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ABSTRACT 

We report on the use of vicinal diols as a template for synthesis of mechanically interlocked molecules. 
Vicinal diols are prevalent in bio(macro)molecules such as carbohydrates, RNA as well as 
polyhydroxylated natural products, and a range of methods exists for recognition and selective binding 
to these motifs. Here we use dynamic covalent boron chemistry to reversibly attach a V-shaped boronic 
acid pincer ligand with two alkene-appended arms to a linear diol-containing thread. Following 
condensation of the pincer ligand with the thread, ring-closing metathesis establishes a 
quasi[1]rotaxane architecture along with a non-entangled isomer in a 1:2 ratio.  Advanced NMR 
spectroscopy and mass spectrometry unambiguously assigned the isomers and revealed that the 
quasi[1]rotaxane was in equilibrium with its hydrolyzed free [2]rotaxane form. The boron handle could 
also be selectively oxidized to kinetically trap the rotaxane in place. This study demonstrates that 
prevalent biomolecular motifs can be used as templates for establishing mechanical bonds, meaning it 
might be possible to interlock unmodified native biomolecules and biopolymers for future biomedical 
applications. 

 

 

INTRODUCTION 

Mechanically interlocked molecules (MIMs) such as rotaxanes, catenanes and molecular knots have 
long been considered challenging synthetic targets, but recent synthetic advances are now allowing 
their properties to be explored in greater detail and their applications to be probed more systematically.[1] 
One area that remains underdeveloped is the use of MIMs for biological applications.[2] MIMs are 
attractive functional units for chemical biology due to their dynamic nature and stimuli-responsiveness, 
in addition to how they sterically protect delicate functional groups against degradation. However, the 
community has only begun to scratch the surface of this rich and interesting field.[2a] From the sparse 
examples so far, MIMs have been used for small-molecule drug delivery[3], to protect sensitive imaging 
agents from degradation[4], for mechanical silencing of DNA duplex formation[5], to aid substrate 
passage through cell membranes[6], and for biosensing[7]. 

There are nevertheless significant barriers to applying MIMs in biological contexts, with the most 
substantial being the synthetic difficulty of making biocompatible (and water-soluble) molecules. Most 
synthetic routes towards MIMs rely on non-covalent interactions to pre-organize the individual 
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component before establishing the mechanical bond.[1a] However, this introduces extraneous functional 
groups (ligands for metals, H-bonds etc.) which are non-biogenic and cause problems in biological 
applications. A better approach would be to construct MIMs from biogenic building blocks, as such 
supramolecular assemblies would likely have higher biocompatibility.[8] Unfortunately, accessing 
molecules such as rotaxanes using biomolecules as templates is extremely difficult, as the biological 
environment disrupts most pre-organizing interactions and renders template effects weaker and less 
directional.  

We hypothesized that covalent rather than non-covalent templates would be favorable for constructing 
MIMs with biologically relevant templates.[9] The robustness and directionality of covalent templates are 
higher than with non-covalent interactions, meaning mechanical bonds can be formed under more 
challenging conditions.[10] The use of covalent bonds to preorganize different molecular components 
before interlocking was established as far back as the 1960s[11] but most such strategies suffer 
limitations such as harsh cleavage conditions and complicated synthesis[9]. Here we report a 
straightforward approach to make [2]rotaxanes from bioderived building blocks via covalent templates 
(Scheme 1). Key to this method is the use of dynamic covalent chemistry to pre-organize a bioderived 
thread and a V-shaped pincer receptor into a conformation that delivers a rotaxane upon ring closure 
and cleavage of the dynamic covalent linkage.[12] Dynamic covalent bonds have “Goldilocks character” 
that make them uniquely suited as covalent templates, with the bonds being robust enough for efficient 
covalent template synthesis (under one set of conditions) but labile enough to later liberate the free 
MIM (under another set of conditions).[13]  

Boronic esters are classic examples of dynamic covalent bonds and form by exchange between vicinal 
diols and boronic acids.[14] Reversible boronic acid complexation has been extensively used for 
biosensing[15], catalysis[16],  self-healing materials[17] and to solubilize polysaccharides[18]. There is also 
ample precedence for the use of boron self-assembly to preorganize components towards 
macrocyclization[19], though dynamic boron chemistry has not seen much use for MIM synthesis[20]. 
Polyhydroxylated scaffolds and vicinal diols are furthermore ubiquitous in nature (RNA, carbohydrates, 
natural products etc.) and would hence provide versatile, naturally occurring templates for 
biocompatible rotaxanes.  

