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MINIREVIEWS 

DOI: 10.1002/cphc.200((will be filled in by the editorial staff))

Molecular Tweezers: Concepts and Applications. 

Jeanne Leblond,[b] and Anne Petitjean*[a] 

In Memory of Dr Bernard Dietrich

Taken to the molecular level, the concept of ‘tweezers’ opens a rich and fascinating field at the convergence of molecular recognition, 

biomimetic chemistry and nano-machines. Composed of a spacer bridging two interaction sites, the behaviour of molecular tweezers are 

strongly influenced by the flexibility of their spacer. Operating through an ‘induced-fit’ recognition mechanism, flexible molecular tweezers select 

the conformation(s) most appropriate for substrate binding. Their adaptability allows them to be used in a variety of binding modes and have 

found applications in chirality signaling. Rigid spacers, on the contrary, display a limited number of binding states, leading to selective and 

strong substrate binding following a ‘lock and key’ model. Exquisite selectivity may be expressed with substrates as varied as C60, nanotubes 

and natural cofactors, and applications to molecular electronics and enzyme inhibition are emerging. At the cross-road between flexible and rigid 

spacers, stimulus responsive molecular tweezers controlled by ionic, redox or light triggers belong to the realm of molecular machines, and, 

applied to molecular tweezing, open doors to the selective binding, transport and release of their cargo. Applications to controlled drug delivery 

are already appearing. The past thirty years have seen the birth of molecular tweezers; the next many years to come will surely see them 

blooming in exciting applications.  

1. Introduction 

Molecular tweezers are synthetic molecular receptors with an 

open cavity defined by two interaction sites (IS, Scheme 1) for 

substrate binding, bridged by a spacer (S, Scheme 1).  
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Scheme 1: Cartoon representation of interacting site (IS) and spacer (S) 

components of molecular tweezers, and their relationship with substrate binding. 

In the last thirty years, they have received increasing attention 

due to their relevance at several levels. On a macroscopic level, 

the mechanical action of everyday life tweezers is easily 

understood. On a nanoscopic level, molecular tweezers gather 

the minimal information to mimic biological recognition and 

selectivity: the combination of specific electronic information 

contained in IS and the control of their spatial separation by S 

provides the source of selective recognition. Furthermore, the 

potential to control the relative orientation of the IS sites through 

stimulus responsive spacers (S) mimics the allosteric control 

frequently found in natural systems such as enzymes.[1a-d]  

 This review highlights the basic features of reported 

molecular tweezers,[1e-&] based on the nature and flexibility of the 

spacer S group. Indeed, the nature of the spacer plays a critical 

role in the recognition process, as recently illustrated by Zhu et al. 

with tweezers including the same IS linked by various S, and yet 

capable of distinguishing specific imide sites along a polymer 

chain based on the nature of the spacer S.[2] Three types of 

spacers will be discussed in this mini-review: flexible, rigid and 

switchable (Scheme 2), although borderline examples share 

features from each category. 
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Scheme 2: Cartoon representation of (a) flexible tweezers (‘induced-fit’ 

mechanism), (b) rigid tweezers (‘lock and key’ model), and (c) stimuli 

responsive and pre-organized spacers. 
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Examples of weak interactions[3] present at IS sites are 

introduced and applications discussed within this framework. 

Ranked from most energetic to less energetic, they involve 

coordination bonds, ion-ion interactions, H-bonding, ion-dipole, 

ion-π, π-π and van der Waals interactions, tuned by the nature of 

the solvent. Hydrophobic effects are also important in water 

soluble molecular tweezers targeting natural substrates, as seen 

below. 

Although many potential molecular receptors have been 

described as molecular tweezers because of their shape, this 

review mostly focuses on those for which substrate binding 

through intermolecular forces has been explored.  

