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Received 15th October 2021, Accepted 29th October 2021

DOI: 10.1039/d1fd00070e

Artificial metalloenzymes (ArMs) confer non-biological reactivities to biomolecules, whilst

taking advantage of the biomolecular architecture in terms of their selectivity and

renewable origin. In particular, the design of ArMs by the supramolecular anchoring of

metal catalysts to protein hosts provides flexible and easy to optimise systems. The use of

cofactor dependent enzymes as hosts gives the advantage of both a (hydrophobic)

binding site for the substrate and a cofactor pocket to accommodate the catalyst. Here,

we present a computationally driven design approach of ArMs for the transfer

hydrogenation reaction of cyclic imines, starting from the NADP+-dependent alcohol

dehydrogenase from Thermoanaerobacter brockii (TbADH). We tested and developed

a molecular docking workflow to define and optimize iridium catalysts with high affinity

for the cofactor binding site of TbADH. The workflow uses high throughput docking of

compound libraries to identify key structural motifs for high affinity, followed by higher

accuracy docking methods on smaller, focused ligand and catalyst libraries. Iridium

sulfonamide catalysts were selected and synthesised, containing either a triol, a furane, or

a carboxylic acid to provide the interaction with the cofactor binding pocket. IC50 values

of the resulting complexes during TbADH-catalysed alcohol oxidation were determined

by competition experiments and were between 4.410 mM and 0.052 mM, demonstrating

the affinity of the iridium complexes for either the substrate or the cofactor binding

pocket of TbADH. The catalytic activity of the free iridium complexes in solution showed

a maximal turnover number (TON) of 90 for the reduction of salsolidine by the triol-

functionalised iridium catalyst, whilst in the presence of TbADH, only the iridium catalyst

with the triol anchoring functionality showed activity for the same reaction (TON of 36

after 24 h). The observation that the artificial metalloenzymes developed here lacked

stereoselectivity demonstrates the need for the further investigation and optimisation of
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the ArM. Our results serve as a starting point for the design of robust artificial

metalloenzymes, exploiting supramolecular anchoring to natural NAD(P)H binding pockets.
1. Introduction

Enzyme catalysis can provide sustainable synthetic alternatives to high-value
chemicals.1 The application of biocatalysis can be expanded by engineering
enzymes to incorporate non-natural activities. To achieve this, a promising
strategy is the development of articial metalloenzymes (ArMs).2 These advanced
chemo-enzymatic hybrids are created by the incorporation of a non-native metal
catalytic functionality into a protein scaffold imparting reaction selectivity
(substrate, regio-, or stereo-selectivity). ArMs have the potential to address key
challenges in green chemistry: tunable reaction control, renewability, enantio-
selectivity and environmentally friendly process conditions.3 The incorporation of
the metal catalyst inside a protein can be achieved using dative, covalent, or
supramolecular anchoring approaches.2 Though dative anchoring strategies of
a metal ion have been widely used in ArM design,4 they are a challenging option
with the need to precisely design an appropriate binding site inside the enzyme.
The supramolecular anchoring of a metal complex of an organic ligand, designed
to have affinity to the protein, is the most successful strategy to date, exemplied
by the versatile biotin–(strep)avidin5 and the LmrRmultidrug resistance regulator
systems.6

The efficiency of ArMs has constantly improved over the past decades, due to
advancements in both experimental protein engineering technologies and in
computational aided approaches.7–9 Amongst the latter, computational tools for
the de novo design and redesign of binding sites for metal cofactors have greatly
contributed to the rapid design of ArMs with novel or improved functionality.9

Such tools are focused either on the design of non-native metal binding or on the
design of catalytic functionality within the newly created metalloproteins, using
soware such as the Rosetta suit of programmes,10,11 which combines computa-
tional tools applicable for methods like molecular docking, structure prediction,
and de novo protein design.

Computationally driven de novo (re-)design strategies of metal containing
active sites were demonstrated successfully for a number of examples (see also ref.
9). Rosetta Match12 was applied to optimise the design of a novel abiological
hetero-Diels–Alderase, based on density functional theory (DFT) informed tran-
sition state (TS) model structures;13 a novel organophosphate hydrolase was also
designed de novo by rst dening a suitable TS and subsequently redesigning the
active site of a natural deaminase.14

With a focus on supramolecular catalyst anchoring, soware such as Roset-
taDesign15 has been used to ne tune the binding of the ligand, as demonstrated
in the tailoring of the amino acid sequence of human carbonic anhydrase II to
bind an iridium metal complex catalyst with high affinity, thus improving the
catalytic performance of the resulting ArM.16 Molecular docking is another useful
method of choice for evaluating and designing protein–ligand interactions
between the guest catalyst and the protein environment, particularly when
combined with methods with higher accuracy (e.g. QM/MM, MD). Docking has
commonly been employed as a second step in the design to gain insight into the
316 | Faraday Discuss., 2022, 234, 315–335 This journal is © The Royal Society of Chemistry 2022
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experimental results from rst-generation ArMs and to dene key residues
inuencing optimal and directed substrate binding and thus enzymatic activity
and substrate selectivity.13,17–19 Computational analysis of the dened complexes
can also guide the selection of bioconjugation sites in the case of the covalent
binding of the metal complex to the protein.20,21 In other approaches, molecular
docking in combination with QM and MD simulations was used to control the
activity and selectivity of ArMs by understanding substrate binding affinity, ex-
ibility, and orientation.22,23

Despite the above examples and the similarity of the approach to computa-
tional drug design, where chemical structures are non-covalently incorporated
within proteins as strongly binding inhibitors,24 docking is not routinely used in
ArM design. This is because binding affinity alone is not sufficient to generate
a working ArM. The correct orientations of the incorporated metal catalyst and of
the binding substrate(s) to form the Michaelis complex are equally important and
thus must be evaluated by computational approaches. Since docking is only an
approximate method, more accurate (but more costly) molecular dynamics
coupled free energy perturbation (FEP) simulations and QM and QM/MM evalu-
ations should also be considered.

