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Positive Allosteric Control of Guests Encapsulation by Metal 

Binding to Covalent Porphyrin Cages 

Ryan Djemili,[a] Lucas Kocher,[a] Stéphanie Durot,[a] Anssi Peuronen,[b] Kari Rissanen,*[c] and Valérie 

Heitz*[a] 

 

Abstract: The allosteric control of the receptor property of two flexible 

covalent cages is reported. These receptors consist of two zinc(II) 

porphyrins connected by four linkers of two different sizes, each 

incorporating two 1,2,3-triazolyl ligands. Silver(I) ions act as an 

effector, responsible for an on/off encapsulation mechanism of neutral 

guest molecules. Binding silver(I) ions to the triazoles opens the 

cages and triggers the coordination of pyrazine or the encapsulation 

of N,N’-dibutyl-1,4,5,8-naphthalene diimide. The X-ray structure of the 

silver(I)-complexed receptor with short connectors is reported, 

revealing the hollow structure with a cavity well-defined by two 

eclipsed porphyrins. Rather unexpectedly, the crystallographic 

structure of this receptor with pyrazine as guest shows that the cavity 

is occupied with two pyrazines, each binding to the zinc(II) porphyrin 

in a monotopic fashion. 

Introduction 

Allostery is one of the most important regulatory mechanism of 

protein activity. It is associated to a great diversity of cellular 

processes and involves a binding event at a specific site to trigger 

an action at a remote site.[1] Hemoglobin is a tetrameric protein 

considered as the allosteric protein archetype displaying a 

cooperative homotropic binding of four dioxygen molecules. Many 

more complex multidomain regulatory proteins and biological 

machines that integrate multiple signaling events and long-range 

coupled conformational modifications through homotropic or 

heterotropic binding events have shown to proceed also through 

allosteric mechanisms.[2,3] Whereas the design of 3D hollow 

structures has led to selective receptors for guest encapsulation 

and promising molecular nanoreactors,[4–24] their development as 

biomimetic allosteric receptors able to control guest complexation 

through large conformational changes remains a significant 

challenge.[25–32] Such control implies to integrate in the framework 

of the structure several components with defined regulation and 

guest binding functions. Moreover, the structure must ensure the 

preorganization of the active components, the flexibility for 

conformational rearrangements and should prevent direct 

interactions between the recognition and regulation sites. 

Promising allosteric modulation of the receptor activity of multi-

component 3D containers has been obtained using chemical,[33–

48] redox,[49–51] or photoinduced reactions.[52–58] Most of such 

structures are self-assembled using hydrogen or metal-ligand 

bonds, but covalent structures remain interesting for their high 

chemical stability and their ability to respond to various signaling 

events. Porphyrins are attractive as active components for 

artificial allosteric systems due to their involvements in many 

biological processes through their binding, redox or photophysical 

properties. Especially, structures incorporating metalloporphyrins 

with a defined binding pocket have shown molecular recognition 

properties and catalytic activity.[11,59–75] 

Our previous work has focused on the synthesis of coordination[76] 

and covalent architectures incorporating metalloporphyrins.[77–79] 

In particular, flexible covalent cages incorporating orthogonal 

binding sites, metalloporphyrins and 1,2,3-triazoles, were 

obtained using a DABCO-templated copper(I)-catalyzed alkyne-

azide reaction (DABCO: 1,4-diazabicyclo[2.2.2]octane). This 

templated synthesis enabled to perform simultaneously the 

macrocyclization reaction as well as the synthesis of four out of 

eight triazole ligands of the structure, limiting therefore the 

synthetic effort to obtain these molecules.[78,79] Protonation of both 

the porphyrins and the triazoles in the cages with two free-base 

porphyrins was shown to inflate the structures.[79] Moreover, a 

controlled-breathing of the cage with reversible binding of silver(I) 

ions to the peripheral triazoles was shown to operate with both 

the free-base and zinc(II)-metalated porphyrins (Scheme 1). 

 

Scheme 1. Breathing motion of flexible zinc(II) porphyrin cages by reversible 

binding of silver(I) ions to the peripheral triazoles. 

