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Abstract

This thesis capitalizes on the efforts of the Ward lab to develop artificial metalloenzymes based

on earth-abundant transition metals for C-H functionalization chemistry.

Herein, a novel approach for the design of heteroscorpionate complexes was developed using
pyrazole metathesis. This strategy enabled the access to an unprecedented
tris(pyrazolyl)borate ligand chiral at the boron and to biotinylated copper heteroscorpionate
complexes. Following supramolecular assembly with streptavidin, the resulting artificial
metalloenzymes were characterized by spectroscopic and computational methods. Chemical
optimization and single point mutation of these hybrid catalysts displayed high activity for
intramolecular C-H insertion reactions. A protein expression/purification platform in 96-well
plates was developed for the genetic optimization of the artificial metalloenzymes. Identification
of superior mutants enabled the regio- and enantioselective functionalization of unactivated C—

H bonds with high turnover numbers.

Additionally, an artificial metalloenzyme based on an iron(lll) tetraamido macrocyclic ligand
(Fe(TAML) and the streptavidin technology was developed. Point mutations allowed to perform
enantioselective intermolecular hydroxylation of benzylic C-H bonds using hydrogen peroxide.
Kinetic studies revealed a kinetic resolution effect within the catalytic pocket. Finally, an
enzymatic cascade relying on glucose oxidase enabled to use molecular oxygen as terminal

oxidant.

Artificial metalloenzymes based on earth-abundant transition metals and C—-H functionalization
catalysis currently stand at the forefront of chemical research. We believe that this work opens

promising avenues for the development of more efficient and sustainable chemical processes.
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1. General Introduction

1.1 Artificial Metalloenzymes and the Biotin-Streptavidin Technology

Artificial metalloenzymes (ArMs) are hybrid catalysts resulting from the incorporation of a non-
natural cofactor within a protein scaffold. They combine the attractive features of enzymes with
the versatility of homogeneous catalysts.” While the choice of the first coordination sphere of
homogeneous catalysts is only limited by the imagination of the synthetic chemist, the
molecular components that are not tightly bound to the metal center remain challenging to
control. This challenge can be alleviated by providing the metal complex with a well-defined
and genetically-evolvable second coordination sphere in the instance of a protein scaffold. The
resulting hybrid catalyst can enable living organisms to access new-to-nature reactions as well

as to develop more selective and more sustainable processes for the chemical industry.?-5

An artificial cofactor can be localized inside a protein scaffold according to the following
anchoring strategies: covalent, supramolecular, dative or metal substitution. Supramolecular
anchoring constitutes a particularly attractive approach and relies on the high affinity of a
protein for a particular inhibitor, cofactor or substrate. Strategic modification of such high affinity
tag with a synthetic, catalytic unit allows its incorporation into the desired protein.® Relevant
examples of proteins used for ArM assembly according to this strategy include: Avidin,”#
Streptavidin,® Carbonic anhydrase,'® Lactococcal Multidrug Resistance Regulator,! Papain
proteases,’? Serum albumins,’® D-Ala-D-Ala dipeptides,' Ribonuclease S,'® nickel-binding
protein,’ monoclonal antibodies,’” Heme oxygenase,” Bovine B-lactoglobulin,’® and

Neocarzinostatin.?0

A key factor for the reliable localization of the cofactor in the protein scaffold is a high affinity
constant. The biotin-streptavidin interaction is one of the strongest found in nature
(Ka = 10" M) and therefore represents a natural choice for ArM assembly. Additionally, this
cofactor-protein complex demonstrates exceptional resilience against a broad range of
extreme conditions such as pH, temperature, organic solvents and denaturing agents.?'22
Several groups have capitalized on this exquisite tool for the assembly of ArMs. These ArMs
catalyzed various non-natural reactions including hydrogenation, cross-coupling, C-H
activation or metathesis, etc.”.#23-27 Their performances can be optimized chemically and
genetically by introducing point mutations but also with directed evolution. However, some
considerable challenges for the directed evolution of such ArMs include: developing a catalytic

moiety that is compatible with cellular metabolites and achieving high activity at low ArM



concentration. Circumventing these limitations is of paramount importance for the development

of more selective, efficient, and practical biocatalysts.

In addition to the design new types of ArMs, the following chapters aim at providing insights
into the strategies that can be used to fulfill the above-mentioned requirements for the directed

evolution of such hybrid catalysts.

1.2 C—H Functionalization

C-H activation, and more generally C—H functionalization, refers to chemical reactions where
an inert C—H bond is cleaved and the hydrogen atom replaced with another element. Over the
last decades, this strategy has attracted increasing attention due to its high step- and atom
economy.? |t gives access to shorter synthetic routes by preventing the interconversion of
functional groups as well as innovative bond-forming strategies.?® Saturated hydrocarbons, still
mainly used as fuels, could hence become an abundant and inexpensive source of raw
materials for the chemical industry. Indeed, a considerable obstacle towards their valorization
is that they are only composed of inert C-H and C—C bonds, which are very difficult to
functionalize, especially in a selective fashion.®® The development of such methodologies is

therefore highly desirable from an economic and environmental perspective.s!

Similarly to the more established cross-coupling reactions, C—H activation methodologies still
vastly rely on the use of precious metals such as palladium, ruthenium, rhodium or iridium.3-
% |n addition to being cost-intensive, these metals are also toxic and environmentally
hazardous from their extraction to their disposal.3'?” In comparison, 3d transition metals
represent a particularly attractive alternative. Their natural abundance ftranslates to
significantly increased cost-efficiency as well as a reduced toxicity.3® Consequently, an
increasing number of new C—H functionalization methodologies based on earth-abundant

transition metals have been reported.3®

Building on the current knowledge of 3d transition metal catalysis for C—H functionalization,
the following chapters aim at demonstrating the great potential of ArMs based on earth
abundant transition metals for the development of more efficient, selective and sustainable

catalysts.
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2. Summary of individual Chapters

2.1 Chapter 3. Design of Biotinylated Tp ligands for Artificial Metalloenzymes and

Initial Reactivity Studies

Several approaches for the synthesis of biotinylated Tp complexes were investigated. A new
strategy based on pyrazole metathesis of a sterically-bulky Tp ligand was developped and
gave a straightforward access to copper heteroscorpionates. The subsequent installation of a
biotin derivative enabled the incorporation of the corresponding Tp's in streptavidin. The
resulting artificial metalloenzyme was tested for intramolecular carbene insertion reactions into

C-H bonds and displayed promising activity.

Building on the novel pyrazole metathesis procedure, the first Tp ligand chiral at the boron was
synthesized as well. Chiral resolution of the compound enabled its characterization by X-ray

crystallography.

2.2 Chapter 4. An artificial metalloenzyme based on a copper heteroscorpionate

enables sp3 C—H functionalization via intramolecular carbene insertion

An ArM based on a copper(l) heteroscorpionate and the biotin-streptavidin technology was
engineered and tested for intramolecular carbene insertion reactions into C-H bonds.
Following single mutant screening at position K121, the double saturation mutagenesis
comprising 400 double mutants at position K121 and S112 was tested. Analysis of the data
allowed to highlight correlations between the performance of the mutants and the nature of the
amino acid residues. Directed evolution at position L124 enabled us to identify triple mutants
displaying improved regio- and enantioselectivity. The best mutants for the model substrate

were then evaluated with various substrates.

2.3 Chapter 5. Enantioselective Hydroxylation of Benzylic C(sp3)-H Bonds by an

Artificial Iron Hydroxylase Based on the Biotin—Streptavidin Technology

An ArM based on an iron(lll) tetraamido macrocyclic ligand (Fe(TAML) catalyzing C-H bond
hydroxylation was engineered. The initial reactivity studies were performed with ethyl benzene
as substrate and hydrogen peroxide as oxidant. A selection of single and double mutants at

position K121 and S112 were tested. X-ray crystal structures could be obtained from the best
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performing mutants. The substrate scope highlighted that up to >99 % enantiomeric excess
could be obtained in the case of tetralin. Kinetic studies on this substrate revealed an
underlying kinetic resolution effect. Finally, an enzymatic cascade starting from glucose

oxidase highlighted that molecular oxygen could be used as terminal oxidant.



3. Design of Biotinylated Tp ligands for Artificial Metalloenzymes and

Initial Reactivity Studies

3.1 Contributions to this Work

TRW supervised the project. CR carried out the entire project.

3.2 Introduction

Since their introduction in the 1960's by S. Trofimenko, poly(pyrazolyl)borate ligands, and more
importantly Tp (tris(pyrazolyl)borate, sometimes referred as homoscorpionate) ligands have
undoubtedly been among the most studied chelating N-ligands in coordination chemistry.'-3
Their structural properties were often compared to those of Cp ligands. Indeed, both ligands
donate six electrons to the metal center, carry a negative charge and occupy three facial
coordination sites. However, despite of those structural similarities, the difference in electronic
and steric properties discouraged any further attempts to relate the two ligands.*

An attractive feature of the Tp ligand resides in the high modularity of its pyrazole rings. Tp
ligands prepared from pyrazole and dimethylpyrazole (Tp and Tp* respectively) are often
considered as the first generation of homoscorpionate ligands. The introduction of various
functional groups on the pyrazole rings in the so-called second generation Tp's allowed a more
precise tuning of the steric and electron-donating properties of the Tp.%® This enabled the
access to hundreds of new metal complexes.?? Initially limited, an increasing number of
catalytic reactions mediated by transition metal Tp complexes were being reported. Relevant
examples include: olefin polymerization,” hydrogenation,® arene trifluoromethylation,® carbene
insertion into X-H bonds, -3 carbene insertion into C-Cl bonds,'*'> C-H bond oxidation,6.17
nitrene insertion in X-H bonds, 820 alkene functionalization,'42'-23 and atom transfer radical
reactions.?*?¢ Considerable advances in the field of bioinorganic chemistry and enzyme
mimics could also be made following the pioneering work of J.S. Lippard on the synthetic model
of Hemerythrin.27-33



Scheme 1. Anchoring strategies of Tp complexes: a) non-covalent; b) covalent by installation of a fourth
substituent; c) covalent via one pyrazole substituent. Reported examples of anchored and catalytically
active Tp complexes: d) cyclopropanation catalyzed by a TpCu immobilized on silica gel; e) oxidation
catalyzed by a TpCo immobilized on functionalized mesoporous silica; f) C-H amination catalyzed by

a TpCu immobilized on polynorbornenes.
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However, catalytically active Tp complexes are mostly limited to homogeneous systems. A
likely reason could be the considerable synthetic challenge to functionalize the Tp ligand.
Reported strategies include non-covalent interactions and covalent anchoring via the
installation of a fourth substituent instead of the hydride or less commonly, via modification of
one of the pyrazole arms, Scheme 1a-c. Among all the reported examples of anchored Tp
complexes, only few displayed catalytic activity, Scheme 1d-e.**%¢ To the best of our
knowledge, there are no reports of bioconjugated Tp complexes that could also perform
catalysis. This chapter summarizes our initial efforts in developing a straightforward strategy
for the synthesis of functionalized Tp complexes that could be used for the engineering of

artificial metalloenzymes.
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3.3 Results and Discussion

Our initial attempts to synthesize a Tp-based cofactor were inspired by a report from Zagerman
and coworkers.3”38 The strategy relied on the installation of a bromophenyl substituent on the
boron center by reaction of the TMS-bearing precursor 1 with boron tribromide. The resulting
dibromoborane 2 would then be derivatised to the corresponding Tp ligand 3 in presence of
dimethylpyrazole, Scheme 2. After reproducing the literature report, subsequent attempts to

adapt the procedure to more electron-deficient pyrazole remained unsuccessful.

The use of a shorter and less sterically-demanding substituent on the boron center was also
considered. A procedure based on a Matteson hydroboration of allyl chloride was developed
to produce aliphatic dibromoboranes bearing a terminal halogen atom, Scheme 3a. Such
substituent could have been used to install a high affinity tag such as biotinamine via Sn2
reaction or in a covalent anchoring to HaloTag if a longer hydrocarbon chain was used.® When
the dibromoborane 5 was reacted with an electron-deficient pyrazole, the corresponding Tp 5
and 6 could be shortly observed by ESI-MS in the negative mode before slow degradation.
Further attempts suggested that the stability of the substituted Tp was improved when the
boron center was bound to a sp? hybridized carbon such as for the dibromoborane 7, Scheme

3b. The corresponding potassium salt 9 could be made by reaction of the triethylammonium

Scheme 2. Initial attempts to design an electron-deficient Tp bearing a bromophenyl substituent based
on the report of Zagerman and coworkers.
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Scheme 3. Further strategies investigated for the synthesis of tetra-substituted and electron-deficient
Tp complexes: a) Installation of a fourth substituent via a sp3-hybridized carbon; b) Installation of a

fourth substituent via a sp2-hybridized carbon.
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salt 8 with potassium tert-butoxide. However, although the Tp 9 displayed improved stability in

9

solution, attempts to purify and isolate it remained unsuccessful. The crude product appeared
as an oil that could not be crystallized or distilled and would readily decompose on silica.
Critical evaluation of the present strategy led us to reconsider our synthetic approach towards
a Tp cofactor.

While electron-deficient Tp’s bearing a fourth substituent showed limited stability in our hands,
more conventional analogues bearing a hydride moiety were significantly more robust.
Desrochers and coworkers reported that one of the dimethylpyrazole arms of Tp*K could be
substituted by benzotriazole, Scheme 4a.4® However, no reaction was observed when the

same procedure was attempted with TpB=K, Scheme 4b.
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Scheme 4. Pyrazole metathesis experiments: a) Displacement of a pyrazole arm of Tp*K by
benzotriazole (reported by Desroschers and coworkers); b) Same experiment carried out with TpB=K.
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Further attempts revealed that perbromopyrazole had a similar ability to substitute one of the
dimethylpyrazole arms of Tp*K, Scheme 5. The first substitution could be performed at 50 °C
in DMF within a few hours, affording the monosubstituted Tp 10. Although challenging, a
second substitution was possible at elevated temperatures, affording the disubstituted Tp 11.

However, to our disappointment, the third dimethylpyrazole arm could not be exchanged.

Experimental evidence suggested that the stability of the B-N bond in Tp derivatives resulted
from a combination of steric and electronic effects. Hence, we surmised that electron-rich and
bulky substituents could facilitate the pyrazole metathesis. To our delight, the pronounced
steric bulk of the Tp®"2K allowed a facile sequential substitution of the three tert-butylpyrazole

Scheme 5. One pot pyrazole metathesis with excess of tribromopyrazole and Tp*K. The two first
displacements leading to 10 (m/z = 504.85) and 11 (m/z = 714.40) were confirmed by ESI-MS in the
negative mode.
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Scheme 6. First metathesis of the three pyrazole arms of Tpt®“2K. The first displacement was performed
at room temperature while substitution of the two remaining tert-butylpyrazole required higher

temperatures.
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arms by more electron-deficient pyrazoles, Scheme 6. While the first substitution occurred at
50 °C in the case of Tp*K , it happened instantaneously at room temperature with Tp/®“2K
and the ester-bearing dirbomopyrazole 12. The two remaining tert-butylpyrazole arms could
be displaced with an excess of perbromopyrazole at 95 °C overnight. Although in low yield,
the resulting heteroleptic Tp 13 could be purified by chromatography column on silica gel and
showed promising stability. Based on this procedure, a Tp chiral at boron was synthesized,
Scheme 7. Displacement of the first tert-butylpyrazole arm by 3-Phenyl-1H-pyrazol followed
by the displacement of a second tert-butylpyrazole by 3,5-Dibromo-4-nitro-1H-pyrazole upon
heating at 50 °C provided the racemic at boron Tp 14.

Scheme 7. Synthesis of a heteroleptic Tp ligand, chiral-at-boron. The compound was synthesized as a
racemate and resolved by preparative chiral HPLC prior to crystallization from a diethyl ether solution.
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Following chiral resolution of the racemic mixture by preparative HPLC, the enantiopure Tp 14
could be crystallized from a diethyl ether solution as a protonated salt and afforded X-ray
quality crystals, Figure 1. In contrast to what is usually observed with Tp metal complexes, the
phenyl substituent points away from the metal coordination site. This could potentially be a

consequence of the small size of the proton, allowing more flexibility to the Tp skeleton.
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Figure 1. Molecular structure of the enantiopure Tp 14 chiral at the boron synthesized via pyrazole

metathesis.

Trial and error led us to perform the first pyrazole metathesis with the pre-activated ester-
bearing dibromopyrazole 15 to achieve the monosubstituted Tp 16, Scheme 8. Following the

displacement of the two remaining tert-butylpyrazole groups to afford the intermediate 17,

Scheme 8. Synthesis of Biot®>—TpBr3Cu via pyrazole metathesis.
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transmellation with cuprous chloride in MeCN yielded the copper(l) complex 18. Upon coupling

with Biot®*NHsClI, the cofactor Biot®>-Tp®2Cu was obtained.

Binding of Biot®*~TpB=Cu was assessed via a competitive binding assay monitored by CD
(circular dichroism) spectroscopy, Figure 2. Sav was loaded with a large excess of HABA
(Amax = 506 nm, Kq=3,16 - 10-3 M) and aliquots of cofactor were added.*' A control experiment
with biotin (Kq=10"* M)*? was performed and displayed full displacement of HABA after
addition of nearly four equivalents relative to the tetramer. A similar curve was obtained when

the titration was performed with Biot®>~Tp®3Cu.
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Figure 2. HABA titration of Sav WT with Biotin and Biot®*—TpBCu monitored by CD spectroscopy.

Intermolecular carbene insertion in aqueous medium being particularly challenging, we
selected the intramolecular substrate 19 for our initial studies. In presence of 5 mol% TpB3Cu,
carbene formation and subsequent insertion into the benzylic C—H bond could be performed

in DCM to afford the cyclopentenone 20 in quantitative yield, Scheme 9.

Our initial catalytic experiments aimed at establishing the compatibility of the reaction with
water and the ArM, Table 1. While Tp®3Cu delivered almost 16 TON in DCM, entry 1,

performing the reactionin a9 : 1 H.O/MeCN mixture considerably decreased the TON to about
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Scheme 9. Intramolecular carbene insertion reaction for initial development of a TpCu-based artificial

metalloenzyme.
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6 without completely deactivating the catalyst, entry 3. Surprisingly, the addition of Sav in did
not impede the reaction and even a slight increase in activity was observed, entry 4. To our
delight, the cofactor Biot®*~TpBrCu, although active without being incorporated within Sav
(entry 5), displayed up to 15 TON once embedded in Sav WT, entry 6. However, introduction
of different amino acids at common mutation sites did not significantly influence the reaction,
entry 7 to 13. It is also worth mentioning that, although a chiral center is formed during the

reaction, no enantioselectivity was observed.

Table 1. Initial screening experiments with TpB3Cu and Biot®*—TpB3Cu in presence or absence of Sav.

0 Cat. (1mol%), o
N2 52y, (0.5mol%
Solvent @E‘é
19 20
10mM
Entry Catalyst Sav Solvent TON
1 CuTpBr; - DCM 15,7
2 . . H>O/MeCN (9:1) 2,0
3 CuTpBr; - H,O/MeCN (9:1) 5.8
4 CuTpBr; WT  H,O/MeCN (9:1) 8,2
5 Biot®*~Tp®*Cu : H.O/MeCN (9:1) 9,2
6 Biot®*~Tp®°Cu WT  H,O/MeCN (9:1) 14,9
7 Biot®*~Tp®*Cu K121A H,O/MeCN (9:1) 16,6
8 Biot®®~Tp®3Cu  K121D H,O/MeCN (9:1) 16,2
9 Biot*-Tp®3Cu  K121R H,O/MeCN (9:1) 14,4
10 Biot>~Tp®°Cu  L124H H,O/MeCN (9:1) 13,9
11 Biot>~Tp®°Cu  S112A H.O/MeCN (9:1) 13,1
12 Biot>-Tp®°Cu  S112E H,O/MeCN (9:1) 15,9
13 Biot>~Tp®°Cu  S112R H.O/MeCN (9:1) 11,5

The development of a high-throughput screening strategy often relies on the use of low catalyst
loading, typically <10 uM. With this goal in mind, we set out to optimize the reaction conditions
using DOE (design of experiment). A central composite design was selected with four

continuous variables: substrate concentration (1 to 10 mM), ArM concentration (1 to 50 uM),
17



Table 2. DOE screening experiment of Biot®>—TazCu - Sav K121A.

0 Biot®5-TpBCu - 0
N2 Sav K121A
—_—_——-——
Buffer, MeCN
19 20

Entry [Subs] (mM) [ArM] (uM) MeCN (%vol) pH Yield (%) TON

1 1,0 1,0 0% 6,40 9,9 99
2 1,0 1,0 0% 8,50 7,1 71
3 1,0 50,0 0% 6,40 16,3 3
4 10,0 1,0 0% 6,40 14,9 1487
5 1,0 1,0 30% 6,40 0,0 0
6 1,0 50,0 0% 8,50 27,5 5
7 10,0 1,0 0% 8,50 16,5 1650
8 1,0 1,0 30% 8,50 0,0 0
9 10,0 50,0 0% 6,40 15,4 30
10 1,0 50,0 30% 6,40 17,2 3
1" 10,0 1,0 30% 6,40 2,7 271
12 10.0 50.0 0% 8.50 17.2 34
13 1,0 50,0 30% 8,50 3.1 0
14 10,0 1,0 30% 8,50 31 311
15 10,0 50,0 30% 6,40 14,7 29
16 10,0 50,0 30% 8,50 9,2 18
17 55 25,5 15% 7,45 16,0 34
18 55 25,5 15% 7,45 16,0 34
19 55 25,5 0% 7,45 15,4 33
20 55 255 30% 7,45 54 11
21 1,0 255 15% 7,45 12,6 4
22 10,0 25,5 15% 7,45 171 67
23 55 1,0 15% 7,45 21 114
24 55 50,0 15% 7,45 171 18
25 55 255 15% 6,40 17,4 37
26 55 25,5 15% 8,50 15,6 33

Abbreviations : [Subs] = substrate concentration, [ArM] = catalytic

sites concentration

co-solvent (0 to 30 %) and pH (6.4 to 8.5), Table 2. The screening was designed and analyzed
with a trial version of the statistical software JMP. Although the software could not extract a
fully satisfying model from the obtained data, some trends could be clearly observed: A higher
susbtrate concentration as well as a low ArM concentration provided higher TON. Surprisingly,
despite of the insolubility of the substrate, a lower MeCN concentration was beneficial for the
TON as well as the yield. Unlike the other variables, the pH seemed to have a rather limited
impact on the reaction outcome. Hence, TON of up 1650 and 16.5 % yield could be achieved
with 10 mM substrate, 1 yM ArM, 0 % MeCN and pH = 8.5.

Although the DOE optimization demonstrated a high potential for the improvement of the ArM
activity, the introduction of mutations at various sites of Sav induced an insufficient level of
response for efficient genetic optimization. Critical analysis of the well-studied and structurally
comparable TpB?Tl revealed a considerable steric shielding of the metal center by the ligand.

Cone and wedge angles of 234 ° and 60 ° respectively,? only providing limited opportunities to
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the second coordination sphere to exert an influence on the active site following substrate
binding. Additionally, the hydrophobicity of the ligand substituents offer limited interactions to
the protein to precisely locate Biot®>~Tp®2Cu.

Building on past experimental evidence and the above analysis, we surmised that a more polar
and sterically less-crowded cofactor may increase the chances of regio- and stereoselective

catalysis. Thus, Biot®*-TazCu was synthesized (see Chapter 4 for synthetic details).