Whilst most successful, the design of ArMs based on supramolecular
anchoring relies on non-enzymatic protein structures with a large hydrophobic
pocket which is able to accommodate both the metal catalyst and the substrate.
An alternative is the use of cofactor-dependent enzymes, where the native cofactor
is replaced with a non-native catalytic moiety.25 For example, the heme-binding
pocket in P450 was used to accommodate Ir-porphyrins to catalyse C–C and C–
N bond formations.26 In our group, we developed ArMs for the reduction of
nicotinamide cofactors, starting from the wild type alcohol dehydrogenase from
Thermoanaerobacter brockii (TbADH WT), by covalently binding rhodium piano
stool complexes at the place of the catalytic zinc site.21,27 In this work, we aim to
simplify the ArMs by designing catalysts for supramolecular binding to avoid the
need for the covalent modication of the protein. So far, ArMs based on supra-
molecular anchoring rely on systems where a natural affinity between the protein
and ligand is a pre-requisite, thereby limiting the protein and/or ligand choice;
Fig. 1 Schematic representation of the design of ArMs: left, the natural catalysis in TbADH
WT involving NADP+ and a catalytic Zn2+; right, the supramolecular insertion of an iridium
piano stool complex (red) inside the NADP+ cofactor pocket and Zn2+ binding region of
TbADH 5M with high affinity induced by the anchor substructure (R).

This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 234, 315–335 | 317
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whereas systematic rational strategies to specically design the metal catalysts for
supramolecular anchoring to a selected protein scaffold are yet to be developed.

To address this, we present a critically evaluated and rened docking strategy
for the design of anchoring functionalities to provide strong interactions between
d6 piano stool metal catalysts and TbADH. In this design, the NADP+ cofactor
binding site was used to accommodate the catalyst, as schematically shown in
Fig. 1. This site has a relatively high binding affinity for the native cofactor (e.g.
KNADPþ
d ¼ 9 mM)28 due to a network of hydrogen bond interactions, in addition to

being in proximity to the hydrophobic substrate binding pocket. We use the
mutant TbADH 5M (H59A–D150A–C203S–C283A–C295A) as a starting point,
where catalytic Zn2+ was removed via mutations of two coordinating residues to
alanine.27 We selected sulfonamide-based iridium d6 piano stool catalysts for the
study, because they are highly active in imine reduction and were previously
successfully used in the transfer hydrogenation of imine by ArMs (Fig. 1).29–31

Following computational design, the most promising catalyst structure was syn-
thesised and evaluated for the formation of a functional ArM.
2. Results and discussion
2.1 Design and evaluation of the docking protocol

Before rening a docking protocol applicable to the design of suitable anchor
structures for catalysts to ADH-based ArMs, it was necessary to evaluate whether
an approximate method, such as docking, could result in sufficiently accurate
predictions of anchor structure binding affinities and orientations. Therefore, we
evaluated different docking protocols for their ability to predict the crystallo-
graphically known NADP+ cofactor binding to TbADH. This evaluation was
additionally used to analyse key binding interactions informing the subsequent
anchor design.

Different docking accuracy levels were analysed. The standard precision (SP)
docking, as implemented in Glide32,33, was compared against the more costly extra
precision (XP) docking protocols and the most sophisticated MM-GBSA (molec-
ular mechanics generalized Born and surface area) docking renement to esti-
mate the relative binding free energies. The crystal structure of TbADH WT co-
crystallised with NADP+ was selected from the Protein Data Bank (PDB) for
docking studies (PDB 1YKF34). For the subsequent docking approaches in the
search of high affinity anchors for transition metal catalysts, TbADH 5M was
additionally prepared without the catalytic zinc ion, to make space in the active
site for the inserted transition metal, by the creation of ve mutations to remove
Zn2+.
Table 1 Natural cofactor re-docking scores calculated by Glide XP (kcal mol�1) and MM-
GBSA (DG in kcal mol�1). RMSD (Å) values compared to the co-crystallised NADP+ cofactor
in the X-ray structure of TbADH WT

Enzyme Glide XP MM-GBSA RMSD

TbADH WT �10.1 �76.4 1.7
TbADH 5M �10.7 �59.5 1.8

318 | Faraday Discuss., 2022, 234, 315–335 This journal is © The Royal Society of Chemistry 2022
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The co-crystallised natural cofactor NADP+ was re-docked into the cofactor
binding site of both TbADH variants. The calculated binding affinities at the
different docking accuracy levels are presented in Table 1. The results demon-
strate high affinity binding in all cases. The scores were similar for both enzymes,
with the MM-GBSA evaluation indicating slightly better binding to TbADH WT.
This approach led to very good agreement with the two structures of TbADH WT
and TbADH 5M, with an all-atom RMSD of < 2 Å for the bound cofactor (see Fig. S1
in the ESI†). Between the two enzymes, TbADH 5M docking positioned the
nicotinamide cofactor slightly closer to the substrate binding site than that for
TbADH WT.

Following validation of the docking procedure, an iterative docking workow
was developed to design iridium complexes that could be accommodated via
supramolecular interactions within the cofactor binding site of TbADH. Initially,
an efficient and computationally affordable screening method of a diverse library
of chemical structures was implemented to nd anchor structures providing high
affinity binding to TbADH. The highest affinity anchor structures were
Fig. 2 Overall docking and library design protocol used to filter and optimise the anchor,
ligand, and catalyst structures. Template structures are shown with definitions of the
anchor, ligand, and catalyst structure, as presented in the text.
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subsequently incorporated within whole catalyst structures with a piano stool
Ir(Cp*)–sulfonamide functionality, which were computationally evaluated both
for their binding affinity and catalytically relevant positioning.

The general docking protocol followed threemajor steps, as shown in Fig. 2: (1)
a large compound library was screened to identify patterns of functional groups
responsible for high affinity, leading to a template ligand structure; (2) anchor
structures identied by the initial screening were appended to the sulfonamide
functionality to create a ligand library of 26 compounds, which were evaluated
with higher precision docking methods; (3) 19 of the highest affinity ligands were
selected and analysed for their ease of synthesis and a nal library of metal
catalyst structures was then generated and docked using induced t docking.
Additional lters were applied to evaluate not only the binding affinity, but also
the optimal positioning and orientation for catalysis. From this nal docking
step, six structures were identied as potentially suitable, and one was nally
selected for chemical synthesis and testing.