 

Herein, the allosteric control of the receptor properties of the 

molecular structures 1 and 2 is investigated. It is shown that 

silver(I) ions act as a chemical effector that triggers upon binding 

to the cages, the encapsulation of neutral guest molecules. 
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Thanks to the chemical nature of the zinc(II) porphyrins, the 

allosteric mechanism is shown to operate both for a ditopic ligand, 

pyrazine, and for a flat aromatic guest, N,N’-dibutyl-1,4,5,8-

naphthalene diimide (NDI). The X-ray structural analyses 

confirmed the open structure of silver(I)-complexed cage 1 as well 

as the encapsulation of pyrazine in this receptor 

 

Results and Discussion 

X-ray structure of [Ag41](BArF)4 

 

To assess the ability of the cage to act as an allosteric receptor, 

guest molecules that can be trapped by coordination to the zinc(II) 

porphyrins or stabilized in between their large π-electron rich core 

were considered. It must be noticed that cages 1 and 2 adopt a 

flattened conformation in a DCM /10% MeOH solution or even in 

solvents of higher polarity (DMSO, DMF).[78,79] This compact form 

stabilized by π-π interactions between the zinc(II) porphyrins was 

confirmed in the solid state with an X-ray crystallographic 

structure of cage 2.[78] Complexes [Ag4X](BArF)4 (X = 1 or 2, 

BArF−: tetrakis[3,5-bis(trifluoromethyl)phenyl]borate)), soluble in 

DCM, were obtained quantitatively as reported.[79] To characterize 

the cavity of the silver(I)-complexed cages several attempts of 

crystallization were made before single crystals suitable for X-ray 

analysis were obtained, by diffusion of cyclohexane into a solution 

of [Ag41](BArF)4 in 1,2-dichloroethane. The X-ray structure 

revealed the cage structure with ca. two types of rectangular 

windows, sized ca. 4.5 x 15 Å and 6 x 8 Å, resulting from the syn-

anti-syn-anti disposition of the four silver(I)-triazolyl connectors in 

which each of the silver(I) ions lie in a coordination pocket formed 

by two triazolyl groups and a diethoxyethane linker (Figure 1).  

 

Figure 1. Crystal structure of the cage [Ag41](BArF)4, ball-and-stick (top) and 

VDW (below) representations. The BArF− anions and the located solvent 

cyclohexanes are excluded for clarity for all except for the bottom right 

illustration which demonstrates the packing of the anions and solvent molecules 

(shown in green) at close proximities to the host cavity openings. 

 

The AgI–N bond lengths are similar to those observed in 

analogous silver(I) complexes[80] whereas the distances of the 

AgI–O bonds are longer on average. This can be attributed to the 

inability of the diethoxyethane O-atoms to adopt optimal position 

around the silver(I) ion due to steric effects. The silver(I) ion 

complexation brings the two zinc(II) porphyrins in an eclipsed 

cofacial position with intramolecular Zn…Zn distance of 9.5 Å. 

Such arrangement leads to a well-defined cavity between the 

zinc(II) porphyrin moieties, with an approximate volume of 230 Å3 

(Figure 1 bottom, see SI for further discussion on the cavity 

volume). 

 

Allosteric control of pyrazine encapsulation 

 

The encapsulation of pyrazine in molecular cages 1 and 2 was 

studied at millimolar concentration by NMR spectroscopy. The 

reaction performed with 1 equivalent of pyrazine did not show 

evidence of encapsulation of this ligand in various solvents 

(CH2Cl2, CHCl3, DMF or DMSO) even after sonication or 

prolonged heating. In apolar solvent, external binding of the ligand 

to the zinc(II) porphyrins led to insoluble oligomers (Figure S11). 

This result contrasts with the one obtained with DABCO that was 

encapsulated quantitatively in cages 1 and 2, in CH2Cl2 and 

CH2Cl2/10% MeOH, respectively.[78,79] 

The complexation of pyrazine was therefore tested on silver(I)-

complexed cages [Ag4X](BArF)4 (X = 1 or 2) in DCM. When 1 

equivalent of pyrazine was added to the solution of the complex 

[Ag41](BArF)4 in CD2Cl2, the singlet that accounts for its four 

protons experienced a huge upfield shift of 7.54 ppm attributed to 

its inward coordination to the zinc(II) porphyrins (Figure 2). A 

NOESY spectrum showed cross-peaks of the pyrazine protons 

with the pyrrolic protons (Hpyr) of the porphyrins and with the 

protons of the phenyl rings that point inside the cavity (Ho in) 

(Figure S4). These correlations attested the internal binding mode 

of the pyrazine to the silver(I)-complexed cage [Ag41](BArF)4. 