1. Flexible spacers 

1.1 Flexible linkers: molecular tweezers adjusting to the 

substrate 

In their pioneering work, Chen and Whitlock proposed  flexible 

water soluble tweezers where two caffeine units (IS) were linked 

by a flexible spacer (S) composed of alkyl-diyne units.[4a] Among 

the various molecular conformations accessible through rotation 

around C-C bonds, the one that brought the IS sites into a parallel 

orientation (ideal for substrate binding) was selected by 

hydrophobic benzoate and naphthoate anionic guests.[4a] The 

binding of such aromatic guests illustrates the ‘induced-fit’ model 

originally stated for biological systems.[4b] In this model, the 

substrate selects the receptor’s conformation(s) which is (are) 

most appropriate for binding (Scheme 2a). This ‘induced fit’ 

model implies: (i) that the spacer S offers enough flexibility to fit 

the substrate and (ii) that a strong interaction between the IS and 

the substrate exists in order to compensate for the significant 

entropic loss associated with substrate binding. As a result, only 

the strongest intermolecular forces are found in flexible tweezers 

where the spacer is a simple, linear chain: hydrophobic effects 

with aromatic guests in water soluble tweezers,[4a]  coordination 

bonds mostly based on the axial ligation of porphyrin metal 

complexes,[5a-e] or the synergistic effect of combined weak 

interactions (e.g. ion-dipole + donor/acceptor,[5f] ion-ion + H-

bonding[5g]).  

In all cases, the flexibility of the tweezers offers several  

advantages: first, versatility in the substrate to be complexed, due 

to the multiple conformations the tweezer can adopt, while the 

length of the spacer confers some degree of selectivity.[5a-e,g] 

Second, the conformational selection operated by substrate 

binding may induce a detectable signal to be used for sensing. 

For instance, the absolute configuration of chiral diamines,[5a,e] 

amines,[5b] alcohols,[5b] diols,[5e] aminoalcohols,[5a,b,e] -chiral 

carboxylic acids[5c] and -hydroxyketones[5d] may be determined 

through the circular dichroism signal (CD) induced by bidendate 

chiral substrates into the metalloporphyrin-based tweezer 

receptor 1 (Figure 1).[5a-e] In such cases, the conformational 

selection combined with the substrate-induced rigidification of the 

complex lead to efficient chirality transfer from the chiral guest to 

the achiral host, and thereby to high optical activity.[5a] However, 

significant spacer flexibility may also limit selectivity and allow 

various stoechiometries of substrate binding.[5g] 
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Figure 1: Flexible tweezers based on porphyrin complexes (M = Zn
2+

 or Mg
2+

) 

accommodate chiral bidentate substrates (X, Y = N or O) and signal their 

absolute configuration by induced circular dichroism.
[5a-e]

 Insert: schematic 

explanation for the substrate-induced positive exciton based on sterics. 

1.2 Semi-flexible linkers  

Complete rotational freedom of movement within the spacer 

however limits binding affinity because of the entropic cost 

associated with conformational state selection upon substrate 

binding. Such entropic cost may be partially paid for during the 

synthesis of the receptor by only allowing few predetermined 

receptor conformations prior to binding. Such conformational 

restrictions may be provided by spacers S made of rigid 

(aromatic,[6a-h,n,7a-c] conjugated[6i] or aliphatic[6j,k]) scaffolds 

connected to IS by simple aliphatic hinges (Figure 2a)[6] or by 

single bond with free rotation (Figure 2b).[7] Aliphatic hinges may 

also be duplicated in order to rigidify the overall structure (grey 

lines as in tetrasubstituted benzenes[6c,n] and glycouril units, [6j,k] 

Figure 2a). 
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Figure 2: General design of semi-flexible molecular tweezers based on (a) 

single or double aliphatic hinges and (b) free bond rotation. Common interaction 

sites (IS) involve coordination to metalloporphyrins,
[6e-g,7c]

 hydrogen-bonding,
[7a]

 

ion-ion interactions,
[7a] 

π-π interactions
[6a,c,d,i-k,n,7b,c] 

and van der Waals 

interactions with steroids.
[6b]

