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UMR8601, Université Paris Descartes, Sorb

75006 Paris, France. E-mail: olivia.reinaud@
bEngineering of Molecular NanoSystems, Eco

Libre de Bruxelles (ULB), Avenue F. D. Ro

Belgium

† Electronic supplementary information (
IR, and ITC titrations. See DOI: 10.1039/c

Cite this: Chem. Sci., 2018, 9, 5479

Received 9th March 2018
Accepted 29th May 2018

DOI: 10.1039/c8sc01129j

rsc.li/chemical-science

This journal is © The Royal Society of C
f biomimetism: associating the
cavity effect, ZnII coordination and internal base
assistance for guest binding and activation†

A. Parrot,a S. Collin,a G. Bruylants b and O. Reinaud *a

The synthesis and characterization of a resorcinarene-based tetra(imidazole) ligand is reported. The

properties of the corresponding ZnII complex are studied in depth, notably by NMR spectroscopy. In

MeCN, acid–base titration reveals that one out of the four imidazole arms is hemi-labile and can be

selectively protonated, thereby opening a coordination site in the exo position. Quite remarkably, the 4th

imidazole arm promotes binding of an acidic molecule (a carboxylic acid, a b-diketone or acetamide), by

acting as an internal base, which allows guest binding as an anion to the metal center in the endo

position. Most importantly, the presence of this labile imidazole arm makes the ZnII complex active for

the catalyzed hydration of acetonitrile. It is proposed that it acts as a general base for activating a water

molecule in the vicinity of the metal center during its nucleophilic attack to the endo-bound MeCN

substrate. This system presents a unique degree of biomimetism when considering zinc enzymes:

a pocket for guest binding, a similar first coordination sphere, a coordination site available for water

activation in the cis position relative to the substrate and finally an internal imidazole residue that plays

the role of a general base.
Introduction

Nature has selected proteic structures with remarkable prop-
erties for molecular recognition and catalysis. Their structural
identication gives key insights into active sites, which is
helpful for understanding structure/reactivity relationships. It
is also an inexhaustible source of inspiration for chemists
interested in the design of smart systems prone to recognition
or catalysis, or both. The classical approach to mimic metallo-
enzymes consists in the elaboration of a ligand that repro-
duces the rst coordination sphere of the natural system.1–5

Control of the second coordination sphere has recently become
a hot topic and has been recognized as a key point for substrate/
ligand stabilization or activation.2,3,5–13 We have developed
a biomimetic supramolecular approach consisting in the asso-
ciation of a macrocyclic cavity to a biomimetic coordination
core in order to control the second coordination sphere (and
further) with a macrocyclic structure surrounding the metal ion
labile site. This approach also allows controlling the access to
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osevelt 50, CP165/64, B-1050 Brussels,

ESI) available: Full NMR spectra, DOSY,
8sc01129j

hemistry 2018
the metal ion and thus the selectivity against ligands. The rst
system we developed uses a calix[6]arene as a funnel to drive the
exogenous ligand to the metal ion. In this system, a single guest
can bind to the metal ion (Fig. 1).14,15 More recently, we have
described systems based on resorcinarenes.16,17 The so-called
bowl complexes, presenting three imidazole arms on their
large rim,18 were shown, when complexing a zinc cation, to
present two labile sites in the cis position relative to each other,
which opened new opportunities for recognition and
reactivity.19–23

In many metallo-enzymes however, the catalytic cycle
involves a general base (or acid) carefully positioned vis-à-vis the
substrate. Zinc hydrolytic enzymes, in particular, generally
display a N2O or N3 coordination core, associated with a general
base which is hydrogen-bonded to a water ligand (Fig. 2).24 The
latter is oen a Glu or Asp residue but in some cases, it is a His
residue as for families of histone deacetylases25,26 andmetallo-b-
lactamases.27 In some enzymes, this general base (an Asp
residue) is coordinated to the metal ion, as in adenosine
deaminase.28 It has been shown to assist the water nucleophilic
attack to the coordinated substrate (e.g. the carbonyl group of
a peptidic bond, acetamide moieties or even the pyrimidine
group of a nucleic base) as schematized in Fig. 2. Hence, the key
features for the enzymatic activity stem from the strong Lewis
acidic center, the presence of two labile sites in cis-position
relative to each other and from the general base present in the
rst or second coordination sphere. This pattern allows the
simultaneous activation of the electrophilic substrate and the
Chem. Sci., 2018, 9, 5479–5487 | 5479
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Fig. 1 Compared structures and hosting properties of cavity
complexes based on calix[6]arene (left) and resorcinarene (right)
functionalized with three imidazole moieties that mimic proteic active
sites. The red arrows emphasize the different guest binding pathways.
G stands for a guest ligand.

