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Abstract

The ability to optimize or to find new catalysts fenantioselective transformations has a
major impact in today’'s chemistry. Artificial me@nzymes lie at the interface between
organometallic and enzymatic catalysis and haveremense optimization potential, which
combines chemical and genetic methods to screearsily space. In terms of activity,
reaction repertoire, substrate range and operatorglitions, they take advantage of the
versatility of the organometallic chemistry. In ¢t@st, the enantioselectivity is determined by
the biomolecular scaffold, which provides a welfigled second coordination sphere to the
organometallic moiety, reminiscent of enzymes.

Incorporation of catalytically active biotinylatezbmplexes within streptavidin affords
artificial metalloenzymes for the transfer hydrogton of prochiral ketones. The activity and
selectivity trends of the catalysts are ensurethbychoice of the chemical fragment in a first
screening round. Insight into the structure of atificial enzyme forms the basis of a
designed evolution step, which relies on successwmds of saturation mutagenesis at
carefully selected positions and screening for Boselectivity. This procedure allows the
identification of highly selective scaffolds foretlieduction of challenging substrates, such as
dialkyl ketones.

The well-tailored hydrogen bond network of streptan’s binding cavity can also
accommodate non-biotinylated frameworks, such dalytecally active metal ions. The
enantiodiscriminating environment provided by tlusthprotein can be exploited to perform
highly enantioselective vanadium-catalyzed oxidaioof several prochiral sulfides,
demonstrating that specific metal binding can ti@ms a non-enzymatic protein into an

enantioselective biocatalyst with synthetic utility






Résumeé

La capacité d'optimiser ou de créer de nouveawalysdurs pour des transformations
énantioselectives a un impact majeur dans les agtjgins de la chimie actuelle. Les
métalloenzymes artificielles se situent a lI'intedantre la catalyse organométallique et celle
enzymatique et ont un immense potentiel d’optinasat qui combine des méthodes
chimiques et génétiques pour créer la diversitéelfmes d’activité, répertoire de réactions et
de substrats ou conditions opératoires, elles @rpko la versatilité de la chimie
organomeétallique. Par contre, I'énantiosélectidst déterminée par la protéine, qui assure
une seconde sphere de coordination trés bien déféminiscente des biocatalyseurs.

L’incorporation des complexes biotinylés catalyBment actifs dans la streptavidine
permet la création des métalloenzymes artificigliesr le transfert hydrogénant des cetones
prochirales. Les tendances générales de l'actetitéle la sélectivité des catalyseurs sont
assurées par le choix de la partie organométalkgite a un premier criblage. L'étude de la
structure d’une telle enzyme artificielle est abkse d'une « évolution rationnelle », dans
laquelle des étapes successives de mutagenesdudatisa a des positions attentivement
choisies sont combinées avec un criblage de I'éveglectivité. Cette méthode permet
l'identification des catalyseurs hautement sélegtibur la réduction de substrats difficiles,
comme par exemple les dialkyl cétones.

Le réseau des liaisons hydrogene dans le sitiedactka streptavidine est trés bien défini et
permet également linsertion de composés non-hids tels des ions métalliques
catalytiquement actifs. L’'environnement asymétrigssuré par la protéine peut étre exploité
dans des réactions de sulfoxydation énantioséectitalysée par du vanadium. Ces réactions
montrent que I'incorporation spécifique d’un meialt transformer une protéine sans activité

enzymatique en un biocatalyseur utilisé en syntbéganique.
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Chapter 1 Introduction






1 Asymmetric Catalysis

Catalysis is the phenomenon by which a substaratiedca catalyst, accelerates a chemical
reaction without undergoing any permanent chenglahge.

Catalysis plays an important role in many aspeftduman progress: in the efficient
manufacture of many kinds of materials, from fuelplastics, in creating new energy sources
and protecting the environment and in developinigotize, safer medicines. Over recent
decades, there has been enormous progress in tamdiéng the molecular mechanisms
leading to efficient catalytic reactions and thaéslnad an explosive effect on developing new
catalytic systems. Since a large number of prosessthe chemical industry now depend on
catalysts to work efficiently, it is not surprisitigat catalysis is an extremely active research

area.
1.1 Generalities on Catalysis

Catalysts participate in chemical reactions by giamthe kinetics, while the reaction result
and the overall thermodynamics are the same (Fiure
The following factors can explain the effect of ttegalyst on the reaction:
- stabilization of the transition state;
- decreasing the entropy of the reactants, by intieres that force their proximity and
favourable spatial orientation;

- selective enhancement of one specific pathway thescompeting, undesired ones.

Energy

TSuncat.
AGiuncat. ,'/ \\\
Tscat. \\

Reactants |
+ Catalyst

Products
+ Catalyst

Reaction coordinate

Figure 1. Effect of a catalyst on the reaction’s Gibbs egyefjactivation.
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Catalysis is a phenomenon of crucial importanceamdy for chemical and biochemical
reactions occurring in nature, but also for cheaoratories and industry. The production
of a variety of chemicals involves catalytic rean8, as they consume less energy and
generate less waste than stoichiometric ones.

Although catalysis, as a tool for performing réats, had already been exploited much
earlier, the term “catalysis” was first introdudeyl Jons Jakob Berzelius, who in 1835 noted
that certain chemicals have the property of acatley a reaction. Later, Humphry Davy
discovered that the oxidation of coal gas is catdyby platinum. In the 1880’s, Wilhelm
Ostwald at the Leipzig University gave the defmitithat a catalyst does not influence the
thermodynamic equilibrium, but only affects the wieal rate of the reaction. For this work,
Ostwald received in 1909 the Nobel Price in Chemist

From a physical point of view, catalysts haveitradally been divided into two groups:

- homogeneous catalysts: they are present in théiopauixture in the same phase as
the reactants / products. As a result, they hawa gmntact with the reactants and
therefore a high efficiency, allowing the use ofdweaction conditions.

- heterogeneous catalysts: they are present in ereiff phase than the reactants. They
offer the advantage of easy separation and regyclin

According to their chemical nature, homogeneouslysts can also be classified into
organocatalysts and organometallic catalysts (tiansmetal complexes). One special class
of homogeneous catalysis is the enzymatic catalysis

Homogeneous catalysis by transition metal comgléwes been intensely studied since the
1940’s. The pioneering work of G. Wilkinsoon alkene hydrogenation using a rhodium-
based catalyst (Scheme 1) had a considerable ingpatte development of homogeneous
catalysis for the synthesis of organic compouhds.

Cli.._ .PPhy
/Rh\
Ph,P PPh,

chlorotris-(triphenylphosphine)rhodium
Wilkinson's catalyst

Scheme 1Wilkinson’s catalyst for alkene hydrogenation.

Even though it was early discovered that fermémtgbrocesses are of catalytic nature, it

was not until about one hundred years ago thatbabysis started to be employed to perform
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chemical transformations on non-natural organic paummds. In the past decades there has
been an enormous increase in the application ofyneez to produce fine chemicals,
especially in the pharmaceutical industry.

1.2 Catalyst Performance

The successful application of a catalytic transfmion for organic synthesis depends on
several key parameters that influence the total aiothe process. The activity of a catalyst is
defined as the amount of product produced by aweight of catalyst in a certain time. In
chemocatalysis, the degree of activity is descrilmederms of turnover frequency (TOF,
moles product formed by a mole of catalyst per tinie), while in biocatalysis the term
employed is the specific activityugoles of product formed per unit mass of enzymeupér
time).

Knowledge of enzyme kinetics is useful to underdtthe enzymatic activity. The basic
equation of enzyme kinetics follows Michaelis-Mentiheory, which divides the catalytic
reaction into two steps (Equation 1). First, theyame (E) and the substrate (S) associate in a
rapid and reversible step to give the enzyme-satestomplex (ES, dissociation constag}.K
The chemical processes take place during the sestepdwith formation of the product (rate
constant k). Other enzyme-bound intermediates can also odeting the reaction, like for
example the enzyme-product complex. An apparesbdiation constant can be defined;,K
which can be treated as the overall dissociatiorstamt of all the enzyme-bound speciés.
the simple Michaelis-Menten mechanism, in whichrehiss only one ES complex and the
binding steps are fast; kan be assimilated with the overall catalytic @astant, k; while
Km = Ks.

Ks K, [ElolSIKcat _
E + S =—=—— ES —» E + P V= Ko+ [S] (Equation 1)

If the purity and the molecular mass of the enzymeknown, the specific activity of the
enzyme is determined by the value gfi kmoles of converted substrate per moles of catalys
per time unit). The k&/Ky constant determines the specificity of the enzyarecompeting
substrates and thus its general synthetic utiigy. application in a catalytic process, an ideal
enzyme would have a high specific activity and wloble subject to minimal substrate

inhibition.®
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Another parameter that affects the practicalityaafatalyst is its stability. This factor is
associated with the turnover number (TON, molegroduct formed per mol of catalyst),
which reflects the amount of product formed befasetivation of the catalyst.

1.3 Chirality: Importance and Synthesis of Chiral Compaunds

Chirality is defined as the geometric property oigid object of not being superimposable on
its mirror image, called enantiomer. Chirality ispeoperty of matter that can be found in
biological systems, from the basic building blocksh as amino acids, carbohydrates and
lipids to the layout of the entire organism. Ligehased on chirality at the molecular level and
therefore understanding and creating chiral pra&egsone of the most challenging areas in
organic chemistry.

To date, chiral compounds have mostly gained @tterin pharmaceutical industfy.
Enantiomers of a chiral molecule have identicalgitsl and chemical properties in an achiral
environment. However, because living systems airalcteach of the enantiomers of a chiral
drug can behave very differently vivo, thus displaying different pharmacologic actistie
(see Scheme 2 for an example of two enantiomers different effects). In addition to
pharmaceuticals, chiral technology is important dther industries,e.g. biochemicals,
pesticides, aroma and flavour compounds, dyes agehegmts, liquid crystals, nonlinear

optical materials, polymers and others.

CHz CHs CHs CHs
= N N :
CGHs/YV CH, H,C Z > CoHs
CeHs OCOC,H5 C,Hs0CO CgHs
(R,R) - propoxyphene (S,S) - propoxyphene
analgesic antitussive

Scheme 2.The two enantiomers of propoxyphene display dffierbiologic activities: theR,R-isomer is an

analgesic, while theS3-isomer has antitussive effect.

The combination of both enantiomers of a chiranpound in equal amounts forms a
racemic mixture. The degree of enantiomeric enrefinof a non-racemic mixture can be
analyzed using polarimetric, spectroscopic (NMR)cbromatographic techniques with a
chiral stationary phase and is usually expressdadérims of enantiomeric excess (ee R]{][
[S) / ([RI+[S) x 100).

Several different strategies are available forgieparation of enantiopure compounds, the

most obvious being the chemical modification of ifah pool” molecules,i.e. naturally
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occurring chiral molecules such as amino acidshataydrates, terpenes, alkaloids etc.
Resolution techniques (diastereomeric crystallmator enzymatic kinetic resolution) are
widely used methods, especially on an industrialefc The recently developed dynamic
kinetic resolution techniques (Scheme 3) are ofi@4dar interest in this area, as they allow

the transformation of a racemic starting materigd i single enantiomér.

Ru
OH QH Candida Antarctica QAC

racemization 3 =
catalyst Lipase
©/\ p-Cl-CgH4-OAcC ©/\

Scheme 3Chemoenzymatic dynamic kinetic resolution of raicetaphenylethanol.

Asymmetric synthesis refers to synthetic pathdietafrom achiral compounds. There are
four main approaches in asymmetric synthesis,fallfoch involve the use of chiral material
(Scheme 4§. The asymmetric catalysis approach, in which thieatity is amplified rather
than transferred, has clear economic advantages tbeestoichiometric methods for the

preparation of enantiomers.

Substrate S-G* — P*G*
. . Auxiliary S L S-A* — » P*A* — » P* + A*
Asymmetric synthesis
controlled by R*
Reagent S — » P
Catalyst s % . p

Scheme 4Asymmetric synthesis of chiral compounds.

1.4 Homogeneous Asymmetric Catalysis

. There are three types of homogeneous asymmatabysts:

- organometallic catalysts

- biocatalysts: enzymes or whole cells

« organocatalysts

The first two categories have found most appliretiin enantioselective synthe$is™ A
complementary method, which has attracted renewddreist in recent years, is the
enantioselective organocatalysis, in which thetreads mediated by a small chiral organic

molecule!?
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1.4.1 Transition Metal-Mediated Enantioselective Catalyss
1.4.1.1 Historical Perspective

The development of chiral catalysts started in1i®@0’s with the pioneering work of William
S. Knowles, who extended the use of Wilkinson'slyat by placing the rhodium metal in a
chiral environment provided by enantiopure phosphilgands-® Knowles exploited the
chirality at the phosphorous atom to obtain thestfiransition metal catalysts for the
asymmetric hydrogenation of dehydro amino acidsn#@or breakthrough in this area was
provided by Kagan, who showed that the chirality ba transferred from ligands bearing the
asymmetry at the carbon backbone, like the bider@asymmetric diphosphine DIOP. For
the commercial synthesis of L-DOPA (a drug usefutreating Parkinson disease) through
rhodium-catalyzed asymmetric hydrogenation, up5% ®e was obtained using the chelating
biphosphane ligand DIPAMP (Scheme'3).

AcO H, AcO H* HO
COOH ~gpr ~ COOH — > COOH
HsCO  AcHN H,CO  AcHN HO  AcHN

L-DOPA

Chiral ligands (L*): O 0 "_p. P,
S0 oo

(R)-CAMP, 88% ee (R,R)-DIOP, 83% ee (R,R)-DIPAMP, 95% ee
Knowles Kagan Knowles

Scheme 5Synthesis of L-DOPA and some chiral phosphinenlitgaused for the catalytic hydrogenation.

The soluble metal-ligand complexes for asymmétyidrogenation have started a new era
in catalytic processes. Ryoji Noyori discovered BiBlAP-ruthenium(Il) complexes, which
proved to be excellent catalysts in the asymmédtydrogenation of various functionalized
alkenes and ketones with very high enantioselé¢ies/® Parallel to the progress in catalytic
asymmetric hydrogenation, Barry K. Sharpless deeslochiral catalysts for asymmetric
oxidation reactiond’ For their work in the field of asymmetric catalysW. Knowles, R.
Noyori and B.K. Sharpless were awarded the 2001 eNdtrize in Chemistry. Their
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discoveries have had a significant impact on acadamd industrial efforts to obtain chiral

compounds.
1.4.1.2 General Principles

A variety of transition metals and chiral ligands/b been used in the past decades to develop
asymmetric catalystS. The design of active and selective catalysts setie a successful
combination of metal centre, which interacts witie tsubstrate and is responsible for the
activity, and ligand, which modulates the sterid &ahectronic properties of the catalyst and
determines the selectivity. Some important tremdsnetal-ligand stabilities are outlined in
Figure 2°

More oxophilic
More ionic

N-, O-
containing ligands

1

Ti| V |Cr|Mn|Fe|Co|Ni
Zr INb|Mo|Tc|Ru|Rh|{Pd| mmp
Hf|Ta|W |Re|Os| Ir |P

More covalent bonds
ligands: R3P: R3N: :CO

Figure 2. General trends ig-bonding of early and late transition metals to own ligands.

—_

In terms of ligand choice, in most cases chendigtign their systems inspired by nature’s
catalysts, the enzymes. However, unlike enzymetginesynthetic catalysts are not limited to
a specific class of substrates, but display hidiiviae and selectivity for a large panel of
substrates and, more interestingly, for a wide eaofydifferent reactions. The discovery of
such “privileged” ligands (named by analogy witle thharmaceutical compounds that are
active against several biological targets) hasttyreantributed to the rapid development of
practical catalytic asymmetric processes (Scheni® 6)

The interactions that take place in the immediatenity of the metal are called first
coordination sphere interactions. They are usua#jl-defined and can account for the
enantioselectivity of the reaction. Yet, despitdemsive computational, structural and
mechanistic studies, predicting the outcome of m@ngoselective catalytic transformation
remains very challenging, since the differencehim two transition state energies leading to
the two possible enantiomers is too small to bkl computed (at 0°C, 95% ee represents
a difference in energy of about 2 kcal / mdfeMoreover, the enantioselection path is

decisively influenced by weak, non-bonding contduigveen the substrate and the catalytic
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environment,i.e. solvent, counter ions, salts ett.constituting the second coordination
spheré?? To overcome this difficulty, combinatorial methotisve been developed and
implemented for the discovery of new, effectiveimselective catalysts:2°

Ph Ph
"""" 0 OH OMO
/<O OH g/N N\>
th - t-Bu t-Bu
X = OH BINOL TADDOL Bis(oxazoline)

X=PPh, BINAP

=
OMe
—N  N= N
t-BuQOH Hoibft-Bu

t-Bu t-Bu

Salen Cinchona alkaloid derivative

Scheme 6Examples of privileged ligands.

1.4.2 Enzymatic Catalysis

Enzymes are models of energy-efficient, extremeletive and environmentally friendly
chemical agents and they represent a permanerdesotitnspiration for designing synthetic
catalysts. Unlike man-made catalysts, enzymes niyt grovide a chiral first coordination
sphere, but their second coordination sphere igraft evolved to maximize their efficiency
inside organisms. Their catalytic site is deeplyidnlinside well-defined binding pockets and
can be accessible through a narrow channel thdtilsotes to the stereoselectivity of the
reaction. These features, difficult to mimic in angmetallic catalysis, are responsible for the
high specificity and selectivity.

Exploiting the natural chirality of biomoleculesorf enantioselective catalysis has
depended for a long time on the discovery of redoarii DNA technology, which provided
an efficient way to express and produce reasorgidetities of enzymes in the laboratdry.
Biocatalysis has greatly expanded over the pasidiescand found a number of applications
in industrial processes (one example is given iheSw 7Y’ However, there are some
practical issues associated with developing bitgsta Among these, the high substrate
specificity, the availability of only one enantiomehe lack of stability under particular

reaction conditions and the extent of substraterddyct inhibition are of particular
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importance®® Nowadays, the ability to manipulate functions astductures of proteins
through genetic engineering offers a means to opéirthese features and to make enzymes
more suitable for industrial udé’>*°Recent advances regarding promiscuity in biocaisky

the capacity of enzymes to catalyze transformatmher than the ones they evolved for —

suggest new applications in organic synth&sis.

H
N
Klebsiella [ OH + NH;
H terrigena N
N N H
(= Chpm "
e
2
N”CN N H
o)

N
Burkholderia
u i [j o + NH,

1§
(@]

Iz

Scheme 7Lonza process for the production of enantiomelsiqalire piperazine-2-carboxylic acids.

Biocatalytic reactions can be carried out eithéhwsolated enzymes or with whole cell
systems. Although the procedure employing the entmicroorganism to perform a
transformation is attractive as it avoids eventimfactor regeneration and the use of special
equipment for protein purificatiott, sometimes isolated enzymes are preferred, bethege
form fewer side products and there are no problasseciated with membrane permeability
and cell toxicity of the substrafé.

The following section of this chapter will des@&ilsome applications of homogeneous
organometallic and enzymatic catalysis (only pedfienzymes will be treated) in

enantioselective reduction and oxidation reactions.
2 Enantioselective Catalytic Reduction and OxidatiorReactions

2.1 Transfer Hydrogenation of Carbonyl Bonds
2.1.1 Transition Metal-Mediated Catalytic Methods

Chiral alcohols are important intermediates in #yathesis of various high value-added
chemicals® The asymmetric reduction of carbonyl bonds is ohthe most straightforward
and energetically viable routes to access this@asompounds.

Although it appears as a simple transformation, dtereoselective reduction of ketones
was for a long time a serious challenge for symthgtemists. The chemical paths involved

the use of stoichiometric reducing agents, likeaberreagents, BINAL-H®" or the Corey-
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Bakshi-Shibata method (CBS) using a chiral oxazalitbne catalyst and a stoichiometric
borane reagefit. The work of Noyori et al. on catalytic asymmetréciuction of simple and
functionalized ketones initiated a new era in tigéd.>* Ruthenium-BINAP-based systems
for the hydrogenation of unsaturated compoundsesgmt nowadays a tool of choice for the
synthesis of enantiomerically enriched pharmacelstior their precursors (Scheme'3).
Because hydrogen is a clean and cheap resourcseiis industrial and research applications

is very attractive?

Hy F COOH
o)

OH
P Ru-(R)-BINAP J_on ~ N |
CH5OH -
’ quant., 92% ee H3CNQ OVKCH3

Levofloxacin (antibacterial agent)
LT
Pl _S

Ru-(R)-BINAP = Ru_ S = Solvent molecules
P7] S

Scheme 8Catalytic asymmetric hydrogenation of hydroxyaoetto R)-1,2-propanediol, an intermediary in the

industrial synthesis of the antibacterial levofloxa

Asymmetric hydrogen transfer reactions are a mactalternative to hydrogenation
processes, in that they are easy to implement, ukaglly take place under mild conditions
and they do not use hazardous hydrogen gas. Thepaaticularly suitable for small- and
medium-scale syntheses.

Transfer hydrogenation refers to the reductionaaf unsaturated molecule using a
hydrogen donor other than,HI'he first example of hydrogen transfer to théoayl group is
the Meerwein-Ponndorf-Verley reduction discovened 825°** The past decade witnessed
an extensive development of highly active and $elecatalytic systems for the transfer
hydrogenation of carbon-heteroatom unsaturated $6idDesigned by Hashiguchi, Ikariya,
Noyori et al., d piano-stool ruthenium complexes in conjunctiontmétminosulfonamides
such as TsDPEN\-(p-toluenesulfonyl)-1,2-diphenylethylenediamiheScheme 9) represent
one of the most significant discoveries in thisdi®
Metal complexes.A variety of bi-, tri- or tetradentate ligands beg usually nitrogen,
oxygen or phosphorous atoms have been developetthdosuccessful reduction of various
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carbonyl compounds with outstanding selectivitids overview of some of the most
effective ligands developed in the past years isemted in Scheme %4’ The most
successful, in terms of activity as well as enadiectivity, are the monotosylated diamines

such asl and2,**®the 1,2-aminoalcohols, such 3a 3b and4*****°and some phosphino-
oxazoline derivatives such 85*°?Recently, Reetz et al. described a selectiveysitalith a

very large scope, the BINOL-derived diphosphoBité

R Qe e sy

Hzl\f HN‘S//

2 S S
Z (@) S NH2
ST T o &
1 2 3a R=Me 4 5
3b R=Ph

CTNe Q

(LI
R ol o
SR R T AR

Scheme 9Some of the most effective ligands for the enaefiective transfer hydrogenation of ketones.

The typical metal fragment which associates witie tbidentate ligands (1,2-
diaminoalcohols or monotosylated 1,2-diamines) isnstituted of half-sandwichre
complexes, such as Ru-arene or Rh- / Ir-cyclopeésgtimoieties, possessing an additional

anionic ligand, typically a halide (Scheme 10).

(nn_Can) XH = NHTs, OH
| M = Ru, Rh, Ir
M-+ XH
c\ n =6 (Ru), 5 (Rh, Ir)
HoN R = H, alkyl, aryl

Scheme 10Schematic representation of RRH" and I complexes for asymmetric transfer hydrogenation.

Hydrogen source. Isopropanol i€PrOH), formic acid / triethylamine azeotropic nuire
(HCOOH / EgN) or aqueous sodium formate (HCOONa) are the rnostmon hydrogen
sources for the transfer hydrogenatioRrOH is the conventional hydrogen donor, sings it
a cheap and easy to handle compound. Activatidheotarting complex is achieved in the
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presence of a base, like potassium hydroXideDuring the reactioni-PrOH is transformed
into acetone, which represents a possible substoatehe Ru catalyst. Therefore, the
reduction of ketones biyPrOH is reversible and governed by the oxidatioteptial of the
relevant ketone / alcohol couple. Moreover, sif@erhajor enantiomer is more susceptible to
the reverse reaction, the enantioselectivity dem®awith increasing conversion. The
reversibility of the reaction constitutes the mdjanitation of the reductions withPrOH*®
Other hydrogen sources have been developed to awerthis problem. Using HCOOH /
EtzN or HCOONa in an open system allows an irreveesibydride transfer to the Ru
complex, due to the formation and continuous elation of gaseous GO®°’ However,
some complexes tend to decompose faster upon taevitadormic acid®

Mechanism. Depending on the metal, ligand and hydrogen dosed, different mechanistic
pathways can be envisaged for the hydrogen traffisier a catalyst to a carbonyl group
(Scheme 11). “Direct hydrogen transfer” usually wscwith main group metals, while
transition metal catalysts follow the “hydridic tel, in which a mono- or a dihydride metal
species is involvet? ® The monohydridic transfer can either occur viaketcoordination to
the metal, or via an outer sphere variant. Stifthfer, when no substrate-metal bonding is

involved, the mechanism can be concerted or stepwis

H

M. M-H . .
ﬁ :O 0=\ ) I\IT/I/ i e
Ry l\ 1 ‘- V'R 0=\~
1Rz H Rz . R12 _KR2R1
direct hydrogen transfer inner sphere outer sphere dihydridic transfer

monohydridic transfer

Scheme 11Possible transition states for the mechanism dfdgen transfer to a ketone.

The currently accepted mechanism for the Noygretyransfer hydrogenation catalyzed
by Ru-, Rh- or Ir-complexes is the outer sphereceaed hydride transfer and relies on
metal-ligand cooperatiotf:®® Both the metal and the ligand participate to thacbbreaking
and forming process and the transition state dasinvolve direct coordination of the
substrate to the metal. Ligands possessing ancagidiup, namely primary or secondary
amines upon complexation with the Lewis acidic mdeilitate the hydride delivery to the
carbonyl by forming an NHO=C hydrogen bond in the transition state.

The full catalytic cycle is depicted in Schemef@@the highly effective [Ruf-cymene)

,R-1S compliex.™™ e true cata yt|c SpPecCIeS IS the € comple orme
(RR-TsDPEN)CI] lext3°>e0Th lyti ies is the 1R lexB f d
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from the catalyst precursér by elimination of HCI in the presence of a basepidtonation
of the hydrogen donor leads to the 1Ba-hydride complexC. The hydride and the axial NH
proton are transferred simultaneously from the  F8e complex to the substrate via a six-
membered ring transition state, to re-form the' t6enplexB.

OH 4< >_< OH
Ar/_\ /K

|
R Ru

N H
Ar)I\R Ph’/\/N_H )J\

Scheme 12Catalytic cycle for the transfer hydrogenatioraafaromatic ketone using the [Refymene)R,R-
TsDPEN)CI] complex andPrOH as hydrogen donor.