 

Although a few degrees of freedom remain in the receptor, 

binding constants with semi-flexible tweezers are sometimes 

nearly comparable to fully rigid analogues.[7b] However, the 

relative flexibility allows for the opening of the cavity, its 

adjustment to various substrates[7c] (occasionally accompanied 

with a mechanical “chewing” motion[6h]) and access to higher 

association orders (e.g., not only 1:1 but 1:2[7a] and 2:2[6d] 

stoichiometries, Figure 3).  
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Figure 3: Semi-flexible molecular tweezers based on (a) an aliphatic hinge
[6d]

 

and (b) C-C bond rotation.
[7a]

 In both cases, higher association orders may be 

observed (in 2a1, a 2+2 stoichiometry has been suggested depending on the 

nature of the solvent
[7a]

).  

Due to their synthetic accessibility, their significant binding 

strength and fair and adjustable selectivity resulting from tunable 

cavities, semi-flexible spacers and the resulting molecular 

tweezers have found applications as varied as receptors for 

anions[6l,m,7a] and for cholesterol based on imprinted polymers,[6b] 

and as chiral enantio-differentiating NMR agents.[6i] 

2. Rigid spacers  

2.1 Rigid spacers maintained by fused rings 

Gaining in rigidity to the detriment of flexibility reflects a 

transition from the host-guest ‘induced fit’ model to the ‘lock and 

key’ model, stated by Fischer.[8a] In this model, the substrate fits in 

the receptor like a key in a lock (Scheme 2b). The rigid pre-

organization of the host minimizes the entropic cost of 

conformational selection, and, therefore, significantly increases 

binding strength. For instance, a spacer with a controlled 

geometry presenting two parallel interaction sites separated by ~7 

Å facilitates complexation of aromatic substrates,[8b] as in 

Zimmerman’s fused aromatic (or mixed unsaturated-saturated) 

spacers[9] enforcing a syn-conformation between both IS units 

(Figure 4). Combined with anthracene IS, such rigid spacer 

induces high affinities for electron acceptors (e.g., 3a(9-anthryl)2 

complexes 2,4,5,7-tetranitrofluorenone (TENF) with a binding 

constant of 2.104 M-1 in CDCl3
[9c]) and good selectivity for 

nucleosides when H-bonding is added in the cleft (3c spacer, 

Figure 4).[9d] Using spacer 3a, Zimmerman et al. assessed the 

effect of the rigid saturated ethano bridges (circled in Figure 4 

left) on the binding constants of acridyl IS to TENF, or, in other 

words, the benefit of freezing C-C bond rotation.[9c] They found 

that transitioning from a semi-flexible (no ethano bridge) to a 

semi-rigid (one ethano bridge) to a fully rigid receptor (two ethano 

bridges) increased the free energy of binding by ~3.8 kJmol-1 per 

frozen C-C bond (the binding constant is multiplied ~4-5 fold for 

each frozen C-C bond).[9c] Using spacer 3a, rigid molecular 

tweezers offering IS composed of planar coordination 

complexes,[10] such as terpyridyl-PdII (Figure 4 right), 

accommodate aromatic guests as well as planar metal 

complexes.[10a-c] In this case, metal-metal interactions add to 

aromatic stacking to tighten the complex, as evidenced by the 

reduction of the π-π distance (3.2 Å vs 3.5 Å).[10a] Although 

kinetically labile (i.e., the substrates may exchange or reorient in 

a rapid equilibrium), these complexes are highly thermodyna-

mically stable.[10b] Metal-based IS also allow multidentate ligands 

to be used in the assembly of more complex supramolecular 

receptors such as 2D rectangles and 3D-prisms with multiple 

binding sites.[10c] Finally, varying the nature of the fused aromatic 

rings (e.g., anthracene, xanthene) allows to tune the size of the 

cavity and relative orientations of the interaction sites.[10f] 
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Figure 4: Rigid tweezers developed by Zimmerman and Bosnich around 

common locked structures for spacer S.
[9,10] 

The circled ethano/etheno bridges 

confer rigidity to the molecular tweezers. 

