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Abstract 

 

Based on the supramolecular interaction between vancomycin (Van), an antibiotic glycopeptide, and 

D-Ala-D-Ala (DADA) dipeptides, a novel class of artificial metalloenzymes was synthesized and 

characterized. The presence of an iridium(III) ligand at the N-terminus of DADA allowed the use of 

the metalloenzyme as a catalyst in the asymmetric transfer hydrogenation of cyclic imines. In 

particular, the type of link between DADA and the metal-chelating moiety was found to be 

fundamental for inducing asymmetry in the reaction outcome, as highlighted by both computational 

studies and catalytic results. Using the [IrCp*(m-I)Cl]Cl⊂Van complex in 0.1 M CH3COONa buffer at 

pH 5, a significant 70% (S) e.e. was obtained in the reduction of quinaldine B. 

 

INTRODUCTION 

 

Coordination catalysis relies on a large selection of metal ions, ligands, and substrates to achieve 

wide reactivity. Very sophisticated ligands have been developed , but their multistep and often 

challenging synthesis presents significant economic and time-demand concerns, limiting their 

availability. Hybrid catalysts constitute an original approach for catalysis, allowing high selectivity 

and specificity combined with a wide scope of reactivity and substrates. One of the bioinspired 

methodologies for the development of hybrid catalysts consists of the incorporation of coordination 

metal complexes (i.e., a metal centre bound to synthetic ligands) into host biomolecules, leading to 

so-called artificial metalloenzymes. In these systems, the reaction is performed by the metal complex 

but is modulated by the well-defined structure of the biomolecule. This class of synthetic biocatalysts 

is particularly attractive because they combine both the features of enzymatic and transition metal 

catalysis. This synergistic effect conveys added value to the catalyst such as high chemo- or 

enantioselectivity.1 By analysing metalloenzymes from a structural point of view, the first, second 

and outer coordination spheres appear to play a crucial role in tuning the reactivity of the metallic 



centre. This concept has found very large applicability in the “Trojan horse strategy” based on the 

covalent attachment of the organometallic moiety to a substrate that shows high affinity for the host 

scaffold. The main example of this strategy is the exploitation of the supramolecular biotin-

(strept)avidin interaction in which a biotinylated diamine ligand in coordination with a transition metal 

centre was anchored to a streptavidin mutant and employed as an artificial imine reductase in the 

stereoselective reduction of imines.2-7 

 

Figure 1. H-bond interactions between Van and DADA. 

 

Vancomycin (Van) is a glycopeptide antibiotic used as a last resort to effectively treat methicillin-

resistant Staphylococcus aureus (MRSA) infections. The mode of action of Van involves the 

selective binding of the antibiotic to the D-Ala-D-Ala (DADA) sequence of the bacterial cell wall 

peptidoglycan,8-11 leading to an inhibition of cell growth and eventual cell death. The H-bond 

interactions between Van and DADA (Figure 1) are particularly tight, with a dissociation constant 

(Kd) of 4 x 10–17 M, i.e., ca. 3 orders of magnitude higher than biotin/avidin.12-15 

The van/DADA complex is particularly intriguing not only because of the strength of the interaction 

but also because of the different types of chirality arising upon its formation, due both to the presence 

of the aminoacidic chains and the atropoisomerism induced by the restricted rotation around the aryl-

aryl bonds, a substantial feature of their structure.16-19 

Here, we studied the possibility of using the Van/DADA interaction as an innovative supramolecular 

anchoring system for the development of new hybrid catalysts.20 In particular, we developed new 

artificial metalloenzyme catalysts with Ir(III)-bearing ligands functionalized with the DADA sequence. 

Upon interaction with Van, two catalysts were obtained and tested in the asymmetric transfer 

hydrogenation (ATH) of standard cyclic imines to verify their potential as new artificial imine 

reductases. 

 



RESULTS AND DISCUSSION 

Recently, several biological effects of Van have been found to be related to its ability to bind both 

Cu(II) and Zn(II) metal ions under physiological/neutral conditions.21-23 Starting from this point, in our 

previous work,24 we focused our attention on the direct interaction between Van and [IrCp*Cl2]2 to 

prepare a hybrid catalyst that could be used in the reduction of cyclic imines. The asymmetric 

reduction, performed by the Ir/Van catalyst, of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline 

proceeded with an appreciable conversion up to 82%, although a poor enantioselectivity (20% e.e. 

