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Abstract 

Synthetic Carbohydrate receptors (SCRs) that selectively recognize cell-surface glycans could be 

used for detection, drug delivery, or as therapeutics. Here we report the synthesis of seven new 

C2h symmetric tetrapodal SCRs. The structures of these SCRs possess a conserved biaryl core, 

and they vary in the four heterocyclic binding groups that are linked to the biaryl core via 

secondary amines. Supramolecular association between these SCRs and 5 biologically relevant 

C1-O-octyloxy glycans, α/β-glucoside (α/β-Glc), α/β-mannoside (α/β-Man), and β-galactoside (β-

Gal), was studied by mass spectrometry, 1H NMR titrations, and molecular modeling. These 

studies revealed that selectivity can be achieved in these tetrapodal SCRs by varying the 

heterocyclic binding group. We found that SCR017 (3-pyrrole), SCR021 (3-pyridine), and SCR022 

(2-phenol) bind only to β-Glc. SCR019 (3-indole) binds only to β-Man. SCR020 (2-pyridine) binds 

β-Man and α-Man with a preference to the latter. SCR018 (2-indole) binds α-Man and β-Gal with 

a preference to the former. The glycan guests bound within their SCR hosts in one of three 

supramolecular geometries: center-parallel, center perpendicular, and off-center. Many 

host•guest combinations formed higher stoichiometry complexes, 2:1 glycan•SCR or 1:2 

glycan•SCR, where the former are driven by positive allosteric cooperativity induced by glycan-

glycan contacts.   
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Introduction 

Interactions between glycan-binding proteins and carbohydrates in the glycocalyx have a 

critical role in immune response, cell-cell communication, cell-pathogen interactions, disease 

progression, and many other complex biological processes,[1] with each cell and virus type 

presenting unique glycosylation pattern. For example, α-mannose is overexpressed on the 

surface of colorectal[2] and ovarian[3] cancer cells and several infectious viruses, including the 

Flaviviridae,[4] HIV,[5] and ebola,[6] whereas β-galactose and N-acetylglucosamine are 

overexpressed on the surface of malignant melanoma cells.[7] Although natural lectins and 

antibodies recognize specific glycans,[8] their toxicity[9] and immunological triggering have limited 

their development as therapeutic or imaging agents.[10] So despite having a role in multiple high-

priority diseases, there are currently only two glycan-binding antibodies in clinical trials and only 

one that has received FDA approval, which is approved for treating high-risk childhood 

neuroblastoma.[11] As a result, cell- and viral-surface glycans are still considered “undruggable 

targets”,[12] meaning they have a known role in disease progression, but no widely adopted 

therapeutic strategies exploit this information.[13]  

Small molecules that bind the glycans common to the surfaces of pathogens or diseased 

cells could have a transformational impact on understanding and treating disease. Synthetic 

carbohydrate receptors[14] (SCRs) – synthetic molecules that form supramolecular complexes with 

glycans – could be used as substitute for lectins and antibodies in the context of drug delivery 

agents, disease or biofilm detection platforms, or as therapeutics. A major advantage of SCRs 

compared to antibodies or lectins is that SCR structures can be easily manipulated through the 

versatility of organic synthesis to tune substrate selectivity or mitigate toxicity. A challenge that 

has prevented the wider adoption of SCRs by the medical and research communities is that the 

majority of SCRs preferentially bind glucosides – all equatorial glycans that are prevalent in the 

blood and cytoplasm but are not major components of glycocalyx oligosaccharides – and, as a 

result, have limited uses.[7b] Thus there is a pressing need for developing SCRs that preferentially, 

or even selectively, bind non-glucosidic glycans, which is a major challenge for supramolecular 

chemists because it requires designing receptors that can distinguish between structurally 

complex guests that sometimes differ by only the orientation of only a single stereocenter.  

Nevertheless, substantial research efforts have been devoted to the development of 

SCRs, and these molecules can generally be subdivided into two classes: in the first,[15] binding 

occurs through the formation of a covalent boronate ester on the SCRs with syn diols on the 

glycans, and in the second,[14, 16] binding is noncovalent and is the result of H-bonding, C−H···π 

interactions, and van der Waals forces. Of the latter class, SCRs with some non-glucosidic 
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selectivity have been successfully developed by Davis, [16ap-as, 16av]   Roelens,[16aa-ad, 16ah, 16ak-ao, 17] 

and Mazik.[16f, 16h-j, l, o, q, u, v, 18] However, only a fraction of those SCRs are known to bind 

mannosides.[16aa-ad, 16ah, ak, am, an] 

   Like natural lectins, however, these noncovalent SCRs are promiscuous and bind many 

glycans, sometimes showing a preference for one glycan, and specific SCRS – those that only 

bind one non-glucosidic glycan – are still needed. Towards this goal,  our group has developed a 

series of noncovalent SCRs based upon the biaryl-tetrapodal receptor SCR001 that is selective 

towards mannosides[19] – the C2 epimers of glucosides – as a result of multivalent and cooperative 

binding modes.  Subsequently, we explored the role of the bonding and valency of a small library 

of tetrapodal SCRs on glycan association, and found that subtle changes in both have profound 

effects on their affinity and selectivity.[19b] Further studies revealed that these tetrapodal SCRs 

inhibit Zika virus entry into Vero and HeLa cells,[20] most likely by interrupting the clathrin-mediated 

endocytosis that follows glycan binding. Some of these tetrapodal receptors possessed 

nanomolar inhibition, making them amongst the most potent inhibitors yet reported against 

Flaviviridae in vitro, and, thus, supports continuing to explore how altering the structures of these 

SCRs affects glycan binding and antiviral activity.  

The challenge of selectivity must be addressed before SCRs are widely adopted as 

sensors, therapeutics, or delivery agents. SCRs that bind non-glucosides, however, continue to 

resist rational design. To achieve selectivity the binding motifs found in their biological archetypes, 

lectins, where binding is characterized by shallow wells, promiscuity, multivalency, and 

cooperativity, must be reduced to a molecular design. Moreover, the binding pockets of SCR-

glycan supramolecular structures exceed substantially the complexity of most host-guest 

complexes, and, as such, molecular modeling approaches are needed that can predict SCR 

selectivity and guide their design. Here we sought to address these challenges and create SCRs 

with increased selectivities towards non-glucosidic monosaccharides. An approach that has been 

adopted widely in modulating SCR affinity is to vary the heterocyclic units that form C−H···π and 

H-bonding interactions with the glycan guests and their linkage regiochemistry.[16j, l, ak, al, 18] Inspired 

by this previous work, here we adopt this approach of varying the heterocycle and the 

regiochemistry of attachment of the heterocycle to the biaryl core to study how this changes the 

binding of the resulting tetrapodal SCRs towards a series of biologically-relevant glycans. Of the 

seven new tetrapodal receptors we prepared, the result is two receptors that binds primarily α-

mannosides, a receptor that is selective towards β-mannosides, and three receptors that are 

specific towards β-glucosides, all of which are biologically relevant targets, and these selectivities 

are explained by examining the molecular models. Importantly, the work described in these 
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studies lays out a viable pathway towards the development of selective SCRs, and, as a result, 

realizing their full potential in a variety of medical, research, and industrial applications. 