To our delight, preliminary screening of various mutants at position K121 and S112 with
1 mol% of Biot®*~TazCu revealed a critical influence of the amino acid at position K121 on
catalysis, Table 3. While no activity was initially observed with WT Sav, entry 1, mutating the
native lysine residue to an alanine allowed the reaction to proceed, entry 2. Introduction of
other amino acids at position K121 and S112 revealed the following trends: Positively charged
residues (Lys, His and Arg) systematically deactivated the cofactor, entry 1, 11 and 12. Hence,
the tested single mutants at position S112 remained inactive, entry 13-15. On the other hand,
apolar (lle) and aromatic residues (Phe, Trp) displayed the highest levels of activity, entry 4, 7
and 11. Lower activities were observed with methionine and anionic (Asp and Glu) residues,
entry 5, 9 and 10. Unfortunately, although mutations at position K121 were critical for the

reaction, racemic mixtures were still systematically obtained.

Table 3. Purified Sav single mutant screening with Biot®“—TazCu.

0 Biot®4-TazCu (1mol%), 0

ZNa Savye: (0.5M01%) &
H,O/MeCN (4:1), HN NHH
pH=8, 25°C H)(g
S
19 20 \\\‘ H
NH |

5mM B, Br Br
N
Entry Sav TON 0 : R E%@Br
1 WT NR W\Br Br
3 K121A 5,0 2
4 K121l 71 Biot®4-TazCu
5 K121M 3,5
6 K121F 9,9
7 K121W 7.9
8 K121Y 52
9 K121D 4,4
10 K121E 3,8
11 K121H NR
12 K121R NR
13 S112E NR
14 S112H NR
15 s112Y NR

After engineering the cofactor and testing several Sav variants, we focused our attention on

the substrate. For the intramolecular C-H insertion of the diazoketone 19, the configuration of
19



the resulting 3-methyl-indanone 10 is dictated by the orientation of the methyl group in the
transition state. However, dictating the exact conformation of such small and hydrophobic
group would require an extremely well-defined second coordination sphere. We surmised that
substituting the methyl group by a phenyl group may increase the steric bulk and potentially
improve the rigidity of the substrate inside the protein vestibule. The diazoacetamide 21 offered
such feature and additionally had the advantage of decreasing the diazo-coupling side

reaction.43

To our delight, Biot®*-TazCu - Sav K121F catalyzed the enantioselective C-H insertion into
the benzylic position to afford the g-lactam 22a in 425 TON and 62 : 38 e.r, Table 4, entry 2.
Surprisingly, the Blichner ring expansion product 22b was also detected with this substrate
and constituted more than 50 % of TTON (529 TON). The K121l variant displayed similar
enatiomeric ratio (64 : 36) and activity (693 TON) for the formation of the S-lactam 22a, entry
3. However, the substitution of the phenylalanine to an isoleucine doubled the amount of
Bichner product 22b (1065 TON) versus K1211. No enantioselective formation of the Blichner
product 22b was detected. Large scale synthesis and purification revealed that the compound
would spontaneously decompose overtime. The free Biot®*~TazCu catalyzed the reaction as
well, although without enantioselectivity, entry 1. The reaction was run with Biot®5-Tp®=Cu -
Sav K1211 as well, entry 4. As we previously hypothesized, the S-lactam 22a was obtained as
a racemate. Interestingly, the cofactor afforded a higher ratio of B-lactam 22a relative to
Bulchner product 22b (1089 TON vs. 505 TON). This could be due to the higher steric shielding
of the metal center and disfavor the functionalization of the aromatic ring.

Table 4. First significant levels of enantioselectivity in TpCu-based ArM-catalyzed intramolecular
carbene insertion with substrate 21.

(0] Cofactor (1uM), Sav 0 Q ®
AN (0.5uM) N N~ Bu
B ) Bu +

u H,0, 25°C, 15h

21 22b
5mM
Entry Cofactor Sav TON er TTON
Biot®-TazCu - 582 49:51 633 51:49 1215

1

2 Biot®-TazCu K121F 425 62:38 529 49:51 954
3 Biot®-TazCu K121l 693 64:36 1065 53:47 1758
4  Biot®-Tp®3Cu K121l 1089 50:50 505 49:51 1594
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3.4 Conclusion

Tp complexes are one of the most studied systems in the field of coordination chemistry,
particularly for enzyme modelling. However, a significant gap remained between Tp-based
models and real enzymes. This chapter summarized our efforts to develop catalytically-active
bioconjugated Tp complexes. A novel pyrazole metathesis procedure for the synthesis of
heteroscorpionate ligands was developed and applied to afford biotinylated copper(l)
heteroscorpionate cofactors for supramolecular assembly with Sav. The resulting artificial
metalloenzymes displayed promising activity for intramolecular C-H insertion of carbene
intermediates. We envision that this work could open new perspectives for Tp-based enzyme

models and the development of ArM's catalyzing unnatural reactions.
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3.5 Supporting information
3.5.1 General methods

Commercially available chemicals were purchased from the following suppliers and used
without further purification: Acros Organics, Alfa Aesar, Combi Blocks Fluorochem, Sigma
Aldrich. KTp(tBw2 44 3 4 5.-Tribromopyrazole,*> CuTpB~ 4 Biot®4-NHs;Cl and Biot®*>-NH;Cl,*’
were synthesized according to reported procedures. Dry solvents were purchased from Acros
Organics and used without further purification. The water used for catalytic experiments was
purified with a Milli-Q Advantage system. All catalytic experiments were performed in 2 mL
glass vials under air in non-degassed solvents. Flash chromatography was carried out on silica
gel. '"H NMR (500 MHz), '3C NMR (125 MHz) and "B (160 MHz) spectra were recorded on a
Bruker Avance Neo spectrometer at room temperature unless stated otherwise. Chemical
shifts are reported in ppm (parts per million) relative to TMS ( 6 = 0.00 ppm for 'H and '3C) or
BF3-OEt, (5 = 0.00 ppm for ''B) and multiplicity quoted as follows: s = singlet, d = doublet, t =
triplet, q = quartet, bs = broad singlet, dd = doublet of doublet and m = multiplet. Spectra were
analysed on MestReNova and calibrated relative to the residual solvent peak. Routine MS
analysis were performed on a Shimadzu LCMS 2020 in H20 (0.1% formic acid) or MeCN (0.1%
formic acid) for the positive mode and MeOH for the negative mode. HRMS analysis were
performed by the analytical facility of the University of Basel. Catalytic experiments were
analysed by SFC (supercritical fluid chromatography) on a Waters Acquity UPC2. CD (circular
dichroism) spectra were recorded on a Chirascan from Applied Photophysics at 25 °C using a

quartz cell (1 cm path length). Flash chromatography was performed on a Biotage Isolera.
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3.5.2 Experimental

Cla_~_BBr;

4 Dimethylethylsilane ( 0.528 mL, 4 mmol) and allyl chloride (0.340 mL, 4 mmol)
were dissolved in Hexane (5mL) and added dropwise to boron tribromide (0.378 mL, 4 mmol)
in Hexane (1 mL) at -55 °C under nitrogen. The reaction was stirred 1 h at -78 °C and
conversion assessed by NMR. The mixture was then carefully distilled down to 20 mbar at
room temperature to remove the volatile impurities, giving the dibromoborane 4 as a brownish

liquid in quantitative yield.

'H NMR (500 MHz, CDCls, 298 K) & 3.58 (t, 2H), 2.12 (m, 2 H), 1.75 (t, 2 H). "'B NMR
(160 MHz, CDCls, 298 K) & 64.16 (br. s, 1B).

Br/\/\/BBrZ

7 The dibromoborane 7 was synthesized according to the same procedure

as 4 using 4-Bromo-1-butyne instead of allyl chloride. The crude product was used for the next
step without further purification.

14

Tp'B“2K (177 mg, 0.3 mmol) was added to a solution of 3-
Phenyl-1H-pyrazol (43 mg, 0.3 mmol) in DCE (8 mL). The reaction was stirred 5 minutes and
3,5-Dibromo-4-nitro-1H-pyrazole (81 mg, 0.3 mmol) was added. The reaction was heated to
50 °C, and the formation of the product was closely monitored by ESI-MS in negative mode.
Once maximum product concentration was reached, the solvent was removed under reduced
pressure and purified by column chromatography (DCM/MeOH, 100:0 to 85:15). The racemic
mixture was purified by preparative HPLC using a ReproSil Chiral-OM column with Heptane
and iPrOH. X-ray quality crystals of the proton salt were obtained by slow evaporation of a

diethyl ether solution. X-ray data can be found in section 3.5.4.
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Pentafluorophenyl trifluoroacetate (0.155 mL, 0.9 mmol) was added
dropwise at 0°C to a solution of 3,5-dibromo-1H-pyrazole-4-carboxylic acid (243 mg, 0.9 mmol)
and triethylamine (0.190 mL, 1.35 mmol) in dry DMF (10 mL). The reaction was stirred (1.5 h
at 0 °C) and the DMF was removed under reduced pressure. The crude mixture was dissolved
in dichloromethane (30 mL) and washed with water once. The organic layer was dried over
MgSO4 and the solvent removed under reduced pressure. The crude product was purified by
flash chromatography with DCM/MeOH (100:0 to 97:3) to afford 370 mg of 15 as an off-white
solid (94 % yield).

F NMR (471 MHz, CDCls, 298 K) & -155.22 (d, 2F), -160.82 (t, 1F), -165.47 (t, 2F). HRMS
(ESI negative mode, m/z): calculated for C10Br2FsN202 [M]- 434.8232; found 434.8239.

The tris(pyrazolyl)borate KTp(tBwW2 (536 mg,
0.91 mmol) was added in one portion to a solution of dibromopyrazole-PFP (15) (305 mg, 0.7
mmol) in dry DCM (30 mL) and the reaction was stirred for 15 min at RT. The solvent was
removed under reduced pressure at a temperature of 25 °C. The residue was dissolved in dry
dioxane (30 mL). Tribromopyrazole (747 mg, 2.45 mmol) was added in one portion and the
flask equipped with a reflux condenser. The reaction stirred at 95 °C for 5 h. The solvent was
removed under reduced pressure and the crude product purified by flash chromatography with
EtOAc/petroleum ether (0:100 to 40:60). A second flash chromatography with DCM/MeCN
(98:2) led to 92 mg of PFP-bearing Tp 17 (12 % yield).

F NMR (471 MHz, CD2Cl», 298 K) 6 -152.69 (d, 2F), -158.81 (t, 1F), -163.23 (t, 2F). HRMS
(ESI negative mode, m/z): calculated for C1sHBBrsFsNsO2 [M]- 1054.3569; found 1054.3599.
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18 CuCl (4.9 mg, 0.050 mmol) in dry MeCN (1 mL) was

added dropwise to a solution of the Tp 16 (49.5 mg, 0.045 mmol) in dry MeCN (1 mL) at RT.
A white precipitate of KCI formed after a few minutes. The reaction was stirred overnight at RT
under nitrogen. The reaction mixture was filtered through a pad of celite and the solvent was
removed under reduced pressure. The crude product was dissolved with DCM and filtered
through a pad of celite (2x). The solvent was removed under reduced pressure and 45 mg of

PFP-TpB3Cu 18 were afforded as a beige solid (89 % yield).

19F NMR (471 MHz, CD2Clz, 298 K) & -152.66 (d, 2F), -158.72 (t, 1F), -163.18 (t, 2F).

Br
N
NH
4/—/‘ Br
HH .
N N
o= S : 4C5_TBr3
HN Biot**-Tp~""Cu
H A suspension of biotin®NHsCI (8.0 mg,

0.03 mmol) in dry DMF (0.5 mL) was added to a solution of the PFP-TpB<Cu 18 (22.4 mg, 0.02
mmol), and triethylamine (8.4 pL, 0.06 mmol) in dry DMF (0.5 mL) at RT. The reaction was
stirred at 35 °C for a few hours. End of the reaction was monitored with the disappearance of
the starting material by ESI-MS in the negative mode. The solvent was then removed under
reduced pressure and the crude product was dried under high vacuum. The crude product was
dissolved in DCM/MeOH (1:3) and diethyl ether was carefully added until a first precipitate
(mainly biotin®>NH,) was observed. The mixture was centrifuged and the supernatant
separated. More diethyl ether was added untili an abundant precipitate formed

(Biot®5-TpB=Cu). The mixture was centrifuged and the supernatant was removed. The purity
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of the product was assessed by ESI-MS and the precipitation repeated if necessary. 7 mg of

Biot®>-TpB=Cu were afforded as a white solid (30 % yield).

"H NMR (600 MHz, DMF-d, 298 K) & 6.39 (m., 2H), 4.50 (m, 1 H), 4.33 (m, 1 H), 3.30 (br. s,
2 H), 3.12 (t, 1 H), 3.00 (br. s, 1 H), 2.81 (br. s, 1 H), 1.77 (m, 2 H), 165-1.45 (m, 6H). 13C NMR
(125 MHz, DMF-d, 298 K) & 163.32 (1C), 61.71 (1C), 60.17 (1C), 40.85 (1C), 39.33 (1C),
28.94 (1C), 27.09 (1C). HRMS (ESI negative mode, m/z): calculated for C20H1sBBrsCuNeO:S
[M]- 1161.4089; found 1161.4073.

19 The diazoketone 19 was synthesized according to a reported procedure.*?

Oxalyl chloride (0.643 mL, 7.5 mmol) was added dropwise to a solution of 2-ethylbenzoic acid
(750 mg, 5 mmol) in DCM (8 mL) at room temperature. After 1 h of stirring, the reaction mixture
was concentrated under reduced pressure to give the corresponding acyl chloride, which was
used without purification. The crude acyl chloride was dissolved in MeCN (35 mL) and TMS
diazomethane (2 M in Et20, 3 mL, 6 mmol) was added dropwise at 0 °C. The reaction was
stirred for 24 h and the volatiles were removed under reduced pressure. The crude product
purified by flash chromatography with EtOAc/petroleum ether (0:100 to 15:85) and gave the

diazoketone 19 as a yellow oil (55 % yield).

The NMR signals corresponded to the literature characterization. '"H NMR (500 MHz, CDCls,
298 K) & 7.36 (m, 2H), 7.29 (d, 1 H), 7.23 (m, 1 H), 5.56 (br. s, 1 H), 2.86 (q, 2 H), 1.24 (t, 3
H).
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3.5.3 NMR and MS Spectra
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MS Spectrum Negative Mode
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High Resolution Mass Spectrometry Report
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3.5.4 X-ray reports

X-Ray Crystallographic Information for 14

Experimental. colourless block crystals of

Single
CRU1037_150K were used as supplied. A suitable crystal
with dimensions 0.22 x 0.17 x 0.10 mm3 was selected

and mounted on a mylar loop in perfluoroether oil on a
STOE STADIVARI diffractometer. The crystal was kept at a
steady T = 150 K during data collection. The structure was
solved with the ShelXT 2018/2 (Sheldrick, 2018) solution
program using dual methods and by using Olex2
(Dolomanov et al., 2009) as the graphical interface. The
model was refined with ShelXL 2018/3 (Sheldrick, 2015)
using full matrix least squares minimisation on F2.

Crystal Data. C23H28BBr2N702, M, = 605.15,
orthorhombic, P212:2; (No. 19), a= 11.3782(5)A, b=
12.3267(5) A, c= 19.2984(11) A, a= p= y= 90°, V=
2706.7(2) A3, T= 150K, Z= 4, Z'= 1, y(GaK,) = 2.689,
37501 reflections measured, 5394 unique (Rinc = 0.1526)
which were used in all calculations. The final wR; was
0.0802 (all data) and R; was 0.0438 (122 o(1)).
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Compound

Formula

Dcalc,/ g cm3
Hf/mm?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Flack Parameter
Hooft Parameter
Space Group
a/A

b/A

c/A

af

Br

i

V/A3

Z

7

Wavelength /A
Radiation type
Onin/*

@max/D
Measured Refl's.
Indep't Refl's
Refl's [22 ofI)
Rint

Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR> (all data)
WR:

R (all data)

R:

CRU1037_150K

C23H28BBr2N702
1.485

2.689
605.15
colourless
block
0.22x0.17x0.10
150
orthorhombic
0.04(4)
0.05(5)
P212121
11.3782(5)
12.3267(5)
19.2984(11)
90

90

90
2706.7(2)

4

1

1.34143
GaKe

3.702
56.719
37501

5394

2840

0.1526

322

0

0.437
-0.365
0.689
0.0802
0.0745
0.0898
0.0438



Bond Lengths of 14 in A

Atom Atom Length /A
Brl C3 1.876(9)

Br2 Cc2 1.874(7)

N4 N5 1.365(9)

N4 C13 1.354(9)

N4 B1 1.531(12)
N5 C15 1.332(10)
N3 N2 1.373(8)

N3 Cc2 1.336(9)

N3 B1 1.621(11)
N2 C3 1.283(10)
N6 N7 1.362(9)

N6 C4 1.346(10)
N6 B1 1.522(12)
N7 C12 1.333(10)
N1 01 1.219(9)

N1 02 1.210(8)

N1 C1 1.428(10)
Cc2 C1 1.340(10)
C14 C13 1.378(12)
C14 C15 1.374(11)
C13 C20 1.524(12)
cé6 c7 1.369(11)
cé6 C5 1.353(12)
C1 C3 1.419(10)
C4 C5 1.504(12)
C4 C11 1.368(12)
c7 C8 1.370(13)
C5 C10 1.374(12)
C15 C16 1.528(12)
C21 C20 1.528(13)
C17 C16 1.529(13)
C16 C19 1.528(12)
C16 Cc18 1.544(13)
C20 C23 1.532(13)
C20 C22 1.546(12)
C11 C12 1.406(13)
C8 c9 1.342(13)

C10 co 1.406(13)
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4 .2 Introduction

The selective functionalization of inert C—H bonds currently lies at the forefront of modern
synthetic chemistry. It alleviates the laborious interconversion of functional groups, minimizes
the number of synthetic steps and enables capitalizing on previously inaccessible bond
formation strategies.'® This reduces the environmental footprint of lengthy chemical

processes.

Thus far, the field of homogeneous C-H functionalization has been mostly dominated by
precious metal catalysts used in combination with directing groups and is often performed at
elevated temperatures.* One of the recurring challenges faced with such methodologies is the
reductive elimination of the stable M—C bond.® An attractive approach to circumvent this
limitation, is the insertion of a reactive M—X species into the C—H bond of a substrate that does
not interact with the metal (Scheme S1).5-° Largely developed by Pérez and coworkers,
complexes bearing a tris(pyrazoyl)borate (Tp) ligand have been shown to enable the

functionalization of simple alkanes with carbene, nitrene and oxo intermediates.®'"" The
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pyrazole motif offers the possibility to readily fine-tune both steric and electronic properties of
the TpM-catalyst to achieve the desired reactivity. Remarkably, perfluorinated azolylborate
complexes of silver and copper catalyze the functionalization of methane in supercritical CO;
with ethyl diazoacetate.’?'® However, this system occasionally yielded complex mixtures of
regioisomers when substrates containing different C-H bonds were subjected to

functionalization.

With the aim of combining the benefits of homogeneous and enzymatic catalysts, artificial
metalloenzymes (ArMs) have attracted increasing attention since the pioneering work of
Wilson and Whitesides.'*'” The anchoring of an abiotic catalytic moiety within a protein
enables combining attractive assets of both homogeneous and enzymatic catalysis.'’-!
Certain natural enzymes including as S-adenosyl methionine-dependent (SAM) enzymes
catalyze the alkylation of C—H bonds. They are however mainly limited to the transfer of methyl
groups or highly specific C—C bonds with radical acceptors.?223 Repurposed (natural) enzymes
and ArMs offer an attractive means to complement SAM-dependent enzymes for C-H
activation purposes.?'-?4-2 Among the most noteworthy achievements in “new-to-nature” C-C
bond formation via C-H functionalization one should mention: engineered P411,2°30
repurposed P450,%'-3 myoglobin,3%:% and streptavidin®’-3¢ ArMs. However, examples of highly
active C—H insertion biocatalysts that are based on first row transition metals and tolerate
aerobic reaction conditions remain scarce. The work presented herein capitalizes on a Cu(l)
heteroscorpionate complex to engineer a highly active ArM that catalyses the intramolecular

insertion of carbenes into different types of C—H bonds in a regio- and enantioselective fashion.

4.3 Results and Discussion

Cofactor synthesis and computational modelling. The remarkable affinity of biotin for
streptavidin (Kg < 10" M) offers an attractive means to anchor any biotinylated probe within
streptavidin (Sav). Several groups have relied on this tool to assemble ArMs. 143746 A common
strategy for the synthesis of anchored Tp complexes relies on the introduction of a fourth
substituent on the boron, replacing the hydride moiety.4’=*° In our hands however, this strategy
proved challenging as tetrasubstituted Tp-derivatives bearing electron-deficient pyrazoles
revealed insufficient stability. Inspired by the work of Desrochers and coworkers on heterocycle
metathesis,® we selected the Tp®u2K 1 as precursor for the assembly of a biotinylated,
electron-deficient TpM-cofactor. The pronounced steric bulk around the boron enabled the
selective substitution of the three tert-butyl pyrazole groups by the benzotriazole 2 bearing an

asjn activated ester and two tribromopyrazole moieties to afford the intermediate 3 albeit in
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low yield, Scheme 1a. This intermediate was characterized by X-ray crystallography (Figure
S1).

Scheme 10. Artificial metalloenzyme for C—H insertion resulting from anchoring a biotinylated copper(l)
heteroscorpionate complex in Sav (streptavidin). (a) Synthesis of the cofactor via pyrazole/triazole
metathesis on Tp®u2K 1 and conjugation with a modified biotin anchor to afford the cofactor biot®-
TazCu. PFP = pentafluorophenyl; (b) artificial metalloenzyme assembly via supramolecular anchoring
of biot®*~TazCu into Sav. The assembled artificial metalloenzyme catalyzes the formation of 8- and y-
lactams via intramolecular C—H insertion of carbene intermediates.
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Trans-metallation with cuprous chloride yielded compound 4, which was also characterized by
X-ray crystallography (Figure S2). Interestingly, the structure revealed that the benzotriazole
coordinates to a second copper center through the third nitrogen to afford a dimeric structure.
To ensure additional electron-deficient character to the cofactor, the benzotriazole was
equipped with a carboxylate moiety. Coupling to biotin thus required the use of biotin-amine
(i.e. biot®4-NH2),%" rather than biotin, which bears a valeric acid. The biotinylated cofactor
biot®*—TazCu was assembled by reacting biot®4-NH. with the activated ester 4 to ensure its

7 ™

Figure 3. Close-up view of the structure resulting from modelling biot®*~TazCu within Sav WT. The
cofactor was docked into one monomer (Sav’, grey), leaving the adjacent (Sav”, pale blue) binding site
empty. Cu—C;g distances (A) of the closest-lying amino acid: S112' (11.8); T114" (11.9); T115 (14.3);
N118 (10.1); K121 (8.1); L124' (13.8); S112" (10.5); T114" (12.3); T115" (15.6); N118" (12.2); K121" (9.9);
L124" (12.9). Sav is displayed as a transparent solvent-accessible surface overlaid with a cartoon
representation of the 8-stranded B-barrel. Close lying residues and the biot®*~TazCu cofactor are
displayed as color-coded sticks and Cu as an orange sphere.
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localization within Sav, Scheme 1b. HRMS and detailed NMR analysis enabled unambiguous

characterization of the biotinylated cofactor biot®—TazCu (See Sl Figures S3-S5).

