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ABSTRACT

This master thesis dealwith the synthesis of nov nonnatural substras for the
biotransformation with the berberine bridge enz (BBE). Californiapoppy Eschscholzia
californica) is the naturabrigin of the enzyme used. The plant®aling effects were alrea
utilized by the American bhians to treat different disease$he benzylisoquinolinalkaloids
as well & the corresponding berbine é&oids which were synthesize through the
biotransformation byY8BE are target molecul for many potent pharmaceutic¢hat are used
e.g. as HIV-drugs,n the treatment of cancer or diseases of the me system like
schizophrenia.

The substrates that wesgnthezised cring this study harboan additional prochiral cen,
achieved by the introduon of an ethyl group the nitrogen of théetrahydroisoquinolir
scaffold. Duringthe biotransformation of these substrates with BBfompletely new featu
of the enzyme was discovered which demonstraits promiscuity. The natural role of ti
enzyme is thenantioselectiv cyclization reaction of)-reticulineresulting in the formatio
of (§-scoulerine. B applying theN-ethyl substrates to the enzyihevas observechat BBE
is dealkylating the substrate¥/ithin this biotransformation three differr product classes
were observed: (i) the cyzec products with a mass loss of m/z = 2; {lipsethat possess a
mass loss of m/z = 16; (iignd a deethylated produ

b/ o .'.
R1 J
BBE

g N~ T (S)-cyclized products
o 4 (products with mass loss of m/z =2)
‘ %{ . 0 HO;
R?% l catalas
<11
/)

1/2 0,+H

The structure of the deethydatproduct can be specified as a benzylisoquinolickitg the
ethyl group on the nitrogen, proven by comparisah & reference G-MS spectrur.



For the cyclized products four different structuces be suggested. Those that harbor the
hydroxy group at the C9 position of the berbineffeté are the main products, whereas the
corresponding C1l1-regioisomers are the minor ones.

Through the comparison with a GC-MS reference spetiand retention time alignment on
the HPLC, products with a mass loss of m/z = 16ata0 be correlated to a cyclized structure
lacking a methyl group at the newly formed bridg®g atom.

Interestingly, BBE is catalyzing an enantioseleztilealkylation.

The newly discovered enzyme promiscuity of BBE &=ava lot of space for further
investigations. The reaction mechanism leadingp¢ontovel formed products has to be proven
and an adequate product characterization is nagessaomplete the investigations. In the
case of the cyclized products with a mass loss/af?® it has to be determined if the enzyme
shows a stereopreference for the additionally duoed chiral center. Substrate and
eventually enzyme engineering for this class of lgeynthesized non-natural substrates will
be the goals of further investigations based onriaster thesis.



KURZFASSUNG

Diese Masterarbeit befasstls mit der Synthese neuer Benzylisochinolinsule fir die
biokatalytische Umsetzung mitem Berberin-Brickeiznzym (BBE), welchs seinen
natirlichen Ursprung inkalifornischen Goldmohn Eschschozia californic) findet. Dieser
Pflanze wurden bereits von ¢ amerikanischen Ureinwohneheilende Kréfte zugesproch
und von diesen als Arzneimittel eingesetzt. Die B#isochinolindkaloide und deren
entspechenden Berbikaloide, welche einerseits synthetisdtergestel und andererseits
durch die Biotransformation mit BBE erhalten wurdstellen Ausgangsverbindungen vie
potentieller Pharmazeutiker dar, welche beispielss als HIV Medikament, zur
Behandlung von Krebsyder Krankheiten des Nervensystemes wie Schizojghengesetz
werden.

Die Verbindungen,welche im Laufe dieser Arbeit synthetisiert wurdkainhalten eir
zusatzliches prochirales  Zentrum, eingefuhrt durctie N-Ethylgruppe am
Tetrahydroisochinolingindgerist.Bei der biokatalytischetymsetzung dies Subtrate mit
BBE konnte eine neue Eigenschaft «( Enzymes aufgezeigt werden 1 somit dessen
Promiskuitat belegt werderDie natiurliche Rolle des BerberBriicker-Enzymes ist die
enantioselektive Ringbildungon (§)-Reticulin zu §-Scoulerin Bei derUmsetzung deN-

ethylierten Substrate mittels Bl stellte sich heraus, dassine Dealkylierung de
Benzylisochinolinverbindungen statt findet. Das vonBiokatalysator erzegte

Produktgemisclikonnte in drei verschiedene Klassen unterteilt werdi) zyklische Produkt
mit einem Massenverlust von m/z = 2; (i) jene éi@en Massenverlust von m/z =
aufwesen; (iii) und ein deethyliertes Prodt

N | 3 s (S)-zyklische Produkte
T_T (Produkte mit einem Massenverlust von
OH F; ’ m/z =2)
gl qge e
-+, = l catalase

/) 1/2 0,5+ Hy



Durch den Vergleich des GC-MS Spektrums mit einefeRenzsubstanz kann die Struktur
des deethyilierten Produktes als jene Benzylisadimstruktur identifiziert werden, welcher
die Ethylgruppe am Stickstoff fehlt.

Fur die zyklischen Produkte kdnnen vier Struktunergeschlagen werden: die beiden
Diastereomere, welche die Hydroxygruppe am C9 Atla® Berbingrundgerists tragen und
die dazugehorigen Regioisomere, welche die funktlenrGruppe am C11 Atom tragen und
das Nebenprodukt darstellen.

Die Zuordnung der Produktgruppe mit einem Massdaservon m/z=16, konnte durch
Retentionszeiten-, sowie durch GC-MS Datenverglertblgen. Diese Verbindungen kénnen
einer zyklischen Struktur zugeordnet werden, dee éflethylgruppe am C8 verbriickenden
Atom im entstandenen Berbingerust fehlt.

Bemerkenswerterweise transferiert BBE bei der Dgiglkung nur das)-Enantiomer zu den
entsprechenden Produkten.

Die neu erweiterte Promiskuitdt von BBE lasst viSpielraum fir nachfolgende
Fragestellungen, wie zum Beispiel der Aufklarungs deeaktionsmechanismus der neu
geformten Produkte, als auch einer adequaten Pidtardakterisierung. Im Falle der
zyklischen Produkte, die einen Massenverlusst vdn m 2 aufweisen muss festgestellt
werden, ob das Enzym eine gewisse Stereopréafeterdas neu eingefuhrte chirale Zentrum
zeigt. Ebenso soll sowohl die strukturelle Modifika der Substrate, als auch des Enzyms im
Fokus weiterer Fragestellungen stehen.
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1.INTRODUCTION

1 INTRODUCTION

1.1 Benzylisoquinoline alkaloids
1.1.1 Characteristics

The benzylisoquinolines (BIs) occupy a paramourgitpm in alkaloid chemistry because
they act asin vivo precursors for many of the naturally occurring isoqlines like
morphines, pavines, cularines, aporphines, probagres and others. They are either of the
1,2,3,4-tetrahydro type, or of the completely arbengype including an isoquinoline system
in their scaffold’?

X
=N N

N-methyl-1,2,3 4-tetrahydro type Bl N-methyl BI berbine

Scheme 1Structural scaffold of two different types of behigzgquinolines (isoquinoline marked in red) and the
structure of berbine.

The compounds that are part of this master theslong to the 1-benzyl-1,2,3,4-
tetrahydroisoquinolines and their biocatalyticallytained products to the berbine alkaloids.

1.1.2 Biosynthetic pathway in plants

These alkaloids are part of a large and diversalaitk group with more than 2500 defined
structures. The pharmacological activity of bersnydjuinoline alkaloids (BIAS) is the reason
why many of them are used as pharmaceuticals aofieis a clue to their biological role in
the plant. The biosynthesis begins with decarbdioniaof tyrosine as well as bgrtho-
hydroxylation and deamination to dopamine and 4rtiwgbhenylacetaldehyd. Both
originated substrates are condensed by norcoctausynthase (NCS) to form the
trinydroxybenzylisoquinoline alkaloidS(-norcoclaurine, which is the central precursordtbr
BIAs in plants (Scheme 2j.
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Scheme 2: Biosynthesis of benylisoquinoline alkaloids in pgk&n NCS...norcoclaurine-synthase,
60MT...norcoclaurine-89-methyltransferase, CNMT...coclaurineN-methyltransferase, CYP80B.S¢{N-
methylcoclaurine-3"-hyroxylase, 4'0OMT...3’hydroxy-methylcoclaurine-42-methyltransferase,
BBE...berberine bridge enzyme

(S-Norcoclaurine is further subjected to a regiostale 6-O-methyltransfer as well as &k
methyltransfewia the enzymes norcoclaurin@-methyltransferase (60MT) and coclaurine
N-methyltransferase (CNMT).The following hydroxylation and methylation stejesd to
(9-reticuline which is a branch point intermediatetie biosynthesis of many BIA such as
sanguinarine, macarpifieyerberine, palmatiieand morphinan alkaloids like morphine and
codeine’ (S)-Reticuline can either be oxidized by the bertetiridge enzyme (BBE) to form
(9-scoulerinevia the methylene bridge formation from tiNemethyl group, or can be
converted to theR)-enantiomer which represents the first committégp Sn morphinan
alkaloid biosynthesid.Further biosynthetic steps conveB)-6coulerine into the important
benzophenanthridine, protoberbine and portopinal @ilks.