2.1.1 Virtual high-throughput anchor screening and selection. In the rst
step of the protocol in Fig. 2, libraries of potential anchor structures were
screened by applying a rst raw lter based on the Glide SP protocol. For this high
throughput approach, around 8000 structures of available chemical compounds
and their conformers from the Schrödinger and ZINC library35 (ZINC12; glide
drug-like ligand decoy sets) were chosen, representing the breath of synthetically
available organic chemistry in the eld of drug discovery. The 80 best ranked and
correctly orientated compounds (1% of the library) were subsequently selected
and re-evaluated through Glide XP docking. To systematically analyse the results
of the large library docking, the outcomes were compared and evaluated against
docking of fragments of the natural cofactors NAD(P)H (Fig. S2 and Table S1 in
the ESI†).
Fig. 3 Pictures of the best ranked compounds from ligand libraries screened through XP
and IFD docking in TbADH WT and TbADH 5M, respectively: (a) and (d) best ranked ZINC
library compounds; (b) and (e) best ligands docked through XP docking ((b) 1, e: 1) best
metal complexes ranked by IFD score ((c) Ir2, (f) Ir15).
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Both strategies led to similar observations. The best ranking structures from
the high throughput docking and the fragment-based approach both demon-
strated the importance of hydrophilic functional group anchoring being present
in the ribose and phosphate binding regions of NADP+ (see Fig. 3 for the best
ranked docking structures). The best ranked structures all shared a hydrophilic
centre composed of amino, carboxyl or hydroxyl groups, forming several
hydrogen bonding interactions with residues such as Val178, Ser39, Asn266 or
Tyr267, which correspond to the NADP+ interactions found in the TbADH crystal
structure34 (Fig. S3 in the ESI†).

On the other hand, the fragment-based docking indicated little affinity of the
adenosine for the respective binding locations, suggesting a low relevance of high
affinity binding. Also, the nicotinamide ring showed no interaction in all the
different fragment-based docking experiments. This strongly aligned with the
library docking, which ranked hydrophobic structures incorporating aromatic
rings lowest. Additionally, larger hydrophobic entities tended to be positioned in
the hydrophobic substrate pocket, particularly in TbADH 5M. This would likely
also prevent substrate binding and needed to be addressed in the subsequent
steps.

2.1.2 Creation of a ligand template structure and small library docking
evaluation. Based on the screening results, a general template structure for the
design of a small organic ligand library was identied (Fig. S4 in the ESI†). The
anchoring part of this template structure consisted of principal mimics of the
pyrophosphate and ribose part of NADP+ to create a high affinity with polar or
hydrogen bonding interactions inside the enzymes (see Fig. 2) through hydroxyl
and carboxyl groups. Modications were then applied to the length, position,
number and nature of these hydrophilic functional groups to generate a library of
anchors. For validation of the protocol, hydrophobic structures were also
designed, but were anticipated to have lower affinity.

As the pyridinium ring demonstrated little effect on the binding affinity, it was
adapted to a phenyl ring, with an eye on the subsequent simpler chemical
synthesis. As the last feature of the lead structures, the sulfonamide group was
attached to the phenyl ring, which served to bind the transition metal. An initial
screening of the library additionally revealed that the meta position of substitu-
ents on the phenyl delivered the best affinity scores and this was thus chosen for
the subsequent library design.

The designed library of 26 structures is presented in the ESI (Fig. S5 in the
ESI†). For all of the structures, all possible conformations and congurations
were generated and docked inside both TbADH WT and TbADH 5M, using
a combined SP and XP workow (Table S2 in ESI†). The best binding structures all
had hydroxyl and carboxyl groups in their anchoring part. This matched the aim
to substitute ribose (by hydroxyl) and phosphate (by carboxylic acid) for easier
chemical synthesis. Conversely, compounds with only one hydrophilic group and
hydrophobic groups (e.g. 12 and 23, Fig. S5 in the ESI†) were ranked lowest.

We observed that most congurations of the same anchored structures
delivered similar XP scores and only the strongest binding congurations were
selected for the next iteration of the docking protocol (see the example for ligand 4
in Table S3 in the ESI†). A comparison between TbADH WT and TbADH 5M
showed overall slightly lower XP scores for the 5M mutant, indicating a higher
binding affinity. Despite this difference, many of the rst ranked structures were
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 234, 315–335 | 321
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common for both enzymes, with only one different structure within the rst ve
highest ranked structures. Analysis of the positions remarkably showed inverted
orientations and unfavourable positioning of the majority of ligand structures in
the case of TbADH WT, whilst all TbADH 5M bound ligands displayed an orien-
tation favourable for catalysis, similar to the natural cofactor NADP+.

2.1.3 Iridium complex docking and selection. The 19 best ranked and posi-
tioned ligands from previous SP/XP screening were then metalated with the d6

piano stool iridium [IrClCp*] moiety and were subsequently docked inside the
enzymes using induced t docking (IFD) to increase the accuracy by accounting
for the exibility of the amino acid sidechains in the binding pocket (Fig. S6 in the
ESI†). In order to systematically account for the correct positioning and orienta-
tion for catalysis, we introduced an additional score to be applied to the nal
docking pose and energy, which included the likeliness to bind in catalytic
availability (Fig. 2). The nal score (designated IFD(S)) incorporated the binding
affinity represented by the Glide XP score (SXP) from the IFD docking, the location
of the ligand in the pocket (SL) and the orientation of the ligand in the pocket (SO).
Since we reasoned that the correct positioning of the ligand for catalysis out-
weighed small differences in the binding affinities, the inuence of positional
parameters was privileged over the affinity approximation (see details in Section
1.4.1 of the ESI†). The resulting nal score for each structure allowed a ranking
and selection of several potential high affinity catalysts (TbADH 5M in Table 2 and
TbADH WT in Table S4 in the ESI†).