Results and Discussion 

The synthesis and binding of SCR001 – SCR009 and SCR012 were reported 

previously.[19] SCR017‒SCR023 (Scheme 1A) are new and were synthesized from common 

intermediate 1 in yields ranging from 34% to quantitative using our standard three-step one-pot 

protocol,[19a] which involves a Staudinger amination of tetraazide 1 to give the corresponding 

iminophosphorane intermediate. A subsequent aza-Wittig reaction with the appropriate 

aryl/heteroaryl aldehyde is followed by reduction of the resulting imine with sodium borohydride. 

These new SCRs vary from SCR001 in either the heterocycle structure or regiochemistry of 

heterocycle attachment, while maintaining the secondary amine groups and the C2h symmetry of 

our previous tetrapodal SCRs. The heterocycle substituents explored here include 2- or 3-pyrrole, 

2- or 3-indole, 2- or 3-pyridine, and 2- or 3-phenol. The SCR structures were characterized by 1H 

NMR, 13C NMR, and high-resolution mass spectrometry, and all spectroscopic data were 

consistent with the proposed structures (see Supporting Information for details).  

 

 

Scheme 1. A) Synthesis of SCR017 ‒ SCR023 from 1 and the corresponding heterocyclic 

aldehyde. B) Octyloxy pyranosides whose binding to the SCRs was studied. 

 

Binding studies by mass spectrometry 

Binding of the 7 new SCRs to the 5 glycans (Scheme 1B) was first studied by positive ion 

ESI mass spectrometry because the presence of ions corresponding to the SCR•glycan complex 

confirms supramolecular association.[16aa, ae, ag, ak, 19b] As fragmentation peaks of the SCRs taken 

in the absence of glycan are necessary to interpret the mass spectra of the SCR•glycan 

complexes, we first subjected solutions containing only the SCRs to mass spectrometry analysis. 

10.1002/chem.202000481

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



6 
 

1 µM solutions of SCRs, were prepared by diluting 1 mM of the SCRs stock solutions in CH2Cl2 

with 40% CH2Cl2 in CH3CN. These solutions were then injected via direct infusion into the 

spectrometer with a syringe pump. Previously, in studying SCRs with pyrrole and furan 

substituents, the fragmentation patterns showed ions corresponding to the loss of heteroaryl arms 

via cleavage of the C–N bond,[19b] which is a favored cleavage point for electron-rich heterocycles 

because of the stability of the resulting benzylic anions. Consistent with this, for example, the ESI 

mass spectrum of SCR019 shows the [M+H]1+ molecular ion in addition to [M+H]n+ ions 

corresponding to loss of either one or more 3-indolebenzylic groups. Conversely, in the case of 

SCR020, which has electron poor pyridine heterocycles for instance, [M+H]1+ and [M+2H]2+ ions 

were observed, but ions corresponding to the cleavage of the C–N bond were not prominent, 

likely because the benzylic radical would not be stabilized in electron poor heterocycles. Similar 

trends were observed in all other SCR ionizations, showing that SCRs with electron rich 

heterocycles (SCR001, SCR017 – SCR019) eject benzylic fragments, while SCRs with electron 

poor heterocyclic arms (SCR020 – SCR023) do not (see Supporting Information).  

With this understanding of how the SCRs fragment, the spectra of the SCR•glycan 

complexes were studied. 1 µM solutions of glycans in 40% CH2Cl2 in CH3CN were prepared, and 

they were mixed one-to-one with the 1 µM solution of SCRs in 40% CH2Cl2 in CH3CN. The mixture 

was then injected into the spectrometer via direct infusion with a syringe pump. Simulations of the 

expected masses and the isotopic distributions of the complexes, the individual components, and 

their fragmentation patterns were performed with Compass Data Analysis software (Bruker) to 

identify peaks corresponding to supramolecular association between the SCRs and the glycans. 

In the case of SCR019•β-Man, the ions corresponding to [SCR019•β-Man+H]1+, [SCR019•β-

Man+2H]2+ and the ion [SCR019‒Ind•β-Man+H]1+
,
 resulting from loss of one indole-benzyl group, 

were observed (Figure S22). In the case of SCR020•α-Man, [SCR020•α-Man+H]1+ and 

[SCR020•α-Man+2H]2+ were observed (Figure S22). These studies were repeated for all 

SCR•glycan mixtures, and revealed that all SCRs bind all glycans assayed to some extent, 

forming 1:1 SCR•glycan complexes (Figures S23-S29). It should be noted, however, that these 

mass spectrometry experiments reveal little about strength and selectivity of association given 

the challenges related to the quantification of mass spectrometry binding data, and so other 

analytical techniques are required to determine association constants (Kas) and selectivities of 

the SCRs towards the different glycans. 

 

Determination of Kas by NMR titrations 
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The Kas between the glycans and the SCRs were determined by NMR titrations at 298 K 

in CD2Cl2, since 1H NMR titrations are widely used for quantifying host-guest binding processes 

with Kas ranging from 1 to 105 M−1.[21] Also, synthetic carbohydrate receptor binding is commonly 

studied in non-aqueous solvents[14a, b, 16c, 16f-ao, ar, 17-18, 22] because Kas are generally higher than 

they would be in aqueous solvents, so changes in Kas as a result of structural variations are 

amplified and more easily understood. Here CD2Cl2 was chosen as the solvent because it does 

not compete for H-bonds between the glycans and the receptors. For SCR017, SCR019 and 

SCR023, 0.5% CD3OD, 1% CH3OH, and 4% CD3OD, respectively, were added to the titration to 

increase the solubility of the SCRs. Prior to the SCR•glycan titration, dilution experiments were 

performed for all SCRs at a concentration range of 1 mM ‒ 25 µM to determine if they undergo 

dimerization, and if the observed change in chemical shift (Δδ) was >0.02 ppm,[19b] the data were 

fit to a dimerization model[19-20] to determine the dimerization constant, Kd (see Supporting 

Information). Dimerization was observed only for SCR001, which has been reported 

previously,[19a] and SCR023. Following the dilution experiments, the 1H NMR titrations were 

performed by adding 6.25 µL aliquots of 16 mM solutions of glycans to 500 µL (1 mM) solutions 

of the SCRs, and the additions were continued to a 30:1 glycan:SCR ratio. As an illustrative 

example, the 1H NMR spectra of SCR019•β-Man is presented and discussed in detail here 

(Figure 1). For β-Man, the largest shift upon association was for the peak corresponding to the 

H4 proton, with Δδ = 0.13 ppm downfield, and the second largest shift was for the peak 

corresponding to H6
, with Δδ = 0.11 ppm downfield. The peak shifts are attributed to the change 

in chemical environment as a result of reversible supramolecular association between the glycan 

and the SCR that is occurring in the fast exchange regime. When involved in C‒H···π interactions 

with aryl rings of SCRs, protons shift upfield,[16f-ao, 18, 22a-e, 23] so these results suggest that these 

Hs do not form C‒H···π interactions with SCR019. In contrast, the peaks corresponding to H1 and 

H5 of β-Man both shift upfield 0.04 ppm, upon association, suggesting the formation of C−H···π 

interactions with the aromatic rings of SCR019, which is corroborated by molecular modeling 

(Figure S80). Significant shifts were also observed for the SCR protons upon complexation. The 

largest shift was 0.20 ppm downfield for the peak corresponding to the indole N‒H proton, 

indicating their participation in H‒bonding with the glycans. The peak representing aromatic 

proton Hk shifted downfield 0.06 ppm, and the peak corresponding to Hf shifted 0.02 ppm upfield.  