The quantitative anchoring of the cofactor biot®—TazCu into Sav was assessed via CD
spectroscopy, Figure S6.52 The overall binding affinity relying on a one-to-one binding
stoichiometry with the mathematical expression derived in S| (Figure S6).>® The fitted
dissociation constant was Ky =2,37 £ 1,40 1028 M thus leading to > 99 % of bound
biot®—TazCu in the presence of equimolar concentrations of cofactor and tetrameric Sav.
Unfortunately, all attempts to crystallize the ArM: biot®“—TazCu-Sav WT were vain.
Accordingly, we turned to QM/MM calculations to model biot®—TazCu-Sav WT ArM (see Sl
for details). Both the HABA displacement titration and the QM/MM modelling confirmed that up
to four biot®*—TazCu cofactors could be accommodated in the homotetrameric host Sav WT.
Amino acids that point towards the docked Cu-center include: K121, S112 and L124 with a
second, more remote shell that includes T114, T115 and N118, Figure 1. Based on the
computed struc ture, we selected residues K121, S112 and L124 for the genetic optimization
of the ArM.

Single mutant screening. Reports by Perez and coworkers suggest that sterically-hindered
diazoacetamides are less prone to undergo homocoupling in copper tris(pyrazolyl)borate-
catalyzed intramolecular C-H insertion reactions.>* The diazoacetamide substrate 5 was
selected for initial screening, Table 1. This reaction is of particular interest as it provides a
straightforward access to - and y-lactams upon C-H insertion. These represent ubiquitous
structural motifs in numerous pharmaceutically-relevant compounds.®5-%7 Similarly, Fasan and
coworkers reported the stereoselective formation of fused y-lactams via biocatalytic

intramolecular cyclopropanation of diazoacetamide.®®

As the cofactor’s activity was affected by the presence of cellular metabolites, we adapted a
purification protocol of Sav mutants in 96-well plate based on our streamlined protocol.?®
Cytoplasmic protein overexpression was carried out in the E. coli strain BL21 (DE3) in 24-
deep-well plates. Following cell-lysis and centrifugation, the cell-free extract was applied to an
iminobiotin-sepharose resin under basic conditions (pH = 10.6, 100 mM carbonate buffer),
leading to the immobilization of Sav on the resin. After washing (pH = 7.9, 100 mM MOPS
buffer), elution with an acidic solution (pH = 5.5, 100 mM MES buffer) led to protonation of the
iminobiotin, thus releasing Sav. Its concentration in the elution buffer was determined via a
fluorescence assay with biotin-4-fluorescein, Figure S7. Concentrations > 5 uM Sav (tetramer,
> 20 uM biotin-binding sites) were obtained for most of the Sav mutants. Early catalytic
experiments revealed a decrease in performance with decreasing Sav : biot®4~TazCu ratios

(i.,e. 1:1vs 1:4). We surmise that binding of two biot®*~TazCu in adjacent biotin-binding
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Table 5. Summary of the screening results of biot®*~TazCu - Sav K121X for the C—H insertion in the
presence of substrate 5.

Bu Biot®-TazCu (1uM), 0
N Savier (>1uM)
@Qv er pH = 6.5, Acetone (5%). Q/EN//KO * N=tBu
00 u
5 6b
- TTON
Entry SAV “ « TON-< euxs r.r.(Bly) (yield (%)
15:¢ - ND - ND - - ND
2 Emptyvector o1 soi50 280  s50:50 24:76 371 (7,4)
3 Empty vector 112 50:50 340 49:51 24:76 458 (9,2)
4 Ki2iA 334 49:51 577 48:52 37:03 912 (18,2)
5 K21l 741  40:60 1708 49:51  30:70 2449 (49,0)
6 Ki2iL 594 36:64 1693 34:66 26:74 2287(45,7)
7 Ki2tM 109 52:48 317 45:55 26:74 426 (8,5)
8 Kr21V 550 4159  I124  50:50 33:67 1674 (33,5)
9 Kr21F 709 37163 1449 64:36  33:67 2157 (43,0
10 Kr2rW 588 38:62 870 49:51 4060 1458 (29,2)
1 K1Y 718 39:01 923 46:54 4456 1640 (32,8)
12 Ki12:1C SII 44:56 768 50150  40:60 1280 (25,60)
13 Kr2iN 312 4357 358 4555 4753 670 (13,4)
14 K12:1Q 390 40:60 500 48:52 44:56 895 (17,9)
15 Kr21S 547 42:58 045 5149 46:54 1192 (23,8)
16 Kr21T 329 41:59 650 4555 34:66 979 (19,0)
17 Ki21D 62 48:52 146 52:48 30:70 208 (4,2)
18 Ki2:E 421 40:60 560 52:48 4357 980 (19,0)
19 Kr2rH ND - ND - - ND
20 wWT ND - ND - - ND
21 Ki2iR ND - ND - - ND
22 Ki21G 455 51:49 753 49:51 38:62 1208 (24,2)
23 Ki21P 305 soi50 626 55:45 37:03 991 (19,8)

aDetermined by chiral SFC (supercritical fluid chromatography) using 1,3,5-
trimethoxybenzene as internal standard. *The reaction was performed in DCM with 5
% DMSO and 5 % acetone. “The reaction was performed with complex 4 instead of
biot®—~TazCu. ND = not detected.

sites impedes catalytic activity. Accordingly, an excess of biotin binding sites in the reaction

was enforced (e.g. > four equivalents of Sav monomers vs one equivalent of cofactor).

To evaluate the effect of residual cellular debris, a culture of E. coli harboring an empty plasmid
(i.e. no Sav overexpressed) was subjected to the above iminobiotin purification protocol. The
collected eluate was evaluated in catalysis at pH 6.5 in the presence of 1 uM of either complex
4 or biot®-TazCu (0.02 % loading) and the diazoacetamide substrate 5, Table 1, entry 2 and
3. A 1: 3 mixture of racemic B : y lactams 6a and 6b was obtained with a total turnover number
of 371 and 458 (TTON) respectively. To our disappointment, upon incorporation in WT Sav,
no conversion could be detected by SFC, Table 1 (entry 20). As both lysine residues K121 and
K121’ were computed to lie closest to Cu, we initiated our genetic optimization efforts by
mutating this position. Gratifyingly, the ArM biot®*~TazCu - Sav K121A proved catalytically
active and afforded > 900 TTONs witha 1:2r.r. (8:y, i.e. 6a : 6b) but as a (near) racemate,

entry 4. Next, we screened the ArMs resulting from saturation mutagenesis at position Sav
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K121X, Table 1. As can be appreciated, the nature of the residue at Sav K121X significantly
affects the catalytic performance. From these results, following trends emerge: Positively
charged residues at position K121 (Lys, His and Arg) consistently shut down activity (entry 19,
20 and 21). We hypothesize that such close lying, potentially coordinating Lewis basic residue
may coordinate to the Cu(l), and prevent the formation of the Cu-carbene moiety. On the other
hand, apolar (lle, Leu and Val) and aromatic residues (Phe, Trp and Tyr) have a beneficial
effect on activity (entry 5, 6, 8, 9, 10 and 11). The ArM biot®*~TazCu - Sav K121L provided 74
% y-lactam with the highest enantiomeric ratios (36 : 64 and 34 : 66 for 6a and 6b, respectively)
of the single mutants (entry 6). ArM biot®*~TazCu - Sav K121l displayed the highest activity
with 2648 TTON, corresponding to 53 % yield (i.e. assay yield, used throughout unless
specified). Polar uncharged residues (Asp, Glu, Asn, GIn, Ser, Thr) generally yielded lower
conversions than their apolar counterparts. Interestingly, the mutant bearing an aspartate
(entry 17) impeded the reaction much more than its glutamate homologue (entry 18). Similar
effects on TON and e.r. could also be observed between the two isosteric residues cysteine
and serine (entry 12 and 15). Overall, a large hydrophobic residue at Sav K1211/L/F appeared
essential to maximize the three figures of merit TTON, r.r. and e.r. Interestingly, the ArM also
afforded non-negligible amounts Blichner ring expansion product depending on the mutant
tested (see Sl for details). Water insertion and diazo-coupling by-products could be detected
by ESI-MS of the catalytic reactions but were not investigated further (Scheme S2). Although
reported for C—H bonds of methyl groups in Rh- and TpCu-based catalysts,>8° C—H insertion
into the tert-butyl group was not detected, thus minimizing the formation of additional

regioisomers.

Double saturation mutagenesis. With the aim of identifying synergistic interactions between
residues K121 and S112, we set out to screen the double saturation mutagenesis library
comprising the four hundred Sav isoforms Sav S112X K121X’. From the four hundred double
mutants, 362 could be screened and 220 afforded detectable levels of activity (see Table S2).
The general trends observed in the single mutant Sav K121X screening were confirmed for
the double mutants. Positively charged residues (His, Lys and Arg) consistently impeded
activity, particularly at position K121, where none of the three were tolerated, irrespective of
the nature of residue S112X, Figure 2a. Proline and cysteine displayed a deleterious influence
as well at both S112 and K121 positions. The unexpected difference between the homologous
amino acids aspartate and glutamate was also visible in this screening. The aspartate residue
proved to be less advantageous than the glutamate at both positions. An apolar side chain
(aliphatic or aromatic) at position K121 turned out to be an absolute requirement to obtain a
higher activity of the ArM. While the two isoforms leucine and isoleucine provided comparable
levels of activity at position K121 and S112, a pronounced difference in enantioselectivity was
observed, Figure 2b and 2c.The leucine residue afforded much higher levels of enantio-
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a)

Figure 4. Relative contribution of each amino acid at position S112 and K121 to: a) TON for C—H insertion
(average of all the double mutants for a respective mutation); (b) and (c) enantio-induction for the -
lactam 6a and the y-lactam 6b respectively (average of the absolute enantiomeric excess value for all
the double mutants with a respective mutation). Amino acids with similar properties are highlighted in the
same color (light blue: apolar; green: aromatic; yellow: polar non-ionic; dark blue: basic; red: acidic;
purple: special). The enantioselectivity obtained with residues H, K and R are not displayed due to the
very low conversions.

induction for both the B-lactam 6a and the y-lactam 6b on average. The asparagine at position
S112 appeared to be crucial for enantioselectivity for both reaction products. Among other
occurrences, K121V, K121E and K121Q had a positive influence for the enantioselective

formation of 6a but turned out to be less relevant for the other regioisomer 6b.

To help identify a suitable double mutant to subject to another round of directed evolution, we
analyzed e.r, r.r. and TTON by displaying the e.r. vs r.r. for the j<lactam (+)-6b, Figure 3. The
absolute configuration of the j<lactam (+)-6b was determined as (S)-6b by comparison with
the secondary amide (deprotected, following treatment of (+)-6b with TFA).8" The data reveal
a clear trend for the functionalization of the benzylic position. Both enantiomers of the y-lactam
6b could be accessed, albeit with a higher enantioselectivity for the (S)-6b. Interestingly,
mutation of the K121L to K121F while conserving the S112M residue allowed to invert the
enantioselectivity from 28 : 72 to 91 : 9 e.r. Variants S112N-K121L and S112N-K121I revealed
similar performance. Strikingly, substitution of S112N for S112Q led to an inversion of
enantioselectivity (e.g. S112N K121L/I and S112Q K121L/I afford (S)-6b and (R)-6b,
respectively). Of note, a pronounced difference in regioselectivity was observed between
S112Q-K121L and S112Q-K121l, the former clearly favoring the formation of the j<lactam 6b,
Figure 3.

High levels of activity, regioselectivity and enantioselectivity could be obtained with the S112N-
K121V variant (86 : 14 e.r., 80 % regioselectivity and 2731 TTON). On average, the valine
residue did not display as high levels of enantioselectivity as leucine or phenylalanine for 6b,
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Figure 5. Graphical summary of the screening results of biot®*~TazCu - Sav S112X K121X’ for the C-H
insertion of substrate 5 to afford lactams 6a and 6b. The axes display the enantiomeric- and the
regiomeric ratios of the y-lactam (S)-6b. Key mutations leading to high e.r. and r.r. include asparagine
and methionine at position S112 and a hydrophobic residue at K121.

Figure 2c. This finding highlights the importance of cooperative effects between sites and
would not have been identified with an iterative single site saturation strategy.

The B-lactam 6a product could not be obtained in > 51% r.r. and modest conversion (<10%,
<500 TON). The higher bond dissociation energy of the amide’s vicinal C-H bond (BDE =
93 kcal/mol vs 87 kcal/mol for the benzylic C-H bond, predicted with ALFABET from the
corresponding acetamide)®? and the ring strain in the transition state leading the 4-membered
B-lactam 6a both favor the formation of the y-lactam 6b. In some occurrences, considerable
amounts of Biichner ring-expansion product were detected. This was particularly pronounced
when position S112 contained an aromatic residue (i.e. S112Y or S112F: up to 1783 TON for
S112F-K1211, Figure S8, Table S2). The second coordination sphere of Sav could also induce
enantioselectivity for this transformation (up to 24 : 76 e.r. for S112F-K121l). Detailed data for

selected mutants are collected in Table S3.

L124 saturation mutagenesis and substrate scope. Critical inspection of the results of the
double saturation mutagenesis screening led us to select the double mutant Sav S112N-
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K121V for the next round of directed evolution, focusing on residue Sav L124. A library
encoding all twenty amino acids was prepared, relying on NDT, VMA, ATG and TGG codons.
The screening revealed that the size of the amino acid at position L124 had a significant impact
on both the e.r and r.r. The triple mutant Sav S112N-K121V-L124I led to slightly improved e.r.
(88 : 12) and r.r (14 : 86) for the y-lactam (S)-6b, Figure 4. Strikingly, substitution of the bulky
hydrophobic L121l residue by a glycine, Sav S112N-K121V-L124G, led to the preferential
formation of the B-lactam 6a with 65 : 35 r.r. (compared to 19 : 81 for the parent double mutant)
at the cost of a lower TTON. Interestingly, the enantioselectivity was reversed, favoring the f-
lactam (-)-6a (identified as the (R)-enantiomer by VCD spectrometry, see Sl for details).
Attempts to further improve the catalytic performance by applying site-saturation mutagenesis

at positions T114, T115 and N118 did not lead to any improvement for either TTON, r.r. or e.r.

To further investigate the performance of the earth-abundant ArM, we selected substrates with
either a shorter or longer aliphatic chain, Table 2. Substrate 7 yielded the corresponding (-
lactam (+)-8a (corresponding to (R)-8a)®® in 1290 TON and e.r. of 79 : 21 with
biot®*—TazCu-Sav S112N-K121L. To verify if the selective formation of the y-lactam 6b was

35%
41:61 er ° \s112N

N o) K121V
/ L124G
BuU 2272 TTON
%
L124
19%
No activity Double saturation ge:14er. S112N
S112-K121 2655 TTON K121V
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N=tBu K121V
2981 TTON L1241
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86%

Figure 6. Evolutionary lineage of the ArM for regio- and enantioselective C—H insertion. Initial double
saturation mutagenesis on WT Sav to identify improved double mutants was followed by single-site
saturation mutagenesis at position L124. Mutation of L124 with an isoleucine slightly increased the
selectivity of the ArM for the y-lactam (S)-6b, while a glycine residue favors the B-lactam (-)-6a. The
data are the average of biological triplicates.
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Table 6. Selected results for the intramolecular C—H insertion catalyzed by biot®*—TazCu - Sav mutants.2

Substrate Product Mutant e.r. (+/-) r.r. (B/y) (Yiizczij )?

KNz SLIN- o, ) 1290
KI21L ‘ (25.8)

m S112N-
KI2IV- 1981 6535 2272

B Li24G (45.4)
wﬁwz
N~y SII2N- .. . 2081¢
@/d oy, S812 1486 T
L1241

S112N-
Q\/\& K121V- 37:63 28:72 200
(52.5)

L124G

6]
9
@\/Cﬂhm SII2N- 2773 12:88 (37518%
KI21V :
10b
1 ;
_N

OAN 2 g, SUN- o100 67
iBu KI21L (92.5)d

" 12b

2Conditions : 5 mM substrate, 1 uM biot®-~TazCu, >1 uM Saviet, 35 mM MES pH 5.5, 10 % acetone,
5 % DMSO, 15 h at 25 °C under air. 47% yield on preparative scale (12 mg), see Figure S9 and S10.
°Yield determined by '"H-NMR with 1,3,5-trimethoxybenzene as internal standard.

caused by the lower BDE of the benzylic C-H bond (BDE = 87 kcal/mol, predicted with
ALFABET from the corresponding acetamide),®?> we also subjected substrate 9 bearing a
propylene spacer (BDE = 96 kcal/mol for the homobenzylic C-H bond) to the transformation.
To our delight, the y-lactam 10b was obtained with 3585 TON, 88% regioselectivity and 27 :
73 e.r with biot®*—TazCu-Sav S112N-K121V. However, regioselectivity could not be tuned to
favor the B-lactam 10a when biot®*—TazCu-Sav S112N-K121V-L124G was used: only a
modest increase from 12 % to 28 % B-lactam 10a was observed. The ArM also catalyzed the
carbene insertion into a tertiary C-H bond (BDE = 93 kcal/mol)®? with high efficiency:
biot®—TazCu - Sav S112N-K121L afforded the spirocyclic y-lactam 12b in 93 % vyield and
4627 TON. The four-membered ring regioisomer could not be detected either by '"H NMR or
HPLC. A selection of para-substituted derivatives of substrate 5 was also tested. Significantly

lower TON and selectivities were observed, independently of the nature of the susbtituent. This
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highlights a preference of the ArM for unsubstituted phenyl rings. Detailed data are collected
in Table S4.

4 .4 Conclusion

While Tp complexes can efficiently functionalize inert sp® C-H bonds by insertion of a reactive
carbene intermediate, the absence of interactions between the metal and the substrate render
the selectivity of the reaction challenging to control. This study reveals that this challenge can
be addressed by providing a well-structured second coordination sphere around the transition
state. The synthesis of a modified biotin-bearing copper(l) heteroscorpionate enabled its
incorporation into a genetically-evolvable host protein. The resulting ArM catalyzes the
enantio- and regioselective formation of §- and y-lactams via the insertion of a carbene
intermediate into secondary and tertiary sp® C-H bonds. Double saturation mutagenesis and
directed evolution at a third position shed light on individual amino acid contributions to the
cofactor’s activity. TONs up to 4627 (corresponding to 93% yield) in the case of the C-H
insertion into a cyclohexyl substituent were achieved. We envision that the use of the highly
versatile scorpionate complexes for ArMs could open new opportunities to expand the
enzymatic repertoire of C-H functionalization strategies, based on earth-abundant metal

cofactor.

4.5 Supporting information
4.5.1 General methods

Commercially available chemicals were purchased from the following suppliers and used
without further purification: Acros Organics, Alfa Aesar, Combi Blocks Fluorochem, Sigma
Aldrich. KTp®u2 (1)84 3,4,5-Tribromopyrazole,®> CuTp®2% and Biot®-NHs;Cl,5" were
synthesized according to reported procedures. Dry solvents were purchased from Acros
Organics and used without further purification. The water used for all biological and catalytic
experiments was purified with a Milli-Q Advantage system. All catalytic experiments were
performed in 2 mL glass vials under air in non-degassed solvents. Flash chromatography was
carried out on silica gel. The relative configuration of all chiral compounds was determined by
separation of the corresponding racemic mixture via preparative HPLC. Compounds 6a, 7a,

and 8b were separated with a semi-preparative Chiralpak IH column using
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Hexanelisopropanol. Compounds 7b and 8a were separated with a semi-preparative Dr.
Maisch chiral OM column using Hexane/isopropanol. VCD spectroscopy was performed by

WuXiAppTec, Wuhan China.

"H NMR (500 MHz), *C NMR (125 MHz) and "°F (471 MHz) spectra were recorded on a Bruker
Avance Neo spectrometer at room temperature unless stated otherwise. Chemical shifts are
reported in ppm (parts per million) relative to TMS (& = 0.00 ppm for 'H and '*C) or CFCl; (&
= 0.00 ppm for '°F) and multiplicity quoted as follows: s = singlet, d = doublet, t = triplet, q =
quartet, bs = broad singlet, dd = doublet of doublet and m = multiplet. Spectra were analysed
on MestReNova and calibrated relative to the residual solvent peak or TMS. Routine MS
analysis were performed on a Shimadzu LCMS 2020 in H>O (0.1% formic acid) or MeCN (0.1%
formic acid) for the positive mode and MeOH for the negative mode. HRMS analysis were
performed by the analytical facility of the University of Basel. Catalytic experiments were
analysed by SFC (supercritical fluid chromatography) on a Waters Acquity UPC2.
Fluorescence assays were performed on a Tecan fluorimeter Infinite M1000Pro and the
corresponding samples were prepared in 96-well plate ThermoFischer Scientific Nunclon 96
Flat Black. CD (circular dichroism) spectra were recorded on a Chirascan from Applied
Photophysics at 25 °C using a quartz cell (1 cm path length). Optical rotations were acquired
using an Anton Paar MCP100 polarimeter in a 10 cm cell. Flash chromatography was
performed on a Biotage Isolera. Preparative chromatography was performed on a Blchi Pure

chromatography system.
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4.5.2 Carbene Insertion
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Scheme S1. Proposed mechanisms of selected TpM-catalyzed carbene transfer reactions.®”

4.5.3 Cofactor synthesis

F Oy\Q\I}IH
=N
F ok N
2

Pentafluorophenyl trifluoroacetate (1.03 mL, 6 mmol) was added
dropwise at 0°C to a solution of benzotriazole-5-carboxylic acid (979 mg, 6 mmol) and
triethylamine (1.26 mL, 9 mmol) in dry DMF (20 mL). The reaction was stirred (1.5 h at 0 °C)
and the DMF was removed under reduced pressure. The crude mixture was dissolved in
dichloromethane (30 mL) and washed with water once. The organic layer was dried over
MgSO. and the solvent removed under reduced pressure to afford a reddish solid. The crude
product was purified by flash chromatography (DCM/MeOH, 0 to 7 %) to afford 831 mg of

benzotriazole 2 as an off-white solid in 42 % yield.
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"H NMR (600 MHz, CDs0D, 298 K) & 8.90 (s, 1H), 8.28 (d, 1H), 8.03 (d, 1H). '3C NMR (125
MHz, CD;0OD, 298 K) &6 128.43 (1C), 122.15 (1C), 114.90 (1C). "°F NMR (471 MHz, CD;0D,
298 K) 6 155.52 (d, 2F), 160.97 (i, 1F), 165.53 (t, 2F). HRMS (ESI positive mode, m/z):
calculated for C13HsF5N302 [M-H]* 330.0296; found 330.0325.

Benzotriazole-PFP (2) (411 mg, 1.25 mmol) was placed
in a glass pressure tube and dissolved in dry MeCN (15 mL). The tris(pyrazolyl)borate KTp(Bu)2
(1) (736 mg, 1.25 mmol) was added in one portion and the reaction stirred for 10 min at RT.
Tribromopyrazole (1.91g, 6.25 mmol) was added in one portion and the pressure tube was
sealed. The reaction was heated to 95 °C for 4 h. The solvent was removed under reduced
pressure and the crude mixture was purified by flash chromatography using EtOAc/petroleum
ether (0:100 to 30:70). In case mixed fractions of the product and the substrate 2 were
obtained, a second column with MeCN/DCM (0:100 to 30:70) was performed to afford 35 mg
of 3 (3 % yield) after MS analysis (negative mode in MeOH) of each individual fraction.