From the 19 docked metal complexes fed through the IFD docking, 7 catalysts
demonstrated signicantly repulsive interactions induced by incorporating the
metalation and were subsequently removed from the analysis. The ranking of the
remaining 12 catalysts was highly inuenced by the nature of the anchoring
substituent, which directed the metal complex [IrClCp*] into a catalytic position.
This was also demonstrated by a distinctly different ranking order when taking
only the XP score from the IFD docking compared to the additionally applied new
scoring scheme (Table 2). Thus, our best ranking catalyst Ir15 only scored h in
pure IFD docking (IFD(XP)) while the best IFD docking score (Ir2) was ranked
Table 2 Ranking of iridium catalysts from IFD docking inside TbADH 5M by applying the
IFD(S) score defined in Fig. 2 compared to the IFD XP score (IFD(XP), kcal mol�1)

Iridium catalyst IFD(S) score Iridium catalyst IFD(XP) score

Ir15 54.0 Ir2 �12.8
Ir3 53.6 Ir1 �12.2
Ir1 53.4 Ir22 �11.2
Ir4 52.6 Ir13 �11.6
Ir14 50.4 Ir15 �9.5
Ir9 46.6 Ir6 �9.5
Ir10 43.8 Ir3 �9.3
Ir13 43.6 Ir14 �9.2
Ir8 42.8 Ir4 �8.8
Ir2 42.6 Ir9 �8.8
Ir6 41.0 Ir8 �8.4
Ir22 39.4 Ir10 �7.4
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Fig. 4 Metal complex Ir4 docked into (a) TbADH 5M with a catalytic orientation and (b)
into TbADH WT with an inverted position.
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down by applying the additional score correction due to the unfavourable
orientation in the binding site, most likely not leading to catalytic activity.

Similar to the previous ligand docking, TbADH 5M presented higher affinity
XP and IFD scores than those of TbADH WT. The low scoring results from the
TbADH WT results were obtained because of the mainly reversed position of the
metal complexes inside the cofactor binding pocket. Most likely this was due to
the Zn coordination site occupying the space needed to t the catalyst and pre-
venting ideal binding.

Analysis of the structure poses in TbADH 5M demonstrated a general orien-
tation of the metal toward the substrate pocket, except for few inverted poses.
Fig. 4 shows an example of Ir4 displaying a high IFD(S) score with its crucial
Fig. 5 Selected metal complex hit structures from the docking study, with expected high
affinities for TbADH 5M.
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binding interactions in the active site of TbADH 5M, whilst there is an inverted
orientation in TbADHWT. All of the high affinity complexes demonstrated the key
interactions with residues like Thr38, Ser39, Asn266 or Tyr247.

Fig. 5 shows the structures of the six best metal complexes based on the IFD(S)
results for TbADH 5M. These structures were expected to bind with high affinity to
TbADH 5M and to additionally accommodate a hydrophobic substrate in the
catalytic position, therefore representing attractive options for constructing an
ADH-based ArM using the supramolecular binding approach. From these struc-
tures, we proceeded to select and synthesise one example for experimental vali-
dation, based on the ease of synthesis.

2.2 Synthesis of iridium complexes

From the preceding docking analysis, the iridium complex Ir14, bearing a 2,4-
dihydroxy carboxylic acid anchor, was initially selected for experimental valida-
tion, given its high IFD(S) score and its short retro-synthesis path. The synthesis
of Ir14 was attempted from either the Boc or the Cbz-protected N-sulfonyl-
ethylenediamine-2,4-diketoester structure (compounds 28 and 32 in Fig. 6).
This diketoester was obtained as a E/Z stereoisomer mixture of the mono-enol
form via the Claisen condensation of the acetophenone derivatives 27/31 and
diethyl oxalate under basic conditions (Fig. 6). However, given the lack of the
stability of the 2,4-diketoester functionality under both acidic Boc deprotection
and palladium catalysed Cbz deprotection conditions (leading to self-Claisen,
retro-Claisen or hydrogenolysis by-products), a renement of the target ligand
structure was necessary. The tri-hydroxy ligand Ir4, which was also found to bind
with high scores in the preceding docking approach, was synthesised by Pd-
Fig. 6 Synthesis of the ligands and iridium complexes used in this study: (A) compounds 4
and Ir4, starting from the Cbz-protected N-sulfonyl-ethylenediamine precursor; (B)
compounds 12, 23, Ir12 and Ir23, starting from the Boc-protected N-sulfonyl-ethyl-
enediamine precursor (a) (i) SOCl2, CH3NHOCH3, Et(i-NPr)2, CH2Cl2; (ii) CH3MgBr, THF; (b)
Na2CO3, Cbz-Cl, H2O/Et2O; (c) t-BuOLi, (CO2CH2CH3)2, THF; (d) LiAlH4, THF; (e) Pd/C
10%, H2, MeOH; (f) [IrCl2Cp*]2, Et3N, MeOH; (g) TFA, CH2Cl2.
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catalysed reduction and the concomitant deprotection of the Cbz-protected 2,4-
diketoester 28 with H2 (Fig. 6A). Interestingly, when the same synthesis was
attempted from the Boc-protected precursor 32, the deprotection of intermediate
33 with triuoroacetic acid led to cyclisation of the anchor with the formation of
a furan ring to give compound 12 (Fig. 6B). This behaviour was similar to the Paal–
Knorr reaction, involving the acid catalysed cyclisation of a 1,4-diketone in its
mono-enol form, followed by dehydration to form a furan.36 The synthesis of
furan derivatives from a 1,4-keto-alcohol intermediate was previously demon-
strated in acidic conditions,37 as was the TFA-catalysed deprotection followed by
the cyclisation of tert-butyl acetoacetate derivatives.38 Compound 12 and its cor-
responding iridium complex Ir12 were also prepared to be further tested in
articial metalloenzyme formation, as they had a conveniently available hydro-
phobic and aromatic anchor substructure to be compared with the hydrophilic
triol anchor of 4 for its binding and catalytic potential. Given the similarity of the
XP scores for the different congurations of ligand 4 we did not consider ster-
eoconguration in the synthesis. Furthermore, intermediate 23 and its corre-
sponding iridium complex Ir23 were prepared, bearing a single hydrophilic
(carboxylate) functionality as an anchor. As expected, docking analysis showed
a very low ranking in all screenings and a reverted position for the metal
complexes (see Table S5 and Fig. S7 in the ESI†).