This study establishes proof-of-concept for using dynamic boron chemistry and vicinal diol templates 
for [2]rotaxane synthesis. Our receptor uses a dynamic boron handle to reversibly bind to the hydroxyl 
groups, whilst apolar protruding side chains preorganize the receptor into a “clasp-type” conformation 
that encapsulates the top/bottom of the thread. This design causes clipping of the receptor onto the 
thread, and the dynamic covalent bond can then be readily broken or derivatized to free the 
quasi[1]rotaxane species and create true [2]rotaxanes. 

 

RESULTS AND DISCUSSION 

The V-shaped pincer ligand 1 bears a boronic acid moiety at its cleft and was synthesized in six steps 
as outlined in the Supporting information (Section S3). The ligand side chains were designed to feature 
benzyl-groups for increased dispersion interactions with the hydrophobic parts of the thread, to facilitate 
enclosure around rather than outside of the thread (vide infra).[21] As thread, we synthesized model 
compound 2 in five steps starting from the natural product tartaric acid. To ensure a stable thread 
architecture and facilitate synthesis, we used amide bonds to connect the tartrate unit to the stoppers. 
The pincer ligand 1 and thread 2 were mixed in anhydrous toluene, leading to spontaneous self-
assembly of the dynamic boronic ester species 3 in 67-89% conversion, as determined by 1H-NMR 
analysis (Figure 1, Table S1).[22] Pronounced 1H-NMR spectral shifts for key resonances indicated 
successful complexation. For example, proton t10 shifts strongly downfield (Δδ = 0.7 ppm), while t6 shifts 
upfield (Δδ = 0.2 ppm), indicating boronic ester formation and the arms of the pincer shielding the thread 
via the desired clasp-type conformation. Protons r1, r2, r4 and r5 on the pincer also shifts noticeably, 
again indicating a more rigidified environment along with boronic ester formation. Aside from an upfield 
shift of 0.4 ppm, proton r3 also changes splitting pattern from singlet to a doublet of doublets, due to the 
diasterotopic protons now residing in a conformationally restricted chiral environment imposed by the 
tartrate chiral centers. 11B-NMR spectroscopy gave a shift of 28.9 ppm for 3, which supports assignment 
of the boron moiety as a trigonal boronic ester (Spectrum S26).[23] Reversibility of the linkage was 
confirmed by hydrolysing the complex back to 1 and 2 in water-saturated CDCl3 (Figure S1-S2). 
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Scheme 1.  Synthesis of a [2]rotaxane through a diol template. 

 
aReagents and conditions: (i) 1 (1 equiv.), 2 (1 equiv.), toluene, RT, 24 h; (ii) Hoveyda-Grubbs 2nd generation 
catalyst, CH2Cl2, RT, 24 h (16% yield over two steps); (iii) H2O, CDCl3, RT, 7 d (equilibrium yield 70%).  

 

The covalently linked clasp-type receptor 3 is preorganized for rotaxane formation via ring-closing 
metathesis (RCM).[24] While there is flexibility in the structure, that freedom of movement was deemed 
necessary for the arms to meet during ring closure as part of the RCM catalytic cycle (where an 
organometallic Ru complex is covalently attached to one chain terminus). [25] Indeed, treatment of 
complex 3 with Grubbs-Hoveyda 2nd generation catalyst in CH2Cl2 led to efficient ring closure, as 
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evidenced by 1H-NMR spectra of the crude mixture (Figure S3). The majority of the crude reaction 
appeared to be composed of two ring-closed species in 2:1 ratio (the remainder being unidentified oligo- 
and polymeric species). Analysis using electrospray ionization high resolution mass spectrometry (ESI-
HRMS) indicated both species had the same molecular mass (observed mass m/z 1817.0221 for 
[C116H139N2O14+Na]+, calculated m/z 1817.0253) as the desired quasi[1]rotaxane product 4. This led us 
to believe that the two compounds were structural isomers 4 and 4’ (Scheme 1), stemming from ring 
closure around the thread (to generate the quasi[1]rotaxane 4) and outside of the thread (to generate 
the non-interlocked conformer 4’). Fortunately, separation of the two compounds using column 
chromatography was possible, and we could isolate the suspected quasi[1]rotaxane 4 in 16% yield over 
two steps (starting from free boronic acid 1 and thread 2). The interlocked nature of 4 was clear already 
from its physical properties, as the compound was fully stable to chromatographic purification despite 
the hydrolytically sensitive boronic ester moiety.  
1H-NMR analysis showed full consumption of the external alkene protons r12/r13 from 3 and the 
characteristic change in both shift and splitting pattern (m to t) of the internal alkene proton r11, 
corresponding to the ring-closed metathesis product (Figure 1). 