1.1.3 Biological significance

The potential biological activity of many benzyligonoline alkaloids led to their widespread
application as pharmaceuticals, stimulants, narsathd poison$The search for useful drugs
of defined structure from plants began with thelagson of morphine fromPapaver
somniferum(opium poppy) in 1806 which is a strong sedative analgesic ageftMorphine

2



1.INTRODUCTION

derivatives such as codeine and heroin, and papavare used as muscle relaxant, analgesic,
as well as in the treatment of gastrointestinassysa heart disease and stroke (Scheni 3).

HzC.__O
MeO 7C)r ji;\' HO
Q
MeO O NCHg @NCHg Oj;?\\
O e T e
OMe T( HO Z

papaverine heroin morphine

Scheme 3:Structures of papaverine, heroin and morphine

The opium poppy is currently one of the most imawott renewable resources for
pharmaceutical alkaloids, more than 100 differdrihnem are derived from the amino acid L-
tyrosine which haveJ-reticuline as a common intermediatB. somniferunalso produces
the benzophenanthridine alkaloid sanguinarine winak anitimicrobial properties and is
known to be part of the chemical defense systepiants. Moreover sanguinarine as well as
chelidonine and chelerythine (isolated fr@helidonium majusare well known in cancer
treatment (Scheme 4). They were reported to exatt growth-inhibitory effectvia the
induction of apoptosis in numerous cancers celisthermore, they are effective against
certain tumors that are otherwise resistant todstahtherapie$.

/—0 /—0 /—Q
o o o |
O Ok O
N NZ N
» SO IRee”
O o le) O
o ® T L
o o\ HO 0

sanguinarine chelerythine chelidonine
Scheme 4:Structures of sanguinarine, chelerythine and dbalne

Also muscle-relaxing effects are attributed to @asi benzylisoquinolines, especially
reticuline, norarmepavine, coclaurine and papaeesict antispasmodic, inhibiting the Ca

transport-system. Furthermore reticuline has been shown to depresscentral nervous

system and to accelerate hair gronf:

Moreover the benzylisoquinoline alkaloid®){coclaurine andS)-norcoclaurine isolated from

Nelumbo nucifergaquatic crop) together with quercetinO28-D-glucuronide are used as
anti-HIV targets:

Berbine alkaloids like tetrahydroberberine andateydrocoptisine (Scheme 5) seem to have a
depressant effect on the central nervous systenthenefore are applied as potent sedatites.
Furthermore this class of alkaloids is used inttkatment of schizophrenig&){Stepholidine

3
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(Scheme 5) for example affects the dopaminergictesysand reduces typical side

effects?®1°16

O o) MeO
. o $
o 0 HO N
OMe 0 OMe
() D $
OMe o OH

tetrahydroberberine tetrahydrocoptisine (S)-stepholidine
Scheme 5:Structures of tetrahydroberberine, tetrahydrogogjqS)-stepholidine

Berberine isolated from Chinese herb, has beemtigcelentified as a cholesterol-lowering
drug. Oral administration of berberine in 32 hypelesterolemic patients for 3 months
reduced serum cholesterol by 29%, triglyceride8%% and LDL-cholesterol by 25%.

1.2 Berberine bridge enzyme

The Berberine bridge enzyme (EC 1.21.3.3) catalyhesenantioselective oxidative C-C-
bond formation of its natural substra®-(eticuline to §-scoulerine under the consumption
of molecular oxygen (Scheme 6). It belongs to theyme class oxidases and harbors a
bicovalently linked FAD-cofactor.

(S)-reticuline (S)-scoulerine

Scheme 6:Bioconversion of §-reticuline to §-scoulerine at the expense of molecular oxygetalyzed by
BBE

1.2.1 History

The berberine bridge enzyme (BBE) is a central ezyf benzylisoquinoline alkaloid
biosynthesis that channels the key intermedigtegticuline towards the formation of diverse
and important isoquinoline alkaloids like protobeihe, protopine and benzophenanthridine
alkaloids.

The enzyme activity is known in the familiesRdpaveraceaeBerberidaceagFumariaceae
Menispermaceaeand Ranunculacea®® For this thesis the enzyme is taken from the
California poppy Eschscholzia californigawhich belongs to the family of tHeapaveraceae

In earlier times this plant was used by Americatidns as a traditional medicife.
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Figure 1: Picture of the California popp¥échscholzia californica

In 1955 Sir Robert Robinson named the bridging @8an between the isoquinoline
nitrogen and the phenolic part in berbine alkaldls “berberine bridging carbon” (Scheme
6).2° Some years later in 1963 the two working groupB.ofi. R. Barton and A. R. Battersby
independently reported the first definitive evidenshowing that this carbon atom was
derived from the methyl group on the nitrogen fouindbenzylisoquinoline alkaloids:*
Therefore they labeled thé-methyl group ofrac-laudanosoline andac-reticuline with*“C-
atoms and administered them to poppy plants. Thitien of the radioactive berbine
alkaloids demonstrated that the bridging C8-ators eeclusively formed from the marked
carbon atoms. The first isolation of the respomrsdrhzyme fronMacleaya microcarpacell
cultures (purification factor 7-fold) took placedecade later by Rink and BoHhThey
carried out the biotransfomations witfC-labeledrac-reticuline to €)-scoulerine and named
the biocatalyst “berberine bridge enzyniéIn 1984 Steffenst al. screened 21 different
plants and 67 cell suspesion cultures for BBE #gti! The highest activity of the enzyme
could be obtained using cell culturesBérberis beanianand therefore they purified it to
homogeneity. The enzyme activity was convenientlgnitored usingN-CTs-labeledrac-
reticuline. §-Enantioselectivity of the enzyme led t8)-6coulerine as the sole product.
Dittrich and Kutchan reported in 1991 the first s@gsful cloning experiment of berberine
bridge enzyme cDNA isolated from elicited cell-sesgions ofEschscholzia californic®
This enabled the heterologous expression of BBBancharomyces cerevisiaBwo years
later the same working group heterologously exgeshe enzyme in the fall army worm,
Spodoptera frugiperd® Therefore they were able to isolate 4 mg purified active enzyme
per liter cell culture. However, the level of priotexpression achieved in this system was not
enough to allow detailed investigations of the h&mical and structural properties of the
enzyme. But recently the working group of P. Mackerhas been able to develop a high
level expression of BBE in the methylotophic ye&thia pastoris’ Via a two-step
chromatographic purification protocol, 120 mg oé ttnzyme could be obtained from 1 liter
of fermentation culture.
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1.2.2 Structure and location of the enzyme in the cell

The berberine bridge enzyme is a member of thentlycdiscovered family of bicovalently
flavinylated proteins. FAD is linkediia its 8&-methyl group and the C6 atom of the
isoalloxazine ring system to His104 and Cys166efénzyme (Scheme 7.

NH,
N
T N
NN
o) N
o, %, b5
R="0"R70707R~0 v~ ""OH
(e} (e} Hé
8 alpha
I +2e, 12 H /(
X, 1{ ; Q@ XL
OOC_? 2e,-2H ‘ooc—{

/x\O;CYCHz /\O;CYCHZ

Scheme 7:Bicovalent bond of the enzyme to the cofactor FAD

The first example of a covalent bond between FAER@or and a protein was discovered in
19562° and since then a number of different types ofdiggs have been identifiedu-8
histidylation, &-O-tyrosylation, &-S-cysteinylation and &-cysteinylation. Half a century
later bicovalent linkage of FAD was first revealbd elucidating the crystal structure of
glucooligoscaccharide oxida¥Based on this finding, a similar double covalemtteoring

of FAD was recognized in other oxidases such as$exxidase (which belongs to the so
called vanillyl-alcohol oxidase family), aclacinoniy oxidoreductase and BBE.