Fig. 2 Top: generic active site of ZnII proteases and the key step
involving the assistance of an Asp or Glu residue as a general base.
Bottom: example of variations of the active site and nucleophilic attack
occurring in other zinc hydrolytic enzymes.

Scheme 1 Synthetic route for ligand Rim4 and its corresponding ZnII

complex. (i) NaH, 2-chloromethyl-1-methyl-1H-imidazole, and DMF.
(ii) Zn(OH2)6(ClO4)2 and EtOH. S stands for solvent (EtOH here) or
residual water.
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water nucleophile. Upon coordination, both the carbonyl
substrate and the water ligand are polarized, whereas the
general base activates the water nucleophile to provide the
tetrahedral oxyanion intermediate, which is stabilized by coor-
dination to ZnII.

Here, we present the new bowl ligand Rim4 (Scheme 1) that
displays a fourth imidazole arm. Studies with the correspond-
ing ZnII complex show that, whereas three imidazole groups
5480 | Chem. Sci., 2018, 9, 5479–5487
allow the strong binding of the metal center at the entrance of
the cavity, the 4th imidazole arm is hemilabile and can act as an
internal base. The consequences on molecular recognition and
hydrolytic activity towards the acetonitrile guest are presented
and discussed in the context and development of biomimetic
catalysts.

Results and discussion
Synthesis of Rim4 and complexation of ZnII

The resorcin[4]arene tetra(imidazole) ligand Rim4 was synthe-
sized by reacting the tetra(alcohol) precursor 1 29 with 2-chlor-
omethyl-1-methyl-1H-imidazole in the presence of NaH
(Scheme 1).

The zinc complex was obtained by reacting Rim4 with one
equivalent of ZnII perchlorate salt in EtOH. The complex,
[Rim4Zn(EtOH)](ClO4)2, spontaneously precipitated out of the
solution as an off-white solid. The complex was fully charac-
terized by NMR, IR, and ESI-MS. IR analysis conrmed the
presence of ClO4

� counterions. Rim4Zn was only soluble in
CD3CN, displaying a well-dened signature, corresponding to
a complex with an apparent C4v symmetry (Fig. 3), even at 240 K.
Only two aromatic signals are assigned to the imidazole,
showing that all four imidazoles are equivalent on the NMR
chemical shi timescale. NMR experiments in CH3CN with 5%
CD3CN showed the coordination of acetonitrile to zinc, with an
intracavity peak at �2.20 ppm (see ESI Fig. S32†). The corre-
sponding complexation induced shi (CIS ¼ �4.14 ppm), due
to the embedment of the guest methyl group in the bowl cavity,
is similar to that measured with Rim3 (d ¼ �2.14 ppm, CIS ¼
�4.08 ppm). The presence of exactly one equivalent of free
ethanol is likely due to its initial hosting in the cavity (in the
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Top: 1H NMR spectra (600 MHz, 300 K, CD3CN) of ligand Rim4

and its corresponding ZnII complex, [Rim4Zn(MeCN)](ClO4)2. Bottom:
titration of Rim4 (0.05 mM) with zinc perchlorate (0.5 mM) in dry
MeCN.
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as-isolated complex) and substitution by the coordinating
solvent. DOSY experiments conducted on Rim4 and its ZnII

complex in MeCN showed similar diffusion coefficients (7.6 �
10�10 and 7.4 � 10�10 m2 s�1, respectively).‡ ZnII complexation
to the bowl ligands Rim3 and Rim4 was also monitored by
isothermal calorimetry (ITC, Fig. 3) in dry acetonitrile. In each
case, the ZnII complexation, conrmed to be of 1 : 1 stoichi-
ometry, appeared to be enthalpically driven (DH� z
�70 kJ mol�1) with a large entropic penalty (Table 1).

