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Abstract: A bis-urea-functionalized ditopic subcomponent assembled 

with 2-formylpyridine and FeII, resulting in a dynamic library of metal-

organic assemblies: an irregular FeII
4L6 structure, and three FeII

2L3 

stereoisomers: left- and right-handed helicates and a meso-structure. 

This library reconfigured in response to the addition of 

monosaccharide derivatives, which served as guests for specific 

library members, and the rate of saccharide mutarotation was also 

enhanced by the library. The (P) enantiomer of the FeII
2L3 helical 

structure bound β-D-glucose selectively over α-D-glucose. As a 

consequence, the library collapsed into the (P)-FeII
2L3 helicate 

following glucose addition. The α-D-glucose was likewise transformed 

into the β-D-anomer during equilibration and binding. Thus, β-D-

glucose and (P)-3 amplified each other in the product mixture, as 

metal-organic and saccharide libraries geared together into a single 

equilibrating system. 

Discrete molecular containers have found uses in catalysis,[1] 

guest recognition and separation,[2] drug delivery,[3] gas 

absorption and storage,[4] as well as sensing.[5] Metal-organic 

cages in particular have found wide uses, due to their versatile 

and tunable host–guest chemistry, straightforward synthetic 

accessibility, structural adaptability and stimuli-responsive 

transformations.[4b, 6] 

Hydrogen-bonding is widely used for molecular recognition 

and self-assembly, such as the formation of gels using a series of 

rigid bis(urea) building blocks,[7] the construction of anion-

coordination-based tetrahedral cages and triple helices,[8] the 

generation of a hydrogen-bonded octameric nanospheroid,[9] a 

cryptand-like cage that uses only C-H…X− hydrogen bonding to 

trap chloride with exceptional affinity,[10] and covalent organic 

cages for monosaccharide[11] or anion[12] binding. 

Self-assembled metal-organic cage walls are usually 

constructed from rigid aromatic panels. The hydrophobic effect, 

coulombic interactions, aromatic stacking, and ion-π interactions 

thus often serve as the principal driving forces for guest binding. 

Examples of metal-organic cages with hydrophilic cavities or 

functional groups for hydrogen bonding within the cavity are 

therefore noteworthy.[13] Custelcean and co-workers designed 

urea-functionalized MII
4L6 cage receptors for the selective 

encapsulation of tetrahedral oxoanions from aqueous solution.[14] 

Kaifer et al. reported urea-containing subcomponent self-

assembled MII
4L6 tetrahedral metal–organic cages which 

combined high binding affinities for sulfate with straightforward 

release through cage disassembly.[15] Sun’s group described a 

self-assembled PdII
2L4 cage which selectively encapsulates 

nitrate.[16] The Fujita group decorated the interior of an MII
12L24 

spherical cage with peptides to form a protein-mimetic cavity.[17] 

Reek et al. functionalized this spherical cage framework with 

guanidinium units, and used it to pre-organize catalysts and 

substrates for highly efficient reactions.[18] 

Here we report a strategy for generating metal-organic cages 

capable of forming hydrogen bonds with guest molecules. As 

shown in Figure 1, ditopic aniline subcomponent A, containing two 

urea units, assembled with 2-formylpyridine and iron(II) 

bis(trifluoromethanesulfon)imide (triflimide, Tf2N−) to form a 

dynamic library[19] containing an irregular FeII
4L6 structure (1) and 

three FeII
2L3 stereoisomers.[20] These structures have multiple 

urea hydrogen-bond donors capable of interacting with guests. 

Irregular 1 interconverted with higher-symmetry 2 and 3, with 

the equilibria between structures influenced by the presence of 

competent guests. The addition of β-D-glucose or methyl β-D-

glucoside led to near-complete transformation of all library 

members into (P)-helicate 3, because these guests bound to (P)-

3 an order of magnitude more strongly than to (M)-3 or 2. 

Furthermore, binding of α-D-glucose and β-D-glucose 

significantly accelerated mutarotation between the two anomers, 

as described below. 
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Figure 1. a) Self-assembly of urea-functionalized FeII
4L6 irregular structure 1, alongside FeII

2L3 structures 2 and 3, from subcomponent A, 2-formylpyridine, and 

iron(II) triflimide. 1 is from the crystal structure, and 2-3 are DFT-minimized structures. b) Monosaccharide-induced structural transformation of 1 into FeII
2L3 

structures 2 and 3. (P)-3β-D-glucose is illustrated as representative. c) Helicate 3 accelerated the mutarotation of D-glucose. 

 

Figure 2. a) Crystal structure of FeII
4L6 1 with one Et2O molecule inside its cavity. 

b) Intermolecular hydrogen bonding between the urea moieties of 1 in the crystal. 

c) Distances between the four FeII vertices. The relative positions of each FeII 

are the same in a) and c). d) Examples of the twisted ortho-phenylene-bridged 

bisurea groups, showing intermolecular and intramolecular hydrogen bonding. 

Hydrogen bonds are depicted as dashed black lines. Only one of the 

crystallographically unique cations is shown. 