The occurrence of this bicovalent FAD attachmergesathe question of its role in enzyme
catalysis®* Winkler et al. demonstrated the importance of this betfaimutagenetic analysis
of the amino acid residues His104 and Cys166 of BBigure 3). The Cysl166 variant in
which the substitution of cysteine against alarioek place, still had residual enzymatic
activity, but reduced to ~6% of the turnover rabserved for the wild type berberine bridge
enzyme®? The wild type protein exhibits a midpoint potehti +132 mV, which is the
highest redox potential determined for any flavgeme so far. Removal of the cysteine
linkage to FAD leads to a redox potential of +53 mMich is the expected range for
flavoproteins with a single covalent attachmenfEAD to a histidine residue. Furthermore the
reductive half-reaction is highly influenced by tlaek of the 6S-cysteinyl linkage, resulting
in a 370-fold decrease in the rate of flavin reuct?
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Figure 2: 3D model of the bicovalent linked FAD

The berberine bridge enzyme has a total length & &mino acids with a theoretical
molecular mass of 58.599 Da including the covajeattached FAD cofactd. It comprises
two binding domains, a flavin adenine dinucleotiiieding domain and aw/f domain with a
seven-stranded, antiparall@isheet forming the substrate binding site, whichrgamainly
hydrophobic residue¥. The substrate§-reticuline is bond in a deep cleft with the phiano
ring pointing towards the bottom of the bindingesénd is sandwiched between the FAD
cofactor and the amino acid residues extending fileag-sheet of the central domain. The
important active side amino acid Glu417 which igoined in the deprotonation of the C3'-
hydroxy group of the phenolic moiety, is hydrogemted to this group! Asn390 interacts
with its carboxamide group with both, the OH grauml the 4-methoxy group on the phenolic
ring. The polar substituents of the isoquinolinaffaid are positioned close to Asp352 at the
entrance to the active site. Themethyl group of the substrate is placed betweenGRa’
atom of the phenolic ring system and the N5 atonmefcofactor, with distances of 3.3 A and
3.1 A, respectively?
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Glu417

Figure 3: Crystal structure dEschscholzia californic BBE in complex with reticuline. A: Arrangement oAB
and reticuline in the active sifgeticuline in blue, FAD in yellov. B: Overview showing the FA-binding
(blue) and substrateinding (orange) domair

Concerning the location of the enzyme in the cebBszymatic assays as well
immunoelectrophoresis showed that it is localizethiw a particle of the dens p = 1.14
g/mL3>®" Furthermore this particle also contains the enzy9-tetrahydropotoberberir
oxidase (STOX) which together with the BBE is orele eight enzymes involved in t
biosynthesis of the isoquinoline alkaloid berbe’*” Electronmicroscopic examination (B.
wilsoniae var. subcaulialat@ells demonstrated that both enzymes originate fsomooth
vesicles (0.1t pm diameter) that occur frequently in clusterfrsmall vacuole®” The
vesicles change their density according to thecddiee cell culture and have to be perme:
for H,O, since BBE produces 1 mol of it per one mole of ¢farmed reticuline. The sme
vacuoles formed by the aggloration of the vesicles could move towards the cémtiauole
of the cell, merging with this compartment and thakasing their osmiophilic mater
(protoberberine alkaloids) into the main vact®’ Furtherinvestigations demonstrated t
these small vesicles are derived from the endoptaseticulum (ER). BBE contains a uniq
targeting domain comprised of N-terminal signal peptide containing 22 amino acidE.
californica®®“? This signal peptie directs the enzyme to the ER from which BBE
transported into the vacuole in order to deliverhbitosynthetic products. Once the vesi
have fused to vacuoles the enzyme seems to loaetivéty, due to the fact that the vacuc
pH was determined to babout 5 and the enzyme has its pH activity maxinainarounc
8.93842
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1.2.3 Enzymatic mechanism

Based on the fact that the C-C-bond formatranthe berberine bridge enzyme is unique in
nature and cannot be mimicked by current chemmetirtiques, different approaches were
established for the enzymatic mechanism which is abacidated so far in detail. In the

beginning of the investigations concerning the naacdm two different proposals were given.
On the one hand the ionic mechanigiathe formation of an iminium ion, and on the other
hand the radical mechanism (Schemé&8i. other words, the flavin can be reduced by eithe
two one-electron transfers or one two-electrondi@mfrom §)-reticuline.

(S)-reticuline (S)-scoulerine

Scheme 8:lonic versus radical mechanism by the enzymatiovession of §-reticuline to §-scoulerinevia
BBE

The approach of the radical mechanism could beeéfby stopped-flow experiment, which
gave no indication for a radical formation durifge tenzymatic reaction. Regarding the
observed spectral characteristics of FAD, the diramsfer of the hydride frongf-reticuline

to the cofactor was clearly favoréd.

Hence the enzymatic reaction was proposed to waitkvia an iminium ion formation
realized by a two step process. The reaction statfisthe oxidation of thé&-methyl group to
the corresponding iminium ion, followed by an ioni;hg closure, initiated by the
deprotonation of the C3’-OH group of the benzylisiogline moiety. Final rearomatization
gives the reaction produc®)¢scoulerine and completes the ionic mecharfsm.
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Scheme 91onic BBE mechanisngia iminium ion formation.

To improve the understanding of the BBE mechanigm,three-dimensional X-ray crystal
structure of the enzyme froraschscholzia californicavas elucidated. It confirmed the
previously indentified covalent attachment of tHavih cofactor to N1 of His104 and
Cys166°*%* Based on the structure, mutagenesis experimewtdving the three active-site
amino acids (Tyr106, Glu417 and His459) were déilethree muteins could be expressed in
nearly similar amounts as the wild-type protein apéctral characterization of the muteins
indicated that the bicovalent flavin linkage wag atiected by any of the three amino acid
replacement? The crystal structure of the complex witB)-teticuline demonstrated the
importance of the active-side amino acid Glu417clwhs hydrogen bonded to the C3’-OH
group of the substrate. The mutant E417Q in whititaghate was replaced through a
glutamine showed 1,500-fold reduced reductive catmpared to the wild typ&. Cofactor
reduction became the rate-limiting step during éwer, but no effect on reoxidation of the
cofactor was observed. Based on the kinetic pasasef the mutants it could be reasoned
that the oxidation of the substraté&smethyl group is not independent of the other rieact
steps, like the two-step mechanism would suggédms.eBsential role of proton abstraction for
substrate oxidation was further corroborated by3®®00-fold slower reduction rate of the
cofactor by replacing the natural substrate witld&nosine which bears a methoxy instead of
a hydroxyl group at the C3" positich.

Recently Winkleret al. have proposed a concerted mechanism for the BBEtioa3*
Thereby the important active-site amino acid Glud&protonates the C3’-OH group of the
substrate which strongly increases the nucleojptyiliaf the vicinal C2’ carbon atom and
facilitates the §2-type attack onto thdl-methyl group of the isoquinoline backbone. This
leads to carbon-carbon bond formation and concomitansfer of a hydride to the flavin
(Scheme 10). Another evidence for this mechanissih the position of thE-methyl group

of the substrate and the FAD, which are in the ayppate constitution for performing hydride
transfer. In contrast to previous findings, thiscimenism incorporates both oxidation and ring
closure into a single concerted step. Moreover, nfeehanism demonstrated inversion of
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1.INTRODUCTION

configuration at theN-methyl group in agreement with earlier studies anglies that the
stereochemical course of the reaction does derv@a the stereospecifity of they&type
reaction>*

(S)-reticuline \
MeO ) R His104
‘base Ko N N
O N f‘ 7 NN
HO o Hfo%mmn HN N =y
\—/ o) o H S<
Cysie6
OMe
O,
rearomatization L
reoxidation
H20;

MeO O
HO N N E His104
(@)
OH Y AN N/\g
» TLOCE,
N

OMe S

(S)-scoulerine “Cysiss

Scheme 10Concerted mechanism proposal for BBE

The same working group demonstrated that BBE i® able to further convert the
biocatalytical reaction productSEscoulerine to dehydroscoulerinda a four electron
oxidation (Scheme 11,
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spontaneous MeO
or .
i N
enzymatic =

-

fast O OH

dehydroscoulerine

Scheme 110xidation of §)-scoulerine to dehydroscoulerine

Performing the reaction with an excess of the emzyhowed that scoulerine can be
quantitatively converted into dehydroscoulerineisTinding can be rationalized either by a
second enzymatic oxidation of the reaction inteniatedor by spontaneous oxidation. Which
scenario is correct has not been evidenced inldétaiet, but it is known that the further
oxidation of the product to dehydroscoulerine i9@B#mes slower than the conversion $f (
reticuline to §-scoulerine®®