R). The best result in terms of enantioselectivity in the ATH of quinaldine was achieved by performing 

the reaction in an MES 1.2 M buffer at pH 5 with a significant 61%(R) e.e. even if the conversion 

remained low (35%). With the aim of expanding the efficiency of the hybrid system, we decided to 

exploit the selective binding of Van with the DADA dipeptide. The geometry of this complex is well 

defined, and the thermodynamics have been extensively described by Williams and coworkers.25-26 

The overall structure is stabilized by an extensive array of van der Waals contacts (hydrophobic 

contacts) within the Van binding pocket and five key H-bonds (Figure 1). Loose interactions occur 

when the sum of the favourable bonding interactions is sufficiently small to be counteracted by the 

adverse entropy of binding and when there is a relatively large amount of residual motion in the 

bound state between Van and DADA. Therefore, any modification in the DADA sequence can 

change the mode of association between Van and DADA, introducing favourable or unfavourable 

enthalpic terms. In particular, the effect of pH on determining the stability of the bond and the 

conformation of Van has been widely studied.14, 27 

In this work, we planned the functionalization of 2-aminoethyl-sulfamoylbenzamido ligands with 

DADA at the N-terminus. The possibility of introducing DADA in the ortho-, meta- or para-position of 

the aromatic ring could, in principle, vary its interaction site with Van.28-30 Indeed, the conformational 

structure of the spacer could change and, as a consequence, the distance between the catalytic 

metal complex within the second coordination sphere provided by the glycopeptide, thereby 

changing the stability of the entire system. This concept drove our choice in the use of different 

substituted aromatic rings as spacers for determining the variability in the interaction behaviour 

between the DADA complex and Van. 

The synthesis of the ligands started from monoBoc-ethylenediamine that was reacted with ortho-, 

meta- or para-substituted chlorosulfonyl-benzoic acids 2 (Scheme 1). 

In the case of meta- and para-compounds 2, desired products 3 were obtained with good yield by 

reaction in DCM and using TEA as the base. Conversely, the ortho-3 compound was never obtained, 

also changing the reaction conditions and the base, and in any case, only bicyclic sulfamido 

derivative 5 (identified by 1H-NMR analysis) was isolated. 

 



 

 

Scheme 1. Synthesis of [IrCp*(m-I)Cl]Cl and [IrCp*(p-I)Cl]Cl complexes bearing m-I and p-I as ligands. 

 

The coupling between DADA and m-3 and p-3 was performed in the solid phase (see SI for details).31 

Briefly, DADA dipeptide was assembled on Wang resin using N-Fmoc solid phase standard 

protocols,32 then compounds 3 were made to react with NH2-DADA using HOBt and HBTU as 

coupling reagents and DIPEA as the base. After cleavage from the resin, m-l and p-l ligands were 

isolated with 40% overall yield. Considering the demonstrated capability of Van to coordinate directly 

with the iridium metal centre, thus producing an effectively functioning catalyst,33 the complexes were 

synthesized and used in a preformed state to avoid the possible interference derived from the direct 

Van/Ir interaction. The precatalysts were synthesized by dissolving ligand m-I or p-I in 2-propanol in 

the presence of [IrCp*Cl2]2 and TEA. A yellow precipitate was obtained for both ligands. The 

formation of the complexes was confirmed by MS, NMR analysis and UV experiments. The UV 

spectra (see Figures S1 in SI) were recorded in water (1% DMSO) at a concentration of 250 µM. For 

both [IrCp*(p-I)Cl]Cl and [IrCp*(m-I)Cl]Cl, a change in the metal-to-ligand charge transfer (MLCT) 

band at almost 390 nm should underline the interaction between Van and the amino acid moiety of 

the complex observed both using 1:1 and 2:1 ratios. This shift should be attributable to the 

noncovalent interactions (hydrogen bonding, π-π stacking, electrostatic, hydrophobic, and van der 

Waals interactions) that occurred between the metal centre and the second coordination sphere 

generated by Van around the catalytic active portion of the complex. No evidence of possible 

precipitation due to the increase in the amount of Van was highlighted in the spectra.34 

