arene-based tris(imidazole) ligands[14] have provided
interesting and unique information on the possible key roles of
water molecules in the activity of a biomimetic metal ion
(Figure 1). It has, for example, been shown that the number of
water molecules embedded in the calix[6]arene funnel cavity
determines the redox potential of a copper centre, shifting an
irreversible system at very high potential (Ep

Ox= +0.75 V vs. Fc)
in the absence of water, to a very low potential (Ep

Red= � 0.35 V)
when a single molecule of water is bound in the cavity, and to
a fully reversible state (E°’=0.13 V) when two molecules fill the
cavity.[15] This highlights that water molecules are able to
control the redox activity of a biomimetic metal centre.

Two types of aqua-metal complexes have been reported
with the calix[6]arene-based tris(imidazole) system. The first
type of complexes has a water molecule coordinated to the
metal centre in the endo position, inside the cavity. When the
calixarene presents six tBu groups at its large rim, as in the case
of ligand 1’ (Figure 1b), it has been shown with a ZnII complex
that a second water molecule, H-bonded to the first one, is also
embedded in the cavity thus optimizing its filling.[16–18] The
second type of complexes are those with a water molecule
bound in the exo position, when an organic guest ligand sits

selectively in the endo position. This leads to a 5-coordinate
metal centre, as observed with CuII complexes based on ligand
1 (Figure 1c).[19] In all cases, the endo-bound molecules can be
selectively exchanged for a variety of organic guest ligands.

We are interested in the mechanism of guest exchange
within the biomimetic calix[6]-tris(imidazole) cavity (Figure 1a).
With 5-coordinate CuII complexes and 4-coordinate CuI com-
plexes we have shown that guest ligand exchange is dissocia-
tive proceeding through 3- and 4-coordinate intermediates,
respectively, with empty cavities.[20] While, the thermodynamics
of guest ligand exchange with tetrahedral ZnII complexes has
been studied in detail,[21] fundamental questions remain unan-
swered regarding the exchange mechanism. The objective of
the study reported here is to decipher the mechanism of guest
ligand exchange at the level of biomimetic 4-coordinate ZnII

centres, and the possible role of water molecules in the
mechanism. To do this, the residence time of three different
guests (G=dimethylformamide, acetonitrile and ethanol) inside
the calixarene cavity of the biomimetic calix[6]-tris(imidazole)
was probed, under different conditions, using 1D EXSY (EX-
change SpectroscopY) NMR experiments.[22] Theoretical model-
ling was also undertaken.

Results and Discussion

Possible guest exchange mechanisms

Theoretically, three mechanisms can be envisaged for guest-
exchange with calix[6]arene-ZnII complexes based on ligand 1
(complex A, 1.Zn2+�G, Figure 2):
a) The associative endo-exchange mechanism (Figure 2, path a),

with the threading in of a new guest molecule and in situ
replacement of a guest already present. Such a mechanism, at
work in classical Td ZnII complexes devoid of cavity constrains,
can however be ruled out because of the shape of the cavity;
the size of the small rim that surrounds the labile metal
coordination site impedes the simultaneous coordination of an
incoming and an outgoing guest (as in intermediate B).

b) The dissociative mechanism (Figure 2, path b), where the guest
trapped inside the calixarene cavity leaves the cavity, thus
enabling a new guest to enter. Such a mechanism appears, a
priori, highly unfavorable as it leads to the transient formation
of a 3-coordinate dicationic complex (intermediate C), which is
a rare if not unknown species due to the high Lewis acidy of
ZnII in such an electronically poor environment.

c) The associative exo-assisted exchange mechanism (Figure 2,
path c). The first step in this case is the exo-coordination of
a ligand L at the level of the zinc dication, which gives rise
to a 5-coordinate ZnII centre with a trigonal bipyramidal
(Tbp) geometry (intermediate D). The endo-coordinated
guest then leaves the calixarene cavity (4-coordinate
intermediate E), thus enabling the endo-coordination of a
new guest. The subsequent decoordination of the exo-
ligand restores the starting tetrahedral geometry. The exo-
ligand L could be the solvent, or even the guest itself, but
water is of course also a likely candidate.