Fully saturated rings have also been used to prepare 

molecular tweezers taking full advantage of the conformational 

preference of individual disubstituted cyclohexyl rings[11a,b] (Figure 

5a) or fused systems (Figure 5b) of natural (e.g., bile acid 

derivatives)[11c,d] or synthetic[11e,f] origin (Figure 5b), generating a 

variety of cavity sizes. 

Molecular tweezers do not necessarily offer parallel 

interaction sites. Substrates with curvature may be best 

accommodated by receptors with interaction sites maintained in a 

curved, diverging orientation enforced by appropriate rigid 

spacers. For instance, selective binding of C60
[12a,b] or carbon 

nanotubes[12c,d] is achieved with rigid molecular tweezers where 

electron-donor binding sites are properly oriented by a rigid 

conjugated or aromatic spacer (Figure 5c). Similarly, metal ions of 

well-defined coordination geometry can control the relative 

orientation of two interaction sites. The latter strategy has been 

illustrated with square planar PtII spacers maintaining two 

diverging electron donors thereby available to complex C60.
[12b,e] 
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Figure 5: Rigid molecular tweezers based on cyclohexyl
[11a,b]

 (a) and fused 

saturated
[11c-f] 

(b) or unsaturated
[12a-c]

 (c) spacers. Substrates in (c) are fullerene 

(C60) and single-walled carbon nanotubes (SWNT).  

2.2 Rigid spacers constructed around bicyclic units 
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Another strategy to access rigid spacers is based on locking 

the conformation of semi-rigid spacers by ‘strapping’ two 

positions together via a bridge, thereby forming rigid, bicyclic 

connections (Figure 6a).[13] The bicyclic structure may be centrally 

located only (as part of the spacer, e.g., 4a in Figure 6b) or 

repeated into the arm structure (e.g., 4b in Figure 6b). Because 

pinching in the latter is more pronounced, these receptors have 

been referred to as ‘molecular tweezers’ by their authors (e.g., 4b 

in Figure 6b). On the other hand, the more open cavity of the 

former relates them better to ‘clips’. Such overall bicyclic design is 

attractive because of (i) easy synthetic access and 

functionalization (for instance by repetitive Diels-Alder/oxidation 

reactions), (ii) the variety of cavity sizes and shapes defined by 

the nature of the central ‘upper’ wall (e.g., benzene, naphthalene), 

(iii) the possible involvement of the latter in complex formation 

(e.g., naphthalene as electron-donor) and (iv) the control of the 

degree of ‘wrapping’ through the introduction of additional lateral 

bridges. Indeed, the geometry of such receptor greatly affects 

which type of substrate is best complexed:[13c] the ‘clip’ structure 

preferentially accommodates organic cations (such as NAD+,[13d] 

thiamine[13e] and flavylium[13f] salts) by π/cation and π/π 

interactions,[13d-f] whereas the ‘tweezer’ one leads to a high 

selectivity for lysine and arginine, trapping the aliphatic chain 

inside the cavity.[13g] Due to their ability to selectively bind natural 

cofactors and amino-acid side chains, these systems have found 

applications and opened new perspectives in enzyme 

inhibition.[13d,h,i] A similar design using larger C2 bridges (-H2C-

CH2-,
[13j] -C=C-,[13k] Figure 6a) and extended fused aromatic walls 

was applied to fullerene complexation with good affinities (K = 

3500 M-1 in toluene/CHCl3 1:1).[12b,13j,k] Other bridging structures 

such as ethers (-O-, Figure 6a)[13a,l] and larger saturated 

cycles[13m] have also been explored and, being chiral, applied to 

the recognition of chiral guests. As a side note, although 

categorized as “rigid”, bicyclic structures still allow some 

(restricted) conformational variations leading to small contractions 

upon substrate binding.[13a]
 