The similarity of the thermodynamic proles suggests that
the fourth imidazole does not play a crucial role in the
complexation and is only weakly bound to the metal center.§
Table 1 ITC data for Rim3 and Rim4 titrated with zinc perchlorate in
dry acetonitrile at 25 �C

Compound
DH�

(kJ mol�1) K (M�1) n
DS�

(J mol�1 K�1)

Rim3 �67 � 5 (6 � 4) 106 0.9 � 0.2 �102 � 26
Rim4 �69 � 7 (7 � 2) 105 1.0 � 0.1 �120 � 23

This journal is © The Royal Society of Chemistry 2018
Acid–base studies

Acid titration of [Rim4Zn(MeCN)](ClO4)2 was rst conducted
with a strong, non-coordinating acid, namely picric acid, and
monitored by 1H NMR and ITC (Fig. 4). The addition of the rst
equivalent of acid led to a shi of the imidazole resonances,
which is particularly pronounced for the proton in the a-posi-
tion of the coordinating nitrogen atom (signal at 6.5 ppm). The
fact that the other peaks are little affected suggests that the
coordination of ZnII to Rim4 is maintained, whereas the imid-
azole set sees its global environment changed. One explanation
is that one imidazole undergoes protonation, whereas the three
other imidazoles maintain the ZnII bound to the bowl structure.
The fact that only one set of resonances for the imidazole arms
is observed is best explained by a fast exchange (vs. the NMR
chemical shi time scale) between the protonated and the
coordinated ones. Such a “dancing” behavior was observed with
the Rim3Cu

I complex where the CuI ion is 2-coordinate in a non-
coordinating solvent.30 Above 4 equivalents of acid, a new sharp
signature is obtained, which corresponds to the fully proton-
ated ligand, as attested to by a low-eld resonance at ca. 13 ppm
accounting for 4 protonated imidazolium arms. Interestingly,
between 2 and 4 equivalents of acid, the emergence of new
peaks (indicated by arrows) shows the co-existence of the ZnII

complex and the tetraprotonated ligand that are in slow
exchange relative to the chemical shi time scale. The ITC
study, conducted at a much lower concentration (Fig. 4, right),
evidenced a clean exothermic event (�26 kJ mol�1) for the
mono-protonation, which also appears entropically favorable
(DS� ¼ 23 J K�1 mol�1). Considering a pKa value of 11 for picric
acid in MeCN, the pKa corresponding to the imidazolium arm
can be estimated to be 16.7.{31 Although the pKa of imidazole in
MeCN has not been reported (6.95 in water), it can be compared
to those of 2-NH2-benzimidazole (15.95 in MeCN vs. 7.51 in
water) and 2-NH2-pyridine (ca. 14.5 in MeCN vs. 6.75 in water).32

The similarity of the values in MeCN further conrms the weak
coordination of this fourth imidazole arm to the metal ion. Note
that the protonation reaction is fully reversible since subse-
quent addition of a base such as NEt3 led to the quantitative
regeneration of the ZnII complex.

Reaction of the ZnII complex with acetic acid was then studied.
Indeed, acetic acid is a weak acid, but a potentially coordinating
guest. With Rim3, it was shown that the ZnII center displays very
strong affinity for this guest provided a base (triethylamine) was
added to the solution, leading to the formation of the mono-
cationic [Rim3Zn(OAc)]

+ adduct.33Having evidenced the lability of
the fourth imidazole arm of complex [Rim4Zn(MeCN)]2+ medi-
ated by the addition of a strong acid, we explored the possible
concomitant deprotonation/coordination of AcOH by the
complex based on Rim4.

