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Enantiopure amines are privileged compounds which find
wide use in the pharmaceutical, agrochemical, and flavor and
fragrance industries. In this context, enzymatic,!!! homoge-
neous,” and chemoenzymaticl®! approaches offer comple-
mentary means for the preparation of these targets.

The asymmetric transfer hydrogenation (ATH) of ketones
using d° piano stool complexes as catalyst has been the subject
of numerous studies,” leading to a unified picture of the
reaction mechanism.”! The ATH of imines, however, has
received less attention. Interestingly, the reaction proceeds
through a different enantioselection mechanism: for a given
aminosulfonamide ligand configuration, the opposite enan-
tiomers (alcohol vs amine) are produced.”” In addition, it has
been argued that the imine must be protonated for the
reaction to proceed.

In recent years, artificial metalloenzymes, resulting from
the introduction of a catalyst within a protein environment,
have attracted attention as potential alternatives to tradi-
tional catalysts.”! Based on our experience in artificial ATHs
for the reduction of ketones,['”l we set out to test these systems
toward the enantioselective reduction of imines and to
compare their salient features with related homogeneous
systems.

As a starting point, we screened d° and d® piano stool
complexes bearing the biotinylated aminosulfonamide ligand
(abbreviated Biot-p-L) combined with wild-type streptavidin
(Sav) for the production of salsolidine 1 (Scheme 1).!

This screening led to the identification of [Cp*Ir(Biot-p-
L)CI] (5CSav) as the most promising catalyst. This contrasts
with ATH of ketones for which [(n°-arene)Ru(Biot-p-L)Cl] 2
and 3 proved superior (Table 1).”! In all but one case, both
amine 1 and 1-phenylethanol 6 were produced with the same
configuration for a given artificial metalloenzyme.
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Scheme 1. Artificial metalloenzymes based on the biotin-streptavidin
technology for the ATH of imines. MOPS = 3-morpholinopropanesul-
fonic acid.

Next, we screened complex 5§ with the saturation muta-
genesis library S112X (Table 2 and Supporting Information,
Table S1). Noteworthy features include:

1) Incorporation of [Cp*Ir(Biot-p-L)CI] (5) into Sav S112X
produces predominantly (R)-1.

2) The best (R)-selectivities are obtained for the smallest
amino acids at position 112 (S112G, S112A). The optimal
pH is 6.50, affording the product in 85% ee at 55°C
(Table 2, entries 3 and 14).

3) The active biotinylated catalyst resides in the biotin-
binding vestibule: addition of four equivalents of biotin to

Table 1: Results for the chemical optimization of artificial transfer
hydrogenases.

Entry Complex ee [%) ee [%)]
[conv.] 1#! [conv.] 6
1 2 22 (R) [97] 70 (R) [84]
2 3 12 (R) [76] 45 (S) [56]
3 4 52 (R) [94] 15 (R) [26]
4 5 57 (R) [quant] 13 (R) [47]

[a] The reaction was carried out at 55°C for 15 h using 1 mol % complex
2-5 (690 pm final concentration) and 0.33 mol % tetrameric WT Sav at
pH 8.0 (MOPS buffer 2.9 M) containing 3.65 M HCO,Na (see Supporting
Information for experimental details). [b] Data from Ref. [12].
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Table 2: Selected results for the genetic optimization of artificial transfer
hydrogenases for the production of Salsolidine 1.7

Entry  Sav T t pH Conv. [%]  ee[%)]
mutant [°Cl  [h]

1 no prot. 25 5 7.25 quant. rac.

2 WT Sav 55 2 7.25  quant. 57 (R)
3 S112G 55 2 7.25  quant. 60 (R)
4 ST12R 55 2 7.25  quant. 19 (S)
5 S112K 55 2 7.50 94 35 (S)
6 S112K 55 64 7.25 300 6 (S)
7 S112K 5 48 7.50  quant. 78 (S)
8 S112K 25 24 7.25 39 44 (S)
9 S112KH 25 24 7.25 309 42 (S)
10 empty plasmid 25 24 7.25 43¢ 1(5)
n S112A 55 2 7.25  quant. 79 (R)
12 S112A 55 64 7.25 69 27 (R)
13 S112A 55 2 7.25 599 14 (R)
14 S112A 55 2 6.50  quant. 85 (R)
15 S112A 5 24 6.50  quant. 91 (R)
16 S112A 5 24 6.50  quant.l 93 (R)
17 S112A 5 24 6.50 quant® 83 (R)
18 S112A 5 96 6.50  quant 96 (R)
19 S112A 5 115 650 86 96 (R)
20 S112A 25 24 7.25 770 64 (R)
21 S112AH 25 24 7.25 650 61 (R)
22 H87A 55 2 7.25  quant. 48 (R)
23 H127A 55 2 7.25  quant. 54 (R)
24 S112AK121T 5 24 6.50 90 54 (R)