O

PO3

OPO3

N

O

NH2

a

b

Semi-flexible

IS IS IS IS

Rigid

CH2H2C CHHC
O

N

N N

N

NH2

4a

NAD+

N

O O

H

O

NH3

O
PO3

OPO3

4b

H2

C

 

Figure 6. a) Transition from semi-flexible to rigid molecular tweezers through the 

introduction of bicyclic linkers; b) examples of molecular ‘clips’ (left) and 

‘tweezers’ (right) and their selective complexation to organic cations such as 

NAD
+
 (left)

[13c] 
and lysine derivatives (right).

[13f]
 

3. Spacers held in a pre-organized 
conformation through weak interactions  

3.1 One state molecular tweezers: “on” binding state only 

As seen in 2.1, rigid spacers in molecular tweezers pre-

organize the interaction sites in a conformational state which is 

ready for substrate binding. In this respect, the entropic cost 

associated with the recruitment of the interaction sites around the 

substrate is paid in the course of the synthesis of the tweezer. 

However, such elaborate, fused covalent structures are 

sometimes fastidious to prepare. Alternatively, weak interactions 

may replace covalent links in order to fold the spacer into a 

conformation that is appropriate for substrate binding, and to 

simplify their synthesis. Amide-bond formation and aryl-aryl 

cross-coupling reactions are prime examples in the synthesis of 

pre-organized molecular tweezers. 

As exemplified in nature, amide bonds are most important in 

controlling the conformation of molecules, and have extensively 

been used in an effort to fold artificial molecules into well-defined 

shapes.[14] With the advent of peptide synthesis, preparation 

protocols are well-documented, and their chemical nature offers 

very good hydrogen-bond donor (NH) and acceptor (C=O) sites. 

Figure 7 highlights how hydrogen-bonding information based on 

amide bonds has been used to generate pre-organized molecular 

tweezers of various sizes. 
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Figure 7: Amide bonds used in hydrogen-bonded pre-organized molecular 

tweezers (their substrates are indicated in grey). 

The folded pyridyldiamide unit introduced by Hamilton[15a] has 

been applied to the construction of molecular tweezers (5 in 

Figure 7), among other folded architectures. In such reported 

molecular tweezers, the terminal arylamines are substituted with 

porphyrins or their complexes, allowing substrate complexation 

through π-π and donor/acceptor interactions, as well as 

coordination bonds.[14d,15b-f] Although coordination bonds (e.g., to 

diamines such as DABCO) are strong enough to enforce a 

cofacial geometry between two porphyrin complex interaction 

sites,[15e] weaker interactions with the substrate such as π-π and 

donor/acceptor interactions critically depend on the hydrogen-

bonded mediated pre-organization, and lead to reasonably tight 

substrate binding (e.g., Kassoc (5-free porphyrin / TNF) = 3.5 (± 

0.1) × 105 M-1 in CDCl3).
[15f] Molecular tweezers such as 5 having 

two planar and parallel electron donor sites (porphyrins) and a 

planar, rather electron-poor spacer tend to dimerize via the 

insertion of the spacer within the arms of another tweezer. The 

binding of electron-poorer substrates disrupts the dimer, a 

process which can be used to dissassemble supramolecular 

polymers made of “double tweezers”.[15f] Increasing the cavity size 

as in 6 limits self-dimerization and allows to probe the recognition 

of more elaborate substrates, as shown in Figure 7b.[15d] Thanks 

to the pre-organization of the spacer through amide N-H····ether 
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interactions, two porphyrin zinc complexes may be placed at an 

appropriate distance and orientation to synergistically coordinate 

two pyridine axial ligands from the substrate. Because the bridge 

between the two pyridines contains an ammonium site which 

readily interacts with crown-ethers in weakly polar solvents, the 

recruitment of the bis-pyridine strand within the arms of the 

tweezer leads to the formation of a rotaxane,[16] where the actual 

molecular tweezers play the role of stoppers.[15d]  Smaller 

molecular tweezers based on the same N-H····ether folding 

codon and interaction sites have also been prepared and 

complex electron-poor substrates such as C60 and C70 with 

association constants of the order of 104-105 M-1 in toluene.[15b] 

