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Submerging a Biomimetic Metallo-Receptor in Water for
Molecular Recognition: Micellar Incorporation or Water
Solubilization? A Case Study

SolHne Collin,[a] Arnaud Parrot,[a] Lionel Marcelis,[b] Emilio Brunetti,[b, c] Ivan Jabin,[c]

Gilles Bruylants,[b] Kristin Bartik,*[b] and Olivia Reinaud*[a]

Abstract: Molecular recognition in water is an important

topic, but a challenging task due to the very competitive
nature of the medium. The focus of this study is the compar-

ison of two different strategies for the water solubilization of

a biomimetic metallo-receptor based on a poly(imidazole)
resorcinarene core. The first relies on a new synthetic path

for the introduction of hydrophilic substituents on the re-
ceptor, at a remote distance from the coordination site. The

second involves the incorporation of the organosoluble met-
allo-receptor into dodecylphosphocholine (DPC) micelles,

which mimic the proteic surrounding of the active site of

metallo-enzymes. The resorcinarene ligand can be trans-
ferred into water through both strategies, in which it binds

ZnII over a wide pH window. Quite surprisingly, very similar

metal ion affinities, pH responses, and recognition properties
were observed with both strategies. The systems behave as

remarkable receptors for small organic anions in water at

near-physiological pH. These results show that, provided the
biomimetic site is well structured and presents a recognition

pocket, the micellar environment has very little impact on
either metal ion binding or guest hosting. Hence, micellar in-

corporation represents an easy alternative to difficult syn-
thetic work, even for the binding of charged species (metal

cations or anions), which opens new perspectives for molec-

ular recognition in water, whether for sensing, transport, or
catalysis.

Introduction

The study of molecular recognition processes in water is a field
of great interest, not only for the elaboration of efficient and

selective sensors for environmental analyses or the develop-
ment of green catalysts, but also for the elucidation of biologi-

cal processes.[1] The major difficulties encountered in water,

compared to organic solvents, stem from the intrinsic proper-
ties of this solvent.[2] Indeed, it provides a very competitive

medium for electrostatic interactions, and particularly for direc-

tional H-bonding interactions. It is thus necessary to invoke
other types of stabilizing effects in order to extract analytes

from water. The hydrophobic effect[3] can be exploited for ana-
lytes that present an apolar component in their structure.[4, 5]

For highly polar compounds, such as small anions,[6, 7] coordina-
tion to a metal cation[8–10] can provide an efficient means of

shifting the equilibria towards the formation of a host–guest

adduct, that is, a metal complex.[11] However, water is also a
strong competitor in the case of metal coordination due to its
good donor ability in its neutral form or as hydroxide. In
Nature, and in particular in the case of proteins, this problem

is circumvented[12] as the metallo active sites are generally as-
sociated with a well-defined hydrophobic cavity that also plays

a major role in substrate recognition.
Inspired by this design, we are developing biomimetic

cavity-based metal complexes as a tool for molecular recogni-
tion.[13] A common feature of these so-called “funnel” or “bowl”
complexes is a hydrophobic cavity in the vicinity of a coordi-

nated metal ion, with which it acts in synergy for guest bind-
ing. The funnel complexes, based on a flexible calix[6]arene

core, have been shown to display remarkable recognition

properties towards neutral guests, presenting both good
donor ability for metal ion binding and good shape comple-

mentarity of the cone cavity (Figure 1, left).[14–17] Surprisingly,
most of these complexes have proven to be resistant to anion

binding, making them unusually selective.[18] This has been at-
tributed to electrostatic repulsion by the oxygen-rich narrow
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rim as a second coordination sphere. In contrast, rigid bowl-

shaped resorcinarene-based metal complexes, offering a very
different second coordination sphere and shape, display strong

affinity towards small anionic guests.[19]

Our most recently described bowl complex, based on the

new ligand Rim4,[20] is depicted in Scheme 1. In this system, the
resorcinarene is functionalized at its large rim with four imida-

zole arms, three of which firmly hold the ZnII ion at the en-

trance of the bowl-shaped cavity, whereas the fourth is hemila-
bile. We have shown that this hemilabile arm assists the depro-

tonation of a neutral guest molecule, which can then bind as
an anion to the metal center. It has also been shown to pro-

mote the selective base-catalyzed hydration of acetonitrile to
afford acetamide, which we term “a third degree of biomime-

tism”.[20] In our quest towards more biomimetism, the follow-

ing aspects have been considered: i) the solvent for the natural
systems, that is, enzymes, is water ; and ii) in soluble enzymes,

the active site is surrounded by a large proteic structure,
mostly hydrophobic at its core, whereas a polar surface en-

sures its solubility in water.
To address this new aspect of biomimetism, two different

strategies have been considered for water-solubilization of the

Rim4ZnII system. The first strategy involves the incorporation of

hydrophilic moieties into the macrocyclic structure. This re-

quires careful synthetic design to avoid interaction between
the hydrophilic moieties and the metal ion and often necessi-

tates laborious synthetic work. Such a strategy has previously
been successfully applied to various funnel complexes, as illus-

trated by tris(imidazole)ZnII-based and trenCuII-based calix[6]ar-
ene systems, which serve as selective receptors for lipophilic

primary amines in water.[21, 22] The second strategy relies on in-

corporation of an organo-soluble metal complex into micelles.
This has been previously exemplified for a metallo-receptor

with a uranyl-salophen complex for anion binding.[23, 24] More
recently, we have reported the successful incorporation of a

calix[6]arene ZnII funnel complex into DPC micelles and have
shown that the system retains its hosting properties towards

amines at physiological pH. However, none of these funnel

complexes are capable of recognizing anions, even lipophilic
ones.[25]

Here, we report a study that compares two different strat-
egies for water-solubilization of a resorcinarene-based metallo-

receptor (Figure 1, right) for the recognition of small organic
guests that are bound in their anionic form (Figure 1, right):

direct solubilization of the ligand in water, which will then sur-

round the metallo-receptor, or encapsulation into a zwitterion-

Figure 1. Left : A water-soluble funnel complex. Right: two strategies for water solubilization of a resorcinarene-based ZnII receptor, the subject of this article.