Upon stepwise addition of acetic acid to a solution of
[Rim4Zn(MeCN)]2+ in acetonitrile, two new resonances
appeared in the high-eld region [d(Me) ¼ �2.25 and �2.38
ppm] of the 1H NMR spectra (Fig. 5, bottom), attesting to the
inclusion of acetate into the resorcinarene cavity. Concomi-
tantly, new peaks emerged in the aromatic region, which evi-
denced the formation of three different species. According to
Chem. Sci., 2018, 9, 5479–5487 | 5481
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Fig. 4 Titration of [Rim4Zn(MeCN)](ClO4)2 with picric acid in CD3CN at 300 K. Left: 1H NMRmonitoring (2 mM, 500 MHz). The red dot depicts an
imidazole peak; the little red arrows indicate growing peaks assigned to the fully protonated ligand. Right: ITC monitoring of the monoproto-
nation of the complex (0.05 mM) by picric acid (PicH, 0.5 mM): K ¼ 5.44 � 105 M�1 (n ¼ 0.93), DH� ¼ �26 kJ mol�1, DS� ¼ 23 J K�1 mol�1; pKa ¼
�5.7 (which gives pKa ¼ 16.7, considering pKa(PicH) ¼ 11.0 in MeCN).
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integrations of the imidazole peaks relative to endo-bound
acetate, one set of imidazole resonances corresponds to the
major peak (�2.25) at one equivalent of added acetic acid
(identied with large red dots in Fig. 5), whereas the other sets
correspond to the minor peak (d ¼ �2.38 ppm). Lastly, the
appearance of a low eld resonance at 12.4 ppm (see ESI
Fig. S21†) indicated the protonation of one imidazole moiety.
All of this information accounts for the quantitative coordina-
tion of acetate in the cavity accompanied by the protonation of
one imidazole arm. The three associated dicationic acetato
complexes actually correspond to different solvated forms.
Indeed, we have previously shown that the analogous tris(imi-
dazole) ZnII complex, based on the Rim3 ligand,33 can bind
exogenous donors in the exo position, such as solvent (MeCN)
or residual water. Here, the protonation of one imidazole arm
opens a coordination site in the exo position that can be free
(major species under these experimental conditions {[Rim4-
HZn(OAc)]2+}, or occupied by solvent or residual water {[Rim4-
HZnS(OAc)]2+}). This was further conrmed by water addition to
a solution containing the acetato dicationic complex, which
induced growth of the high-eld peak at d ¼ �2.38 ppm, and
was thus attributed to the water adduct (S ¼ H2O, see ESI
Fig. S22 and S23†).

In order to conrm all these observations, subsequent
titration of the protonated acetato complex with a base was
conducted (Fig. 5, top). Upon progressive addition of Et3N, all
resonances converged towards a major set corresponding to
the monocationic acetato complex [Rim4Zn(OAc)]

+. Indeed,
a similar signature was obtained upon addition of AcONa to the
5482 | Chem. Sci., 2018, 9, 5479–5487
nitrilo complex (see ESI Fig. S9†). The resonance at 12.4 ppm
corresponding to the protonated imidazolium arm vanished,
whereas those corresponding to Et3N (at 3.1 ppm) attested to its
quantitative protonation (see ESI Fig. S21†). The solvated
species almost disappeared, in agreement with the deprotona-
tion of the fourth imidazole arm that favors its coordination to
the detriment of exogenous donors.
Probing metal access and basic assistance

Size selectivity. Like in the case of Rim3-based metal
complexes, the presence of the resorcinarene bowl structure
confers size-selectivity for guest binding.33 Indeed, only formic
and acetic acid readily led to the corresponding endo-
complexes, not larger carboxylic acids such as propanoic acid.
Noteworthy however, the Rim4Zn

II complex coordinates the
propionate anion under the same conditions, denoting
a slightly different positioning of the metal ion relative to the
bowl cavity.

Basic assistance. The basic assistance for guest binding was
evaluated with a donor presenting a higher pKa, namely acet-
amide.k With Rim3, the latter was shown to bind to the ZnII

center only in the presence of Et3N.33 With Rim4, addition of
acetamide readily led to the formation of the endo complex as
shown by the appearance of a high-eld peak at �2.40 ppm
that attests to the inclusion of the methyl group of acetamide
(CIS ¼ �4.25 ppm; Fig. 6c).