A similar design involving an amide-induced pre-organized 

spacer S based on a diaminophenazine rigid core combined with 

anionic aryl IS was applied to the selective biomimetic recognition 

of noradrenaline.[15g] Similarly, dihydrogen phosphate anions are 

selectively recognized by pre-organized molecular tweezers 

where two urea binding sites are appended to an anthraquinone 

core.[15h] 

Heteroaryl-heteroaryl connections offer a synthetically facile 

alternative to amide bonds, combined with conformational control. 

Inspired by the transoid conformational preference of 2,2’-

bipyridine,[17a] the pyridine-pyrimidine-pyridine triad (7a-c, Figure 

8) offers a similar cavity size as in 3aAcr2 (etheno bridges, 

Figures 4 and 8).[17b] On the one hand, 7a decorated with 

electron-donor interaction sites (e.g., anthracenes) recognizes 

and complexes electron-acceptors. On the other hand, 7c, which 

is functionalized with electron-acceptors such as acridiniums, 

binds electron-rich substrates. 
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X X

7a, X = CH
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+
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C12H25O

C12H25O
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N N

Ar
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a cb
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NC CN

CN

(bis etheno bridge)  

Figure 8: a) Molecular tweezers based on the transoid conformational 

preference of 2,2’-bipyridine; b) electron-poor (TCNQ) and electron-rich (TDOA) 

substrates;
[17b] 

c) covalently held analog for comparison.
[9b]

 

Table 1 gathers a few binding constants and allows assessing the 

effect of covalent vs non-covalent pre-organizations. Indeed, the 

bis-acridine weak donors in the rigid molecular tweezer 3aAcr2 

bind TNF with a reported binding constant of 200 M-1,[9b] whereas 

the non-covalently pre-organized analog 7b complexes TNF with 

an association constant of ~50 M-1,[17b] which is roughly four times 

smaller (see Figure 7 for the chemical structure of TNF). So there 

is a cost for not freezing the spacer into a covalent structure, very 

likely associated with the residual entropic freedom of rotation 

around C-C bonds, but the association constants remain within 

the same order of magnitude. 

Table 1. Reported binding constants for 7a-c and 3aAcr2 (bis etheno bridge) 

expressed as log(Kassoc) at 25 °C.
[9b,17b]

 

Tweezers TNF
[a]

 TCNQ
[a]

 TDOA
[b]

 

7a 3.4 ± 0.06 3.79 ± 0.05 - 

7b 1.7 ± 0.2 2.0 ± 0.1 - 

3aAcr2 2.3
[9b]

 - - 

7c - - 3.00 ± 0.05 

[a] CDCl3; [b] CDCl3+ 8% CD3OD 

The above systems examplify how molecular tweezers can 

be easily prepared and tuned through the use of non-covalent 

interactions that fold the receptor into an active (“on”) binding 

state. Because of the allowed bond rotations, these systems have 

the potential to be turned “on” and “off” by an external stimulus 

modifying the spacer’s conformational preference, provided a 

second state is well-defined, as illustrated below. 