Scheme 1. Schematic structure and general host–guest behavior of complex Rim4ZnII in MeCN. G(@) denotes an anionic guest ligand and S denotes a solvent
or water molecule.
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ic micelle that will mimic the hydrophobic environment provid-
ed by the proteic backbone of natural systems.

Results and Discussion

Synthesis of the water-soluble ligand WRim4

We have recently described a strategy for transforming an
organo-soluble ligand based on a resorcinarene macrocycle

bearing three imidazole groups (so-called Rim3)[26] into a

water-soluble version through the introduction of quaternary
ammonium groups as “feet”.[27] The synthesis of WRim4 fol-

lowed a similar strategy (Scheme 2), but using pyridinium moi-
eties as water-solubilizing feet, according to a procedure

adapted from that previously reported by Rebek et al. for deep
cavitands.[28]

The tetrabromo derivative 1 was obtained according to a

previously reported route, in three steps from resorcinol.[29]

After protection of the OH groups as silyl ethers, the resulting

compound 2 was treated with n-butyllithium and paraformal-
dehyde to provide the corresponding tetra(alcohol) derivative
3. The four imidazole groups were grafted onto the large rim
using 2-chloromethyl-1-methyl-1H-imidazole with NaH to give

compound 4. Deprotection of the OH groups afforded product
5, which was then reacted with chloromethylsulfonate (MsCl)
and heated in pyridine to afford the target compound WRim4

as its chloride salt. Its 1H NMR spectra in CD3OD and D2O are
displayed in Figure 2 and compared to that of Rim4 in CDCl3.

As for the Rim4 parent system in CDCl3, the 1H NMR spectra
of WRim4 feature sharp and well-defined peaks in CD3OD as

well as in D2O, consistent with a C4v-symmetrical structure
(Figure 2). Comparison of the spectra in different solvents

gives some insights into the relative environments of the pro-
tons. Several features can be discerned: all imidazole peaks dis-

play very similar d values (between 6.8 and 7.1 ppm, peaks la-
beled a and b). In contrast, the aromatic protons of the resorci-

narene structure (labeled h) give rise to signals at very different

Scheme 2. Synthesis of the water-soluble ligand WRim4. (i) TIPSCl, imidazole,
DMF, 82 %; (ii) nBuLi, paraformaldehyde, THF, @78 8C then rt, 45 %; (iii) N-
methylchloromethylimidazolium hydrochloride, NaH, DMF, 0 8C then rt;
(iv) TFA, THF/H2O (1:1), 93 % overall yield from 3 ; (v) MsCl, pyridine, rt then
100 8C, 60 %.

Figure 2. 1H NMR spectra of Rim4 systems in different media. From top to bottom: A) WRim4 in CD3OD (500 MHz); B) WRim4 in water (4 mm, pD 7.4,
500 MHz); C) MRim4 in water (0.5 mm, pD 7.4, 20 mm DPC, 600 MHz); D) Rim4 in CDCl3 (600 MHz).
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d values, emphasizing the different environments provided by

the solvents. Varying the pD from 2 to 11 led to shifts of the
resonances corresponding to the imidazole arms due to differ-

ent protonation states (Figure 3 and Figure S5 in the Support-
ing Information). As for the previously reported WRim3 ligand,

WRim4 is fully protonated at pD<3.8, and undergoes progres-
sive deprotonation up to pD 7. At pD>7, the NMR spectra
showed no further change, consistent with deprotonation of

all four imidazole donors. From the displacement of the chemi-
cal shifts according to pD, an average pKa of 5.7 was deter-

mined for the four imidazole arms.

Incorporation of Rim4 into micelles

We recently described a very efficient means of incorporating

a macrocyclic cationic metallo-receptor into micelles.[25] The re-
ceptor, a calix[6]arene-based ZnII complex,[30] was successfully

incorporated into dodecylphosphocholine (DPC) micelles, and
the incorporated complex was observed to be stable over a

wide pH range. We have now tested the same strategy with
Rim4. Due to its insolubility in water as a neutral compound, it

was incorporated into the micelles at low pH, at which it is in

protonated form.
The corresponding NMR spectrum confirmed its solubiliza-

tion in a fully protonated state. Once incorporated, the ligand
remains inside the micelles at neutral and high pH, at which it

is in its basic form (Figure 2 c). A 1H NMR study at variable pH
revealed that it remains fully protonated at up to pD&4, and

undergoes complete deprotonation at pD 8 (Figure 3 and Fig-

ure S6). The average pKa of the imidazole arms of MRim4 is 6.3,
which represents a shift of 0.6 pH units compared with WRim4.

ZnII complexation by WRim4 and MRim4

The ZnII complexes were readily obtained upon addition of
one equivalent of ZnII to millimolar solutions of either WRim4

or MRim4 in water at neutral pH. The Rim4ZnII complex could
also be directly and efficiently incorporated into DPC micelles
at neutral pH (Scheme 3), and it gave rise to an NMR signature
identical to that of MRim4 at neutral pH after the addition of
ZnII. DOSY spectra recorded for the MRim4ZnII system clearly
showed the same diffusion coefficient for the surfactant and

receptor (Figure S10), proving the incorporation of the ligand.
The stabilities of the two Rim4ZnII systems were monitored as
a function of pD by 1H NMR spectroscopy, and the spectra are

presented in Figure 4. At low pD (<4), the NMR signature cor-
responds to the protonated ligand, which indicates that zinc is

not coordinated. As the pD is raised, the resonances of the imi-
dazole arms start to shift upfield, indicative of formation of the

ZnII complex. At intermediate pD (6–8), the spectra indicate full

complexation of ZnII. At high pD (>8), decomplexation starts
to occur, as indicated by the emergence of new peaks in the

aromatic region attributable to the free ligand, most probably
associated with the formation of zinc hydroxide.[31]

The complexes are stable over wide pD ranges. For
WRim4ZnII (2.5 mm), the 50 % stability window is 4.9–8.7,