[a] See Table 1 and Supporting Information for full experimental details;
S112P was expressed as inclusion bodies and thus was not tested.
[b] Acetophenone reduction yielding 1-phenylethanol 6. [c] 50 um [Cp*Ir-
(Biot-p-L)Cl] (5; i.e. 1 mol% vs 1) and 25pum S112K (tetramer).
[d] Precipitated protein from cell free extracts (Supporting Information).
[e] Four equivalents (vs tetrameric Sav) biotin added. [f] 0.25 mol%
complex 5 and 0.25 mol% S112A tetramer. [g] 1 mol% complex 5 and
0.25 mol % S112A tetramer. [h] 0.025 mol % complex 5 and 0.025 mol %
S112A tetramer. [ 86% yield of isolated product on 100 mg scale.
[i139 um [Cp*Ir(Biot-p-L)Cl] (5; i.e. 1 mol% vs 1) and 20 pm S112A
(tetramer).

[Cp*Ir(Biot-p-L)Cl]CS112A affords (R)-1 in low ee
(Table 2, entry 13).

4) (S)-selectivities result from the presence of a cationic
residue at position S112 (e.g. S112K and S112R, Table 2,
entries 4 and 5).

5) Decreasing the temperature to 5°C allows improvement
of the enantioselectivity to 91% (R) for 5CS112A and
78 % (S) for 5CS112K (Table 2, entries 7 and 15). Impor-
tantly, these reactions are not sensitive to traces of oxygen:
no degassing is required prior to catalysis.

6) Up to 4000 turnovers can be achieved with no erosion of
selectivity (Table 2, entry 18). On a preparative scale
(100 mg substrate, 0.025 mol % catalyst), the ee could be
further increased to 96 %, with an isolated yield of 86 %
(Table 2, entry 19).

7) [Cp*Ir(Biot-p-L)Cl]CS112A produces the same preferred
enantiomer for alcohol (R)-6 and amine (R)-1. Similarly,
[Cp*Ir(Biot-p-L)Cl]CS112K affords (S)-6 and amine (S)-
1, respectively (Table 2, entries 6 and 12). This suggests
that both imine and ketone reduction proceed through the
same enantioselection mechanism. We thus conclude that
the second coordination sphere interactions provided by
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the host protein outweigh the preference of the related
homogeneous catalyst.

8) Increasing the ratio of [Cp*Ir(Biot-p-L)CI] vs Sav tetra-
mer from one to four leads to a gradual erosion of
enantioselectivity (93 to 88% ee, Table 2, entries 16 and
17). This suggests that an empty biotin binding site
adjacent to a [Cp*Ir(Biot-p-L)Cl] moiety within Sav may
be favorable for selectivity.

9) Performing catalysis with Sav mutants obtained from an
ethanol precipitation step on a dialyzed protein extract
yields results very similar to those obtained with dilute
samples of pure protein for both S112K and S112A
(Table 2, compare entries 8-10 and 20-21). This finding
demonstrates that [Cp*Ir(Biot-p-L)CI] (5) tolerates cel-
lular components.'® This opens fascinating perspectives
for parallel screening as it significantly shortens the
protein purification effort (from 12 to 3 days).