"H NMR (400 MHz, CD30D, 298 K) & 8.85 (s, 1H), 8.10 (d, 1H), 7.49 (d, 1H). '3C NMR (125
MHz, CDsOD, 298 K) & 127.50 (1C), 123.36 (1C), 115.03 (1C). "*F NMR (471 MHz, CDs0D,
298 K) 6 155.65 (d, 2F), 161.66 (t, 1F), 166.13 (t, 2F). HRMS (ESI positive mode, m/z):
calculated for C19HsBBrsFsN7O-Na [M-H]* 971.5449; found 971.5438.
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Figure S1: Molecular structure of 3 (CCDC: 2151848). Single crystals were obtained by slow
evaporation of a diethyl ether solution. See section 4.5.15 for detailed X-ray data.

The heteroscorpionate 3 (35 mg, 0.035 mmol) was
dissolved in dry MeCN (4 mL) under nitrogen, and a solution of CuCl (3.5 mg, 0.035 mmol) in
dry MeCN (1 mL) was added at RT. The reaction was stirred overnight. The yellow precipitate
was dissolved by addition of 10 mL of DCM and the mixture was filtered through celite. The
solvent was removed under reduced pressure to afford 36 mg of title compound 4 in
quantitative yield.

"H NMR (600 MHz, DMSO-ds, 298 K) 5 8.93 (br. s, 1H), 8.08 (br. s., 1H), 7.60 (br. s., 1 H). '°F
NMR (471 MHz, DMSO-ds, 298 K) 8 153.36 (d, 2F), 157.69 (t, 1F), 162.39 (t, 2 F). HRMS (ESI
positive mode, m/z): calculated for C19HsBBreFsN70.Cu [M-H]* 1011.4848; found 1011.4838.
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Figure S2: Molecular structure of dinuclear complex 4 (CCDC: 2151849). Single crystals were obtained
with the following crystallization method: A DCM/MeCN solution of 4 in a vial was placed inside a
chamber containing MeCN. Slow evaporation of the DCM and increasing concentration of MeCN
afforded X-ray quality crystals. See section 4.5.15 for detailed X-ray data.

5 A suspension of biotin®-NHsCl (8.3 mg,
0.033 mmol) and EtsN (12.6 pL, 0.090 mmol) in dry DMF (1 mL) was added to a solution of the
copper complex 4 (30.3 mg, 0.030 mmol) in dry DMF (2 mL) under nitrogen. The reaction was
stirred 5 h at RT and the conversion assessed by MS (negative mode). The solvent was

removed under reduced pressure and the residue was dried for one hour under high vacuum.
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The crude product was then washed (suspended, sonicated and centrifuged) three times with
DCM and once with MeOH to afford 29 mg of Biot®—TazCu (93 % yield) as a pale yellow-
green powder. Although the compound displayed very good stability under air, it was stored at
5 °C under nitrogen.

"H NMR (600 MHz, DMF-d7, 248 K) 8 9.27 (br. s, 1H), 9.21 (s, 1H), 8.55 (d, 1H), 8.35 (d, 1 H),
6.75 (br. s, 1H), 6.65 (br. s., 1H), 5.87 (br. s, 1H), 4.51 (s, 1H), 4.33 (s, 1H), 3.51 (m, 1H), 3.42
(m, 1H), 3.24 (m, 1H), 2.93 (m, 1H), 2.70 (m, 1H), 1.76 — 1.47 (m, 6H). *C NMR (125 MHz,
DMF-d7, 248 K) & 164.99 (1C), 163.62 (1C), 143.16 (1C), 138.84 (1C), 133.27 (1C), 129.26
(1C), 117.76 (1C), 112.83, (1C), 61.58 (1C), 60.02 (1C), 56.50 (1C), 40.53 (1C), 39.76, (1C),
29.73 (1C), 28.59 (1C), 26.83 (1C). HRMS (ESI positive mode, m/z): calculated for
Ca4H40B2Br12Cu2N2004S2Na [M-Na]* 2108.1711; found 2108.1737.

4.5.4 NMR experiments on the cofactor

Biot®“—TazCu showed relatively broad resonances in the proton NMR (600 MHz, DMF-d>,
298 K) suggesting a dynamic process. Therefore, variable temperature spectra were recorded
in the range between 378 and 238 K. While the high temperature proton spectra clearly
displayed a coalescent phenomenon, it was not possible to reach the fast exchange regime
with sharp peaks due to sample instabilities above 378 K, Figure S3. In contrast, on cooling
the sample, two sets of signals were obtained — one with very well resolved, sharp lines, and
another, relatively broad set, suggesting a borotropic rearrangement of the benzotriazole.® At

248 K, the best resolution was obtained in the proton spectra, Figure S4. Accordingly, all 2-
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Figure S3. 'H-NMR recorded in DMF-d7 at a temperature ranging from 238 K to 378 K.

dimensional NMR experiments (NOESY, HSQC, HMBC) were recorded at 248 K. The borane-
H appeared as a broad featureless hump at ca. 5.9 ppm due to coupling with the quadrupolar
nuclei "B and '°B. On decoupling at a "B shift of —10 ppm during the acquisition (inverse

gating), a sharp resonance at 5.87 ppm was observed (see section IX).

HSQC spectra (see section 1X) at 248 K showed the expected number and chemical shifts for
all C-H carbon atoms, whereas the second set of peaks was too broad for efficient H-C
magnetisation transfer and, thus, did not yield any cross peaks. HMBC spectra (not displayed)
at 248 K corroborated the connectivity of Biot®*—TazCu. A "'B-decoupled noesy (see section
IX) spectrum allowed the unambiguous assignment of all protons, where key NOEs are
highlighted, Figure S5.
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Figure S4. Close-up view of the '"H-NMR spectra at 248, 258, 278 and 298 K.
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CRU-1369 in DMF-d7, 248 K

NOE

Figure S5. Unambiguous assignment of 'H- and '3*C-NMR signals of Biot®—TazCu.

4.5.5 CD titration and determination of the binding constant

The experiment was performed according to reported procedure.?? A solution of WT Saviet (8
MM, 2.4 mL, 0.0192 pmol) in 20mM PB buffer at pH = 7 was placed in a quartz cuvette. A
HABA solution (9.6 mM, 300 pL, 2.88 umol, 150 eq relative to [Savi]) in 20mM PB buffer pH
= 7 was added and the resulting mixture was incubated (5 min). A blank (buffer only) was
performed at 506 nm and the absorbance of the HABA-Sav solution was measured. An aliquot
(5 WL, 0.125 eq relative to [Savie]) of Biot®~TazCu or biotin (0.48mM in DMSO, 0.0024 pymol)
were added and the solution was mixed. The ellipticity was measured after 30 seconds of
incubation. Aliquots were added until the ellipticity reached a minimum, indicating that the

HABA was fully displaced. The data are the average of three titrations.
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Figure S6: Determination of the binding constant of Biot®*~TazCu for streptavidin by monitoring the CD
signal at 506 nm resulting from HABA displacement. The black squares correspond to the measured
CD signal. The red curve corresponds to the fitting, relying on the same K for all four binding events.

The fitting was performed as described by Wang: A mathematical expression for describing

competitive binding of two different ligands to a protein molecule.®
A = (Ka+Kb+Ca+X-Cp)
B = (Kb*(Ca-Cp)+Ka*(X-Cp)+Ka*Kb)

theta = (arccos((-2*(KatKb+Ca+ X-Cp)*3+9*(Ka+Kb+Ca+ X-Cp)*(Kb*(Ca-Cp)+Ka*(X-
Cp)+Ka*Kb)-27*(-Ka*Kb*Cp))/(2*sqrt(((Ka+Kb+Ca+X-Cp)"2-3*(Kb*(Ca-Cp)+Ka*(X-
Cp)+KaKb))"3))))

Cbound = Ca*(2*sqrt(A*2-3*B)*cos(theta/3)-A)/(3*Ka+(2*sqrt(A*2-3*B)*cos(theta/3)-A))
Cfree = Ca - Cbound

Y =Cbound*Ebound+Baseline

Abbreviations:
Ka = Knaga
Kb = Kcofactor

Ca = [HABAJotal
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X = [Cofactor]iotal

Cp = [SaVmonoJtotal

Cbound = [HABA-Sav]

Ebound = Extinction coefficient

Y = Calculated signal

4.5.6 QM/MM calculations

For the protein structure, the crystal structure (PDB 6FH8, tetramer, biological assembly) was
processed with PDB2PQR server®® to assign H atoms at pH 7.4. Then the pair of the catalyst
structures were added to one of the dimers with the coordination of biotin moiety fixed to the
crystal structure. The protein-catalyst hybrid structures were optimized by a 2-layer ONIOM
method with Gaussian09.7° The calculations were performed at the level of ONIOM(PM6:UFF)
without any symmetry consideration. The high layer included the catalyst moiety of the
molecule. For the low layer, atomic charges of the catalyst were calculated at the level
B3LYP/6-31G(d). In the structural optimization, only the atoms within 8 A of the high layer

atoms were allowed to relax.

4.5.7 Substrates and catalysis products

Substrates were synthesized according to a reported procedure”’. The catalysis products were

synthesized on a large scale with following procedure:

TpBrCu
T
tBu Br B Br
‘ B., Br
N Tp3Cu (5 mol%) R o SN
bbby, et e o e
o DCM, RT, 30 min N N vy /N\ NN
fBu Br C{.I Br Br
l
MeCN

A solution of TpB2Cu (0.05 mmol, 50 mg) in dry DCM (2 mL) was slowly added to a solution of
diazo compound (1 mmol) in dry DCM (35 mL). Nitrogen evolution was immediately visible.
After 1 h, the solvent was removed under reduced pressure and the crude product was purified
by flash chromatography with petroleum-ether/EtOAc (100:0 to 70:30).
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8a The NMR signals correspond to the literature characterization.”

"H NMR (400 MHz, CDCls, 298 K) 5 7.40 — 7.28 (m, 5H), 4.56 (m, 1H), 3.23 (dd, 1H), 2.66 (dd,
1H), 1.24 (s, 9H). *C NMR (125 MHz, CDCls, 298 K) 5 167.59, 141.40, 128.95, 128.35, 126.50,
54.80, 53.28, 46.17, 28.31.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm; isocratic, 7 % MeOH in CO2, 2 mL/min, 210 nm; t;
((-)-8a) = 4.14 min, t; ((+)-8a) = 4.54 min. [a]p?®: -123.4 ° (c = 0.44, CHCIl3); lit. (S)-7a: [a]o?: -
127.7 ° (¢ = 0.5, CHCl5).%®

N"o
tBu

6a '"H NMR (400 MHz, CDCls, 298 K) & 7.31 (t, 2H), 7.24 (t, 1H), 7.17 (d, 2H),
3.82 (m, 1H), 3.39 (dd, 1H), 2.76 (dd, 1H), 2.64 (dd, 1H), 2.47 (dd, 1H), 1.43 (s, 9H). °*C NMR
(125 MHz, CDCls, 298 K) & 166.73, 137.39, 128.89, 128.85, 126.93, 54.30, 51.41, 42.06,
41.21, 28.65. HRMS (ESI positive mode, m/z): calculated for C14H19NONa [M-Na]* 240.1359;
found 240.1362.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm; isocratic, 7 % MeOH in CO2, 2 mL/min, 210 nm; t;
((-)-6a) = 5.08 min, t ((+)-6a) = 6.1 min. [a]o?°: -73.8 ° (c = 0.26, CHCl5).

N—¢Bu

6b The NMR signals correspond to the literature characterization.”

H NMR (400 MHz, CDCls, 298 K) & 7.34 (t, 2H), 7.24 (m, 3H), 3.86 (t, 1H), 3.49 — 3.40 (m,
2H), 2.80 (dd, 1H), 2.58 (dd, 1H), 1.43 (s, 9H). 3C NMR (125 MHz, CDCls, 298 K) 5 174.44,
142.7,128.97, 127.15, 126.86, 54.38, 53.36, 40.78, 37.18, 27.92.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm); isocratic, 7 % MeOH in CO,, 2 mL/min, 210 nm; t;
((+)-6b) = 6.47 min, t. ((-)-6b) = 7.64 min. [a]o?%: 24.4 (c = 0.44, CHCIs).
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Removal of the tert-butyl group in TFA at 140 °C for 5 h to afford 4-Phenyl-2-pyrrolidinone.
[a]o?: 33.7 ° (c = 0.16, MeOH); lit. (S)-4-Phenyl-2-pyrrolidinone: [a]p?2: 37.5 ° (c = 0.5, CHCI3).”®

0]
N

\

tBu

10a "H NMR (400 MHz, CDCls, 298 K) & 7.32 (t, 2H), 7.22 (t, 1H), 7.18 (d,
2H), 3.62 (m, 1H), 2.89 (dd, 1H), 2.67 (m, 1H), 2.57 (m, 1H), 2.42 (dd, 1H), 2.30 (m, 1H), 1.76
(m, 1H), 1.34 (s, 9H). 3C NMR (125 MHz, CDCls, 298 K) & 166.67, 140.89, 128.74, 126.36,
54.10, 50.44, 41.05, 37.04, 31.99, 28.56. HRMS (ESI positive mode, m/z): calculated for
C1sH21NONa [M-Na]* 254.1515; found 254.1517.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm); isocratic, 7 % MeOH in CO, 2 mL/min, 210 nm; t;
((-)-10a) = 5.45 min, t; ((+)-10a) = 5.82 min. [a]po%: 65.5 ° (c = 0.40, CHCls).

Shee

100 B H NMR (400 MHz, CD,Clz, 298 K) 8 7.29 (t, 2H), 7.21 (t, 1H), 7.18 (d, 2H),
3.45 (dd, 1H), 3.11 (dd, 1H), 2.72, (dd, 1H), 2.67 (dd, 1H), 2.50, (m, 1H), 2.37 (dd, 1H), 2.06
(dd, 1H), 1.34 (s, 9H). °C NMR (125 MHz, CD,Cl,, 298 K) & 174.78, 140.1, 129.31, 129.01,
126.79, 51.33, 40.87, 40.00, 33.55, 27.97. HRMS (ESI positive mode, m/z): calc'd for
C14H1oNONa [M-Na]* 254.1520; found 240.1362.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm); isocratic, 7 % MeOH in CO,, 2 mL/min, 210 nm; t;
((+)-10b) = 7.65 min, t: ((-)-10b) = 8.73 min. [a]p%®: -11.9 ° (c = 0.28, MeOH).

0]

N—Bu

12b The NMR signals correspond to the literature characterization.”

"H NMR (400 MHz, CDCls, 298 K) 5 3.17 (s, 2H), 2.20 (s, 2H), 1.50 — 1.40 (m, 10H), 1.37 (s,
9H). 3C NMR (125 MHz, CDCls, 298 K) 5 174.45, 57.55, 53.65, 45.63, 36.82, 35.31, 27.88,
25.93, 22.96.
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N"o
t8U 'H NMR (400 MHz, CDCls, 298 K) & 7.13 (d, 2H), 7.06 (d, 2H), 3.80 (m,

1H), 3.35 (dd, 1H), 2.75 (dd, 1H), 2.59 (dd, 1H), 2.46 (d, 1H), 2.33 (s, 3H), 1.42 (s, 9H). '*C
NMR (125 MHz, CDCls, 298 K) 6 166.78, 136.53,134.28, 129.53, 128.79, 54.27, 51.51, 41.64,
41.20, 28.66, 21.17. HRMS (ESI positive mode, m/z): calculated for C1sH21NONa [M-Na]*
254.1515; found 254.1520.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm; isocratic, 6 % MeOH in CO2, 2 mL/min, 210 nm;
6.29 min, 7.30 min.

0O

N—¢{Bu

'H NMR (400 MHz, CDCls, 298 K) d 7.14 (m, 4H), 3.84 (t, 1H), 3.43 —
3.36 (m, 2H), 2.76 (dd, 1H), 2.55 (dd, 1H), 2.33 (s, 3H), 1.42 (s, 9H). *C NMR (125 MHz,
CDCls, 298 K) 0 174.43, 139.75, 136.75, 129.59, 126.74, 54.22, 53.41, 40.91, 36.85, 27.92,
21.14. HRMS (ESI positive mode, m/z): calculated for C1sH21NONa [M-Na]* 254.1515; found
254.1519.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm; isocratic, 6 % MeOH in CO,, 2 mL/min, 210 nm;
9.03 min, 9.97 min.

NS0
Br BU H NMR (400 MHz, CDCls, 298 K) & 7.45 (d, 2H), 7.05 (d, 2H), 3.79 (m,

1H), 3.34 (dd, 1H), 2.76 (dd, 1H), 2.61 (dd, 1H), 2.42 (d, 1H), 1.42 (s, 9H). "3C NMR (125 MHz,
CDCls, 298 K) 6 166.48, 136.31,131.99, 130.59, 120.87, 54.36, 51.05, 41.46, 41.13, 28.65.
HRMS (ESI positive mode, m/z): calculated for Ci4sH1sBrNONa [M-Na]* 318.0464; found
318.0469.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm; isocratic, 9 % MeOH in CO,, 2 mL/min, 210 nm;
7.54 min, 9.04 min.
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0O

N—Bu

Br "H NMR (400 MHz, CDCls, 298 K) 6 7.46 (d, 2H), 7.12 (d, 2H), 3.86 (t,
1H), 3.41 - 3.34 (m, 2H), 2.78 (dd, 1H), 2.51 (dd, 1H), 1.42 (s, 9H). 3C NMR (125 MHz, CDCls,
298 K) 0 173.96,141.90, 132.04, 128.58, 120.90, 54.33, 53.05, 40.66, 36.66, 27.90. HRMS
(ESI positive mode, m/z): calculated for C1sH1sBrNONa [M-Na]* 318.0464; found 318.0466.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm; isocratic, 12 % iPrOH in CO2, 2 mL/min, 210 nm;
9.82 min, 11.32 min.

NS0
/
MeO tBu The NMR signals correspond to the literature characterization.”’

H NMR (400 MHz, CDCls, 298 K) & 7.08 (d, 2H), 6.85 (d, 2H), 3.79 (s, 3H), 3.77 (m, 1H), 3.32
(dd, 1H), 2.75 (dd, 1H), 2.57 (dd, 1H), 2.45 (d, 1H), 1.42 (s, 9H). 3C NMR (125 MHz, CDCls,
298 K) 5 166.78, 158.56, 129.87, 129.37, 114.22, 55.40, 54.25, 51.58, 41.12, 28.65.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm; isocratic, 9 % MeOH in CO2, 2 mL/min, 210 nm;
6.19 min, 7.64 min.

0

N—{Bu
MeO 1H NMR (400 MHz, CDCls, 298 K) & 7.16 (d, 2H), 6.88 (d, 2H), 3.83
(t, 1H), 3.80 (s, 3H), 3.43 — 3.34 (m, 2H), 2.75 (dd, 1H), 2.52 (dd, 1H), 1.42 (s, 9H). '3C NMR
(125 MHz, CDCl3, 298 K) 6 174.41,158.67, 134.79, 127.83, 114.29, 55.45, 54.20, 53.51, 41.00,

36.51, 27.91. HRMS (ESI positive mode, m/z): calculated for C15sH21NO>Na [M-Na]* 270.1465;
found 270.1468.

Chiral HPLC: Chiralpak IF®, 4.6 x 250 mm; isocratic, 12 % iPrOH in CO,, 2 mL/min, 210 nm;
8.22 min, 9.89 min.

4.5.8 Directed evolution

Cloning of the Sav library: For the construction of the double site-saturation mutagenesis library

at positions 112 and 121 of Sav mutants expressed in the cytoplasm, two strategies were
pursued. 212 plasmids were prepared by Golden Gate cloning using primers 1 and 2 (see table

below) and a pET24a plasmid containing a codon-optimized Sav-WT gene. Due to large
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numbers of clones containing random sequence insertions, the remaining 188 plasmids were
generated by a different approach: Polymerase chain reaction (PCR) was applied to amplify
both, (i) the pET24a vector lacking any Sav target gene (using primer 3 and 4) and (ii) missing
Sav variants encoded on a different library kindly provided by Tobias Vornholt (using primers
5 and 6),%6 as described below in more detail. The employment of distinct primer pairs caused
the removal of the OmpA leader peptide to give rise to cytosolic Sav. The generation of final
Sav-bearing pET24a constructs was completed by Gibson assembly according to the
manufacturer's protocol (NEB). All PCRs described in this manuscript were carried out with 5
mM of each dNTP (Sigma Aldrich), 10 uM of each primer (Integrated DNA Technologies), 50
ng template DNA, 1 yL Q5 Hot Start DNA Polymerase, 10 yL GC enhancer and 10 yL Q5 Hot
Start Buffer in 50 yL total volume using the following conditions: a) initial denaturation: 98 °C
(30s); b) cycling (30 passes in total): 98 °C (10s), 60 °C (20s) and 72 °C (330 s); c) final
elongation: 72 °C (300 s). PCR products for Golden Gate Cloning were cleaned up with the
Monarch DNA Cleanup kit (NEB), following the manufacturer’s instructions. Subsequently,
DNA (5 yg) was digested with Bsal-HF (5 pL, NEB) and Dpnl (3 pL, NEB) in 1x CutSmart
buffer (15 h at 37 °C, 50 pL total volume). The DNA (1 pg) was ligated with 1x T4 DNA Ligase
buffer and T4 DNA ligase (1 uL, 15 h at 16 °C, 20 uL total volume).

For the directed evolution campaign, site-saturation mutagenesis was carried out in a one-step
PCR-based approach using NNK codon degeneracy with primers 7-11. For all mutagenesis

reactions, individual clones were sequence-verified by Sanger Sequencing (Microsynth AG).

Primer | Primer Name Primer Sequence

Number

1 Golden_Gate_Cloning_K121X_Forward | GATACTGGTCTCAGCAAATGCCTGGNNN
AGCACACTAGTTGGTCATGATAC

2 Golden_Gate_Cloning_S112X_Reverse | GATACTGGTCTCTTTGCTTCGGTGGTGCCN
NN GGTCAGCAGCC

3 Fw_GA_pET24_backbone GTTCAGCAGTAATAAGGATCCGAATGCGA
GCACCGTCG

4 Rev_GA_pET24_backbone CCACCAGTCATACTAGCCATATGTGCATCT
CCTTCTTAAAG

5 Fw_GA_cytoSAV CTTTAAGAAGGAGATGCACATATGGCTAGT
ATGACTGGTGG

6 Rev_GA_cytoSAV CGACGGTGCTCGCATTCGGATCCTTATTAC
TGCTGAACG

7 T114X-Fwd GCTGCTGACCAATGGCNNKACCGAAGCAA
ATGCC

8 T115X-Fwd CTGACCAATGGAACCNNKGAAGCAAATGC
C
TGGGTTAG

9 T114-Rev GGTCAGCAGCCACTGGGTATTAATGCGTG
CTTC
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10 L124X-Fwd GCCTGGGTTAGCACCNNKGTTGGTCATGA
TACC

11 L124-Rev GCTAACCCAGGCATTTGCTTC

Expression _and purification in 96 well plate: General procedure: Mutant plasmids were

transformed into BL21 (DE3) E. Coli cells in a 96-well PCR plate. The transformants were
cultured in LB media supplemented with Kanamycin (50 ug/mL) overnight at 37 °C. Auto-
induction media (2.4 mL/well) supplemented with Kanamycin (50 pg/mL) in four 24-well plates
was then inoculated with the overnight cultures, and incubated for 24 h at 25 °C. The plates
were centrifuged (3500 g, 10 min) and the medium was discarded. The cells were frozen, lysed
(1 mL lysis buffer) for 2 h and frozen again overnight. Once the lysate melted, IBB buffer twice
concentrated (1 mL/well) was added, and the plates were centrifuged (4200 g, 20 min). The
supernatant was transferred into a 96-well plate and centrifuged once more (4200 g, 10 min).
After filtration, Sav was immobilized on iminobiotin sepharose beads, washed with MOPS
buffer (100 mM, pH = 7.9) and eluted with MES buffer (100 mM, pH = 5.5) twice to obtain
purified Sav mutants that could be used for catalytic reactions.