2.3 Articial metalloenzymes by the supramolecular anchoring of iridium
complexes to TbADH

2.3.1 Evidence of Ir complex binding to TbADH. To assess the ability of the
designed sulfonamide ligands (4, 12, 23) and iridium complexes (Ir4, Ir12, Ir23) to
form ArMs, their supramolecular bioconjugation to TbADH was investigated.
Initial attempts to measure the binding affinity by isothermal calorimetry (ITC)
led to inconclusive results due to the high concentration of protein necessary to
show ITC signals, even in the presence of the natural cofactor (100 mMprotein and
2.1 mM NADP+ or compound 32). Thus, the binding affinity was investigated by
indirect means using inhibition assays. Considering the structures as competitive
inhibitors of NADP+, the IC50 for each sulfonamide ligand and iridium complex
was evaluated in combination with TbADH WT. For this assessment, the func-
tional enzyme holding the catalytic zinc had to be chosen to facilitate butan-2-ol
Table 3 Inhibition of the catalytic oxidative activity of TbADHWT by the designed ligands
and iridium complexes, reported as IC50 (mM). The IC50 corresponds to the concentration
of inhibitor required to inhibit half of the enzyme activity, in competition with NADP+.
Assay conditions: NADP+ (0.5 mM), rac-butan-2-ol (150 mM), inhibitor (0.001–40 mM),
TbADH WT (1 mg) in 100 mM Tris–HCl buffer at pH 8, 40 �C. The results are presented
including the standard error of the mean (SEM) of triplicate measurements

Ligand IC50 (mM)

4 >10
Ir4 0.248 � 0.003
12 16.050 � 0.390
Ir12 0.052 � 0.012
23 5.459 � 0.430
Ir23 4.410 � 0.035
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oxidation by NADP+, taken as reference reaction. The inhibitory potential of the
ligands and complexes provided an insight into their binding capacity, using low
concentrations of enzymes and small molecules (Table 3).

All of the sulfonamide ligands showed IC50 values higher than 5 mM, indi-
cating lower affinities for TbADH in comparison with the native NADP+ cofactor,
as expected from the docking prediction. However, in contrast to docking, the
inhibition assays suggested a lower affinity of TbADH for the tri-hydroxy ligand 4
compared to that of ligand 23, which bears a mono-carboxyl anchor. One
potential explanation for these results is that the assumption of competitive
inhibition of the cofactor binding site was not appropriate in this case. In addi-
tion, ligand 4 also presented a mixture of stereoisomers of which some might
bind with different binding affinities or in other locations, not adding to
competitive inhibition, although docking suggests a similar affinity of the
isomers for the cofactor binding pocket. The binding of smaller or hydrophobic
anchors at positions where they hinder substrate approach and/or binding, but
outside the cofactor binding pocket, may also explain the higher inhibition
potential of these compounds.

All of the iridium complexes showed better inhibitory potential than their cor-
responding sulfonamide ligands alone, with IC50 values between 0.052 (Ir12) and
4.410 mM (Ir23). The iridium functionality was not expected to signicantly add to
the binding affinity, as its bulky nature is more of a challenge to accommodate in
the pocket. This was also demonstrated by the observation from docking that in the
presence of the Zn2+ ion in TbADH WT, the structures were inverted, positioning
themetal toward the pocket entrance, in order to t the pocket. Therefore, it can be
speculated that the iridium piano stool functionality has a higher impact on
enzyme inhibition than the binding conferred by the anchor. One explanation of
this could be that the coordination of the iridium piano stool moiety to the surface
exposed coordinating (cysteine or histidine) residues, leading to enzyme deactiva-
tion, as previously shown with rhodium complexes.39 Furthermore, the slightly
better inhibition demonstrated by Ir12 over that of the tri-hydroxy functionalised
Ir4 could be attributed again to alternative binding modes with different orienta-
tions not predicted by docking that could add to the inhibition.

A detailed comparison of the binding within TbADHWT and the 5Mmutant is
difficult. This is because only binding to TbADH WT, which contains the Zn-
binding site, could be assessed by inhibition studies. Moreover, inversion of
binding was observed when docking the iridium structures to TbADH WT,
compared to the mutant 5M. In conclusion, whilst inhibition by the designed
iridium complexes was observed and indicated an interaction between the
designed complexes and TbADH WT, certainty on the exact location and orien-
tation of the bound structures and on the affinity of TbADH 5M for the iridium
complexes could not be dened because of the indirect analysis.

2.3.2 Imine reduction activity of Ir complexes conjugated to TbADH. The
catalytic performances of the synthesised iridium complexes Ir4, Ir12 and Ir23,
either alone or combined with TbADH WT and TbADH 5M, were investigated for
the transfer hydrogenation of the cyclic imine salsolidine (6,7-dimethoxy-1-
methyl-3,4-dihydroisoquinoline) in buffer at pH 7, in accordance to previously
published conditions.40 Themost active of the free iridium catalysts was Ir4 (Table
4, entries 1–3).
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Table 4 Transfer hydrogenation of salsolidine. Ir catalyst ¼ Ir4, Ir12, or Ir23, either free or
in combination with TbADHs. Reaction conditions: 50 mM iridium, 50 mM TbADHs, 4 mM
salsolidine, 300 mMHCOONa, 100 mM PBS buffer pH 7, 38 �C. The experiments were run
in triplicate for 24 h and the results presented are the turnover frequency (TOF) and
turnover number (TON) � SEM. SEM ¼ standard error of the mean, calculated from
triplicate measurements

Entry TbADH variant Ir catalyst TON TOF (min�1)

1 — Ir4 90 � 1.04 0.062 � 0.001
2 — Ir12 66 � 1.45 0.046 � 0.001
3 — Ir23 59 � 8.39 0.041 � 0.006
4 5M Ir4 36 � 3.21 0.025 � 0.002
5 WT Ir4 1.6 � 0.59 0.001 � 0.000
6 5M Ir12 0 —
7 WT Ir12 1.7 � 0.55 0.001 � 0.000
8 5M Ir23 0 —
9 WT Ir23 0 —
10 5M (100 mM) Ir4 34 � 1.34 0.023 � 0.001
11 5M Ir4 (200 mM) 79 � 3.18 0.055 � 0.002
12 WT Ir4 (200 mM) 81 � 0.80 0.056 � 0.001
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Only complex Ir4 showed activity in the presence of TbADH 5M and no stereo-
selectivity was observed (Table 4, entries 4, 6 and 8). Furthermore, when the zinc-
containing enzyme (TbADH WT) was used, the activity of Ir4 was drastically reduced
and this was the case with the other catalysts as well (Table 4, entries 5, 7 and 9).