To gain structural insight into the best (R)-selective
artificial metalloenzyme, crystals of S112A Sav were soaked
with a solution containing an excess of cofactor 5. The X-ray
crystal structure was solved to 1.9 A resolution. Strong
residual density in the F,—F, map indicated that all biotin-
binding sites are fully occupied by ligand Biot-p-L (Figure 1a,

Figure 1. Close-up view of the X-ray crystal structure (PDB: 3pk2) of
complex 5CS112A Sav showing two symmetry-related cofactors in the
biotin-binding pocket of the protein tetramer. F,—F, omit map colored
in green (contoured at 3 o) and anomalous difference density map (5
0) in red (a). Surface representation with basic residues in blue, acidic
in red, polar and apolar in gray (b); (chloride: yellow sphere).
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Figure 2. Possible transition states for the d° piano stool catalyzed asymmetric transfer hydrogenation of
ketones and imines a—d. a) CH---i interaction combined with a contact between the imine N and K121
affords (R)-products (b and e; latter viewed from the empty biotin-binding pocket).

note that due to crystallographic symmetry all Sav monomers
are identical). Adjacent to the ethylendiamine moiety of Biot-
p-L a strong peak (150) in the anomalous difference map
suggested the position of iridium. To avoid negative F,—F,
density the iridium atom occupancy was set to 50 % . This most
likely indicates partial dissociation of the {IrCp*Cl} fragment
upon soaking, since alternative conformations appear steri-
cally not possible. The iridium atoms of two symmetry-related
cofactors (face-to-face) are separated by 5.2 A. Despite the
purity of the complex used for soaking, no F,—F, density was
found for Cp* and chloride ligands. To prevent steric clashes
between symmetry-related Cp* groups, this bulky moiety was
modeled with a dihedral angle S-N-Ir-Cp*.,oiq = 98.3° (and
S-N-Ir-Cl = —34.2°). This sets the configuration at Ir in the
structure to (S)-[Cp*Ir(Biot-p-L)Cl] (and correspondingly
(R)-[Cp*Ir(Biot-p-L)H]).

Compared to the recently characterized [(n*-benzene)Ru-
(Biot-p-L)ClI] (3cS112K; PDB: 2qcb, an (S)-selective
ATH)'” the absolute configuration at the metal is (S) in
both cases, but the metal fragment is rotated along the aryl—S
bond by about 150°. This prevents steric clashes between the
benzene moiety and K121 of the adjacent monomer B
(Figure S2b).

Additional anomalous difference density indicating iri-
dium was found in the vicinity of the N, atoms of H87 and
H127 (Figure S2¢c,d). These species, however, are not
involved in catalysis, as demonstrated by the results obtained
with the H87A and H127A mutants which are nearly identical
to those obtained with WT Sav (Table 2, entries 22 and 23).

Assuming that the absolute configuration revealed in the
X-ray structure is catalytically active, two transition states
leading to the observed (R)-products (alcohol or amine) can
be envisaged: non-concerted + CH---m or concerted + non-
CH:--m, respectively (Figure 2b,c). Qualitative modeling of
the imine substrate into a vacated neighboring biotin site was
carried out for both possible transition states leading to (R)-1.
For the concerted + non-CH:--7 mechanism, steric clashes
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matic group and the protein
project the imine moiety into
the Cp* fragment (Figure S2e).
In contrast, for the non-con-
certed + CH:m interaction,
no steric clashes with the pro-
tein are apparent (Figure 2e).
Interestingly, the imine func-
tionality lies close to the ammo-
nium group of K121 (of the
adjacent monomer). This con-
tact may replace the amine
group of the ligand for the
delivery of a proton to the
substrate (Figure 2b,e). To test
this possibility, the double
mutant  S112AK121T  was
tested in catalysis (Table 2,
entry 24). The erosion in enan-
tioselectivity suggests that the
non-concerted + CH--x mech-
anism is operative both for the ATH of ketones and imines.

In summary, introduction of a biotinylated iridium piano
stool complex [(0’-Cp*)Ir(Biot-p-L)CI] (5) within streptavi-
din affords an artificial imine reductase. Both (R)-1 (96 % ee)
and (S)-1 (78 % ee) are accessible with the same organome-
tallic moiety. This corresponds to a SAG™ of 3.3 kcalmol ™ for
a single-point mutation. With the implementation of labo-
ratory evolution protocols for the optimization of artificial
metalloenzymes for the reduction of more challenging imines
in mind,™" we have shown that the screening can be
performed in air with up to 4000 TON and, most importantly,
on precipitated protein rather than on rigorously purified Sav
samples used thus far. Based on X-ray structural data, we
suggest that the reaction proceeds, both for the imine and the
ketone reduction, through a non-concerted + CH:-m inter-
action,™ %! whereby the residue K121 may be involved in the
protonation step.
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