Titrations were repeated for all SCR•glycan combinations, and they are presented in the 

Supporting Information. Among all SCR•glycan complexes, the largest shift for a glycan C‒H 

proton was Δδ = 0.15 ppm downfield for the peak corresponding to H6 in the SCR017•α-Man 

complex, and the largest shift for the aromatic proton was Δδ = 0.17 ppm downfield for Hf of the 
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3-pyrrole ring of the SCR017•α-Man complex. Similarly, the largest shift for the N‒H proton of 

pyrrole or indole heterocycle was Δδ = 0.74 ppm downfield for N‒H proton of 2-indole in the 

SCR018•β-Gal complex. 1H NMR of most of the titrations presented significant shifts for SCR and 

glycan peaks upon mixing, indicating supramolecular association. It should be noted also that the 

spectra of several of the SCR•glycan combinations (e.g. SCR018•β-Glc, SCR019•α-Glc, 

SCR021•α-Glc, SCR022•α-Glc, SCR021•β-Gal, SCR022•β-Gal, SCR023•α-Glc, SCR023•β-

Man, SCR023•α-Man, SCR023•β-Gal) did not show peak shifting upon mixing, indicating that no 

substantial binding was occurring under these experimental conditions. This result is significant 

because these data suggest that these SCRs do not bind all sugars – which is an important 

departure from previously studied tetrapodal SCRs, which were generally promiscuous binders, 

and associate with all glycans presented to them.  

 

 

 

Figure 1. A) 1H NMR (800 MHz, 1% CH3OH in CD2Cl2, 298 K) of β-Man (16 mM, top), a 2:1 ratio 

of β-Man : SCR019 (middle), and SCR019 (1 mM, bottom). Dashed lines track the shifts of peaks 

upon mixing of SCR019 and β-Man. B) The shift of the NMR peaks for protons H1, H4, H5 and H6 

of β-Man at 298 K, with bullets and lines representing the experimental data and the fit from a 1:2 
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SCR•glycan binding model, respectively. C) The shifts of the NMR peak of the Ha, Hb, Hf, and Hk 

protons of SCR019 upon addition of β-Man in CD2Cl2 at 298 K, with bullets and lines representing 

the experimental data and the fit from a 1:2 SCR•glycan binding model, respectively.  

 

These NMR titrations were used to quantify the Kas for the supramolecular binding 

between the glycans and the SCRs. To determine the Kas, 1H NMR Δδ were fit to binding models 

that considered the different possible equilibria that can occur. For example, we have shown 

previously that the SCRs can dimerize, and that SCR001 can form 1:1, 2:1, and 1:2 complexes 

with certain β-Man in CDCl3[19a] and CD2Cl2[19b], and all these equilibria were considered when 

fitting the binding data.  The Kas and ΔGo for all SCR•glycan complexes and Kd for all SCRs were 

determined by minimizing the sum of squared residuals (SSRs) between the experimental data 

and the modelled fit (Table 1). To maximize the accuracy of the Ka values, NMR peak shift data 

of only clearly resolved peaks of glycans and SCRs that shifted a Δδ > 0.02 ppm were fit 

simultaneously to an appropriate binding model, and the model that had the lowest error with the 

titration data was selected as the correct equilibrium. In an effort to avoid overestimation of Kas, 

no binding values are reported for Kas < 3.0 x 101 M-1, NMR peaks shift < Δδ = 0.02 ppm, and 

unless 2 peaks in the 1H NMR spectra have Δδ > 0.02 ppm. To demonstrate the data analysis, 

the NMR peak shift data for the association of SCR019 with β-Man are shown (Figure 1B & C). 

The peak shifts were best fit with a 1:2 SCR•glycan binding model with K1, K2 and β of 2.3 M-1, 

3.2 x 104 M-1 and 7.4 x 104 M-2 where K1, K2 and β correspond to 1:1 and 1:2 SCR:glycan Kas and 

cumulative Ka (K1 x K2 M‒2), respectively. The higher stability of the 1:2 SCR•mannoside complex, 

SCR019•(β-Man)2,  compared to the 1:1 SCR•mannoside complex, SCR019•(β-Man) occurs as 

a result of positive allosteric cooperativity, as K2 > K1, [19a, 24] and the source of this cooperativity 

is explained with the molecular modeling results. Fitting of NMR peak shift data revealed that 

similar multiple equilibria also occur in the association of SCR017 (3-pyrrole) with β-Glc, SCR020 

(2-pyridine) with α-Man and SCR021 (3-pyridine) with β-Glc. On the other hand, the association 

of SCR022 (2-phenol) with β-Glc showed formation of 1:1 and 2:1 SCR•glycan complexes in 

CD2Cl2. In all these cases, the K2/K1 ratio was >1, indicating that the formation of higher 

stoichiometry complexes proceeds with positive cooperativity. For all other SCR•glycan systems, 

the best fit of the NMR peak shift data was obtained with a 1:1 SCR•glycan binding model 

indicating that higher stoichiometry complexes did not form.  
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Table 1. Complexation (Ka), dimerization (Kd), and cumulative (β) association constants of 

SCR001 and SCR017 ‒ SCR023 with the five octyloxy pyranosides as determined from 1H NMR 

titrations in CD2Cl2 at 298 K.[a,b] 

 
[a] Titrations were performed in triplicate for SCR019•β-Man to determine experimental error, and 

the standard deviations of Ka were 3.2 x 102 M‒1 (15% error). [b] Kas are based on 1:1 binding 

models that also consider Kd when appropriate. [c] Cumulative association constant (β = K1K2 (M‒

2)) involving a 2:1 SCR•glycan binding model where K1 and K2 correspond to 1:1 and 2:1 

SCR•glycan association constants, respectively. [d] Cumulative association constant (β = K1K2 

(M‒2)) involving a 1:2 SCR•glycan binding model where K1 and K2 correspond to 1:1 and 1:2 

SCR•glycan association constants, respectively. [e] No detectable binding/dimerization above the 

threshold of Ka = 3.0 x 101 M‒1. [f] No NMR peak shifts above the threshold of Δδ > 0.02 ppm. [g] 

Titration data fit unsatisfactory, although evidence of binding exists. 