As in the case of the Rim3-based acetamido complex, several
sets of peaks corresponding to the associated Rim4 core in the
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Coordination of acetate by [Rim4Zn(MeCN)](ClO4)2 in CD3CN and evidence of the hemilability of the 4th imidazole arm. Left: 1H NMR
titration (500MHz, 300 K, CD3CN) of [Rim4Zn(MeCN)](ClO4)2 with (from bottom to top) acetic acid, and subsequent titration with Et3N. The small
red dots are attributed to the solvated dicationic acetato species (S ¼ H2O or MeCN). Right: various species observed during the titrations. Inset:
model of the acetato complex [Rim4Zn(OAc)]+ obtained with software HyperChem.34
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d ¼ 4–8 ppm region denote the presence of different species
attributed to different coordination modes of the acetamido
guest. Addition of Et3N affected the Rim4 signature but not the
guest resonance (Fig. 6d), thus conrming its coordination as
an anion.**

Bidentate coordination. In order to probe the relative posi-
tion of the endo and exo sites open for exogenous donor binding
(e.g. guest in the endo position and solvent in the exo position),
coordination of bidentate guests was scrutinized.

Acetyl- and benzoylacetone, which were shown to readily
bind to the Rim3Zn

II complex in a bidentate fashion in the
presence of Et3N,33 were tested with the Rim4Zn

II complex. As
for carboxylic acids and acetamide, direct titrations showed up-
eld methyl peaks attesting to the coordination of both
b-diketones, and concomitant broadening and down-eld shis
of the imidazole resonances. Upon subsequent addition of
Et3N, all peaks sharpened, and the corresponding NMR signa-
tures attested to the formation of the monocationic host–guest
adducts (Scheme 2). For acetylacetone, a variable temperature
study evidenced concomitant broadening (as T increases) of the
peaks at d ¼ �2.56 ppm and 1.78 ppm, attributed to the methyl
groups of the guest in endo and exo positions, respectively. This
This journal is © The Royal Society of Chemistry 2018
indicates that these methyl groups are in dynamic exchange. As
previously described with Rim3, the acetylacetonate guest
undergoes an intramolecular exchange, with its endo and exo
methyl groups switching positions.34 For benzoylacetone, due to
the cavity size, the phenyl group sits in the exo-position, as
indicated by the corresponding low CIS values (�0.09 ppm for
phenyl and �0.33 for CH), while the methyl group is selectively
bound in the endo-position (CIS ¼ �4.05 ppm). Finally, the
apparent C4v signature attests to the fast exchange of the
imidazole groups in the vicinity of the metal ion, even at low T
(240 K).††

In summary, in MeCN and in the absence of a specic guest,
the Rim4Zn

II complex presents the following characteristics:
– Three imidazole arms maintain rmly the metal center

above the cavity, at its entrance.
– Amolecule of solvent (MeCN) is bound in the endo position

and is exchangeable.
– The fourth imidazole is labile and reacts readily as a base.

It can promote the coordination of poorly acidic guests and
their binding as an anion. It is interesting to consider the cor-
responding host–guest process from the acid–base point of
view: the 1H NMR studies showed quantitative guest binding
Chem. Sci., 2018, 9, 5479–5487 | 5483
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Fig. 6 Comparative 1H NMR signatures (250 MHz, 300 K) of the nitrilo
and acetamido Rim4Zn

II complexes in acetonitrile: (a) the initial
spectrum of the freshly dissolved nitrilo complex in CH3CN + 5%
CD3CN; (b) spectrum of the Rim4Zn

II complex (4.7 mM) in CH3CN +
5% CD3CN after two weeks at RT; (c) a fresh solution of the Rim4Zn
complex dissolved in CD3CN to which 1.5 equiv. of CH3CONH2 was
added; and (d) the same sample to which 1 equiv. of Et3N was added.