 

Large upfield shifts for peaks corresponding to protons on the arms of the pincer receptor (r3, r4, r5) as 
well as the thread (t5, t8) indicated the ring closing event produced a tight conformation with close 
association to the thread, in line with the expected quasi-interlocked conformation. 

From this NMR analysis, we could now assign compound 4 as the minor product in the crude reaction 
mixture. A higher quantity of the suspected exo-macrocyclic conformer 4’ was, correspondingly, also 
observed. Attempts to isolate this molecule in pure form were fruitless, as 4’ hydrolyzed readily during 
chromatographic purification attempts or after being dissolved in wet organic solvents. Through rapid 
silica flash column chromatography we could isolate a mixture of 4’ together with the hydrolysis 
products, thread 2 and boronic-acid macrocycle 6 (Figure S5-S6).[26] Interestingly, macrocycle 6 could 
not be synthesized by direct RCM of ligand 1, as this only produced degradation products. This 
methodology is the only method we have been able to find to obtain 6 as a reference compound.  

In contrast to some previously used covalent templates[9], the boronic ester functionality is labile and 
requires only mild conditions to dissociate. Indeed, quasi[1]rotaxane 4 was found to slowly equilibrate 
to the free [2]rotaxane 5 when left in water-saturated CDCl3 under ambient conditions. After several 
days, an equilibrium position of 70:30 between 5 and 4 was established (Figure 2). Considering the 
effective molarity between diol and boronic acid in 5, the shift of the equilibrium position towards 

Figure 1. Partial 1H-NMR spectra (500 MHz, CDCl3, 298 K) of a) boronic acid pincer ligand 1; b) tartrate-
derived thread 2; c) boronic ester condensation product 3 (89% conversion); d) quasi[1]rotaxane 4. 
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hydrolysis product is somewhat unexpected and indicates that the boronic acid state is strongly favored 
over ester.  

 
Figure 2. Partial 1H-NMR spectra (500 MHz, CDCl3, 298 K) showing gradual hydrolysis of 4 into [2]rotaxane 5. 

 

In contrast, the non-interlocked nature of 4’ was obvious from its chemical stability. Upon being left in 
wet CDCl3 for 24 h, 4’ had dissociated to free 2 and macrocycle 6, with >95% conversion to these 
products being observed after 48 h (Figure S5). By condensing the free thread 2 and macrocycle 6 
under similar conditions to formation of the condensation complex 3, we could also regenerate 4’ in situ 
(Figure S6).  

 
Figure 3. a) Scheme of ring-closing reaction to generate isomers 4 and 4’, as well as the degradation of 4’ into 
macrocycle 6 and thread 2. b) Overlapped TW-IMS measurements of 4 and 4’. c) HRMS isotopic distribution for 4. 
d) HRMS isotopic distribution for 4’. e,f) HF-3c molecular models for e) [4•Na]+ and f) [4’•Na]+ used for calculation 
of theoretical collisional cross sections (TMCCSN2) and comparison with experimental collisional cross section 
values (TWCCSN2). Na+ ion shown in cyan.  
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Isomers 4 and 4’ were also further analyzed via tandem mass spectrometry. The isolated samples were 
analyzed by traveling wave ion mobility mass spectrometry[27] (TW-IMS), which showed different arrival 
times for 4 (14.4 ms) and 4’ (12.5 ms) (Figure 3b, Table S2).[28] Experimental collision cross section 
(TWCCSN2) values, determined via a polyalanine calibrant (full detail in supporting information), were 
calculated to be 623 ± 3 and 578 ± 4 Å2, for 4 and 4’, respectively. Theoretical collisional cross section 
(TMCCSN2) of HF-3c optimised structures of 4 and 4’ (612 and 588 Å2, respectively) were in good 
agreement with the experimental values (Figure 3e,f).[29] 