Figure 3. Evolution of the 1H NMR spectra of MRim4 (0.5 mm, 20 mm DPC, left) and WRim4 (2.5 mm, right) in D2O as a function of pD (the full spectra are dis-
played in Figures S5 and S6). From acidic to basic conditions: tetraprotonated ligand (blue dots), the fully deprotonated ligand (green dots), and mixtures of
protonated products between the pH extremes. The highlighted peaks correspond to, from left to right: Hb and Ha (imidazoles) and Hf (methylene bridges).
The peak that does not shift with pH corresponds to the aromatic proton of the resorcinol units (Hh, see assignments in Figure 2). Right: normalized variations
with pH of the chemical shifts of the dotted signals.
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whereas for MRim4ZnII (0.5 mm complex; 20 mm DPC) it is 5.6–
9.8 (see Figures S8–S11). The pD window of stability observed

for the micellar system spans slightly more basic values, consis-
tent with the slightly higher pKa value of the free ligand when

incorporated into the micelles (see Table 1). Due to the multi-

ple equilibria, the NMR studies did not allow identification of
the protonation state of the guest (water or hydroxide), nor

the possible protonation of one imidazole arm of the Zn com-
plexes, as previously evidenced in MeCN (see above).

The binding constants for ZnII at pH 7 were measured by iso-
thermal titration calorimetry (ITC; Figures S9 and S12) and the
corresponding thermodynamic parameters are reported in

Table 1, together with those previously reported for Rim4 in
acetonitrile[20] for comparison purposes.

In water, the binding constants of Zn2 + to WRim4 and
MRim4 are surprisingly similar (K’Zn ca. 104 m@1), with only small

differences in the enthalpic and entropic components, in spite
of the very different micro-environments surrounding the re-

Scheme 3. Two pathways for obtaining MRim4ZnII. a) Incorporation of the ligand into DPC micelles at low pH followed by neutralization of the medium and
ZnII complexation; b) direct incorporation of the isolated organo-soluble complex at pH 7. S denotes a molecule of organic solvent; W denotes H2O or HO@ .

Figure 4. Evolution of the 1H NMR spectra of MRim4 (0.5 mm, left) and
WRim4 (3.5 mm, right) in D2O as a function of pD in the presence of 1 equiv-
alent of ZnII (the full spectra are displayed in Figures S8 and S11). From basic
to acidic conditions: the neutral ligand (green dots), the zinc complex (red
dots), the fully protonated ligand (blue dots). The highlighted peaks corre-
spond to, from left to right: Hb and Ha (imidazoles) and Hf (methylene
bridges). The unmarked peak, which does not shift, corresponds to the aro-
matic proton of the resorcinol units (Hh, see assignments in Figure 2). Note:
in the 7.6–9.4 pH window, the signal of the aromatic proton of MRim4 over-
laps with an imidazole peak.

Table 1. Binding constants and associated enthalpic and entropic param-
eters for ZnII complexation by Rim4 in MeCN, and by WRim4 and MRim4

in water at pH 7. The values were determined by ITC of the ligands
(0.25 mm and 0.5 mm) with a solution of ZnII buffered by HEPES (100 mm
and 50 mm) for WRim4 and MRim4, respectively (see the Supporting In-
formation and ref. [20] for data for Rim4).

Parameters Rim4 MRim4 WRim4

K’Zn (m@1) (6:2) V 105 (3:1) V 104 (2:1) V 104

DH8’Zn (kJ mol@1) @70:7 @8.5:2 @11:3
DS8’Zn (J K@1 mol@1) @100:23 60:10 50:15
pD stability (50 %) –[a] 5.6–9.8 4.9–8.6

[a] In this case, the solvent was CH3CN.
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sorcinarene-based ligands. The K’Zn values measured in water
are only one order of magnitude lower than that measured in

MeCN with Rim4, despite the stronger solvation of the metal
ion. The stronger competition with the water solvent as a

ligand compared to MeCN is well reflected in the enthalpic
contribution, DH8’Zn, which is much more favorable in MeCN
than in water (@70 vs. ca. @10 kJ mol@1). The entropic compo-
nent, DS8’Zn, is positive for the systems in water, in contrast to
what is observed in MeCN, in which it is negative

(@100 J K@1 mol@1). The loss of entropy observed for the system
in MeCN is a consequence of the more ordered state of the
ligand when the metal complex is formed, since the imidazole
arms are no longer able to freely move around. The positive

DS8’Zn values observed in water suggest that the desolvation
of zinc and the related release of water molecules are entropi-

cally decisive. Moreover, in the case of WRim4, the hydropho-

bic effect minimizes ligand exposure to water when folding
and wrapping around the ZnII ion. In micelles, a local solvopho-

bic effect due to interpenetration of the lipophilic chain of the
surfactant and the opened, unfolded bowl-shaped cavity of

free Rim4 might be responsible for the relatively high value of
DS8’Zn (+ 60 J K@1 mol@1). This study clearly evidences that,

whereas in organic solvents ZnII coordination is enthalpically

driven, in water, the entropic contribution to DG8 is dominant
in both cases, with the presence of micelles having surprisingly

little impact.

Host–guest studies

Carboxylates

We previously showed that, in MeCN, the Rim4ZnII complex
can bind one equivalent of acetate in the endo posotion with

high affinity. We have now carried out a comparative study

with WRim4 and MRim4 to ascertain whether the micro-envi-
ronment around the metal complex has an impact on the

hosting properties of the ZnII complex. Titrations of MRim4ZnII

and WRim4ZnII with sodium acetate at pD 7.4 were monitored

by 1H NMR spectroscopy (Figure 5). The spectra clearly showed
the emergence of new signals at d&@2.4 ppm, consistent

with inclusion of the acetate ion in the bowl-shaped cavity.