3.2 Two state molecular tweezers: “on” and “off” binding 

states 

3.2.1. Metal Ion triggered “on to off” and “off to on” switching 

As a matter of fact, molecular tweezers 7a-c display a second 

well-defined conformation derived from the chelation of metal ions 

by the bidentate pyridine-pyrimidine units. Such molecular 

tweezers have two well-defined conformational states, a neutral 

“substrate-binding on” state, and a metallated “substrate-binding 

off” state, where the large distance between IS and their relative 

orientation prevent efficient substrate binding (Figure 9a).[17b,18] 

This overall 2-state process allows the controlled release of the 

bound substrate operated by a metal ion gradient. Similarly, 

pyridine-pyridine-pyridine triads 8[17b-d] and isosters[17e,f] are 

capable of the reverse transformation, namely the metal-ion 

induced complexation of substrate, via an “off” to “on” 

conformational change (Figure 9b). 
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Figure 9: Ion-triggered molecular tweezers. a) “on” to “off” substrate binding 

state conversion (grey substituents are anthracene, acridine or acridinium 

units);
[17b]

 b) “off” to “on” substrate binding state conversion (grey substituents 

are porphyrins, their Zn(II) or Au(II) complexes,
[17d]

 anthracene derivatives
[17b]

 or 

naphthalenediimide derivative
[17e,f]

 units); the central pyridine is shaded of grey 

where the hydrazone isoster may be used (the hydrazone-based spacer is 

indicated in its “off” form in insert);
[17e,f]

 M
2+

 is Zn
2+

, Cd
2+

 or Hg
2+

. 

3.2.2. Anion- and small-molecule controlled molecular 

tweezers 

As an echo to cation-controlled molecular tweezers, anion 

control between two states is now emerging. Bis-indole 9 

behaves similarly to 2,2’-bipyridine: weak interactions (H-bonding 



 6 

mostly) favour a transoid conformation in the free state 

(“substrate-binding off” state), while anion binding recruits both 

NH functions to favour a cisoid conformation in the anion-bound 

state and induces a “substrate-binding on” state (Figure 10a).[19a] 

Such anion-controlled 2-state conformational switch has recently 

been explored in the development of molecular tweezers, where 

the interaction sites are, once again, porphyrin zinc 

complexes.[19a] One of the main challenges in this area is 

probably the relatively weaker binding constants for anion∙∙∙∙H-N 

hydrogen bonding interactions compared with metal ion 

coordination, which limit the applicability to anion-triggered 

substrate binding. Yet, recent progress in anion based H-

bonding[19b-d] bodes well for the future of this field.  
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Figure 10: Anion-controlled (a) and small-molecule-controlled (b) molecular 

tweezers. Interactions sites (grey susbtituents) are porphyrin complexes; in b), L 

is either an anionic (Cl
-
) or neutral (CO) ligand; the “squiggly lines” between the 

rhodium and the ligands represents various coordination geometries. 

Alternatively, anions may be used as triggers via their 

coordination to metal ions embedded in the spacer (10, Figure 

10b), taking full advantage of the strength of coordination bonds 

(Figure 10b).[19e,f] Such ligand-controlled metal coordination 

geometry is not restricted to anionic ligands: small ligand 

molecules such as CO may also be used to tune the geometry of 

spacer 10, extending the technology to small-molecule controlled 

molecular tweezers.[19e,f] Although substrate binding remains to be 

demonstrated in this context, there is no doubt that this 

technology bears tremendous potential. 

3.2.3. pH trigger 

More biologically relevant than metal ion gradient is a proton 

gradient. Recently, molecular tweezers 11 operated by pH 

gradients have been reported and proven to display differential 

interactions for bioactive substrates at different pHs (e.g., 

mitoxantrone, MTX, Figure 11).[20a] Such nanomachines hold 

promise for the selective drug delivery at the periphery of cancer 

cells where pH is significantly more acidic compared to healthy 

cells.[20b,c] In this context, such dynamic molecular tweezers 

should enable instantaneous drug release, a valuable alternative 

to the more traditional, slower, pH-promoted chemical hydrolysis 

of covalently held polymeric carriers.[20d-g]  

O
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OH HN

HNOH

H
N

OH

N
H

OH

MTX

11 "on"

N

NN

R

pH drop

pH increase

N

R
O O

O O

H
+

11 "off"  