Auto-induction media composition: ZYP salts (50 mM KH2PO4, 50 mM Na;HPO4, 5 mM
(NH4)2S0s), ZYP sugars (0.5 % glycerol, 2.77 mM glucose monohydrate, 6.13 mM lactose)
and MgSO4 (1 mM) in yeast triptone mix (5 g/L yeast extract, 10 g/L triptone).

Lysis buffer composition: Lysozyme 1 mg/mL and DNAse | in Tris(HCI) buffer (20 mM, pH =
7.5).

IBB buffer composition (twice concentrated): NaHCO3 (100 mM, pH = 10.8) and NaCl (1 M).

For IBB buffer once concentrated, dilute the above mixture twice with MQ water.

B4F Assay: General procedure: A solution of Biotin-4-Fluorescein (1 yM, 190 uL, 0.00019
pmol) in 50 mM MOPS at pH = 7 was added in a black 96-well plate. The elution fraction (10
ML) was added and mixed. Into 5 free wells, 10 yL of a 0, 0.5, 1, 2 and 5 yM Sav control
solutions were added for the calibration curve. Fluorescence was measured at an excitation

wavelength of 485 nm and emission wavelength of 520 nm.
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45000 - Calibration curve (with WT SAV)
Equation y=a+bx
40000 1 Intercept 42514,97468 + 247,60171
1 Slope -5706,4557 + 100,66441
S 35000 1 R-Square (COD) 0,99907
J
8 30000 A
[=
3
8 25000 |
o
=]
iC 20000 -
15000 -
10000 T T T T T T T T T T T
0 1 2 3 4 5
Concentration (M)
b) 1 2 3 4 5 6 7 8 9 10 11 12
A AF Al AK AP AT AW CF  CG cl CK CM CN
B cQ ¢S ¢ DD DE DI DK DL DM DN DP DR
C DS DT DV DY EC ED EE EF EG EH El EP
D ER ES ET EW EY FD FE FH FL FN FP FQ
E FS FT FV FY GA GF GG GK GL GM GN GR
F GS GT GV HA HC HE HF HH HI  HK HL HM
G HN HP HR HT IC IE IF IH IK IL M IS
H Iy KC KD KE KF KG KI KL KM KN KP KQ
c) 1 2 3 4 5 6 7 8 9 10 11 12
A 4,46>5uM >5uM >5uM >5uM >5puM  1,17>5pM  1,65>5uM  4,56>5uM
B >5uM>5uM>5uM 1,08 0,86 0,61>5uM | 0,45>5uM [EOIBE>51M >5uM
C >5puM 4,38 1,47 4,44 2,75 0,78>5pM >5uM >5uM >5uM >5uM >5uM
D >5uM >5uM >5uM >5uM >5uM >5uM >5uM  4,58>5uM >5uM| 5,00
E >5uM >5uM >5uM >5uM 5um [BOIB8>5uM >5uM| 2,00 g
F >5uM >5uM >5uM >5uM >5uM >5uM >5uM >5uM >5uM >5uM >5uM| 1,000 &
G >5uM>5uM >5uM>5uM 4,06 3,95[BBIBE>5uM >5uM  1,53>5uM| 0,50 8
H >5pM >5uM >5uM >5uM >5uM >5uM >5uM >5uM >5uM >5uM >5uM| 0,00 S

[SAV] > 1uM [SAV] (uMm)

Figure S7: Quantification of Sav (tetrameric) expression in 96 well plates by fluorescence quenching of
B4F: (a) Calibration curve; (b) Typical quantification results for a 96 well plate of double mutants: the
single letters corresponds to the amino acids at position S112X and K121X’ respectively; (c) Individual
expression levels. A negative value may be observed if the protein is not expressed.
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HRMS and sequence of selected Sav mutants:

Mutant

Amino acid sequence

Calculated Mw (first

Methionine cleaved)

Measured

SaVS112N-K121L

MASMTGGQQMGRDQAGITGTWYNQLG
STFIVTAGADGALTGTYESAVGNAESRY
VLTGRYDSAPATDGSGTALGWTVAWK
NNYRNAHSATTWSGQYVGGAEARINTQ
WLLTNGTTEANAWLSTLVGHDTFTKVK
PSAASIDAAKKAGVNNGNPLDAVQQ

16436.884

16436.056

SayS112N-K121v

MASMTGGQQMGRDQAGITGTWYNQLG
STFIVTAGADGALTGTYESAVGNAESRY
VLTGRYDSAPATDGSGTALGWTVAWK
NNYRNAHSATTWSGQYVGGAEARINTQ
WLLTNGTTEANAWVSTLVGHDTFTKVK
PSAASIDAAKKAGVNNGNPLDAVQQ

16422.857

16422.766

SayvS112N-K121V-L1241

MASMTGGQQMGRDQAGITGTWYNQLG
STFIVTAGADGALTGTYESAVGNAESRY
VLTGRYDSAPATDGSGTALGWTVAWK
NNYRNAHSATTWSGQYVGGAEARINTQ
WLLTNGTTEANAWVSTIVGHDTFTKVKP
SAASIDAAKKAGVNNGNPLDAVQQ

16422.857

16422.282

SaVS1 12N-K121V-L124G

MASMTGGQQMGRDQAGITGTWYNQLG
STFIVTAGADGALTGTYESAVGNAESRY
VLTGRYDSAPATDGSGTALGWTVAWK
NNYRNAHSATTWSGQYVGGAEARINTQ
WLLTNGTTEANAWVSTGVGHDTFTKVK
PSAASIDAAKKAGVNNGNPLDAVQQ

16366.749

16366.544

4.5.9 Catalysis

Typical screening procedure: MOPS buffer (100 pL of a 200 mM solution at pH = 7.1) and MQ

water (70 yL) were added to a purified Sav solution (100 L, =3 pM tetramer, 20.0003 pmol)
in MES buffer (100 mM, pH = 5.5) in a glass vial. Biot®*~TazCu (40 uM, 7.5 uL, 0.0003 umol)
in DMSO was added. The solution was incubated for 5 min at RT. Acetone (15 yL) and the
substrate (7.5 pL, 200 mM, 1.5 ymol) in DMSO were added successively. The vial was sealed
and incubated (25 °C, 300rpm for 15 h). A solution of internal standard (1,3,5-
trimethoxybenzene, 20 pyL, 30 mM, 0.6 ymol) in MeCN was added and the reaction was

extracted twice with HPLC-grade diethyl. The organic layers were combined, dried over MgSO4
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and filtered. The crude reaction mixture was analyzed by supercritical fluid chromatography

with an analytical Chiralpak® IF column (isocratic, 7 % MeOH in CO-, 2 mL/min).

s S112F-K121l A
B
k 00 .
2000 S112Y-K121L° S112F-K121L
TTON
S112F-K121T 2500
1500 . S112F-K121E .

4 * o 4000

..

Figure S8: 3D display of the double mutant screening considering the 8-, y- and &-lactams.

Preparative experiment: MOPS buffer (3.30 mL of a 200 mM solution at pH = 7.1) and MQ

water (2.31 mL) were added to a purified Sav solution (3.30 mL, =23 yM tetramer, 20.0099
umol) in MES buffer (100 mM, pH = 5.5) in a flask. Biot®*~TazCu (248 uL, 40 uM, 0.0099
pmol) in DMSO was added. The solution incubated for 5 min at RT. Acetone (495 L) and the
substrate (248 uL, 200 mM in DMSO, 49.5 pmol) were added. The reaction was incubated
(25 °C, 200rpm for 15 h). The reaction was extracted 3x with diethyl ether (10 mL) and the
combined organic layers were dried over MgSOs. The solvent was removed under reduced

pressure and the crude product was purified by flash chromatography with petroleum-
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ether/EtOAc (0:100 to 20:80). The y-lactam (+)-(S)-6b was isolated as a transparent oil in in

47% yield (5.1 mg, 2350 TON) and 86:14 e.r.

An additional preparative experiment was performed with 100 mg (50 mM) substrate with a

similar procedure. Results are summarized in the following table:

Table S1. Summary of the preparative catalytic experiments with Biot®*~TazCu - Sav S112N-K121V-
L1241 and substrate 5 to afford the y—lactam 6b.

Substrate loading Catalyst loading Isolated yield TON
12 mg (5 mM) 1 uM (0.02 mol%) 46.9 % 2350
100 mg (50 mM) 2.5 uyM (0.005 mol%) 252 % 5040
0
Gruppe Ward
Nummer 1122prod2 N—tBu
6b

2

)

| Y S J\,J-.g,‘

gr_ward_cryo+.1143.1.fid
CRU-1409NVI
_Proton.dh CDCI3 /opt/nmrdata gr_ward_600R 19

it Lk o

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

“r (ppm)

Figure S9. Preparative catalysis experiment with Biot®“~TazCu-Sav S112N-K121V-L124l. (+)-(S)-6b
obtained by catalytic experiment (bottom spectrum) is stacked with the pure racemic product (top
spectrum).
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CRU-1409NVI-f53 Sm (Mn, 2x3)
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Figure S10. SFC trace of the purified y-lactam (S)-6b obtained in 86:14 e.r. by catalysis experiment with
Biot®~TazCu-Sav S112N-K121V-L124l. (S)-6b eluted after 6.92 min and (R)-6b after 8.22 min.

Double saturation mutagenesis data: The Table S2 contains the following information: Amino

acids at position S112 and K121; conversion, TON and ee for the 8- and y-lactams 6a and 6b;

conversion and TON for the Bichner ring-expension product (CyHept); the ratio of each

product; the total turnover number (TTON); the TON resulting from C-H functionalization (TON

B + y). ND indicates data that were below the detection threshold of the instrument. A blank

indicates that the data for the mutant could not be measured due to an unsuccessful

transformation.
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Table S2. Complete data set of the double saturation mutagenesis.

B-lactam 6a

y-lactam 6b

Biichner

B-lac |y—|ac |Biichn.

TON
s112 | K121 TTON
((:',/‘:)"" TON :,Z) (cf,z)"" TON 3,2) gz)“" TON ratio (%) (B+v)
STI2A |K121A | 783 392 |3 | 1580 | 790 |13 | 485 | 243 | 275 |554 170 | 1425 | 1182
ST12A |K121C | 570 285 |2 |7.81 390 |-3 |245 |123 | 357 |489 |154 |798 |675
ST12A |K121D | 592 296 |5 | 1244 607 |1 [339 |170 | 276 |56.6 |158 | 1073 | 903
STI2A |KI121E | 247 [109 |9 |444 |222 |6 |ND ND |ND |ND | ND ND | 331
ST12A |Ki21F |780 390 |5 | 1341 671 |9 [825 |412 | 265 |455 |280 | 1473 | 2228
ST12A [K121G |941 471 |9 | 2053 | 1026 |10 [342 |171 | 282 |615 103 | 1668 | 1497
ST12A | Ki21H | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12A | K121l |9.81 490 |1 |33.97 | 1699 |22 |13.37 |669 | 171 |595 |234 | 2858 | 2189
ST12A | Ki21K | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12A | Ki21L | 12,62 631 |19 |33.01 | 1651 |-17 [11.69 | 584 |22.0 |57.6 |204 | 2866 | 2262
STI2A [Ki2IM | 2,84 (142 |41 [7.22 361 |7 |ND ND |ND |ND | ND ND | 503
ST12A [K12IN [ 1165 578 |16 | 1544 | 772 |2 [499 |250 | 361 |48 |156 | 1600 | 1350
ST12A [Ki21P 580 290 |1 | 1131 565 |7 [2.81  |141 294 |56.7 144 |996 |855
ST12A [K121Q |7.76 | 388 |12 [11.02 _|551 |4 | 488 |244 |32.8 | 466 |206 | 1183 | 939
ST12A | Ki21R | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12A | K121S | 1053 527 |13 | 1502 | 751 |8 |77 | 358 | 322 |459 |21.9 |1636 | 1278
STI2A [K121T 632 316 |7 | 1456 729 |2 [626 |313 | 233 |53.7 | 234 | 1358 | 1045
STI2A K121V 814 407 |1 | 2194 1097 |21 [ 1683 |941 | 166 |44.9 |385 | 2445 | 1504
ST12A [K121W [ 7.90 395 |33 [ 1247 609 |3 |39 |199 |328 |50.6 |16.6 | 1203 | 1004
ST12A |Ki21Y |9.94 497 |21 | 1356 | 678 |-3 [4.13 |207 | 360 |49.1 |150 | 1382 | 966
S112C | Ki121A | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12C | K121C | ND ND _|ND | ND ND | ND | ND ND |ND |ND | ND ND | ND
ST12C [Ki21D | 2,00 [100 |8 | 447 208 [-2 |ND ND |ND |ND | ND ND | 309
ST12C [K121E | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND_|ND
ST12C [Ki21F | 1295 | 648 |7 |20.89 |1045 |4 |67 |308 |324 |522 |154 |2001 | 1692
ST12C [Ki21G | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12C | Ki21H
ST12C [Ki21l 673|337 |14 | 1071 |535 |-10 |324 | 162 | 326 |51.7 |167 | 1034 |872
ST12C [K121K | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12C [Ki21L | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12C [Ki21M | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12C [Ki21N | ND ND _|ND |ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12C [Ki21P | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12C [K121Q | ND ND _|ND | ND ND _|ND [ ND ND |ND |[ND | ND ND |ND
S112C [K121R | ND ND _|ND |ND ND | ND | ND ND |ND |ND | ND ND_|ND
ST12C [Ki21S 6,79 340 |2 |1032 |516 |0 [3.07 |153 |33.7 |51 [152 | 1009 | 856
ST12C [KA24T
ST12C K121V 6,61 330 |4 | 1289 |645 |3 [850 |425 |23.6 |46 |30.3 | 1400 | 975
ST12C [Ki21W | 565 [283 |8 |879 440 |-8 |ND ND |ND |ND | ND ND | 722
ST12C [Ki21Y | ND ND | ND | ND ND | ND | ND ND |ND |[ND | ND ND |ND
S112D | K121A | ND ND | ND | ND ND | ND | ND ND |ND |[ND | ND ND |ND
ST12D | K121C
ST12D |Ki21D |3.66 183 |1 | 1401 |701 |4 |ND ND |ND |ND | ND ND | 884
ST12D [Ki21E | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND_|ND
ST12D | K121F
ST12D | K121G
ST12D | K121H
ST12D | K121l |500 |256 |5 | 1468 |734 |5 [1.89 |94 |235 |67.8 |87 1083 | 989
ST12D [Ki21K | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12D [Ki21L | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12D [ Ki21M | ND ND | ND | ND ND | ND | ND ND |ND |[ND | ND ND |ND
ST12D [ K121N | ND ND _|ND | ND ND | ND | ND ND |[ND |[ND | ND ND _|ND
ST12D | K121P | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND |ND
S112D [ K121Q
ST12D |K121R | ND ND |ND |ND ND | ND | ND ND |ND |ND | ND ND |ND
ST12D [Ki21S | 7,37 368 |11 |11.70 |585 |-8 [3,39 |169 |32.8 |524 |154 |1122 | 953
ST12D [ Ki21T 539  |260 |4 1261 631 |8 [2.71 |135 260 609 |[13.1 | 1035 | 900
ST12D [ K121V | ND ND | ND | ND ND | ND | ND ND |ND |[ND | ND ND |ND
ST12D | K121W | ND ND | ND | ND ND | ND | ND ND |ND |ND | ND ND _|ND
ST12D [Ki21Y 574 |287 |15 |830 |415 |-13 [ND ND |[ND |[ND |ND ND [ 702
STI2E |Ki21A |4.86 |243 |3 |7.70 |385 |9 |248 |124 [323 |512 |165 |752 |628
STI2E [K121C |596 298 |6 | 945 |457 |-3 |ND ND |ND |ND |ND ND | 756
ST12E [ Ki21D | ND ND | ND | ND ND | ND | ND ND |ND |[ND | ND ND | ND
ST12E [ K121E | ND ND | ND | ND ND | ND | ND ND |ND |[ND | ND ND _|ND
STI2E |K121F | 12,03 602 |22 | 1682 | 841 |-11 [6,03 | 346 | 336 |47.0 |194 |1789 | 1443
STI2E |K121G | 1346 |673 |12 | 1609 |805 |6 |508 | 254 | 389 |465 |147 |1732 | 1478
ST12E [K121H | ND ND | ND | ND ND | ND | ND ND |[ND |[ND |ND ND |ND




S112E | K121l | 23,16 1158 | -5 |24,76 1238 |1 10,42 521 39,7 (424 17,9 2917 | 2396
S112E | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112E | K121L | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112E | K121M | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112E | K121N

S112E | K121P_| 9,07 454 |2 17,52 876 |0 2,48 124 312 |602 |85 1454 | 1329
S112E | K121Q | 8,52 426 | -16 | 13,15 657 |6 |3,19 159 1343 |529 (128 1242 | 1084
S112E | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112E | K121S | 5,98 299 |9 |858 429 1 ND ND ND ND ND ND 728
S112E | K121T [ 4,98 249 | -12 | 6,96 348 |[-5 |[ND ND ND ND ND ND 597
S112E | K121V | 4,67 234 |6 |91 456 11 3,45 173 27,1 52,9 |20,0 863 | 689
S112E | K121W | 11,06 553 |[-22 | 14,11 705 |[-13 | 6,05 303 [354 [452 |194 1561 | 1258
S112E | K121Y [ 9,13 457 | -16 [ 12,77 638 |[-9 [5,62 281 332 [464 |204 1376 | 1095
S112F | K121A | 12,62 631 8 25,59 1279 |-5 | 13,74 687 24,3 [49,2 |265 2597 | 1910
S112F | K121C | 11,31 565 |[-4 |16,52 826 |[-4 |8,68 434 31,0 |453 [238 1825 | 1391
S112F | K121D | 16,40 820 |[-39 | 18,53 926 [ -15 119,78 989 (30,0 [339 |36,2 2735 | 1746
S112F | K121E | 16,39 819 |-46 | 17,04 852 | -17 | 22,71 1136 | 29,2 | 30,4 [405 2807 | 1671
S112F | K121F | 13,08 654 |6 43,78 | 2189 |52 |9,20 460 19,8 (66,3 | 13,9 3303 | 2843
S112F | K121G | 13,98 699 1 23,89 1194 |0 8,22 411 30,3 [51,8 17,8 2304 | 1893
S112F | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112F | K1211 12,30 615 |-3 |[31,72 1586 | -27 | 35,66 1783 | 154 |39,8 [448 3984 | 2201
S112F | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112F | K121L | 15,04 752 |36 | 32,45 1622 | -27 | 34,66 1733 | 18,3 | 395 [422 4107 | 2374
S112F | K121M | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112F | K121N | 14,61 731 -16 | 17,41 871 -18 19,44 472 1352 42,0 |[228 2074 | 1601
S112F | K121P | 14,16 708 |46 | 23,84 1192 |43 | 14,28 714 |271 456 |273 2614 | 1900
S112F | K121Q | 14,53 727 | -44 | 16,05 802 |[-22 | 16,74 837 30,7 [339 |354 2366 | 1529
S112F | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112F | K121S [ 17,70 885 |-16 | 26,41 1320 |6 | 16,28 814 29,3 [43,7 |27,0 3019 | 2206
S112F | K121T | 15,15 757 |7 26,88 1344 | -6 | 26,35 1318 |1 22,1 | 39,3 |[385 3419 | 2101
S112F | K121V | 13,56 678 |-14 | 19,65 983 1 11,51 576 30,3 [43,9 |257 2237 | 1661
S112F | K121W | 14,66 733 |6 23,56 1178 |0 15,56 778 27,3 43,8 |28)9 2689 | 1911
S112F | K121Y | 17,64 882 1 26,11 1306 | -8 |12,82 641 31,2 [46,2 |22,7 2829 | 2188
S112G | K121A | 10,57 529 12 13,92 696 |6 4,28 214 36,8 [484 |14)9 1439 | 1224
S112G | K121C

S112G | K121D

S112G | K121E

S$112G | K121F | 18,03 901 -1 34,26 1713 |18 | 8,28 414 129,8 |56,6 |[13,7 3028 | 2614
S$112G | K121G | 9,25 463 |3 20,92 1046 | -2 | 2,04 102 28,7 |649 [6,3 1611 | 1509
S112G | K121H

S112G | K121l | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112G | K121K | 6,55 328 |0 10,91 545 |-3 | ND ND ND ND ND ND 873
S112G | K121L | 14,49 724 |5 36,97 1848 |-31 | 7,95 397 244 622 |134 2969 | 2573
S$112G | K121M | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112G | K121N | 13,83 691 -14 | 15,44 772 |5 3,12 156 | 42,7 | 47,7 9,6 1619 | 1464
S112G | K121P

S$112G | K121Q

S$112G | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112G | K121S | 18,00 900 |-16 | 22,80 1140 | -1 6,52 326 38,0 48,2 |13,8 2366 | 2040
S$112G | K121T [ 12,09 604 |2 20,22 1011 |-6 | 4,76 238 326 [546 |129 1853 | 1615
S$112G | K121V [ 12,21 611 7 25,32 1266 | 0 1569 |[785 [23,0 |476 |295 2662 | 1876
S$112G | K121W

S112G | K121Y | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121A | 5,54 277 [-11 | 7,81 390 |[-5 |ND ND ND ND ND ND 668
S112H | K121C | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121D | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121E | 14,84 742 | -17 | 17,36 868 |[-14 | 3,95 198 141,0 |48,0 [10,9 1808 | 1610
S112H | K121F | 9,50 475 |6 119,39 970 |32 |3,51 175 1293 |599 [108 1620 | 1445
S112H | K121G | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K1211 | 24,33 1217 | -7 | 33,22 1661 |20 | 9,54 477 136,3 495 [14.2 3355 | 2878
S112H | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121L | 16,68 834 13 32,45 1623 |2 7,00 350 [29,7 |578 |125 2807 | 2457
S112H | K121M | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121N_ | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121P | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121Q | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121S | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121T | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121V | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112H | K121W