The presence of two signals in the high-field region, associated
with two sets of three signals in the aromatic region (one for

the macrocycle and two for imidazole moieties), is likely due to
the co-existence of a solvated form of the host–guest system,

in which a water ligand replaces one imidazole arm (see the
structures displayed in Figure 5), as seen with Rim4ZnII in

Figure 5. Acetate binding to WRim4ZnII and MRim4ZnII in water (W denotes a water or hydroxide ligand). Left and right: portions of the 1H NMR spectra re-
corded in D2O at pD 7.4 during the titrations. Conditions: WRim4ZnII 0.7 mm in 100 mm HEPES buffer (300 K, 500 MHz); MRim4ZnII 0.5 mm, DPC 20 mm in
HEPES 50 mm (298 K, 600 MHz). Center: fitting for 1:1 binding constants at pD 7.4 and pD stability window of the acetate complexes, as measured by integra-
tion of the peaks of the endo-bound acetate at d&@2.3 ppm (see Figures S17–S19 for the corresponding complete NMR spectra).
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MeCN solutions containing water. The corresponding K’OAc

values, estimated by integration of the NMR signals for both

systems, are very similar (1–2 V 104 m@1; see Figure 5 and

Table 2). This suggests that the environment has little influence
on the endo coordination of acetate, and this can be attributed

to the presence of the bowl-shaped structure that surrounds
the guest. Varying the pD revealed an optimal value of 7.4 for

acetate binding in both systems (Figure 5). At high pD, the sta-
bility window is increased by ca. 1 pD unit compared to that

for the metallo-receptor in the absence of the guest, with a

significant advantage for the micellar system (10.5 vs. 9.8 for
50 % complexation; see Tables 1 and 2).

The effect of the carboxylate length on coordination was
also investigated. Addition of formate triggered a change in

the NMR signature of MRim4ZnII consistent with its coordina-
tion, most likely in the endo position in view of its size and its

behavior with Rim4ZnII in MeCN (K’HCO2 = 5 V 102 m@1). However,

no coordination was seen with WRim4 under similar experi-
mental conditions, which may be attributed to the high solva-

tion and small size of formate, making it not optimal for cavity
filling. With the larger propionate anion, no modification of the

NMR spectra was observed for either system with the addition
of up to 50 equivalents, which highlights the selectivity of

these systems.

Acetylacetonate

Titrations of the WRim4ZnII and MRim4ZnII complexes with ace-
tylacetone at pH 7.4 were monitored by 1H NMR spectroscopy.
Quantitative formation of the corresponding host–guest ad-

ducts was observed, with binding constants in excess of
104 m@1. The complexes were characterized by shifts of the
peaks due to the imidazole arms and the emergence of new

resonances at d=@2.35 and @2.20 ppm for WRim4ZnII and
MRim4ZnII, respectively, consistent with the inclusion of a

methyl group in the resorcinarene cavity. The NMR signatures
and complexation-induced shift (CIS) values are very similar to

those previously reported for Rim4ZnII in MeCN in the presence

of acetylacetone and triethylamine (Table 2).[20] This indicates
that, in water at pH 7, as in MeCN, acetylacetone is strongly

bound to the metal ion as a result of its deprotonation, which
leads to the bidentate anionic ligand, acetylacetonate, and

concomitant displacement of one imidazole arm. In this com-
plex, one guest methyl group resides in the endo position and

the other resides in an exo position, exposed to the solvent
(see the structures displayed in Figure 6). The binding site of

the receptor is thus expandable, as previously observed for

Rim3.[19] The presence of only two resonances for the coordi-
nating imidazole moieties in the aromatic region indicates that

the imidazole arms are flipping quickly (relative to the NMR
chemical shift time scale) from a coordinated state to an unco-

ordinated one, as previously observed for Rim4 in MeCN.
Varying the pH evidenced efficient recognition over wide pH

windows for both systems. With WRim4 (0.5 mm), the 50 % sta-

bility window for the acetylacetato ZnII complex is 6–10,
whereas for MRim4 (0.5 mm receptor, 20 mm DPC) it is even

larger (i.e. , 6–11). The fact that 50 % acetylacetonate inclusion
is detected at pH 5.8 indicates a pseudo-pKa

[32a] of 5.8, which

corresponds to a shift of more than three units relative to free
acetylacetone (pKa = 9).[32b] ITC measurements (Figure 6) gave

corresponding K’acac values of 2.8(:0.7) V 104 m@1 and 2.4(:
0.7) V 104 m@1 at pH 7 for MRim4ZnII and WRim4ZnII, respective-
ly. Again, very similar thermodynamic parameters were found,

indicating that in both cases the strong complexation is essen-
tially enthalpy-driven (DH8’acac =@23:3 kJ mol@1 and @24:
1 kJ mol@1, DS8’acac = 8:1 J K@1 mol@1 and 7 J K@1 mol@1, for
MRim4ZnII and WRim4ZnII, respectively).

Acetamide

Having evidenced that the systems can bind acetylacetonate
at neutral pH in spite of its high pKa value (9), acetamide coor-
dination was studied, knowing that it is a poor ligand when
neutral (especially in a competitive aqueous medium), but a

strong donor when deprotonated. Coordination of acetamide
by WRim4ZnII and MRim4ZnII was explored as a function of pD
by 1H NMR. The pD of a solution containing WRim4 (1 mm),

ZnII (2 mm), and acetamide (50 mm) was varied, and the NMR
spectra showed the endo complexation of acetamide (d =

@2.35 ppm for its methyl group) in the pD window 7.5–10.2,
with an optimal pD of 9 for its inclusion. Titrations of WRim4

and MRim4 with acetamide at pD 8.4 allowed estimation of the

corresponding K’MeCONH values as 400 and 700 m@1, respectively
(Figures S22–S24). This is a remarkable result, considering the

low hydrophobic driving force for such a small guest and its
high pKa value (16).[33] The presence of about 50 % of the endo

complex at pD 7.5 indicates a pseudo pKa shift of eight units,
which is impressive. Similar pKa shifts (ca. 8 units) have been

Table 2. Data for host–guest properties of different Rim4-based ZnII complexes. For MRim4 and WRim4, the binding constants were determined by 1H NMR
spectroscopy at pD 7.4 for acetate and at pD 8.4 for acetamide, and at pH 7 by ITC for acetylacetone (see the Supporting Information). The pD windows
(given for 50 % existence) were determined by 1H NMR. For data for Rim4, see ref. [20].