Figure 1. Supramolecular biomimetic systems obtained with calix[6]arene-
based tris(imidazole) funnel metal complexes: a) molecular and schematized
representation of the ZnII complexes obtained with the calix[6]-tris
(imidazole) ligands 1 or 1’; b) XRD structures of the aqua-ZnII complex
1’.Zn2+�2H2O, model for the active site of carbonic anhydrase, with water
molecules represented as a red sphere;[17] c) XRD structures of the CuII

acetonitrile complex 1.Cu2+�MeCN presenting a water ligand (red sphere)
selectively bound in the exo-position.[20]
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Kinetic models for the dissociative and exo-assisted exchange
mechanisms

If only the dissociative exchange mechanism (Figure 2, path b)
takes place, the release of an encapsulated guest is described
by the equilibrium between the host-guest complex and the
empty calixarene host [Eq. (1)]. The inverse of the residence
time t� 1G of the guest inside the calixarene cavity is then given
by Equation (2).[23]

1:Zn2þ � G|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
A

<
kout

kin
�! �� 1:Zn2þ

|fflfflffl{zfflfflffl}
C

þGZS > ð1Þ

t� 1G ¼ kout (2)

With the associative exo-assisted exchange mechanism
(Figure 2, path c), two equilibria must be considered: the
equilibrium between the host-guest complex and the complex
with an exo-coordinated ligand [Eq. (3)] and the equilibrium
between the latter and the exo-coordinated empty host
[Eq. (4)]. The inverse of the residence time of the guest inside
the calixarene cavity [Eq. (5)] depends consequently not only on
the kinetic constant that describes the release of guest G from
the exo-coordinated intermediate, k’out, but also on the affinity
constant K1 (= kon/koff), that characterizes the affinity of the host-
guest complex for the exo ligand L.[23]

1:Zn2þ � G|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
A

þ L
kon

koff
�! �� 1:Zn2þL � G|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

D
(3)

1:Zn2þL � G|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
D

k0out

k0in

�! �� 1:Zn2þL|fflfflfflffl{zfflfflfflffl}
E

þG
(4)

t� 1G ¼
k0out K1 L½ �
1þ K1 L½ � (5)

Should both mechanisms take place, the inverse of the
residence time in the cavity will then be given by
Equation (6):[23]

t� 1G ¼
kout þ k0out K1 L½ �

1þ K1 L½ � (6)

By measuring the residence time of the guest in the cavity
as a function of [L] (the concentration of potential exo-ligand),
it should thus be possible to determine if the proposed exo-
assisted exchange mechanism is at stake. Residence times can
be determined using 1D NMR EXSY experiments, which were
undertaken with three different guests : DMF, MeCN and EtOH.

1H NMR characterization of the host-guest ZnII complexes of
the calix[6]-tris(imidazole)

The DMF, MeCN and EtOH adducts of calix[6]-tris(imidazole),
1.Zn2+�G, can be readily generated in a non-coordinating
solvent by solubilizing the aqua ZnII complex 1.Zn2+�(H2O)2 in
the presence of the coordinating guest that replaces the two
water molecules present inside the calix[6]arene cavity. The 1H
NMR spectra of these host-guest complexes, recorded in CD2Cl2
at 298 K, are displayed in Figure 3.[23] As previously observed in
CDCl3,

[21] these complexes present a 1H NMR signature charac-
teristic of a C3V symmetrical calix[6]arene-based species adopt-
ing a major flattened conformation (ΔδtBu and ΔδArH>0.5 ppm).
The simultaneous presence of up-field shifted signals
(<0.5 ppm), characteristic of the guest embedded in the cavity,
and of signals for the free ligand indicates a slow exchange
regime relative to the NMR chemical shift time scale. In the case
of the EtOH adduct, the signal of the included guest is
broadened at RT and narrows down when decreasing
temperature,[23] indicating that in this case guest exchange is
not infinitely slow at RT.