A preliminary computational study was performed by evaluating the two meta- and para-systems in 

terms of the stability of the metal complex that was obtained.  A higher stability is thus expected to 

lead to the favoured thermodynamically stable form that has been revealed as the catalytically 



performing system. Models were generated starting from the aggregates of the X-ray crystal 

structure reported in the literature.11, 35 Four vancomycin and two DADA units were considered to 

retain the 2:1 ratio based on the extensive work by Chen and Loll, in which the structure of the 

antibiotic-target interaction was reported to always result in a dimeric ratio.36-37 The original DADA 

was then modified to obtain [IrCp*(p-I)H] and [IrCp*(m-I)H]. The structures obtained were then 

optimized, employing the tight-binding GFN2-xTB method38 including the implicit solvation model 

(GBSA), which has been proven to perform well in systems of this size at an affordable computational 

cost.39-41 For both systems, the four possible diastereomers at the metal centres were generated 

with the aim of evaluating the different stabilities. The relative energy of the systems is reported in 

Table T2 in SI. Among the four diastereomers, the RIrRIr configuration is significantly more stable in 

the case of the meta-substituted catalyst, [IrCp*(m-I)H], whereas a smaller difference between the 

RIrRIr and SIrRIr diastereomers in the case of [IrCp*(p-I)H] suggests the presence of more than one 

diastereomer in the reaction medium. Indeed, the higher variability could be at the origin of a possible 

poor enantioselectivity of the para-system compared to meta-system, as also confirmed by the 

catalytic results reported below. Focusing on the [IrCp*(m-I)Cl]Cl⊂Van complex instead, the SIr 

configuration causes more relevant clashes between the Cp* rings of the iridium complex and the 

Van backbone, probably leading to the lower stability of SIr-bearing systems. (See S7-9 in SI). 

Deeper spectroscopic investigations were performed on the [IrCp*(m-I)Cl]Cl⊂Van complex expected 

to be the most effective artificial metalloenzyme from the data obtained by the computational study. 

2D-DOSY-1H-NMR experiments, performed at a final concentration of 33 mM m-I in D2O (1.0% d6-

DMSO), indicated that Van alone in water formed aggregates (Table 1).42-45 The increase in the 

calculated hydrodynamic radius (Table 1) of the [IrCp*(m-I)Cl]Cl complex in the presence of 1 eq. of 

Van unequivocally established the formation of the supramolecular interaction between the complex 

and Van (only supposed previously by UV analysis), further prompted by the increase in the 

equivalents of Van. (see SI, Figure S3-6) 

 

Table 1. Estimation of diffusion coefficient and hydrodynamic radius for Van alone and for [IrCp*(m-I)Cl]Cl⊂Van by 2D 

DOSY-NMR experiments (https://www.fxsolver.com/solve/). 

 

 Diffusion coefficient Hydrodynamic radius 

Van 1,642E-10 1,48859E-09 

[IrCp*(m-I)Cl]Cl 3,725E-10 8,26251E-10 

Van/[IrCp*(m-I)Cl]Cl 1:1 2,442E-10 1,43534E-09 

Van/[IrCp*(m-I)Cl]Cl 2:1 3,126E-10 2,06418E-09 

DOSY-NMR: [sample]= 33 mM in D2O (1.0% d6-DMSO), little delta: 5.000 m, large delta: 149.900 m. 

CD experiments were carried out in pure water and in NaOAc buffer (0.1 M, pH 5). In both cases, 

the presence of a positive band at 350 nm, together with a slightly positive shoulder at approximately 



415 nm, both ascribable to iridium energetic transitions, confirmed the induction of chirality at the 

metal complex due to the presence of the second coordination sphere provided by the chiral Van 

moiety (Figure 2). As suggested by computational studies and by comparing the CD spectra of the 

[IrCp*(m-I)Cl]Cl complex with the spectrum of the [IrCp*(m-I)Cl]Cl⊂Van artificial metalloenzyme, this 

induced chirality is ascribable to the binding of one of the preferential configurations to Van during 

the supramolecular interaction transition state. This consideration was confirmed by catalysis data: 

when the [IrCp*(m-I)Cl] complex was used alone as the catalyst without the addition of Van. The 

reaction proceeded to a conversion of almost 60% in 18 h without enantioselectivity. (See SI, Table 