Guest Acetate Acetylacetonate Acetamidate
CIS[a]

[ppm]
pD window
(50 %)

K’pH7.4

[m@1]
CIS[b]

[ppm]
pD window
(50 %)

K’pH7

[m@1]
CIS[b]

[ppm]
pD window
(50 %)

K’pH8.4

[m@1]

MRim4 @4.2 5.5–10.5 2.2(:0.5) V 104 @4.5 5.7–11.2 2.8(:0.7) V 104 @4.3 7.9—nd 7(:1) V 102

WRim4 @4.3 5.7–9.8 8.2(:1.0) V 103 @4.6 5.8–10.3 2.4(:0.7) V 104 @4.4 7.5–10.2 4(:1) V 102

Rim4 @4.4 –[c] >104 @4.1 –[c] >104 @4.2 –[c] 1.2(:0.5) V 103

[a] The reference d shift for the free guest corresponds to acetate in water and acetic acid in MeCN. The CIS value corresponds to an average value of the
two high-field peaks. [b] The reference d shift for the free guest corresponds to its neutral state. [c] In this case, the solvent was CH3CN.
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reported for acetamide residues that were intramolecularly co-

ordinated to the metal center through a strong chelate effect
with the formation of a five-membered ring.[34, 35] In contrast,

intermolecular coordination of amides (such as acetamide or
benzylamide) was not observed with these systems without a

cavity. This shows that the stabilizing effect of the resorcinar-
ene cavity on a guest has an impact that is as efficient as a

strong chelate effect. Looking at the literature, we have not

been able to find a comparable affinity for acetamide in water
by any other molecular receptors.

Conclusion

The water-soluble version of Rim4, namely WRim4, was suc-

cessfully synthesized using the “feet” functionalization strategy.
Indeed, the tetrapyridinium salt, readily obtained from the hy-
droxylated precursor, was synthesized in eight steps from re-

sorcinol, in an overall yield of 8 %, as compared to five steps
and 15 % yield for its organosoluble analogue Rim4.[20] Water-

solubilization of Rim4 through its incorporation into DPC mi-
celles was also successfully achieved. Both strategies led to

mm concentrations of the ligand in water. Interestingly, the pKa

difference of 0.6 units for protonation of the ligand indicates
that the micellar environment stabilizes the (partially) proton-

ated form of Rim4 more than water. This is probably indicative
of stabilizing interactions of the cationic form by the phos-

phate moieties of the DPC micelles. This also accounts for the
higher basic pH window (9.8 vs. 8.6) for coordination of the

ZnII cation. Importantly, both ligands WRim4 and MRim4 dis-

play good affinity for zinc, which they readily bind to give rise
to a folded structure suitable for guest binding. In contrast to

the enthalpy-driven coordination of ZnII by the organosoluble
system Rim4 in MeCN, it is entropy-driven in water, in which

both systems WRim4 and MRim4 allow the stabilization of the
bowl-shaped complexes over a wide pH window. The corre-
sponding ZnII complexes bind small organic anions in water, at

near-physiological pH, with efficiency and selectivity in spite of
the hydrophilicity of the guests. Remarkably, they recognize
acetamide as an anion at physiological pH in spite of its low
acidity (pKa 16). The corresponding pseudo-pKa value of 7.5

equates to an impressive pKa shift of 8.5, which is well ex-
plained by the establishment of a coordination bond with the

Lewis acidic ZnII center concomitant with burial of the guest in
the resorcinarene cavity. In comparison to simple ZnII com-
plexes, the thermodynamic impact of the cavity for the stabili-

zation of a metal-coordinated deprotonated amido moiety is
as efficient as a five-membered ring chelate effect. To the best

of our knowledge, this is the first example of a receptor capa-
ble of binding acetamide as an anion in water at physiological

pH. As for the organosoluble version, the selectivity of guest

hosting is cavity-driven by steric effects, with two coordination
sites being available by virtue of the hemilability of one imida-

zole moiety. These hosting properties are in strong contrast to
those displayed by calix[6]arene-based funnel complexes,

which are excellent receptors for neutral guests such as
amines, in spite of their protonated state at physiological pH,

Figure 6. Complexation of acetylacetonate in water. The binding constant in micelles was obtained by ITC of WRim4ZnII (left, 0.8 mm) and MRim4ZnII (right,
0.5 mm, DPC 20 mm) with acetylacetone at pH 7 (50 mm HEPES).
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but are unsuitable for anion binding due to second coordina-
tion sphere effects. This nicely illustrates the critical role of the

architecture surrounding the coordination site of the metallo-
receptor.

The study also gives new fundamental insights concerning
the impact of a micellar environment, firstly for metal ion coor-

dination, and secondly for guest hosting by a metallo-receptor
comprising a cavity for binding, as in enzymes. Looking at the

literature, we found no data on the metal coordination aspect.

However, examples of metallo-probes directly incorporated
into micelles show that the major effect of micelles on recep-

tors lacking a cavity, beside their solubilization in aqueous
media, is an enhanced affinity for lipophilic guests, which may

be attributed to the hydrophobic effect.[24, 36–39] The interesting
case that we have highlighted is that of a uranyl-salophen

complex embedded in cationic micelles,[23, 40] which binds the

highly hydrophilic fluoride anion with an increase in affinity of
two orders of magnitude relative to the water-soluble version

of the complex.[8] Electrostatic stabilization of the bound fluo-
ride anion by the cationic micelle is probably a factor in ac-

counting for this increased affinity.
As regards receptors presenting a cavity for guest hosting,

only a few examples exploring the micellar effect with resorci-

narene deep cavitands have been reported.[41, 42] In these cases,
an enhancement of guest binding was also observed (up to a

factor of 180 in the presence vs. in the absence of DPC mi-
celles in water), but its enthalpic origin indicated that it was re-

lated to a structural effect of the micellar environment that
prevented dimerization of the receptor in the absence of the

hydrophobic guest. The case study reported here addresses a

different question, which is quite general and relevant to bio-
logical systems: what is the impact of the micellar environ-

ment on metal ion affinity and anionic guest hosting? In met-
allo-enzymes, the active site is generally surrounded by a hy-

drophobic environment provided by the proteic core, whereas
water-solubility is ensured by a polar surface. Here, both sys-

tems WRim4 and MRim4 present the same rigid bowl-shaped

hydrophobic cavity for guest hosting and the same first coordi-
nation sphere, with four imidazole arms pre-organized on the
resorcinarene core for metal ion binding. In this study, we have
compared the coordination properties in the highly polar

water environment and the lipophilic environment provided
by the DPC micelles. To our surprise, both systems proved to

be equally efficient for Zn2+ binding, with very similar enthalp-
ic and entropic components. Likewise, comparison of the equi-
libria between the free state in water for small organic analytes

(in anionic form for acetate, or neutral form for acetylacetone
and acetamide) also shows similar K values. The similarity of

the pH windows for both metal and guest binding is also sur-
prising. Essentially the only difference that we observed was a

slightly enlarged pH window (by 0.5–1 pH units) at basic pH

values with micelles, which is reflected by the difference in the
pKa values of the ligands WRim4 and MRim4.