 

 Analysis of the binding data of all tetrapodal SCRs reveals that varying the heterocycles 

has substantial impact on their Kas and selectivities, and that, just by varying the heterocycle, 

binding can be varied from no binding, to promiscuous binding, to completely selective binding 

(Figure 2). The first tetrapodal SCR, SCR001, was promiscuous with a slight preference for β-

Man.[19a] Previous manipulations of the bonding between the biaryl core or the heterocycle[19b] to 

include furan, thiophene, or imidazoles (SCR002 – SCR009) either lead to promiscuous binders 

(SCR002, SCR004 – SCR006), a slightly selective binder with weak overall binding (SCR003), or 

a lack of binding altogether (SCR007 – SCR009). In contrast, the heterocycles explored here 

resulted in receptors that were highly specific. SCR017, SCR021, and SCR022 were completely 

specific and bind only β-Glc. SCR018 and SCR020, alternatively, bind preferentially to α-Man, an 

important biological target for which there is no other specific SCR, and SCR019 binds only β-

Man. Of these new SCRs, all bound their preferred substrate with either Log(K1) or Log(β) > 3.9.  
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Figure 2. Log (β) values of the receptors towards different glycans. The baseline is set to Log (β) 

of 1.5 (Ka=3.0 x 101 M‒1) as the threshold below which binding cannot be reported accurately from 

1H NMR titrations. Star over bars indicate a cumulative association constant (β=K1*K2), 

alternatively Log (β) = LogK1. 

 

Computational modelling 

Calculations were performed on all 40 SCR•glycan combinations to determine the 

structures of the supramolecular complexes and estimate their binding energies, ΔEs. In addition 

to clarifying why the changes to the heterocycles and linkage regiochemistry cause dramatic 

changes in the affinities and the selectivities of the SCRs towards different glycans, such 

computational guidance is invaluable in the design of future of SCRs because the laborious 

syntheses and binding studies on SCRs that have insignificant Kas could be avoided. Estimating 

Kas and host•guest structures must involve a long timescale molecular dynamics (MD) simulations 

married to the accuracy of ab initio potentials. While long-time MD simulations of the SCR•glycan 

complexes using an empirical potential function (force field) could reproduce the experimental 

Kas, such modeling remains largely underexplored because of the lack of appropriate parameters 

for carbohydrate-receptor interactions in non-aqueous solutions, and, as such, is too preliminary 

to apply here. The alternative, ab initio MD, which utilizes density-functional theory (DFT) for 

propelling the equation of motions, is prohibitively expensive for systematically deriving the 

structures of molecular complexes.[25] Another computation hurdle is the complexity of the 

SCR•glycan conformational space. The inherent flexibility of the glycosides and the SCRs, 
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encoded in ring puckering and rotatable bonds, respectively, results in a substantially greater 

computational challenge than, for instance, docking a conventional ligand into the active site of a 

rigid protein. A systematic search on the potential-energy landscape will underexplore the 

host•guest complex conformational space, so metadynamics techniques must be employed to 

accelerate the sampling process. To tackle these challenges, we applied a cascade-like 

protocol[26] that starts by sampling using replica-exchange MD at the force field level and refines 

the promising candidates, immersed in the continuous solvation model, at the DFT level of theory.  

With this approach, all 40 1:1 SCR•glycan complexes combinations and the 7 complexes 

with higher (2:1 or 1:2) binding stoichiometries were screened to determine ΔE (Table 2) and 

supramolecular structures. The computational ΔEs lack vibrational and entropic contributions and 

cannot therefore be compared directly to experimentally derived ΔG values. The ΔH values for 

association of SCR001 with α-Glc, β-Gal, β-Glc, and β-Man in CDCl3, have, however, been 

reported,[19a] and these can be compared more directly to the ΔE values derived from the 

computational approach. Experimentally, the magnitude of ΔH of 1:1 binding of the glycans to 

SCR001 follow the trend β-Man > β-Glc > β-Gal > α-Glc, and DFT-based computational methods 

reproduce this trend. In addition to this qualitative accord, quantitative agreement between the 

experimentally- and computationally-derived binding values is observed. For example, the 

difference in ΔH between SCR001•β-Man and SCR001•α-Glc is 7.4 kcal mol—1, and in ΔE, by 

comparison, was 7.1 kcal mol—1. Furthermore, experimentally β-Glc, β-Man and α-Man bind 4-5 

times stronger to SCR001 compared to β-Gal and α-Glc, which at room temperature translates 

to approximately 1 kcal mol-1 difference in binding free energy, and theory predicts a 4 kcal mol-1 

energy gap between these two groups. Similar matches exist when comparing all 1:1 complexes, 

which have measurable Ka. Besides SCR001, only SCR018•α-Man, SCR018•β-Gal and 

SCR020•β-Man have substantial K1. Theory confirms that SCR018 binding energy with α-Man 

and β-Gal is at least 3.5 kcal mol-1 greater than with the next glycan. Similarly, theory predicts 

than SCR020 forms the strongest interaction with β-Man. These matches confirm the ability of 

our computational approach to predict accurately which host-guest pairs have ΔH of association.  

 

 

 

 

 

 

10.1002/chem.202000481

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



13 
 

Table 2. Computationally-derived, solvent-corrected binding energies (kcal mol–1) of the 

SCR•glycan complexes. The underlined complexes have been determined experimentally to 

form supramolecular complexes, and the bolded numbers are experimentally determined.[19]  

 

a 1:2 SCR•glycan binding model, b 2:1 SCR•glycan binding model. 

 

1:1 Binding Structures 

 Structural analysis was carried out on the 11 SCR•glycan complexes that were confirmed 

experimentally to bind. These analyses revealed three types of 1:1 supramolecular structures 

occurred, which are referred to as “center-parallel”, “center-perpendicular”, and “off-center”. The 

structures of SCR001•β-Glc, SCR001•α-Glc, and SCR001• β-Man are used to illustrate the 

differences in the three binding geometries, respectively (Figure 3). Structures of other 

complexes are shown in Figures S80-S82 in the Supporting Information, including xyz Cartesian 

coordinates for all analyzed structures. The SCR001•β-Glc is a center-parallel binder in that the 
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Figure 3. Three different types of 1:1 SCR001•glycan complexes. The top two rows show a 

model of the complex in two different perspectives (front and side), along with a simplified view in 

the top left corner. The gold dashed lines indicate H-bonding contacts. The bottom row shows a 

space-filling model of the host•guest complexes in the side-view perspective.  

 

glycan rests above the center of the biaryl ring, where the diagonal axis of the hexose ring (a line 

connecting the C1 and C4 carbons) and the biaryl group are parallel (Figure 3A). In this complex, 

several noncovalent interactions operate in concert to stabilize the supramolecular association. 