The binding affinities for ethanol and acetonitrile relative to
dimethylformamide were determined via competitive 1H NMR
titration experiments: KEtOH/DMF (298 K)=0.7�0.1 and KMeCN/DMF

(298 K)=0.21�0.03.[24]

1D EXSY experiments with MeCN and DMF

As guest exchange is slow on the chemical shift timescale, the
residence time of the guest molecules in host 1.Zn2+ can be
determined by selective inversion 1D EXSY experiments. These
experiments yield more reliable results than line-shape analysis

Figure 2. Possible mechanisms for guest exchange within host 1.Zn2+�G.
Path a: associative endo-exchange mechanism; path b: dissociative exchange
mechanism with a 3-coordinated intermediate state; path c: associative exo-
assisted exchange mechanism with 5- and 4-coordinate intermediate states.
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and have already been used to study several supramolecular
host-guest complexes, including calixarene-based systems.[25]

Selective excitation at the frequency of a signal of the included
guest in the high-field region of the spectrum was performed.

Experiments to evaluate the possible role of water in the
exchange mechanism were carried out first with the non-protic
guests MeCN and DMF.[23] Considering that water is a compet-
itor for the calixarene cavity, all experiments were undertaken
with a large excess of guest (i. e., 32 equiv. DMF, 42 equiv.
MeCN) to ensure that even at the higher water concentrations
all cavities are filled with the guest. Starting with near
anhydrous host-guest solutions, various quantities of water
were added to the NMR tube. Water concentration was
determined via signal integration (relative to the signals of the
host of known concentration). The inverse of the residence
times of the guests was determined as a function of water
concentration and the results are reported in Figure 4, clearly
showing a strong dependence of the residence time of the
guest on water content.

The NMR spectra of the two systems did not change upon
the addition of water (except for the water signal) hence
suggesting that the 4-coordinate host-guest complex remains
the only detectable species. Considering this and the water
concentrations used for the experiments, the product K1[L] in
Equation (6) can be considered negligible compared to 1.
Equation (6) can thus be reduced to the linear expression given
by Equation (7):

t� 1G ¼ kout þ k
0

out K1 L½ � (7)

Equation (7) was fitted to the variation of the inverse of the
residence time of the included guest as a function of water
concentration (Figure 4). The fitting yields a slope (k’outK1) which
is one order of magnitude smaller when DMF is the guest,
compared to MeCN (0.50�0.05 and 5.2�0.5 s� 1M� 1, respec-
tively). Extrapolation to pure anhydrous conditions suggests
that little, or no, exchange occurs in the total absence of water
for both guests. It is however quantitatively difficult to
determine the water concentration and the residence time
under such conditions, and the dissociative mechanism cannot
be formally ruled out but, if present, it is clearly negligible (kout

Figure 3. 1H NMR spectra (600 MHz) of 1.Zn2+�Guest in CD2Cl2 under low water content (less than 10 equiv. water) at 298 K (a) [1.Zn2+]=8.7×10� 4 M;
32 equiv. DMF; (b) [1.Zn2+]=1.46×10� 3 M; 42 equiv. MeCN; (c) [1.Zn2+]=1.24×10� 3 M; 120 equiv. EtOH. s: solvent.

Figure 4. Dependence of the inverse of the residence time (t� 1
G ) of MeCN

([1.Zn2+]=1.24 mM, 42 equiv. MeCN), and DMF ([1.Zn2+]=0.87 mM,
32 equiv. DMF) as a function of water concentration, derived from 1D EXSY
experiments undertaken at 298 K in CD2Cl2.

[23] Fitting (solid lines) according
to Equation (7) (L=H2O).
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�0 s� 1). The results advocate that the associative exchange
mechanism implicating the transient exo-coordination of water
is at stake both with DMF and MeCN. As all experiments were
undertaken with a large excess of guest, to ensure that all
cavities are always filled with the guest, and as negligible
exchange was observed in the absence of water, these guests
clearly do not play the role of exo-ligand. A hypothesis that can
be put forward is that they are sterically too hindered to
interact with the zinc centre at the level of the imidazole
moieties via exo-coordination.