1.2.4 Diastereoselective enzyme variants

All benzylisoquinoline substrates dealed withirsthaster thesis bear a racemic center at the
C1 atom of the isoquinoline scaffold and a prodhirze introduced through an ethyl group
located at the nitrogeia the ring closure by the berberine bridge enzynsecond chiral
center would be formed at the ethyl moiety andugtothe enzyme’s stereogenic preference
only the substrate enantiomer with ti&-C1 center undergoes cyclization (Scheme 12). The
enzymatic transformation products are diastereotssemformed from substrates bearing a
racemic and a prochiral center. This chapter ptesetiher enzymes which are also able to
form diastereoisomers, using substrates with theeszharacteristics.

prochiral center

R, R1
BBE
N
R; ~ / i R;
OH 0, H20,
l catalase

R3

R1
@

R2

OH ‘ OH

R3 R3

+ (R)-substrat

1/2 02 + H20 (S)-products
Scheme 12Diastereoselective cyclization Nfethyl benzylisoquinoline substrates by BBE

Aldolases are a class of enzymes which are ablerto diastereocisomeres out of the same
structural properties. They belong to the lyaseilfgrwhich is capable to form carbon-carbon
bonds in a highly stereoselective manftfeAldol reactions catalyzed by aldolases are useful

for the elongation of aldehydes by a two- or thteghon unit. With few exceptions, the
12
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stereochemical outcome of the aldol reaction igrotled by the enzyme and does not depend
on the substrate structure. Therefore, the cordigam of the carbon atoms adjacent to the
newly formed C-C bond is highly predictable. Byrattucing a racemic center to the reacting
aldehyde which undergoes the elongation reactidh thie donor molecule diasterecisomers
are obtained. For example fructose-1,6-diphospladdelase (FDP) isolated from rabbit

muscle, catalyzes in its natural role the addibdrdihydroxyacetone phosphate (DHAP) to

D-glyceraldehyde-3-phosphate to form fructose-ipfwoisphate. FDP accepts a wide range
of aldehydes and therefore also those that beacearic center next to the carbonyl function

(Scheme 13§*

e}
+
PO\)J\/OH H)K/\Ng
DHAP
P = phoshate

Scheme 13Stereospecific addition of DHAP and an racemiehldlevia FDP aldolase

Another example for diastereoselective product &irom is the important class of alcohol
dehydrogenases which are able to reduce a broge rketones stereoselectively to furnish
chiral secondary alcohols. During the course ottiea, the enzyme delivers the hydride
preferentially either form thee- or thesi-side of the ketone, to giveR)- or (§-alcohols,
respectively. The stereochemical course of the timacmainly depends on the steric
requirements of the substrate and can be predictedthe simple model which is generally
referred to the “Prelog rulé® As a practical example the diastereoselective atémtu of
ketonesvia baker's yeast can be mentioned. Alpha-monosubstitg-ketoester reduction
using yeast leads to the formation of diastereasn andanti-p-hydroxyesters (Scheme
14). With smalla-substituents, the formation alyndiastereomers predominates, but the
diastereoselectivity is reversed when increasiegstibstituent size.

O o0 OH OH
baker's yeast - -
OR — v~ “OR OR

Rl ﬁ:]_ Rl
(2R, 3S)-syn (2S, 3S)-anti

Scheme 14Diastereoselective reduction of monosubstitidetoestervia baker’'s yeast
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1.3 Established synthetic pathways for benzylisoquinaties

1.3.1 The Pictet-Spengler condensation

The reaction was first discovered in 1911 by Atd&iand T. Spengler when they condensed
phenetylamine with methylal (dimethoxyethane) unttex addition of hydrochloric acid
resulting in the formation of tetrahydroisoquin@lii Further investigations showed that the
Pictet-Spengler reaction could be performed in acdic aprotic media as well as under the
classical conditions of acidic cataly&?sNucleophilic or rather electron-rich aromatic ®ng
such as indole or pyrrole used in the structur¢hef amines give products in good yields
under mild conditions (for example using TFA asaaid), while less nucleophilic aromatic
rings such as phenyl give poor yields despite Higimperatures and strong acids. If a
hydroxyl group is represent in tleetho or para position of the aromatic ring in the amine’s
scaffold, acidic conditions are not requiféd® The Pictet-Spengler reaction starts with the
condensation of the aldehyde and the amine uneeiods of water and the situ formation

of the respective iminium ion. The electrophilicty the imine double bond is the driving
force of the following intramolecular aromatic stitigion (SAr) which forms the
tetrahydroisoquinoline product (Scheme 15). ThaeRiSpengler reaction can be considered
as a special case of the Mannich reaction whiahir@ily consists of an amino-alkylation of
an a-CH-acidic carbonyl compound with formaldehyde amimonia, or any primary or
secondary amine, forming the so called Mannich lasefinal product’

NH,
©/\/ +H* +
+ - > _NH NH —+> NH
-H,O H -H
R R

P
R (0]

N

N

Py

Scheme 15Mechanism of the Pictet-Spengler condensation

1.3.2 The Bischler-Napieralski reaction

The most common method for the formation of besogluinoline systems involves the use
of the Bischler-Napieralki cyclization. The reactiovas first established in 1893 by A.
Bischler and B. Napieralski using phenetylacetamsda substrate under the addition of
phosphorus pentoxide in the same weight ratio amdeu heat’ The most widely used
reagents in this reaction are phosphoryl chloridevell as phosphorus pentachloride, but
thionyl chloride and carbonyl bromide have alsorbapplied®>**The first investigations of
the reaction mechanism, using phosphorus pentagllas a cyclization agent, propose the
initial conversion of the amine to an imidoyl haidy a Lewis acid, followed by the
formation of an nitrilium ion which further underem electrophilic ring closure ¢&r). >3
When the used starting material is a tertiary antidemechanism of the reaction is not the
same as described above. Hence the cyclizatios f@keevia simple phosphate elimination,
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as the nitrilium ion cannot be formétConsequently two different reaction mechanisms can
be introduced depending on the substrate and #otioa conditions (Scheme 16).

Variant A
(0] Os_.CI
I P< Os _.Cl
HN 'CS/_?:P((; _— m‘\ ) ©/\' i
IN + NS —_—
& al or oY HN’%<9
R R ' Cl
Cl R

H+

QQ“ @Q Q\?“Z‘ cr m-:*g
R R R

R

\ -PO,Cl,

Variant B

YR\ Os_.Cl
A ‘F"(* F\)\C|
AMNypzO o+ o’ = N3O N
cl -crr D -POLCl, oyl @
R R

—
R

Scheme 16The two different mechanisms for the Bischler-Nalgki reaction. Variant AVia formation of the
nitrilium ion for secondary amides, Variant B: Rertiary amidewia elimination of the phosphate species to the
cyclization product

Further treatment with a reducing reagent like NaBtbsequently gives the amine. The
Bischler-Napieralski reaction strongly correlatashvihe Vilsmeier-Haack reaction in which
aryl aldehydes or ketones are formed through reactf an amide with an electron-rich arene
under the use of phosphorus oxychloride. Both m@actmechanisms include an imidoyl
chloride as intermediate.

1.3.3 Bobbitt isoquinoline synthesis

The synthesis is a modification of the Pomeranisé€hi reaction which is capable of forming
isoquinoline out of benzaldehyde and aminoacetgidiehdiethyl acetal under acidic
conditions (Scheme 175.

Bobbitt et al. extended this reaction type for the synthesis o#alk¥l-1,2,3,4-
tetrahydroisoquinolines. The first reaction stepdk to the formation of a Schiff base
intermediate which is further alkylated by a nugleitic attack from a Grignard reageft.
The obtained amine is cyclized under acidic coaoddito afford the corresponding 1,2-
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dihydroisoquinoline, which can be later reducedrésult in the tetrahydroisoquinoline
product.