T1, entries 6-11). Looking at the aromatic ring band at 285 nm, a different behaviour in the CD 

spectra is observed depending on the environment.46(Figure 2) For Van alone, this band is negative, 

with a different intensity depending on the solvent, thus confirming the Van aggregation propensity 

observed in 2D-DOSY-1H-NMR experiments (ratio 2:1). In the [IrCp*(m-I)Cl]Cl⊂Van artificial 

metalloenzyme, this band became less intense and had the same intensity both in water and in the 

buffer. We can thus postulate that a change in the conformational arrangement of the aromatic rings 

occurred upon Van interaction with DADA, hampering its aggregation. The binding of ligands and 

the dimerization of vancomycin are well known to be cooperative processes. Vancomycin readily 

self-associates in solution, preferentially forming back-to-back dimers until the formation of a 

hexameric cluster.36 The presence of certain ligands could promote the formation of face-to-face 

dimers involving the aromatic ring of L-phenylglycine present in the glycosylated heptapeptide. To a 

lesser extent is the formation of side-to-side dimers, but together, the different types of dimers may 

lead to the formation of large-scale vancomycin-ligand aggregates.13, 16, 20, 36 As evidenced by 

analytical characterization of our system (2D-DOSY-1H-NMR experiments and CD spectra), the 

formation of the [IrCp*(m-I)Cl]Cl⊂Van artificial metalloenzyme was highlighted even if the question 

of how ligand binding is correlated with the steric effect due to the different types of formed dimers 

has only in part been explained by the computational studies presented here. 

 

Figure 2. CD spectra of [IrCp*(m-I)Cl]Cl and [IrCp*(m-I)Cl]Cl⊂Van in water and acetate (2.5 mM concentration, 25°C). 



 

[IrCp*(m-I)Cl]Cl and [IrCp*(p-I)Cl]Cl complexes were then used as precatalysts in the asymmetric 

transfer hydrogenation of imines. A preliminary screening of the ATH reduction of substrate A, the 

precursor of salsolidine, was performed under different reaction conditions (for major information 

about the screening study, see SI, Table T1).47-48 These systems were indeed particularly sensitive 

to many experimental parameters such as activation time, reaction temperature, substrate 

concentration, and substrate/catalyst ratio and buffer. In particular, as evidenced in our previous 

work,24 Van should create a different chiral coordination sphere depending on the pH, ionic strength, 

and buffer, influencing the catalytic performance of the entire system (for additional catalytic data 

under different reaction conditions, see Table T1 in SI).33 From these preliminary screening data, we 

found that [IrCp*(p-I)Cl]Cl⊂Van did not perform ATH reduction in an enantioselective manner under 

all the reaction conditions tested, confirming the preliminary computational study results. 

A deeper investigation was performed to confirm the differences in the performance of [IrCp*(m-

I)Cl]Cl⊂Van in comparison to the [IrCp*(p-I)Cl]Cl⊂Van system (Figure 3). In the case of the most 

stable RIrRIr of [IrCp*(m-I)H]⊂Van, indeed, the potential binding mode with substrate A was evaluated 

in silico. The substrate was manually docked considering the possible orientations (pro-R or pro-S 

configuration) in both catalytic sites. One of the two sites was revealed to be more accessible to the 

substrate (marked as site II in Figure S5); here, both pro-R and pro-S structures were found at low 

energy and distances compatible with the catalytic centre; nevertheless, the pro-S configuration has 

a structure more suitable for hydrogen transfer with H···C=N distances 0.8 Å shorter than those 

distances in pro-R and N···H-N at a distance suitable for hydrogen bonding (Figure S5, and Table 

T3 in SI). However, in the more hindered site I, only the interaction in the pro-S configuration seems 

to be allowed. 

  



Site I Site II 

Figure 3. Computational model of the (RIr,RIr)-[IrCp*(m-I)H]⊂Van aggregates bound to the A substrate. In the left panel, 

the site marked as I is represented in both the pro-R (light blue) and pro-S (light red) configurations. In the right panel, site 

II is represented with the pro-R (light blue) and pro-S (light red) configurations. The Van molecules are represented as pink 

solvent-excluded molecular surfaces, and the benzamido DADAs are represented in yellow ball-and-stick representation. 