The dynamic library of FeII
4L6 structure 1 and FeII

2L3 structures 

2 and 3 was prepared by the assembly of urea-functionalized 

subcomponent A (6 equiv) and 2-formylpyridine (12 equiv) around 

iron(II) cations (4 equiv; Figure 1a). Full characterization data for 

this library are presented in Supporting Information Section S2.2. 

Irregular structure 1, mesocate 2 and helicate 3 were observed in 

solution in a ratio of 35 : 29 : 36 (Figure S4). 

The solid-state structure of FeII
4L6 1 was determined by 

single-crystal X-ray measurements[21] (Figure 2; details in 

Supporting Information Section S7). Three metal centers are 

facially coordinated (Fe1, Fe3, Fe4), whereas the fourth vertex 

(Fe2) displays a meridional coordination environment. Two iron(II) 

centers display Δ (Fe1, Fe2) handedness and the other two are Λ 

(Fe3, Fe4). 

The ligands within the structure adopt a twisted arrangement, 

resulting in a compact configuration that maximizes hydrogen-

bonding but minimizes the cavity volume. One of the ligands, 

shown in red in Figure 2, threads through the center of the cage, 

leaving a small cavity occupied by a diethyl ether molecule, with 

hydrogen bonds (N···O distances 2.88 and 3.26 Å) to two urea 

NHs. The urea moieties of 1 form multiple intramolecular and 

intermolecular hydrogen bonds with each other and solvent 

molecules, with N···heteroatom distances ranging from 2.62 Å to 

3.26 Å (Table S6). 

As urea-walled organic cages have previously been observed 

to act as hosts for sugar molecules,[11a] we hypothesized that our 

assemblies might be suitable hosts for monosaccharides. In the 

DFT-minimized structures (Figure 1a), the cavities of mesocate 2 

and helicate 3 are lined with hydrogen-bond donors pointing into 

the cavity, providing a complementary environment for the 

hydrogen-bond accepting groups of monosaccharides. In contrast, 

twisted 1 lacks such a well-defined cavity. 

Thirteen monosaccharide derivatives with different sizes and 

stereoconfigurations were employed for host-guest studies 

(Figure 3). 1H NMR spectra revealed evidence of binding to 

mesocate 2 and helicate 3 for nine of the monosaccharide 

derivatives (Figures 3a, S29-36). For the other four 

monosaccharide derivatives (Figure 3b), no evidence for host–

guest interaction was observed by 1H NMR (Figures S37-40). 

Details of chemical shift changes for mesocate 2 and helicate 3 

upon guest binding are summarized in Table S1. The imine NMR 

signals of twisted structure 1 did not shift following addition of any 

of the monosaccharide derivatives, indicating no interaction 

between 1 and the prospective guests. 
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Figure 3. Prospective guests employed in host−guest studies. a) 

Monosaccharide derivatives which were observed to bind to FeII
2L3 structures 2 

and 3. b) Monosaccharide derivatives which showed no evidence of interaction 

with the assemblies. 

Upon addition of one of the nine binding monosaccharides 

(Figure 3a), the relative 1H NMR integrations of the signals 

corresponding to FeII
2L3 structures 2 and 3 increased, at the 

expense of the integrals for FeII
4L6 1. These changes indicated 

that guests bound exclusively to FeII
2L3 structures 2 and 3, and 

that guest addition resulted in the transformation of non-binding 1 

into guest-binding 2 and 3. 

Table 1. Association constants K (M−1) of different monosaccharide derivatives 

for the FeII
2L3 structures obtained from 1H NMR titrations (Supporting 

Information Section S3.2). 

Guest 

Helicate Mesocate 

(P)–3 (M)–3 2 

Methyl β-D-glucoside[a] 3820 ± 20  413 ± 2 40[c] ± 3 

Methyl α-D-glucoside[a] 266 ± 2 691 ± 2 109[c] ± 1 

β-D-Glucose[b] 5920 ± 90 780 ± 20 210 ± 10 

α-D-Glucose[b] 780 ± 10 790 ± 10 360 ± 10 

[a] measured in CD3CN. [b] measured in CD3CN : H2O = 50 : 1, v/v. [c] 

association constant too small to be accurately determined by 1H NMR titration. 

The binding of three monosaccharide derivatives (α-D-

glucose, methyl β-D-glucoside and sodium D-glucuronate) was 

studied in greater detail (Supporting Information Section S3), 

providing results consistent with internal binding. To further 

elucidate the selectivity of guest binding, we investigated the 

association of the four D-glucopyranose derivatives of Table 1 by 
1H NMR titration (Figures S57-S60). Although the sizes and 

geometries of these monosaccharides are similar, their binding 

strengths varied significantly. 

Upon addition of one of the four D-glucopyranose derivatives, 

NMR spectra (Figures S57-60) indicated desymmetrization of the 

hosts framework. Using circular dichroism spectroscopy (CD, 

discussed below), we assigned the sets of signals for Fe II
2L3 

helicate 3 to its ΔΔ (P) and ΛΛ (M) isomers. 