The β-glucoside accepts two H-bonds from the pyrrole rings – Npyr‒H•••O2 and Npyr‒H•••O4 – and 

10.1002/chem.202000481

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



15 
 

donates an O6‒H•••Namine‒H bond. The structure is further stabilized by C‒H1,3,5•••π interactions 

between the hexose α-face and the benzene rings. The involvement of three of four receptor arms 

is consistent with previously reported spectroscopic and computational data,[19a]
 providing further 

validation that our computational approach provides accurate structural data. The equatorial 

orientation of the octyloxy group appears to be structural prerequisite for the formation of a center-

parallel complexes, although having an equatorial octyloxy group does not necessarily dictate the 

formation of a center-parallel structure. It should be noted that the interaction involving the α-face 

hydrogens of the hexose observed in the models agreed well with the NMR titration data reported 

previously,[19] where C‒H1,3,5•••π interactions caused an average upfield shift of 0.3 ppm of the 

hexose. Furthermore, the Npyr‒H proton shifts downfield by 0.16 ppm validates the H-bonds 

observed in the model. Other complexes that adopt the center-parallel geometry include 

SCR019•β-Man and SCR021•β-Glc (see Supporting Information for details), both of which form 

strongly cooperative higher stoichiometry complexes.  

In the center-perpendicular geometry adopted by SCR001•α-Glc, the diagonal axis of the 

hexose is perpendicular to the biaryl axis (Figure 3B). In this complex, the α-Glc accepts three 

H-bonds from the pyrrole rings – Npyr‒H•••O6, Npyr‒H•••O3 and Npyr‒H•••O2. While the hexose is 

still centered over the biaryl core, the axial octyloxy group at the anomeric carbon forces the 

perpendicular orientation and prevents the formation of stabilizing C‒H•••π interactions. As a 

consequence, the α-Glc binds weaker than β-Glc to the SCR001 by 4.2 kcal mol-1. Again these 

structures agreed well with the NMR titration data, where a pyrrolic H-bond caused a 0.11 ppm 

downfield shift in Npyr‒H.[19] The titration data also indicates that both H3 and H4 experience an 

upfield shift of 0.18 ppm and 0.29 ppm respectively. Because these Hs are on the opposite faces 

of the hexose ring, the α-Glc must adopt perpendicular orientation to the biaryl core so both 

protons can form C‒H•••π interactions, which, again, is entirely consistent with the lowest energy 

structure. Other complexes that adopt the center-perpendicular geometry include SCR001•β-Gal, 

SCR020•β-Man and SCR020•α-Man. In all cases, the K1 is reported to be 100‒350 M-1, and, of 

these, only SCR020•α-Man forms a higher stoichiometry complex that is only weakly cooperative.  

In the off-center geometry adopted by SCR001•β-Man, the hexose does not bind directly 

above the biaryl core, but instead it rests between the two arms on the same side of the long axis 

of the biaryl group of the receptor (Figure 3C). Although this geometry lacks stabilizing C‒H•••π 

interactions, the two amine groups and two 2-pyrrole heterocycles form a pocket that binds the 

axially oriented O2‒H of β-Man. The Namine‒H•••O2‒H•••Namine‒H bonding motif, is further 

stabilized by adjacent Npyr‒H•••O6‒H and O6‒H•••Namine‒H bonds. As a result of these multiple 

interactions, the SCR001•β-Man has the strongest predicted ΔE amongst all the computed 

10.1002/chem.202000481

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



16 
 

SCR001•glycan complexes. As with the above geometries, this structure was in good agreement 

with the NMR data where an upfield 0.15 ppm shift is observed in Npyr‒H.[19] The binding also 

causes upfield shifts of H1 and H3,4,5 protons. These protons are readily accessible for 

heterocycles to form C‒H•••π interactions, whereas access to the H2 proton is blocked by the alkyl 

chain. Furthermore, the off-center structures can form symmetric higher-stoichiometry complexes 

by stabilizing another glycan in an identical binding pocket, as observed experimentally for 

SCR001•(β-Man)2 and SCR001•(α-Man)2 in CDCl3.[19a] Other complexes that adopt the off-center 

geometry include SCR017•β-Glc, SCR018•α-Man, SCR018•β-Gal, and SCR022•β-Glc. Among 

these complexes, only SCR018•α-Man does not form higher stoichiometry complexes because 

the bulky heterocyclic groups block the second binding event.  

 

Higher-Order Complexation 

 In the titrations, it was found that several SCR•glycan combinations formed higher-order 

(1:2 and 2:1) complexes that, in some cases, assemble with substantial positive cooperativity (K2 

>> K1). The origin of the cooperativity can be understood by examining the computed structures. 

SCR001•(β-Man)2, SCR017•(β-Glc)2, SCR019•(β-Man)2, SCR020•(α-Man)2, SCR021•(β-Glc)2 

all form 1:2 SCR•glycan supramolecular complexes. Of those, only the SCR001•β-Man complex 

has K2 < K1. The 1:2 binding of SCR001•β-Man in CDCl3 has been explained previously.[19a] We 

had shown using computational and experimental data that the β-Man occupied identical binding 

pockets on opposite faces of the biaryl ring, and the more sophisticated computational approach 

presented here reproduces this result ‒ the symmetric complex (Figure 4A) is more stable than 

any other complex of SCR001•(β-Man)2 found during the structural search. Most importantly, this 

molecular modeling reveals why the SCR001•(β-Man)2 has minimal cooperativity – there are no 

stabilizing interactions that form between the two glycan guests. 
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Figure 4. Three different 1:2 SCR•glycan complexes with varying degrees of cooperativity, along 

with a simplified view in the top left corner. The top row shows the stick models and the bottom 

row shows space-filling models. The gold dashed lines indicate H-bonding contacts. 

 

Unlike the higher-order complex with weak cooperativity, computations revealed that all 

the 1:2 SCR•glycan complexes where K2 >> K1 (SCR020•(α-Man)2, SCR021•(β-Glc)2, 

SCR017•(β-Glc)2, SCR019•(β-Man)2) are stabilized by sugar-sugar contacts  (Figure 4B and C 

and Figure S83), and the ratio K2/K1 increases with increasing number of sugar - sugar contacts. 

In the case of SCR020•(α-Man)2, the K2/K1 is approximately 4, and interactions between the two 

α-Man species are limited to one O3‒H•••O6‒H contact that contributes 5 kcal mol-1 of 

stabilization. The remaining 1:2 SCR•glycan complexes, SCR017•(β-Glc)2, SCR019•(β-Man)2 

and SCR021•(β-Glc)2, however, feature K2s that are 3-4 orders of magnitude larger than K1, which 

means that the binding of the second hexose is strongly cooperative. Computational methods 

confirm that in each of these complexes the binding of the first hexose is relatively weak. The 

binding of the second hexose, however, is at least as strong as the binding of the first sugar. 