Origin of enantioselection.The enantioselectivity of the reaction illustratadscheme 12 is

a consequence of a judicious combination of semit electronic factor®. The formation of
the hydride complex from the planar 18pecies is sterically controlled by the enantiepur
ligand to give one major diastereomer that is ¢hitghe Ru centr® The conformation of
the five-membered chelate ring containing the Rwmais also defined by the ligand, with the
bulky groups (phenyl groups in the case of TsDPBE&Yupying equatorial positioris.The
discrimination between the two prochiral faces bé tketone is a consequence of the
interaction between they®-arene ligand at Ru and the aryl group of the ketén
Computational investigations showed that thg, -1t attraction (C(shH-Tt attraction in
the case of thp"-C,R, ligands, R# H) at this level contributes to the stabilizatimfrthe more

spatially congested transition state and thus ie thajor factor influencing the
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enantioselectivity (Scheme 1%)Therefore, the outcome of the reaction can be tacetl by
carefully choosing the arene substituents. Polyatkyg capping arenes with increased
donation power have a greater contribution to the.&id-T attraction and thus generally
provide higher ee’s than their unsubstituted cayates*

favoured transition state less favoured transition state

Scheme 13Structures of the two possible transition statesttie transfer hydrogenation of acetophenone. The
chirality of (RR)-TsDPEN determines theSyconfiguration at the Ru centre. The,dmaid-TT interaction

between thg®-arene ligand and the aryl substituent of the keleads to a more stable transition state.

Water compatible systems.In the context of increasing concern about impleting
environmentally benign processes, aqueous-phassférahydrogenation reactions have been
developed recentl{/. Even though water-soluble ligands, bearing potdukilizing groups
like sulfonic acids, have been synthesised andessfally used in aqueous-phase hydrogen
transfer reaction® recent results show that the non-modified watsolble ligands are
more active and more enantioselecfi&n order to overcome substrate and catalyst Stlbi
problems, surfactants can be added to the reactiosture but, in most cases, ketone
insolubility does not affect the reaction rateThe reduction rates are considerably faster
using HCOONa than the HCOOH /sBtazeotrope or-PrOH®* Studies by the groups of Ogo
and Xiao have shown that both the reaction ratetlam@nantioselectivity of aqueous transfer
hydrogenation reactions critically depend on the®pH The presence of two catalytic cycles
has been suggested, each one favoured at a giv&h pH

Asymmetric transfer hydrogenation of non-aromatic ketones.Phenyl alkyl ketones are the
substrates of choice for the catalytic hydrogensfer with ¢ piano-stool metal complexes
and their reduction proceeds with good to excelier@ntioselectivities® In contrast, dialkyl
ketones are challenging, as the postulated -critiealntiodiscriminating Somaridd-Tt
interaction between thg®-arene ligand and the substrate’s aryl group i®mbfor these

substrate§”®? To circumvent this limitation, Woggon et al. tetbé a ruthenium piano-stool
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complex to afp-cyclodextrin, thus providing a pre-organized hyatrobic cavity for
enantioselective reduction of purely aliphatic dtdies (ee 42-95%). Tethered ruthenium
catalysts, in which th@®-arene ring and the diamine ligand are connectade falso been
used with some success (69% ee in the reductiooycbhexyl methyl ketonéf Some
alternative systems based on Ru-phosphino-oxazohtaysts have been developed for the
asymmetric transfer hydrogenation of selected gliaketones’>*®™ Finally, Reetz et al.
designed a general system for the reduction ohatip ketones, using Ru-diphosphonite
ligands such a8 (see Scheme 8j.However, the reduction of these substrates umdasfer
hydrogenation conditions remains a challenge fondgeneous catalysis.

Applications. Although transfer hydrogenation reactions occur hwitvery high
enantioselectivities, they cannot compete withiydrogenation systems in terms of substrate
scope and catalytic activify. The reported TONs and TOFs for the piano-stodlysts are
moderate and limit their industrial applicatibnAt the laboratory scale, this method is
interesting as it avoids the use of gas and pressgumipment and it provides mild conditions
for the reduction of ketones bearing sensitive fiomalities. For example, the transfer
hydrogenation of the multifunctionalized ketor® catalyzed by [Ru(mesitylen&®R-
TsDPEN)CI] gives the corresponding){alcohol in 92% ee, an intermediate for the sysithe
of a leukotriene antagonist (Scheme ¥4).

X
O J_ it ($19.9:81,5 Ru-catalyst
Cl N > Cl

9 %
Ts I

Ru-catalyst = N\H\Ru\CI

Ph
Scheme 14Synthetic application of the Ru-catalyzed transfgdrogenation reaction.
2.1.2 Biocatalytic Methods

The biocatalytic production of chiral alcohols da@ performed following several synthetic
pathways: oxidoreductases catalyze redox reactifmmsexample, the reduction of ketone
bonds or oxidation of carbon-hydrogen bonds); higdes mediate the cleavage of carbon-

oxygen single bonds in esters thus forming chidabteols through (dynamic) kinetic
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resolution; and lyases catalyze the formation afbaa-carbon bonds (for example, by
reacting two ketone substrates, hydroxy-ketoneseaable)**

The second coordination sphere of oxidoreductasel as alcohol dehydrogenases is
exquisitely tailored to perform highly regio- andamtioselective transfer hydrogenations
(Figure 3a)! In the context of asymmetric synthesis of opticalttive aliphatic alcohols,
they represent some of the most versatile catalytsésmks to optimization through directed
evolution technique& "

a) b)

H H

__CONH,
R1)J\ Ry NTW
\ / NAD(P)H \

Alcohol Regeneration
Dehydrogenase system
OH / \\ | N CON H%
R PN " oz
e
NAD(P)*

Figure 3. a) Structure of the active site of horse liveroalnl dehydrogenase complexed with NA&nd 2,3-
difluorobenzylalcohol, PDB reference code 1MGO; tixggen atom of the alcohol (red) is directly canated
to the Z" ion (blue), while the side chain interacts witle thydrophobic cavity of the protein; the amino acid
directly coordinated to Zn are highlighted. b) Gaehescheme for the asymmetric reduction of prod¢hiedones

using a NAD(P)H-dependent alcohol dehydrogenaseaataifactor regeneration system.

The majority of alcohol dehydrogenases are zinctalloenzymes dependent on
nicotinamide co-factors such as NADH or NADPH (Fig3)° In horse liver dehydrogenase,
for example, the Zi ion is coordinated to three amino acid residue$6(G67 and C174)
and an additional water molecule. During catalyis, relevant oxygen atom of the substrate
displaces the latter, while its side chain binds inydrophobic pocket. The reduction occurs
selectively via hydride ion transfer of one of th diastereotopic hydrogen atoms in the 4-
position of the nicotinamide ring to the substi@&igure 3ay.

Given the high cost of nicotinamide co-factors,irmportant parameter of the reaction is
their regeneration during catalysis (Figure 3b)eQltal, electrochemical, photochemical or

enzymatic pathways have been reporfed.

36



2.2 Sulfoxidation
2.2.1 Oxidation Systems Based on Transition Metals
2.2.1.1 Generalities

Oxidation reactions are powerful tools for the awolwction or modification of functional
groups and they offer an important methodologytfa transformation of petroleum-based
materials into higher oxidation state compoundseiiTlenormous potential in organic
synthesis has lead to the extensive developmera wériety of oxidative reactions. The
difficulties associated with these methods incltieehigh costs of the reagents, the formation
of toxic waste, the highly reactive nature of mamxydants and, most importantly, the safety
factor’® Thus, many efforts have been directed towards ctieation of clean and safe
oxidation procedure¥:”®

Transition metal-catalyzed oxidation reactions banachieved by applying a variety of
oxidants and transition metals in combination wifie appropriate ligand§.Depending on
the oxidant — metal complex combination, differanechanistic pathways have been
proposed, mostly relying either on metal-peroxmormetal-oxo complexes (Scheme 15).
Early transition metal complexes in a high oxidatstate, such as Ti(IV), V(V), Mo(VI) and
W(VI), can facilitate the heterolysis of alkyl orydrogen peroxides, by forming peroxo
complexes. Oxidation reactions catalyzed by latg.Ru, Os) or some first row transition
metals €.9. Fe, Mn, Cr) generally occur with the formation lmfjh-valent metal-oxo or
metal-dioxo species. Alkyl and hydrogen peroxidas also be applied as oxidants with Fe-
or Mn-based systems, although catalyst inactivataomoccur upon homolytic cleavage of the
peroxide bond, leading to radical formation. Thislgpem can be diminished in presence of

an axial ligand, such as imidazole.

R
00 O/ S
+
ROOH M‘/| — > M—OR + SO  Peroxo-based mechanism
R =H, alkyl ~0
& o)
o] I
+ S ;
(PhlO, NaOCl, etc.) ¢ —— » M + SO Oxo-based mechanism
//O
M N\

(0] S = Substrate
SO = Oxidized substrate

Scheme 15.Schematic representation of metal-oxo and metalxoeintermediates in oxidation reactions.
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2.2.1.2 Manganese — Salen Complexes for Asymmetric Oxidatio

Among the potential feedstocks for the chemicdlstry, alkanes are the most abundant
and therefore the least expensive hydrocarbon resoWnfortunately, very few selective
methods are available for their functionalizatlBrin contrast, the selective oxidation of
alkenes allows easy addition of heteroatoms anefitre is one of the most useful methods
in organic synthesi§. Moreover, many simple alkenes are prochiral, mesviding an easy
access route to the chiral world.

The first major breakthrough in asymmetric oxidatiusing synthetic catalysts was
realized by Sharpless and Katsuki with the direcesymmetric epoxidation of allylic
alcohols using titanium tartral®. The substrate scope of asymmetric epoxidation was
extended by Jacobsen and Katsuki using anothetytataystem, based on metal-salen
complexes and very effective for the epoxidatiomaijugated alkenes (Scheme 63 The

advantage of these catalysts derives from the stintaccessibility and versatility of the salen

Q

=N_ N=
[Mn(S,S)-10] AN
[O] oo
/ O \

ligands®*

ﬂ oxidant R} R, Jacobsen's complex
VY NaOCl, PhlO, H,0,, etc. [Mn(R,R)-10]
Ry Rz organic solvent 0
0-25°C
I /=
R4 R,
O]
[Mn(R,R)-10]

R, = conjugating group

Katsuki's complex

Scheme 16.Asymmetric epoxidation of alkene derivatives usitigral Mn-salen complexes introduced by
Jacobsen and Katsuki.

Since their discovery, optically active metal-sammplexes bearing manganés&
chromium?®® vanadiun®’ titanium?® ruthenium?®® cobalf® and nickel* as metal centre have
been successfully applied to asymmetric epoxidafiaulfoxidatiori”***3or C-H oxidation
reactions”®® A variety of oxidants were succesfully employedjcliding alkyl

hydroperoxides, peroxy acids, hypochlorite, iodbsgkzene, hydrogen peroxide, amide
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oxides, periodate and oxofle.Among these systems, the manganese complexes for
asymmetric alkene epoxidation using NaOCI or Phdf2ehbeen the most extensively studied.
The mechanism of the asymmetric epoxidation catalyby Mn-salen catalysts has
generated much controversy over the y&amslechanistic studies suggest that different
oxygen-transfer species can be formed, dependinpewxidant used. With most oxidants,
the Mn-oxo species (MO ) is believed to transfer oxygen to the substraia a concerted
or a stepwise reaction pathway (Scheme 17a). Radiod metallaoxetanes were proposed as
intermediates for the stepwise mechanism. Nowaddngs,scientific community seems to
agree that the mechanism of this reaction canrddfe a function of the oxidant or the

substrate use¥.

a) Ar, R

\_7/ Ar, R
— 5 - - v concerted mechanism
| o}
Mn

o Ar A
r Ar R
I+ .
Mn J — 9 I
Mn e}
R

R
Ar = aryl
R = H, alkyl, aryl metalloxetane
intermediate / stepwise mechanisms
Ar
. R
L . Iy ) Ar R
rotation N
of  _roalon A
Mn o
radical
intermediate
b)
H, H
Ar/_\R j
/.
favoured approach Ar
H‘x\ t-Bu
N\ ||/N : : NN_Mlnl‘O t-Bu
n H 3 O
o'¢lo t-Bu

Scheme 17a) Proposed concerted and stepwise mechanisrttssfepoxidation of conjugated alkenes catalyzed

by Mn-salen-oxo complexes; b) Enantioselection raaim for alkene epoxidation using Jacobsen’s ysital

39



In terms of enantioselection, the generally ac@mixo-transfer mechanism relies on a
perpendicular (“side-on”) approach of the substedtthe Mn-oxo species (the angle between
the Mn-oxo bond and the new C-O bond is close t9.9Dhe bulky substituents on the
salicylide moiety determine the trajectory of thgpeaching substrate from the side in which
the stereochemical communication with the dissymimediimine bridge is maximized
(Scheme 17b§%%°

2.2.2 Catalytic Sulfoxidation with Transition Metals

Oxidation of heteroatoms like nitrogen or sulfur dso of great importance in organic
synthesis and several methods exist for such wemstions:®® As amines and sulfides are
easily oxidized to form a number of different protiy the development of chemoselective
systems is highly desirable. This section will de#&h the selective oxidation of sulfides to
sulfoxides in an enantiospecific manner.

Upon oxidation by single oxygen transfer, sulfidge converted into sulfoxides. In the
case of oxidation of unsymmetrical sulfides, theresponding sulfoxides bear four different
substituents at the sulfur atom: a lone electran pa oxygen atom and two different carbon
ligands and are therefore chiral. Further oxidattan occur with formation of sulfone and
thus an important aspect of organosulfur oxidaisoto obtain high chemoselectivity for the
formation of sulfoxide over sulfone (Equation 2)thugh this characteristic depends on the
oxidation system, the reactions generally procedid good chemoselectivity, as the sulfide is
more nucleophilic than the corresponding sulfoxigled hence reacts faster with the

electrophilic reagent®

o < O 0 0
O > \\\ \ %/
R1/S\R ol . \S+ + \S+ o, s’ (Equation 2)
2 RTR, R OR, Ri" R

The importance of chiral sulfoxides as efficiehiral auxiliaries in asymmetric synthesis
and their application in pharmaceutical researahtditheir biological activity are the reasons
for increasing interest in the preparation of aghc active sulfoxides over the past
decades® % Among the biologically relevant sulfoxides, itvisrth mentioning the gastric
proton pump inhibitor omeprazole, an antiulcer agemich was the world’s highest selling
drug in 1997. First commercialized in racemic fornis now available as the enantiopup (

enantiomer esomeprazole, reported to have a supetigity (Scheme 18
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Scheme 18Structure of esomeprazole, an antiulcer agent.

The methods to produce optically active sulfoxidesgenerally based on enantioselective
oxidation of prochiral sulfides or on nucleophitibstitution on chiral sulfur derivativé¥.
Among these, the most efficient route to chiralfeutles is the asymmetric catalytic
oxidation, using either enzymes or transition meghlysts 2% Although sulfide oxidation
and alkene epoxidation are fundamentally differeattion classes, they can be effected with
similar oxidation systems. As sulfides are veryctwa substrates, a particular aspect to take
into consideration is the uncatalyzed oxidationfqrened by powerful stoichiometric
oxidants, which leads to racemic sulfoxides, tlmrgering the overall ee.

An overview of the main homogeneous catalytic @sub the synthesis of optically active
sulfoxides is presented in Scheme 19.

Systems based on titaniun{Scheme 19a). The pioneering works of Kagan andevlacn
enantioselective sulfoxidation were based on mealibns of the Ti reagent introduced by
Sharpless for the epoxidation of allylic alcohtif°® Careful control of the amount of water
in the system is necessary and is achieved by ddétien of molecular sieve’ The
asymmetric Ti-catalyzed sulfoxidation with organitydroperoxides such atert-butyl
hydroperoxide tBuOOH) or cumyl hydroperoxide (cumylOOH) also werkising chiral
diols like BINOL (12).}°® Although good enantioselectivities can be obtaingith the Ti-
based systems, the yields of the corresponding>ddiés are moderate and overoxidation to
sulfone represents a non-negligible side-reac#ohighly enantioselective system based on
dimeric Ti-salen complexes and hydrogen peroxide reported by Katsuki et &.
Systems based on manganeg&cheme 19b). The well established Mn-salen eptirila
catalysts are less effective for the homologousiation of aryl alkyl sulfides. In this case,
NaOCl is too reactive for efficient enantiodiffetieion and moderate enantioselectivities are
obtained using PhIB or H,0,”® as terminal oxidants. Among the rare efficienabatts of
this type is the Mn-saleh3, bearing additional axial chirality, which is usgdconjunction
with PhlO to afford good enantioselectivities (up 94% ee}% Although some chiral
tetraphenyl porphyrin ligands showed good actisitie catalytic sulfoxidations with PhlO, as
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for Mn-porphyrin complexes the enantioselectivit@stained were only moderate (40-68%

ee)?
a) ...
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Metal precursor Ti(Oi-Pr),
HO.__COOEt OO
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Scheme 19Summary of the main transition metal-based asymaogtifoxidation systems.

Systems based on vanadiun{Scheme 19c¢). The first asymmetric sulfoxidatiorthwa
vanadium catalyst was investigated by Fujita et wding a chiral salen ligand and
cumylOOH®’ Later, remarkable activities and enantioseledtisitvere obtained by Bolm and

Bienewald with V-oxo complexes formeal situ from VO(acac) and tridentate O-N-O-type
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Schiff bases such ds in the presence of aqueousQd.*** The simple catalytic conditions
that allow performing the reaction in the preseoftair, at room temperature and using cheap
H,O, as oxidant have made this transformation partibulattractive, and since the initial
discovery, several ligand modifications have beeported-*?> Although an unambiguous
description of the reaction mechanism is still iegply the reaction is believed to proceed
through a V(V)-oxo-peroxo intermediat¥.

Systems based on iror{Scheme 19d). While Fe-containing enzymatic systemse been
extensively studied, asymmetric organometalliclgata based on non-toxic and inexpensive
Fe are relatively underrepresented in the fielden&ntioselective oxidations. Structurally
complex porphyrifi® and bipyridiné'* ligands have been reported, but they achieve only
moderate ee’s. In the spirit of the V-catalyzedmsatiation, Bolm et al. have developed a
highly enantioselective system using a chiral Ralgst formedn situ from Fe(acag)and O-
N-O-type Schiff bases such &6. In the presence of a simple carboxylic acid aitt W,0O,

as terminal oxidant, the reaction proceeds witharable enantioselectivities (up to 96% ee)
in moderate to good vyield$>'*® The use of a Fe-salan system withOpi(salan = fully
reduced salen ligand) also gives good enantiosélees with a wide range of substrates,
including the challenging dialkyl sulfidés’

The structure of the substrate has a large infleeon the outcome of these metal-
catalyzed enantioselective sulfoxidations and thpical reactions have been usually
optimized for model aryl methyl sulfides, bearingptsubstituents of very different siZ&.
Except for the Ti-based methods, where the amolimtater has to be carefully controlled,
the presence of water is tolerated in the othetesys, although the reactions are usually
performed in organic solvent. A comparison betwdgenmain metal-catalyzed sulfoxidation

reactions is presented in Tablé’i.

Table 1.Comparison between the main homogeneous catalyificxidation system?.

Entry Catalyst Oxidant Solvent  Conditions
1 Ti(Oi-Pr),/ DET / O t-BuOOH or cumylOOH ChCl, -20°C
2  Ti(Oi-Pr)y / BINOL t-BuOOH CCl 0°C
3 Mn-salen agueous;B, or PhlO MeCN r.t.
4  VO(acacy/15 aqueous kD, CH.ClI; r.t.
5 Fe(acag)/ 16 aqueous kD» CH.CI, r.t.

ar.t.= room temperature
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2.2.3 Biocatalytic Sulfoxidation

Biocatalytic oxidations performed by redox enzynfesidoreductases) represent a cleaner
alternative to the asymmetric oxidation with chicidemical agents, as they make use of
hydrogen peroxide or oxygen as stoichiometric axislaAccording to the oxidant they use
and the reaction they catalyze, oxidoreductases dassified into four categories:
dehydrogenases, oxidases, oxygenases (mono- oramit)peroxidases® Among these,
various peroxidases and monooxygenases have beenasgsbiocatalysts for sulfoxidation
reactions->°

Unlike monooxygenasés? peroxidases do not require the use of expensivfaators'*®
This class of enzymes catalyzes oxidative transétions using hydrogen- or alkyl peroxides.
Based on the structure of their active site, thay be classified into: heme- (Fe-porphyrin
complex), vanadium- or non-metal peroxidases. Tiexe a variety of biological functions,
from the synthesis of biomolecules to the detoatimn of HO, and can accommodate a

broad range of unnatural substrates in a diveo$itgactions.*®
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o 0 N
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Scheme 20.Reaction scheme for sulfoxidations catalyzed bgoxidases: a) containing heme as prosthetic

group; b) containing a vanadate ion in the actite s
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One of the most versatile peroxidases is the hawmn&ining chloroperoxidase from
Caldariomyces fumago(CPO), which has been shown to catalyze enansicbet
sulfoxidation, epoxidation and C-H bond oxidati@actions:*®* However, a major limiting
factor for the application of this heme-enzymetsslow stability under oxidizing conditions,
due to oxidative destruction of the porphyrin rfi§Vanadium haloperoxidases are non-
heme enzymes and thus are more stable, althoughutiigy is limited due to a narrow
substrate rang&° Such V-containing enzymes have been explored tengi@ catalysts in
the enantioselective oxidation of sulfides withtopd1% ee, but with moderate activitiés.
The two catalytic cycles for oxygen transfer cataly by heme- and V-containing

peroxidases are depicted in Scheme 20.
3 Atrtificial Metalloenzymes for Enantioselective Transformations

3.1 Enzyme Engineering: Modification of Existing Enzyme

Natural evolution provided a large set of enzymesial for the survival and reproduction of
organisms, not for applying in chemical procesgdthough many complicated reactions can
be efficiently performed by natural enzymes, these is limited by a narrow range of
applications in terms of enantiomer accessibiltybstrate specificity, thermal stability and
alternate activity®

To address this issue, one strategy is to usengzyrom organisms living in extreme
conditions (temperature, pressure, pH), adapt trendlation of the enzyme (by using
surfactants or immobilization techniques) or chatigereaction parametetfsFor example,
subtle modifications of the substrate and solvegireeering (pH control, use of ionic liquids)
are simple methods to fine-tune the stereochemigi@ome of an enantioselective enzymatic
transformatiort??

On the other hand, natural diversity cannot addrat the desired reactions, and
sometimes no natural enzymes with a desired actvitenantioselectivity are found. In this
case, modifying existing biomolecules with simikmtivities or structures through enzyme
engineering represents a viable alternative.

The remarkable evolutionary adaptability of enzgnies lead to the development of
laboratory evolution methods as an attractive mdansproducing biocatalysts with the
desired properties. There are two approaches fpyne®@ optimization: fine-tuning existing

scaffolds by rational redesitfii or creating random libraries of possible catalybis
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combinatorial method$'?*'* and then improving them by screenthgor selection
techniques (Scheme 2. In the field of asymmetric catalysis, these teghes open new
perspectives for the application of biocatalysis.

a)
Rational redesign

structure / mechanism

information test for desired property
IIIIHIIIIIL—>IIDIIHII\L—‘\ID\ID\II
wild-type protein EEEEEEEEEE optimized enzyme
(ITTTTTTTT]

redesigned mutants

b)
Directed evolution

gene mutagenesis high-throughput
protocol screening / selection

\IIHII\HI;—*IIIIIIIIHIL—“ ] |

wild-type protein T T O T mutant with

improved property
(I TTITOT]
LITTTTTITITT]

I_Lu_l_lm _
. 1
mutant library [L]

optimized enzyme

iteration

Scheme 21.Main techniques for the engineering of existingdatalysts: a) rational redesign; b) directed

evolution.

Choosing the best method for an enzyme enginetasigdepends on available structural
and functional information, as well as on suita®éection techniques. A comparison between
the two strategies is presented in Tabfé2’

In terms of mutation target, rational methods fon mutations close to the active $fte,
as their effect is easier to predict, while randomitagenesis can often find distant mutations
with better activity and stabilit}?® Considering enantioselectivity, a study of impmwingle
mutants reveals that, even though distant mutattamshave a beneficial effect, it is often

more effective to focus on mutations near the yatasite*®
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Table 2. Comparison of rational redesign and directed dimiuechniques.

Rational redesign Directed evolution
Protein structure Required Not required
Mechanism Required Not required
Gene mutagenesis Point mutations Error-prone PCR
protocol Saturation mutagenesis aBaturation mutagenesis
pre-identified spots Massive mutagenesis

Gene shuffling
Synthetic shuffling
Screening / selection Sensitive enzyme assay High-throughput screenirtade

techniques High-throughput selection methods

Reetz et al. were the first to demonstrate thaéctid evolution methods can be
successfully applied to the creation of enantiatele enzymes, by evolvingR}- and §)-

selective lipases for hydrolytic kinetic resolutig@cheme 22)%°13°

O
R
gk O \l)J\OH . Q%ONO
Paerug/nosa :
CHj

CHs lipase

Scheme 22Hydrolytic kinetic resolution usingj- or (S)-selective lipases.

Genetic engineering offers the possibility of ajiag any position of the protein sequence
to improve a specific property of an enzyme or et@rcreate a completely new activity
(catalytic promiscuity}™>? Still, the number of building blocks that can bengtically
introduced into proteins remains limited. Althoutte 20 natural amino acids contain a
variety of functional groups, proteins require aner of other chemical functionalities to
carry out their functions. These are provided inture through post-translational
modifications or by the use of co-factors. In tlaathls of molecular biologists, this limitation
can sometimes be overcome by the use of ingenemiiques for the incorporation of non-
natural amino acidS™ Yet, these techniques are mainly successful amiyttfose building
blocks that have a close structure to the nature$o

Besides the genetic approach, chemical methodsresesent a valuable tool for protein
engineering3? Chemical modification of amino acid side chairlsva incorporation of new

functional groups into a biocatalyst, but such tieas are in general non-specific, thus
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creating heterogeneous mixtures of proteins, witimnsequently varied, imprecise and
uncontrolled propertiesHowever, some successful strategies have beerogede which
exploit efficient and selective protein chemisty alter natural catalytic activity or to

introduce new enzymatic activity within a protéf.
3.2 Artificial Systems

The optimization of existing enzymatic systems elswestablished and can cope with several
problems associated with the application of bidgata in asymmetric synthesis.

Nevertheless, there are still many problems forctvmatural systems cannot even offer a
suitable starting point for evolution. Sometimeg #xisting enzymes are not necessarily
appropriate for the desired transformation and rotfleameworks can be much better
functional solutions. In this context, the creatioh artificial enzymes represents another

possible strategy to address uncommon chemicaioaaasing biomolecules.
3.2.1 Catalytic Antibodies

One of the first approaches to artificial systenas\the creation of catalytic antibodies. An
antibody is a large protein produced by the immsgstem against a foreign molecule
(antigen). The affinity of an antibody for its ayen is in the range of 1@ 10 M™. The
ability of the immune system to produce receptoith veuch high affinity against any
chemical ligand has been exploited to create aal@ss of catalytic proteins.