Since the Zn…Zn distance 9.5 Å is larger than the distance for a 

ditopic binding (ca. 7 Å), the guest was expected to be in fast 

exchange between the two zinc(II)-porphyrin coordination sites on 

the NMR timescale. A variable-temperature 1H NMR experiment 

showed a sharpening and an upfield shift of the pyrazine signal 

upon lowering the temperature, in accordance with this 

hypothesis (Figure S12). 1H DOSY spectrum supported the 

quantitative encapsulation of the pyrazine since the host and 

guest molecules had the same diffusion coefficient 330 µm2.s-1 

(Figure S8). UV-vis titration gave the best fit for the 1:1 binding 

model with an association constant log Ka = 6.65 ± 0.03 (Figure 

S14). The pyrazine@[Ag41](BArF)4 complex was also detected at 

m/z = 2293.7599 by cold-spray ionization mass-spectrometry 

(Figure S9). NMR experiments showed also evidence of the 

encapsulation of pyrazine in [Ag42](BArF)4 (Figure S35-38). In this 

case, the diffusion coefficient of the pyrazine, 346 µm2.s-1 and the 

one of the cage, 328 µm2.s-1 were within the experimental errors 

of 5%. 
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Figure 2. 1H NMR (400 MHz, CD2Cl2, 298 K) a) [Ag41](BArF)4, b) pyrazine and 

c) [Ag41](BArF)4 with 1 equivalent pyrazine.. 

 

Binding silver(I) ions opens the structures of 1 and 2 and leads to 

C4-symmetric complexes in solution with a face-to-face 

disposition of the porphyrins. Such preorganization enables the 

pyrazine to be readily inserted in the silver(I)-complexed hosts 

whereas pyrazine coordination does not overcome the π-stacking 

energy between the porphyrins in cages 1 and 2, and the entropic 

penalty of its inclusion. Indeed, pyrazine is a much weaker ligand 

(pKa1 = -5.8 and pKa2 = 0.7)[81] than DABCO (pKa1 = 2.9 and pKa2 

= 8.6)[82] despite their similar sizes, 2.8 Å and 2.7 Å, respectively. 

This explains why DABCO, as a stronger ligand, opens the cages 

upon binding without the help of the effector, silver(I) ion. 

Silver(I) ions can be decoordinated using photons[64] or chemically 

with a chloride salt. Upon addition of NBu4Cl to a solution of cage 

[Ag41](BArF)4 including pyrazine, the cage and pyrazine signals 

became broad and progressively disappeared in accordance with 

the ejection of the ligand from the cage upon removal of silver(I) 

ions (Figure S10). The formation of insoluble oligomers by 

external binding of pyrazine to the cage was also observed when 

the binding was tested on the cage 1 (vide supra and Figure S11). 

This result shows that the positive allosteric guest binding 

triggered by silver(I) ions is a reversible on/off process.  

 

Single crystals were grown by diffusion of cyclohexane into a 1,2-

dichloroethane solution the 1:1 host-guest pyrazine- 

[Ag41](BArF)4 complex. The X-ray structure reveals a large 

conformational change of the silver(I)-triazolyl connectors from a 

syn-anti-syn-anti conformation observed for the guest free 

[Ag41](BArF)4 to a syn-syn-syn-syn conformation and the 

presence of two pyrazines encapsulated in its cavity, each binding 

in a monotopic fashion to one zinc(II) porphyrin (Figure 3). The 

complexation of the two pyrazines into the cavity and the 

orientation of the Ag-triazolyl connectors modulate the 

conformation of the whole cage so that the Zn-atoms are no 

longer on top of each other, since the two porphyrin planes show 

a ca. 2 Å offset with respect to each other (Figure 3, top left). 