The thermodynamic and kinetic data obtained deserve
some further comments. The relative affinity KMeCN/DMF (298 K)=
0.21 indicates that DMF is more strongly bound to the ZnII

centre than MeCN, in accordance with its higher Lewis donor
ability. This advocates for a more enthalpically costing metal-
guest bond cleavage, and thus a smaller k’out value. Indeed, the
stronger the metal to ligand bond, the slower the dissociation
step. DMF, as the best donor guest, also makes the ZnII centre
less Lewis acidic, and consequently, the coordination of a fifth
ligand, namely here water, less enthalpically favorable. Con-
sequently, the K1 value is probably smaller for DMF than for
MeCN. The k’outK1 product for DMF is thus expected to be
smaller than for MeCN, which is consistent with the EXSY
measurements. This also suggests that the rate determining
step for ligand exchange lies somewhere in between intermedi-
ates D and E (Figure 2, path c).

1D EXSY experiments with the protic guest EtOH

The signals of the encapsulated EtOH at 298 K are broad,
qualitatively indicating that the rate of guest exchange is faster
with EtOH than with DMF and MeCN at this temperature. EXSY
NMR experiments with various water concentrations were
carried out with EtOH at 253 K.[23] It is clear that the linewidth of
the methyl signal of the encapsulated guest (at~ � 1.55 ppm) is
sensitive to water concentration (Figure 5a), further proof of the
effect of water concentration on the exchange kinetics. As

observed with MeCN and DMF, the inverse of the residence
time of EtOH in host 1.Zn2+ increases with water concentration
and is negligible at low water concentration (Figure 5b).
Compared to the two other guests the observed variation is
clearly not linear, but it is consistently at least one order of
magnitude larger (e.g., the inverse of the residence time for
[H2O]=5 mM is around 0.2 s� 1 for EtOH, 0.025 s� 1 for MeCN and
0.002 s� 1 for DMF).

Interestingly, when more EtOH was added to the solution
containing ca. 14 mM water, a significant decrease of the
exchange kinetics was observed (by a factor of approximately 4,
Figure 5b). The explanation that can be put forward to explain
the non-linearity and the decrease in the kinetics upon EtOH
addition, is that in dichloromethane, which is a relatively apolar
solvent, EtOH will interact with the water molecules, which are
consequently less prone to coordinate the metal centre and act
as catalyst for the guest exchange. The effect of the concen-
tration of EtOH on the exchange process at constant water
concentration was also scrutinized. A systematic decrease of the
exchange kinetics was observed with increasing EtOH concen-
tration (Figure 5c).[26] This clearly also confirms that EtOH does
not play the role of exo-ligand leading to exchange catalysis.

Computer modelling studies

The mechanism for guest exchange was further explored
through theoretical modelling, with MeCN as guest. The
dissociative and associative mechanisms (Figure 2, paths b and
c) were scrutinized by DFT modelling using the BP86-D3
calculation method.[23] For simplicity, the alkyl groups of the
imidazole moieties were replaced by hydrogen atoms.

In the associative pathway (Figure 6, right) the exo-coordi-
nation of a water molecule leads to the formation of a 5-
coordinate trigonal bipyramidal ZnII intermediate (D) that
exhibits some distortion along the z axis. This intermediate has
an energy which is only +24 kJ/mol above that of the starting
tetrahedral complex (A).[27] The second step leads to a new 4-

Figure 5. a) 1H NMR signal of the included guest methyl group of 1.Zn2+�EtOH in CD2Cl2 at 253 K (600 MHz, [1.Zn2+]=1.24 mM, 53 equiv. EtOH), in the
presence of (bottom) 0.3 equiv. of water and (top) 9 equiv. of water; b) Corresponding dependence of the inverse of the residence time (t� 1

G ) of EtOH as a
function of water concentration.[23] The cross depicts the evolution of the kinetic of exchange of EtOH upon addition of an extra 37 equiv. EtOH; c) Inverse of
the residence time (t� 1