Then, the same analysis was performed on the two most stable diastereomers of [IrCp*(p-

I)Cl]Cl⊂Van (RIr,RIr) and (RIr,SIr), and the results are reported in Figure S12-13 and Table S4-5 in 

the supporting information. In the most stable form (RIr,RIr), the two active sites show different 

preferred interactions: in site I, pro-R is the favourite interaction, whereas in site II, only the pro-S 

form has a structure suitable for hydrogen transfer. The outcome seems even less selective for the 

(RIr,SIr) diastereomer, where hindered site I seems to be inaccessible to the substrate in an 

orientation suitable for hydrogen transfer and, at least at the level of accuracy employed here, the 

more exposed site II does not distinguish between the two prochiral faces of the substrate. 

The results obtained in the reduction of substrate A were compared to two other standard cyclic 

imines, B and C, which are different in their electronic properties. Many buffers at different 

concentrations were evaluated (data not reported for all the substrates, for more information see T1 

in SI), and the best results are summarized in Table 2. 

 

Table 2. ATH of cyclic imines with [IrCp*(m-I)Cl]Cl⊂Van 

 

 

Entry Substrate Buffer Conv.% (e.e.%) 

1 A Phosphate 0.1 M pH 8 16 (rac) 

2 A MOPS 1.2 M pH 7.8 64 (12 S) 

3 A MES 1.2 M pH 7 60 (41 S) 

4 A MES 1.2 M pH 6 96 (31 S) 

5 A CH3COONa 0.1 M pH 5 >>99 (48 S) 

6 B phosphate 0.1 M pH 8 64 (34 S) 

7 B MOPS 1.2 M pH 7.8 32 (32 S) 

8 B MES 1.2 M pH 7 85 (51 S) 

9 B MES 1.2 M pH 6 96 (53 S) 



10 B CH
3
COONa 0.1 M pH 5 76 (70 S) 

11 C phosphate 0.1 M pH 8 50 (17 R) 

12 C MOPS 1.2 M pH 7.8 57 (12 R) 

13 C MES 1.2 M pH 7 47 (27 R) 

14 C MES 1.2 M pH 6 52 (33 R) 

15 C CH
3
COONa 0.1 M pH 5 48 (35 R) 

All reactions were carried out for 18 h at 10°C using 2 mol % [IrCp*(m-I)Cl]Cl in buffer with 6 M HCOONa in all the buffers, 

[sub]f = 16 mM, [cat]f = 0.32 mM, Van 4 mol %. Conversion was obtained by HPLC using correction factors of 1.32 for A 

and 1.23 for B and C at λ = 283 nm. Enantiomeric excess was determined using HPLC equipped with a chiral OD-H 

column.24 

 

NaOAc buffer (0.1 M pH 5) resulted as the best reaction medium: an encouraging 48% (S) e.e. was 

obtained in the asymmetric reduction of both the salsolidine precursor, 6,7-dimethoxy-1-methyl-3,4-

dihydroisoquinoline A and 35% (R) e.e. in the reduction of the pharmacologically interesting sultam 

precursor,49 3-methylbenzo[d]isothiazole-1,1-dioxide C (Table 2, entries 5 and 15). An appreciable 

70% (S) e.e. was obtained in the reduction of quinaldine B (Table 2, entry 10). In all cases, the best 

results were obtained using CH
3
COONa buffer, pH 5 at 10°C, confirming the pH dependence of the 

catalytic system on the hybrid system performance. Focusing on the pH and both the conversion % 

and the e.e.%, a clear correlation for all the substrates, as evidenced by the graphics reported in SI 

(see SI, Figure S3), was confirmed both at pH 6 and 5, resulting, in all cases, in the best reaction 

conditions in which the reactions were conducted. Considering that the ionic strength decreases as 

a function of the buffer (phosphate Fi 0.95/pH 8, MES and MOPS Fi 0.6/pH 7.8, 7 and 6, CH
3
COONa 

Fi 0.1/pH 5), the results obtained with MES (Fi 0.6) and CH
3
COONa (Fi 0.1) underlined that, in 

contrast to of our system, the ionic strength was not as significant. One of the parameters considered 

in the preliminary screening was the H2 donor/substrate ratio. Considering that the H2 donor 