S112H | K121Y | ND ND ND | ND ND ND | ND ND ND ND ND ND ND




S1121 | K121A | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S1121 | K121C | 10,21 511 -6 | 14,08 704 |1 |41 205 [36,0 [496 |145 1420 | 1214
S1121 | K121D | 3,41 171 10 12,78 639 | -1 ND ND ND ND ND ND 810
S1121 | K121E | 19,50 975 | -28 | 24,91 1246 |-8 | 11,95 |597 |346 [442 |21.2 2818 | 2221
S1121 | K121F [ 17,11 855 |38 40,48 [2024 |54 |3,56 178 28,0 |662 |58 3057 | 2879
S1121 | K121G | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S1121 | K121H [ 6,74 337 |4 11,44 572 | -1 2,85 143 32,0 |544 [13,6 1052 | 909
S1121 [ K121l | 24,54 1227 |32 |33,53 1677 | -6 | 8,06 403 | 37,1 |50,7 [122 3307 | 2904
S1121 | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S1121 | K121L | 25,49 1274 |61 | 44,45 2222 |3 7,86 393 328 |57,1 [10.1 3889 | 3497
S1121 | K121M | 5,31 266 1 10,00 500 [-8 |ND ND ND ND ND ND 766
S1121 [ K121N | 11,57 578 |[-11 | 16,45 823 |0 4,49 225 [356 |506 |13,8 1626 | 1401
S1121 | K121P_| ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S1121 | K121Q | 8,56 428 | -20 | 13,87 693 |[-1 |41 205 (323 [522 |155 1326 | 1122
S1121 | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S1121 [ K121S [ 17,92 896 |[-7 29,68 1484 |9 13,75 [688 [29,2 484 |224 3068 | 2380
S1121 | K121T [ 9,97 498 |6 19,64 982 |-13 | 7,81 391 26,6 525 20,9 1871 | 1480
S1121 | K121V | 23,15 1158 |65 | 34,50 1725 |26 | 16,37 818 [31,3 46,6 |221 3701 | 2882
S1121 | K121W | 5,69 285 |3 14,96 748 |[-3 12,29 114 1248 |652 [10,0 1147 | 1032
S1121 | K121Y | 14,95 748 |[-2 | 2512 1256 | 1 8,19 410 31,0 |52,0 [17,0 2414 | 2003
S112K | K121A | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121C | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121D | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121E | 13,52 676 |-11 | 16,05 802 |[-19 |3,19 159 41,3 490 |97 1637 | 1478
S112K | K121F | 11,62 581 -10 | 12,79 639 |[-11 |2,07 104 1439 |483 |78 1324 | 1220
S112K | K121G | 5,42 271 -6 |8,02 401 -2 | ND ND ND ND ND ND 672
S112K | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121I 12,03 601 -12 114,84 742 | -7 297 148 40,3 |498 [10,0 1491 | 1343
S112K | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121L | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121M | 6,76 338 |0 9,27 463 [-3 | ND ND ND ND ND ND 801
S112K | K121N | 10,25 512 [-7 12,26 613 [-9 |[ND ND ND ND ND ND 1125
S112K | K121P_| 8,02 401 -11. 17,79 390 [-9 |[ND ND ND ND ND ND 791
S112K | K121Q | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121S | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121T | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121V | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121W | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112K | K121Y

S112L | K121A | 9,35 468 1 18,16 908 1 8,32 416 | 26,1 | 50,7 |23,2 1792 | 1376
S112L | K121C | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112L | K121D | 10,80 540 |[-16 | 17,07 853 |8 5,40 270 [325 [51,3 |16,2 1663 | 1393
S112L | K121E [ 17,65 |883 |-48 | 20,42 1021 |6 13,73 686 [34,1 [394 |26,5 2590 | 1904
S112L | K121F [ 17,34 867 |50 |40,17 2009 |57 |[4,12 206 | 28,1 |652 |6,7 3082 | 2875
S112L | K121G | 9,75 488 | -7 | 17,27 864 |4 5,85 293 29,7 |525 |17,8 1645 | 1351
S112L | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112L | K121I

S112L | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112L | K121L | 18,61 930 [42 |44,56 | 2228 |-20 | 7,23 362 [264 |63,3 |10,3 3520 | 3159
S112L | K121M | 3,12 156 |7 9,78 489 [-31 |ND ND ND ND ND ND 645
S112L | K121N | 5,54 277 [-20 | 7,15 358 |7 ND ND ND ND ND ND 635
S112L | K121P | 4,91 246 16 | 8,69 435 15 |ND ND ND ND ND ND 680
S112L | K121Q | 9,32 466 | -47 | 12,03 601 -9 | ND ND ND ND ND ND 1068
S112L | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112L | K121S

S112L | K121T | 10,01 501 -18 | 26,59 1329 |-33 [ 12,79 640 20,3 [53,8 |259 2470 | 1830
S112L | K121V | 13,77 689 |23 |34,29 1715 |3 19,38 969 [204 [508 |28,7 3373 | 2403
S112L | K121W | 11,95 597 |[-24 | 23,51 1175 |7 8,29 415 27,3 |53,7 [19,0 2187 | 1773
S112L | K121Y | 14,69 735 |-14 | 28,92 1446 |12 | 8,63 432 1281 |553 |[16,5 2613 | 2181
S112M | K121A | 7,83 392 |3 15,80 790 13 14,85 243 1275 [554 |17,0 1425 | 1182
S112M | K121C | 5,70 285 [-2 |781 390 [-3 245 123 | 357 |489 [154 798 | 675
S112M | K121D | 5,92 296 |-5 [12,14 607 1 3,39 170 27,6 | 56,6 |158 1073 | 903
S112M | K121E | 6,04 302 [-14 8,89 444 -2 |3,12 156 |1 33,5 492 [17,3 902 | 747
S112M | K121F | 7,80 390 [-5 13,41 671 9 4,87 244 1299 [514 |18,7 1305 | 2228
S112M | K121G | 3,72 186 |-2 |6,72 336 |6 2,72 136|283 |511 |[207 658 | 522
S112M | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112M | K1211 | 9,81 490 |-1 [33,97 1699 |22 | 13,37 669 17,1 59,5 |234 2858 | 2189
S112M | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112M | K121L | 12,62 631 -19 | 33,01 1651 |-17 | 11,69 |584 |22,0 [57,6 |204 2866 | 2282
S112M | K121M | 2,84 142 |11 | 7,22 361 -7 10,00 0 28,2 [71,8 0,0 503 | 503
S112M | K121N [ 11,55 578 |[-16 | 15,44 772 -2 14,99 250 [36,1 [48,3 |156 1600 | 1350
S112M | K121P | 5,80 290 1 11,31 565 |7 0,00 0 339 [66,1 |00 855 | 855




S112M | K121Q | 7,76 388 |[-12 | 11,02 551 4 4,88 244 32,8 |46,6 |20,6 1183 | 939
S112M | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112M | K121S | 10,53 527 [ -13 | 15,02 751 8 7,17 358 322 [459 |21)9 1636 | 1278
S112M | K121T | 6,32 316 [-7 | 14,58 729 |2 6,26 313 23,3 |53,7 |231 1358 | 1045
S112M | K121V _| 8,14 407 |1 [21,94 1097 |21 | 18,83 941 16,6 [449 |385 2445 | 1504
S112M | K121W | 7,90 395 |[-33 | 12,17 609 |3 1,88 94 36,0 [555 |86 1098 | 1004
S112M | K121Y [ 9,94 497 | -21 | 13,56 678 |[-3 |4,68 234 353 |48,1 |16,6 1409 | 966
S112N | K121A | 6,52 326 10 |20,08 1004 |4 |4,99 249 1206 |636 |158 1579 | 1330
S112N | K121C | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112N | K121D | 3,60 180 |-1 ]7,52 376 [-9 [ ND ND ND ND ND ND 556
S112N | K121E | 5,83 291 -9 18,18 409 |4 4,21 211 320 (449 |231 911 701
S112N | K121F | 14,62 731 41 139,34 1967 |49 |5,37 269 (246 [66,3 |91 2967 | 2698
S112N | K121G | 7,70 385 |-8 |16,46 823 |[-27 |4,13 207 | 27,2 |58,2 |14,6 1415 | 1208
S112N | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112N | K121I 12,96 648 |53 |38,47 1923 |43 | 16,72 836 19,0 |56,4 [245 3407 | 2572
S112N | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112N | K121L | 13,03 651 54 | 54,72 2736 |44 | 12,87 644 16,2 | 67,9 |16,0 4031 | 3388
S112N | K121M | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112N | K121N_ | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112N | K121P_| ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112N | K121Q [ 4,39 219 [-5 |5,93 296 |5 |3,19 159 325 |439 |[236 674 | 516
S112N | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112N | K121S | 6,47 323 |-10 | 10,27 513 10 |5,42 271 29,2 46,3 |245 1107 | 837
S112N | K121T | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112N | K121V | 10,99 550 |65 |43,62 2181 |73 | 14,78 739 15,9 62,9 [21,3 3470 | 2731
S112N | K121W | 8,61 430 |0 16,60 830 |2 5,38 269 28,1 [543 |17,6 1529 | 1260
S112N | K121Y | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121A | 6,52 326 (24 | 12,37 619 |2 3,67 184 1289 |548 |[163 1129 | 944
S112P | K121C | 4,42 221 -3 112,21 610 |[-3 | ND ND ND ND ND ND 832
S112P | K121D | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121E | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121F [ 9,32 466 |25 | 22,84 1142 |28 |3,79 189 1259 |635 [105 1797 | 1608
S112P | K121G | 1,64 82 9 4,19 210 11 | ND ND ND ND ND ND 291
S112P | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121l [ 2,75 137 |23 |8,87 443 |39 |0,00 0 236 [764 |0,0 580 | 581
S112P | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121L | 3,91 195 13 13,57 678 |33 |2,94 147 19,1 66,5 |144 1020 | 874
S112P | K121M | ND ND ND | 14,11 705 | -1 ND ND ND ND ND ND 705
S112P | K121N | 6,72 336 |9 12,06 603 | -1 3,35 168 30,4 |545 |[152 1107 | 939
S112P | K121P_| ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121Q | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121S | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121T | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121V_| ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121W | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112P | K121Y | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112Q | K121A | 8,88 444 |0 14,85 742 |3 3,99 199 1321 |536 |[14/4 1385 | 1187
S$112Q | K121C | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112Q | K121D | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112Q | K121E | 6,32 316 | -24 | 8,21 410 [-10 | 2,27 114 37,6 |488 |[13,5 840 | 726
S112Q | K121F | 16,97 848 |-5 |29,15 1458 |22 | 8,84 442 1309 |531 [16,1 2748 | 2306
S$112Q | K121G | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112Q | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112Q | K121l | 32,28 1614 | -5 |34,43 1722 | -27 | 8,90 445 42,7 1455 [11,8 3781 | 3336
S$112Q | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112Q | K121L | 9,82 491 12 130,72 1536 | -39 | 4,78 239 21,7 |67,8 |10,5 2266 | 2027
S$112Q | K121M | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112Q | K121N | 8,83 442 |1-14 | 8,84 442 |6 | 2,90 145 1429 429 [14.1 1029 | 884
S$112Q | K121P | 6,07 303 |9 9,95 497 [31 |ND ND ND ND ND ND 801
S$112Q | K121Q | 7,09 355 |[-16 | 8,46 423 |5 |ND ND ND ND ND ND 778
S$112Q | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S$112Q | K121S | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112Q | K121T | 6,64 332 [-8 11,23 562 | -18 | 3,02 151 31,8 [53,8 |144 1045 | 894
S$112Q | K121V_| 11,91 595 12 | 18,32 916 |3 9,96 498 1296 |456 248 2009 | 1512
S$112Q | K121W | 13,89 694 |-16 | 19,11 956 |[-15 | 6,75 337 [34,9 [481 |17,0 1987 | 1650
S$112Q | K121Y [ 7,95 397 |0 9,99 500 |3 3,72 186 | 36,7 |462 |[17,2 1083 | 897
S112R | K121A | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121C | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121D | 6,51 325 |[-11 19,18 459 1 ND ND ND ND ND ND 785
S112R | K121E | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121F [ 4,73 237 |14 | 745 372 |9 | ND ND ND ND ND ND 609
S112R | K121G | ND ND ND | ND ND ND | ND ND ND ND ND ND ND




S112R | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121l [ 4,12 206 |-14 | 7,27 364 |21 [1,81 91 312 [551 |137 661 569
S112R | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121L | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121M | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121N_ | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121P | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121Q | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121S | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121T | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121V | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112R | K121W | 5,63 281 -14 19,12 456 | -13 | 1,81 91 34,0 [55,1 10,9 828 | 737
S112R | K121Y | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112 K121A [ 6,69 334 [-2 | 11,55 577 |4 4,80 240 29,0 |[50,1 |20,8 1151 912
S112 K121C | 10,23 511 -12 | 15,36 768 |0 5,56 278 32,8 493 |179 1557 | 1280
S112 K121D [ 1,24 62 -4 1293 146 |5 ND ND ND ND ND ND 208
S112 K121E [ 8,73 437 | -19 | 10,36 518 |6 4,62 231 36,9 [43,7 195 1186 | 954
S112 K121F | 16,62 831 -12 | 32,88 1644 |19 |7,53 376|291 |57,7 13,2 2851 | 2475
S112 K121G [ 9,10 455 |2 15,06 753 -2 4,15 207 32,1 [53,2 |14,7 1415 | 1208
S112 K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112 K1211 16,30 815 |[-18 | 36,65 1833 | -3 [18,63 932 228 [51,2 |26,0 3580 | 2648
S112 K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112 K121L | 11,87 594 |-29 | 33,87 1693 |-32 | 11,17 5568 20,9 [59,5 |19,6 2845 | 2287
S112 K121M [ 2,18 109 |4 6,35 317 | -11 | ND ND ND ND ND ND 426
S112 K121N [ 6,25 312 [-13 | 7,17 358 |[-10 | 2,45 123 1394 |452 |[155 793 | 671
S112 K121P [ 7,30 365 |0 12,52 626 |9 3,41 171 314 [539 |147 1162 | 991
S112 K121Q | 7,79 390 [-21 |10,11 506 [-4 [3,90 195 | 357 |464 (179 1091 | 895
S112 K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112 K121S | 10,93 547 | -15 | 12,91 645 |2 5,72 286 [37,0 [436 |194 1478 | 1192
S112 K121T [6,73 337 [-19 | 12,51 625 |[-12 | 6,27 314 26,4 49,0 |24,6 1276 | 962
S112 K121V | 11,00 550 |[-18 | 22,49 1124 |1 12,96 648 23,7 484 279 2322 | 1674
S112 K121W | 11,75 588 |[-23 | 17,40 870 |[-3 |5,72 286 33,7 [499 |164 1744 | 1458
S112 K121Y | 14,35 718 [ -23 | 18,45 923 |[-7 |6,04 302 [36,9 |475 |156 1943 | 1640
S112T | K121A [ 3,85 192 |0 7,10 355 |[-15 | ND ND ND ND ND ND 547
S112T | K121C | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112T | K121D | 11,13 556 [-8 | 15,15 757 |3 4,19 210 [36,5 [49,7 |138 1523 | 1314
S112T | K121E | 12,76 638 |-26 | 12,85 |643 19 14,27 214 42,7 43,0 |143 1495 | 1281
S112T | K121F [ 12,19 610 |-16 | 20,79 1040 |13 | 4,95 248 (321 54,8 |13,0 1898 | 1649
S112T | K121G | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112T | K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112T | K1211 15,97 799 [-3 |31,75 1587 |10 | 11,30 |565 |27,1 |53,8 |19,1 2951 | 2386
S112T | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112T | K121L | 12,86 643 | -20 | 31,36 1568 | -18 | 9,72 486 23,8 |581 |[18,0 2697 | 2211
S112T

S112T | K121N | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112T | K121P_| ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112T | K121Q | 9,31 466 | -30 | 12,13 606 [-3 4,49 225 359 |46,7 |17,3 1297 | 1072
S112T | K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112T | K121S | 3,72 186 |-3 |5,16 258 |[-2 | ND ND ND ND ND ND 444
S112T | K121T | 5,93 297 | -20 | 11,00 550 1 3,35 168 1293 | 542 |[16,5 1015 | 847
S112T | K121V | 11,95 598 |[-18 | 23,41 1170 |10 | 14,25 | 713 | 241 [472 |287 2481 | 1768
S112T | K121W | 15,64 782 | -23 | 23,65 1182 |4 | 8,91 445 1325 1491 |[185 2409 | 1964
S112T | K121Y | 11,00 550 |[-20 | 15,55 778 |2 4,57 228 (353 |50,0 |14,7 1556 | 1328
S112V_ | K121A [ 9,74 487 | -6 | 21,99 1100 | 11 | 6,83 342 253 |57,0 |17,7 1929 | 1587
S112V_| K121C | 5,16 258 | -6 |8,80 440 |6 |ND ND ND ND ND ND 698
S112V_| K121D | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112V_| K121E | 13,12 656 | -29 | 17,93 897 | -1 11,26 563 [31,0 [424 |26,6 2116 | 1553
S112V_| K121F | 15,13 756 17 139,26 1963 |28 |6,12 306 |250 [64,9 |10,1 3025 | 2719
S112V_| K121G | 12,21 610 |-8 |23,51 1176 |14 | 6,20 310 [29,1 [56,1 |14,8 2096 | 1786
S112V_| K121H | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112V_ | K121I 18,94 947 |53 | 47,39 2370 (30 |10,71 535 246 [615 |139 3852 | 3316
S112V_| K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112V_ | K121L | 17,09 854 |45 |47,36 2368 [21 |13,09 [654 [22,0 |61,1 [169 3876 | 3222
S112V_| K121M | 5,31 265 | -1 12,65 633 |[-12 | 2,36 118 26,1 623 [11,6 1016 | 898
S112V | K121N | 13,93 696 |-8 |20,86 1043 |-3 |6,12 306 [34,0 [51,0 |150 2045 | 1740
S112V | K121P | 8,50 425 19 15,54 777 |22 5,32 266 28,9 52,9 |18, 1468 | 1202
S112V_ | K121Q

S112V_| K121R | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112V_| K121S | 15,11 755 |[-3 |25/41 1271 |7 12,93 647 28,2 |476 |242 2673 | 2026
S112V | K121T [12,85 |642 |6 28,67 1434 |-12 | 1528 |764 |226 |[50,5 |26,9 2840 | 2076
S112V_ | K121V | 16,02 801 55 [35,14 1757 |33 | 21,54 1077 | 22,0 |483 |[29,6 3635 | 2558
S112V | K121W | 16,44 822 |-8 |28,36 1418 |5 11,52 576 29,2 |504 |205 2816 | 2240




S112V_| K121Y | 10,79 540 [-11 ]| 14,80 740 |6 |6,83 342 33,3 [456 |21.1 1622 | 1280
S112W | K121A | 14,16 708 |7 26,43 1321 |-15 | 16,43 822 |24,8 [463 |288 2851 | 2029
S112W | K121C | 3,67 183 |-7 1543 271 -11 | ND ND ND ND ND ND 455
S112W | K121D | 6,61 331 -6 9,11 456 1 ND ND ND ND ND ND 786
S112W | K121E | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112W | K121F | 17,18 859 |-31 | 28,64 1432 |3 8,38 419 31,7 |528 |[155 2710 | 1828
S112W | K121G | 14,46 723 |5 21,58 1079 |0 8,19 410 32,7 (488 [185 2212 | 1802
S112W | K121H

S112W | K121I

S112W | K121K

S112W | K121L | 17,89 894 |-32 | 26,97 1348 |9 | 16,76 838 29,0 [438 |272 3080 | 2243
S112W | K121M

S112W | K121N

S112W | K121P_ | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112W | K121Q

S112W | K121R | 5,21 261 2 18,28 914 |[-2 | ND ND ND ND ND ND 1175
S112W | K121S | 9,56 478 | -5 [14,89 744 | -8 |8,04 402 1294 458 |[247 1624 | 1222
S112W | K121T

S112W | K121V

S112W | K121W

S112W | K121Y

S112Y | K121A | 11,79 590 |[-2 23,39 1169 | -16 | 12,53 626 |24,7 49,0 |26,3 2385 | 1759
S112Y | K121C

S112Y | K121D

S112Y | K121E | 10,58 529 |[-7 13,40 670 |[-14 | 8,54 427 1325 412 |263 1626 | 1199
S112Y | K121F

S112Y | K121G

S112Y | K121H [ 6,34 317 [-2 | 7,98 399 [-15 3,95 198 | 34,7 |437 [216 914 | 716
S112Y | K121l | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112Y | K121K | ND ND ND | ND ND ND | ND ND ND ND ND ND ND
S112Y | K121L | 13,86 693 |28 |26,67 1333 | -33 | 33,23 1662 | 18,8 | 36,1 [45,1 3688 | 2027
S112Y | K121M

S112Y | K121N | 16,29 814 |[-2 22735 1118 | -21 [ 12,72 636  [31,7 [435 |248 2568 | 1932
S112Y | K121P

S112Y | K121Q | 10,54 527 [-12 | 14,74 737 | -27 110,90 545 29,1 |40,7 |30,1 1809 | 1264
S112Y | K121R

S112Y | K121S | 8,14 407 | -7 | 13,81 690 |-25 | 8,51 426 | 26,7 |453 |[28,0 1523 | 1097
S112Y | K121T | 8,19 410 |2 14,61 730 [-21 |17,24 862 20,5 36,5 |[43,.1 2002 | 1140
S112Y | K121V

S112Y | K121W | 12,77 639 |4 19,81 990 |[-7 ]12,00 600 [28,7 [444 |26,9 2229 | 1629
S112Y | K121Y | 12,10 605 |-6 |19,75 988 |[-5 |79 398 [304 [496 |20,0 1991 | 1593

84




Complementary data of selected Sav mutants

Buchner ring expansion
C-H insertion products (0]
N/tBu
mo

tBu
tBu Biot®4-TazCu (1uM, 0.02mol%), 6a joo ;
,{l “ Savie (>1uM, 0.02mol%) o 1 Water insertion i
N, : '
©/\/ o) pH = 6.5, Acetone(5%), N i Bu :
5 DMSO (5%) Bu : N :
RT, 15h | ©/\/ \“/\OH ;
| o) !
6b ! |
5mM . B

............................................