Also striking is the fact that the properties of MRim4 (ZnII co-
ordination and guest binding) more closely resemble those of

WRim4 than those of Rim4 in MeCN. This can be attributed to
the major role played by solvation of the free ZnII and free

guest as, once bound to the resorcinarene tris-imidazole struc-
ture, the metal and guest reside in an environment provided
by the bowl-shaped ZnII complex, and this acts as an insulator
with respect to the environment (DPC vs. water). In conclusion,

this study has shown that both a water-solubilized Rim4 deriv-
ative, WRim4, as well as its micelle-encapsulated equivalent,

MRim4, behave as good ligands for ZnII binding in water, and
the corresponding complexes serve as remarkable biomimetic
receptors for small organic guests that bind as anions in spite

of their intrinsic hydrophilicity. Our results also show that the
zwitterionic DPC micelle, which mimics the hydrophobic prote-

ic environment of metallo-enzyme active sites, has very little
impact on metal ion affinity and guest hosting, provided that
the biomimetic site is well structured and presents a pre-
shaped receptor pocket. Hence, micellar incorporation of a lip-

ophilic molecular receptor can be considered as an easy alter-
native to difficult synthetic work, as it does not disrupt its
binding ability towards charged species (metal cations or
anions). This represents a quite general approach that can be
used with a wide variety of systems, thus opening new per-

spectives for molecular recognition in water, either for sensing,
transport, or catalysis. We are currently exploring the hydrolytic

reactivity of these complexes.

Experimental Section

General : All solvents and reagents were purchased from suppliers
and used without further purification. THF was distilled using a
PureSolv PS-Micro Inert Technology purification system. NMR spec-
tra were recorded with four spectrometers: a Varian 600 MHz, a
Bruker UltraShield CryoProbe 500 MHz, a Bruker Advance 500 MHz,
and a Bruker ARX 250 MHz, and chemical shifts (d) are referred to
SiMe4. Mass spectrometric (ESI-MS) analyses were performed on a
Thermo-Finnigan LCQ Advantage spectrometer using methanol or
water as solvent. IR spectra were recorded on a Perkin-Elmer Spec-
trum FTIR spectrometer equipped with a MIRacleTM single-reflec-
tion horizontal ATR unit. ITC experiments were conducted on a
NanoITC calorimeter (TA Instruments) at 298 K. pD/pH measure-
ments were performed with a Mettler-Toledo U402-M3-S7/200 long
combination pH microelectrode. The indicated pD values refer to
pH measured in D2O, with a correction of 0.4 pH units that allows
comparison between these two notions, as previously report-
ed.[43, 44] Fits presented for 1:1 binding constants and pKa determi-
nation were obtained using Excel.

Cavitand 3 : The tetrabromo cavitand 2 (2.52 g, 1.47 mmol) was
thrice dissolved in dry THF and dried under vacuum for 1 h at
80 8C. The reagent was then dissolved in dry THF (25 mL) under
argon. At @78 8C, 1.6 m n-butyllithium (11 mL, 15.4 mmol) was
slowly added. After 1 h at @78 8C, paraformaldehyde (520 mg,
17.3 mmol) was added in one portion. The reaction medium was
then agitated for 30 min at @78 8C. The flask was brought to RT,
and the mixture was stirred overnight. The solvent was then
evaporated and the residue obtained was partitioned between
ethyl acetate (30 mL) and a saturated aqueous solution of NH4Cl
(20 mL). The organic layer was then washed with brine (2 V 20 mL),
dried over Na2SO4, and concentrated to dryness. The yellow crude
product obtained was purified by flash chromatography on silica
(CH2Cl2/EtOH, 9:1 to 8:2, v/v) to yield a white powder (1.00 g,
45 %). Rf = 0.12 (CH2Cl2/EtOH, 9:1) ; 1H NMR (500 MHz, CDCl3, 300 K,
TMS): d= 7.13 (s, 4 H; Har, down), 5.90 (d, 3J(H,H) = 6.5 Hz, 4 H; Hout),
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4.81 (t, 3J(H,H) = 8.0 Hz, 4 H; CHCH2), 4.55 (s, 8 H; Ar-CH2-O), 4.42 (d,
3J(H,H) = 8.0 Hz, 4 H; Hin), 3.76 (t, 3J(H,H) = 6.5 Hz, 8 H; CH2OTIPS),
2.28 (m, 8 H; CHCH2), 1.59 (m, 8 H; CH2CH2CH2), 1.07 ppm (s, 84 H;
TIPS); 13C NMR (150 MHz, CDCl3, 300 K, TMS): d= 153.8 (CAr-O),
138.3 (CAr-CH), 126.6 (CAr-CH2-OH), 120.4 (CAr,down), 99.9 (Cbridge), 63.2
(CH2-OTIPS), 55.8 (CH2-OH), 36.6 (CHCH2), 31.2 (CH2CH2CH2), 26.4
(CHCH2), 18.3 (Si-CH-(CH3)2), 12.3 ppm (Si-CH); IR: ñ= 3365, 2942,
2865, 1587, 1461, 1385, 1298, 1245, 1107, 1019, 999, 962, 882,
726 cm@1.