The method is based on Pauling’s principle of emyc catalysis, which states that
enzymes catalyze a chemical reaction by stabilizisgtransition state better than the
substraté>* Thus, the complementarity between the activeaitkthe transition state should
cause an acceleration of the reaction by forciegstibstrates to resemble the transition state.
The first catalytic antibodies were described iretefently by Lerner and Schuft?**®The
antigens they used, phosphonic esters, are kndwhitiors of hydrolases and mimics for the
transition state of hydrolytic reactions. Theoraili, if the antigen is carefully designed, one
can perform any catalytic reaction using this mdthia practice, the construction of stable
transition state analogues is a difficult task.0B¥ have been made in this field to apply
catalytic antibodies to a larger range of chemii@sformations: cationic cyclizations, Diels-

Alder reactions or pro-drug activatiamvivo'3"13®
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3.2.2 Artificial Metalloenzymes

Approximately half of all proteins contain a metatiom, either as an isolated ion or
coordinated to an organic compon&titThe redox properties and high catalytic activités
the transition metals enable them to carry out ebenmost difficult transformations. The
complex structures and functions of metalloenzyheege inspired chemists and biochemists
in designing highly efficient and selective catalysystems. Several types of interactions
govern the reactions of a metal centre: the elewrproperties of the metal itself, the first
coordination spheree(g. coordination number and geometry, type of ligarik, secondary
coordination spheres(g. hydrogen bonding interactions of the first cooadion sphere with
the close environment) and the long-range intesast{usually electrostatic in naturéj.

Traditional homogeneous catalysis is based omusleeof relatively small organic ligands
surrounded by a uniform environment (solvent mdiesuand thus is characterized mainly by
the first two types of interaction. In contrast,nietalloenzymes, the metal atom is embedded
in a highly organized protein framework, which pd®s exceptional control through second
coordination sphere and long-range contacts. Thation of artificial metalloenzymes aims
at combining the features of both homogeneous amgneatic catalysis and represents a
rather new approach in the field of asymmetric sfammations. Their design is based on
exploiting second coordination sphere interactiforstailoring the enantioselectivity of the
reaction.

Three main approaches can be identified to datetlfe creation of enantioselective
artificial metalloenzymes, based on the mannemobriporation of the metal fragment: the
dative, the covalent, and the supramolecular amo@trategy. The metal fragment can be
either a small metal ion or a metal-containing vetr non-native prosthetic group. Since
several reviews summarizing the latest advanceékerfield of artificial metalloenzymes for
enantioselective catalysis have been recently sluxi****>only a brief description of these
hybrid catalysts will be presented here.

Dative anchoring. Several natural metalloenzymes contain a metatimectly bound to the
protein, without the intermediate of an organic poond. Substitution of these metal ions
with others having different properties and adigtaffords artificial metalloenzymés 24
Metal ions can also be accommodated in specifidibg sites of certain non-metal-
containing protein?!***’For example, Sheldon et al. exploited the strattsimilarity of the
active sites of vanadium-dependent haloperoxidases acid phosphatases to design a
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semisynthetic peroxidase for enantioselective gidftion (up to 66% ee was obtained upon
sufoxidation of thioanisole using,B, as stoichiometric oxidant]’

Covalent anchoring. Covalent linkage is based on chemical modificatbbran amino acid
residue and allows site-specific incorporation ahatal complex that does not display high
affinity for the protein. This strategy involvesesjfic modification of an accessible amino
acid and has been successfully applied to natigéemis or mutants containing one or two
free cysteine residué8®**° Dual covalent anchoring of a Mn-salen complex itite heme-
binding site of apo-myoglobin, combined with specdrientation of the metal-complex by a
dative bond with a histidine residue proved to bsuacessful strategy for the design of
artificial metalloenzymes for the sulfoxidationtbfoanisole (up to 51% e&y°

Supramolecular anchoring. This non-covalent approach exploits the high &ifinf a given
protein (host) for a small organic molecule (gue€hemical modification of the guest is
necessary in order to attach the organometallieety@nd it shouldn’t drastically affect the
host-guest binding affinity. Ideally, the bindinggket of the protein should be deep enough
to accommodate the derivatised prosthetic groupg®e 23).

organometallic

moiety X
G— oM
X
host protein host protein

Scheme 23.Schematic representation of artificial metalloeneg based on supramolecular anchoring of an

anchor spacer

active catalyst within a host protein.

One class of proteins that display high affindwards a variety of hydrophobic guests are
the serum albumins, which function as transportging in plasma. Their hydrophobicity has
been utilised for the non-covalent incorporationn@dtal-containing co-factors that catalyze
enantioselective reaction¥:**?1t is worthy of note that the hydrophobic pockefsbovine
serum albumin (BSA) also constitute possible bigdsites for hydrophobic substrates and
therefore can provide asymmetric environments figr transition stat&> In this context,
Klibanov proposed the use of a hydrolytic enzyméhva single well-defined hydrophobic
pocket (i-chymotrypsin) instead of BSA, as chiral mediatan Eenantioselective

sulfoxidationst®
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Heme-containing proteins are another class ofeprstthat possess a hydrophobic cavity
capable of non-covalent interactions with metal-ptaxes. Supramolecular incorporation of
metal-salen complexes into the active site of apogiobin affords semisynthetic
metalloenzymes that catalyze enantioselective sigléions>>*°

Since the supramolecular approach is based ondifgtity between the protein and the
co-factor bearing the metal fragment, the choicthefguest-host couple is very important for
its success. When it comes to high associationtaotss the system that naturally comes to
mind is biotin-avidin, which has one of the highesh-covalent interactions known in nature
(Ky 0" M™1).2" As early as 1978, Whitesides and Wilson conveweitlin into an
enantioselective homogeneous catalyst by inconmgraa biotinylated achiral rhodium-
diphosphine complex into the biotin-binding pock&tThis was the first example of an
artificial metalloenzyme. Later, Chan et al. extthdthe concept to the use of chiral
ligands™®® Since 2003, Thomas Ward'’s group in Neuchatel bassed on the development
of artificial metalloenzymes based on the biotimgigt)avidin technology (hereafter,
(strept)avidin refers either to avidin or to steeptlin). A detailed description of the system is
presented in the next section.

At the interface between organometallic catalyansl enzyme chemistry, the hybrid
catalysts represent a complementary approach tarasyric transformations and may allow
quick development of a broad reaction range inrenvnentally benign media. In terms of
activity, reaction and substrate range, and opegatonditions, they take advantage of the
performance of the organometallic component. Intresh, the enantioselection path is
determined by the biomolecular scaffold, which colst second coordination sphere
interactions. The attractive feature of such systesntheir optimization potential, which

combines chemical and genetic methods to screemsily space.
4  Biotin-Streptavidin System

The choice of an appropriate guest-host couplecisiaal step when designing a new hybrid
catalytic system. Supramolecular anchoring appeen® interesting than covalent or dative
strategies, since it allows separate variatioripyedd by straightforward combination of the
chemical and the genetic counterparts. Moreoverchemical modification step is required
after the incorporation of the catalyst precurstws ensuring the integrity of the
organometallic specig§’
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A robust protein scaffold and a very strong affinbetween the protein and the
organometallic host are essential. In this contiwd, use of the biotin-(strept)avidin system
presents the following advantag8s:

Guest [ host binding. The affinity constant of either avidin or strepthm for biotin is one

of the highest known in nature {K 1.710"* M* for avidin and K = 2.510"* M™ for
streptavidin):>’ This strong binding ensures the immediate and tetmgormation of the
protein — metal complex hybrid catalyst. Furtherepaterivatization of the biotin side chain
to introduce the catalytic functionalities does meatuse dramatic change in the affinity
constant:®?

Stability. Streptavidin has an exceptional stability towaltsat (the biotin-containing
tetramer is stable at 110 °C for several mindf&sgextreme pH conditions (denaturation
requires 6 M guanidinium chloride at pH 1*8jhigh concentrations of organic solvent (50%
ethanol) and the presence of surfactants (suchodiurs dodecyl sulphate, SD%J.
Therefore, the use of a large panel of reactiomitimms can be envisaged.

Protein expression.Both avidin, naturally available from egg whfttand streptavidin,
secreted btreptomycebacterial®’ are available as recombinant proteins. Avidinfrasen
difficult to produce in bacteria, but reasonablelgs can be obtained in eukaryotic production
systems likePichia pastoris®® In contrast, streptavidin can be expressed fiorooli culture

at relatively high yields (in our lab the productigields reach typically 200 mg").**” Both
proteins are easily purified by affinity chromataghy using immobilized 2-iminobiotin.
Structural and functional information. The exceptional affinity and stability properties
described above are the reasons for the partiatii@ntion that avidin and streptavidin have
received from the scientific community. The biofstrept)avidin system is the basis for a
great number of practical applications and is aere@sting model system to study the affinity
between a macromolecule and a small lig&fd®® Therefore, it is not surprising that the
structural and functional characteristics of thdse proteins have been extensively
studied!’® The crystal structures of a number of (strept)avidriants have been determined
and biotin binding is well defined, thus allowingtional tailoring of the artificial
metalloenzymes.

Despite an amino acid similarity of only 41% (amarid identity 30%}§/* the secondary,
tertiary, and quaternary structures of avidin atrépsavidin are almost identical to each

other’**"3They fold in an eight-stranded antiparafebarrel and their quaternary structure

52



is composed of four identical barrels. Each subliagt a single biotin-binding site placed near
one end of the barrel and containing two main raptiie hydrophilic contact residues that
form hydrogen bonds with biotin (Figure 4a) and tiyelrophobic pocket created by several
aromatic residues (Figure 4b). The binding sitédtess provide a precise fit to biotin, so that
in the unoccupied binding site, the position of sleévent molecules is similar to the shape of
the biotin molecule. After biotin-binding, the fike loop between the stran@®8 andp4
(loop L3,4) becomes ordered, locking the biotinthe binding site (Figure 4a). A critical
hydrophobic interaction is provided by a tryptoph@sidue supplied by a neighbouring
subunit (Figure 4b) and therefore the two proteirs considered as a dimer of functional
dimers.

It is worthy noting that the deep hydrophobic tawf (strept)avidin can also bind, albeit
with significantly reduced affinity, a variety afjands, including HABA, ANS and different
oligopeptideg 416816917 ggesting the possibility of second coordinagiphere interactions

with a wide range of functionalities attached te Hiotinylated moiety.

Figure 4. Biotin binding pocket of streptavidin (PDB refecencode 1STPY? a) Hydrogen bonding net
stabilizing the urea moiety (N23, S27, Y43, S4528)] the sulfur atom (T90) and the carboxylic acfdhe
valeric side chain (N49 and S88) of biotin; the 4.3pop (residues 45-52) is highlighted in green; b)
Hydrophobic interactions with tryptophane residu&&9, W92 and W108 from monomer A (blue) and W120

from the adjacent monomer B (yellow).

Considering the above features, the biotin-(sjesdin couple appears as an ideal starting
point for the development of hybrid catalysts. Ehdecades after Whitesides’ work, the great
potential of chemogenetic optimization made possiile development of very selective

catalytic systems. This approach, implemented fausn our laboratory for hydrogenation
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reactions, is based on generating chemical andtigditearies to explore diversity spate.
A chemogenetic optimization procedtie implemented for the hydrogenation of-
acetamidoacrylic andx-acetamidocinnamic acids using streptavidin in goafion with
biotinylated rhodium diphosphine complexes allowegid generation of R)- and §-
selective as well as substrate specific metallo@esy (up to 96% eeR)).">"® Higher
activities and selectivities are obtained whenpsérédin is used instead of avidin.

Chemical optimization of the system can be aclddwemodifying the localization of the
catalytic moiety inside the protein upon introdantiof a spacer between the biotin anchor
and the diphosphine ligand. The nature of the iytdied ligand determines the general
activity and selectivity trends. The critical sedatpbordination sphere interactions determine
the selective coordination of the prochiral facethie catalytic moiety, as well as substrate
differentiation, and can be fine-tuned by introshgcpoint mutations in the host protein. The

general principle is summarized in Schemé™?4’’

.
P\::F\:rh L,
Biot—{ spacer o

P

streptavidin
H H
HOOC\[NHAC artificial metalloenzyme HOOC\tNHAC .\ HOOC\E[NHAC
R Ha R R
RS 0 up to: 96% (R) 91% (S)
a4 (R=H) (R =H or Ph)
Biot= - NH
S /,',/\/\H/
(0]

Scheme 24. Artificial metalloenzymes based on the biotin-ptewvidin system for enantioselective
hydrogenation reactions. Introduction of a spageedn) and variation of the diphosphine ligand €blallow

chemical optimization; introduction of point mutais (red) leads to genetic optimization of the Ipostein.

In contrast to the rational design used by thedAMapup, another approach to generate
selective artificial metalloenzymes for hydrogeaatreactions has been implemented by the
group of Manfred Reetz, who first proposed the i@ptibn of directed evolution methods to
hybrid catalysts based on biotin-streptavitifhDue to problems associated with the protein
expression system and the air sensitivity of théaieomplexes, screening the artificial

enzymes has proven more difficult than screeniagsital enzymatic systertf§.However,
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Reetz et al. demonstrated the possibility of bregdi better catalyst over several evolutionary
cycles.

The creation of such artificial metalloenzymesrapaew horizons in the field of enzyme
application. The real challenge is to generate haggvities that are impossible to obtain
using classical enzymatic systems. Encouraged éydbults on hydrogenation reaction, the
research in Thomas Ward’s group has focused on diffreult reactions, including transfer
hydrogenation of ketone derivativEs;'®! oxidation of secondary alcohdi$ and, more

recently, allylic alkylation®®
5 Scope of this Thesis

As described above, the artificial metalloenzymaseld on the biotin-streptavidin technology
offer new perspectives for protein engineering bymbining chemical and genetic
modifications to create new activities and to finae the selectivity. The objective of this
thesis is the development of efficient hybrid cggtd for challenging reduction and oxidation
reactions. Hence, the work is divided into two idst parts, dealing with two different
reactions: the transfer hydrogenation of carbooyhgounds and sulfoxidation.

The first part relies on the discovery of a sélecartificial transfer hydrogenase based on
biotin-streptavidin during a previous PhD projecilihomas Ward’s laboratory (PhD thesis of
Dr. Christophe Letondor)? The goal of the following studies is the implenaiun of a
robust protocol for the chemogenetic optimizatidisuch enzymes and a closer investigation
of the catalytic system. Furthermore, we aim to l@kpthe influence of the second
coordination sphere to create artificial keto-redaes for the reduction of difficult substrates,
such as dialkyl ketones.

Creating artificial metalloenzymes for oxidatiaactions represents the second challenge
of this thesis. From a panel of possible enantamdidde oxidations, we selected the
sulfoxidation reaction as a starting point. Outiahistudies focus on the implementation of a
sulfoxidation system that is compatible with theeggnce of water and protein. Further
research is centered on the incorporation of dytetally active metal ion (vanadyl) into the
binding pocket of streptavidin. In this way, steeptin can be transformed into a

metalloenzyme without the use of the biotin co-dact
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Chapter 2 Results and Discussion






1 Transfer Hydrogenation of Carbonyl Compounds

The starting point of this work is constituted bgyious studies conducted in our laboratories
by Dr. Christophe Letonddf* His efforts allowed the identification of activadaselective
artificial metalloenzymes for the transfer hydroggon of acetophenone derivatives based on
the biotin-streptavidin technology. Moreover, theyggested that both chemical and genetic
methodologies can be implemented for the optinomatof the system. For a better
comprehension of the following results, a shortcdpsion of the catalytic system discovered
by Dr. Letondor will be presented in Section ¥AThe results presented in Section 1.2 were
obtained in collaboration with Dr. Letondor andrédfere have already been largely discussed
elsewheré®>#*Only a brief account of the outcome of this fisgtimization protocol will be

provided.
1.1 The Catalytic System

The Noyori-type asymmetric transfer hydrogenatidnketones was chosen as a model
reaction, considering the nature of the criticahtwovalent interactions within the transition
state (see Chapter 1, Section 2.1.1). In this sbntié was reasoned that the second
coordination sphere contacts between the hostiprated the substrate may lead to good
selectivities. Most importantly, recent examplesthe field of chemo-enzymatic catalysis
demonstrated the compatibility betweef piano-stool metal complexes and enzymatic
systems at elevated temperatures, thus suggestaigbiotinylated piano-stool complexes
may perform their task in the presence of strepitawacting as a host protein.

Derivatisation of an achiral aminosulfonamide hdawith a biotin anchor, followed by
complex formation with ruthenium afforded the sealdnd water compatible catalyst
precursors rj°-(arene)RuBiot-g-L )Cl], which were combined with wild-type streptaivid
(abbreviated hereafter WT Sav) to afford artificiatalloenzymes for transfer hydrogenation
reactions ({)°-(arene)RuBiot-g-L)Cl] O WT Sav; arene -cymene, benzene = ortho-,
meta or para-position for the biotin anchor, Scheme 1a). Steidiethe hydrogen source, pH
and buffer system, temperature, reaction time arghroc co-solvent revealed the best
conditions for the reduction of the model substetetophenon#& (Scheme 1b and Table 1,
entry 1). Acetophenone derivativesind3 afforded even higher conversions and selectivities
(Table 1, entries 2-3). In the absence of Sav getltesnplexes catalyzed the aqueous transfer

hydrogenation of acetophenone to yield racemicdnglethanol in quantitative yield.
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Scheme 1.a) Schematic representation of artificial metailpenes based on biotin-streptavidin for transfer
hydrogenation reactionsn(-(arene)RuBiot-g-L)CI] O WT Sav, arene P-cymene or benzene = ortho-,

meta or para-); b) Reaction conditions for the enantioselectisguction of acetophenone derivatives.

Table 1.Best results obtained after the optimization ef thaction conditions for the transfer hydrogematb

acetophenone derivatives with’j(arene)RuBiot-p-L)CI] O Sav.

Entry n°-(arene) Protein  SubstrateConv. (%) ee (%)
1 p-cymene WT Sav 1 82 68 R
2 p-cymene WT Sav 2 93 87 R
3 p-cymene WT Sav 3 86 91 R
4 benzene  WT Sav 1 54 48 §
5 p-cymene P64G Sav 1 90 85 R
6 p-cymene P64G Sav 3 92 94 R
7 p-cymene S112G Sav 1 90 28R

The nature of the capping arene was found to alayucial role in determining both the
activity and the selectivity ofnf-(arene)RuBiot-p-L)CI] O WT Sav. Most unexpectedly,
substitution of the1®-(p-cymene)- by am®-(benzene)-cap produced the opposite enantiomer

of 1-phenylethanol, under otherwise identical resctonditions (Table 1, entries 1 and 4).
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This initial finding suggested an important intdrae between the protein and the ruthenium

complex.

@ﬂ

(R)-product

Q.0
“" Ru
S\ \

N ~H
: N N
Biot \ / \H
streptavidin HCOO"

16 e planar complex
achiral

Cco,

streptavidin

transition state structure

B

H
streptavidin

18 e hydride complex
(S)-Ru
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Scheme 2Suggested weak contacts critical for the obseerethtioselectivity in the reduction of acetophenone

catalyzed byrj®-(p-cymene)RuBiot-p-L)H] 0 WT Sav. The absolute configuration at Ru may berdgined by

second coordination sphere contacts between thinydated catalyst and streptavidil\){ the preferential

delivery of one prochiral face of the substrate rhayiased by second coordination sphere intersctetween

the substrate and streptavidi)(

To rationalize this observation, two complementamantioselection mechanisms can be

envisaged. First, the absolute configuration atrRilne hydride piano-stool complex may be

controlled by second coordination sphere interastizwith Sav. This differs from classical

Noyori-type catalysts where the Ru-configurationdstermined by the chirality of the
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chelating ligand scaffolef Second, additional contacts between the subsiratehe protein
may compete (matched or mismatched) with interastibetween the substrate and tfie
capping arene to favour the approach of one prakliace of the substrate. These two
possible enantiodiscriminating events are outlireGcheme 2 for theRj-selective fi°-(p-
cymene)RuBiot-p-L)CI] O WT Sav combination.

Introduction of point mutations within the hosomin showed that the protein with the
most remote site of mutation (P64G Sav) signifigaimicreased enantioselectivity, while the
closest lying mutation (S112G Sav) afforded theatgst variation in enantioselectivity as

well as the highest conversions (Table 1, entriés 5
1.2 First Round of Evolution: Exploring the Active Site

With the aim of broadening the substrate scopegamting mechanistic insight into the new
system, a library of chemically and genetically mfied catalyst variants was produced and
screened for activity and selectivity for the retttut of prochiral ketones. As no high-
throughput methodology was implemented, we focusedminimal modifications of the
active site, likely to dramatically affect the rgan outcome: the position of the biotin-
anchor, the capping arene and the metal, as welleasesidues predicted to lie close to the

active site2°
1.2.1 Screening Strategy

In order to limit the number of screening experitsemwe opted for a representational search
strategy (positional scannifg)to optimize the activity and selectivity of thetificial
metalloenzymes. Three variables were expected te ha important effect on the reaction
outcome: chemical diversity (catalyst structurenefic diversity (protein environment), and

substrate (Scheme 3).

chemical diversity
(1)

genetic diversity

)

Scheme 3.Screening strategy based on positional scanningh&® chemogenetic optimization of the artificial

transfer hydrogenases.
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Successive optimization rounds were carried ounbyifying a single parameter at a time
(Scheme 4).

S1 12X
Sav 36 uM Q 1
0 Ru 120 yM OH 0 o
HCOONa 0.48 M % i Riarge
Riarge”  “Remal  B(OH)30.41M  Riarge” ™ Ry AN TSh--

MOPS 0.16 M Biot— . N——H—\O’ Rsmall
PHinitial = 6.25 \H

Substrate 0.012 M

streptavidin \—'

Optimization parameters:

Chemical

Biotin anchor position Biot-o-L, Biot-m-L, Biot-p-L

Arene cap ©
N
\/

Metal centre Rh, Ir

Genetic Mutagenesis at S112 position

0 0 o 0 0
Substrate scope /©)J\ /©)J\ ENJ)k
| N
Br HaC Z

O
O/Y
0} O
6 7 8
Scheme 4Chemical, genetic and substrate diversity usedh®rchemogenetic optimization of enantioselective

artificial transfer hydrogenases.

The influence of the biotinylated catalyst struetuon the asymmetric transfer

hydrogenation for the three acetophenone derivafiveé was evaluated first. Then, changes

63



of the host protein through targeted mutations wexplored by screening with the most
promising organometallic scaffolds. Finally, th@ge of the reaction was assessed using the
best catalyst] protein combinations. While this approach did telte into account the
possible cooperativity effects between the differéactors (metal complex, protein and

substrate), it allowed the identification of seiegtcatalysts using a modest screening effort.
1.2.2 Insight into the Active Site: Construction of the krst Model

To minimize the number of experiments required dtiicient optimization, we focused on
modifications close to the active site, assumirgf these have more influence on cataysis
than distant one$>'?%In the absence of crystallographic informationtiom exact location of
the catalytic centre, docking studies were perfatma collaboration with Dr. Sylwester
Mazurek at the University of Ljubljana, to obtaigaalitative model of the hybrid catalyst.

The most stable docked structure of the ruthenitmydride catalyst ri®-(p-
cymene)RuBiot-p-L)H] O WT Sav reveals that the,Gtoms of serine S112 and S122 lie
closest to the ruthenium moiety. However, the Sdi@i2 chain points towards the piano-stool
fragment while the S122 side chain is directed afn@y the complex.

1.2.3 Chemical Optimization

The biotinylated metal complex was modified by wagythe capping arene, the position of
the biotin anchor and the metal centre. A totaltwénty-one catalyst precursors was
generated by combining the three different ligagodgho-, meta and para-biotinylated
sulfonamidesBiot-g-L H) with seven 8 piano-stool fragments containing five arene capb a
three different metalsnf-(CsMes)RhCI, n°-(CsMes)IrCl and n®-(arene)RuCl, arene %-
cymene, benzene, durene, mesitylene, hexamethg@hen&cheme 4).

Screening of these catalysts in the presence of S&\F and P64G Sav allowed rapid
identification of the most promising metal complexi®r the reduction of acetophenone
derivatives 1-3:  [n°-(p-cymene)RuBiot-p-L)CI], [n°-(benzene)RWiot-p-L)CI], [n°-
(durene)RuBiot-p-L)CI], [n®-(CsMes)Ir(Biot-p-L)CI] and °-(CsMes)Rh(Biot-p-L)CI]. The
two Sav isoforms used in the screening displayeulasi trends. It is worthy noting that only
the para-anchored ligands afforded significant levels ofiwersion, suggesting that theeta
andortho-anchoring localize the ruthenium centre in a pasithat is not easily accessible for

the substrate.
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1.2.4 Genetic Optimization

The preliminary results obtained with the S112G $awtant, which showed the most

pronounced changes in conversion and selectivitg (Bable 1, entry 7), encouraged the

selection of position S112 for genetic optimizatitmough saturation mutagenesis. This

choice

was further motivated by the docking studidsch suggested close contacts between

the S112 amino acid side chain and the rutheniunetynoThus, the five biotinylated

ruthenium complexes were screened in conjunctiain Wie twenty streptavidin isoforms,

S112X Sav.

Table 2. Selected results for the chemogenetic optimizatibrihe artificial transfer hydrogenases for the

reduction of the acetophenone derivatite%

Entry  Protein Complex SubstrateConv. (%) ee (%)

1 S112Y Sav [n°(p-cymene)RuBiot-p-L)CI] 1 95 0 R
2 S112Y Sav [n°(durene)RuBiot-p-L)ClI| 2 88 2R
3 S112T Sav [n®(benzene)RWiot-p-L)CI] 2 90 550
4 S112D Sav [n°(p-cymene)RuBiot-p-L)CI] 1 0 -
5  S112A Sav [n°(p-cymene)RuBiot-p-L)ClI] 3 98 91 R
6  S112A Sav [n°(benzene)Ruiot-p-L)CI] 3 74 41 R
7 S112K Sav [n®(p-cymene)RuBiot-p-L)ClI| 1 50 20 §
8  S112K Sav [n°(benzene)RKiot-p-L)CI] 1 37 550
9  S112R Sav [n®(benzene)Ru(Biop-L)Cl] 3 23 62 ©

General trends emerge from this second optimizatiep:

The nature of the capping arene by-and-large d&tesrthe preferred enantiomer:
(R)-reduction products are obtained witfi-(p-cymene)- andn®-(durene)-bearing
complexes andSj-reduction products are obtained with th&(benzene)-bearing
complex (Table 2, entries 1-3 and Figure 1a). Nexall performance of the rhodium-
and iridium-containing metalloenzymes is modest @epends very much on the host
protein (Figure l1a).

Sav mutants bearing a potentially coordinating @anaiaid side chain at position S112

(cysteine, methionine, aspartic or glutamic acidgstidhne) inhibit the catalytic
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performance of the artificial transfer hydrogenaSesble 2, entry 4). This confirms
the initial hypothesis that S112 is close to thggaometallic fragment.

« Introduction of cationic residues (lysine, arginingt position S112 favoursS)
reduction products, while hydrophobic residues odyre, phenylalanine, valine,
alanine) at position S112 favolR)(reduction products (Figure 1b).