G ) of EtOH in the host cavity at 253 K as a function of EtOH concentration ([1.Zn2+]=1.8 mM, 13�1 equiv. H2O, CDCl3).
[23]
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coordinate species (E’), where the coordination link between
the acetonitrile donor and ZnII is broken. The MeCN guest
remains included in the calixarene cavity but reorients itself
with the N atom no longer oriented towards the metal ion. In
this high-energy intermediate (+81 kJ/mol above the previous
intermediate), ZnII sits in a flattened tetrahedral geometry due
to steric constrains imposed by the bonds to the imidazole
groups of the calixarene structure. The empty cavity species is
obtained in the next step, leading to the intermediate (E) with
an energy 14 kJ/mol below the energy of the host/guest
intermediate E’. This energy profile suggests that the transition
state is close to the high-energy intermediate E’ located
between the penta-coordinated system, with the endo-com-
plexed guest and exo-complexed water molecule, and the
tetracoordinated system E with the empty cavity and exo-
coordinated water molecule. Various trials to find its exact
positioning were unsuccessful, which is probably due to the
flatness of the potential energy surface around intermediates E’
and E. It is noteworthy that intermediate host-guest complexes
devoid of a coordination bond to the cavity guest have been
experimentally detected, by low-temperature 1H NMR studies of
nitrilo ligand exchange in calix[6]-based copper(I) complexes;
no information on their exact structure was however
obtained.[28]

In the dissociative pathway (Figure 6, left), the initial step
consists in the cleavage of the bond between the MeCN guest
and ZnII, leading to a three-coordinate intermediate C’, where
ZnII sits in a distorted trigonal planar environment. Interestingly,
in this intermediate, as in the associative pathway (structure E’),
the MeCN molecule is still embedded in the cavity with an “up-
side down” orientation. Expulsion of the MeCN guest in the
second step, leads to the empty cavity intermediate C, which is
of similar energy. As previously, the exact positioning of the
transition state could not be found but intermediate C’, which
is the one with the highest energy, should be a good
approximation. Thus, the overall activation energy of the
dissociative pathway should be no less than 125 kJ/mol,

compared to 105 kJ/mol for the associative pathway, the latter
value including an overestimated water molecule solvation
energy.[27] A more remarkable difference is observed when
comparing the dissociation barriers of the tetrahedral complex
(>125 kJ/mol) and aqua-trigonal-bipyramidal complex (>81 kJ/
mol). This significant difference is a consequence of the relative
stabilities of corresponding dissociation products. Indeed, the
overall free energy cost of the expulsion of acetonitrile in the
dissociative pathway leading to the trigonal product C (from
the initial 4-coordinate compound A) is 120 kJ/mol, whereas it
is only 66 kJ/mol in the associative pathway (starting from the
5-coordinate D) leading to the inversed tetrahedral (aqua)Zn
complex E. This large activation energy difference highlights an
impressive difference in the lability of the ZnII ligands when in a
4- or 5-coordinated system.

The unexpected existence of intermediates C’ et E’ indicates
that the opening of the tBu door has a significant energy cost,
as it was experimentally evidenced with CuI funnel complexes.
The fact that the orientation of MeCN is inverted in these
intermediates may be related to this opening process, with the
smaller CN group of the MeCN guest offering favourable CH- π
interactions with the tBu door. Another interesting information
is provided by the related modification of the geometry at the
ZnII centre. It remains slightly pyramidal with an endo
orientation of the pyramid for the tricoordinate intermediates
(C and C’). In contrast, the pyramid is inverted, although very
flat, for intermediates E and E’, to enable the exo-coordination
of water. These distortions are indicative of steric constrains
induced by the calixarene core, which becomes more flattened
than initially. This geometry change at the ZnII centre projects
the tBu groups towards each other, a phenomenon which is
stronger when the pyramid is inverted such as in E and E’, in
agreement with the higher energy release from E’ to E,
compared to C’ to C.