Furthermore, the interaction energy between two hexoses in these strongly cooperative 
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complexes is predicted to be >10 kcal mol-1 in magnitude because at least two H-bonds are 

formed between each pair of hexoses.  

Titrations also showed that SCR001•β-Man and SCR022•β-Glc, form 2:1 complexes in 

which multiple receptors bind to one sugar. Previously, we reported that SCR0012•β-Man exists 

in complex equilibrium with SCR001•β-Man and SCR001•β-Man2 species.[19a] Here, the two 

SCR001 receptors were wrapped around the glycan in a “hugging” complex (Figure 5A), where 

the axially oriented O2–H and O6–H that occur in a gauche conformation of β-Man stabilizes the 

complex by forming four H-bonds with both receptors. However, the second receptor adds only 

one more H-bond than those already present in the 1:1 SCR001•β-Man complex, and there is 

little interaction between the receptors. In effect, the binding energy of the second receptor is 

weaker by 3.4 kcal mol-1 than the binding of the first, the experimentally determined K2 is 2 orders 

of magnitude smaller than K1 indicating a non-cooperative complex. In the case of SCR0222•β-

Glc, however, we observe that K2/K1 is ~6, indicating a weakly cooperative complex (Figure 5B). 

Here, the theory predicts that the phenolic O‒H groups, which serve as H-bond donors and 

acceptors, interact strongly with the glycans. In an unbound receptor, these O‒H groups are 

locked by a strong H-bond with adjacent amine group, Oph‒H•••Namine‒H. Upon interaction with β-

Glc, however, two receptors interact with each other in a “spooning” complex, which creates a 

hydrophilic pocket for binding of the hexose. The β-Glc accepts a- Namine‒H•••O6–H H-bond from 

and donates a O6‒H •••Ophe–H H-bond to the same receptor. The other receptor supports this 

binding with an additional Namine‒H•••O1 H-bond and a pronounced C‒H1,3,5•••π interaction 

between α-face of the hexose and a neighboring phenyl ring. Finally, theory predicts that the 

binding of the second receptor is stronger by more than 10 kcal mol-1 than the first, although our 

computational approach may be overestimating the strength of the van der Waals interactions 

between receptors.  
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Figure 5. Two different 2:1 SCR•glycan complexes shown using stick and space-filling model, 

along with simplified view in the top left corner. The columns show whole complex, each pair of 

SCR•glycan components. The top row shows SCR0012•β-Man complex adopting a “hugging” 

geometry. The bottom row shows 2:1 SCR0222•β-Glc complex adopting a “spooning” geometry. 

The gold dashed lines indicate H-bonding contacts. 

 

Conclusions 

 Here, we have reported the synthesis of seven new C2h tetrapodal SCRs, and their binding 

against five biologically relevant octyloxy O-glycans was studied in CH2Cl2 by mass spectrometry, 

1H NMR titrations, and molecular modeling. These receptors varied only by the composition and 

attachment regiochemistry of the heterocyclic binding arms. Of these, three were selective 

binders of β-Glc, one was selective for β-Man, and two bound preferentially α-Man. By 

comparison with previously synthesized tetrapodal SCRs, we see that in only three generations, 

this class of receptors has been advanced from promiscuous, moderate binders to strong and 

highly selective binders. All 40 1:1 SCR•glycan supramolecular complexes and 7 addition higher 

stoichiometry (1:2 and 2:1) complexes were analyzed by molecular modeling, whose binding 

energies and structural models agreed well with experimental data. Binding was dictated by C–

H‧‧‧π contacts and H-bonding, and the 1:1 structures formed three general binding motifs that are 
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classified as “center-parallel”, “center-perpendicular”, or “off-center”. Modeling also revealed that 

when the 1:2 SCR•glycan complexes formed with substantial positive cooperativity, it was the 

result of new glycan-glycan contacts.  

 This work promises to advance the field of SCRs in several important ways. First, we echo 

the findings of others in the field who show the importance of the heterocyclic binding groups for 

manipulating selectivity and binding affinity. Secondly, the advent of accurate molecular modeling 

approaches provides the ability to predict accurately how a particular SCR will bind to a receptor, 

so arduous and time-consuming syntheses and binding studies can be avoided. The antiviral 

performance of these new receptors is currently being assessed, and how the increased 

selectivity and binding affinity affect antiviral activity and toxicity is a topic of substantial current 

interest. Moreover, having a library of SCRs with different selectivities could form the basis of 

powerful new sensor platforms for the in situ detection of glycans, a major scientific challenge for 

which there is no current solution. 

 

Experimental Section 

General Procedure. SCRs were synthesized following the procedure described below unless 

otherwise noted. PPh3 (5 mmol, 5 eq) was added to a stirring solution of 1 (1 mmol, 1 eq) in THF 

(5 mL) at room temperature. The reaction was refluxed under Ar atmosphere for 1 h before the 

addition of the heteroarylaldehyde (5 mmol, 5 eq) at room temperature. The reaction mixture was 

refluxed for additional 48 h, cooled to room temperature, and concentrated under reduced 

pressure. The residue was dissolved in MeOH (5 mL), and NaBH4 (10 mmol, 10 eq), was added 

in portions at room temperature under Ar atmosphere followed by stirring for 16 h. The reaction 

mixture was concentrated under reduced pressure, treated with CHCl3 (30 mL) and H2O (30 mL), 

and the organic layer was separated. The aqueous layer was extracted with CHCl3 (3 x 30 mL), 

and the combined organic layers were dried over anhydrous Na2SO4, filtered and concentrated 

under reduced pressure to give the crude product, which was purified by column chromatography 

(SiO2, 9:1:0.5 CHCl3: MeOH : NH3 (aq)) to give the pure product. 

 

Synthesis of 1,1',1'',1'''-([1,1'-biphenyl]-3,3',5,5'-tetrayl)tetrakis(N-((1H-pyrrol-3-

yl)methyl)methanamine) (SCR017). Following the General Procedure, SCR017 was 

synthesized from 1 and 1H-pyrrole-3-carbaldehyde and purified by column chromatography 

(SiO2, 9:1:0.5 CHCl3: MeOH : NH3 (aq)) to provide a pale yellow solid (393 mg, 67%). 1H NMR 

(300 MHz, CD2Cl2) δ 7.48 (s, 4H), 7.31 (s, 2H), 6.76 (d, J = 2.3 Hz, 8H), 6.21 (t, J = 2.15 Hz, 4H), 

3.88 (s, 8H), 3.74 (s, 8H); 13C NMR (75 MHz, CD2Cl2) δ = 140.93, 127.23, 125.58, 122.09, 117.68, 

10.1002/chem.202000481

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



21 
 

116.03, 108.25, 108.21, 52.93, 45.65; HRMS (ESI): m/z calcd for C36H42N8 [M+H]+: 587.3605, 

found 587.3606. 