The R)-and §)-selective proteins and metal complexes can dherin a matched or
mismatched fashion to afford good levels of seldgti for (R)-reduction products or
moderate $)-selectivities (Table 2, entries 5-9).

a) b)

(R) I 100

ee (%)

-50

" e e

l -100 l -100
(s) ) (9

0 10 20 30 40 50 60 7 0 2 4 6 8 10 12 14 16

Catalysis number Catalysis humber

Figure 1. Summary of the enantioselectivity trends of therahgenetically optimized artificial metalloenzymes,
arranged from the highest to the lowest ee valoegraing to: a) the nature of the complex, irresipecof the
protein and substrate usedn®{(p-cymene)RuBiot-p-L)CI] (¢), [n°-(benzene)Riot-p-L)CI] (m), [n°-
(durene)RuBiot-p-L)CI] (+), [n°(CsMes)Ir(Biot-p-L)CI] () and h®-(CsMes)Rh(Biot-p-L)CI] («); b) the Sav
isoform, irrespective of the Ru complex and sulbstissed: S112Y<f§, S112F (), S112V @), S112A (),
S112R () and S112K¢).

1.2.5 Substrate Scope

Having identified the most efficient hybrid catalswe proceeded to test substradel
bearing bulky 4), coordinating %) or dialkyl groups -8, Scheme 4). The five substrates
were tested in the presence of tiR-gelective fj°-(p-cymene)RuBiot-p-L)CI] and of the
(9-selective fi°-(benzene)RuEiot-p-L)Cl] catalysts. These were combined with ten
representative S112X Sav isoforms (X = A, G andallphatic residues with increasing bulk;

F and W: aromatic residues with increasing bulkarél T: polar residues; E: coordinating
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anionic residue; R: cationic residue; N: neutralidaenresidue) and the best results are
summarized in Table 3.

The selectivity and conversion trends are sintitathose obtained for the acetophenone
derivatives1-3. Only modest activities and enantioselectivities abtained with the non-
aromatic ketones (Table 3, entries 1-4). Higf-gelectivities are obtained far-tetralone
(Table 3, entry 5). Interestingly, th&{selective trend of the artificial enzymes bearing
cationic residues at position 112 (S112K and S11@Rparticularly pronounced for 2-
acetylpyridineb, suggesting that the presence of a positive chatrgas position is beneficial
for this substrate (Table 3, entries 6-7). We sfated that the presence of a hydrogen bond
between the cationic residue and the pyridine mqiktyed a key role in this context.

Table 3. Selected results for the transfer hydrogenatiosubiistrate€-8 with the most selective combinations

[n®-(arene)RuBiot-p-L)CI] O Sav isoform.

Entry  Protein Complex SubstrateConv. (%) ee (%)
1  S112A Sav [n°(p-cymene)RuBiot-p-L)ClI] 6 08 48 R)
2 S112A Sav [n®(p-cymene)RuBiot-p-L)CI] 7 97 69 R
3 S112G Sav [n°(benzene)RuKiot-p-L)CI| 7 73 45§
4 S112A Sav [n%(p-cymene)RuBiot-p-L)CI] 8 71 30 R
5  S112F Sav [n°(p-cymene)RuBiot-p-L)ClI] 4 70 96 R)
6  S112R Sav [n®-(benzene)RKiot-p-L)CI] 5 93 69 §
7 S112K Sav [n°(benzene)RuKiot-p-L)CI] 5 97 708

1.3 Second Round of Evolution: X-Ray Guided Designed Bilution

1.3.1 From Model to Reality: First X-Ray Structure of a Streptavidin-Based

Artificial Metalloenzyme

With the aim of gaining structural and functionaisight into the artificial transfer
hydrogenases, a significant effort was invested intystallizing the most promising
combinations of metal complex and Sav isoform. €hestal structure of theS|-selective
[n®-(benzene)RWiot-p-L)Cl] O S112K Sav was determined by Dr. Marc Creus in
collaboration with Dr. Isolde LeTrong and Prof. R&h Stenkamp from the University of

Washington. The refined model (1.58 A resolutioBBPreference code 2QCB) provides a
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fascinating insight into the organization of theise site and the close contacts between the
Ru complex and amino acid residues in several tegjpns'*

It is important to note that the occupancy of khesite is only 20%, probably due either to
conformational flexibility inside the host proteiio, Ru decomplexation during crystallization
or to steric clash in the case of simultaneous jpaton of two adjacent binding sites by the
Ru complex. Indeed, the metal moiety is located aesubunit-subunit interface and lies too
close to the neighbouring biotinylated complex (RRu distance 4.44 A), thus hindering the
occupancy of the adjacent biotin binding site (Fég@a). This short contact suggests that
substituting the capping)®-benzene by a bulkien®-p-cymene may force the latter
biotinylated complex to adopt a different positemd / or configuration at the metal to avoid

steric hindrance. It is also noteworthy that incwgtion of the bulkyrj’-(benzene)Ruiot-p-

L)CI] within S112K Sav does not lead to a major &ueal reorganization of the host protein
(Figure 2b). Compared to WT Sav, a root mean sq{RiS) of 0.276 A is computed for all

121 G atoms present.

Figure 2. a) Short contact between the two biotinylated demgs |°-(benzene)Riot-p-L)CI] from adjacent
monomers A and B of S112K Sav. b) Superimpositibrthe structure of {*-(benzene)Riot-p-L)CI] O
S112K Sav (blue schematic representation) withsthecture of biotind core WT Sav (PDB reference code
1STP, yellow schematic representation, biotin:oxelktick). Only monomers A and B are displayeddarity.
This view emphasizes the minimal structural reoizmion of the host protein required to accommodh&
biotinylated catalyst.

Most interestingly, despite the use of a racemig@Rno-stool complex for crystallization,
only the ©-enantiomer of 1j°(benzene)Riot-p-L)CIl] was localized in the crystal

structure (Figures 2 and 3). In homogeneous syst#a<$y)-Ru configuration of the chloride
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complex is predicted to affordfreduction products of acetophenone derivativée [{°-
(benzene)RWiot-p-L)CI] 0 S112K Sav was the mosh{selective hybrid catalyst identified
during the first screening round (see Figure l1lH)isTobservation further supports our
hypothesis that second coordination sphere inieracenforce a preferential configuration at
ruthenium (see Scheme 2).

The structure also confirms the docking resuliggesting that the S112 position lies in
the immediate vicinity of the Ru atom. Several &ddal short contacts between the
biotinylated catalyst and amino acid side chains loa identified (Figure 3). These include
residues of the L7,8 loop (110-120) of both Sav amers A and B as well as G48 (part of
L3,4 loop) and H87 (part of L5,6 loop) of the moramA in which the biotinylated catalyst
[n%(benzene)RKiot-p-L)CI] is located. Position 121 is of particular irgst, as the K121
residues of both monomers A and B can interact it then®-arene (K123) and with the
expected trajectory of the incoming substrate (k)2Other residues in the L7,8 loop of
monomer A might also influence the approach ofsthiestratei(e. N118, A119, W120).

Substrate

Figure 3. Close up view of the structure af’f(benzene)Riot-p-L)CI] 0 S112K Sav determined by X-ray
crystallography (only one dimer of the tetramerideg for clarity: monomer A — blue and monomer B —
orange). Only monomer A is occupied by the biotigtl Ru complex. Residues K112, K121 and L124 of
monomer A and K112, K121 of monomer B, close-lyiaghe Ru atom, are highlighted (stick). Residud8 G
and H87 (G-Ru distances < 12 A), as well as N118, A119 an@Wpossibly interfering in the trajectory of the
substrate) of monomer A are also highlighted ast lidue lines. A possible trajectory of the incomjprochiral

substrate is also indicated by an arrow. It shdvalchoted that the occupancy of the metal moietyig 20%.
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Detailed inspection of the structure reveals thatside chain of residue L124 displays a
short contact with the SOmoiety that links the piano-stool complex to thetin anchor
(Figure 3, HCley---*OSORR]gang distance 3.53A) and thus may influence the pasitibthe
biotinylated complex inside the hydrophobic pocket.

1.3.2 New Challenge: Reduction of Dialkyl Ketones

Even though the X-ray structure provides some ingmbiknowledge about the positioning of
the biotinylated moiety inside the host proteirdoes not offer any precise information about
the enantioselection mechanism. In this contextithér evolution of the artificial
metalloenzymes cannot rely exclusively on ratiaealesign, but requires the use of random
mutagenesis and screening experiments to perfesé telements which cannot be predicted.
Starting from the previously identifie®)- and §)-selective variants and from the close-lying
residues identified from the X-ray structure, weplemented a designed evolution
methodology?® for the optimization of the artificial transfer drpgenases. Given the
difficulty of predicting the effect of a particulamino acid residue on the reaction outcome,
saturation mutagenesis was performed at the sdlpoigtions.

During the first chemogenetic optimization steghly (R)-selective combinations were
identified for the reduction of aromatic ketones.contrast, only moderat&)selectivities
were obtained for these substrates, while the ylidlktones were reduced with modest
activities and enantioselectivities (ee’s up to 69 and 45% §). Consequently, we
reasoned that it would be interesting to furthesles the hybrid catalyst to create selective
systems for the reduction of dialkyl ketones. Maexp by carefully choosing the mutation
sites, the modesE)-selectivity of the artificial enzymes might beproved.

Dialkyl ketones are challenging for the homogermseansfer hydrogenation catalysis, as
the postulated critical enantiodiscriminating,dmaidti—Tt interaction between thg®-arene
ligand and the aryl group of the ketone is absentstich substraté&®® In contrast, in
enzymatic systems like alcohol dehydrogenases, tied#scrimination is controlled by
second coordination sphere interactions betweenstibstrate and the enzyme, leading to
highly enantioselective reduction of aliphatic kets (see Chapter 1, Sections 2.1.1 and
2.1.2). Considering the streptavidin-based tranbfgirogenases, we hypothesized that the
second coordination sphere contacts between thepho®in and the substrate may lead to

good selectivities, even for these challenging sabss. However, the first results suggest that
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the 112 position has little influence on determgnihe orientation of the approaching dialkyl
substrate$-8.

In this context, identification of residue K121 passibly interacting both with thg®-
arene (K123) and with the incoming substrate (KkX1lwas of particular interest. We
targeted residues K121 and L124 for saturation gautesis, speculating that the first could
steer the delivery of the substrate, while the sdcoould alter the position of the metal
complex within the binding pocket (through theGOmy----OSORRigang interaction), thus
influencing the enantioselectivity of the reaction.

Saturation mutagenesis at K121 and L124 positreass performed starting in the genetic
backgrounds of S112A Sav and S112K S&)-((respectively $-selective mutants), as well
as that of WT Sav. Although it was not the md®k-gelective mutant identified during the
first chemogenetic optimization step (see Figurg B112A Sav was chosen since this Sav
isoform displayed a good level of protein expressiar better than either S112F or S112Y
Sav. The promisingSj-selectivity trends and the crystallographic imfation dictated the
choice of the S112K Sav mutant.

K121X S112A-K121X S112K-K121X
L124X S112A-L124X S112K-L124X

o 0
x
Rlarge Rsmall ©/\)J\
Br
2 6

Scheme 5.Parameters optimized during the designed evolytimiocol: n°-arene =p-cymene, benzene; Sav
mutant = K121X, L124X, S112A-K121X, S112A-L124X, BK-K121X, S112K-L124X; substrate p-
bromoacetophenors 4-phenyl-2-butanoné.

Sav variants
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A total of 114 new Sav mutants (K121X; L124X; SAIR121X; S112A-L124X; S112K-
K121X and S112K-L124X) were produced by the molaclliology team of our laboratory
(Miss Alessia Sardo, Dr. Anita lvanova and Dr. M@neus) and tested in combination with
the [n®-(p-cymene)RuBiot-p-L)Cl] and |®(benzene)RWiot-p-L)CI] complexes. The
activatedpara-bromoacetophenorzand the challenging 4-phenyl-2-butan@eere chosen

as model aromatic, respectively aliphatic subssré&eheme 5).
1.3.3 Extraction-Immobilization Protocol: Quick Screening Strategy

To accelerate the optimization process, a quickestng protocol had to be implemented.
The first round of screening for the chemogenetitinoization required the use of milligram
guantities (3-4 mg per catalytic experiment) of tlventy purified Sav mutants to perform the
catalytic experiments. Since the set up for thedpetion and purification of Sav in our
laboratory lasts nearly three weeks for the pradacdf one mutant (including purification
and lyophilisation), an alternative technique festing the 114 new Sav mutants was

necessary.
1.3.3.1 Catalysis with Streptavidin-Containing Crude CellkEacts

In the absence of colony selection techniquesgthekest way to test the performance of the
Sav mutants is screening for catalysis in crudé exdracts after Sav production in small
volume E. coli cell cultures. After extraction of the substrated af the product using an
organic solvent, the conversions and ee’s can berrdmed by chiral HPLC analysis of the
organic phase. The problems associated with thikadeare the low levels of Sav production
in the small culture volumes, as well as the preseof a variety of potential catalyst
inhibitors in the cell extract (for example, anio®NA constitutes a possible ligand for the
Ru complex).

In a first approach, the use of crude cell exgradntaining the S112Y Sav mutant was
tested in the reduction of acetophena@néfter protein expression and production in a 90 m
E. coli culture, the cell pellet containing ~ 1 mg Savtédmined by titration with biotin-4-
fluorescein}®® was treated with DNA-ase, re-suspended in ~ |BO®f water and tested for
catalysis. Following this procedure, the concerdrabf the artificial metalloenzyme inside
the reaction mixture is roughly three times motatdithan in the standard experiment. Using
pure S112Y Sav under these conditions affords maweler conversion and ee than the

standard experiment with concentrated protein @a#l entries 1-2). Moreover, as
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anticipated, the presence of the cellular extrantetely inhibits the catalytic activity of the
organometallic complex (Table 4, entries 3-4).

These results suggest that, in contrast to enoptimization via evolutionary techniques
— where screening can often be performed with eitkéonies or crude cell extracts —, the
presence of an exogenous metal sets very stringetein purity requirements to ensure
reproducible activity of the artificial metalloenmgs. Indeed, to the best of our knowledge,
all experiments in the area of artificial metallegmes have thus far been performed with
protein purified to homogeneity. This lengthy pization step is a significant bottleneck for

artificial metalloenzyme optimization.

Table 4. Comparison of the results afforded by purified 4 Bav with the results obtained using crude catlul

extracts containing S112Y Sav for the reductioaagtophenong using f°-(p-cymene)RuBiot-p-L)CI].

Entry Protein [Say (uM) Conv. (%) ee (%)
1 pure 36 95 90R)
2 pure 14.3 59 6(R)
3 cell extract 14.3 0 -
4 pure + cell extract 14.3 0 -

1.3.3.2 Immobilization Technique: Rapid Protein Extractioand Purification

To overcome this limitation, we reasoned that #teameric nature of Sav could be exploited
to purify the host protein by immobilization usimgmmercially available iminobiotin- or
biotin-sepharose. Thanks to the very high and seea@ffinity of biotin (and, to a lesser
extent, iminobiotin) for Sav, we speculated tha timmobilization step could be performed
directly on the crud&. coli cellular extract. The change in the affinity olvSar iminobiotin
with the variation of pH (the binding strength deses as the pH decreases) can be exploited
to release pure protein after immobilization (Scheta)™®’ When biotin-sepharose is used,
sacrifying one biotin-binding site for immobilizati purposes leaves up to three biotin
binding sites to incorporate the biotinylated piatool and to perform catalysis (Scheme 6b).
The performances of the two purification techngju®r the reduction ofpara
methylacetophenon& were compared using the most selective artifici@tatioenzyme
identified to date,[n°(p-cymene)RuBiot-p-L)Cl] O P64G Sav (Table 5). The results

suggested that both methods can be used for thd papification and testing of Sav-
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containing crude cell extracts, although with solbes with respect to conversion and

selectivity. However, some disadvantages can becegsd with the iminobiotin-sepharose

extraction and purification protocol:

the affinity of Sav for iminobiotin is lower thahe affinity for biotin; this feature is
especially important as the concentration of theegin in the cell extract can be very
low in some cases;

careful adjusting of the pH is necessary aftereléion step at pH 2.9 (pila = 6.25
for optimal results in catalysis — see Section .1This step is associated with an

increase in the total volume of catalysis and thills a decrease in Sav concentration.

NH

HN//(NH )
rL ey

Immobilization on iminobiotin-sepharose @

TN O

® > -(arene)Ru

] > H washlng elut|on Blot p -L)CI] %
D L] pH 9.8 pH=2.9 %9 5@
> 3. 5 /

D@ O tetraerﬂer

>
0
A, b3

Immobilization on biotin-sepharose ~ < . . >

® -(arene)Ru

] > washlng Blot-p L)CI] washing
U
> @ 5 eq./

> tetramer

Scheme 6.Rapid techniques for the extraction and purifmatof streptavidin from crude cell extracts. a)

Immobilization on iminobiotin-sepharose, followey Wwashing (pH = 9.8) and elution (pH = 2.9) stefierds

pure Sav; b) Using biotin-sepharose affords the amiiized artificial metalloenzyme after several hiag

cycles.
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In contrast, immobilization on biotin-sepharos@eared to be a more robust system and
was selected for further use for the screeninghefitl4 Sav mutants. Guanidinium chloride
(1 M solution) and the HCOONB(OH); mixture (the hydrogen source for catalysis) were

used as washing solutions for the first and thersgevashing steps, respectively.

Table 5. Comparison of the iminobiotin- and biotin-sepharosxtraction and purification techniques of
streptavidin from crude cell extracts. The catalysiere performed usinfn®-(p-cymene)RuBiot-p-L)CI] O
P64G Sav for the reduction phra-methylacetophenon® The washing steps in the case of biotin-sepharose

immobilization were realized using@ / DMF = 100/ 2.

Entry Purification technique Protein  Conv. (%) ee (%)

1 - pure 92 94R)
2 biotin pure 92 93R)
3 iminobiotin pure 90 87R)
4 biotin cell extract 76 73R
5 iminobiotin cell extract 57 82 R

Following a growth of 50 mIE. coli cell culture in a 250 mL baffled flask, the cedlipt
was collected by centrifugation, frozen at —25°gwied and re-suspended in 1.5 mL of
water. The amount of Sav in the crude cell extwas estimated by fluorimetric titration
using biotin-fluorescein as a prdB¥(the titrations were performed in our laboratogyNdr.
Thibaud Rossel and Miss Alessia Sardo using a 96phate microreader). To a suspension
of biotin-sepharose in water, a solution containentyvo-fold excess of tetrameric Sav with
respect to the capacity of the biotin-sepharoseldb@as added. Centrifugation followed by
three washing cycles with 1 M guanidinium chlorided one washing step with water
afforded immobilized Sav, which was re-suspendedater and thoroughly degassed with
dinitrogen. Addition of five equivalentsvg. immobilized tetrameric Sav) of biotinylated
catalyst fi>-(arene)RuBiot-p-L)CI] (arene = benzene prcymene) and three washing cycles
with the HCOON&(OH)z; mixture yielded yellow suspensions, which were ghdrwith the
HCOONaB(OH);*MOPS mixture and with the appropriate substrate lzeated at 55°C for
64 hours under an inert atmosphere.

Catalysis results comparing purified Sav and $amfcrude cellular extracts immobilized
via the protocol outlined above are presented iblef&. The technique was tested with the
three Sav isoforms selected for the designed ewolivVT, S112A and S112K), using the
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two Ru complexes and the aromatic substtaterom these initial results, it appears that,
although the purification-immobilization with biatisepharose leads to a noticeable erosion
of both of the activity and the selectivity, thisasghtforward protocol significantly speeds up
the screening process to afford valuable trendsthle set out to exploit the immobilization-
purification strategy to perform a round of direttvolution.

Table 6. Comparison of the results obtained for the trankfglrogenation op-bromoacetophenon2 using

biotin-sepharose immobilized- and purified homogerseartificial metalloenzymes)§-(arene)RuBiot-p-L)Cl]
0 Sav.

) - Immobilized Sav
Pure non-immobilized Sav

Entry n®-(arene) Sav isoform (from cellular extract)
Conv. (%) ee(%) Conv. (%) edq%)
1 p-cymene WT Sav 93 8R| 81 65 R)
2 benzene  WT Sav 43 53 ( 31 399
3 p-cymene S112A Sav 78 8R)( 57 64 R
4  benzene  S112K Sav 25 B ( 21 388

1.3.4 Screening and Trends of the Immobilized ArtificialMetalloenzymes

The catalytic experiments of this screening rourgfenperformed with the help of Mr.
Thibaud Rossel. Using the immobilization strateggmi-quantitative trends were rapidly
obtained for the reduction of 4-phenyl-2-butanénas well as fop-bromoacetophenon2
The enantioselectivity trends for the two substraee displayed in Figure 4 in a fingerprint
format, associating red withR)- and blue with $-enantioselectivity. This type of display
allows a rapid identification of the most selectiembinations, as well as a comparison
between the different variables influencing the reiogelectivity outcome. A refined
comparison between these elements is also presantéeglire 6a-d.

The trends identified in this screen can be diassiaccording to the following
parameters:
Substrate: aromatic vs. dialkyl ketone. In general, the two substrates behave similarly in
terms of enantioselectivity. It is noteworthy ttia¢ enantioselectivity obtained for the dialkyl
product is greater or opposite to the ee of thenat@m product for more than half of the

artificial metalloenzymes, reachingl@\ed] (difference in enantioselectivity) of up to 65%
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(Figure 5 and Table 7, entries 1 and 2). This ssiggthat protein-substrate interactions,
reminiscent of keto-reductases are intimately imedlin the enantioselection mechanism, as

the classical Gomaidd-m interaction cannot be invoked for dialkyl substgat
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Figure 4. Fingerprint display of the results for the desigjroptimization of the reduction of keton2snd6 in
the presence of biotin-sepharose-immobilized aidifi metalloenzymesnf-(arene)RuBiot-p-L)Cl] O Sav
mutant (K121X, S112A-K121X, S112K-K121X, L124X, SW-1124X, S112K-L124X). Catalytic runs that

could not be performed (insufficient soluble protekpression) are represented by black squares.

As expected, in most of the experiments, the at#t/p-bromoacetophenon2 affords
much better conversions than the aliphatic sules@alhe challenging dialkyl ketone gives
comparableR)-selectivity to the acetophenone derivatyalbeit using different biotinylated
catalyst[] protein combinations (ee’s up to 83 &) for 2 and 82% R) for 6, Table 7, entries
3 and 4). In contrast, with some rare exceptionabld 7, entry 5), only modesB)/{

selectivities are obtained with substrét@-igure 6a).
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Figure 5. Difference in enantiomeric exces3\ed)) between the aromatic and the aliphatic redugtimducts,

calculated for all the immobilized Sav isoforms.

Capping arene:n®-p-cymenevs.n®-benzengFigure 6b) As in the previous screening round
(Section 1.2), the enantioselectivity of the reattis mainly dictated by the chemical moiety.
However, while goodR)-selectivities can be obtained with®-(p-cymene)RuBiot-p-L)CI],
the best §-selectivities afforded bynf-(benzene)Rugiot-p-L)CI] remain moderate using
the immobilized Sav isoforms. Nonetheless, somecsige combinations are identified. The
opposite tendencies of the two complexes are Ilestrated in the presence of S112A-
K121N Sav for the reduction of both substrates ([@abentries 5-7).

Interestingly, some notable deviations from t8etfend of f)°-(benzene)RKiot-p-L)Cl]
are observed in the case of metalloenzymes beatirg S112A mutation
(benzene)RWiot-p-L)CI] OO S112A-K121W Sav 80% e®), Table 7, entry 2).

Nature of the S112X residue: WT, S112A, S112KFigure 6c¢). Artificial metalloenzymes
incorporating the S112A mutation bring more divgrshan the WT- and S112K-derived
isoforms. Some of the beR)¢ and §)-selectivities for both the aromatic and the aditit
substrates are obtained with catalyst variantsgeéhe S112A mutation (Table 7, entries 4-
5 and 9-12).

Overall, the S112K double mutants are least deecsuggesting that a small side chain
(alanine or serine) at position 112 may increaserfiuence of beneficial K121X or L124X
mutations. The best S112K double mutant ri§(p-cymene)RuBiot-p-L)Cl] O S112K-

L124H Sav which affords 59% e&)(for the reduction of substrae(Table 7, entry 13).
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Thus, within this round of designed evolution, B&12K mutation can be regarded as an
evolutionary dead-end.
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Figure 6. Enantioselectivity trends of the immobilized acidl transfer hydrogenases. The results are aedng
from the highest to the lowest ee value, accortiing) the nature of the substra2g» ) and6 (a); b) the nature
of the capping aren@-cymene {) and benzenea(); c) the nature of the S112X residue: S112A §112K @)
and S112«); d) the position of the site of mutation: K121 @énd L124X @).

Position of the site of mutation: K121Xvs. L124X (Figure 6d) In terms of the site of
mutation, saturation mutagenesis at position K121lmore effective and creates more
diversity than the mutations in position L124.dttempting to speculate that this effect may
be due to the influence of the K121X side chainthlmm the piano-stool moiety (K12AX

79



and on the trajectory of the incoming prochiral stdite (K121X, see Figure 3). In the case
of the dialkyl substrate, this latter contact maychucial, as it provides a second coordination
sphere interaction with the substrate, reminisoémiatural enzymes. Saturation mutagenesis
at this position affords the best ee’s for the Fadijc ketone (Table 7, entries 4-5 and 9-10,
ee’s up to 82%K) and 62% $) using immobilized catalysts).

A noteworthy exception however is the conservatiugtation L124V, which gives the
best R)-selectivity for the reduction of substraZewith [n°-(p-cymene)RuBiot-p-L)CI] O
L124V Sav (83% eeR), Table 7, entry 3). In comparison, the best gnglutant at position
121 is h®(benzene)RWiot-p-L)CI] O K121R (also a conservative mutation) and affords
64% ee §) for the reduction o2 (Table 7, entry 14).

Table 7. Selected results for the designed optimizatiothefreduction of ketone® and6 in the presence of

biotin-sepharose-immobilized artificial metalloenzys f®-(arene)RuBiot-p-L)Cl] O Sav mutant.

Entry n®-(arene) Savisoform  SubstrateConv. (%) ee (%)

1 benzene S112A-K121W 2 89 16 R)

2 benzene S112A-K121W 6 86 80 R
3  p-cymene L124V 2 90 83 R
4  p-cymene S112A-K121T 6 84 82 R
5 benzene  S112A-K121IN 6 95 62 O
6 p-cymene S112A-K121N 6 81 58 R)
7 benzene  S112A-K121IN 2 99 559
8 p-cymene S112A-K121N 2 63 50 R)
9 p-cymene S112A-K121F 6 96 73 R
10 p-cymene S112A-K121V 6 92 68 R
11 p-cymene S112A-K121V 2 73 66 R)
12 benzene  S112A-K121C 2 63 63 O
13 benzene  S112K-L124H 2 64 59 9
14  benzene K121R 2 96 64 O
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1.3.5 Evaluation of Homogeneous Purified Sav Isoforms orRepresentative

Substrates

The best results using the immobilized hybrid gestisl were subsequently reproduced using
the purified Sav mutant in a homogeneous phase amdxpected, some increase in ee and
conversion could be observed in almost all casabl€T8, entries 1-7).