From these modelling studies, we can confidently propose
that the dissociative mechanism leading to 3-coordinate
intermediates is highly unlikely, being much more energy

Figure 6. Comparison of the two pathways energetics in dichloromethane (BP86-D3, SMD solvation model).[23] Free energy (in kJ/mol) is calculated with
respect to 1 M standard state. See Figure 2 for naming of the different species involved in both pathways.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202102184

13735Chem. Eur. J. 2021, 27, 13730–13738 www.chemeurj.org © 2021 Wiley-VCH GmbH

Wiley VCH Dienstag, 21.09.2021

2155 / 215065 [S. 13735/13738] 1

https://doi.org/10.1002/chem.202102184


demanding compared to the associative one that leads to more
stable 5-coordinate intermediates.

In order to further validate the computational model, a
variable temperature study was undertaken with 1.Zn2+

�MeCN. EXSY data were recorded in the 308 to 288 K temper-
ature range and an Eyring-type regression was applied to the
measured rate constants.[23] This regression yields values for the
difference in enthalpy (26�2 kJ/mol) and entropy (� 125�8 J/
mol.K) between species A and E’ (Figure 6). The highly negative
entropy value is in full agreement with the proposed transition
state that involves the flip of the embedded acetonitrile guest
in the ternary adduct (CalixZn/MeCN/H2O). The positive en-
thalpy value substantiates a rate determining step implying
cleavage of the metal-guest bond (Zn-MeCN). The correspond-
ing difference in free energy at 298 K (63�3 kJ/mol) is some-
what smaller than the computed value but this can be
rationalized by the fact that the solvation energy of a free water
molecule is largely overestimated in the computational
model.[23]

Discussion and Conclusion

Although ligand-exchange in ZnII complexes has been the
subject of many studies,[29] often in water, little has been
reported for tetrahedral dicationic complexes. The main reason
stems from their scarcity. Indeed, in a 4-coordinate environment
with only neutral ligands, the ZnII metal centre displays strong
Lewis acidity and residual water present in the solvent
classically ionizes to give rise to monocationic hydroxo
complexes, which, in turn, readily undergo dimerization. The Td,
dicationic aqua ZnII complex based on the tris(imidazole) core
of ligand 1 was, when published, the first of its kind.[16]

Intriguingly, such a Td neutral donor environment is common
in Zn enzymes because the proteic pocket isolates the
mononuclear centre, preventing its dimerization, and provides
a stabilizing second coordination sphere. With the biomimetic
Funnel ZnII complex based on 1, the calixarene structure not
only controls the second coordination sphere, with H-bond
acceptors in the vicinity of the endo-coordination site (occupied
by the guest-ligand), but also a cavity space that restricts access
to the metal centre (although open to the solvent) and
precludes simultaneous coordination of two guest ligands in
the endo position. Yet, guest ligand occurs, the mechanism of
which was to date unclear.

The studies herein reported have unambiguously shown
that:
(i) A dissociative guest ligand exchange mechanism that

would give rise to a 3-coordinate dicationic complex as an
intermediate is not operating.

(ii) Guest ligand exchange occurs through an associative
mechanism that involves double exchange and inversion of
the pyramid at the ZnII centre.

(iii) A single water molecule plays the role of a catalyst by
transiently coordinating the ZnII centre in the exo position,
trans to the guest-ligand, thereby allowing the guest-ligand
to leave the cavity.

(iv) Among the tested molecules (water, a nitrile, an alcohol
and an amide), only a water molecule appears to be able
to play this role of catalyst.

(v) The activity of the water molecule is modulated by its
environment, being more or less available as a ligand in
the presence/absence of H-bond donors or acceptors (e.g.,
EtOH).
The water molecule plays, in the system studied, a role

similar to that of a hemi labile ligand in the previously reported
calix[6]-based funnel complexes capped by a phenol group.[30]

Most interestingly, a mechanism involving a hemi labile ligand
and double displacement and inversion of the pyramid at a Td
ZnII centre has been proposed for substrate binding and
product release in some enzymes. In Horse Liver Alcohol
Deshydrogenase,[31] it has, for example, been shown that a
glutamate residue (Figure 7) participates in a double-displace-
ment interchange mechanism, via a trigonal bipyramidal
geometry. The residue displaces, in a first step, the water
molecule bound to the metal ion, and in a second step, the
substrate oxygen (an alcohol) displaces the glutamate residue
to give rise to the structure observed in the ternary complexes
(enzyme/cofactor NAD+/alcohol substrate). The water dissoci-
ates from the enzyme through the hydrophobic substrate
binding barrel, and the substrate then enters the channel and
binds to the zinc ion. Similarly, the active-site zinc in human
glutathione-dependent formaldehyde dehydrogenase under-
goes coenzyme-induced displacement and transient coordina-
tion to a highly conserved glutamate residue during the
catalytic cycle.[32] The glutamate residue in these enzymes plays
the same role as the water molecule in our system.