All three FeII
2L3 stereoisomers (2, (P)–3, and (M)–3) were 

observed to bind these guests in a complex competitive 

equilibrium, precluding the use of a simple 1 : 1 binding isotherm 

to describe this system.[22] Hence, we developed an extended 

model accounting for equilibria and guest-binding competition 

between hosts (Supporting Information Section S3.2), which 

enabled the extraction of the individual association constants, 

summarized in Table 1. For a given guest G, this model thus takes 

into account all of the interlocked equilibria: 

 
Helicate 3 was a better host for all four guests than mesocate 

2. In particular, (P)–3 preferably bound β-anomeric glycosides 

over the α-anomers, whereas (M)–3 expressed slightly higher 

affinity for the α-anomers. The FeII
2L3 structures, particularly 

helicate (P)–3, thus discriminated between guests based upon 

structural (α/β-anomer) and size (hydroxyl versus methyl 

substituents) characteristics of the monosaccharides, with (P)–3 

showing an order of magnitude stronger affinity for β-D-glucose 

and β-D-glucoside than for the respective α-anomers.  

 

Figure 4. a) Illustration of library redistribution upon guest addition, where size 

approximates concentration. b-e) The observed and modeled distributions of 

(P)-helicate 3, (M)-helicate 3, mesocate 2, and FeII
4L6 structure 1 upon addition 

of each of the four different guest molecules b) α-D-glucose, c) Methyl α-D-

glucoside, e) β-D-glucose, and f) Methyl α-D-glucoside. 1H NMR titrations were 

used to calculate the distribution of the structures. 
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The monosaccharide derivatives altered the distribution 

between library members upon binding (Figure 4), whereby the 

strongest-binding host species 3 was amplified within this 

dynamic combinatorial library.[19] The solvent also affected the 

equilibrium between 1, 2 and 3. These differences were less 

significant than those imposed by guest binding, however 

(Figures S4-S26). 

We next probed the use of CD measurements for 

monosaccharide sensing. Following the addition of selected 

guests (Figure 3a) to the collection of urea-functionalized 

assemblies, clear CD signals were observed in the range 200-700 

nm (Figure 5a) in acetonitrile. 

All tested monosaccharides gave rise to distinct CD spectra 

with the host library (Figure 5b). Sodium D-glucuronate induced 

the strongest signal. Examination of the sign of the metal-to-ligand 

charge-transfer (MLCT) transition[23] allowed us to infer that D-

glucuronate bound preferentially to, and thus amplified, the Fe II
2L3 

structure (P)-3.[20b, 24] Interestingly, the addition of methyl β-D-

glucoside or methyl α-D-glucoside to the system also induced CD 

spectra, but with absorption features of opposite sign, indicating 

that the enantiomers of helicate 3 selectively bound the two 

anomers which further supported our findings from 1H NMR 

titration studies (Table 1). 

 

Figure 5. a) Circular dichroism (CD) spectra of the host library with 

monosaccharide guests in CH3CN. b) Variation of the CD signal at λ = 250.5 nm 

with different guests. 

A series of kinetic experiments (Supporting Information 

Section S5) indicated that the library catalyzed mutarotation 

between α-D-glucose and β-D-glucose, mimicking the catalytic 

ability of mutarotase.[25] At a total glucose concentration of 1 mM, 

the barrier to mutarotation ΔG‡ = 83.76 ± 0.08 kJ/mol was 

determined in the presence of a library of 1, 2 and 3 having [FeII] 

= 2 mM, as compared with a barrier to mutarotation ΔG‡ = 109.87 

± 0.08 kJ/mol (Table S4) in the absence of the library. The 

presence of the library thus resulted in a 38,000-fold rate 

enhancement for mutarotation. 

Control experiments with Fe(NTf2)2 and mononuclear FeII 

complexes (Supporting Information Section S5) revealed some 

acceleration of mutarotation, but no change in the equilibrium 

between α and β glucose. This result supported the hypothesis 

that trace free FeII, present due to the dynamic nature of the 

coordination linkages of the host library, may catalyze the 

mutarotation of D-glucose. Stronger binding of (P)-3 to β-D-

glucose then drove the mutarotation equilibrium towards this 

anomer. Thus, β-D-glucose and (P)-3 amplified each other in the 

product mixture, by virtue of their stronger binding to each other, 

as both host and guest libraries geared together into a single 

system under equilibrium. The host library both accelerated 

mutarotation, and changed the equilibrium position between 

anomers. 

Ortho-phenylene-bridged bisurea diamine subcomponent A 

thus generated a library of one FeII
4L6 and three FeII

2L3 structures, 

which possess polar cavities decorated with urea NH hydrogen-

bond donors, and interconvert when guest monosaccharides are 

added that bind to specific library members. The host library was 

also observed to accelerate the mutarotation of glucose, and 

specific monosaccharides could be sensed using circular 

dichroism spectroscopy. Future work on this and related systems 

may allow them to be developed into practically useful glucose 

sensors, and to enable the selective functionalization of bound 

saccharides. 
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