 

Synthesis of 1,1',1'',1'''-([1,1'-biphenyl]-3,3',5,5'-tetrayl)tetrakis(N-((1H-indol-2-

yl)methyl)methanamine) (SCR18). Following the General Procedure, SCR018 was synthesized 

from 1 and 1H-indole-2-carbaldehyde and purified by column chromatography (SiO2, 9:1:0.5 

CHCl3 : MeOH : NH3 (aq)) to provide a pale yellow solid (661 mg. 84%).   1H NMR (300 MHz, 

CDCl3) δ 8.75 (s, 4H), 7.57 (d, J = 7.4 Hz, 4H), 7.40 (s, 4H), 7.30 (s, 4H), 7.27 (s, 2H), 7.12 (m, 

8H), 6.38 (s, 4H), 3.97 (s, 8H), 3.81 (s, 8H), 2.10 (s, 4H); 13C NMR (75 MHz, CD2Cl2) δ 141.47, 

141.03, 137.95, 136.57, 128.85, 127.63, 126.14, 121.74, 120.38, 119.88, 111.16, 100.76, 77.96, 

46.61.; HRMS (ESI): m/z calcd for C52H50N8[M+H]+: 787.4231, found 787.4230. 

 

Synthesis of 1,1',1'',1'''-([1,1'-biphenyl]-3,3',5,5'-tetrayl)tetrakis(N-((1H-indol-3-

yl)methyl)methanamine) (SCR019). Following the General Procedure, SCR019 was 

synthesized from 1 and 1H-indole-3-carbaldehyde and purified by column chromatography (SiO2, 

9:1:0.5 CHCl3: MeOH : NH3 (aq)) to provide a pale yellow solid (763 mg, 97%). 1H NMR (300 

MHz, DMSO) δ 10.83 (s, 4H), 7.61 (d, J = 7.7 Hz, 4H), 7.52 (d, J = 8.0 Hz, 4H), 7.37 - 7.27 (m, 

6H), 7.24 (s, 4H), 7.04 (t, J = 7.0, 4H), 6.92 (t, J = 6.9, 4H), 3.88 (s, 8H), 3.81 (s, 4H); 13C NMR 

(75 MHz, CD2Cl2) δ 141.52, 141.01, 136.79, 127.84, 127.41, 126.24, 123.68, 122.08, 119.49, 

118.83, 113.84, 111.68, 78.05, 43.98; HRMS (ESI): m/z calcd for C52H50N8 [M+H]+: 787.4231, 

found 787.4227. 

 

Synthesis of 1,1',1'',1'''-([1,1'-biphenyl]-3,3',5,5'-tetrayl)tetrakis(N-(pyridin-2-

ylmethyl)methanamine) (SCR020). Following the General Procedure, SCR020 was synthesized 

from 1 and picolinaldehyde and purified by column chromatography (SiO2, 9:1:0.5 CHCl3:MeOH 

: NH3 (aq)) to provide a pale yellow gum (628 mg, quant.). 1H NMR (300 MHz, CDCl3) δ 8.50 (s, 

4H), 7.56 (t, J = 7.6 Hz, 4H), 7.47 (s, 4H), 7.33-7.23 (m, 6H), 7.08 (t, J = 7.1 Hz, 4H), 3.91 (s, 8H), 

3.85 (s, 4H), 2.53 (br s, 4H); 13C NMR (75 MHz, CDCl3) δ 159.67, 149.24, 141.33, 140.71, 136.41, 

127.14, 125.89, 122.37, 121.91, 54.56, 53.52; HRMS (ESI): m/z calcd for C40H42N8 [M+H]+: 

635.3605, found 635.3607. 

 

Synthesis of 1,1',1'',1'''-([1,1'-biphenyl]-3,3',5,5'-tetrayl)tetrakis(N-(pyridin-3-

ylmethyl)methanamine) (SCR021). Following the General Procedure, SCR021 was synthesized 

from 1 and nicotinaldehyde and purified by column chromatography (SiO2, 9:1:0.5 CHCl3:MeOH 
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: NH3 (aq)) to provide a pale yellow gum (630 mg, quant.). 1H NMR (300 MHz, CDCl3) δ 8.61 (s, 

4H), 8.52 (d, J = 3.2 Hz, 4H), 7.73 (d, J = 7.8 Hz, 4H), 7.48 (s, 4H), 7.36-7.22 (m, 6H), 4.07-3.61 

(m, 16H), 1.88 (br s, 4H); 13C NMR (75 MHz, CDCl3) δ 149.80, 148.57, 141.46, 140.74, 135.86, 

135.53, 127.00, 125.88, 123.42, 53.24, 50.66; HRMS (ESI): m/z calcd for C40H42N8 [M+H]+: 

635.3605, found 635.3603. 

 

Synthesis of 2,2',2'',2'''-((([1,1'-biphenyl]-3,3',5,5'-

tetrayltetrakis(methylene))tetrakis(azanediyl))tetrakis(methylene))tetraphenol (SCR022). 

Following the General Procedure, SCR022 was synthesized from 1 and 2-hydroxybenzaldehyde 

and purified by column chromatography (SiO2, 9:1:0.5 CHCl3: MeOH : NH3 (aq)) to provide a 

yellow solid (660 mg, 95%). 1H NMR (300 MHz, CDCl3) δ 7.46 (s, 4H), 7.26-7.16 (m, 6H), 7.04 

(d, J = 7.5 Hz, 4H), 6.92 – 6.76 (m, 8H), 4.08 (s, 8H), 3.91 (s, 8H); 13C NMR (75 MHz, CDCl3) δ 

158.07, 141.53, 139.56, 128.93, 128.65, 127.66, 126.55, 122.17, 119.25, 116.43, 52.51, 52.00; 

HRMS (ESI): m/z calcd for C44H46N4O4 [M+H]+: 695.3592, found 695.3586. 

 

Synthesis of 3,3',3'',3'''-((([1,1'-biphenyl]-3,3',5,5'-

tetrayltetrakis(methylene))tetrakis(azanediyl))tetrakis(methylene))tetraphenol (SCR023). 

Following the General Procedure, SCR023 was synthesized from 1 and 3-hydroxybenzaldehyde 

and purified by column chromatography (SiO2, 8:2:2 CHCl3 :MeOH : NH3 (aq)) to provide a white 

solid (236 mg, 34%). 1H NMR (800 MHz, CD2Cl2) δ 7.52 (s, 4H), 7.27 (s, 2H), 7.18 (t, J = 7.6 Hz, 

4H), 6.85 (s, 4H), 6.81 (d, J = 7.1 Hz, 4H), 6.74 (d, J = 7.4 Hz, 4H), 3.83 (s, 8H), 3.77 (s, 8H).; 13C 

NMR (200 MHz, CD2Cl2) δ = 157.16, 141.01, 140.74, 140.14, 129.56, 127.77, 126.01, 119.65, 

115.06, 114.34, 52.60, 52.49; HRMS (ESI): m/z calcd for C44H46N4O4 [M+H]+: 695.3592, found 

695.3586. 