An interesting behaviour could be seen in the cds®me proteins bearing mutations in
position 121, which afforded opposite enantioseléis when pure protein was used instead
of the immobilized form. The most striking exampéee the Sav mutants bearing the K121G
mutation (Table 8, entries 8-9), which invert theetioselectivity in combination witmf-
(p-cymene)RuBiot-p-L)CI]. It is tempting to speculate that the presente¢he sepharose
perturbs the spatial arrangement of the bulk$:(p-cymene)RuBiot-p-L)CI] within these
mutants. These results also implicate the resi@ldrithe enantioselection process.

Table 8. Selected results for the designed optimizatiothefreduction of ketone® and6 in the presence of

immobilized- and purified artificial metalloenzympg-(arene)RuBiot-p-L )Cl] O Sav mutant.

ee (conv.) (%)
Entry n°(arene) Sav isoform Substrate Immobilized Sav Pure non-

(from cell extract) immobilized Sav

1 p-cymene L124V 2 83 (90) 91 (96)
2 benzene S112A-K121N 2 -55 (99) -75 (98)
3 benzene S112K-L124H 2 -59 (64) -65 (94)
4 benzene K121R 2 -64 (96) -68 (95)
5 p-cymene S112A-K121T 6 82 (84) 88 (99)
6 benzene S112A-K121W 6 80 (86) 84 (99)
7 benzene S112A-K121N 6 -62 (95) -72 (100)
8 p-cymene S112A-K121G 2 -43 (97) 38 (66)
9 p-cymene K121G 6 -31 (73) 23 (20)
10 p-cymene S112K-K121C 2 -11 (91) 41 (68)

The reconstructed evolutionary path of the bB¥t 4nd §)-selective hybrid catalysts for
the reduction of 4-phenyl-2-butanofés sketched in Figure 7. It is interesting to nibtat the

most selective artificial enzymes identified foristhdialkyl ketone substrate n-(p-
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cymene)RuBiot-p-L)CI] O S112A-K121T Sav and rif-(benzene)RWiot-p-L)Cl] O
S112A-K121N Sav) are reached by an evolutionary patolving a combination of two
poorly adapted mutations that would not normallydedected individually. Screening for
enantioselectivity likely optimizes second coordio@ sphere interactions between substrate

and protein, exerting an evolutionary pressure tdwgabstrate specialization.

(R)A 100 -
S112A-K121W 80% - ST12A-K121T 82%
o A L
Pure protein 84% 80 : || Pure protein 88%
60 [~
S112A 42% ee (%) :
40
 WT27%
B K121T 24%
20 -
~ S112A 19%
WT -5% B
-20 [~
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K121N -58% -
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S112A-K121N -62% -
Pure protein -72% -
-80 [~
~—— [%-(benzene)Ru(Biot-p-L)CI] () P B [m8-(p-cymene)Ru(Biot-p-L)Cl] ———

Figure 7. Reconstructed evolutionary path of the b8t &énd §)-selective immobilized hybrid catalysts for the
reduction of 4-phenyl-2-butanofe Only the mutations present in the best doubleantstare listed. The results

obtained with the best purified double mutantsase shown.

The most efficient protein—Ru complexes were sgbeetly evaluated with the
representative substrat@s8. Using the fi°-(p-cymene)RuBiot-p-L)CI] O S112A-K121T
Sav combination, the aliphatic ketonésnd8 were reduced with good enantioselectivities
(ee’s up to 90%R) for substrat& and 46% R) for substrate3, Table 9, entries 1-2). A very

surprising result was obtained for substratevith the ©-selective artificial enzymenf-

82



(benzene)RWgiot-p-L)CI] 00 S112A-K121N Sav, which afforded an unexpectedghhR)-
selectivity in this case (Table 9, entry 3). As exted, the deactivatgemethylacetophenone
3 afforded the highest ee with the best artificis@taioenzyme identified for the aromatic
substrates °-(p-cymene)RuBiot-p-L)CI] O L124V Sav (Table 9, entry 4).

Furthermore, usingnf-(benzene)Riot-p-L)Cl] O S112A-K121N Sav, which is the
most )-selective combination identified during the setomund of screening witlp-
bromoacetophenon® the aromatic ketones-tetralone4 and 2-acetylpyridine5 were both
reduced with 92%S) (Table 9, entries 5-6). The designed evolutiastquol allows the $)-
selectivity for the reduction of aromatic substsate be increased from 70% to 92% for
substrate.

Interestingly, while methyl alkyl and methyl akgtones afford good levels of conversion
and selectivity, ketoned and 8, bearing a longer alkyl group give comparativelpdast
conversions (Table 9, entries 2 and 6-7), sugggshat such artificial metalloenzymes will
have to be further evolved to display high substigtecificity. This specific behaviour is
similar to yeast alcohol dehydrogenase, which inegal only accepts aldehydes and methyl
ketones as substrates.

Table 9. Selected results for the transfer hydrogenatiorepfesentative keton@s8 with purified homogeneous

(R)- and §-selective artificial metalloenzymeg%(arene)RuBiot-p-L)CI] O Sav mutant, identified during the

designed optimization step.

Entry n°(arene) Savisoform  SubstrateConv. (%) ee (%)

1 p-cymene S112A-K121T 7 100 0 R

2 p-cymene S112A-K121T 8 50 46 R
3 benzene S112A-K121IN 8 63 80 R
4  p-cymene L124V 3 97 96 R
5 benzene S112A-K121IN 5 100 929
6 benzene S112A-K12IN 4 54 92 9
7 p-cymene L124V 4 20 87 R

In an attempt to further optimize these resultg, eombined the best Sav isoforms
identified during the designed evolution step (S4-KA21T and L124 Sav) with the P64G
mutation, previously identified as drastically imaping the R)-selectivity (Section 1.1 and
Table 10, entries 1-2). While no triple mutant PeBGL2A-K121T Sav could be produced,
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the double mutant P64G-L124V Sav afforded high pation levels and could be easily
purified in milligram quantities. Its evaluation @@mbination with fj°-(p-cymene)RuBiot-p-
L)CI] for the transfer hydrogenation of aromatic stwates afforded the highest levels of
selectivity obtained with the artificial metallogmaes (Table 10, entries 5-6).

Table 10. Comparison of the results obtained with purifienogeneous Sav isoforms bearing P64G and / or

L124V simple or double mutation for the transfediggenation reaction.

Entry n°-(arene) Sav isoform SubstrateConv. (%) ee (%)
1 p-cymene P64G 2 97 89 R

2 p-cymene P64G 3 92 94 R
3 p-cymene L124V 2 96 91 R
4 p-cymene L124V 3 97 96 R
5 p-cymene P64G-L124V 2 96 24 R
6 p-cymene P64G-L124V 3 98 98 R

1.4 Concluding Remarks

In summary, identification of R)- and @)-selective artificial metalloenzymes by a
chemogenetic optimization procedure and the inféionaprovided by the structural
characterization of{>-(benzene)Ruiot-p-L)Cl] O S112K Sav has allowed us to implement
a designed evolution protocol for the optimizatiwinartificial transfer hydrogenases. The
method is based on the combination between ratemmélcombinatorial modificationse. the
mutation sites can be identified from the X-rayusture and the most efficient residues are
selected after screening of the enzyme varian@imdd by saturation mutagenesis.

A straightforward optimization step, performed omde cellular extracts, allowed the
discovery of fi°(p-cymene)RuBiot-p-L)Cl] O S112A-K121T Sav for the enantioselective
reduction of dialkyl ketones. While a single pomtitation is sufficient to generate selective
catalysts for the aromatic ketones (>90% ee), doubltants obtained by the designed
evolution protocol are required to identify hybrghtalysts for the reduction of dialkyl
substrates (up to 90%R)).
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2 Sulfoxidation

2.1 Hybrid Catalysts Based on the Biotin-Streptavidin §stem

Among the metal catalysts for sulfide oxidationgnium-based complexes are the most
famous and have found the most applications instgiti®® However, these systems require
careful control of the amount of water in the reactand thus are difficult to use for the
construction of artificial metalloenzymes.

Salen-based complexes form another class of s#tathat has received considerable
attention in the context of catalytic oxidation.t@dugh their application in asymmetric
sulfoxidation is limited, manganese- and chromiwatess derivatives are water compatible
and have already been used in the context of@adifinetalloenzymes as mimics of heme, the
native co-factor of myoglobifr®**°

Inspired by these systems, we envisaged the creatf streptavidin-based artificial
metalloenzymes for sulfoxidation reactions usingii@t biotinylated Mn-salen complexes.
Our choice was also motivated by the proposed nmesima of the oxidation reactions
catalyzed by Mn- or Cr-complexes, which does ngune binding of the substrate to the
metal (see Chapter 1, Section 2.2.1.2). Henceghiral environment provided by the protein
could have a determinant influence on the transtiate.

For this purpose, four biotinylated Schiff basgagentate ligands have been synthesised
in collaboration with Miss Déborah Mathis (diplorsadent at the University of Neuchéatel)
and their Mn complexes formeith situ were tested for activity in the sulfoxidation of

thioanisole.
2.1.1 Biotinylated Salen Ligands

The biotinylated ligands were designed to offeam@é structural diversity to maximize the
possible interactions upon incorporation into S@kie ligand type (aromatic or aliphatic
imines), the biotin anchor position (on the diiminkeackbone or on the 2-
hydroxybenzaldehyde moiety), and the spacer betweehiotin and the coordinating moiety
were varied and the four achiral salen ligaBdt1— Sal-4 were synthesized (Scheme 7).

The ligands were prepared by condensation of tppropriate diamine with the
corresponding 2-hydroxybenzaldehydes. 3,3ddi-butyl-2-hydroxybenzaldehyde was used
to form the symmetric diimineSal-1, Sal-3 andSal-4 and the biotin anchor was attached to
the diamine component befor8a]-1) or after Schiff base formatiosél-3 Sal-4). The non-
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symmetric diimineSal-2 was obtained in modest yield mixing ethylenediamid,5-ditert-
butyl-2-hydroxybenzaldehyde and the aldehyde bgatire biotin anchor. The complete
description of these syntheses can be found in€hdpSection 4.

0
Hl\{/lJ\NH
) o)

=N N=
%—(: ;iOH HO;E :)—é

Sal-1 Sal-2
(0] O
HN !\IH HN)LNH
3. Q.
(0] (@)

—N N=— —N N=

Sal-3 Sal-4

Scheme 7Biotinylated salen ligandSal-1—- Sal-4 used in this study.

2.1.2 Activity of the Manganese-Salen Complexes

The Mn complexes ofal-1 — Sal-4, abbreviated hereafteal-X, were evaluated for the
sulfoxidation of thioanisol® (Scheme 8). Except for M8al-4, synthesised by treatment
with manganese acetate, Mn(OA4H,O, followed by ligand exchange with NaCl
(replacement of acetate by the chloride ion) andfipation on silica gel, the other Mn

complexes were prepareusitu by reaction with Mn(OAg)4H,0.
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N/
S\ Mn-Sal-X2% S<
_— Mn-Sal-X: Mn(OAc), + Sal-1 - Sal4
oxidant 1 eq.
9 H,O,rt.,4h

Scheme 8Sulfoxidation of thioanisol® catalyzed by MrSal-1— Mn-Sal-4

Several oxidants have been reported to perfornoxigation of sulfides catalyzed by Mn-
salen complexes. One of the problems associated thi¢ reaction is the uncatalyzed
oxidation (background reaction) leading to racemutfoxides. Therefore, before performing
the activity tests for the new complexes, we euvallidhe extent of the background reaction
for the sulfoxidation of thioanisol® in water. While NaOCI, Nal9and PhI(OAc) were
found to be very powerful oxidants in the absenteatalyst (Table 11, entries 1-3), PhlO
was not suitable for oxidation in water becausésfack of solubility (Table 11, entry 4).
Hydrogen peroxide (¥D,) was therefore chosen as the most appropriateemedgr future
experiments (Table 11, entry 5).

Table 11.Extent of the background reaction using differ@xitlants and activity of the M8al-X complexes for

the sulfoxidation of thioanisofe.

Entry Catalyst Oxidant Solvent Conv. (%)
1 - NaOCI HO 89
2 - NalQ, H,O 84
3 - PhI(OAc) H,0 80
4° - PhlO RO 10
5 - H,O, H,O 10
6° Mn-Sal-l  H)O, H,O 44
7°  Mn-Sal-2  H)0O, H,O 38
8 Mn-Sal-3 HyO, H,O 19
9 MnSal-4 H)O, H,O 10

10 MnSal-4 H.02 HO/EtOH 1/1 50

@ Reaction conditions: 1-1.5% DMF in,&; thioanisole9 0.01 M; Mn 2% (if required); oxidant 1 eq.; room
temperature; 4 h.

196 DMF and 4% MeOH in O

¢ Thioanisole 0.005 M.

In combination with HO,, the MnSal-X complexes showed modest activities (Table 11,

entries 6-9). Since these compounds were poorlybgolin water, the experiments were
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repeated in a $¥0 / EtOH 1 / 1 mixture, thus yielding reasonablévittes (Table 11, entry
10). Reasoning that incorporation into Sav wouldvesathe problem of solubility, we
proceeded to testing these catalysts in the presafriwost protein.

2.1.3 Sulfoxidation Tests in the Presence of Streptavidin

The four biotinylated Mn complexes were testedhia presence of several Sav isoforms and
the best results are listed in Table 12. The choidhe Sav mutants was based exclusively on
their availability in the laboratory.

A slight decrease in conversion was obtained whth catalysts in the presence of Sav,
except for MnSal-4, which was more active when incorporated into Sais known that
addition of coordinating ligands such as imidazatepyridines in the axial position of the
metal-complex can be beneficial for the Mn-catatyzeactions with bD,.*%4'%° However,
the activities of the biotinylated catalysts renegiiow, even upon addition of such ligands to
the reaction mixture (Table 12, entries 7-8). Vergdest enantioselectivities were obtained
(maximum 13% eeR), Table 12, entry 2).

Table 12.Selected results obtained for the sulfoxidatiothafanisole with MnSal-X in presence of Sd.

Entry Sav mutant Complex Additive Conv. (%) ee (%)
1  S112D Sav Mn-Sal-1 - 30 10
2  S112D Sav Mn-Sal-2 - 32 13 R
3  S112D Sav Mn-Sal-3 - 3 0
4  S112D Sav Mn-Sal-4 - 25 50
5  WTSav MnSal-4 - 21 6 R
6° S112G Sav Mn-Sal-4 - 34 11§
7 S112D Sav Mn-Sal-2  pyridineN-oxide 36 13R)

8 S112D Sav Mn-Sal-2 N-methylimidazole 35 11 )

& Reaction conditions: 1.5% DMF in,8; Sav 0.00003 M; Mrsal-X 0.0001 M; thioanisol® 0.005 M; HO,
0.005 M; additive 0.0002 M; room temperature; 4 h.
® Thioanisole 0.01 M; kD,0.01 M.

In this context, we reasoned that the Mn-basedptexes are maybe not very appropriate
for creating Sav-based artificial metalloenzymestreeir activity under the required reaction
conditions is very modest. In our search for actegalysts for sulfoxidation in water, we

turned our attention towards other metal-basedatixid systems.
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2.2 Incorporation of the Vanadyl lon into Streptavidin
2.2.1 Preliminary Tests: Vanadium-Salen Complexes

Vanadium-salen systems have been shown to cataljfxidation reactions in the presence
of cumyl hydroperoxidé&’ In addition, sulfoxidations with vanadium complexeave been
reported using tridentate Schiff base ligands ., suggesting that the catalytic system is
active in the presence of wafet.Moreover, the peroxidase activity of vanadium-edming
enzymes has been studied in detail, showing thadiam bound to ligands with O- and N-
donors can catalyze oxygen transfer in water usergxides as stoichiometric oxidants.

In the light of these examples, we considereddfeation of artificial metalloenzymes
using the biotinylate®al-X ligands in conjunction with vanadium. Several &awants were
employed in this preliminary test. To our satisi@tt oxidation of thioanisol® with the
salophen derivative \5al-1 in the presence of S112D Sav aed-butyl hydroperoxidet¢
BuOOH) as stoichiometric oxidant afforded methyepiisulfoxide in 26% eeR) (Table 13,
entry 1). The four biotinylated V complexes, formed situ by mixing the appropriate
biotinylated ligand with vanadyl acetylacetonate)(dcac), in organic solvent, afforded
similar results in the presence of S112D, S112¥1t2T Sav mutants (Scheme 9 and Table
13, entries 1-6).

. o
Sav 0.0001 M N\ /

S V-sal-X 0.0002 M LA
substrate 0.01 M V-Sal-X: VO(acac), + Sal-1 - Sal-4

o t-BuOOH 0.05 M
H,O, rt, 4 h

Scheme 9Sulfoxidation of thioanisol® in the presence of Sav-¥al-X andt-BuOOH.

It is interesting to note that, irrespectivelytbé Sav mutant or of the biotinylated ligand
used, theR) enantiomer is always obtained (Table 13, entti€3. Moreover, the variation in
ee is very small (within experimental error). Thésult is quite surprising, since previous
results obtained in hydrogenatidhand transfer hydrogenation reactions (Section thisf
chapter) have shown that chemical diversity is @ased with diversity in selectivity.
Consequently, we envisaged the possibility thattloemplexes dissociate in the presence of
streptavidin, to form the same catalytic specieallithe cases.

To test this hypothesis, we investigated the sidfation of thioanisole with VO(acac)

incorporated into Sav in the absence of biotingalegand, usingt-BuOOH as the
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stoichiometric oxidant. Indeed, the reaction praeekin an enantioselective manner (Table
13, entries 7-8). Comparable results were obtawwkdn VOSQ was used, in which the
vanadium moiety is devoid of chelating organic figa(Table 13, entry 9). Hence, we
hypothesized that the species interacting with Saan aqueous form of the vanadyl ion,
[VO]**. WT Sav afforded similar results (Table 13, eritf). In the absence of protein, the
racemic sulfoxide was obtained with reasonable ewmion (Table 13, entry 11).

Table 13. Selected results obtained for the sulfoxidationhidanisole in the presence of Sav mutdgal-X
andt-BuOOH?

Entry V complex Sav mutant Conv. (%) ee (%)
1 V-Sal-1 S112DSav 80 26 R
2 V-Sal-1 S112V Sav 98 34 R
3 V-Sal-2 S112D Sav 98 29 R
4 V-Sal-3 S112V Sav 100 32 R

5 V-Sal-4 S112D Sav 91 35 R

6

7

8

9

V-Sal-4 S112T Sav 91 3R
VO(acacy S112D Sav 99 34 R
VO(acacy S112V Sav 100 35R

VOSQ, S112V Sav 100 40 R

10 VOSQ WT Sav 98 36R)
11 VOSQ - 88 -

& Reaction conditions: 1% DMF and 1.3% EtOH igO Sav 0.0001 M, V 0.0002 M, thioanisole 0.01 tM,
BuOOH 0.05 M, room temperature, 4 h.

2.2.2 Vanadyl lon as Biotin Mimic

Two possibilities could be envisaged for the asstam of the vanadyl ion to streptavidin:
non-specific binding to coordinating residues @ $urface of the proteire.g. glutamic or
aspartic acid) or specific incorporation into aabile binding site.

In this context, we reasoned that such a smakrpobordination compound could be
incorporated with reasonable affinity inside thetin binding pocket of streptavidin. Indeed,
besides biotin, the deep cavity of Sav can bindeialwith significantly reduced affinity, a
variety of ligands, including HABA, ANS, differentligopeptides ett®*168199174n gpo-
streptavidin (Sav devoid of biotin), several wateslecules occupy the binding site and their

positioning is very similar to the shape of the tiniomolecule. This network of water
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molecules is displaced upon biotin bindiig’® Therefore, we envisaged that a hydrated
vanadyl ion could interact with the biotin-bindingsidues via hydrogen bonds (Scheme 10).
Another option for specific vanadyl binding to st&vidin would be interactions with
coordinating residuega first coordination sphere contacts.

In terms of enantioselection, binding of the catehlly active vanadyl ion to the biotin-
binding pocket of streptavidin could provide anragyetric environment for the approach of
the substrate during the sulfoxidation processadidition, the presence of hydrophobic
residues may favour substrate accumulation withéndavity, resulting in increased turnover

rates for the catalyzed reaction (Scheme 10).

streptavidin

Scheme 10Schematic representation of possible interactauring the sulfoxidation of thioanisole catalyzed

by vanadyl incorporated into streptavidin.

Having discovered a promising system for the anselective oxidation of sulfides, we
proceeded with a systematic study to identify thestbconditions and to optimize the

selectivity of this new artificial metalloenzyme.
2.2.3 Optimization of the Reaction Conditions

With the aim of identifying suitable reaction cotoins, thioanisol® was selected as a model
substrate for the enantioselective sulfoxidatiomgis V precursor in conjunction with Sav.
The influence of several parameters (pH, V soungejant, V / Sav ratio) on the selectivity
and activity of the catalyst was tested. The reastiwere performed at 0.01 M substrate
concentration for 4 h — in most of the cases nth&rrconversion was observed after this time
— and the occurrence of minimal background reactimon-catalytic oxidation performed by

91



t-BuOOH — was checked. Very little overoxidationtte corresponding sulfone could be
detected by HPLC (< 2%).

2.2.3.1 pH and Buffer System

The reaction of the vanadyl ion, [VO] with hydroperoxides is known to be pH-
dependent® Low pH is usually required for the oxidation td&egplace. When VOSOn the
presence of WT Sav was used witBuOOH for the sulfoxidation of thioanisole, high
activities were obtained at acidic to neutral pH fange 3-7), while a decrease in selectivity
was observed above pH 3 (Figure 8). At this pH, tfegor species present in an aqueous
0.0001 M vanadyl solution is [VO@®)s]?*.**° In this first screen, a small excess of Sav

binding sitesss.V was employed (1.2s.1).
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Figure 8. pH-dependence profile of the activity)(and of the selectivitye] obtained for the sulfoxidation of
thioanisole with VOSQ in conjunction with WT Sav. For comparison, theiaty of free VOSQ (+) is
represented by the dotted line. Reaction conditi@3% EtOH; WT Sav 0.00003 M, VOS®.0001 M,
thioanisole 0.01 Mt-BuOOH 0.05 M; room temperature; 4 h; pH of thausohs adjusted with HCI or NaOH.

Next, we studied the influence of the buffer oe tictivity and the selectivity of the
asymmetric sulfoxidation reaction. Different buffgrstems around pH 3 were tested, and the
best result was obtained using HCI / KCI bufferffexing range 1.0-2.2%at 0.05 M and pH
2.2 (Table 14).
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Table 14.Influence of the buffer system on the activity a®dectivity for the sulfoxidation of thioanisole b
VOSQ, in conjunction with WT Sa.

Entry Buffer system pH Conv. (%) ee (%)
1 HCI / KCI 2.2 77 33R
2 Citric acid / Sodium citrate 3 4 0
3 Glycine / HCI 3 90 28R)
4 Phtalic acid / Potassium phthalate3 84 7R
5 Formic acid / Sodium formate 3 92 B (
6 Acetic acid / Sodium acetate 3.5 94 27 R
7 HCI / KCP 2.2 82 35 R

& Reaction conditions: 2.3% EtOH in 0.1 M buffer; V&&v 0.00003 M; VOS£0.0001 M; thioanisole 0.01 M;
t-BuOOH 0.05 M; room temperature; 4 h.
® Buffer at 0.05 M.

2.2.3.2 Vanadium / Streptavidin Ratio

To gain some insight into the stoichiometry of vdylebinding to streptavidin, we studied the
variation of the enantioselectivity as a functiohtbe V / WT Sav binding site ratio.
Increasing the number of V equivalems Sav binding sites leads to a decrease in the ee
value (Figure 9). Interestingly, the ee is not ¢canswhen an excess of binding sitssV is
used (V / WT Sav binding sites ratio < 1), suggestithat not all the V-catalyst is
incorporated into the Sav binding sites under tlveselitions.

55
50 !

45 \
40 \

35 \

30 \

. N
. >

0 1 2 3 4 5 6
ratio V / WT Sav binding sites

ee (%)

Figure 9. Variation of the selectivity for the sulfoxidatiaf thioanisole in function of the V / WT Sav bindi
sites ratio. Reaction conditions: 2.3% EtOH in HCKCI 0.05 M buffer at pH 2.2; WT Sav variable

concentration; VOS£0.0002 M, thioanisole 0.01 M\BuOOH 0.05 M; room temperature; 4 h.
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Moreover, variation of the catalyst loading frofb 10 3%, while keeping the V / WT Sav
binding sites ratio constant at 0.5/ 1 also aBadnodest variation in ee (Table 15).

Table 15. Influence of the catalyst concentration on theivdgt and selectivity for the sulfoxidation of
thioanisole by VOSQin conjunction with WT Sa¥.

Entry V (mole %) Conv. (%) ee (%)

1 1% 01 41R)
2 2 % 94 46R)
3 3 % 98 51R)

@ Reaction conditions: 2.3% EtOH in HCI / KCI 0.05WMffer at pH 2.2; VOSQ/ WT Sav monomer ratio 0.5 /
1; thioanisole 0.01 M-BuOOH 0.05 M; room temperature; 4 h.

These results suggest that the enantioselecstingly depends on the concentration of
both vanadium and streptavidin in the reaction arxt Unlike in the case of biotin, the lower
affinity of the vanadyl iorior Sav probably leads to partial formation of #réficial enzyme.

At higher concentrations of the two species, theildgium is displaced towards vanadyl

incorporation into Sav, thus leading to higher ee’s
2.2.3.3 Vanadium- and Oxygen Source

The influence of the V form on the reaction outcomas tested using four vanadyl
precursors, bearing different ligands and the Vraito different oxidation states.\O(acac),
vV0sQ, VYO(0Oi-Pr); and NaVv¥0, were used as catalyst precursors. The resultsnedta
were similar (Table 16 entries 1-4), confirming @itial hypothesis that the catalytic species
is the same, irrespective of the V precursor. Basedhis observation and considering the
speciation of vanadyl ions in acidic mediiwe suggest that the V species interacting with
Sav is the pentahydrated vanadyl ion, [VGDH]>".

During the reaction, the oxidant binds to vanadiionming a V-peroxo comple¥X:**
The importance of the nature of the hydroperoxmd#he selectivity of an asymmetric reaction
has been pointed out and the results may be assbaiath the steric effect of the alkyl or
aryl groups=>* We reasoned that changing the oxidant might chahgenteraction of the
peroxo complex with the protein or the substrdtastinfluencing the selectivity. We observe
a drop in both conversion and ee when changingxisant to hydrogen peroxide (HOOH),
while cumyl hydroperoxide (cumylOOH) gives a sligimversion of selectivity for the

oxidation of thioanisole (Table 16 entries 5-6).
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Table 16.Influence of the vanadium source and of the oxideuthe activity and selectivity of the V-contaigi

Sav in the sulfoxidation reaction of thioanisble.