Scheme 2 Coordination of diketones to [Rim4Zn(MeCN)](ClO4)2 in
MeCN.
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upon addition of ca. 2 equiv. of acidic guest GH at 2 mM in
MeCN (Fig. 7). This indicates that the corresponding equilib-
rium constant is greater than 104 M�1. For comparison, the
proton exchange between acetamide (GH) and simple imidazole
in a non-protic solvent (DMSO) is ca. 10�19. Hence, the associ-
ation of Lewis acid coordination, cavity-hosting and internal
base of the Rim4Zn

II system allows displacing the acid–base
equilibrium by a factor higher than 10 (ref. 23)!
Fig. 7 Basic assistance for acidic guest binding and comparison with
a simple acid/base equilibrium.k

5484 | Chem. Sci., 2018, 9, 5479–5487
– Lastly, the two coordination sites open for guest binding
are in the cis position relative to each other. One site is in the
endo-position under the steric control of the bowl cavity, and the
other one is in the exo position, exposed to the solvent.

All these characteristics are highly reminiscent of the active
site of hydrolytic enzymes, which drove us to explore its
reactivity.
Acetonitrile hydration

The reactivity of the nitrilo [Rim4Zn(MeCN)]2+ complex towards
water was rst scrutinized by 1H NMR spectroscopy. Aer two
weeks at room temperature, the NMR signature of the nitrilo
complex [in CH3CN containing 5% CD3CN and residual water
(around 0.1%)] was replaced by that of the acetamido complex
(Fig. 6a and b). GC-MS analyses of the solution (following
a literature procedure)35 conrmed the formation of acetamide.

The hydration reaction was then studied at 70 �C by 1H NMR
spectroscopy with various contents of water. With Rim4Zn

II (3.8
mM), in CH3CN/H2O (8 : 2 v/v) and aer 6 days at 70 �C, new
broad signals at 6.15 and 5.59 ppm were observed and a sharp
peak at 1.84 ppm appeared. This indicated the presence of free
acetamide, the singlet at 1.84 ppm corresponding to the methyl
group and the broad signals to the NH2 moiety, which was
conrmed by IR, HMBC, HSQC and 13C experiments (see ESI
Fig. S32–37†). Integration of the peaks indicated the formation
of 7 equivalents of acetamide aer 14 days at 70 �C. Under the
same conditions, no reaction was observed using 3 mM
Zn(ClO4)2 or 3 mM Rim3Zn

II instead of Rim4Zn
II, even in the

presence of an additional base (N-methyl imidazole). Kinetic
studies were conducted by 1H NMR spectroscopy with DMF as
an internal reference for acetamide quantication. The recor-
ded data revealed a 2-phase kinetics (Fig. 8): a burst phase from
0 to 10 minutes corresponding to the formation of the rst
equivalent of acetamide (t1/2 ¼ 4 min), which is endo-bound.
Aer 10 minutes, the reaction slowed down signicantly. This
suggests that the endo-bound acetamide partially inhibits the
reaction due to cavity lling. Increasing the catalyst concen-
tration by a factor of two doubled the reaction rate in agreement
with rst-order kinetics with respect to the complex. This two-
phase kinetics is well described by a classical model for reac-
tion inhibition due to product displacement (see the ESI†),36

and the associated reaction rates for each phase are reported in
Table 2. Whereas the water content seems to have little impact
on the burst phase, it enhanced the reaction rate in the second
phase, reaching a TOF of 0.22 h�1 at 35% H2O (highest water
percentage for solubility reasons).

When conducted in D2O, no change in the reaction rates was
detected, which means no (or very little) isotopic effect for the
hydration reaction.

Based on all of this information, a mechanism is proposed in
Scheme 3.

The addition of water leads to a decrease of MeCN occu-
pancy: with 5% water content, only 50% of the resorcinarene
sites are occupied by MeCN, and with 20% water content, the
major species is the aqua complex A. This complex is in fast
equilibrium with the nitrilo complex B (as evidenced by NMR
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Kinetic traces of acetamide formation. [Rim4Zn] ¼ 3 mM,
acetonitrile, 70 �C. Total formation of acetamide (free and endo-
bound) over several days with different water contents (measured by
1H NMR (CH3CN/CD3CN ¼ 4 : 1)). Inset: burst phase with the forma-
tion of the acetamido endo complex followed by integration of the 1H
NMR trace at d¼�2.4 ppm (20%H2O). The data are fitted according to
the equation corresponding to the classical model for reaction inhi-
bition due to product displacement (see the ESI†).36