 

ESI Mass Spectrometry Analysis of Receptor-Glycan Binding. A Bruker ultra-high resolution 

maXis-II / ETD ESI-q-TOF system was used to study receptor-glycan complex formation. The 

samples of the SCRs and the glycans were prepared in 1 mM in CH2Cl2, diluted to 1 µM with 40% 

CH2Cl2 in MeCN. The samples of SCR+glycan for complex mass screening were prepared using 

the aforementioned diluted solutions and mixed in a one-to-one fashion. All samples were 

analyzed via direct infusion into the spectrometer with a syringe pump. Theoretical isotopic 

distributions were calculated using the Chemistry tool in Bruker’s Compass DataAnalysis 

software. 
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NMR Titrations and Peak Shift Fittings 1H NMR titrations were performed in CD2Cl2, unless 

otherwise noted, at a field strength of either 700 or 800 MHz at 298 K. The pyranosides’ 1H NMR 

peak assignments were previously reported[2]. The experimental temperatures were verified 

through calibration with a 100% methanol standard[4]. The addition of pyranoside to a SCR CD2Cl2 

solution or vice versa resulted in the perturbation of the chemical shifts (δ) corresponding to 

resonances of both SCR and pyranoside. This is the result of an exchange process involving SCR 

(H) and pyranoside (G) equilibria products interchanging fast on the NMR timescale, resulting in 

the averaging of chemical shits of protons in differing chemical environments. Accordingly, 

equilibrium constants (K) can be quantified by first defining a model that includes the correct set 

of equilibria, calculating the hypothetical concentrations of equilibrium species and the 

corresponding chemical shifts, and finally fitting the resulting data to the experimental results. For 

the 2:1 association of SCR022•β-Man and the 1:2 association of SCR017•β-Glc, SCR021•β-Glc, 

SCR019•β-Man, SCR020•α-Man, fitting was carried out as previously described.[19b]  

 

Theoretical Modeling. The search protocol for finding the minimum-energy binding structures 

involved the following steps: 

1. The initial sampling of the conformational space has been performed using a replica-

exchange molecular dynamics[27] (REMD) protocol implemented in Gromacs-2018.2.[28] 

First, the parameters for 8 SCRs and 5 sugars were derived from a CHARMM36 force 

field[29] using the charmm-gui web-interface[30] and combined into 40 SCR•glycan 

complexes. Initial hand-generated conformations were first equilibrated in the gas phase 

for 1 ns at 300 K, controlled by a v-rescaling thermostat,[31] and the final structure was 

used as a starting geometry for REMD simulations. Each complex involved 16 replicas 

distributed in 300-400 K temperatures according to the Monte-Carlo criteria.[32] The 

temperatures were chosen to yield an exchange rate of 0.65. The trajectories were 

simulated for a 500 ns each, with a 1 fs time step and an attempted exchange between 

trajectories neighboring in temperature space every 10 ps.  

2. Each 300 K trajectory was subsampled every 100 ps to generate a set of initial structures 

visited during the simulations. The structures were then clustered using a single linkage 

algorithm with a loose 2.5  cutoff for root means square deviations (RMSD) between all 

atoms. In several cases in which the supramolecular complex was found dissociated at 

300 K, we restarted the REMD from a different equilibrated structure. The clustering 

unraveled that some complexes (for instance SCR018•β-Man or SCR019•β-Gal) occupy 

only several conformational basins, while other (SCR022•α-Man or SCR020•α-Glc) visit 
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numerous lowly populated states. The overall distribution of cluster sizes and RMSD of 

the 20 most abundant clusters for each complex is shown in Figure S79. For each system 

we collected central structures of the 20 most abundant clusters, which were used as 

starting geometries for subsequent density-functional theory calculations.  

3. The central structures of the most abundant complexes were next geometry-optimized 

using dispersion-corrected Generalized-Gradient Approximation DFT, PBE+vdWTS [33] and 

light settings for a basis set, as implemented in FHI-aims numerical atomic orbitals 

code.[34] Although the PBE functional, placed on the second rung of the Jacob’s ladder, 

does not include the exact-exchange term in the functional form, as for instance B3LYP, 

it provides significant computational speed-up over more popular hybrid DFT methods 

suitable for screening of the molecular conformational space. Furthermore, the vdWTS 

parameter-free dispersion correction has been successfully applied to bioorganic systems 

that require delicate balance between dispersion and electrostatic interactions.[35] The 

potential energy of the geometry-optimized structures was collected.  

4. To account for the solvent effects, we computed each conformer’s solvation energies in 

CH2Cl2 using the SMD continuous solvation model[36] available in Gaussian16 rev.D01 

code.[37] This model computes solvation energy from electrostatic interactions and 

appends it by dispersion and entropic terms. It has been shown to yield excellent solvation 

energies of small molecules in aqueous solution[38] and best performance among other 

implicit in non-aqueous solvents[39] The single-point energy of a complex in a gas-phase 

and in a solvent model were computed using PBE1PBE+D3/def2-SVP level of theory. The 

difference between these two values was adopted as a conformational-dependent 

solvation energy correction and added to the PBE+vdWTS potential energy.  

To evaluate whether sampling of the trajectory using REMD limited to 20 largest cluster is 

sufficient, we compared the lowest DFT-energy of five SCR•β-Man complexes (SCR018-022) 

with the lowest energy structures found among 638 conformations generated from low-mode 

dynamics, as implemented in MAESTRO[40] Macromodel software, and reoptimized them at the 

respective DFT level of theory. The lowest-energy conformers found during REMD sampling 

were, after DFT-optimizations, on average 5.7 kcal mol-1 more stable than those found in low-

mode dynamics, which confirms that the REMD protocol appropriately samples the 

conformational space. The same search strategy was applied to derive solvation-corrected 

energies of free receptors. The most stable structures of free receptors were dominated by 

compact, dispersion-stabilized conformers that featured symmetry elements. For carbohydrates, 

the 4C1 ring-puckering, is the most stable conformations in a gas phase, and a fully extended C1-
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octyloxy chain was assumed. Finally, for the analysis we defined binding energy (ΔE) as a 

difference between energy of the complex (Ecomplex) and energies of relaxed SCR (E°SCR) and 

glycan (E°G): 

ΔE = Ecomplex – E°SCR – E°G 

 

In addition, we defined interaction energy between two sugars (ΔEsug-sug) as a difference between 

energy of the two sugars in the binding geometry (Ess) and the energy of each sugar individually 

(Es1, Es2):  

ΔEsug-sug = Ess – Es1 – Es2 

 

For full experimental procedures, synthetic protocols, analytical data, and copies of NMR spectra 

for all new compounds, ESI mass spectrometry data, NMR titrations and peak shift fittings, and 

computational modelling data, see the Supporting Information. 
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