Pomeranz - Fritsch reaction

ST ace
-H0 - 2 X CHaCH,0OH =N

NH»

Bobbitt Isoquinoline synthesis

©A° (i Y, \
e ©\( S2x CH3CHZOH©1;’\IH
tol R

NH»

Scheme 17Reaction sequence for the Pomeranz—Fritsch resatid the Bobbitt isoquinoline synthesis

1.3.4 Alkylation of the vicinal C1-atom next to the nitrogen in the tetrahydroisoquinoline
scaffold

1.3.4.1 Silicon Polonovski reaction

In 1927 Max and Michel Polonovski reported that tteatment of a tertiary amiré-oxide
with acetic anhydride or acetyl chloride resultsaainearrangement in which one of the alkyl
groups attached to nitrogen is transferred to tloenal carbon atom, and thN-acetyl
derivative of the corresponding secondary amine #oel aldehyde were obtained. The
original work by the Polonovskis was mainly carriedt on bicyclic tropaneN-oxide
derivatives and the reaction products were dematiayl amides and formaldehyfeThe
central feature of the Polonovski reaction is thienfation of am-acetoxyamine intermediate
which reacts again with the anhydride to give tealklylated productia an ammonium
salt>*® Some years later this reaction variant was matlifig N. Tokitoh and R. Okazaki,
instead of creating atracetoxyamine they obtained arsiloxy amine. This was enabled by
thein situ base-promoted rearrangement of a siloxyammonidihok&ined by treatment of a
tertiary amineN-oxide with trialkylsilyltrifluoromethanesulfonafé. The C1-activation of the
siloxy-group allowed a nucleophilic substitution hyGrignard reagent which led to the
alkylation of the ring carbon atom next to theawien (Scheme 18}.
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SlMeZt Bu ; ;
Lewis acide
o t- BuMeZS|OTf MeLI RMgBr
+ —_— N ~

SiMest-Bu R
Scheme 18Reaction scheme for the silicon Polonovski reactio

The best results were obtained under the use of sleh base and TMSOTf as a Lewis acid,
but nevertheless the yields were quite moderate.

1.3.5 Alkali metal-mediated 1- and 4-substituted tetrahydoisoquinolines

The reductive cleavage of 1-alkoxy-tetrahydroisaqlines by a single electron transfer of a
metal is highly regioselective, resulting in theeaslage of the Cl-oxygen bond. Further
treatment with different electrophiles led to thieykation in different positions depending on
the metal which was used. If lithium was used askactron donor, Cl-substitution was
achieved, potassium reduction in contrast, lediéoformation of a C4-substitution proddtt.
For the successful accomplishment of this reactype, catalytic amounts of naphthalene
were added and all used tetrahydroisoquinoline tsduad to be activated in the C1 position
since otherwise a single electron transfer was puossible, because of the high electron
density in this position, resulting from the proxiyrof the nitrogen atom (Scheme 19).

— 2 —_—
~N /%\ N
/O

Li, naphthalene
THF

G u
N
- QN
>

Scheme 19Activation of the C1 positiomia alkali metal reduction

1.3.6 Activation of the C1 positionvia Lewis acids

Due to its role as a Lewis acid, boron trifluoridex good electron acceptor and therefore able
to coordinate to the nitrogen lone pair and heecdeices the electron density at this position.
Out of this fact deprotonation and further metalatat the C1 atom is greatly facilitated.
Butyl lithium is a wide used metalation reagentcommbination with the boron complex,
whose metal ion can be easily replaced by varitectrephiles (Scheme 26J.
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Br
_ NaOAc O
_BE, _water, rf
NCP T T N

1)BF3*Et,0, 0C
2)s BuLi, -78T BF3 , O
+

Scheme 20Pre-complexation with the Lewis acid (BEt,0), followed by alkylation.

1.3.7 Activation of the C1lposition via a carbamate formation

The activation of the C1 atom in the isoquinoliimgrsystem can also be achieved through
the reaction of the nitrogen atom with differergatton withdrawing groups. The function of
these groups lies in the stabilization of the irmep carbanion until the reaction with an
electrophile is complete¥. The versatility of thet-butoxycarbonyl (BOC) moiety as a
protecting group for amines has been well docuntentend the group can be
attached/removed easily. Theprotected tetrahydroisoquinoline further undergiitegation
with organometallic reagents like BuLi. The intediae is lithiated in the C1 position due to
electronic stabilization through the carbamate €8oh 21). Following addition of benzyl
halides leads to the formation of the desired bésayuinoline®

CF5COOH O
Ne ——
COOt-Bu NH

Scheme 21Activation of the C1 positiomia protection of the nitrogen atom through BOC

Br
t-BULi/TMEDA
-78C _~ O
Ne —
COOt-Bu N._OtBu
T

Li---O

1.3.8 Asymmetric Synthesis

Asymmetric synthesis of isoquinoline alkaloids engrally based on two synthetic strategies:
(i) stereochemical modification of the traditionalassical methods (Bischler-Napieralski
reaction, Pictet-Spengler condensation and Pomd¥atsch cyclization) and (ii) introduction
of nucleophilic or electrophilic carbon units ontbe C1 atom of the isoquinoline
derivatives’®

1.3.8.1 Bischler — Napieralski cyclization

In this synthesisp-arylethylamide is cyclized to get 1-substituted-8ihydroisoquinoline,
which is then reduced in the next step to the Ya@rahydroisoquinoline derivative. The
reduction step is crucial for the stereochemicatome of the synthesis because it creates a
stereogenic center, which can either be achieveal dilastereoselective or enantioselective
way. One way to come along with this is the intrctthn of chiral auxiliaries which are
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bound to the nitrogen in the isoquinoline scaffatdl therefore directly affect the reduction
side® For this application chiraN-acyliminium salts that are equipped withprotected
amino acids placed on the nitrogen atom were geseena situ from dihydroisoquinolines.
Among themN-tosyl-D-alanine andN-tosyl-L-proline chlorides used in combination with
tetrabutylammonium borohydride as reducing agembsvsthe highest degree of asymmetric
induction®® Furthermore a chiral proline derivative with a fgzbnium functionality as well
as R)-1-phenylethyl-amine andRj}-phenylglycinol can be used as chirality inducing
auxiliaries, combined with the reduction by sodilarohydride or palladium-hydrogen
reduction (Scheme 25§.%°

NH,
CH
oo e
NH2 NHTos
(R)-phenylethylamine  (R)-phenylglycinol N-tosylD-alanine

(S)-proline hydrazonium derivative
Scheme 22Different chiral auxiliaries for the asymmetridrtetion of 3,4-dihydroisoquinolines

But there is not always the need for chiral auxdis to induce diastereoselectivity, if the
dihydroisoquinoline that is formesia reduction owns a substituent in the C3 position,
stereoselectivity can be introduceth the reduction conditions. For example acetamides
prepared from chiralk-methyl$-phenylethylamines can be either converted itrtens
tetrahydroisoquinolines, using LiAMesAl as reduction reagents or yield in this-product
with (NaBH;, or Hy/Pd-C) (Scheme 23§,

R
RO Me

NH

NaBH,
OR, Me
Ry or Hy/Pd-C

Ra RO Me cis-product
RO Me POCI,
—_—
N
HNYO LiAIH,,

OR, Me OR, Me AlMe; R
RO\(::O,MG

R =R,=H, Me
R; = naphtyl, H Y NH
OR2 '\-/le

trans-product

Scheme 23:Diastereoselective reduction eithda NaBH, or H,/Pd-C leading to theis-product or through
LiAIH 4/MezAl resulting in thetransproduct. Requirement for this differentiation tetsubstitution in C3
position

Enantioselective synthesis of isoquinoline alkadotdn be achieved eitheia chiral hydride
reducing agents or through hydrogenation in thesgmmee of chiral catalysts. Sodium
triacyloxy borohydrides prepared form NaB&hdN,N-phthaloyl-protected amino acids were
used by Hajipour and Hantehzadeh in the synthdg(S)alsolidine or $-norcryptostyline
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(Scheme 243! In a similar synthetic strategy sodium borohydngas modified differently
through the introduction df-Cbz-proline’?

MeO 3
Ry = CH,CHMey, Me; CHPh MO
N
MeO “ MeO NH

R R
Scheme 24Enantioselective reductiona triacyloxy borohydride

The probably most interesting achievements in tiea @f asymmetric hydrogenation were
done by Noyoriet al. in 1986. They applied a diphoshine-Ru(ll) catalysaring the axially
chiral ligand BINAP toZ-enamides yielding in excelleevalues between 90 to 100%
(Scheme 25). Notably th&-enamide substrates were inert to the present Riyzad
hydrogenation conditions:’* Other studies by C. A. Willoughbgt al. used titanocene
catalysts to control the stereochemistry of hydnagien of cyclic imines, consequently the
synthesis of isoquinolines with remarkable enanébmexcessde = 98%) was achieved.
Morimoto et al. introduced Ir(I) complexes withS[-BINAP and (54S)-BCPM ligands for
the reductive hydrogenation of dihydroisoquinolit@$orm alkaloids like §-norlaudanosine
or (9-salsolidine (Scheme 255.