Table 2 Reaction rates calculated (with a two-phase kinetic model)36

at various complex concentrations and water contents. v1 corresponds
to the initial burst phase and v2 to the stationary phase that followsa

[Rim4Zn]
(mM)

%
H2O

T
(�C) v1 (10

�3 M min�1) v2 (10
�6 M min�1)

3 5 70 0.4 � 0.1 2 � 1
3 20 70 0.5 � 0.1 8 � 2
6 20 70 1.1 � 0.2 nd
3 35 70 0.5 � 0.1 11 � 2

a nd ¼ not determined.

Scheme 3 Proposedmechanism for the hydration of MeCN catalyzed
by Rim4Zn.
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spectroscopy, and in comparison to the rate of hydration).
Knowing that one imidazole arm of complex B is hemilabile, it
is likely that a fast equilibrium also exists between species B and
C where the 4th imidazole arm is substituted by a water mole-
cule.‡‡ The corresponding complex C presents in the cis posi-
tion an acetonitrile guest substrate and a water ligand, the latter
becoming acidic due its coordination to ZnII. The free imidazole
arm can then act as a base for the activation of the water
ligand37,38 and its nucleophilic addition to the polarized nitrile
that sits in close proximity. The resulting complex D is the
complex observed during the reaction course, in the stationary
state. The equilibrium between species D and E is the most
probable pathway for the substitution of acetamide (or the
corresponding iminol, a neutral and thus labile ligand in E) by
the solvent. This allows the regeneration of the initial form of
the catalyst.
This journal is © The Royal Society of Chemistry 2018
The kinetic study highlighted two different phases. At rst,
during the burst phase, A and B being in fast equilibrium, the
limiting step is within B / C / D. The absence of noticeable
KIE with D2O does not allow the identication of the rate
determining step. In the second (slow) phase, a turn-over of
0.22 h�1 was observed at 70 �C and 35% water content. Under
these conditions, it reached a TON of 43 aer 198 hours with
a 3 mM catalyst concentration. The slowness of the catalysis
(the reaction rate v2 is two orders of magnitude lower than v1) is
proposed to be due to the relatively strong binding of acetamide
as an anion [K ¼ (1.2 � 0.5) � 103 M�1 in a 95 : 5 v/v MeCN/D2O
mixture, see ESI Fig. S31†] that must be displaced through
a sequence involving protonation and exchange for acetonitrile.

Nitrile hydration is a challenging process since the nitrilo
function is a poor electrophile (especially acetonitrile) and water
a poor nucleophile. Nature provides nitrile hydratases, which are
metallo-enzymes that combine the activation of the nitrilo
substrate by coordination to FeIII or CoIII to the attack of a coor-
dinated sulfenate (derived from a cysteine residue) on either the
water molecule (thus acting as an internal base)37,38 or directly
onto the substrate.39 Although the biomimetic approach has led
to the synthesis of a great variety of metal complexes, a relatively
small number has been reported as active catalysts for the
hydration of acetonitrile.40–42 With mononuclear CoIII complexes
based on tetraaza ligands, simultaneous coordination of the
nitrile and water molecules in the cis-position has been proposed
to explain the efficiency of the catalyst.43,44 This route was also
suggested by theoretical studies on ZnII-exchanged zeolites.45

Most efficient catalysts are based on metals not following
a biomimetic approach, with the drawback of poor selectivity
(vs. substrate as there is no substrate recognition step, and vs.
products), as oen hydrolysis follows the hydration step.46–51
Chem. Sci., 2018, 9, 5479–5487 | 5485
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Relatively recently however, the so-called bifunctional catalysts
have been reported for the hydration of nitriles.52–56 These
catalysts either employ a heteroatom in the ligand backbone to
direct the water attack to the nitrile carbon atom, or use
a hemilabile basic group for water activation. They are based
mostly on precious metals such as Ru, Rh or Pt, although a very
recent report describes a NiII catalyst displaying hemilability-
driven water activation for the hydration of a coordinated
nitrile.57 Examples of biomimetic ZnII catalysts are very
rare.6–13,43,44 One of the most efficient is a ketoxime complex,
which is proposed to act as a nucleophilic catalyst.58 Finally, it is
worth noting that none of these catalysts involves molecular
recognition through cavity binding. Breslow reported a CD
functionalized by an oximate–nickel complex that is active for
the catalytic hydrolysis of activated esters via transient nucleo-
philic attack of the cavity-hosted substrate by the oximate
ligand, but not for nitrile hydration.59