Cavitand 4 : The tetraalkylated cavitand 3 (810 mg, 0.53 mmol) was
pre-dried by threefold sequential dissolution in distilled THF and
evaporation of the solvent under argon, and finally dried under
vacuum for 1 h at 80 8C. It was then dissolved in anhydrous DMF
(8 mL) and the solution was slowly added to a solution of sodium
hydride (60 % dispersed in oil, 638 mg, 15.9 mmol, washed with
pentane three times) in anhydrous DMF (7 mL, 0 8C). After 30 min,
the mixture was brought back to RT and stirred for 2 h. At 0 8C, N-
methylchloromethylimidazolium hydrochloride (710 mg,
4.24 mmol) was added in four portions at intervals of 15 min. After
a further 15 min at 0 8C, the solution was allowed to warm to RT
and stirred overnight under argon. Water (80 mL) was then added,
and the precipitate formed was collected by filtration and washed
with water (2 V 20 mL). The crude product (1.02 g) thus obtained
was used without further purification in the following step.
1H NMR (500 MHz, CDCl3, 300 K, TMS): d= 7.05 (s, 4 H; Ar-Hdown),
6.93 (d, 3J(H,H) = 1.1 Hz, 4 H; HIm,b), 6.88 (d, 3J(H,H) = 1.1 Hz, 4 H;
HIm,a), 5.57 (d, 3J(H,H) = 7.0 Hz, 4 H; O-CH2-O), 4.73 (t, 3J(H,H) =
8.5 Hz, 4 H; -CH-), 4.56 (s, 8 H; O-CH2-Im), 4.20 (s, 8 H; Ar-CH2-O),
4.16 (d, 3J(H,H) = 7.0 Hz, 4 H; O-CH2-O), 3.72 (t, 3J(H,H) = 6.5 Hz, 8 H;
CH2-OTIPS), 3.61 (s, 12 H; N-CH3), 2.22 (m, 8 H; CH-CH2), 1.55 (m,
8 H; CH2-CH2-OTIPS), 1.06 ppm (m, 84 H; TIPS); 13C NMR (150 MHz,
CDCl3, 300 K, TMS): d= 154.0 (CAr-O), 144.4 (CAr-N), 137.8 (CAr-CH),
127.5 (CHIm,b), 123.6 (CAr-CH2-O), 122.1 (CHIm,a), 120.6 (CHAr,down), 99.4
(O-CH2-O), 64.7 (O-CH2-Im), 63.0 (CH2-OTIPS), 61.9 (Ar-CH2-O), 36.5
(CH), 32.9 (CH2-CH2-OTIPS), 31.0 (N-CH3), 26.2 (CH-CH2), 18.1 (Si-C-
CH3), 12.1 ppm (Si-C); IR: ñ= 3357, 2942, 2866, 1592, 1500, 1464,
1389, 1285, 1245, 1149, 1106, 1067, 1016, 969, 882, 745, 681 cm@1.

Cavitand 5 : The tetraimidazole cavitand 4 (976 mg, 0.52 mmol)
was dried under vacuum at 60 8C for 1 h. Under argon, it was dis-
solved in THF/H2O (1:1, v/v, 54 mL), and then trifluoroacetic acid
(7 mL) was slowly added. The mixture was stirred overnight at RT
and then the solvent and TFA were evaporated. Toluene (3 mL)
was thrice added and evaporated for better water elimination. The
residue was dissolved in methanol (12 mL) and treated with a
Dowex resin conditioned for HO@ exchange. After 1 h, the resin
was filtered off and washed with methanol. The filtrate was con-
centrated to dryness. The yellowish solid obtained was purified by
flash chromatography on silica (MeOH/CH2Cl2, 1:9 to 2:8, v/v, 0.3 %
NH3) to yield a yellow oil (627 mg, 93 % over two steps). Rf = 0.43
(MeOH/CH2Cl2, 15:85, 0.3 % NH3) ; 1H NMR (500 MHz, CD3OD, 300 K,
TMS): d= 7.33 (s, 4 H; Har, down) ; 7.31 (d, 3J(H,H) = 1.4 Hz, 4 H; Him) ;
7.21 (d, 3J(H,H) = 1.4 Hz, 4 H; Him), 5.71 (d, 3J(H,H) = 7.0 Hz, 4 H; Hout),
4.69 (t, 3J(H,H) = 6.4 Hz, 4 H; CH), 4.67 (s, 8 H; O-CH2-Im), 4.40 (s, 8 H;
Ar-CH2-O), 4.17 (d, 3J(H,H) = 7.0 Hz, 4 H; Hin), 3.69 (s, 12 H; N-CH3),
3.63 (t, 3J(H,H) = 6.5 Hz, 8 H; CH2OH), 2.32 (m, 8 H; CHCH2),
1.47 ppm (m, 8 H; CH2CH2CH2) ; 13C NMR (150 MHz, CD3OD, 300 K,
TMS): d= 155.7 (CAr-O), 145.6 (CAr-N), 139.4 (CAr-CH), 125.2 (CAr-CAr-
O), 124.6 (CIm,a), 123.4 (CAr,down), 121.5 (CIm,b), 101.4 (Cbridge), 64.3 (CAr-
CH2-O), 62.8 (OCH2Im), 62.6 (CH2OH), 38.3 (CHCH2), 34.7 (N-CH3),
32.1 (CHCH2), 27.4 ppm (CH2CH2CH2) ; IR: ñ= 3357, 2922, 1633,
1567, 1501, 1470, 1411, 1285, 1243, 1140, 1063, 1019, 987,
747 cm@1; HRMS: m/z : 1265.5743 [cavitand@H]+ (calcd 1265.5770),
1287.2 [cavitand@Na]+ , 633.5 [cavitand@2H]2 + .