SO,
Psz\o\ _-OH  (€CeH11)2P
SRS
P” /_OH

99

N PPh,

COOt-Bu

Noyori hydrogenation catalyst (2S,45)-BCPM
in (S)-Konfiguration

Scheme 25Structure of the Noyori hydrogenation catalyst 2%)4S)-BCPM

The method of choice in the stereoselective rednatf cyclic imines which was modified by
many other working groups was introduced by Noarial. in 19967 It represented an
asymmetric hydrogen transfer of imines with formamd and triethylamine catalyzed by a
chiral N-sulfonated diamine-Ru(ll)®arene complex attainable in both enantiomeric forms
(Scheme 26).

20



1.INTRODUCTION

MeO MeO MeO
j@\/) (S,S)-Ru-cat (R,R)-Ru-cat
MeO ~NH " HeooH!  peo N HCOOH!  ye0 NH
R

EtsN R EtsN

© SO,Ar A0, ©
/s ] N—-"

N, Ars :
R AT rzR‘/J-
el N
N

(S,S)-Ru-cat (R,R)-Ru-cat
Ar = p-cypene, benzene, cyclopentadiene

Arl = 1- naphtyl, 4-MeCgH4, 2,4,6-Me3CgH>»

Scheme 26:Stereoselective reduction of cyclic imines by tttgral N-sulfonated diamine-Ru(ll)%arene
complex

1.3.8.2 Pictet-Spengler condensation

The Pictet-Spengler reaction involves the condemsabtf a p-arylethylamine with an
aldehyde, ring closure and the formation of theestgenic C1 center in a one pot process.
This synthetic method represents a convenient mdetifor the synthesis of
tetrahydroisoquinoline derivativ€sin the condensation reaction that have been cbotiein

an asymmetric manner, the chirality transfer ocmifrom the chiral auxiliary introduced to
either the amine or the aldehyde component, thushiig a diastereoselective syntheSis.

Comins et al. investigated the influence of a chiral auxiliarnanmed R)-trans2-(o-
cumyl)cyclohexyl, appended to the amine nitrogamsamine structure in combination with
a C2 bromine substituted aldehyde equivalent hadia contribution on the stereoselectivity
in the cyclization step. It turned out that the rhhee not only caused an increase in the
diastereoselectivity in the ring formatiome(= 77%) but also was helpful for separation of the
diastereomeric products. By treatment witBus;SnH/AIBN and LiAlH,, (+)-glaucine was
obtained, where otherwise through the additiont-BLiLi and Red-Al (-)-xylopinine was
achieved (Scheme 27.
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MeO O
1) n-BuzSnH/AIBN MeO NH
MeO 2) LiAIH4/
m OR* ‘

MeO
MeO O MeO
N._-OR*
To( MeO hd OMe

TFA

_— MeO O 0 (+) - glaucine
MeO Br
MeO —.»OMe Bl
1) t-BuLi MeO
2) Red-Al e
MeO N

MeO

. )
OMe
OMe

Ph
(-) - xylopinine

Scheme 27:Asymmetric Pictet-Spengler reaction through thiathauxiliary (R)-trans-2-(a-cumyl)cyclohexyl,
appended to the amine nitrogen

Another cyclohexyl-based chiral auxiliary placedtba amine nitrogen was derived fro8)-(
8-aminomenthol. The crucial step in this study whe incorporation of the aldehyde
component into thé&,O-acetal of perhydrobenzoxazine structure beforectiodization step
took place. In this arrangement the intramoleculasleophilic attack of the aromatic anion
(generated by-BuLi/Et,AICI) on the heterocycle occurred from the lessdeiedsi-face to
create the product with R} configuration’®

MeO MeO
NH - N
MeO Br MeO Br m/

HO N0
R

\ t-BulLi
MeO MeO
0. —— "0
N N
MeO e MeO W

R R

Scheme 28:Asymmetric Pictet-Spengler reaction using a chaakiliary derived from §-8-aminomethanol,
appended to the amine nitrogen

Corey and Gin introduced a chiral imine obtainednir p-arylethylamine and (+)-
tetrahydocarvone to synthesize the upper isogo@ipart of the potent antitumor marine
alkaloid, ecteinascidin 743. In the reaction withthyl mercaptopyruvate and methylsulfonic
acid the educt was cyclized to form an iminium iotermediate. Following Pictet-Spenger
type condensation results in the formation of aatstdroisoquinoline, which further
undergoes ester hydrolysis of the diastereomerigctedThe hydrolysis step allows the
separation of the diastereoisomers, hence tR-igbmer hydrolyzed faster and could be
transformed into the &)-final product after separation, acetal hydrolysisi BOC protection

(Scheme 29%°
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BnO _ 1 Bno
MeO S OH ®N

\ t-BuLi/Et,AlC

BnO BnO

N—Boc
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v MeO Z
Hoeoe Seee Meozc :\S?ﬁ
(R) upper isoquinoline part

of ecteinascidin 743

Scheme 29:Asymmetric Pictet-Spengler reaction using a chiirahe obtained fronf-arylethylamine and (+)-
tetrahydocarvone

Through the application of a chiral aldehyde in hetet-Spengler reaction Cazarnoekial.
synthesized R)-xylopinine. Therefore they used an Oppolzer saltaubstituted at the
nitrogen with a glyoxyloyl group as an aldehyde iealent and condensed this with
dopamine hydrochloride. The product was of excelitastereomeric excessdg= 86%) and
another 6 steps led to the final produRkxXylopinine (Scheme 3G}

HO
MeOH RO
NH,*HC| - .

HO NH
3dint RO 2SO,

(e}
(@]
H
/N)ST
S o)
O,

MeO
0

MeO

OMe
(R)-xylopinine e

Scheme 30Synthesis of)-xylopininevia asymmetric Pictet-Spengler reaction
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1.3.9 Pomeranz-Fritsch synthesis

The original Pomeranz-Fritsch method represents aamid-catalyzed cyclization of
benzaldehyde and aminoacetaldehyde diethylacetglvio fully aromatic isoquinolines. A
useful modification for this synthetic approach wdsveloped by Bobbitt to form
tetrahydroisoquinoline¥. Asymmetric Pomeranz-Fritsch-Bobbitt synthesis dan either
achieved via aminoacetals from chiral benzyl alcohols on treatm with an
aminoacetaldehyde acetal, Nralkylation of chiral benzylamines with bromoacdttiyde
acetal. In another approach, addition of organoltieteeagents to prochiral imines was
carried out in the presence of external controkérstereochemistrs?

Kaufmanet al. introduced chiral benzyl alcohols in their synikesf (S-salsolidine. The
treatment of the alcohol witN-tosylaminoacetaldehyde acetal under the Mitsurrelbation
condition produced the tosylamides in a satisfgcyield with enantioselectivity up to 95%.
Further acidification followed by hydrogenation,(Pid-C) and detosylation (Na/NHyielded
(9-salsolidine (Scheme 3.

MeO_ OMe
R RO \S RO N
ol TSNHCH,CH(OMe), 6N HCI
MeO e —— NTs g NTs
PPhs, DEAD MeO MeO
Ri R Ry R R,y Re

1) Hy/Pd-C
2) Na/NHj

Me
(S)-salsolidine

Scheme 31Synthesis of)-salsolidine

The second alternative for the synthesis of asymenéetrahydroisoquinolinevia the
Pomeranz-Fritsch-Bobbitt reaction is tNealkylation of optically active benzylamines with
bromoacetaldehyde acetal followed liymethylation and C4-C4a cyclization to resultOn
methylroemecarine (Scheme 32) for exaniple.
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RO .
BrCH,CH(OEY),
NH, —_— e, N

O-methylroemecarine

Scheme 32Synthesis 0O-methylroemecarine

In another series of experiments, chiral aminesewedidizedvia Swern oxidation to the

corresponding aldehydes, which were then furthetizgd under acidic conditions to give
diastereomerically pure 3gls-3-aryltetrahydroisoquinoline-4-ols. These struetuican be

further deoxygenated to give 3-aryl-substituted altgdroisoquinolines which are
intermediates on the route to benzophenanthrididelseme 33§

OH o)
|
R JAr
1 H Swern Ry H,\Ar
B ——
NMe
R; R; NMe
Rs R3
HCI

Ry A N
-
NMe NMe
R2:©i> NaBH,4 R
R3 R3

3-aryl-tetrahydroisoquinoline 3,4-cis-3-aryltetrahydroisoquinolin-4-ol
Scheme 33Synthesis of 3-aryl-tetrahydroisoquinolines

As already mentioned organometallic reagents carppygied to the Pomeranz-Fritsch-
Bobbitt reaction. Therefore methyllithium was ugedalkylate theE-imine double bond

stereoselectively. Best yields (92%) and enantausigity (79%eég could be obtained in the
presence of oxazolines as catalysts. The synthemas completed by one pot
cyclization/hydrogenolysis of the aminoacetal iN 61CI of the aminoacetal (Scheme 32).
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OMe

OMe
MeO oxazoline MeO MeO
:@\/ _Meli 6 N HCI
N NR
MeO = _B—OMe Hz/F’d -C  MeO

Me

Scheme 34Asymmetric Pomeranz-Fritsch-Bobbitt reactioa the alkylation ofe-imines

1.3.9.1 C1-Ca connection

In this strategy the C-C bond between the isogunealing C1 atom and theaCsubstituent
can be realized by two general synthetic ways:aifition of carbon nucleophiles to
isoquinolines, or the corresponding isoquinoliniuions; (i) via Cl-alkylation of
tetrahydroisoquinoline derivatives with electrophitarbon reagents. The stereogenic center
is created at this stage of the synth&3is.