Two different scenarios could explain the lack of activity in the presence of the
WT and themutual inactivation of the enzyme and catalyst: binding to the surface
exposed coordinating residues and binding in the cofactor site, but without space
for the imine substrate, or in the wrong orientation, as suggested by docking.
Both of these scenarios would lead to the iridium complexes not being available
as active free catalysts in solution, implying that any activity in the presence of the
protein was likely to come from a TbADH-bioconjugated catalyst.

In addition, there was no difference in the surface exposed coordinating resi-
dues between the TbADHWT and 5M variants, which means that the difference in
activity observed with the two variants cannot come from bioconjugation to surface
exposed residues. These observations, alongside the docking results, suggest that
the iridium catalyst Ir4 binds within the cofactor site in the orientation suggested
by docking, with the catalytic part towards the hydrophobic substrate pocket of the
enzyme. When bound to 5M, there was enough space for the imine substrate to
react, whilst within the zinc-occupied WT enzyme, the imine substrate could not
access the iridium catalyst. Iridium complexes Ir12 and Ir23 may bind to the
cofactor binding site, but not in active poses or orientations, which would explain
their inhibitory potential for TbADH WT and their lack of activity within TbADH
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 234, 315–335 | 327
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5M. This theory was supported by the previous docking studies, which predicted
the insertion of hydrophobic structures inside the substrate pocket (Fig. 3d).

To further conrm the theory of the supramolecular binding of the iridium
catalyst to TbADH, the concentrations of both TbADH 5M and of the catalyst Ir4
were varied, in order to perturb the equilibrium towards the bound state of the
catalyst. When the concentration of TbADH 5M was doubled from the initial
stoichiometric ratio, the turnover number remained similar (Table 4, entry 10
compared to 5), suggesting that most of the available binding sites were occupied
with the iridium catalyst. This could mean either that the active catalyst binds to
TbADH 5M with very high affinity, or that not all binding sites were occupied,
therefore providing an excess of binding sites even at stoichiometric monomer-
: Ir conditions. On the other hand, when the concentration of the metal catalyst
was increased four times, an increased TON was observed with both TbADH WT
and 5M (Table 4, entries 11 and 12), with the increase in activity likely coming
from the free catalyst in solution. Taken together, these results further suggest the
formation of a functional articial metalloenzyme for imine reduction by the
supramolecular incorporation of the iridium complex Ir4 within the NADP+

binding site of the zinc devoid TbADH variant 5M.

3. Conclusions

This work demonstrates how dockingmethodologies can be applied and optimised
to design ArMs based on the supramolecular anchoring of imine reduction catalysts
into the NADP+-binding site of alcohol dehydrogenase scaffolds. The computational
workow started from high throughput virtual screening and was rened to the
docking of a selected catalyst library. The rened protocol focused onmore accurate
calculations to predict a transition metal catalyst with catalytic positioning.

The creation of an active ArMwas demonstrated for the transfer hydrogenation
of salsolidine, however the lack of stereoselectivity represents a drawback.
Nonetheless, from the combination of competition experiments (indicating
binding affinity) and catalytic activity, there is clear evidence of a functional ArM,
strongly suggesting that the catalyst is bound to a dened site that can also
accommodate the substrate. Although docking suggested that the iridium piano
stool moiety would be oriented towards the substrate binding pocket, it cannot be
ruled out that catalyst 4 binds towards the surface of the enzyme or is involved in
multiple binding modes involving all its different stereoisomers.

The results presented here show that the rst step to create this type of ADH-
based ArMs needs further experimental and computational assessment and
optimisation. While this study focused on improving the potential and workow
for docking applications in connection to ArM design, future computational work
needs to target more advanced and accurate computational methods to test and
challenge the original predictions.

Molecular dynamics (MD) simulations will give insights into the exibility and
integrity of the protein catalyst complexes. Catalyst and substrate binding and
unbinding simulations will be able to give further into the binding strength,
exibility and alternative binding modes. Finally, the denition of transition state
structures for the simulated binding arrangements will make it possible to
optimise and re-design the surrounding binding pocket for better TS stabilisation
and introduction of stereo selectivity.
328 | Faraday Discuss., 2022, 234, 315–335 This journal is © The Royal Society of Chemistry 2022
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4. Experimental
4.1 Docking calculation procedures

The Schrödinger suite41 of programs and the Maestro graphical interphase were
used for the design of the molecular docking protocols with the default param-
eters dened in the Schrödinger program. All compounds included in this work
were prepared using Ligprep from the Schrödinger suite,42 with the OPLS3 force
eld.43 The generation of all possible protonation and ionisation state combina-
tions was performed for each ligand using Epik23 in aqueous solution at pH
values of 7.0 � 2.0. Whenever the ligand contained a ribose, the same stereo-
chemistry as that of the natural cofactor was kept. Structures containing iridium
metal were created using the Maestro interface to build a pyramidal metal centre,
substituted with chloride and a pentamethylcyclopentadienyl (Cp*) moiety,
applying xed bonds of zeroth bond order. The complex structures were then
minimized within the Maestro graphical interphase.

The crystal structure of TbADH was obtained from the Protein Data Bank (PDB
1YKF2 (ref. 34)). The monomer of the protein was additionally prepared without
the natural zinc ion in the active site. From the crystal structure of TbADH, several
mutations were created, Cys283Ala, His59Ala, Asp150Ala, Cys295Ala and
Cys203Ser, to yield the structure TbADH 5M. Protein structures were prepared
using the Maestro Protein Preparation Wizard in the Schrödinger suite.44 Missing
hydrogen atoms and residue side chains were added to the structures by Prime
renement.41 During the renement, water molecules with less than three
hydrogen bonds to other atoms were removed, which resulted in nomore water in
the binding site. The selection of the position of hydroxyl and thiol hydrogens, the
protonation/tautomer states and the “ip” assignment of aspartic acid, glutamic
acid, arginine, lysine and histidine were adjusted at pH ¼ 7.0 using PROPKA.45

Finally, the structures were minimized using the OPLS3 force eld with a RMSD¼
0.3 Å maximal displacement of non-hydrogen atoms as the convergence criterion.