Figure 11: pH triggered “on” and “off” state of molecular tweezer 11 (left; R=H, 

PEG) and its mitoxantrone (MTX) anti-cancer drug substrate (right, in grey).
[20a]

 

3.2.4. Electrochemical triggers 

Among the “cleanest” triggers operating molecular machines, 

redox processes are particularly attractive and have been 

investigated in the control of substrate binding by molecular 

tweezers. Electrochemically controlling substrate binding to 

molecular tweezers may be effected by (i) changing the 

properties of the substrate by redox transformations,[21a] and (ii) 

modifying the electronic properties of the molecular tweezers, and 

mostly the interaction sites, by oxidoreduction. Only the latter will 

be discussed below, with molecular tweezer 12 (Figure 12).[21b] 

Redox reactions on the interaction sites modify their charge and 

electronic properties, leading to electrostatically induced 

conformational switching.[21b,c] For instance, the two neutral, 

electron-rich TTF groups in 12 bind electron-poor substrates. 

Upon oxidation, both electron-rich interaction sites become 

positively charged and the resulting electrostatic repulsion 

favours the opening of the molecular tweezers, to a state where 

the substrate is expected to be less well bound. Although the 

substrate release process has not been probed yet due to weak 

binding in the “on” state,[21b] such electrochemical actuators 

appear particularly promising.  
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Figure 12: Electrochemically controlled molecular tweezers 12.
[21b]

 

3.2.5. Light trigger 

An alternative to electron-transfer as a “clean” and minimal 

trigger is provided by light/thermal relaxation, as illustrated by one 

of the very early molecular tweezers.[22] UV radiation indeed 

converts the azo function in 13 from a trans “off” to a cis “on” 

conformation, where “ion sandwiching” is possible.[22] This 

technology has been applied to trans-membrane ion transport, 

where UV-irradiation induces the complexation of potassium 

within the arms of the organic tweezers, is followed by transport 

of the complex through the membrane and by thermal relaxation 

to the trans “off” conformation in the dark compartment 

accompanied with potassium release (Figure 13).[22] 
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Figure 13: Light controlled molecular tweezers 13 applied to cation-binding, 

transmembrane transport and cation release.
[22]

 

4. Summary and Outlook 

In the last twenty years, molecular tweezers have developed 

into a rich field. Systems with rigid spacers combine selectivity 

and large association constants. Although they share those 

properties with macrocyclic receptors, they also offer lability in the 

diffusion in and out of the binding site. As far as applications are 

concerned, such lability is beneficial in the development of 

enzyme inhibitors and artificial catalysts. In this context, the 

dynamic “two state” molecular tweezers have a tremendous 

potential: trigger-controlled conformational switching may be used 

as an allosteric control element. Allosteric control is one of 

nature’s critical tricks Chemists have long strived to mimic,[1] 

toward which dynamic molecular tweezers may contribute. The 

“on-state” where substrate is bound may be engineered to effect 

chemical transformation, and switched to the “off-state” in order to 

favour product release, an important aspect to limit product-

induced catalyst inhibition. Other applications where motion and 

release are important, such as in molecular machines[23] and in 

the transport[22] and release of bio-active molecules[20a] may also 

successfully integrate molecular tweezer modules. Indeed, while 

much research effort has recently been focused on molecular 

motion within a single molecule or a mechanically held molecular 

assembly (e.g., topological molecules such as catenanes and 

rotaxanes),[16,23b,e-g] the controlled interaction between molecular 

machines either directly or via an intermediate effector, is a 

necessary step towards complex, integrated molecular machine 

networks, where dynamic molecular tweezers may play an 

important role. In a similar spirit involving communication within a 

complex network, further work mimicking biological signalling may 

include small molecule effectors as signalling elements. In this 

context, the manipulation of dynamic carriers for this molecular 

effector is essential. The carriers’ ability to be transported from 

one compartment to another, and to be induced to uptake and 

release their cargo in a controlled manner is also critical, and 

molecular tweezers may, once again, provide important 

components. 
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