We further used collision induced dissociation (CID) mass spectrometry experiments to investigate the 
nature of the linkage between the ring and thread components in the RCM products by following the 
fragmentation of the hydrolysis products (Figure S9-10). Starting from compound 4’, hydrolysis was 
induced by dissolving the sample in 4:1 MeCN/H2O mixture and incubating for 1 h before measuring. 
We detected the hydrolysis complex [4’•2H2O] (or [2•6]) in the MS and subsequently isolated this peak 
for fragmentation. This complex between free ring 6 and thread 2 dissociated readily under CID 
conditions, with essentially full dissociation already at 20 V, indicating that this species is held together 
only through weaker interactions such as H-bonds rather than a mechanical bond. By incubating 4 
under the same hydrolysis conditions, free [2]rotaxane 5 was then observed in the mass spectrometer 
(m/z 1854) and was selected for fragmentation via CID. Much higher collision voltages (>70 V) were 
required to induce fragmentation of 5 which interestingly dissociated via a double condensation to re-
form the quasi[1]rotaxane 4. Upon further increasing the collision voltage to 90 V, a second competing 
channel was also observed with dissociation of wheel and axle, likely by breaking one of the benzyl 
ether groups in the wheel. Even higher collision voltages were needed for fragmentation of 4 and 4’ 
where no specific thread/ring fragments were observed, as expected for entirely covalently linked 
molecules (Figure S11-S12). These measurements lend strong support to our interpretation that 5 is a 
mechanically interlocked molecule. 

Quasi[1]rotaxane 4 is assembled through a boronic ester linkage. One advantage of boronic esters in 
organic chemistry is their versatility as synthetic handles. We hence tried exposing 4 to different 
derivatization conditions (Figure 4). As previously mentioned, free [2]rotaxane 5 is accessed through 
exposure to water-saturated CDCl3 over extended time periods. Addition of strong acids (such as H2SO4 
and HCl) mainly led to ring cleavage (likely via benzyl ether dissociation) and we could only observe 
small amounts if protodeboronylation rotaxane via ESI-HRMS (with only thread 2 isolable after workup). 
We then tried to oxidize the boronic ester with H2O2/NaOH to obtain a phenol, but this unexpectedly 
also led to cleavage of the macrocycle, liberating the free thread in 87% yield (Figure S7). Finally, we 
found that the phenol [2]rotaxane derivative could be accessed by omitting the base in the oxidation 
step. Dissolving compound 4 in a 1:1 THF/H2O mixture with H2O2 for 1 h induced transformation to 
phenol rotaxane 7 in 67% isolated yield (Spectrum S41-S46, S9). This demonstrates we can selectively 
address the quasi[1]rotaxane scaffold in three different ways – macrocycle cleavage, thermodynamic 
ring-thread equilibration and derivatization of the macrocycle to obtain kinetically trapped [2]rotaxane 
7.  

 

 
Figure 4.  Derivatization of quasi[1]rotaxane 4. Reagents and conditions: (i) H2O2, NaOH, THF/H2O 1:1, RT, 1 h, 
87%. (ii) H2O2, THF/H2O 1:1, RT, 1 h, 67%. (iii) H2O, CDCl3, RT, 7 d (equilibrium yield 70%). 
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CONCLUSIONS 

In summary, we have demonstrated that dynamic covalent bonds formed between boronic acids and 
vicinal diols can template rotaxane formation. The dynamic linkage brings the two components together 
in space, and by designing the boronic acid to be V-shaped we obtain preorganization for closure over 
the thread to obtain interlocked products. The isolated quasi[1]rotaxane is chemically stabilized from 
the mechanical bond, and could be derivatized in several ways through judicious choice of conditions. 
Though it is clear that the system can be optimized for both synthetic efficiency and compatibility with 
aqueous conditions, this nevertheless constitutes a proof-of-concept for the use of the biologically 
relevant vicinal diol motif as templates for mechanical bond formation. The use of dynamic covalent 
bonds for this purpose is critical, as bond cleavage in this system is facile and efficient, entirely 
circumventing the stabilizing “catenand effect” that has hindered template removal in previous examples 
of covalently templates MIMs.[9] Future boron pincers need to improve condensation conditions for 
formation of the initial assembly, the selectivity of the ring closure in favor of more interlocked product 
and increase the water stability of the system. Still, this work will be useful as a starting point for using 
natural biomolecules as threads for rotaxanes. This would mean the mechanical bond could be 
incorporated in biomolecules such as carbohydrates, RNA and polyhydroxylated natural products to 
modulate physical properties and give useful functions. While this study still requires compounds 
soluble in organic solvents, we believe this class of molecules could have future impact as building 
blocks for rotaxane biosensors and therapeutics.[2a] 
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