In the addition of carbon nucleophiles to isoquimelderivatives, asymmetry is induced by a
chiral auxiliary in most examples. Therefore a &hihydrazonium ion introduced from
Kibayashi can be applied. This method was alreay dor the reductive hydrogenation of
C1 substituted Bischler-Napieralski dihydroisoqdimom ions (see above 3.5.1). If the
auxiliary bears a free hydroxyl groufR){oxadiazines are formed as intermediates, which
strictly undergo inversion by the attack of a Gagh nucleophile. With this synthetic
approach variant compounds likg)-O-methylarmepavine could be formed (Scheme®35).

m O\/ ACOH, EIOH _ Meoj@@
T BN N.
MeO < N
D

(1R)-oxadiazine

/@” MgCl | EbAICI
MeO THF, -80°C

MeO MeO
OH
MeO N~ N~
: -~ MeO N
or ®
MeO MeO

(S)-O-methylarmepavine

(S)-hydrazone auxiliary

Scheme 35Synthesis of9-O-methylarmepavine

But there is not always the need for chiral aus#i®a For example an efficient
enantioselective synthesis of a protoberberineageth on $)-sparteine addition of nonchiral
o-toluamides which were lateral metalatef)-gparteine induced stereochemical preference
caused by the highly sterically demanding naturthefassembly. The enantiomeric purity of
the addition/cyclization product depended stroragiythe nature of the residues of the amide.

The best results (77%e and 45% vyield) were achieved when ethyl and phgrylips were
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used as N-substituents. The structureSpfsparteine restricted the conformational change of
the amide group, thus positioned the chiral sulstit in favored orientation which dominated
the enantio-facial addition of the o-toluamide anio 3,4-dihydroisoquinoline (Scheme 36).

n-BulLi

MeOm . CH3 PhMe
_—
MeO =N 0 (S)-sparteine

/N\
t

E Ph

o-toluamide (S)-oxoprotoberberine
Scheme 36 Synthesis of angj-oxoprotoberberine

The synthesis of tetrahydroisoquinoline derivatives alkylation of the C1-carbanion was
strongly pushed forward by the formamidine carbanachemistry of Meyers and co-
workers® During the past decade it turned out that it wakegproblematic to generate a
carbanion adjacent to nitrogen. The solution ts firoblem led to activation of the nitrogen
with a suitable electron-withdrawing group increasihe kinetic acidity of the C1-proton and
stabilize the carbanion by chelation. Meyers wagkgmoup introduced chiral formamidines
by simply affixing the appropriate group to therogen which resulted in obtaining a highly
stereoselective reaction. A very well known andhipgrformance fromamidine is derived
from valinol methyl ether (VME). Using these chirslibstrates the following carbanion
formationvia organo metal reagents is strongly facilitated,albse of the double lone pair
coordination from oxygen and nitrogen to the matel. Subsequent alkylation witl-
silylated 3-hydroxybenzyl bromide, followed by clege of the silyl ether, results in the
formation of §-noranicanine with an overall yield of 54% and thignhantioselectivity
(Scheme 37§%°

MeO
m MeO MeO
N
MeO Y 1) t-Buli O NH O NH

N 2) NoHH,0  MeO HF MeO
_

—_—
OMe O O

Br OTBDMS OH
(S)-noranicanine

OTBDME

Scheme 37Synthesis of§-noranicanine
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1.3.10 Other synthetic options

Besides traditional methods for the synthesis ofjusnoline alkaloids, described in the
previous section, there are many potent alternaiivevhich the ring closure occurs on other
positions as discussed so far.

For example Meyers and Munchhof synthesized sewatkaloids from ketoacids that contain
the alkaloids carbon framewotk.They started with the condensation of the ketoaditi
(9-phenylglycinol which led to the formation of ail bicyclic lactam as a single isomer.
Selective cleavage of the aminal C-O bond withdtécéing the carbonyl group (Red-Al,
below -30°C) yielded 90% of the product lactam.tis point of the synthesis the resulted
lactam can either be reduced with LiAlkb the corresponding amine which than would\be
deprotected and further cyclizeth Pictet-Spengler condensation to give tBexylopinine

as the product. The other possibility would bele&aee the C-N bond of the lactam first and
then BOC-protect the nitrogen. Following reductmnthe BOC-protected lactam led to the
formation of a carbinolamine which further undertveng closure to yield enantiopur&{
argemonine (Scheme 3%).
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H OH
Ph
OMe MeO
MeO O N
O OMe MeO
MeO O
(S)-argemonine OMe
OMe

(S)-xylopinine

Scheme 38Synthesis of-argemonine andsj-xylopinine
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2 RESULTS AND DISCUSSION

2.1 Definition of the project

The aim of the project was to synthesize four d#ifeé benzylisoquinolinesl&-1d) which
should be further used in the biotransformatioriieyberberine bridging enzyme (BBE). This
enzyme represents an outstanding and unique bigsiatahich enables the oxidative C-C
bond formation of its natural substra®)-feticuline to §-scoulerine in plants. Recent
investigations have shown that the enzyme is di$ota cyclize a broad range of non-natural
substrates, whereby only theS-{enantiomer of the racemic benzylisoquinolines is
transformed into optically puré&)-berbines. In contrast to various non-natural substrates that
were tested for the conversion with BBE so far, ¢tbenponents investigated in this thesis
bear an additional prochiral center achieved byetyl group attached to the isoquinoline
nitrogen. As a result of this project it turned aliat not only cyclization occurs, but also
dealkylation (Scheme 39). The further task was rialy&e if the enzyme transform the
dealkylation reactions enantiospecifically as wadl figuring out if the enzyme has a
stereopreference for the newly introduced chirateeformedvia the cyclization reaction.

OH
(S)-2a,b,e (S)-3ab.e
main cyclized products minor regioisomers

suggested products with a mass loss of m/z = 2

R
BBE NH
R Q@\l\/ Rz + (R)-1a,b,e
2 ; \: OH
OH
\©: 0 HO;
R l catalase Rs

3

la: Ry,R, = OCH,0, Rg = H 1/2 05+ H0

1b: R;= OMe, Rp,Rg=H +
1ic: Rj= OMe, Ry = OH, Rz = H

1d: R;= OMe, R, = OH, Ry = OMe

le: Rj=R,= OMe, Rg= H Ri O R1 O
N N

\ (s)-5ab.e (S)-6a,be /

suggested products with a mass loss of m/z = 16

Scheme 398Biotransformation of th&l-ethyl benzylisoquinoline substratéa-eby BBE
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2.2 Organic synthesis of the fouN-ethyl benzylisoquinoline substrates

Various strategies for the synthesis of benzyligogjines are known in the literature. The
current methods for the synthesis of C1 substitiédchhydroisoquinolines usually rely on
three different strategies which are already disedsn the synthetic introduction part 1.4: (i)
formation of the isoquinoline scaffolda a cyclization reaction either by the Pictet-Spengl
or Bischler-Napieralski reaction (ii) alkylation ¢fie C1 atom of the isoquinoline core by a
nucleophile or an electrophile (iii) ring closuradaformation of the scaffoldia C4-C4a
construction towards the Pomeranz-Fritsch reaction.

For the synthesis of the four differeNtethyl benzylisoquinoline substrates the Bischler-
Napieralski reaction was chosen to build up thebstdroisoquinoline scaffold. The synthetic
focus was laid on this reaction since it offereldr@ad scope of mild reaction conditions and
resulted in moderate to high yief@s.