Table S3 Complementary data of selected Sav mutants

B-lactam y-lactam Biichner Others

Mutant | vielg@) | TON | @ | Yield®%) | TON | & | Yield%) | TON | & | Yield(%) cToor:S g

i (%) ° (%) 5 (%) ° )
Y 16,4 819 | -46 17,0 852 | -17 22,7 1136 | 30 | 247 80,8
ST12F-
oL 151 757 | 7 269 | 1344 | 6 26,4 1318 | -21 28,3 96,7
A 13,9 693 | 28 26,7 1333 | -33 33,2 1662 | -9 7.5 81,3
?(111221'1' 15,0 752 | 36 32,4 1622 | -27 34,7 1733 | 20 15,8 97.9
3}311221'1' 12,3 615 | -3 31,7 1586 | -27 35,7 1783 | -51 15,5 95,2
ST12N-
Aoy 11,0 550 | 65 436 | 2181 | 73 14.8 739 | 21 22,4 91,8
ST12N-
K121V- | 295 | 1477 | -62 15,9 795 | -20 10,9 545 | <14 | 236 79,9
L124G
ST12N-
K121V- 8,3 417 | 64 513 | 2564 | 76 163 815 | 21 15 87.4
L1241

aThe total conversion was determined based on the substrate (diazo reagent) consumption
and accounts for all the reaction products and byproducts shown above (max TTON = 5000).
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Extended substrate scope

Table S4. Extended substrate scope

TTON (C-
Substrate Product Mutant e.r. r.r. (Bly) H insert.)
(0] (0]
J\/N S112N-
~ N2 . -
N N, K151 79:21 1290
Bu tBu
S112N-
N K121V- 19:81 65:35 2272
/ ¢ L124G
tEI)u Bu
N 0
S S112N-
N—{Bu K121V- 88:12 14:86 2981
L124l
S112N-
o K121V- 37:63 28:72 2623
N L124G
_Ny y @]
l}l tBu
Bu 0
%1221';'/‘ 2773 12:88 3585
N—{Bu
o O
N S112N-
NI N—fBu oL - 0:100 4627
tBu
S112N-
N K121V- 35:65 14:86 720
/ 0 L124G
tEI;u tBu
N O
/@/\/ ~ N,
0 _ S112N- _ _
N—tBu AL 47:53 9:91 1058
S112N-
NNg K121V- 54:46 51:50 499
) L124G
ﬂzu Br BU
S N2 O
0 S112N
Br N—Bu Db | 6931 33:67 1276
Br
S112N-
NG | K121V- 4456 2575 1037
/ L124G
tBlu MeO BU
/@/\/N ~N 0
o S112N-
MeO N—tBu | K121v- | 5643 18:82 565
L124l
MeO




4.5.10 NMR and HRMS spectra

gr_ward_cryo+.670.1.fid
CRU-1253
_Proton.dh CD30D_SPE /opt/nmrdata gr_ward_600R 7
K Fo
F NH
° N
FooE N
2
g N
i CB@ g
LYY i
] . ; )
d 14
T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

f1 (ppm)
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gr_ward_cryo+.670.2.fid
CRU-1253
_F19_cpd.dh CD30D_SPE fopt/nmrdata gr_ward_600R 7

K Fo
=N
F E N
2
g
]
ol
)
! 11
T T T T T T T T T T T T T T T
-30 -40 =50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170
f1 (ppm)
N e
rumocoR-.1200.4.ser
Kuerzel CRU Fo
Gruppe Ward
Nummer BtzPFP L1o
group Ward
HM:
QC 20
30
40
{33149
— Lso
r60
70
80
90
100
R Fo
{8.03,114.90 8.01,114.90} F110
{8.89,122.15 v F o NH
.89,122.. x hll ri20
{8.29,128.43 8.27,128.43} N~
v F F F130
2 140
r150
T T T T T T T T T T T T T T T T T T T
9.5 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

£2 (ppm)
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High Resolution Mass Spectrometry Report

Sample Name  CRU-1243 Instrument maXis 4G
Comment Method ms_nocolumn_mid_pos.m

Intens. | +MS, 0.24-0.28min #(14-17),
w102

330.0302

24

04 M]"‘Pﬁ!‘f‘ﬂ,‘,!l'\‘_"u'....,‘

N e e T

250 500 TS'I:II o IIGIDd: o -IQIIEIC.BI o 15|DGI o ‘1.?%-(.]' o ZDICPD o QZIEO o m."IZ

In!en.:;s.._ +MS, 0.24-0.28min #(14-17),
®10% )

o 330 0302

0.6

0.2
3310325

3320345

C13H4FSN302ZH, M 330.03

1 330.0296

3310330

332.0363

324 326 328 330 332 334 336 338 340 miz

Bruker Compass DataAnalysis 4.0 Acquisition Date  02.03.2021 10:44:04 Page 10of3
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gr_wardR.274.1.fid
CRU-1244C-f5-7_1H
_Proton_R CD30D_SPE fopt/topspin3.5pl6/ gr_ward_400R 50

PFPQ
0]
N’N
3
2 33 o5
o 5 ~e
. WY
I I i — )
ff i it
2 CHE
T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 5 2.0 LS 1.0 0.5 0.0
f1 (ppm)
gr_wardR.274.2.fid
CRU-1244C-f5-7_19F
_F19CPD CD30D_SPE /opt/topspin3.5pl6/ gr_ward_400R 50
PFPQ
0]
3
B
bl
3 e
g 5
S
r/‘ “
o £
S
B
g g

T T T T T
10 0 -10 -20 -30 -40 -50 -60 -70 -80

T T T T T T
4100 110 -120 -130 -140 -150
f1 (ppm)
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-160
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gr_wardR.274.6.ser
CRU-1244C-f5-7_HMQC ro
HMQCGP CD30D_SPE /opt/topspin3.5pl6/ gr.ward_400R 50

r20

40

rs0

r60

F70

H 80
PFPQ b Br Br

ri00

riio

(7.49,11503&

{s.ss,m.sex ! | | | L120
s =js.os, 127,50} 3

ri30

140

r150

T T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
2 (ppm})
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High Resoclution Mass Spectrometry Report

Sample Name CRU-1244 Instrument makXis 4G
Comment Method ms_nocolumn_high_pos_use_acn.m

l +MS, 0.20-0-29min #{11-16)

£ 8371245

1541 3440

750 1000 1250 1500 1750 2000 2950 —
g1 WS, 0200 20min #(11-16)

| n

540 5618

A 9475638 | o51.5500 H71 oA
573548

980.2760

853 5578

98T 5475 975 6304

C189HEBBrEFENTO2H, M 543 57|

040 5530

9475650 | ge1 se00

B0.0670 J &53 5584

L

ﬂ:- il l
25004

C1GHGBBGFENTO2Ma, I 965 55
2000} 571 5448
15@ 869.5902 | o735420
10001

B4

967.5490 \ 975 5408

ﬂ:.... S S ——— '.I..‘.....|.|'....
245 830 =551 260 2685 g 97a 950 miz

Bruker Compass Datasnalysis 4.0 Acquisition Date 02.03.2021 10:25:06 Page 1of3
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gr_ward_cryo+.659.1.fid
CRU-1246

_Proton.dh DMSO fopt/nmrdata gr_ward_600R 21

8 g 2 8 \ ‘||
| ! | | I N \J ﬁ
Vo 0, S, . i ey 9 I " =l s LA N .
gt B e =
5 b e g
a = S =
T T T T T T T T T T T T T T T T T T
95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0
fL (ppm)
gr_ward_aryo+.659.2.fid
CRU-1246
_F19_cpd.dh DMSO /opt/nmrdata gr_ward_600R 21
4
g ¢
et g
¢ el
o B8
g T3
i
|
LS
g8 & &
D= S
T T T T T T T T T T T T T T T
-30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170
f1 (ppm)
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High Resolution Mass Spectrometry Report

Sample Name  CRU-1246 Instrument maXis 4G

Comment

Method ms_nocolumn_high_pos_use_acn.m

intors | WS, 0, 17-0.19min #10-11]
€104
4-
! 781.1667
PFPO
! o
31 =N .
. VNS
M
1 |
zj 12082877 4
14
! J 1
ol o N b, - -
250 500 750 1000 1250 1500 1750 2000 2250 miz
Itere M5, 0.17-0.18min #1G-11)
104/
ol
0.8 1007 2362 1611 450
| 1013, 4806
054 1009 4857
1017 2603
041 ki 1019.2544
| \ 1020,2535
02 | 100 4898 ‘ | k 1

CIOH4BBraFSNTOCUH, M 100549

0004
i 1011, 4848
i 10134827
20001 1009 4858
10154800
1000+
i 1007 4358
] 1017 4788
i | | L 1018 4822
0 A > i :
1004 1006 1008 1010 1012 1014 106 1018 1020 miz
Bruker Compass Datasnalysis 4.0 Acquisition Date  02.03.2021 10:31:24 Page 10f3
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Biot®4-TazCu

Biot®*-TazCu in DMF-d,, 248 K, 'H{"'B} @ 10 ppm

Biot®-TazCu in DMF-d,, 248 K, 'H

[ *1e3]

T
1200

— —T—
600 800

— T
400

1000

T
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: - - - : - - - : - - - : - -
8 6 H 4 2 [ppm]

"H-NMR spectrum, 600 MHz, upper panel with, lower panel without ''B decoupling
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TH-13C-HSQC spectrum, 600 MHz
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High Resolution Mass Spectrometry Report

Sample Mame  CRU-1022 Instrument maXis 4G
Comment pariially dissolved in MeCH, no further dilution Method 24 Direct pos high.m
\\
Intens, NH +MS, 01401 Simin #iE-g)

] HN
104 H
H e H
5 479.1664 g o)
' 10645832

: N
4 H
3.:

} Biot®-TazCu
21 21081737

5 TR e 15853830
i s —
250 200 750 1000 1250 1500 1750 2000 275 =0 miz
Inters. § +3, 0.140,15min #18-9)
:1110“1'
= 2061737
] 21061770
15+
1.09
051 d ‘
nai PP S | L.L.' LJuLL&-ULLLLJLVLL HLJLLL\JLJLJL-“LJ“R W P S Gy U o) !
Gl | C44H40B2Br1 2CUZH200452Ha, M 2004, 15]
5000 |
1 21081711
2000—
ol . | | : ‘ . .| [ i :
2085 2100 2105 2110 2115 2120 2125 miz
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High Resolution Mass Spectrometry Report
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High Resolution Mass Spectrometry Report

Sample Name  CRU-140MMa Instrument  maxis 4G
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High Resolution Mass Spectrometry Report

Sample Name  CRU-140Mb Instrument maXiz 4G
Comment Method ms_nocolumn_low_pos.m

Inters. | +ME, 0.77-0.81min #{46-48)

3

2541520

=@ > =
i 2 i

=
&

- U o P i P LA PP

485 137

<]
3

2011096

P

1 144.0828 .l 1 JEEOT24 553 4585
0,004 . i | Ll L . L - L A L L ..l...I
200 300 400 s00 SO0 mz

Imtens. +M3, 0.67-0.72min #{40-43)

2541521

2551549

+M5, D.77-0.61min #{46-48)

2541520

255.1549

256.9621
| 2861577 |

252 254 256 258 260 262 miz

109



T l——

rumocoR-.1252.1.fid
Kuerzel CRU

Gruppe Ward

Nummer 1425-f10

group Ward

90— =
e

=

fc.h/\

=106

WT

T

=BT
R 14

0.5

1.0

1.5

20

25

3.0

35

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

85

R ————

99'8¢——

0T~ E

W

L
LTP5———

f1 (ppm)

6821 — g

Mm.mmﬁ\
BT PET ~—— —3
£5°96T ———
O
Z.> 8991 ——

2
52
8_p4
=“28%P
+C=_ 8
083
gR8cs
Es3E3
226 Z o

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

210

110



High Resolution Mass Spectrometry Report

Sample Name  1425-f10 Instrument maXis 4G
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High Resolution Mass Spectrometry Report
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High Resolution Mass Spectrometry Report

Sample Name 1424 beta Instrument  makXis 4G
Comment Method ms nocolumn_mid_pos.m
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High Resolution Mass Spectrometry Report
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High Resolution Mass Spectrometry Report

Sample Name  cru 1215 gamma Instrument makis 4G
Comment Method ms_nocolumn_mid_pos.m
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4.5.11 Protein HRMS

Small amounts of the lysozyme used for the cell lysis could occasionally be observed on the

spectra.
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Generic Display Report

Analysis Info
Analysis Mame
Method
Sample Name
Comment

220210_NV
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Generic Display Report

Analysis Info Acquisition Date  2/10/2022 &:30:01 PM
Analysis Name  DA\Data_preBackup\MNico\220210_NVI_1-11_01_8291.d

Method intact protein incl calib.m Operator Demo User

Sample Nams 220210 NI Instrument maxis [l
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Generic Display Report

Analysis Info

Acqguisition Date  2/10v2022 6:13:04 PM

Analysis HMame  DAData_preBackupiMico'220210_MNvG_1-10_01_82080.d
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4.5.12 Calibration curves and chromatograms
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Calibration Curve

Calibration Curve
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CRU-1274-21 Sm (Mn, 2x3)
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CRU-1245-39 Sm (Mn, 2x3)
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CRU-1270-17 Sm (Mn, 2x3)
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CRU-1274-5 Sm (Mn, 2x3) Diode Array
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CRU-1247-36 Sm (Mn, 2x3)
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CRU-1245-23 Sm (Mn, 2x3)
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CRU-1400-4 Sm (Mn, 2x3)
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CRU-1393-7 Sm (Mn, 2x3)
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CRU-1202-A2 Diode Array
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CRU-1424-4 Sm (Mn, 2x3) Diode Array
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CRU-1423-7gamma Sm (Mn, 2x3) Diode Array
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4.5.13 Quantitative NMR
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Quantitative NMR of the catalytic experiment with Biot®TazCu-Sav S112N-K121L. 0,6 umol of
internal standard (1,3,5-trimethoxybenzene) was added at the end of the reaction. The reaction

contained 1,5 pmol of substrate.
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4.5.14 VCD Spectrum

VCD Analysis Report

1. Sample Information

Na. Sample ID Batch No.
1 CEU-14118 CEU-14115-P1
Structure:

M
0
Chemical Farmula: Cy4HgMNO

Molacular Weight: 217.31

2. Analysis Results:

WCD data indicate that the features of experimental spectrum of CRUT-14118 is very
similar to the computed VCD spectrum for {B)-configuration model. but opposite
to (5)-configuration model.

Spectrum Comparison:

D

et |- ) —— CRUE1411BVCD
M) = B-vCDos
B —— s-vepo-ses

. :‘\-ﬁ—’/-\//\f‘/\/

i i 18 e

el o]

Figure 1. Comparizon of experimental VCI spectra of CRU-14118 to calculated VCD
spectrum for the mwodel structure of (K)-confizuration and (S)-confizuraton,

Experimental VCD spectrum of (-)-6a (green curve) overlayed with computed spectra of (R)- and
(S)-6a (blue and red curves respectively). Sample preparation: 18 mg of (—)-6a were dissolved in
CDClIz (50 pl). The solution was transferred to a BaF2 cell and the VCD spectrum was acquired on
a JASCO FVS-6000 instrument.
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4.5.15 X-ray reports

X-Ray Crystallographic Information for 3: CDCC 2151848

Crystal Data and Experimental

T e o | 0.0715) which were used in all
calculations. The final wR> was 0.1753
(all data) and R; was 0.0562 (122 o(1)).
Compound CRU1244_150K
Formula CisH4+BBrsFsKN-0:z
Deate/ g om?3 2.345
pfmm-t 8.193
Formula Weight  986.66
Colour colourless
Shape plate
Size/mm? 0.21x0.16x0.08
T/K 150
Crystal System monoclinic
Space Group P2i/c
a/A 15.2664(3)
b/A 20.1121(4)
c/A 9.4588(2)
af* 90
Br 105.759(2)
V78 90
v/A3 2795.06(10)
Experimental. Single colourless plate crystals of ; _ ';'
CI‘{U124‘4_15€!K were used as supplied. A suitable crystal Wavelength/A 1.34143
with dimensions 0.21 x 0.16 x 0.08 mm?® was selected Radiation type GaK.
and mounted on a mylar loop in perfluoroether oil on a Coinf” 2.616
STOE STADIVARI diffractometer. The crystal was kept at O /" 56.641
a steady T= 150 K during data collection. The structure M‘:‘sumd :eﬂ's- 57237
; : Indep't Refl's 5609
was .solved with th.e ShelXT 2018/2 (Sheldnc.k' 2018) Refl's 12 of) 4243
solution program using dual methods and by using Olex2 Rint 0.0715
(Dolomanov et al, 2009) as the graphical interface. The Parameters 370
model was refined with ShelXL 2018/3 (Sheldrick, 2015) Restraints 0
using full matrix least squares minimisation on F2. Largest Peak 2.043
Deepest Hole -2.486
Crystal Data.  CioHsBBreFsKN:Oz, M= 986.66, G‘;’F( i il
wRz (all data .
monoclinic, P2;/c (No. 14), a= 15.2664(3)A, b= WRZ_: 0.1689
20.1121(4) A, c= 9.4588(2) A, B= 105.759(2), a= 7= Ry (all data) 0.0702
90", V= 2795.06(10) A3, T= 150K, Z= 4, Z'= 1, u(GaKo) = R 0.0562

8.193, 57237 reflections measured, 5609 unique (Riy:=

141



Bond Lengths of 3 in A:

Atom Atom Length /A
Br3 C16 1.877(6)
Br2 C15 1.870(6)
Br2 K1t 3.584(3)
Br2 K12 3.764(2)
Brl C14 1.858(6)
Bré C19 1.873(7)
Bré6 K1 3.875(3)
Br4 Cc17 1.865(7)
Br5 C18 1.869(7)
02 G7 1.218(7)
02 K13 2.319(4)
01 c7 1.374(7)
01 Cc1 1.385(8)
F1 c2 1.310(9)
N1 N2 1.323(7)
N1 C10 1.380(7)
N1 K14 2.436(5)
N3 N2 1.349(6)
N3 C11 1.353(7)
N3 B1 1.573(8)
N3 K1 3.348(5)
N5 N4 1.378(7)
N5 C16 1.321(8)
N5 K1 2.399(5)
N2 K1 2.588(5)
N2 K14 3.337(5)
N4 C14 1.362(8)
N4 Bl 1.540(8)
N4 K1 3.310(5)
F5 Ccé 1.329(9)
N7 N6 1.366(7)
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Atom Atom Length/A
N7 C19 1.341(9)
N7 K1 2.395(6)
N6 Cc17 1.376(9)
N6 B1 1.536(9)
N6 K1 3.265(6)
F4 C5 1.326(11)
F3 Cc4 1.357(9)
C11 C10 1.407(8)
C11 Cc12 1.408(8)
C10 c9 1.398(8)
C10 K14 3.472(6)
F2 c3 1.320(10)
C9 c8 1.380(7)
C14 C15 1.360(9)
C15 C16 1.386(8)
Cc7 c8 1.467(8)
c7 K13 3.446(6)
C12 €13 1.359(9)
C8 C13 1.423(8)
Cl6 K1 3.458(6)
C19 C18 1.361(10)
C19 K1 3.393(7)
c1 C2 1.394(10)
€1 cé 1.374(11)
C18 Cc17 1.349(11)
Cc2 C3 1.371(11)
Cé C5 1.401(11)
C5 C4 1.361(15)
B1 K1 3.463(7)
C4 C3 1.399(16)



X-Ray Crystallographic Information for 4: CDCC 2151849

Crystal Data and Experimental

Compound CRU_TpCu_150K
Formula Ca3H16B2Bri2ClzCuzF
10N1604
Deate/ g em’3 2.338
a/mm-t 10.725
Formula Weight  2189.24
Colour yellow
Shape plate
Size/mm? 0.25x0.17x0.07
T/K 150
Crystal System triclinic
Space Group P
a/A 11.2685(2)
b/A 17.3349(4)
c/A 18.2407(4)
aff 64.945(2)
B 81.838(2)
Experimental. Single yellow plate crystals of ‘J;":Aa ;:5323{13]
CRU_TpCu_150K were used as supplied. A suitable 7 2 ’
crystal with dimensions 0.25x 0.17 x 0.07 mm3 was 7 1
selected and mounted on a mylar loop in perfluoroether Wavelength/A 1.34143
oil on a STOE STADIVARI diffractometer. The crystal was Radiation type GaKa
kept at a steady T= 150 K during data collection. The gf”’;w EGS;EQ
structure was solved with the ShelXT 2018/2 (Sheldrick, Measured Refl's. 59400
2018) solution program using dual methods and by using Indep't Refl's 12346
Olex2 (Dolomanov et al,, 2009) as the graphical interface. Refl's 122 of1) 11575
The model was refined with ShelXL 2018/3 (Sheldrick, Rint 0.0664
2015) using full matrix least squares minimisation on F2. Paramfaters -
Restraints 2
_ Largest Peak 1.429
Crystal Data. Ca3H16B2Bri12Cl2CuzF10N1604, ) My = Deepest Hole -1.289
2189.24, triclinic, P-1 (No. 2), a= 11.2685(2)4, b= GooF 1.079
17.3349(4) A, c= 182407(4)A, a= 64.945(2), B= wR: (all data) 0.1416
81.838(2)°, y= 74.559(2), V= 3109.58(13) A3, T= 150K, WR2 0.1384
Z= 2, Z'= 1, u(GaKs)= 10.725, 59400 reflections 1 (alldata) 00570
R: 0.0532

measured, 12346 unique (Rinc = 0.0664) which were used
in all calculations. The final wR> was 0.1416 (all data) and
R; was 0.0532 (122 ofI)).

143



Bond Lengths of 4 in A:

Atom Atom Length/A Atom Atom Length/A
Bré) 19 1.870(6) N8 N9 1.313(7)
Brl C16 1.851(6) N8 c20 1.373(7)
Br2 C15 1.855(6) N13 N14 1.385(7)
Br7 C33 1.854(6) N13 C36 1.359(8)
Br3 C14 1.861(6) N13 B2 1.551(8)
Br10 C38 1.870(6) N12 €35 1.323(9)
Brl2 C36 1.855(7) N5 C16 1.339(8)
Brll C37 1.866(6) N14 c38 1.323(8)
Br9 C35 1.869(6) F4 c12 1.343(11)
Brg C34 1.855(7) c1 c2 1.394(8)
Br5 c18 1.857(7) c1 C6 1.384(8)
Cul N1 1.917(5) c2 c3 1.381(8)
Cul N2! 2.370(5) Ccé c5 1.422(8)
Cul N7! 2.035(5) F3 c11 1.324(9)
Cul N5! 1.990(5) C26 c22 1.480(8)
Cu2 N8 1.908(5) F2 c10 1.343(11)
Cu2 N122 2.040(6) c3 c7 1.493(8)
Cu2 N9?2 2.167(5) c3 C4 1.431(8)
Cu2 N142 2.047(5) C19 c18 1.376(9)
clz c43 1.732(11) c5 c4 1.377(8)
F10 c28 1.336(8) c22 c21 1.371(8)
04 C26 1.190(7) c22 c23 1.427(8)
01 c7 1.394(7) c21 c20 1.392(8)
01 cs 1.385(7) C25 c20 1.398(8)
F9 C29 1.330(8) c25 c24 1.400(8)
cl1 c43 1.697(12) C33 C34 1.370(9)
03 C26 1.371(7) C14 c15 1.363(9)
03 c27 1.394(7) c23 c24 1.379(8)
N1 N2 1.309(7) C34 €35 1.384(10)
N1 c1 1.370(7) C15 C16 1.402(9)
F6 C32 1.353(8) c18 c17 1.387(9)
F5 C13 1.327(10) c18 Br15 1.905(10)
N4 N5 1.374(7) C17 Br13 1.848(6)
N4 cl4 1.361(7) C17 Br14 1.908(7)
N4 Bl 1.536(8) c38 c37 1.382(9)
N2 N3 1.354(6) C36 c37 1.366(9)
F8 C30 1.344(8) c27 c28 1.384(10)
02 c7 1.179(8) c27 c32 1.350(10)
N6 N7 1.374(6) cs c9 1.372(11)
N6 C17 1.339(8) cs c13 1.386(11)
N6 B1 1.563(8) c28 c29 1.392(9)
N11 N12 1.382(7) c29 c30 1.354(11)
N11 C33 1.359(8) c32 c31 1.383(10)
N11 B2 1.555(9) c9 c10 1.371(11)
F1 c9 1.322(10) c31 c30 1.377(11)
N3 Cé 1.365(7) c13 c12 1.384(11)
N3 B1 1.556(8) C10 11 1.389(15)
N10 N9 1.342(7) c41 N15 1.093(11)
N10 c25 1.377(7) c41 c4a2 1.450(12)
N10 B2 1.562(8) c12 c11 1.364(15)
F7 c31 1.338(9) N16 €39 1.169(17)
N7 €19 1.321(8) c39 c40 1.463(19)
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5.2 Introduction

The selective functionalization of C—H bonds represents one of the frontiers in synthetic
methodology.'” To address this challenge, homogeneous catalysis often relies on directing
groups present on the substrate that coordinate to the metal center, thus allowing
distinguishing between equally reactive C—H bonds.” Enzymes have been optimized thanks to
evolution to differentiate C-H bonds with exquisite selectivity: The active site around the
cofactor is tailored to ensure proper orientation of the substrate. For the hydroxylation of inert
C-H bonds, iron-containing enzymes and iron-based homogeneous catalysts occupy a place
of choice. They are complementary in many respects. While the former operate under
physiological conditions, homogeneous catalysts perform best at low temperature in organic
solvents. The reactivity of homogeneous catalysts is often tuned via first-coordination sphere
modifications, whereas enzymes rely on secondary sphere interactions. Iron metalloenzymes
catalyze the C-H oxyfunctionalization of hydrocarbons via iron—-oxygen species resulting from
activation of 02.8-"7 The selective hydroxylation of C—H bonds using homogeneous catalysts
has been achieved by designing structurally elaborated ligands that provide a tailored cavity
around the metal center.'®33 To complement homogeneous catalysts and enzymes, artificial

metalloenzymes (ArMs), that result from anchoring an abiotic cofactor within a macromolecular
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scaffold, have attracted increasing interest in the past years. The well-defined secondary
coordination sphere around the cofactor provided by the protein offers fascinating perspectives
to optimize both activity and selectivity of the ArMs.?*-3% In this context several protein scaffolds
have proven versatile.’* These include carbonic anhydrase,*® hemoproteins,*'#? proline
oligopeptidase,*® lactococcal multiresistance regulator,** four helix bundles,*>“¢ nitrobindin,*”
(strept)avidin,*®-50 etc. In the context of asymmetric C—H hydroxylation, introduction of a Mn-
porphycene cofactor within myoglobin afforded promising ArMs>! that complement evolved
cytochrome P450 enzymes.%?-%* Fe(TAML) complexes are a versatile family of iron complexes
that typically contain a ferric center tightly bound to a tetraamido macrocyclic ligand.%%¢ Their
reactivity as peroxidase mimics has been extensively studied.%®5:%% Some Fe(TAML)
complexes hydroxylate hydrocarbons in aqueous media using oxidants such as {BuOOH or m-
CPBA3%65961 or electrochemically.?? Thanks to their stability in water, we surmised that
Fe(TAML) complexes may allow assembly of an iron-based artificial hydroxylase using the
biotin—streptavidin technology. The secondary coordination sphere provided by streptavidin
(Sav) may enable enantioselective hydroxylation and minimize the formation of less reactive

diiron dimeric species.