For non-covalent docking using Glide soware, the grid box was dened from
the optimized protein structure at the centroid of the active site (20 Å radius
around the co-crystallized ligand). In the section involving transition metal
complex docking, the enclosure box was dened from the optimized protein
structure without zinc by a selection of amino acid residues (TbADH 37, 59, 60, 42,
151, 178, 295, 266 and 150). No constraints were added. The standard settings of
a van derWaals scaling factor of 1.0 for nonpolar atoms was kept. Nonpolar atoms
were dened with an absolute value of partial atomic charges of #0.25.

The prepared ligand conformers without the metal were exibly docked into the
receptor grid using Glide SP and Glide XP procedures, with the receptor kept
rigid.32,33,46 The default parameters as dened in the Schrodinger programwere kept.
OPLS3 (ref. 43) was used as the force eld and the variation of conformation was
applied. The estimations of the free energy binding of each ligand for the enzymes
were ranked. The structures with the best Glide XP score were used in the MM-GBSA
calculations. The VSGB solvation model (surface generalized Born model and vari-
able dielectric) was selected to approximate the solvation free energy and correct the
interactions (H-bond, hydrophobic, p–p).47 Flexibility was added to residues at 5.0 Å
from the ligand position in the binding pocket. Primeminimisation was used on the
residues selected in the exible region, without any constraints. For the IFD docking
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 234, 315–335 | 329
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of different metal complexes, the protein residues within 5.0 Å of the catalyst were
kept exible using Prime. The best scores were selected for analysis.
4.2 Synthesis of the ligands and metal complexes

For the detailed and quantied synthesis protocol, see Section 3.1 of the ESI.†
4.2.1 Benzyl (2-((3-acetylphenyl)sulfonamido)ethyl)carbamate (27). To

a cooled solution of ketone 31 (1 eq., 2.87 mmol, 987 mg) in dichloromethane (47
mL), triuoroacetic acid was added dropwise under stirring (12.7 eq., 36.45mmol,
2.8 mL). The solution was then stirred overnight at room temperature and
monitored by TLC (CH2Cl2 95/5 CH3OH + traces of acetic acid). The solution was
evaporated under vacuum, aer which TFA traces were removed by the repeated
addition and evaporation of dichloromethane under vacuum.48 The obtained
deprotected ketone (1 eq., 0.744 mmol, 253 mg) was dissolved in a bi-phasic
diethyl ether (3 mL) and water (3.72 mL) mixture, to which Na2CO3 was added
(3 eq., 2.23 mmol, 237 mg). The solution was cooled on ice before the dropwise
addition of benzylchloroformate (1 eq., 0.744 mmol, 0.106 mL). The solution was
stirred at room temperature for 2.5 h and monitored by TLC (ethyl acetate 80/20
hexane). The two phases were then separated, and the organic layer was washed
with brine and water, dried over MgSO4, and ltered. The solvent was removed
under vacuum and the resulting residue was puried by ash column chroma-
tography on silica gel (ethyl acetate 80/20 hexane). The desired compound 27 was
collected as a yellow oil.49

4.2.2 tert-Butyl (2-((3-acetylphenyl)sulfonamido)ethyl)carbamate (31). This
compound was synthesised by adapting a previously described protocol.50,51 To
a cooled solution of the compound 30 (1 eq., 0.145 mmol, 50 mg) in anhydrous
dichloromethane (3 mL), thionyl chloride was added dropwise under stirring (7
eq., 1.016 mmol, 73 mL). The solution was then stirred at room temperature for
3 h. The reaction was cooled at 0 �C before adding N,N-diisopropylethylamine
dropwise (4 eq., 0.58 mmol, 0.101 mL), followed byN,O-dimethylhydroxylamine (2
eq., 0.290 mmol, 28 mg). The reaction mixture was then stirred at room
temperature overnight. The reaction was treated with saturated aqueous NaHCO3

(pH ¼ 7), then washed twice with water, dried over Na2SO4, ltered, and evapo-
rated under vacuum.

The crude extract was puried by ash column chromatography on silica gel
(ethyl acetate 60/40 hexane) and directly used in the next step. To a cooled solu-
tion of the previously puried compound (1 eq., 0.098 mmol, 38 mg) in anhydrous
THF (2 mL), a solution of methylmagnesium bromide was added dropwise under
nitrogen (3 eq., 0.294 mmol, 0.15 mL). The solution was then stirred at room
temperature for 3 h. The reaction was monitored by TLC (ethyl acetate 60/40
hexane). The solution was treated with saturated aqueous NaHCO3 (pH ¼ 7)
and extracted twice with ethyl acetate. The organic layers were washed with brine
and water, then dried over Na2SO4, ltered, and evaporated under vacuum. The
crude extract was puried by ash column chromatography on silica gel (ethyl
acetate 60/40 hexane) to afford product 31 as a yellow oil.

4.2.3 General procedure for the synthesis of compounds 28 and 32. These
compounds were synthesised by adapting a previously described protocol.52 To
a cooled solution of t-BuOLi 1 M (2.5 eq., 1.65 mmol, 1.65 mL) in anhydrous THF
(5 mL), diethyl oxalate was added dropwise under nitrogen (2 eq., 1.36 mmol, 0.2
330 | Faraday Discuss., 2022, 234, 315–335 This journal is © The Royal Society of Chemistry 2022
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mL). The solution was stirred at 0 �C for 10 minutes before ketone 27 (1 eq.,
0.66 mmol, 226 mg) in anhydrous THF (4 mL) was added dropwise. The mixture
was stirred for 1.5 h at room temperature. The reaction was monitored by TLC
(ethyl acetate 50/50 hexane) and treated with saturated aqueous NaHCO3 (pH ¼
6). The aqueous phase was extracted twice with dichloromethane. The organic
layers were washed with brine and water, dried over Na2SO4 and ltered. The
solvent was removed under vacuum and the resulting residue was puried by
ash column chromatography on silica gel (DCM 60/40 MeOH).