However, the distance between the porphyrin planes does not 

change more than 0.5 Å, which results in a slight reduction in the 

cavity size to ca. 200 – 210 Å3. The volume of the pyrazine is 86 

Å3 and thus the Rebek[83] packing coefficient is 2 x 86/205 x 100 

= 84%, i.e. substantially higher than the 55% for a non-

coordinated guest. The encapsulation of two pyrazines contrasts 

with the encapsulation of one guest only in solution (vide supra). 

Upon addition of a second equivalent of pyrazine to a solution of 

pyrazine@[Ag41](BArF)4, the variable temperature NMR data 

showed intermediate exchange binding at 273 K and slow 

exchange of the encapsulated guest with the free guest at 193 K 

(Figure S13). Clearly, in the solid state, the large size of the cavity, 

the Zn-to-N binding energies and the steric fit (high packing 

coefficient) are the driving force for the “double” pyrazine 

complexation. This is supported by the fact that the two pyrazine 

guests will fill up the cavity fully with interplanar distance of 3.48 

Å, indicating π-π interactions between the pyrazine guests. This 

result was reproducible, since the X-ray analysis of another 

crystal obtained from another crystallization tube grown in the 

same crystallization conditions gave the same result. 

 

Figure 3. The crystal structure of (pyrazine)2@[Ag41](BArF)4, ball-and-stick 

(top) and VDW (below) representations. The pyrazines are shown in orange 

color, the BArF− anions and disordered atoms are excluded for clarity. 

 

Allosteric control of NDI encapsulation 

 

The affinity of a π-acceptor NDI guest for the cages was also 

studied. This guest was not encapsulated in the flattened 

molecular cages 1 and 2 in DCM or DMF even upon prolonged 

heating. The ability of silver(I) ions to trigger its encapsulation was 

then investigated. When 1 equivalent of NDI was added to a 

solution of [Ag41](BArF)4 in DCM, all the guest protons were 

upfield shifted as seen on the 1H NMR spectra (Figure 4). The 

most pronounced shifts were observed for the NDI aromatic 

protons (0.54 ppm) in accordance with its stabilization between 

the two porphyrins. NOESY NMR spectrum (Figure S18) showed 

cross-peaks between the CH2 (Hα) of the NDI and both the pyrrolic 

protons (Hpyr) and phenyl protons (Ho in) of the cages in agreement 

with the close proximity of the guest enclosed in the cage. 1H 

DOSY experiments in DCM or DMF showed also the affinity of 

NDI for silver(I)-complexed cages. In both solvents, NDI had a 

lower diffusion coefficient than free NDI. 1H NMR titration of 

[Ag41](BArF)4 with NDI was performed in DCM to evaluate the 

strength of this interaction (Figure S24). Data were fitted to a 1:1 

10.1002/chem.201805498

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

 

 

 

 

 

stoichiometry and gave a binding constant Ka = (95 ± 20) M-1. This 

encapsulation process is also reversible since upon addition of 

NBu4Cl and precipitation of AgCl, the guest was quantitatively 

expelled from the cage (Figure S25). 

The complexation of NDI with [Ag41](BArF)4 and [Ag42](BArF)4 

was also detected using high resolution ESI mass-spectrometry 

(Figure S23, S45). 

 

Figure 4. 1H NMR (400 MHz, CD2Cl2, 298 K) a) [Ag41](BArF)4, b) NDI and c) 

[Ag41](BArF)4 with 1 equivalent of NDI. 

Conclusions 

The flexible cages 1 and 2 equipped with peripheral triazoles 

behave as on/off allosteric receptors as represented in Figure 5.  

 

Figure 5. Schematic representation of the allosteric control of guest binding in 

flexible molecular cage receptors. 

 

Guest binding inside these receptors is controlled by the 

reversible coordination/decoordination of an effector, silver(I) ions. 

Upon binding, silver(I) ions trigger a large conformational change 

of the cages that opens the cavity, as shown on the 

crystallographic structure obtained for the silver(I)-complexed 

cage 1. Such modification activates the receptors that are able to 

bind in their open form two different kinds of guest molecules 

inside the cavity, a pyrazine ligand or a π-acceptor NDI molecule. 

This reversible on/off control of guest binding inside such 

structures opens the way to develop highly selective molecular 

sensors but also stimuli-responsive nanoreactors able to fine-tune 

the reactivity performed in their hollow structures upon addition of 

a suitable effector. 
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