5.3 Results and Discussion

Initial Ligand Design and Reactivity Tests. Sav is a homotetrameric protein that displays
exceptional affinity for biotinylated probes (Kd 10-14 M) and maintains its function and
quaternary structure in the presence of various chaotropic agents (pH, temperature, cosolvent
tolerance, etc.).#8:5063 To ensure localization of the TAML cofactor within Sav, we synthesized
a complex bearing a biotin anchor, biot®5=1. The anchor was designed to bind to the Fe-TAML
moiety through an “inverted” amide bond to the aromatic ring (Scheme 1a) to increase the
electron-withdrawing effect, which has been shown to be beneficial for the reactivity of Fe-

TAML complexes.54

Initial reactivity tests were performed with ethylbenzene (PhEt, BDEc-+ = 87 kcal/mol) using 2
equivalents of H2O, in phosphate buffer (KPB) at pH 8.2 and 40% acetone for 3 h.6".65 Under
these conditions, biot®5-1-Sav WT afforded (rac)-1-phenylethanol ((rac)-PhEtOH)) and
acetophenone (total turnover number, TTON,%= 23). Both activity and selectivity of
biot®-1-Sav WT were comparable to the free cofactor biot®5=1 (TTON = 21, (rac)-PhEtOH).
Next, we screened a Sav library that included mutations at positions Sav S112X and/or Sav
K121X (Scheme 2 and Table S4). The TTON and enantioselectivity remained moderate (up to
16% ee (R)-PhEtOH and TTON = 29). We hypothesized that the moderate influence of the
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Scheme 1. Artificial C—-H Hydroxylase Based on Biotin— Streptavidin: (a) Structure of Cofactors biot®4-1
and biot®-12; (b) Representation of the ArM Resulting from Anchoring biotCn-1 in Streptavidin

a) -
R (I
76""#\(")/\/
n=1 biot°4-1 O
n =2 biot®-1

A
.

H;0, . enantioselective
aqueous me‘é')?_i hydroxylation

H,0, L
aqueous media kinetic
0

resolution

biott"-1 - Sav
artificial hydroxylase

Streptavidin (Sav)

2To increase the electron-withdrawing property of the ligand, a biotin amine was coupled to Fe-TAML (green) bearing a
carboxylic acid to afford an “inverted” amide (blue).

host protein on the catalytic performance may be due to the poor localization of the FeTAML
within the biotin-binding vestibule. We surmised that a shorter biotin C"-linker may increase
the influence of Sav on the catalytic performance by positioning the metal center deeper within
the binding pocket. We prepared biot®-1 and evaluated its performance (Schemes 1, 2 and
Table S4).

Shortening the C"-linker positively affects the selectivity: biot®4-1-Sav WT affords 6% ee (R)-
PhEtOH. Screening the above Sav library with biot®4-1 reveals that close-lying amino acids
influence the ee: biot‘*-1-Sav S112R yields 28% ee (R)PhEtOH (TTON = 28), and
biot®4-1-Sav S112R/K121E affords 24% ee (S)-PhEtOH (TTON = 29). Intrigued by these
findings, the oxidation of PhEt by biot®*-1-Sav S112R was monitored. Two consecutive
oxidation steps take place. Initially, hydroxylation of the benzylic position affords (R)-PhEtOH
with ee >40% after a few TTONs (Figure S8). As the reaction progresses, the formation of
acetophenone is observed along with a gradual erosion of the ee. This suggests that the

alcohol oxidation is (partially) stereospecific: (R)-PhEtOH is oxidized preferentially to
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Scheme 2. Fingerprint Summary of the Artificial Hydroxylase Optimization with PhEt
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acetophenone. Indeed, kinetic resolution of (rac)PhEtOH by biot®4-1-Sav S112R affords
acetophenone (TTON = 38), leaving enantioenriched (S)-PhEt (20% ee after 3 h,
E= k(R)/k(s) =34, Figure 89)

In contrast, product analysis after PhEt oxidation by biotC4-1-Sav (Sav: K121R or
S112R/K121E) yielded ee of (S)PhEtOH (Scheme 2), the opposite enantiomer than biot®4-1-
Sav S112R. However, monitoring product formation over time reveals a similar reaction
pathway for all three ArMs: The hydroxylation of PhEt yields preferentially (R)-PhEtOH, which
is then oxidized faster to acetophenone (Figures S10-S11). This mechanistic pathway is
reflected in an erosion of ee over time, eventually affording (S)-PhEtOH with both Sav K121R
and Sav S112R/K121E. Indeed, the ee is highly variable, depending on conversion and

mutant.
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Figure 1. Crystallographic characterization of biotC4-1-Sav WT (a, PDB: 6Y2T), biotC4-1-Sav S112R
(b, PDB: 6Y2M), and biotC4-1- Sav S112R/K121E (c, PDB: 6Y25). Sav is depicted as orange cartoon,
and its surface representation in gray and mauve (for Sav* and Sav® monomers, respectively). The
cofactor and relevant amino acids are depicted as sticks. The Fe atoms are depicted as spheres and
surrounded by their anomalous electron density (red mesh at 5 o).
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The reaction conditions to improve the performance of the hydroxylase were fine-tuned for
biot®-1-Sav S112R. A large excess of H,O, favors overoxidation and erosion of ee (Figure
S13). The impact of Sav on the activity is also evident at different pH'’s: biot®4-1-Sav S112R
displays maximum TTON and enantioselectivity at 8.2 < pH < 8.8. Outside this window, the
activity decreases markedly (Figure S14). The free cofactor biot®*=1 has maximum activity at
6 < pH < 8 and is quenched at higher pH.

Structural Characterization. To scrutinize the differences in the second coordination sphere
that influence the activity of the ArMs, we determined their structure by crystallography. Data
sets were obtained for biot®-1-Sav and biot®5-1-Sav (Sav =WT, S112R, and S112R/K121E,
Tables S1 and S2). The structures reveal the following features: all six structures are nearly
superimposable, reflected by a C,—RMSD varying between 0.038 and 0.256 A (Table S3). The
electron density of the Fe-TAML moiety is defined for biot®-1; the Fe occupancy is 60% for
Sav WT and 100% for Sav S112R and S112R/K121E (Figure 1). This contrasts with biot®-1,
for which only the electron density of the biotin C5-linker is defined and modeled with 100%
occupancy (Figures S5-S7). We tentatively trace this to the higher flexibility of the C5-linker,

resulting in delocalization of the Fe-TAML moiety.

The localization of the Fe(TAML) moiety is affected by the residue at position 112 (Figures 1
and S2-S4). For biot®-1- Sav WT, the closest amino acids, are SavA S112 (3.7 A) and Sav®
K121' (4.2 A). They hardly interact with Fe(TAML), resulting in a reduced occupancy of
Fe(TAML). The mutation Sav S112R forces the Fe(TAML) into a fixed conformation with 100%

Table 1. Benzylic C—H Oxidations Catalyzed by biotC4-1-Sav S112R?

alcohol Conversion (%
i ik i [[ketone]] (alcohol yield ((%)))c
R =CHj 57 32 32 11.5(8.8)
O/\ R R=CH;CHs 26 45 84 59 (53)
R = (CH2)2CH3 19 45 75 43 (3.8)
R = C(CH3)2 0 - - -
_ 316 65 5.7 60 (44.3)
3000 >98 1.1 86.8 (34.3)
©:>’n nad 205 47 74 457 (40.2)
1730 80 08 55.7 (24.7)
n=0 0 - -

R = OCH, 120 12 59 263 (22.5)
/O/\ R=Cl 20 14 38 41(33)
. R = Br 9 18 >20 23(23)

aConditions: 25 pM biot®-1-Sav S112R (50 uM Fe), 20 mM substrate, 20 mM H202, 50 mM KPB pH 8.5, 35% acetone,
2.5% MeCN, 3 h at 25 °C. 10 mM substrate, 25 mM H20z, to promote alcohol overoxidation which yields increased ee. “See
Table S6 for more details.
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occupancy, placing the arginine within H-bonding distance to the C=0 of the Fe(TAML) (2.5 A,
in one of two conformations, Figure 1b). This alternative position of Fe(TAML) allows Sav®
K121’ to coordinate to Fe of biot®*=1-Sav* (2.3 A, Figure 1b). To enable the coordination of
SavB K121’ to the Fe of biot®*-1, the lysine side chain adopts a compact conformation with
acute dihedral (x) angles of 54.2°, 106.9°, 80.0°, and 41.2°. We hypothesize that both the
precise localization of the Fe(TAML) and its interaction with either K121' or E121’ through an
n?-coordination (in biot®*-1-Sav S112R/K121E, Fe---O 2.3 and 2.9 A, Figure 1c) impact the

catalysis outcome (product distribution and ee, Scheme 2).

Substrate Scope. The substrate scope for biot®*-=1-Sav S112R was expanded to substrates
containing benzylic C(sp®)-H bonds (Table 1). Propylbenzene and butylbenzene afforded the
corresponding (R)-alcohol in 45% ee (TTON = 26 and 19, respectively). Electron-rich p-
substituted ethylbenzenes afforded higher TTONSs, highlighting the electrophilic character of
the Fe(O) species (Figure S15). A kinetic isotope effect KIE = 9.2 was determined for the
oxidation of PhEt/PhEt-do by biot®-1-Sav S112R at 25 °C (Figure S16). This value compares
well with the previously described KIE for Fe-TAML complexes and suggests that the rate-

determining step of the reaction is the hydrogen abstraction.56.60.67.68

The oxidation of indane and tetralin (BDEc-+ = 87 and 85.7 kcal/mol)®® afforded high TTONs
(TTON = 205 and 316, respectively) and good ee in favor of the (R)-alcohol (47% and 65% ee,
respectively, Table 1). Prompted by the good TTON and ee for tetralin, its oxidation by
biot®4-1-Sav S112R was scrutinized. Using 2.5 equivalents of H,O,, 73% ee of (R)-tetralol
was determined at early stages (Scheme 3a). In contrast to PhEt oxidation, the ee increased
with conversion, highlighting the preferential (over)oxidation of (S)-tetralol. After 3 h, >98% ee
(R)-tetralol was obtained (TTON = 300, Scheme 3b). Minimal overoxidation at the second
benzylic position was also detected (Figure S17). Oxidation of (rac)-tetralol with biot®-1-Sav
S112R vyielded tetralone and >99% ee of (R)-tetralol (unreacted starting material) after
~120 min (Scheme 3c, E = Kisy/kRr) = 2.7, and Figure S18). Similarly, a TTON of 173 was
obtained for indane oxidation (80% ee (R)-indanol, Figure S19). Thus, (R)benzyl-alcohol
derivatives are preferentially overoxidized, while the (S)-enantiomers of the cyclic derivatives
(tetralol and indanol) are oxidized faster. This phenomenon can be attributed to the 1,3-allylic
strain (Scheme S2).70.71

Lastly, we developed an enzymatic cascade with Glucose Oxidase (GO) to enable the in situ
production of H.O,, using O, as oxidant and glucose as reductant (Scheme 4).72 To our delight,
after combining biot®-1-Sav S112R and GO the oxidation reactions progressed in a similar
way compared to the single batch addition of H,O,. A TTON of 50 was obtained for PhEt
oxidation, with an initial ee of (R)-PhEtOH of 47%, which eroded to 37% after kinetic resolution.
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Scheme 3. Enantioselective Hydroxylation of Tetralin and Kinetic Resolution of Tetralol by biot®-1-Sav
S112R: (a) Consecutive Oxidation Scheme; (b) Time Course of Tetralin Oxidation (Inset: Kinetic
Resolution Affords >98% ee (R)-Tetralol and TTON = 300); (c) Time Course of the Kinetic Resolution of
rac-Tetralol by biot®4-1-Sav S112R (Inset: Kinetic Resolution Yields >99% ee (R)-Tetralol
(TTON = 220); See Sl for Details)
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For tetralin, a TTON of 170 was obtained, again observing the initial formation of (R)-tetralol in
64% ee and posterior kinetic resolution that upgraded it to up to 95%.

Scheme 4. Cascade with GO To Generate H>O- in Situ, Enabling Hydroxylation Using O, as Oxidant.2

OH
D-glucose H,0, Fe“'-OHz (j/\J :
I E@ \n:;jﬁor products\ }
T elaotone” ™ G0ms” N0, HO Fe(0) J
%.% biotc4-1-SavS112R )
aSee SI.

5.4 Conclusion

Catalysts derived from earth-abundant metals are gaining attention in homogeneous catalysis.
The inherent lability of most such systems however limits their use in water. In contrast to
polypyridinamine-derived catalysts,”® and thanks to its remarkable stability and catalytic
activity, the Fe(TAML) system proved amenable to the design and optimization of an artificial

hydroxylase based on the biotin—streptavidin technology.

Chemogenetic optimization of the catalytic performance led to the identification of
biot®4-1-Sav S112R as our best hydroxylase for the oxidation of benzylic C-H bonds. With in
vivo applications in mind, we have shown that the activity of the artificial hydroxylase is
compatible with glucose oxidase, using O, as the terminal oxidant. Efforts at modulating the
activity of the hydroxylase by finetuning the cofactors’ structure, and expanding the substrate

scope toward the oxidation of more complex molecules, are currently underway.
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5.5 Supporting Information

5.5.1 Synthesis of the ligand
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The synthetic steps described above were performed according to reported procedures.”>73

1 H NMR (500 MHz, DMSO-ds, 298 K) & 9.66 (s, 1H), 9.44 (s,
1H), 8.02 (s, 1H), 7.86 — 7.80 (m, 5H), 7.80 — 7.75 (m, 3H), 7.72 (m, 2H), 3.84 (s, 3H), 1.76 (s,
BH), 1.68 (s, 6H). 3C NMR (125 MHz, DMSO-ds, 298 K) 5 172.4, 172.2, 168.8, 168.7, 165.9,
135.9, 135.0, 132.1, 132.0, 130.1, 126.8, 126.1, 126.0, 123.9, 123.4, 123.3, 61.6, 61.4, 52.6,
24.7,24.7.

2 'H NMR (500 MHz, CDCls, 298 K) & 10.09 (br, 1H), 9.80 (br, 1H),
8.11 (d, J = 2.0 Hz, 1H), 7.98 (d, J = 8.5 Hz, 1H), 7.87 (dd, J = 8.5, 2.0 Hz, 1H), 3.88 (s, 3H),
1.47 (s, 6H), 1.44 (s, 6H). 3C NMR (125 MHz, CDCls, 298 K) & 176.9, 176.5, 166.4, 135.8,
128.5,127.7, 126.5, 126.5, 126.5, 122.7, 55.6, 55.4, 53.4, 52.1, 29.2, 29.1.
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5.5.2 Typical catalysis procedure

In a typical experiment, a glass vial (2 mL) was loaded with the buffer (potassium phosphate
buffer, stock solution 0.2 M), streptavidin (stock solution of 0.4 mM in MQ water), the desired
biotinylated cofactor (freshly prepared stock solution 1 M in MQ water), acetone (variable
amount 0-50% V/V, final concentration), substrate (stock solution 400 mM in MeCN) and H20-
(stock solution 200 mM in MQ water). MQ water was added to the reaction mixture prior to the
H20. addition to adjust the final volume to 0.2 mL. The vial was sealed and the mixture was

stirred in a thermoshaker (800 rpm) at the desired temperature for the given amount of time.

The reaction was quenched by adding HCI (15 uL, 1 M stock solution). Then, biphenyl was
added as internal standard and the products were extracted with EtOAc (2 x 400uL). The
combined organic phases were dried over MgSOs, filtered through a short cotton plug and

subjected to analysis (typically by GC-FID).
5.5.3 Supplementary plots
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Oxidation of para-substituted ethylbenzenes by biot®4-1-Sav S112R. Conditions: 50 uM
biot®-1, 25 uM Sav S112R, 20 mM Substrate, 20 mM H,O,, 50 mM KPB pH 8.5, 35%
acetone, 1.5 h, 25 °C. Figure S15 in the original Sl.
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Time course monitoring of the kinetic resolution of (rac)-tetralol by biot®-1-Sav S112R.
Conditions: 25 uM biot®-1-Sav S112R, 14 mM (rac)-tetralol, 20 mM H,O,, 50 mM KPB pH
8.5, 35% acetone, 2.5% MeCN, 25 °C. red, (R)-tetralol; dashed dark blue line, (S)-tetralol; solid
blue line, tetralone; dark green, 4-hydroxy-3,4-dihydronaphthalen-1(2H)-one; gold, 1,2,3,4-
tetrahydronaphthalene-1,4-diol. Figure S17 in the original Sl.
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Conditions: 50 uM biot®-1, 25 uM Sav S112R, 10 mM tetralin, 25 mM H.0., 50 mM KPB pH
8.5, 35% acetone, 2.5% MeCN, 25 °C. Figure S18 in the original SI.
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Postulated kinetic resolution mechanism for the oxidation of a) tetralol and b) 1- phenylethanol

by biot®4—1-Sav S112R. For tetralol, the cyclohexene moiety enforces the C(s—H in a pseudo-

equatorial conformation,”"5 which is readily abstracted by the Fe(O) moiety, tightly embedded

in Sav S112R. For 1-phenylethanol however, the allylic 1,3-strain disfavors this conformation.”

Instead, three minima have been computed on the corresponding potential energy surface for
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the rotation along the C4-Cq bond for 1-phenylethanol: the relative energies and C.C+-C.O
dihedral angle are reproduced from Katsumoto and coworkers.”! Assuming a similar
positioning of both tetralol and 1-phenylethanol with respect to the Fe(O) moiety, the two lowest
lying conformations of (R)-1-phenylethanol project the Cr—H towards the highly oxidizing
Fe(O) moiety. In contrast, only the highest lying minimum of (S)-1- phenylethanol, presents its
Cs—H towards the Fe(O) moiety. Accordingly, (S)-tetralol and (R)-1- phenylethanol are
preferentially oxidized by biot®—1-Sav S112R. The green sphere highlights the H subject to
abstraction. Scheme S2 in the original Sl.

5.5.4 Oxidation of hydrocarbons: enzymatic cascade

In a typical experiment, a 2 mL glass vial was loaded with the buffer (potassium phosphate
buffer, stock solution 0.2 M), streptavidin (stock solution of 0.4 mM in MQ water), biot®*-1
(freshly prepared stock solution 1 M in MQ water), acetone (typically 35% V/V final
concentration), substrate (stock solution 400 mM in MeCN) and D-glucose (stock solution 400
mM in MQ water, final concentration 20 mM). MQ water was added to the reaction mixture
prior to adjust the final volume to 0.2 mL. Glucose oxidase (GO, 2.45 units/mL or 0.98 units/mL)
was added. The vial was sealed and the mixture was stirred in a thermoshaker (800 rpm) at
25 °C for the desired amount of time (typically >20h). The reaction was quenched by adding
HCI (15 uL, 1 M stock solution). Then, biphenyl was added as internal standard and the
products were extracted with EtOAc (2 x 400uL). The combined organic phases were dried
over MgSO, filtered through a short cotton plug and submitted to analysis (typically by GC-
FID). For ethylbenzene oxidation, 50 TTON were obtained. At early stages of the reaction, an
ee of (R)- PhEtOH of 47% was obtained ([PhEtOH/acetophenone] = 11.4), and at higher
conversions the ee eroded to 37% ([PhEtOH/acetophenone] = 3.2). For tetralin 170 TTON
were obtained, again observing the initial formation of (R)-tetralol in 64% ee and posterior

kinetic resolution that upgraded it to up to 95% ([tetralol]/[tetralone] = 2.8).
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6. Final Conclusion and Outlook

Artificial metalloenzymes based on earth-abundant transition metals catalyzing C-H
functionalization reactions were developed using the biotin-streptavidin technology. Each of

the studied systems displayed promising activities for further developments.

In chapter 3, a strategy for the synthesis of bioconjugated Tp complexes was developed. A
novel approach based on pyrazole metathesis of a sterically crowded Tp complex enabled the
access to biotinylated heteroscorpionates and an unprecedented enantiopure Tp chiral-at-
boron. The biotinylated copper(l) Tp complexes were incorporated in Sav for initial reactivity
tests. The resulting ArM's displayed promising activity and selectivity for intramolecular C-H

insertion reactions.

In chapter 4, an ArM based on a copper heteroscorpionate was designed and studied using
CD spectroscopy. Computational modelling highlighted a set of close-lying amino acid
residues that were targetted for genetic optimization. A substrate offering regio- and
enantioselectivity opportunities was selected for the reactivity studies. Single and double
mutant screening at position S112/K121 provided detailed information on individual amino acid
contribution for TON and enantioselectivity. Directed evolution at a third position allowed to

favor individual regioisomers with up to 88:12 e.r and 4627 TON on selected substrates.

In chapter 5, an artificial C-H hydroxylase based on an Fe(TAML) cofactor was designed.
Installation of a modified biotin anchor and genetic optimization permitted the identification of
Sav S112R as the most promising variant. X-ray crystallography allowed to obtain structural
details of the second coordination sphere of the cofactor. Kinetic studies revealed a kinetic
resolution effect in the catalytic pocket and provided >99 % ee of (R)-tetralol in 300 TTON.
Finally, an enzymatic cascade with glucose oxidase enabled the use of molecular oxygen as

terminal oxidant.

Incorporating a first row transition metal complex in a protein scaffold has multiple advantages.
It can shield the metal from undesired coordinations, provides a genetically evolvable second
coordination sphere and paves the way to in vivo applications. Artificial metalloenzymes thus
creates excellent prospects to solve the major challenges of C-H functionalization

methodologies such as regio- and enantioselectivity.
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