The fact that the ZnII ion in such a Td constrained environ-
ment becomes totally inert in the absence of a catalytic donor
(the smallest being a water molecule) may well explain different
important phenomena observed in Zn proteins such as the
high kinetic stability of Td Zn sites, in Zn fingers, but also of
enzymes such as carbonic anhydrase.[33] It may also be of
relevance in the destabilization of MII binding to proteins when
a ligand or a mutation leads to small structural changes around
the metal binding site that can open access to water. Hence,
the very high energy of trigonal ZnII complexes and the
consequent requirement of a ligand associative assistance for
ligand exchange, the role of which can be played by a water
molecule, probably also plays a key role in for trafficking,
transport, and reactivity of Zn in cells.[6,34–35]

Figure 7. Schematic representation of the double displacement, interchange
mechanism for substrate binding/product release proposed for horse liver
alcohol deshydrogenase.[31]
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Experimental Section
General experimental methods: 1H NMR spectra were recorded on
a Varian 600 MHz spectrometer. 2D NMR spectra (COSY, HSQC and
ROESY) were recorded to complete signal assignments. NMR
parameters (acquisition time, recycling times, and signal accumu-
lation) were chosen to ensure that quantitative data could be
obtained from signal integration in the 1D 1H spectra. The exact
concentration of the receptor in the different solutions was
determined using an external reference of known concentration.
Concentrations of guest and water were determined by signal
integration relative to the host signals. The near anhydrous
conditions were obtained by adding molecular sieves into the NMR
tubes. Traces of residual solvent were used as an internal chemical
shift reference. Chemical shifts were quoted on the δ scale.
Calixarene 1 was synthesized as described in the literature.[21]

Determination of the relative affinity of Guest 1compared to
Guest 2 in DCM-d2 via 1H NMR competitive binding studies: A
known amount of equivalents of Guest 1 and Guest 2 were added
in 600 μL of a CD2Cl2 solution of complex 1.Zn2+ . Distinct signals
were observed for both the complexes and for the free guests,
indicating slow exchange on the chemical shift time scale. The
integrations of the signals corresponding to free guests and the
included guests were used to calculate relative affinity defined as
[Guest2in]/[ Guest1in] x [Guest1Free]/[ Guest2Free] (errors estimated
�20%).

1D EXSY NMR experiments: 1D EXSY experiments were recorded
using a gradient-selected (DPFGSE) sequence with iburp2 shaped
pulses with selective excitation applied at the frequency of a signal
of the guest buried inside the calixarene cavity. The evolution with
mixing time τm of the normalized integrated intensity of the signals
of the bound and free guests was monitored. The integrated
intensities at equilibrium, Iin° and Iout°, were measured in a
spectrum obtained with a single 90° pulse recorded with identical
receiver gain (generally 32 transients with acquisition time and
relaxation delay tailored for each system). The pseudo first order
rate constants characterizing the exchange between coordinated
and free guest were determined as the initial slope of the signal
intensity ratio (Iout/Iin)/(Iout°/Iin°) as a function of mixing time.

Computational modelling was performed using RI-DFT (BP86
functional[36] with D3BJ dispersion correction[37]) as implemented in
Orca v.4.2.1software.[38] For geometry optimization and frequency
calculations, def2-SVP basis set was used on C, H, O and N atoms
and def2-TZVP on Zn.[39] Final electronic energies were calculated
using def2-TZVP basis set on all atoms and SMD[40] solvation model
with dichloromethane as solvent. Structures of dissociation inter-
mediates were obtained from PES scan and optimized using the
same model as described above.
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