WRim4 : Cavitand 5 (121 mg, 96 mmol) was dried by threefold disso-
lution in distilled THF (2 mL) and evaporation of the solvent under
vacuum at 80 8C for 1 h. Under argon, the solid was dissolved in
anhydrous pyridine (4.7 mL) and, at 0 8C, mesyl chloride (70 mL,
1.1 mmol) was added. The reaction mixture was stirred overnight
at RT, then heated at 100 8C for 24 h, whereupon a brown solid ap-
peared. After cooling to RT, diethyl ether (5 mL) was added. The so-
lution was filtered and the solid was washed with diethyl ether (2 V
5 mL). The crude product was dissolved in methanol (0.5 mL) and
the solution was stirred for 1 h at RT with an ion-exchange resin
for chlorides (Dowex). The resin was then collected by filtration
and washed with methanol. The filtrate was concentrated to dry-
ness to yield a brown solid (95 mg, 60 %). 1H NMR (500 MHz,
CD3OD, 300 K, TMS): d= 9.09 (m, 8 H; pyridine), 8.52 (m, 4 H; pyri-
dine), 8.06 (m, 8 H; pyridine), 7.78 (s, 4 H; Har, down), 6.97 (d, 3J(H,H) =
1.0 Hz, 4 H; Him,a), 6.79 (d, 3J(H,H) = 1.0 Hz, 4 H; Him,b), 5.38 (d,
3J(H,H) = 7.5 Hz, 4 H; Hout), 4.80 (m, 8 H; CH2N+), 4.57 (t, 3J(H,H) =
8.3 Hz, 4 H; CH), 4.36 (s, 8 H; O-CH2-Im), 4.17 (s, 8 H; Ar-CH2-O), 4.05
(d, 3J(H,H) = 7.5 Hz, 4 H; Hin), 3.45 (s, 12 H; N-CH3), 2.63 (m, 8 H;
CHCH2), 1.96 ppm (m, 8 H; CH2CH2CH2) ; 13C NMR (150 MHz, CD3OD,
300 K, TMS): d= 155.8 (CAr-O), 147.2 (pyridine), 146.3 (pyridine),
146.1 (CAr-N), 138.9 (CAr-CH), 129.8 (pyridine), 129.6 (CAr-CAr-O), 127.5
(CIm,a), 124.2 (CAr,down), 124.0 (CIm,b), 101.4 (Cbridge), 64.8 (O-CH2-CAr-N),
63.2 (CH2N+ , CAr-CH2-O), 38.4 (CH), 33.4 (N-CH3), 30.9 (CHCH2),
28.1 ppm (CH2CH2CH2) ; IR: ñ= 3393, 2946, 1635, 1590, 1476, 1405,
1323, 1285, 1246, 1150, 1064, 1017, 966, 774, 686 cm@1; HRMS: m/
z : 378.1877 [cavitand]4+ (calcd: 378.1818).

[WRim4Zn]Cl4(NO3)2 : The zinc complex was generated in situ in
D2O by the addition of one equivalent of Zn(NO3)2 to a solution of
WRim4. 1H NMR (500 MHz, D2O, pD 7.31, 300 K, TMS): d= 8.91 (m,
8 H; pyridine), 8.60 (m, 4 H; pyridine), 8.10 (m, 8 H; pyridine), 7.59 (s,
4 H; Har, down), 7.20 (s, 4 H; Him,b), 6.65 (br s, 4 H; Him,a), 5.62 (d,
3J(H,H) = 7.0 Hz, 4 H; Hout), 4.70 (s, 8 H; O-CH2-Im), 4.49 (s, 8 H; Ar-
CH2-O), 4.28 (br s, 4 H; Hin), 3.76 (br s, 12 H; N-CH3), 2.55 (m, 8 H;
CHCH2), 2.12 ppm (m, 8 H; CH2CH2CH2) ; 13C NMR (150 MHz, D2O,
pD 7.31, 300 K, TMS): d= 153.6 (CAr-O), 145.8 (pyridine), 145.1 (CAr-
N), 144.1 (pyridine), 137.0 (CAr-CHAr,down), 128.4 (pyridine), 125.3
(Cim,a), 124.0 (Cim,b), 122.8 (CAr-CAr-O), 122.4 (CHAr,down), 100.0 (Cbridge),
62.5 (O-CH2-Im), 61.7 (Ar-CH2-O), 61.5 (CH2N+), 36.3 (CH), 33.3 (N-
CH3), 28.9 (CHCH2), 26.1 ppm (CHCH2CH2) ; IR: ñ= 3430, 2935, 1642,
1563, 1349, 1245, 1152, 1048, 1024, 994, 968, 829, 765 cm@1.

[MRim4ZnII](ClO4)2 : From MRim4 : The ligand Rim4 (1.04 mg,
0.64 mmol), synthesized as reported previously,[20] was suspended
in an acidic solution of DPC (10.7 mg, 20 mm, pD 2) in D2O (for
NMR studies; H2O for ITC studies). The suspension was stirred at RT
for 3 h, whereupon a clear solution was obtained, which was used
as such for NMR or ITC studies. The corresponding zinc(II) complex
MRim4Zn was generated by the addition of one equivalent of
Zn(ClO4)2. Direct synthesis of MRim4Zn : The complex
[Rim4Zn(EtOH)](ClO4)2 (1.2 mg, 0.7 mmol), prepared as reported pre-
viously,[20] was suspended in HEPES buffer (1.47 mL, 50 mm, pD 7.4)
containing DPC (10.3 mg, 20 mm). The suspension was stirred at RT
overnight and then heated to 50 8C for 30 min. The limpid solution
obtained was used as such for NMR studies.

General NMR titration procedure : Typically, WRim4 (ca. 0.8 mg,
1 mm) or MRim4Zn (0.5 mm, DPC 20 mm) was dissolved in buffered
D2O (500 mL). The buffer was 100 mm HEPES (50 mm for micelles),
adjusted to pD 7.4 with 1 m NaOH solution. When WRim4 was
used, an aliquot (5 mL, 1 equiv) of a 0.1 m solution of Zn(NO3)2 in
D2O was added. Aliquots (between 2 and 20 mL) of a solution of
the guest (0.05 m, 10 mL for 1 equiv) in the same buffer were pro-
gressively added until saturation and 1H NMR spectra were record-
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ed after each addition. The final pD of the solution was measured
to ensure that it remained constant during the whole experiment.

General ITC procedure : An aliquot (1 mL) of host solution was in-
troduced into the cell of the calorimeter. The titrant solution was
added by means of a 250 mL syringe in 24 injections of 10 mL at in-
tervals of 400 s. A blank was recorded by replacing the solution in
the cell with 1 mL of solvent. The obtained data were processed
with Nanoanalyze software.
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