Entry  Vanadium source Oxydant Conv. (%) ee (%)
1 VOSQ t-BuOOH 94 46 R)
2 VO(acac) t-BuOOH 99 46 R)
3 VO(Gi-Pr) t-BuOOH 99 46 R)
4 NaVO, t-BuOOH 92 46 R)
5 VOSQ HOOH 39 0
6 VOSQ cumylOOH 82 15 9

# Reaction conditions: 2.3% EtOH in HCI / KCI 0.05 baffer at pH 2.2; WT Sav 0.0001 M; V 0.0002 M;
thioanisole 0.01 Mt-BuOOH 0.05 M; room temperature; 4 h.
P Oxidant 0.01 M (to suppress the background reaktion

2.2.4 Scope of the Atrtificial Peroxidases

Under the previously optimized conditions using@ & V and 1 mol % tetrameric WT Sav,
the sulfoxidation of thioanisol@ afforded the corresponding sulfoxide in 94% coneerand
46% ee R) (Table 17, entry 1). In the absence of V, vetifeliconversion was observed,
while the activity of the Sav-free catalyst wasyomiodest (Table 17, entries 2-3).

To investigate the substrate scope of the newficaati metalloenzyme (abbreviated
hereafter [VOf" O WT Sav), we tested prochiral sulfidé®-15 (Scheme 11)which are
typical substrates for homogeneous sulfoxidati@ttiens'’ Dialkyl sulfides14 and15 are

particularly interesting, as the classic metho@steually limited to alkyl aryl sulfide's’

VOSO, 0.0002 M - 0
WT Sav 0.0001 M \ /
Rsmall  HCI/KCI 0.05 M, pH 2.2 R|arge/s*\
Substrate 0.01 M
t-BuOOH 0.05 M

o oot o
R
13

9:R=H 12

10: R = Me
o o
14 15

11: R = OMe
Scheme 11Enantioselective sulfoxidation of prochiral sudfab-15with the V-dependent artificial peroxidase.

R /S\
large
Rsma[l
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For the aromatic sulfides, the sulfoxidation pexte with high enantioselectivities (Table
17, entries 4-7). It is interesting to note thatr@asing the steric bulk of the aromatic moiety
of the sulfide leads to an increase in selectivityto 93% ee for the sulfoxidation of methyl-
2-naphthylsulfidel2. However, the limited solubility of the substratempers complete
conversion. Oxidation of dialkyl sulfides producéise corresponding sulfoxides with
reasonable enantioselectivity (up to 86 % ee, TalBleentries 8-9). For all substrates, very
little overoxidation to the corresponding sulformildl be detected by HPLC (< 2%).

Table 17.Conversions and selectivities obtained in the [’@] WT Sav-catalyzed sulfoxidation of substrates
9-15%

Entry Catalyst SubstrateConv. (%) ee (%)
1 [VO]*OWTSav 9 94 46 R)
2 [VO]** 9 55 0
3 WT Sav 9 7 4R)
4 [VO]J*OWTSav 10 96 87 R
5 [VO]*OWTSav 11 100 90 R)
6 [VO]*OWTSav 12 53 93 R
7 [VO]*OWTSav 13 96 0 R
8 [VO]**OWTSav 14 100 73R
9 [VO]*OWTSav 15 61 86 R

@ Reaction conditions: 2.3% EtOH in HCI / KCI 0.05bvffer at pH 2.2; WT Sav 0.0001 M; VO$0.0002 M;
substrate 0.01 M:BuOOH 0.05 M; room temperature; 4 h.

2.2.5 Exploring the Catalytic System

In the context of creation of catalytic activitypiin a non-catalytic protein, incorporation
of the vanadyl ion into WT Sav appeared as andive idea for the development of new
metalloenzymes. However, several questions aragadimg this system. Among these, our
most important concern was: how does [V@DH|** interact with Sav (first or second
coordination sphere contacts are possible) anddpawific is this interaction?

First, we proceeded to verify the initial hypotisesegarding the incorporation of the
vanadyl ion into the biotin-binding pocket. Upondamn to the reaction mixture of 4.25
equivalents of biotivs.tetrameric WT Sav, the sulfoxidation @imethoxythioanisold 1 (the

most active and selective substrate, Table 18y dntafforded racemic product (Table 18,
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entry 2). This result suggests that the reactikedeglace in the proximity of the biotin-
binding site.

Moreover, substituting streptavidin by avidin @vine serum albumin (BSA) respectively
afforded sulfoxidation products with very modesamiioselectivities (Table 18, entries 3-4).

This suggests that Sav provides a specific binditegfor the pentahydrated vanadyl ion.

Table 18. Catalysis results suggesting that the biotin-igdpocket of streptavidin specifically binds the

vanadyl ion?
Entry Protein Conv. (%) ee (%)
1 WT Sav 100 90R)
2 Biotin (4.25 eq.)J WT Sav 96 0
3 Avidin 78 R
4 BSA 100 0

& Reaction conditions: 2.3% EtOH in HCI / KCI 0.05ffer at pH 2.2; protein 0.0001 M; VO$0.0002 M;
p-methoxythioanisold1 0.01 M;t-BuOOH 0.05 M; room temperature; 4 h.

Next, we proceeded to a closer investigation ef dntificial enzyme, with the aim of
elucidating critical aspects of the catalytic sgstéhe coordination sphere around vanadium,
the localization and geometry of the active site, teaction kinetics and the binding affinity

of the vanadyl ion to streptavidin.
2.2.5.1 EPR Studies

Electron paramagnetic resonance (EPR) spectrosisopytechnique for studying chemical
species that have one or more unpaired electrdresvanadyl ion — [ O]*" — exhibits sharp
eight-line EPR spectra, which are sensitive to ltgand environment around the [VE)]
group.This ion has therefore been used as a prblbeometal-binding sites of several
proteins'®*%” A marked pH-dependence of the EPR spectra is wededue to different
equilibria of [VOF* in water'®®

For the investigation of the coordination envir@mharound [VO{" O WT Sav, EPR
experiments were performed with the help of Mrsralea Duboc at the University of
Grenoble (FR), using VOSOn the presence of WT Sav. At neutral pH, Sav-fied Sav-
containing aqueous solutions of VO&S&how no EPR signal. This is not surprising, sirice i
was shown that EPR inactive, probably polynucleanadium hydroxide species such as

VO(OH), form above pH 4.58%
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EPR experiments performed with [VOD WT Sav at pH 2.2 (HCI / KCI buffer) yield a
spectrum very similar to that of [VO{®)]** (Figure 10)*®* Frozen solutions of
[VO(H,0)s]** display powder pattern eight-line EPR spectra dateid by the hyperfine
coupling of the vanadium ion (S = 1/2; | = 7/2).eT&pin Hamiltonian parameters used to
simulate the experimental data are analogous teettiound previously for [VO(bD)s]**
(these calculations were performed by Mrs. Dubdtuggesting that the first coordination
sphere around vanadium does not change upon imatigpo into Sav. Therefore, we
hypothesize that [VO(pD)s]** interacts only via second coordination sphereamiatwith the

host protein.

experimental
- - -simulated

I T T T T T T T T T T T T T T T T !
0.26 028 0.30 0.32 0.34 0.36 0.38 040 042
B (mT)

Figure 10. Frozen aqueous solution X-band EPR spectra (btréiigg) of VOSQ (A) and VOSQ [ WT Sav

(B) in a 0.05 M HCI / KCI buffer solution at pH =2 Experiment conditions: VOS®.0002 M (A) and (B)
and tetrameric WT Sav 0.0001 M (B). Powder simalatspectra (dotted line) have been calculated usiag
following EPR spin Hamiltonian parameters: (4)=g1.932, g = 1.978, A = 183, A, = 70.10* cm®, W, = 22,

Wy =19 G and (B) g=1.933, g = 1.976, A = 182, A, = 69.10" cmi*, W, = 25, W, = 25 G.

In nature, similar examples are provided by moatbdor tungstate anion-binding
proteins, in which oriented hydrogen bonds providgdthe protein play a major role in
conferring exquisite specificity towards MO(M = Mo, W)?°*?**|nterestingly, the intensity
of the EPR spectrum in the presence of Sav is e@iy higher than in its absence,

suggesting a shielding of the vanadium complexiwithe binding site.
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2.2.5.2 NMR Studies

Another spectroscopic technique used for the cheniaation of vanadium-containing
compounds sV NMR spectroscopy, which has become a routine foolstudying V
complexes. By comparison with existing data, tlEshhique can be used to predict the
coordination environment around vanaditith.
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Figure 11.°"V NMR spectra of VO(Oi-Pr); 0 S112D Sav in HCI / KCI buffer at 0.05 M and pH .2a2 Spectra
obtained after gradual addition of S112D Sav tolat®n of VVO(Oi-Pr); the final concentrations of [V&]

and S112D Sav are indicated in mM; b) Spectra pbthafter addition of 4 eq. of biotus. tetrameric Sav to the
previously obtained solutions of\®(0i-Pr); 0 S112D Sav; the final concentrations of [Q]S112D Sav and

biotin are indicated in mM.
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>/ NMR spectra were measured with the help of DlieduFurrer at the University of
Neuchatel. Using YO(Oi-Pr) in the presence of S112D Sav (this mutant wasechder
solubility reasons and affords similar conversiod ae, when compared to WT Sav) in HCI /
KCI buffer at pH 2.2, a peak at -543 ppm was olgdjnwhich was assigned to the
[VO(H,0)s]** species, by comparison with the spectrum of af8svaqueous XYO(Oi-Pr);
solution (Figure 11a).

Gradual addition of S112D Sav to a 0.0002 M sotutof VWO(Gi-Pr); results in
broadening of the signal and its disappearancdirgjawith 0.15 mM concentration of
tetrameric Sav (Figure 11a). It is known that teecgiation of thé'V nucleus with a large
protein can broaden the signal width due to slombiing of the complex in a protein
environment® It is tempting to speculate that slow tumbling [§f0(H,0)s]*" is due to
association with the protein. However, these restduld not be used to study the binding of
vanadyl to Sav, as no relation could be establidletdieen the concentration of S112D Sav
and the area of the [VO@)s]** peak.

Interestingly, no significant shift in tHéV signal was observed, suggesting that there are
no changes in the first coordination sphere of dama.

Addition of biotin to the previous reaction mixésrwas expected to restore ¥ signal,
as [VO(H0)s]** should be expelled from the binding cavity. Indethe>*V signal reappears
after biotin binding, although the integrated arefthe resulting peaks are much lower than
before adding the biotin (Figure 11b) and the digmalightly shifted. As a change in the
tertiary and quaternary structure of tetrameric &aours after biotin incorporation, binding of
[VO(H,0)s]** to a different location than in apo-Sav is possillet, no clear conclusions can

be drawn from these experiments.
2.2.5.3 Localization of the Binding Site: Docking Studies

In order to gain insight into the localization MQ(H,0)s]** within Sav, docking experiments
were carried out in collaboration with Dr. Jarosl&anek at the University of Ljubljana
(SLO).

Initial structures of streptavidin for the dockiagd further molecular dynamics modeling
were based on the X-ray structures of WT Sav diizstel from a low-pH solutiof?” and
deposited in the PDB data bank with references Jaffo-Sav at pH = 2.0) and 21ZG (biotin
[0 Sav complex at pH = 2.0). The two structures gesgentially the same results during the

docking procedure.
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Structures in which [VO(bD)s]** was docked outside the biotin-binding pocket were
rejected from further consideration, based on theeovation that [VO(kD)s]** in the
presence of biotin-loaded Sav affords racemic gidfttion product. The remaining sets of
coordinates (with [VO(KO)s])?* inside the pocket) differed only slightly in ortation, but not
position, of the [VO(HO)s]**. The lowest energy docked structure was then defie
stability by molecular dynamics simulation using tall tetrameric form of Sav.

The optimized structure is depicted in Figure A2.can be appreciated, residues critical
for biotin binding {{e. D128, N23, S27 and S45) are also involved in adgons with
[VO(H-0)s)**. The pentahydrated vanadyl cation occupies theegamsition as biotin’s urea
group and the surrounding water molecules canileetH-donors / acceptors in interactions
with binding site residues. Most importantly, th&28 residue, widely recognized as the most
critical residue for biotin-Sav affinity/>?°>***displays the closest contact to [VQ®)s)*" in

the docked structure.

Loop L3,4

Figure 12. Superimposition of the docked structure [VO(HE]** (ball-and-stick representatiof) WT Sav
(monomers A and B, light blue schematic secondingctire) with the structure of biotid WT Sav at pH = 2.0
(PDB reference code 2IZG; biotin: yellow stick, lpgV transparent surface; monomers A and B: yellow
schematic secondary structure). Close lying D1283,N527 and S45 residues are highlighted, as welha
residue W120 from the monomer B, which closes fioéirbbinding site of the subunit A. Two neighbaugi
loops are also highlighted: the flexible L3,4 lofesidues 48-52, green) and the L7,8 loop of momofnhe
(residues 112-121, violet).

101



Inspection of the docked model also reveals thatet is a significant difference in the
position of the L3,4 loop compared to the biofinstreptavidin complex. Crystallographic
studies of biotin] streptavidin showed that the L3,4 loop (residug$2) becomes ordered
during binding and locks the biotin in the bindisite’**"3In the vanadyl-containing docked
structure, this loop appears to have an open cowioon (Figure 12). No other major
reorganization of the host protein is observed.

It is interesting to note that the L7,8 loop (dess 112-121) of the adjacent monomer B is
situated in proximity to the vanadyl-binding sitedacould interact with the incoming
prochiral sulfide (Figure 12). Residue W120 fronstloop, closing the biotin lid of subunit

A, also displays a close contact with the vanadyilety.
2.2.5.4 Influence of Site-Directed Mutations

In the absence of the chemical dimension, the opdition of the new system was based
entirely on genetic modifications of the host pnotelt has already been shown that
introduction of point mutations in an enzyme sdaffcan result in increased and even
inverted enantioselectivitf®2°’

On the basis of the docking model, several residuere identified as possibly involved
either in vanadyl binding or in the catalytic reant Some of these residues were replaced by
the small glycine or alanine amino acids, and tiece of these mutations on the reaction
outcome was tested. Sulfidd was chosen as a model substrate, as it is protdebest
results with WT Sav in terms of conversion and delgy. In addition, we selected sulfid@s
and15in an attempt to optimize the moderate selecéisibbserved with these substrates.

The residue D128, which displays the closest @méh the vanadyl ion in the docked
model, appears to be intimately involved in thediiig process. The D128A Sav mutant was
produced in our laboratory by Dr. Marc Creus arstiet@ for the sulfoxidation of substrdt#
This experiment yielded racemic product (Table &®try 1), thus strongly supporting the
hypothesis that the active vanadyl moiety is lodatethin the biotin-binding pocket during
catalysis.

To further explore the catalytic system, we reasloinat modifications in the loop regions
might provide useful information. We focused on mfiodtions in the L3,4 loop, containing
residue S45, which is also near to [VO@%]** and possibly involved in H-bonds with
coordinated water molecules. To perturb the loapciire and thus influence vanadyl binding

and possibly the selectivity of the reaction, weduced a chimaeric Sav, abbreviated
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Aviloop, in which the L3,4 loop of streptavidin weeplaced with that of avidin (residues 38-
45), thus yielding a loop three residues longenttheat of the wild-type protein (Figure 13).
The chimaeric Aviloop retained strong biotin-binglimffinity, as previously reported’
Despite avidin’s lack of selectivity as host prateihe artificial metalloenzyme [V&] O
Aviloop afforded improved selectivities compared WiT Sav, both for aliphatic and for

aromatic substrates (Table 19, entries 2-3).

L3,4 loop
44 45 46 47 48 49 50 51 52 53 54 55 56
Sav R S A v G N - - - - A E S R Y v
Avi A | T A Vv T A T S N E . I K E S P
34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
Aviloop - - . E S A vV T A T s N E I K R Y v L - - -

Figure 13. Partial amino acid sequence of the chimaeric Avglprotein; the L3,4 loop of Sav (residues 48-52)

was replaced with the longer L3,4 loop of avidies{dues 38-45).

The small variations in selectivity obtained wakiloop suggest that the residues of the
L3,4 loop are not crucial for vanadyl binding. Theyght interact with the oxidant and / or
the substrate during catalysis, thus fine-tuning $klectivity of the reaction. However, the
results obtained prove that the second coordinapdrere, provided by close-lying residues,
influences enantioselectivity. Based on theseahiindings, we hypothesize that improved
artificial enzymes can be evolved by directed etoty by further mutagenesis of close-lying
residues and selection of improved variants.

Table 19. Influence of site-directed mutations on the atfivand selectivity of [VO{" O Sav for the

sulfoxidation reaction of selected substrétes.

Entry  Protein SubstrateConv. (%) ee (%)

1 D128A Sav 11 97 0

2 Aviloop 9 100 60 R)
3 Aviloop 15 54 0 R
4 T114G Sav 11 100 74 R)
5  T115A Sav 11 100 84 R
6 E116A Sav 11 100 74 R

& Reaction conditions: 2.3% EtOH in HCI / KCI 0.05WMffer at pH 2.2; Sav isoform 0.0001 M; VOS@O0002
M; substrate 0.01 M:BuOOH 0.05 M; room temperature; 4 h.
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In addition to the L3,4 loop, the L7,8 loop of tleljacent monomer B, situated in
proximity to the hydrophobic pocket, was also expédo influence catalysis by interacting
with the incoming substrate. Several Sav isoforeexing glycine or alanine mutations in the
L7,8 loop region were tested for enantioselectiviogidation. Some positions of the loop
afforded a decrease in selectivity, suggesting ttege positions might indeed interfere with
the approach of the prochiral sulfide to the cdtalgentre (Table 19, entries 4-6).

2.255 Kinetic Studies

Control reactions performed in the absence of ®awed that free [V3] has a considerably
lower activity than [VO}" O WT Sav (see Table 17, entries 1-2), indicating #teeptavidin
acts like an accelerating ligand for the sulfoxiolatreaction. Kinetic experiments were
performed in order to determine the extent of #useleration.

To investigate whether the artificial metalloenzyiollows Michaelis-Menten kinetics,
the initial oxidation rate’s. substrate concentration was determined. As thstaib has poor
solubility in water, the reactions were carried ostng 43% EtOH in 0.05 M HCI / KCI
buffer at pH 2.2. For solubility reasons, the S112&¥ mutant was used instead of WT Sav
(and affords similar conversion and ee, when coethés WT Sav). Saturation kinetics could
not be achieved under these reaction conditiorstapoor substrate solubility (Figure 14).

0.0016 T T T T T T

0001 Lo fl
: VOSQ4+$'I'I§2D$W§ :

00002 o g

x min
bt
[—]
-
=

0.0008

0.0006

0.0004

Initial rate (mol x L'

0.0002

o

0 0005 001 0015 002 0025 003 0035
[Substrate](meol x L™}

Figure 14.Initial oxidation ratevs. substrate concentration for VO$ID the absence of streptavidi),(VOSQ,

0 Sav (@) and VOSQ + (Biotin 0 Sav) ). Reaction conditions: 57% buffer HCI / KCI 0.05a#IpH 2.2; 43%
EtOH; S112D Sav 0.0001 M; VOS0.0002 M;p-methoxythioanisold 1; t-BuOOH 0.05 M; room temperature.
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Most interestingly, these experiments confirmedt tthe presence of biotin-free Sav
modestly accelerates the sulfoxidation ratg:(VO]** O WT Sav) /Vin([VO]**) = 3). In
contrast, biotin-loaded streptavidin enhances #ie of the [VO}*-catalyzed sulfoxidation
very little Vinr([VO]** + Biotin O Sav) Nint([VO]?*) = 1.5). This observation further supports
the hypothesis that the oxidation indeed occursiwithe biotin binding pocket. The initial
rate constants determined for a typical reactio@1(0/ p-methoxythioanisold 1) are k= 2.7
min™ (for Sav-incorporated [V3]) and k = 0.8 min'(for free [VOF").

It is also noteworthy that the reaction with suditgt11 proceeds with nearly quantitative
conversion for a range of concentrations (50, 1080 eq.p-methoxythioanisolevs.
vanadium). These results suggest that product itidmb is insignificant under these

conditions.
2.2.5.6 Attempts to Determine the Affinity Constant

Since both free [VG] and [VOf* O Sav catalyze the sulfoxidation reaction, the ratio
between the two species, established by the afficbnstant, determines the total
enantioselectivity of the reaction. Hence, it igortant to know the affinity of the vanadyl

ion for the biotin-binding pocket.

100 | |

e (%)

0 0.0005 0.001 0.0015
[WT Sav monomeric] (mol x L)

Figure 15. Variation of the selectivity with the monomericvSzoncentration. Reaction conditions: 2.3% EtOH
in HCI / KCI 0.05 M buffer at pH 2.2; WT Sav varialconcentration, VOS£0.0002 M;p-methoxythioanisole
110.01 M;t-BuOOH 0.05 M; room temperature; 4 h.
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In a first approach, we studied the influence bk tSav concentration on the
enantioselectivity of the reaction, keeping the [¥@oncentration fixed at 0.0002 M (thus
varying the ratio between free [V&]and [VOF* O Sav). Interestingly, the ee reaches a
saturation point at 909} using [WT Sav monomeric] = 0.0004 M (tetramemaicentration
0.0001 M), suggesting that maximal incorporation [@¥D]?" into Sav occurs at these
concentrations of the two species (Figure 15).

Based on this dependence of the ee on the ratiweba free- and Sav-incorporated
vanadyl species and considering the kinetic parameibtained for the [V} and [VOF' O
Sav-catalyzed sulfoxidation, we reasoned that wedcestimate the affinity constant. For this
purpose, we performed the previous experiment usiagame reaction conditions as for the
kinetic runs (.e. 57% buffer HCI / KCI 0.05 M at pH 2.2; 43% EtO8112D Sav 0.0001 M;
VOSQ, 0.0002 M;p-methoxythioanisolel1 0.01 M; t-BuOOH 0.05 M) and we obtained a
maximum selectivity of 78%R).

To determine K the following assumptions were made:

. only two species containing [V&]are present in the reaction mixture: [VOand
[VO]?* O Sav; this hypothesis is reasonable, since uponrpocation of biotin,
[VO]*"in the presence of Sav follows similar kinetic§rag [VOF* (see Figure 14);

. the intrinsic selectivity of the [V3] O Sav-catalyzed reaction does not depend on the
concentration of [VO{" O Sav; we reasoned that this selectivity is equathe®

“saturation” selectivity, 78% ed].

Table 20.Notations used in equations 1 and 2.

Term Expression

free [VOF" concentration VO

[VO]?* O Sav concentration [VO*Y;

free Sav concentration [Sav]

total Sav concentration o= [Sav} + [VOY;

total [VOJ** concentration & = [VO*; + [VO?;
rate constant for free [VO] k' = kR +k°

rate constant for [V3] 0 Sav k' = kR+k°
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Thus, the free [VG] concentration can be expressed as a functioneofatio ofR / S
enantiomers and the rate constants of the reactiatasyzed by free- and Sav-bound [VO]

in the following manner (the notations used for difeerent terms is presented in Table 20):

selectivity of V02+C Sav ee =78% (R) —» 899% R enantiomer kiR B s kimtal
11% S enantiomer 8.09 9.09
kftotal
selectivity of VO* ee=0 | 5

owr kS [VOY + kS [VOF;

%S k- [VO*]; + k¢ . [VO*;

kitotal % R
L -(8.09 - 2= )
9.09 %S )
0¥, = (Equation 1)
[V ]f total total
k; ( % R k¢ % R )
18.09 - + 5 -1

9.09 %S 2 % S

On the other hand, from the equilibrium constant ke following equation can be

deduced for the dependence of the free f7@pncentration on the total Sav and [VO]
concentrations:

vO** + Sav VO < Sav

[VO*'];

[VO*']; - [Sav];

K, [VO¥]¢ + (Ky gy - Koo ¥y + 1)-[VOF]; - ¥ =0 (Equation 2)

Knowing the kinetic parameters°k' = 2.7 min'* and K°® = 0.8 min', the total [VO}*
concentration (¢ = 0.0002 M) and the dependence of Ré€ S ratio on the total Sav
concentration, an algorithm can be used to fittihe equations 1 and 2 that minimizes the
difference between the two [V values while varying the £parameter. In this way, a,K
value of 1.710" M was obtained, although significant differencesmeein the experimental
and the “fitted” ee were observed (Figure 16). Nthadess, this procedure affords a rough

estimate of the Kvalue.
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Figure 16. Comparison between experimentglgnd “fitted” ee @), calculated from equations 1 and 2 using K
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2.3 Concluding Remarks

Incorporation of a vanadyl ion into the biotin-bing pocket of streptavidin affords an
artificial metalloenzyme for the enantioselectivadation of prochiral sulfides with good
enantioselectivities both for dialkyl and alkyl-bsyibstrates (up to 93 % ee).

Evidence provided by EPR spectroscopy, dockingusitions, chemicali. addition of
biotin) or genetic modification of the host protesuggest that the active pre-catalyst
[VO(H,0)s]?" interacts only via second coordination sphere amstwith the biotin-binding
pocket of streptavidin.

Although our efforts to determine the affinity pfO(H»0)s]?* for Sav did not succeed,
catalysis results indicate that the selectivityches a maximum at a concentration of-+02
M of the two species, suggesting that maximum ipemtion of [VO(HO)s]*" into Sav
occurs under these conditions.

Current efforts aim at elucidating the structured gahe mechanism of this artificial
peroxidase, improving its performanaga evolutionary protocols, and investigating the
crucial aspect of vanadyl and substrate binding.
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Chapter 3 Conclusion and Perspectives






The ex nihilo creation of catalytic activity from a non-catatyfprotein scaffold is a very
challenging task. The design ahetalleenzymes is especially difficult, because the
construction of highly specific binding sites iscassary, tailored in function to the metal ion,
its oxidation state, preferred geometry and ligdodor sef’®2%°

This study focused on two different strategies floe creation of metalloenzymes:
introduction of a new metal-binding site within eof@in by modifying the protein’s native
co-factor and exploiting the H-bonding network withthe protein’s binding site to
incorporate a small metal ion. The performancehesé enzymes was tested and optimized
for two different enantioselective reactions: tfandiydrogenation of prochiral ketones and
sulfide oxidation.

In the first case, supramolecular anchoring of eftdly designed biotinylated
organometallic fragments into streptavidin provifiesile control over the first coordination
sphere of the metal through chemical reactionsideitthe protein. This approach allows
separate variation and characterization of the Inestmplex and the protein, followed by
straightforward combination of the chemical and gemetic moieties. As a consequence, a
chemogenetic optimization procedure can be easiemented.

Starting from streptavidin-based artificial tragrshydrogenases previously created in our
laboratory, a round of chemogenetic optimizatioraldad identification of )- and §-
selective catalysts for the reduction of acetophenderivatives. Inspired by the X-ray
structure of one suclBjselective variant, we implemented an additiona¢ated evolution
step that allowed us to further optimize transfgdrbgenases for the reduction of dialkyl
ketones.