Conclusions

Here, we have described the synthesis of a new ligand based on
a resorcinarene macrocycle rigidied into a bowl structure by
methylene bridges between the resorcinol units. It presents
a tetra(imidazole) coordination core at the large rim of the bowl
structure. Such an environment allows the formation of mono-
nuclear ZnII complexes with a well-dened coordination sphere
displaying an endo site available for the inclusion of a guest
ligand. In acetonitrile, it is occupied by a molecule of solvent that
can be readily displaced by anionic guests. The most important
new features, when compared to the Rim3-based ZnII complex,
stem from the presence of the 4th imidazole arm that is hemi-
labile. This latter can be selectively protonated without disruption
of the ZnII environment, keeping its “bowl-complex” structure
and endo-hosting properties. Such a property nds a direct
application through the reaction of the dicationic nitrilo complex
with acidic guests. The combination of the coordination of the
ligand to the Lewis acidic ZnII center with its deprotonation by
the 4th imidazole arm allows direct binding of carboxylic acids, b-
diketones and even acetamide, under the control of the endo-
binding site. An important consequence of such acido-basic/
hemilabile features relates to the reactivity of the metal center
as illustrated here with the hydration of acetonitrile. Indeed, the
Rim4Zn

II complex has been shown to catalyze the formation of
acetamide when dissolved in MeCN in the presence of various
amounts of water. Preliminary kinetic studies evidence biphasic
kinetics. An initial burst phase corresponds to the fast appear-
ance of endo-bound acetamide (t1/2 ¼ 4 min at 70 �C), which is
followed by a slow phase attributed to slow product release. A
general base assistance behavior is proposed to explain the effi-
ciency of the initial burst phase.

In spite of its moderate activity relative to precious metal-
based catalysts,52–57 this complex displays highly signicant
and unique biomimetic features relative to the water activation
process in hydrolytic Zn enzymes. Indeed, this is the rst time
that the following criteria are put forward:

(i) A biomimetic 1st coordination sphere (three imidazole
groups),
5486 | Chem. Sci., 2018, 9, 5479–5487
(ii) cis-coordination availability for two exogenousmolecules,
(iii) basic assistance by an imidazole group acting as an

internal base, and
(iv) the cavity effect for substrate and product binding.
This leads to spectacular assistance for acidic guest binding

(e.g. MeCONH2) and acetonitrile hydration (a rare example of
a ZnII based catalyst).

We are now further exploring the mechanism through in-
depth kinetic studies and theoretical modeling as well as reac-
tivity with other metal ions and other substrates with which
cavity binding and general base assistance may be key features.
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direct one, which was not the case for Rim4. Due to the fourth imidazole, an excess
of zinc may have an effect on the protonation form of the ligand, which results in
a phenomenon different from complexation.

{ The pKa value was calculated considering the following equilibrium: [Rim4-
Zn(S)]2+ + PicH 5 [Rim4Zn(S)H]3+ + Pic�, which results from the reaction of two
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13.5; AcNH2: 25.5 (values from the Bordwell pKa table). The corresponding values
in MeCN have not been reported.

** With all acidic guests (GH ¼ RCO2H, MeCONH2, and MeCOCH2COMe), the
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J. Harroweld, Eur. J. Org. Chem., 2017, 6100–6113.

20 D. S. Auld, BioMetals, 2001, 14, 271–313.
21 A. Messerschmidt, W. Bode and M. Cygler, Handbook of

Metalloproteins, Wiley, 2004, vol. 3.
22 D. W. Christianson and W. N. Lipscomb, Acc. Chem. Res.,

1989, 22, 62–69.
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