(HCOONa) could influence the ionic strength as a function of its concentration, a relationship 

between the ratio and both the conversion% and e.e.% was analysed. As highlighted by the graphic 

reported in SI (see SI, Figure S4), with respect to e.e.%, there are not so many differences, but the 

conversion result is lower for ratio 5/1, probably due more to the decrease of availability of hydride 

in the reaction system than to its contribution to the ionic strength. An increase in the reaction 

temperature and/or in the pH of buffer indeed led to a decrease in the enantioselectivity, probably 

due to a decreasing rigidity of the Van scaffold around the metal complex. From these findings, the 

major impact of the second sphere in inducing chirality in the system is evicted, as underlined by the 

increase in enantioselectivity in the presence of Van. Interesting was the comparison between the 

results obtained for the Van/Ir hybrid system (Van directly coordinated with the iridium centre)24 in 

which the products of substrates A and B were in the R configuration and of C in the S configuration, 

and the artificial metalloenzyme in which the configuration for all the products was inverted. This 

aspect shed light on the complementary behaviour of the two different coordination modes around 



the metal centre (direct and supramolecular) of Van in obtaining both enantiomers. The system 

proposed here was comparable to the other metalloenzymes reported in the literature and used as 

catalysts for the ATH reaction of salsolidine precursors. In particular, the metalloenzyme based on 

streptavidine/biotin technology, previously studied by our group,28-29 confirmed the possibility of 

creating a real chiral catalyst starting from an achiral metal complex. The Van-DADA system was 

more sensitive to variations in pH values than the other systems, indicating an interesting change in 

the conformational arrangement of Van and the consequent loss of chirality of the entire catalytic 

system. 

CONCLUSIONS 

In conclusion, two new artificial imine reductases based on the supramolecular interaction between 

Van and an opportunely modified DADA-iridium complex were synthesized and used as catalysts in 

the ATH of standard cyclic imines. The system bearing the ligand m-I was more efficient in terms of 

both regio- and enantioselectivity than the p-I ligand. The [IrCp*(m-I)Cl]Cl⊂Van artificial 

metalloenzyme was fully characterized by CD and 2D-DOSY-1H-NMR experiments, confirming the 

supramolecular interaction between the metal complex and the biological scaffold. The 

computational studies confirmed this behaviour and allowed us to characterize the more stable and 

catalytically performing system. The [IrCp*(m-I)Cl]Cl⊂Van reduced quinaldine B in a good 76% 

conversion with an appreciable 70% e.e. for the enantiomer in the S configuration. Starting from the 

assumption that the dimer DADA is essential and therefore unchangeable, another future strategy 

could be the use of well-known modified glycopeptide structures synthesized to overcome resistance 

issues. 

EXPERIMENTAL 

General. Vancomycin was commercially available. [IrCp*Cl2]2 was synthesized as reported in the 

literature.50 Catalytic reactions were monitored by HPLC analysis with a Merck-Hitachi L-7100 

equipped with a Detector UV6000 LP and chiral column (Chiralcel OD-H). HRMS analyses were 

performed by using a QTof Synapt G2 Si spectrometer with an electrospray ionization source. The 

spectra were obtained by direct infusion of a sample solution in MeOH under ionization, ESI positive. 

1H- and 13C-NMR spectra were recorded in D2O/[d6]DMSO (1% v/v) on a Bruker Avance 600 MHz. 

Chemical shift (δ) is expressed in parts per million (ppm). All experiments were recorded at 298 K 

using TMS as an internal standard. 

General procedure for asymmetric transfer hydrogenation. 

[IrCp*(I)Cl]Cl (2% mol) and Van (4% mol) were dissolved in 1 mL of buffer (HCOONa 6 M, final pH 

5, 6, 7, 7.8 or 8) and stirred for 30 min at 25°C. The substrate (final concentration 16 mM) was added 

to the catalyst solution. The reaction was stirred for 18 h at 10°C. At the end of the reaction, 10 µL 

of 10 N NaOH was added, and the aqueous medium was extracted with CH2Cl2 for substrates A and 



B and with ethyl acetate for substrate C. The organic layers were dried with anhydrous Na2SO4 and 

filtered, and the solvent was removed under vacuum for analysis by an HPLC equipped with a chiral 

column to determine conversion and enantiomeric excess.24 
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affording a remarkable 70% e.e. in the reduction of quinaldine. 

 

 

 

 

 

 

 