4.2.4 General procedure for the synthesis of compounds 29 and 33. These
compounds were synthesised by adapting a previously described protocol.53 To
a cooled stirred mixture of the N-Boc-2,4-diketoester 32 (1 eq., 1.36 mmol, 601 mg)
in anhydrous THF (44 mL) under nitrogen, lithium aluminium hydride was slowly
added (4 eq., 5.44 mmol, 206 mg). The reaction mixture was stirred for 3 h on ice
and monitored by TLC (ethyl acetate 80/20 hexane). The reaction was treated with
ethyl acetate and water at 0 �C. The aqueous phase was extracted twice with ethyl
acetate. The organic layers were washed with brine and water, dried over MgSO4

and ltered. The solvent was removed in vacuum and the resulting residue was
puried by ash column chromatography on silica gel (ethyl acetate 50/50 hexane).

4.2.5 N-(2-Aminoethyl)-3-(3,4-dihydroxybutanoyl)benzenesulfonamide (4).
This compound was synthesised by adapting a previously described protocol.54 To
a Pd/C (1.3 eq., 46 mg, 0.43 mmol) powder purged under N2, the Cbz-protected
ketodiol 29 was added (1 eq., 0.39 mmol, 172 mg) in methanol (6 mL). The
solution was then ushed with H2 gas and stirred under H2 atmosphere (balloon)
at room temperature for 24 h. The suspension was ltered through a Celite pad
and washed with MeOH (2 � 5 mL). The ltrate was removed under vacuum to
afford the desired compound 4 as a yellow oil.

4.2.6 General procedure for synthesis of compounds 12 and 23. To a cooled
solution of the ketodiol 33 (1 eq., 0.54 mmol, 220 mg) in dichloromethane (0.72
mL), triuoroacetic acid was added dropwise under stirring (11 eq., 5.99 mmol,
0.46 mL). The solution was then stirred overnight at room temperature and
monitored by TLC (ethyl acetate 60/40 hexane). The solution was evaporated
under vacuum, aer which TFA traces were removed by the repeated addition and
evaporation of dichloromethane under vacuum.48

4.2.7 General procedure for the synthesis of compounds Ir4, Ir12 and Ir23.
The iridium complexes were synthesised by adapting a previously described
protocol.55 To a suspension of pentamethylcyclopentadienyl iridium(III) chloride
dimer (1 eq., 0.063 mmol, 50 mg) in MeOH (2.3 mL), the deprotected triol 4 (3 eq.,
0.19 mmol, 46mg) inMeOH (1mL) solution was added . Triethylamine (4 eq.) was
then added dropwise until the solution turned a clear yellow. The solution was
then stirred for 1 h and the solvent was removed under vacuum. The resulting
residue was puried by ash column chromatography on silica gel (DCM 98/2
MeOH to 100% MeOH).
4.3 Articial metalloenzyme characterisation and catalytic assays

4.3.1 Enzyme expression. Recombinant overexpression of all enzymes was
carried out in E. coli BL21(DE3). Wild-type TbADH andmutant TbADH 5M (H59A–
D150A–C203S–C283A–C295A) were puried by affinity chromatography and
routinely characterized by SDS-PAGE and enzymatic activity. Protein
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 234, 315–335 | 331
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concentrations was determined by Bradford assays. These procedures were per-
formed as previously described.27

4.3.2 Inhibition assays. The assays were performed in the oxidative direc-
tion.56 The following reagents were added to a 1 mL cuvette: enzyme (TbADH WT
1.0 mg mL�1, nal conc.), cofactor (NADP+ at 0.5 mM, nal conc.) and substrate
(butan-2-ol 150 mM, nal conc.) in 100 mMTris–HCl buffer pH 8. Inhibitors 4, 12,
23, Ir4, Ir12 and Ir23 were prepared as concentrated stock solutions in buffer and
added at nal concentrations from 0.001 mM to 40 mM. The reaction was initi-
ated by the addition of the enzyme. The increase of absorbance was monitored at
340 nm and at 40 �C for TbADH WT. Each experiment was run in triplicate and
corrected for background activity without the enzyme. The specic activity and
the subsequent IC50 of each inhibitor were calculated using the extinction coef-
cient for NADPH 6220 M�1 cm�1.

4.3.3 Catalytic assays. The following assays were adapted from a previous
literature procedure.40 The commercially available imine substrate used was 6,7-
dimethoxy-1-methyl-3,4-dihydroisoqunoline and the corresponding amine
product was 6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline. Iridium
complexes Ir4, Ir12 and Ir23 were used as catalysts alone or in mixtures with
either of the two enzymes TbADH WT or TbADH 5M. The commercially available
imine substrate and amine product were prepared in 100mM phosphate-buffered
saline (PBS) pH 7 at 10 mM. The iridium complexes and the enzymes were
prepared in PBS buffer at pH 7 in 2 mM concentration and diluted to 250 mM
concentration. Sodium formate was prepared at a concentration of 1M in 100mM
PBS pH 7 buffer. The following reagents were added to a vial: sodium formate
(300mM nal conc.), the imine substrate (4 mM, nal conc.), the catalysts (50 mM,
nal conc.) and 100mM PBS buffer at pH 7 up to 500 mL. The reactionmixture was
vortexed and incubated at 38 �C. Aer 24 h, the mixture was cooled down and
10 M NaOH (55 mL) was added. The product was extracted with 1 mL ethyl acetate.
The organic phase was separated and dried over MgSO4. The dried organic phase
was transferred to a clean vial and analysed by HPLC using a Chiracel OD column
(1 mL per injection, mobile phase hexane/isopropanol/diethylamine 95/5/0.1,
25 �C, ow rate of 0.85 mL min�1). The concentrations of the imine and amine
products were determined by comparison with standard curves and were used to
determine the amounts of amine and of imine formed aer 24 h. The catalytic
results were expressed as the turnover number (TON, dened as mmol of amine
produced per mmol of catalyst) and turnover frequency (TOF, min�1, dened as
mmol of amine produced per mmol of catalyst per minute). Experiments were run
in triplicate and controls were performed with no iridium complexes and no
enzymes. A calibration curve was developed under similar conditions with the
commercially available substrate and product in a sodium formate and PBS buffer
at several concentrations: 0.1 mM, 1 mM, 2 mM, 3 mM and 4 mM.
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