The general procedure for designed evolution efdtfiificial keto-reductase is presented
in Scheme 1. The activity and selectivity trendshaf reaction are ensured by the choice of
the chemical fragment in a first screening roundc& several interactions are involved in the
enantioselection mechanism (protein-organometaliiagment and protein-substrate),
successive rounds of saturation mutagenesis duttgreelected positions of the host protein
are necessary to fine-tune the selectivity.

In this way, artificial transfer hydrogenases floe enantioselective reduction of dialkyl
ketones were evolved, which optimized second coatitin sphere interactions between the

substrate and the host protein. Such specializegnegs were obtained from a relatively
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modest screening effort amib a straightforward protein immobilization step penied on

crude cellular extracts.

> Ll
Q f o0
5 L
= -
T = -
3 i
supramolecular anchoring e S
host-guest couple 9 117 @ 0@
5 b &
S
o) — -é’? &
HNJ(NH genetic diversity 50@
(_j‘ X ) ®
S "//\/\n/ /M—O
0 X
chemical library 0 optimized OH
)J\ artificial metalloenzyme )\
(G . > R R, R R,
substrate library
- )
o | bo"
@& (R)-and (S)-selectivity optimized artificial
& L metalloenzyme
] . Ny K4
1stsite - 2" site
active and selective mutant library
variants (saturation mutagenesis)

Scheme 1.Designed evolution of an artificial keto-reductage search strategy that does not require
examination of all possibilities is used to accaferthe chemogenetic optimization proceflrd&ational design
(choice of mutation sites) and combinatorial meth(structural variation of the chemical componebined

with saturation mutagenesis) are used to evolvicat metalloenzymes with the desired properties.

Compared to other directed evolution techniqishe designed evolution of artificial
metalloenzymes using chemogenetic tools offers pemsibilities for protein engineering.
Introducing a chemical dimension not only enricties functionality of the protein sequence
space to be explored, but also represents a vanailtih a significant impact on the reaction
outcome. Variation of the chemical moiety resuft@idramatic change in reactivity. Ideally,
one could envision creating an artificial metallpgme for nearly any water compatible

transition metal-catalyzed reactiot, thus broadening the scope of enzymatic catalysis.
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this spirit, we have envisaged the implementatibmore challenging oxidation reactions.
However, the application of artificial metalloenzgsn based on the biotin-streptavidin
technology in enantioselective sulfoxidation proved be a difficult task, due to the
incompatibility of the chosen chemical fragment hwithe genetic componenti.€|
streptavidin).

A different strategy was therefore developed tresks this challenge: the well-tailored H-
bonding network of streptavidin’s deep active sitvity was found to provide a suitable
binding site for the small hydrated vanadyl ioneTdatalytic activity of the metal centre and
the enantiodiscriminating environment provided g host protein were exploited to perform
highly enantioselective oxidations of several pradhsulfides. This study demonstrates that
specific metal binding can transform a non-enzymadrotein into an enantioselective
biocatalyst with synthetic utility and may thus begarded as an example of functional
promiscuity>** Moreover, the findings provide insight into howestive enzymes may first
have evolved in nature from non-catalytic scaffdfds

At this stage, the practical use of artificial alltenzymes is limited due to the high cost
of their development and their low activities comgehto biocatalysts evolved in nature.
However, their general scope, as well as the raptimization procedure makes their
application attractive for reactions that are nosgible with natural biocatalysts or for
challenging substrates for homogeneous cataly$ts.cbmbination of chemical and genetic
optimization techniques may result in a rapid ex@am of protein functionality and a range
of novel applications. We therefore believe thabrity catalysts possess a real potential for
applications in white biotechnology processes.

In addition, the well-defined binding pocket ofregitavidin could be exploited to
incorporate other catalytically active polar cooation compounds to perform
enantioselective reactions, although the affinigpweeen the catalyst and the protein could
represent a non-negligible issue. Some studies hen alkene dihydroxylation reaction
catalyzed by osmium tetroxide have shown promisasglts in this direction.
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Chapter 4 Materials and Methods






1 Materials and Reagents

Solvents were of analytical grade and were purach&een Aldrich, Fluka or Acros and used
without further purification. Water was purified milliQ degree of purity. Other chemicals

were obtained from the following suppliers:

Table 1 Origin and characteristics of the reagents.

Reagent Supplier Characteristics
Acetophenone Fluka > 98% (GC)
2-Acetylpyridine Fluka > 98% (GC)
Benzylmethylsulfide Acros 98%
N-Benzylmaleimide Aldrich 99%

4-Benzyloxy-2-butanone

Fluka >97% (GC)

D-Biotin Chanzou >99%
Huaren
D-Biotin-4-fluorescein Sigma -
D-Biotin-Sepharose' CL-4B, Affiland 4 mg immobilized biotin / mL wet
suspension in TBS buffer pH 7.4, gel
0.02% NaN binding capacity: 40 mg / mL wet
gel
Boric acid, B(OH} Fluka 99.5%
4-Bromoacetophenone Acros 98%
tert-Butyl hydroperoxide Lancaster 70% (w / v) aquesoisition
(7.278 M)
Cyclohexylmethyl sulfide Alfa Aesar 96%
Cumyl hydroperoxide Aldrich 80% (techn.)
3,4-Diaminobenzoic acid Aldrich 97%
Diethylenetriamine Acros 98.5%
2,5-Dihydroxybenzaldehyde Aldrich 98%
3,5-Di+ert-butyl-2-hydroxybenzaldehde Aldrich 99%
EDC Acros 98%
Ethylphenylsulfide Acros 97%

Ethylenediamine

Fluka >99%
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Reagent Supplier Characteristics

Guanidinium chloride Merck -

HOBT Acros 98%

Hydrogen peroxide, Sigma 30% (w / w) aqueous swiut

2-Iminobiotin-Sepharos¥ 4 Fast Flow, Affiland 1 mg immobilized iminobiotin /

suspension in EtOH 20% mL wet gel
binding capacity: 10 mg / mL wet
gel

lodosylbenzene diacetate Acros 98%

Lithium aluminium hydride Fluka 97%

Manganese(ll) acetate tetrahydrate,  Fluka > 99%

Mn(OAC),4H,0

4-Methoxythioanisole Acros 99%

Methyl-2-naphtylsulfide Alfa Aesar 98%

4-Methylacetophenone Acros 95%

1-Methylimidazole Fluka >99% (GC)

4-Methylthioanisole Aldrich 99%

3-morpholino-propanesulfonic acid, Fluka >99.5%

MOPS

Palladium on carbon, Pd/C Aldrich 10% Pd w /w

1-Phenyl-2-butanone Aldrich 98%

4-Phenyl-2-butanone Aldrich 98%

Potassium chloride Fluka -

Pyridine Acros >99%

PyridineN-oxide Aldrich 95%

Ruthenium chloride, Rug/lhydrate Umicore 36.55% Ru

Silica, SiQ (32-63 60 A) Brunschwig -

Sodium azide, NaiN Aldrich 99%

Sodium formate, HCOONa Merck 99.5%

Sodium hypochlorite Acros 5% £l

Sodium orthovanadate Sigma >90%

Sodium periodate Acros 99%
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Reagent Supplier Characteristics

a-Tetralone Aldrich 98% (GC)
Thioanisole Aldrich 99% (GC)
Toluene-4-sulfonyl chloride Fluka 99%
Triethylamine, EN Acros 99%
Trifluoroacetic acid Aldrich 99%
Vanadium(V) oxytriisopropoxide, Aldrich -
VO(Oi-Pr);

Vanadium(lV) oxide sulfate Riedel-de- -
pentahydrate, VOS{5H,0 Haén

Vanadium(lV) oxide Strem 98%
bis(acetylacetonate), VO(acac) Chemicals

lodosylbenzene (PhlO) was prepared from iodosylbeadiacetate (Phl(OAg)according to

a published procedufé?

Protein. Avidin was obtained from Belovo (CH). Bovine serafbumin was obtained from
Fluka (M~67000, purity >96%). Streptavidin (wildpy and mutants) was prepared by the
team of biologists in our laboratory according tbiished resulté"® The concentration of
streptavidin active sites in the cellular extraasswell as the number of active binding sites in
purified streptavidin were quantified in 96-wellapts using a fluorescence assay (titration

with biotin-4-fluorescein) adapted from the litena

2 Apparatus

Liquid chromatography: HPLC. Chiral phase HPLC chromatograms were acquired and
analyzed on an HP-1100 HPLC apparatus equipped avitfv-Visible diode-array detector
and a 100-position autosampler. The solvents userae,-PrOH) were of HPLC-grade.
The selected chiral columns and the retention tiofi¢lse products are described in Section 5.
Gas Chromatography: GC. Chiral GC chromatogramsere acquired and analyzed on a GC
HP 5890 apparatus using He as a vector gas. Thetegélchiral columns and the retention
times of the products are described in Section 5.

Nuclear Magnetic Resonance: NMR™H, **C and®'V spectra were acquired on a 200 MHz
(Varian) or on a 400 MHz (Bruker) spectrometer gsdeuterated chloroform (99.8% D),
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dimethyl sulfoxide (99.5% D) or methanol (99.8% filym Cambridge Isotope Laboratories.
For the®'V spectra, an HCI / KCI buffer at pH 2.2 was used.

Mass Spectrometry: MS. Mass spectra were recorded using an LCQ-IT (Famig
spectrometer and an ESI (Electron Spray) or APCim@spheric Pressure Chemical)

ionisation mode.
3 Description of Catalytic Experiments

3.1 Transfer Hydrogenation of Carbonyl Compounds

The following procedures are described for the lgataruns from the second round of
optimization,i.e. the designed evolution step. The catalysts froerfitist round chemogenetic
optimization procedure were already described hyabristophe Letondd¥ and the reaction
procedures are similar to those described belowtrmsfer hydrogenation with purified
protein (in the second screen, the volumes andtieanof the reagents are divided by a
factor of 3).

All the substrates were commercially available.e THCOONaB(OH); mixture was
obtained by dissolving B(OHY2.10 g, 34 mmol) and HCOONa (2.72 g, 40 mmolyvater
(40 mL) and adjusting the pH to 6.25 with NaOH el The resulting stock solution
([B(OH)3] = 0.85 M, [HCOONa] = 1 M) was thoroughly degassed

For immobilization purposes, beads of D-biotineplsarose (235QL wet beads; binding
capacity 40 mg of avidin per mL of wet beads; Aifitl, Belgium) were washed with water
and then resuspended in water in a total volumdQ&fO uL. The stock suspension was
employed for a batch of maximum 60 catalytic expents.

General procedure for transfer hydrogenation with mmobilized streptavidin. To a
solution of cell extract containing streptavidinl®umol of tetrameric protein determined by
titration with biotin-4-fluoresceinf® was added a suspension of biotin — sepharose (P15
containing 1251L wet beads). The resulting suspension, contaiaihgo-fold excess of Sav
relative to the biotin-sepharose, was vigorousiyest at room temperature for 60 min. The
beads containing immobilized Sav (0.QfBol of tetrameric protein) were centrifuged in 1.5
mL eppendorf tubes and washed three times with |40@f a 1 M guanidinium chloride
solution and once with 400L water, then resuspended in degassed water (\oliaine 750

pL). The suspension was thoroughly degassed (nirfigehed).
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The degassed immobilized protein (33 suspension, 0.033{mol of tetrameric Sav)
was mixed in an eppendorf tube with the precursanglex |°-(arene)RuBiot—p-L)CI]
(4.27pL of a 0.0395 M stock-solution in degassed DMF60.amol Ru) and shaken at room
temperature for 10 min. The beads were centrifugedd5 mL eppendorf tubes, washed three
times with 200QuL HCOONaB(OH); mixture, once with 20QlL water and then resuspended
in degassed water in a total volume of 340 The HCOON&B(OH); mixture (405uL) and
the MOPS buffer (13uL of a 1 M stock-solution, pH adjusted to 6.25) ev&dded. The
resulting suspension was divided into two differeest tubes (40QuL per test tube,
containing 0.015umol protein, 0.04%umol Ru, 180umol HCOONa) and the corresponding
substrate {-bromoacetophenoror 4-phenyl-2-butanon@, 4.5uL of a 1 M stock solution
in DMF, 4.5umol) was added to each tube. The test tubes waeglin a magnetically-
stirred multireactor, purged several times witliagen and heated at 55°C for 64 hours. After
completion, the reaction mixture was extracted O (4 x 0.5 mL) and dried over
NaSO,. The organic solution was filtered through a slsditagel plug that was thoroughly
washed with EO, concentrated and subjected to HPLC analysis.

General procedure for the transfer hydrogenation wih purified streptavidin.
Lyophilized streptavidin was dissolved in milliQ tga (100uM tetrameric concentration).
The solution was thoroughly degassed (nitrogenh#id$. The degassed protein (1(0
solution, 0.015umol of tetrameric Sav) was mixed in a test tubéhwiite precursor complex
[n°-(arene)RuBiot—p-L)CI] (1.27 pL of a 0.0395 M stock solution in DMF, 0.@8nol Ru)
and stirred at room temperature for 10 min. The @C@B(OH); mixture (200uL), the
MOPS buffer (67uL of a 1 M stock-solution, pH adjusted to 6.25) a@hd corresponding
substrate (L of a 1 M stock solution in DMF, fimol) were added to each tube. The test
tubes were placed in a magnetically stirred mudtter, purged several times with nitrogen
and heated at 55 °C for 64 hours. After complettbe, reaction mixture was extracted with
Et,O (4 x 0.5 mL) and dried over N80O,. The organic solution was filtered through a short
silicagel plug that was thoroughly washed with@tconcentrated and subjected to HPLC

analysis (2-acetylpyridine-containing extracts weoéfiltered on silica).

121



3.2 Sulfoxidation Reactions
3.2.1 Sulfoxidation Catalyzed by Metal-Salen Complexes

The oxidants used were prepared as described ie 2ab

Table 2 Stock solutions of the different oxidants and uvoés added to the reaction mixture for the
sulfoxidation catalyzed by MBal-X or V-Sal-X.

Oxidant [Stock solution] (M) Solvent V added to the reactiopl)
NaOCI 0.73 HO 5.5

NalO4 0.25 HO 16

PhlO 0.25 MeOH 16

PhI(OAc) 0.25 MeOH 16

H,O, solution 1 0.11 HO 17.7

H20> solution 2 1.0 HO 4

t-BUOOH 3.64 HO/EtOH 1/1 55

& The stock solution was prepared by mixing EtOHwaitcommercial solution of 704BUOOH in HO ina 1/
1 (v /) ratio.

Background reaction. A suspension of thioanisole (4 of a 1 M DMF stock solution) in
400 puL water was mixed in a test tube with 1 equivalehioxidant (see Table 2 for the
volumes added). The test tube was closed and #lieior mixture stirred at room temperature
for 4 to 5 h. After this time, the reaction mixtunas extracted four times with L. The
organic phase was dried overJS@, and subjected to HPLC analysis.

Activity tests of Mn-Sal-X complexes A solution of MnSal-X in 400uL water (2uL of a
0.02 M stock solution in DMF, 10AM final concentration) was mixed in a test tubehwit
thioanisole (2uL of a 1 M DMF stock solution). The reaction wastiated by adding 1
equivalent of oxidant (17.4uL of H,O, solution 1 — see Table 2 — 0.005 M final
concentration) and the test tube was sealed. Aftier 5 h stirring at room temperature, the
reaction mixture was extracted four times with(Et The organic phase was dried over

NaSQO,, filtered through a short silica gel plug that whsroughly washed with KD and
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subjected to HPLC analysis. Similar results werioled with control samples that were not
subjected to filtration through a silica plug.

Tests of Mn-Sal-X in presence of Sa\A solution of streptavidin in water (4Q@_, 33 uM
tetrameric concentration) was mixed in a test twiih the biotinylated metal complex, Mn-
Sal-X (2 pL of a 0.02 M stock solution in DMF, 10@M final concentration). After 5 min
incubation time, thioanisole was addedu2of a 1 M DMF stock solution). The reaction was
initiated by adding 1 equivalent of oxidant (1 uz of H,O, solution 1 — see Table 2 —) and
the test tube was sealed. After 4 to 5 h stirringbam temperature, the reaction mixture was
extracted four times with ED. The organic phase was dried over®@, and subjected to
HPLC analysis.

Tests of V-Sal-X in presence of Sa\A solution of streptavidin in water (2Q4., 100 uM
tetrameric concentration) was mixed in a test twith the biotinylated metal complex, V-
Sal-X (2 pL of a 0.02 M stock solution in DMF, 20@M final concentration). After 5 min
incubation time, thioanisole was addedu{4 of a 0.5 M DMF stock solution). The reaction
was initiated by adding 5 equivalents of oxidant7®uL of a 3.64 Mt-BuOOH stock
solution in MeOH, 0.05 M final concentration) are ttest tube was sealed. After 4 h stirring
at room temperature, the reaction mixture was etdcafour times with RO. The organic

phase was dried over p&0O, and subjected to HPLC analysis.
3.2.2 Sulfoxidation Catalyzed by Vanadyl lon

The 0.05 M HCI / KCI buffer at pH 2.2 was obtairggddissolving KCI (298 mg, 4 mmol) in
water (80 mL) and adjusting the pH to 2.2 with camtcated HCI (36%).

General procedure for the asymmetric sulfoxidationcatalyzed by vanadium-loaded
streptavidin. A solution of streptavidin in buffer at pH 2.2 (2Q@, 100 uM tetrameric
concentration) was mixed in a test tube (1 mL ciéypeawith the vanadium source {4 of a
0.01 M stock solution in water or EtOH, 2QM final concentration). After 10 min
incubation time, the substrate was addegil(4of a 0.5 M stock solution in EtOH, 0.01 M
final concentration). The reaction was initiatedanding the oxidant (2.75L of a 3.64 Mt-
BuOOH stock solution in water / EtOH 1 / 1, 0.05fidial concentration) and the test tube
was sealed. After 4 h stirring at room temperatthie, reaction mixture was extracted four
times with E3O. The organic phase was dried ovepd@, and subjected to HPLC analysis.
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Catalysis on a milligram quantity of p-methoxythioanisole 11.To a WT Sav (26.3 mg,
0.35 pumol) solution in buffer at pH 2.2 (3.5 mL) in a rma:bottom flask was added an
agueous solution of VOSBH,0 (35uL of a 0.02 M stock solution in water). After 20mi
incubation time, the substrate was added |{850f a 1 M stock solution in EtOH). The
reaction was initiated by adding the oxidant (#8of a 3.64 Mt-BuOOH stock solution in
water / EtOH 1 / 1) and the flask was sealed. Adten stirring at room temperature, the
reaction mixture was extracted four times with(Et The organic phase was dried over
NaSQO,, evaporated under vacuum and the crude product pasfied by flash
chromatography on silicagel using €, / MeOH (100 / 1) to afford 5 mg of methgi-
methoxyphenyl sulfoxide (80% yield).

'H NMR (400 MHz, Acetonels, 298 K): 3y (ppm) 2.64 (s, 3H, Bs-S), 3.87 (s, 3H, Bs
0), 7.12 (dJ = 8 Hz, 2H, 2x HCyxromaii, 7.62 (dJ = 8 Hz, 2H, 2¢ HCyomatid-

Chiral HPLC: Chiralcel OB-H, hexane-PrOH 80 / 20, flow 1.0 mL / ming £15.7 min.,
t, = 31.9 min., 90% edR.

3.2.3 Kinetic Experiments

Kinetic experiments were performed in a mixtures@% HCI / KCI buffer (0.05 M, pH 2.2)
and 43% EtOH, to ensure complete solubilizatiothefsubstrate. For all the catalytic rups,
methoxythioanisold1 was used as model substrate. All the experimertg werformed in
duplicate and the two reactions were quenched 2fteespectively 4 minutes. During this
interval, the increase in sulfoxide concentratisradunction of time followed a straight line.
Initial rates were calculated over a 4 minute piristarting from the conversion values
obtained by HPLC analysis.

Free VOSQ, A solution of p-methoxythioanisolell (200 uL, 0.001 — 0.03 M final
concentration range, see Chapter 2, Section 2,Ftg6re 14) in buffer / EtOH mixture (57 /
43 v / v) was mixed in a test tube (1 mL capacityth VOSQ, (4 uL of a 0.01 M stock
solution in buffer, 20QuM final concentration). After 10 minutes incubatitme, the reaction
was initiated by adding the oxidant (2.jdb of a 3.64 Mt-BuOOH stock solution in water /
EtOH 1/ 1, 0.05 M final concentration). After Zspectively 4 minutes, the reaction was
guenched by adding 100L saturated Ng5,0;, followed by 400uL Et,O. The reaction
mixture was extracted four times with,8&t The organic phase was dried over$@, and
subjected to HPLC analysis.
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VOSO, 0 S112D SavA solution (200uL) containing S112D Sav (100M final tetrameric
concentration) ang-methoxythioanisolel1l (0.001 — 0.03 M final concentration range, see
Chapter 2, Section 2.2.5.5, Figure 14) in buffet@H mixture (57 / 43 v/ v) was mixed in a
test tube (1 mL capacity) with VOQ@® pL of a 0.01 M stock solution in buffer, 2QM
final concentration). After 10 minutes incubatiome, the reaction was initiated by adding
the oxidant (2.7l of a 3.64 Mt-BuOOH stock solution in water / EtOH 1 / 1, 0.05fikg&l
concentration). After 2, respectively 4 minuteg tbaction was quenched by adding 00
saturated N#5,0s, followed by 400uL Et,O. The reaction mixture was extracted four times
with Et,O. The organic phase was dried ovepd@, and subjected to HPLC analysis.

VOSO, + (biotin 00 S112D Sav)A solution (200uL) containing S112D Sav (1Q8M final
tetrameric concentration), biotin (1QM final concentration) ang-methoxythioanisolel1l
(0.001 - 0.03 M final concentration range, see @hap Section 2.2.5.5, Figure 14) in buffer
/ EtOH mixture (57 / 43 v / v) was mixed in a tagte (1 mL capacity) with VOS4 pL of

a 0.01 M stock solution in buffer, 2QMM final concentration). After 10 minutes incubation
time, the reaction was initiated by adding the axid(2.75uL of a 3.64 Mt-BuOOH stock
solution in water / EtOH 1 / 1, 0.05 M final contetion). After 2, respectively 4 minutes,
the reaction was quenched by adding iOsaturated Ng5,Os, followed by 400uL Et;O.
The reaction mixture was extracted four times VEtsO. The organic phase was dried over
NaSO, and subjected to HPLC analysis.

4  Synthesis of the Biotinylated Metal-Salen Complexes

4.1 Synthesis of the Ligands Sal-1 — Sal-4

Biotin pentafluorophenol ester (BPFP) and biotiNyhydroxysuccinimide ester (BNHS)

were prepared according to reported procedtifed?
4.1.1 Synthesis of Sal-1

Biotinamine.”**
O
H'?'J(NH
Q"',/\/\/NHZ
A concentrated NEOH solution (24%, 30 mL) was added dropwise to latem of BPFP

(700 mg, 1.8 mmol) in DMF (8 mL). The resulting passion was stirred at room
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temperature for 12 h. The white solid was filteradshed five times with water and three
times with EtO and dried under vacuum to give 205 mg (47%) ofilamide as a white
solid. To a suspension of biotinamide (198 mg, fAr8ol) in THF (15 mL) under nitrogen
was added LiAlH (155 mg, 4 mmol) and the resulting mixture wasusefd for 22 h. The
reaction was then cooled with an ice bath and w@térmL) was slowly added. The Al salts
were filtered on celite and washed with ChKICThe filtrate was evaporated to yield the
biotinamine (154 mg, 83% yield from biotinamide).

'H NMR (200 MHz, DMSOds, 298 K): 34 (ppm) 1.1-1.8 (m, 10 H, ,CH,CH,CHo,
NH,), 2.55 (m, 2H, @,-S), 2.82 (m, 1H, B,-S), 3.05-3.18 (m, 1H, &-S), 3.35-3.40 (M,
2H, CHx-NH), 4.05-4.18 (m, 1H, B-N), 4.25-4.35 (m, 1H, B-N), 6.36 (s, 1H, CHNH),
6.45 (s, 1H, CKNH).

3, 4-Diaminobenzoic acid, aminobiotinyl amide.

o}

3,4-Diaminobenzoic acid (152 mg, 1mmol), EDC (238, h.5 mmol), HOBT (202 mg, 1.5
mmol), EgN (268 pL, 2 mmol) and biotinamine (401 mg, 1.75 mmol) warxed in DMF
(40 mL) and the resulting solution was stirred 3tG during 24 h. After this time, the DMF
was evaporated and the crude product was purifiedldsh chromatographgn silicagel
using CHCI, / MeOH (initial mixture 9/ 1, final mixture 6 /)40 afford the product (203 mg,
0.56 mmol, 56% yield).

'H NMR (400 MHz, DMSOds, 298 K): 84 (ppm) 1.21-1.61 (m, 8H, KCH,CH,CHo-
CH,NH), 2.58 (d,J = 12.4 Hz, 1H, €,-S), 2.82 (ddJ = 12.4 Hz,J = 5.1 Hz, 1H, E,-S),
3.08-3.14 (m, 1H, 8-S), 3.38-3.52 (m, 2H, i,-NH), 4.12-4.15 (m, 1H, B-N), 4.29-4.33
(m, 1H, H-N), 4.95 (br, 4H, Mi,), 6.39 (s, 1H, CKFNH), 6.47 (s, 1H, CKFNH), 6.47 (d,J =
8.0 Hz, 1H,HCaromaid, 6.95 (ddJ = 8.0 Hz,J = 1.9 Hz, 1HHCaromaid, 7.04 (d,J = 1.9 Hz,
1H, HCaromatid, 7.88 (t,J = 5.6 Hz, 1H, CH-HN).

13C NMR (100 MHz, DMSOds, 298 K): 8¢ (ppm) 27.4 CHy), 29.1 CHy), 29.2 CHy),
30.1 CHy), 39.7 CH,-NH), 40.7 CH,-S), 56.4 CH-S), 60.1 CH-N), 61.9 CH-N), 113.6
(Caromatid), 114.7 Caromatidd), 117.8 Caromatid), 124.1 CaromaticCO), 134.7 Caromatic-NH>),
139.0 CaromaiicNH2), 163.6 (HNCO-NH), 167.6 CO-NH).
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ESI-MS: 386.2 (10, [M+N4d]), 365.1 (20, [M+2H]"), 364.1 (100, [M+H]).
N,N’-Bis-(3,5-ditert-butylsalicylidene)-3,4-diaminobenzoic acid, aminoiotinyl amide,
Sal-1

To a solution of 3,5-diert-butyl-2-hydroxybenzaldehyde (386 mg, 1.65 mmolMieOH (10
mL) was added a solution of 3, 4-diaminobenzoid aaminobiotinyl amide (200 mg, 0.55
mmol) in MeOH (10 mL) and the reaction mixture waBuxed during 48 h. After this time,
MeOH was evaporated and the crude product wasigairlly flash chromatographgn
silicagel using CHCI, / MeOH (initially pure CHCI,, final mixture 95 / 5) to affor&al-1as
a yellow-orange solid (287 mg, 0.36 mmol, 65% \jeld

'H NMR (400 MHz, CDC}, 298 K):3 (ppm) 1.33 (s, 18H, & C(CHa3)s), 1.45 (s, 18H, 2
x C(CH3)3), 1.33-1.67 (m, 8H, B,CH,CH,CH,-CH,NH), 2.62 (d,J = 12.8 Hz, 1H, E,-S),
2.82 (dd,J = 12.8 Hz,J = 4.7 Hz, 1H, E»-S), 3.07-3.12 (m, 1H, I&-S), 3.36-3.51 (m, 2H,
CH,-NH), 4.19-4.22 (m, 1H, B-N), 4.39-4.42 (m, 1H, B-N), 5.67 (s, 1H; CENH), 6.68 (s,
1H; CHNH), 7.23-7.27 (m, 3HHCaromatid, 7.46 (d,J = 2.4 Hz, 1HHCyromaig, 7.48 (d,J =
2.4 Hz, 1HHCyromatid, 7.78 (ddJ = 8.2 Hz,J = 1.8 Hz, 1HHC;r0mati9, 7.84 (d,J = 1.8 Hz,
1H, HCaromaiid, 8.68 (s, 1H, €=N), 8.79 (s, 1H, B=N), 13.41 (s, 1H, €), 13.45 (s, 1H,
OH).

13C NMR (100 MHz, CDQ, 298 K): 8¢ (ppm) 27.4 CH,), 28.9 CH.), 29.0 CH.), 29.5
(CHy), 29.8 (3x CHs), 31.9 (6% CHs), 34.6 (3% CHj3), 35.5 (4x C-CHs), 40.3 CH2-NH),
40.9 CH2-S), 56.3 CH-S), 60.5 CH-N), 62.3 CH-N), 118.6 Caromatid,» 118.7 Caromatid,
119.4 Caromatid, 120.3 Caromatid, 126.3 Caromatid, 127.4 Caromatid, 127.6 Caromatid, 128.9
(Caromatids 129.1 Caromatid, 133.9 Caromatid, 137.5 Caromaid, 137.7 Caromatd, 141.0 (2x
Caromatid: 143.0 Caromatid, 145.6 Caromatid, 159.0 Caromatids 159.1 Caromatid, 164.6 (HNCO-
NH), 166.0 (2x CH=N), 167.1 CO-NH).

ESI-MS: 818.6 (10, [M+Nd]), 798.5 (20), 797.4 (50, [M+2&), 796.5 (100, [M+H]).
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4.1.2 Synthesis of Sal-2

5-(O-Biotinyl)-2,5-dihydroxybenzaldehyde.
o}

HNJ4

Q’u,/\/\go\@[wo

2,5-Dihydroxybenzaldehyde (1 g, 7.24 mmol), BNH62g, 6.03 mmol) and & (1.21

mL, 9.05 mmol) were mixed in DMF (30 mL) and theuking solution was stirred at room

NH

temperature for 48 h. After this time, the DMF wasporated and the crude product was
purified by flash chromatographyn silicagel using CkCl, / MeOH (95 / 5) to afford the
product (437 mg, 1.20 mmol, 20% vyield).

'H NMR (400 MHz, DMSOds, 298 K): &, (ppm) 1.57-1.40 (m, 4H, I§,CH,-CH,CO),
1.63-1.70 (m, 2H, B,-CHS), 2.58 (tJ = 7.4 Hz, 2H, E,CO), 2.60 (dJ = 12.7 Hz, 1H,
CH,-S), 2.85 (dd,J) = 12.7 Hz,J = 5.1 Hz, 1H, E,-S), 3.12-3.17 (m, 1H, Ig-S), 4.14-4.18
(m, 1H, H-N), 4.31-4.34 (m, 1H, B-N), 6.39 (s, 1H, CHNH), 6.48 (s, 1H, CHFNH), 7.03
(d,J =12.7 Hz, 1HHCaromaid, 7.29 (ddJ = 8.9 Hz,J = 3.0 Hz, 1HHCqromatd, 7.35 (d,J =
3.0 Hz, 1HHCaromatid, 10.26 (s, 1H, BO).

13C NMR (100 MHz, DMSOds, 298 K): 8¢ (ppm) 25.2 CH,), 28.8 CH,), 28.9 CH,),
34.1 CH,CO), 40.7 CH,-S), 59.2 CH-S), 60.1 CH-N), 61.9 CH-N), 119.1 Caromaidi),
121.4 Caromatid, 123.3 Caromatid, 130.8 Caromatidd), 143.6 Caromatid, 159.3 Caromatid, 163.6
(HN-CO-NH), 172.9 CO-0), 191.1 CH=0).

ESI-MS: 387.1 (100, [M+N4d), 365.1 (10, [M+H]).
N-((5-O-Biotinyl)-2,5-dihydroxysalicylidene), N'-(3,5-di-tert-butylsalicylidene)-

ethylenediamine, Sal-2.

o

HN

o
(Sj/\/\n/o\©\/§N/\
© oH NS
HO

To a solution of 5Q-biotinyl)-2,5-dihydroxybenzaldehyde (300 mg, 0/@&ol) and 3,5-di-
tert-butyl-2-hydroxybenzaldehyde (192 mg, 0.82 mmol)MeOH (30 mL) was added a

solution of EfN (53 uL, 0.8 mmol) in MeOH (10 mL) and the resulting réac mixture was
128



stirred at room temperature for 10 minutes. TheifSblases were precipitated by adding
water (50 mL) and the solid was collected aftertiifergation of the resulting suspension,
dissolved in CHCI, and dried over MgS( After evaporation of the Gi&l,, the three Schiff
bases were separated by flash chromatographsilicagel using CkCl, / MeOH (initially
pure CHCI,, final mixture 97 / 3) to afford the non-symmet8chiff baseSal-2 as a yellow
solid (141 mg, 0.23 mmol, 28% yield).

'H NMR (400 MHz, CROD, 298 K): 8y (ppm) 1.29 (s, 9H, C(8s)3), 1.41 (s, 9H,
C(CHj3)3), 1.42-1.82 (m, 6H, B,CH,CH,-CH,CO), 2.60 (d,J = 12.7 Hz, 1H, E»-S), 2.73 (t,
J=7.4 Hz, 2H, G,-CO), 2.95 (dd,) = 12.7 Hz,J = 4.9 Hz, 1H, E,-S), 3.18-3.27 (m, 1H,
CH-S), 3.94-3.96 (m, 4H, NH4@,CH,-NH), 4.30-4.36 (m, 1H, B-N), 4.48-4.54 (m, 1H,
CH-N), 6.87 (d,J = 7.8 Hz, 1HHCxomatig, 7.04 (M, 2H; 2x HCyromatig, 7.12 (d,J = 2.4 Hz,
1H, HCaromatig, 7-37 (d,J = 2.4 Hz, 1HHCaromatig, 8.41 (s, 1H, €=N), 8.42 (s, 1H, E=N).

4.1.3 Synthesis of Sal-3

N-Biotinyl- N',N” -bis(3,5-ditert-butylsalicylidene)diethylenetriamine, Sal-3.

A solution of 3,5-ditert-butyl-2-hydroxybenzaldehyde (150 mg, 0.64 mmol)d an
ethylenetriamine (34uL, 0.32 mmol) in toluene (5 mL) was stirred duridgh at room
temperature. The solvent was evaporated and theéecpuoduct was purified by flash
chromatographyn silicagel using CkCl, / MeOH (96 / 4) to afford a yellow solid (171 mg,
guantitative yield). As the product hydrolyzed dipiin solution, the purification was
performed very quickly.

To a solution ofN,N’-bis-(3,5-ditert-butylsalicylidene)diethylenetriamine (170 mg, 0.32
mmol) and BNHS (131 mg, 0.38 mmol) in DMF (5 mL)svadded BN (134 uL, 1 mmol)

and the reaction mixture was heated at 50 °C di##hf. The solvent was evaporated and the
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crude product was purified by flash chromatographgilicagel using CkCl, / MeOH / E§N
(95 /51 2) to affordsal-3as a yellow solid (168 mg, 69% vyield).

'H NMR (400 MHz, CDC}, 298 K): & (ppm) 1.31 (s, 18H, & C(CHa)s), 1.45 (s, 18H, X
C(CHg3)3), 1.59-1.76 (m, 6H, B,CH,CH,-CH,CO), 2.41 (tJ = 7.5 Hz, 2H, E,-CO), 2.73
(d,J=12.7 Hz, 1H, E-S), 2.90 (ddJ =12.7 HzJ = 4.9 Hz, 1H, E,-S), 3.11-3.16 (m, 1H,
CH-S), 3.68-3.69 (m, 4H, Ig,-N=CH), 3.76 (tJ = 5.9 Hz, 2H, Ei»-N), 3.84 (t,J = 5.9 Hz,
2H, CH»-N), 4.26-4.29 (m, 1H, B-N), 4.47-4.50 (m, 1H, B-N), 5.24 (s, 1H, CHNH), 5.68
(s, 1H, CHNH), 7.07 (dJ = 2.4 Hz, 1HHCaomaid, 7.09 (dJ = 2.4 Hz, 1HHCaromatid, 7-39-
7.40 (m, 2HHC;romatid, 8-34 (s, 1H, €=N), 8.37 (s, 1H, €=N), 13.35 (s, 1H, @), 13.69
(s, 1H, QH).

%C NMR (100 MHz, CDGJ, 298 K): 3¢ (ppm) 25.5 CH,), 28.7 CH,), 29.8 CH3), 29.8
(CHs), 31.9 CHs), 33.2 CH,), 34.4 CH,), 34.5 C-CHj3), 35.4 C-CHs), 40.9 CH»-S), 48.3
(CH»-N), 50.3 CH,-N), 55.7 CH-S), 57.8 CH»-N), 58.8 CH-N), 60.5 CH-N), 62.1 CH-
N), 117.9 Caromaid, 118.2 Caromaiid, 126.4 Caromaidd), 126.6 Caromaidd), 127.5 Caromaiid),
127.9 CaromatidH), 137 Caromatid, 137.1 Caromatid, 140.6 Caromatid, 140.8 Caromatid, 158.2
(Caromatidy 158.4 Caromatid, 163.7 (HNECO-NH), 168.1 CH=N), 168.4 CH=N), 173.9 CO-
NH).

ESI-MS: 776.4 (20), 763.5 (55, [M+2#), 762.6 (100, [M+H]).

4.1.4 Synthesis of Sal-4

(mes9-N-Benzyl-3,4-dihydroxy-2,5-pyrrolidinedione**®
Q3
OH
OH
(0]

To a solution oN-benzylmaleimide (3 g, 16.0 mmol) in AcOEt / &N 1/ 1 (total volume
195 mL) cooled in an ice bath at 0°C was addedwiso of RuCk (233 mg, 1.13 mmol) and
NalO, in water (32 mL). The biphasic mixture was vigausly stirred for 3 minutes at 0°C,
following which the reaction was quenched with 180 NaS,0; saturated solution. The
organic phase was separated and the aqueous lagemitvacted three times with ACOEt. The
combined organic layers were dried over Mg®@d evaporatesh vacuoto afford the crude
product, which was purified by flash chromatographysilicagel using CkCl, / MeOH (98 /

2) to afford a white solid (2.5 g, 70% yield).
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H NMR (200 MHz, CROD, 298 K):3y (ppm) 4.48 (s, 2H, N-B,-Ph), 4.67 (s, 2H, &
CH-OH), 7.28-7.34 (m, 5HCaromatid-
(mesqg-N-Benzyl-3,4-dihydroxypyrrolidine.
Q OH
N<:£OH
This synthesis was adapted from a published praeétfUAll the manipulations were carried
out using standard Schlenk techniques. To a suspeaSLIAIH,4 (4.3 g, 113 mmol) in THF
(130 mL) under nitrogen was added a solution wieg9-N-benzyl-3,4-dihydroxy-2,5-
pyrrolidinedione (5.0 g, 22.6 mmol) and the reattioixture was refluxed during 62 h. The
reaction was cooled with an ice bath and AcOEt (h20) was carefully added with
vigourous stirring, followed by water (18 mL) andvBNaOH solution (4.25mL). After 1 h
stirring at room temperature, the aluminium saltered on celite and washed with AcOEt.
The filtrate was evaporated to yield the crude pobd which was purified by flash
chromatographyn silicagel using AcOEt / MeOH / £ (95 / 5/ 1) to afford a yellow oll
(1.13 g, 26% yield).
'H NMR (200 MHz, CDG}, 298 K): &y (ppm) 2.59 (br, 2H, 8), 2.68-2.70 (m, 4H, X
CH2-N), 3.6 (s, 2H, N-El,-Ph), 4.16-4.21 (m, 2H, 2 CH-OH), 7.28-7.37 (m, 5HCaromatid-
(mesqg-N-benzyl-3,4-dihydroxypyrrolidine di- p-toluenesulfonate.

This synthesis was adapted from a published praeéditiTo a solution ofhesd-N-benzyl-
3,4-dihydroxypyrrolidine (1.13 g, 5.85 mmol) in mine (32 mL) was addedp-
toluenesulfonyl chloride (3.4 g, 17.8 mmol) in gmation. The resulting solution was stored
at 4°C for 4 days. The mixture was then added disgwo a cooled solution of citric acid
(160 g in 1 L water) and the resulting aqueoustsmuwas extracted four times withEx
The combined organic layers were dried ovepS@@ and evaporateth vacuo The crude
product was purified by flash chromatography silicagel using CkCl,/ EtsN (100 / 1) to
afford a white solid (2.36 g, 81% yield).
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H NMR (200 MHz, CDC}, 298 K): &y (ppm) 2.47 (s, 6H, X CHs), 2.69-2.76 (m, 2H,
CHy-N), 3.02-3.11 (m, 2H, B»-N), 3.6 (s, 2H, N-E»-Ph), 4.71-4.83 (m, 2H, & CH-OH),
7.19-7.36 (M, 9HHCaromaid, 7-74 (S, 2HHCaromaiid, 7-78 (S, 2HHCaromatid-
(mesQ-N-benzyl-3,4-diazidopyrrolidine.

Q N3

N/:[N3

This synthesis was adapted from a published praeétfiAll the manipulations were carried
out using standard Schlenk techniques. To a solutiof (mesQ-N-benzyl-3,4-
dihydroxypyrrolidine dip-toluenesulfonate (2.0 g, 4.0 mmol) in DMF (22 nuinder nitrogen
was added solid NajN1.04 g, 16.0 mmol). The resulting suspension neegted at 100°C for
22 h and then cooled at room temperature. Watem(@pwas added and the mixture was
extracted four times with Ci€l,. The organic layers were dried over,88, and evaporated
in vacuo The crude product was purified by flash chromedpgyon silicagel using hexare
AcOEt (80 / 20) to afford an incolor oil (880 m@% vyield).

'H NMR (400 MHz, CDC}, 298 K): 34 (ppm) 2.70 (ddJ = 10.2 Hz,J = 4.7 Hz, 2H, X
CHx-N), 3.01 (dd,J = 10.2 Hz,J = 6.5 Hz, 2H, 2¢ CH»-N), 3.69 (s, 2H, N-El,-Ph), 4.04-
4.07 (m, 2H, 2 CH-N3), 7.32-7.38 (M, 5HHCaromatd-

%C NMR (100 MHz, CDGJ, 298 K): ¢ (ppm) 57.5 (2 CH2-N), 60.1 (NCHx-Ph), 62.2
(2% CH-N3), 127.8 Caromatidd), 128.9 (2% Caromatid), 129.1 (2% CaromatidH), 138.2 Caromatid)-
(mesq-3,4-(N,N’-Bis(3,5-ditert-butylsalicylidene))-pyrrolidine.

H
N

e

This synthesis was adapted from a published praeétflAll the manipulations were carried
out using standard Schlenk techniques. A suspemdipalladium on charcoal (10% w/w, 47
mg, 0.02 mmol) in EtOH / GEOOH (8 / 2 v / v) was added to a solution ofe69-N-
benzyl-3,4-diazidopyrrolidine (100 mg, 0.41 mmail) EtOH / CRCOOH (8 / 2 v / v, total
volume 2 mL). The suspension was shaken under B.bfr 16 h, filtered through celite and
concentrated under vacuum to afford a white sdlite crude residue was dissolved in EtOH
(3 mL) and neutralized with a solution of NaOH #7(0.32 mL). Neat 3,5-diert-butyl-2-
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hydroxybenzaldehyde (197 mg, 0.84 mmol) was addemhee and the reaction was refluxed
for 2 h. The reaction mixture was then poured i8t8 mL saturated NaCl solution and
extracted three times with G@l,. The organic layers were combined, washed withratad
NacCl solution, dried over N8O, and evaporated under vacuum. The product wasgulbify
flash chromatographgn silicagel using AcOEt / MeOH (initially pure A&D then 95/ 5) to
yield a foamy yellow glass (110 mg, 54% vyield otrex two steps).

H NMR (400 MHz, CDC}, 298 K):&y (ppm) 1.28 (s, 18H, & C(CHa)s), 1.29 (s, 18H, 2
x C(CHa)s), 3.39-3.41 (M, 4H, & CH,-N), 4.05-4.07 (m, 2H, B-N=CH), 7.04 (dJ = 2.44
Hz, 2H, HCaromaid, 7-35 (d,J = 2.44 Hz, 2HHCaromarid, 8.36 (S, 2H, % CH=N), 13.34 (s,
2H, 2x OH).

13C NMR (100 MHz, CDGJ, 298 K):3¢ (ppm) 29.8 (C-CHs)s), 31.9 (C-CHa3)3), 34.5 (2
x C-CHs), 35.4 (2x C-CHg), 53.4 (2x CH,-N), 73.6 (2x CH-N), 118.0 (2% Caromatid, 126.2
(2 x Caromaidd), 127.5 (2% Caromaid), 137.1 (2% Caromaid: 140.2 (2% Caromaiid, 158.5
(CaromatiQ, 166.7 (2x CH=N).

APCI-MS: 546.5 (30), 535.5 (50, [M+28), 534.5 (100, [M+H]).
(mesqg-N-Biotinyl-3,4-(N’,N” -bis(3,5-ditert-butylsalicylidene))-pyrrolidine, Sal-4.

N

S Siste

To a solution ofmes9-3,4-(N,N’-bis(3,5-ditert-butylsalicylidene))-pyrrolidine (36 mg, 0.07
mmol) and BNHS (25 mg, 0.07 mmol) in DMF (1 mL) wadded EN (14 pL, 0.1 mmol)
and the reaction mixture was stirred at room teatpee during 24 h. The solvent was
evaporated and the crude product was purified dghflchromatographgn silicagel using
CH.Cl, / MeOH (90 / 10) to affor®al-4as a yellow solid (45 mg, 86% vyield).

'H NMR (200 MHz, CDC}, 298 K): 84 (ppm) 1.27-1.37 (m, 36H, 4 C(CHs)3), 1.40-1.90
(m, 6H, GH,CH,CH,-CH,CO), 2.41 (m22H, CH,-CO), 2.6-3.0 (m, 2H, B,-S), 3.11-3.25
(m, 1H, GH-S), 3.8-3.97 (M, 4H, & CH»-N), 4.0-4.25 (m, 2H, X CH-N=CH), 4.30-4.40 (m,
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1H, CH-N), 4.45-4.50 (m, 1H, B-N), 5.30 (d,J = 5.6 Hz, 1H, CHNH), 5.97 (d,J = 9.6 Hz
2H, CHNH), 7.05 (dd,J = 2.4 Hz,J = 4.4 Hz, 2H, 2 HCaromatd, 7.36 (d,J = 2.4 Hz, 2H, X
HCaromatid, 8-35 (S, 1H, €=N), 8.42 (s, 1H, €=N), 13.0 (s, 1H, @), 13.07 (s, 1H, @).

ESI-MS: 758.7 (100, [M-H), 759.7 (50, M), 794.5 (80, [M—=H+2B]), 795.4 (40,
M+2H,0).

4.2 Preparation of the Metal-Salen Complexes

(mesd-N-Biotinyl-3,4-(N’,N” -bis(3,5-ditert-butylsalicylidene))-pyrrolidine, manganesé&
chloride complex, Mn-Sal-4.
This synthesis was adapted from a published praeétliTo a solution of Mn(OAg)4H,0
(44 mg, 0.18 mmol) in EtOH (1.5 mL) was added aisoh of Sal-4in toluene (1.8 mL) and
the resulting mixture was refluxed for 1 h. Satedadqueous NaCl (0.2 mL) was then added
and air was bubbled through the solution duringr@®@utes. The reaction mixture was cooled
to room temperature, toluene (4 mL) and,CH (10 mL) were added and the organic phase
was separated and washed two times with water. atheous phase was extracted with
CHClI, until it was colourless and the collected orgdaiers were dried over NaO, and
evaporated under vacuum. The Mn complex was pdribg flash chromatographgn
silicagel using CHCIl, / MeOH (75 / 15) to afford a brown solid (28.5 ns$% yield).

ESI-MS: 812.5 (100, [M-CI]), 813.5 (40, [M—CI+H]), 814.3 (10, [M—CI+2H]).
Mn-Sal-1 — Mn-Sal-3.
The three MnSal-X complexes were prepared by mixing solutions ofvkm@oncentrations
of Mn(OAc),*4H,0 (0.08 M) andsal-X (0.04 M) in DMF (1 / 1 volumes of the two solutigns
and heating the resulting mixtures in closed tdied5°C. Thus, the corresponding ai-X
complexes were available in 0.02 M solutions in Dfel were used without further isolation
and purification.
V-Sal-1 - V-Sal-3
The V-Sal-X complexes were prepared by adapting a publishedepure®* by mixing
solutions of known concentrations of VO(aca).04 M) andSal-X (0.04 M) in DMF (1 /1
volumes of the two solutions) and heating the tesmimixtures in closed tubes at 65°C.
Thus, the corresponding Sal-X complexes were available in a 0.02 M solution®MF

and were used without further isolation and puatiicn.
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5 Analysis of the Reduction and Oxidation Products

The conversions and enantioselectivities of thalgit runs were determined by HPLC
analysis using either the Chiralcel OD-H, OB-H od-B columns (Daicel Chemical
Industries, Tokyo) with hexane / isopropanol asvaal or a §9-ULMO column (Regis
Technologies Inc., lllinois, U.S.A.) with hexang,2-dimethoxyethane as solvent.

For each substrate / product couple, a calibratione was established, relating the ratio
of the HPLC integrated surfaces of the correspan@eaks (Qustrate/ Senantiomer produdsto the
substrate / product molar ratio. Thus, the convessiwere determined by comparison of the
HPLC areas with the calibration curve. The enaptegivities were directly determined from
the HPLC integrated surfaces.

For the sulfoxidation catalytic runs, control espeents were performed using
acetophenone as internal standard. The yields ldxsdes determined in this manner were
very similar to the conversions obtained by thesjpneés method.

5.1 Analytical Data for the Reduction Products

Racemic alcohols were prepared from the correspgnsliarting ketones by reduction with
NaBH, in EtOH and used for HPLC reference purposes.artadytical data for the reduction
products is presented in Table 3.

For the catalytic runs with 2-acetylpyridibeaffording enantioselectivities >90% €9, (
the ee’s were determined by GC analysis @lzex capillary column (Supelco, 30 m0.25
mm x 0.25um, 100kPa He) using the following program: iniflgfC) / time(min.) / slope(°C
[ min.) / T(°C) / time(min.) / slope(°C/min.) / T@) / time(min.) / slope(°C/min.) / T(°C) /
time (min.): 60/5/1/80/10/ 15/ 100/ A5/ 190 / 1. The retention times for the
alcohols were:;t= 63.7 min. R), t, = 64.7 min. §).
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Table 3.HPLC conditions, retention times and absolute igométions for the reduction produéts

Alcohol Column Conditions 1f{(min) & (min) Detection
OH hexane I-PrOH 95/5 173 29 7
OD-H , 215 nm
flow 0.7 mL / min (R S

hexane I-PrOH 95/5 11.6 12.9

2
O
; I

OD-H ) 225 nm
flow 0.7 mL / min 9 (R
OH (S9- hexane / DME 100/1.5 166 19.5
_ 215 nm
ULMO flow 1 mL / min (R) ©)
OH hexane I-PrOH 100/2 179 18.8
OD-H ) 215 nm
@@ flow 0.9 mL / min 9 (R)
OH hexane I-PrOH 100/2 192 2%
AN OD-H _ 215 nm
| P flow 0.9 mL / min (R) (S
OH hexane i-PrOH 95/5 13 & 20.6
OD-H ) 215 nm
©/\/\ flow 0.7 mL / min (R) (S
©/\o/\{ hexane I-PrOH 95/5  11.¢ 13.5
OH OD-H 215 nm
flow 0.7 mL / min ©) (R)
©/Y\ hexane I-PrOH 100/2 112 16.6
OH OD-H 215 nm

flow 0.9 mL / min 9 (R

2 The absolute configuration was assigned by corspanivith published results®

® The absolute configuration was assigned by comparivith an enantiopure sample.

° The absolute configuration was assigned by comspariwvith an enantiopure sample prepared fr&th (
butanediol.

5.2 Analytical Data for the Oxidation Products

Racemic sulfoxides were prepared from the corredipgnstarting sulfides by oxidation with

vanadium sulfate andBuOOH in CHCI, and used for HPLC reference purposes.
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For the sulfoxidation with [VG] O Sav, the analytical data of the sulfoxides are

presented in Table 4.

Table 4.HPLC conditions, retention times and absolute cumfitions for the sulfoxidation produéts

Sulfoxide Column Conditions 1 (min) t; (min)
g hexane I-PrOH 90/10 13.1 17.1

~ OD-H
flow 0.8 mL / min (R) (S

hexane I-PrOH 80/20 9.2 20.0

hexane I-PrOH 80/20 13.6 19.7

~ OB-H
OO flow 1.0 mL / min S (R

hexane I-PrOH95/5 15.0 20.7
~ OD-H
flow 0.8 mL / min (R S

0 hexane I-PrOH 70/30 8.7 11.1
SUEEs
~ flow 1.0 mL / min S (R

hexane I-PrOH95/5 154 19.0

~ OB-H
flow 1.0 mL / min S (R

2V detection at 215 nm; the absolute configuratiorre assigned by comparison with published eSult

?
S.  OB-H
flow 1.0 mL / min S (R
0]
é hexane I-PrOH 70/30 11.0 21.3
ot e
flow 1.0 mL / min R
oo ® ®
0]
S
S

n~ 0O

n~ 0O

For the sulfoxidation of thioanisole with the bigtated metal-salen complexes, the ee’s

and conversions were determined either on an Obithmn with hexane i-PrOH 90 / 10 at
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0.8 mL / min (f = 15.5 min. R), t; = 20.5 min §)), or on an OJ-H column with hexanée /
PrOH 100/ 2 at 1.0 mL / miny(t 32.5 min. §, t, = 34.9 min R)).
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