1) Bischler - R j\l o
hydrogenatlon Napleralskl 1;©/\/
OH oBn 2) reduction g OBn
Rs3

la,b,cd 2ab,c,d 3a,b,c,d

Scheme 40Retrosynthesis for thd-ethyl substrate$a-d using the Bischler-Napieralski reaction

The cyclization reaction of the amide was carriatlusing the Lewis acid POgNhich led to
the formation of the corresponding 3,4-dehydroisqline derivativesVia the following
reduction with NaBH the saturated 1,2,3,4-tetrahydroisoquinoline pr&siweere formed.
Table 1 lists the yields of the cyclization reastiwhich resulted in high values for all of the
four substrates.

Table 1: Yields for the Bischler-Napieralski reaction iretteaction sequences of each substrate

| 2a 2b 2c 2d

yield [%] | 95 97 86 94

The phenolic moiety was protected with a benzyugrto avoid interactions with the Lewis
acid. To obtain the free hydroxyl group which issalotely necessary for the following
biotransformation with BBE, the protective group sweleavedvia hydrogenation using
palladium on active charcoal under hydrogen atmesp(Scheme 40).

These three reactions described above are the edirath main point in every substrate
synthesis.
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In the synthesis of 2-ethyl-1-(3-hydroxybenzyl)-énéthylenedioxy-1,2,3,4-
tetrahydroisoquinoline 1@), the first step was the chlorination of (3,4-
methylenedioxy)phenyl-acetic acg&h with oxalyl chloride (Scheme 41The corresponding
acyl chloride was converted into thiethyl amide6a via nucleophilic attack of ethylamine.
Further mild reduction of the carbonyl group thrbutlpe Lewis acid Bkiresulted in the
appropriate amin®a. The formation of the amide substr&a for the Bischler-Napieralski
reaction was achievedia the coupling of the previously formed amif& with 3-
benzyloxyphenylacetyl chloridéa. The chloride4a was synthesized from the corresponding
acid that was first protected with benzylbromidé éimen converted into the acyl chloride by
oxalyl chloride.

N H
< % W a Etﬁ'aHéH ]@WN\/ BH*THF <o]©/\/N\/
s HZ0/CH,Cl © THF, reflux, 19h o
0C->rt, 16 h 6a :
(cocl
HOWOH % HOWOBHM’ CIWOBn CHCly, 2. NaOH
© ’ , o toluene, (o] 0T-->rt, 15 h
rt, 3h
4a, 4a, .

o 1) POCl3, MeCN o
_ HaPdC { O 2) NaBH,, MeOH  { m
2) NaBHy, MeOH
MeOH,rt, 19h O N~ o (N OB
la OH 2a O OBn 3a o

Scheme 41:Synthesis of substrata

The reaction sequence for the synthesis of 2-eétH@-hydroxy)-6-methoxy-1,2,3,4-
tetrahydroisoquinoline 1p) strongly resembled the one of substrate exclusively the
starting material was different. In this case 34m&yphenyl-acetic acidb was used as
precursor for the initial chlorination step. Agdime same acyl chloridéa was applied for the
formation of the amid&b which later underwent the cyclization reactionn&uoe 42).
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(cocly, EtNH,

_DMF cat.
toluene

0T-->rt, 16 h

H

N
ag NaOH _ ° >~ BHFTHE
H,O/CH,Cl, (6] THF, reflux, 19 h

H
O\©/\/N\/

4b

CHCl3, aq. NaOH
0C-->rt, 16 h

Cl OBn
g

4a

/O
rN OBn

1) POCl3, MeCN
H2 Pd/C 2) NaBH4 MeOH
MeOH, rt, 19 h
OH OBn

Scheme 42:Synthesis of substratdo

For the synthesis of the third substrate 2-ethgieéihoxy-7-hydroxy-1-(3-hydroxybenzyl)-
1,2,3,4-tetrahydroisoquinolinelg), vanillin 9c was chosen as educt. First of all the free
hydroxyl group was protectedia benzylation (Scheme 43), subsequently the aldehyde
underwent a Henry reaction with nitromethane tonféine corresponding nitrostyreie The
Henry reaction strongly resembles the aldol reactiod therefore is also called “nitro-aldol
reaction”. In this case the deprotonated nitroadkplays the role of the enolate ion formed in
the reaction from which it derives. Addition of LiAx reduced the double bond as well as the
nitro-group to yield the corresponding amiée which was further acetylated with acetyl
chloride. Afterwards the carbonyl group B¢ was reduced using BHand the resulting\-
ethyl aminedc reacted with 3-benzyloxyphenylacetyl chloridieto form the precursddc for

the Bischler-Napieralski reaction.

MeO N MeO o NO; MeO NH
]@Ao MeNO, NHJOAC D/V LiAH4, THF ]@/V
AcOH, reflux, 21h  gno reflux, 19 h BnO

8c 7c 6c

MeO X
]@/\O BnBr, ethanol
__ oner, ehanol |
HO K2COag, rt, 21h
9c

AcCl, EtzNH;
rt, 3h

CIY\©/OBn
MeO o H
N OBn - 4 Meo N~ . BHgTHF
BnO r
3¢ o) CHCl3, ag. NaOH BnO THF, reflux, 19 h

0CT->rt, 16 h
\ 1) POCls, MeCN

2) NaBH4, MeOH

MeO O
N~

MeO
H,, Pd/C O
BnO B — N~
oBn  MeOH,rt,19h  HO
2c O 1c O OH
Scheme 43Synthesis of substrafe
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At least four reaction steps were required in otddorm 2-ethyl-6-methoxy-7-hydroxy-1(-3-
hydroxy-methoxybenzyl-1,2,3,4-tetrahydroisoquineliid) (Scheme 44). To this end 2-(3-
(benzyloxy)-4-methoxyphenyl)acetic achtl was chlorinated to result in the desired acyl
chloride which further underwent ay& reaction with theN-ethyl amine4c which was
synthesized in the reaction sequence of substi@ate form amide3d. Then, according to
previous synthetic strategies the Bischler-Napstwialeaction and a reduction with NaBH
followed by a palladium catalyzed cleavage of thatgrtive group.

H

MeOI::r\vN\/
BNO OH (cocly, BnO Cl BnO 4c
j@W __DMFcat W — Meo@
(o]
Ve t?{ugnﬁ, MeO o) CHCls, aq. NaOH BnO rN oBn
54 ) 4d 0C-->rt, 16 h le}
OMe
3d

1) POCI3, MeCN
2) NaBH4, MeOH

MeO O H,, Pd/IC MeO O
- 2
N N
HO ~ MeOH, rt, 25 h BnG ~

1d O OH 2d O OBn

OMe OMe

Scheme 44Synthesis of substrafel

The reaction sequences for the synthesized substiaid are based on recently describhéd
methyl analogues investigated and synthesized hyit&geseret al? For the introduction of
the new prochiral centetia the ethyl group located at the isoquinoline nitmognew reagents
had to be used to elongate the alkyl part attacbetie nitrogen. Due to the fact that the
reaction sequence for each substrate was quitelegrapd at least consisted of four steps the
linear overall yields are given in table 2.

Table 2: Linear overall yields and the according synthsteps for each substrate synthesis

| substratela substratd b substratelc substratd.d
synthetic steps 6 6 8 4
linear overall yield [%] 57 50 11 61

The tendency of table 2 is easy to interpret. Tizegasing reaction steps lead to a decrease in
the overall vyield, therefore the synthesis of suhetld shows the highest vyield.
Consequently synthesis development always hasnsider the influence of dropping yield
over a long reaction sequence.
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2.RESULTS AND DISCUSSION

2.3 Biotransformations

The transformations using the berberine bridge mmzywere performed with all five
substrates outlined in Scheme 38 (2.1). Unfortupately the substrate$a, 1b andle were
converted by the enzyme in contrast to 2-ethyl-@hmey-7-hydroxy-1-(3-hydroxybenzyl)-
1,2,3,4-tetrahydroisoquinolin  1¢) and  2-ethyl-6-methoxy-7-hydroxy-1(-3-hydroxy-
methoxybenzyl-1,2,3,4-tetrahydroisoquinolinkd), where no product formation could be
detected at all. Consequently only the resultshaf &ccepted substrates are shown and
discussed.

2.3.1 Comparison of the wild type and the enzyme varian®W165F for substrate 1a, 1b and le

To figure out if the wild type enzyme or its varian which tryptophan is replaced by
phenylalanine educes higher apparent conversibaslb and le were tested with both
enzyme alternatives at reaction times of 2 andd#h For substratelsa and1b the organic
solvent formamide (10% v/v) was applied for thett@insformation whereupon for substrate
1le 10% v/v formamide, DMSO and-methylformamide were used. The wild type as well a
the variant was applied at a concentration of 1LO hese values correspond to a molarity of
17 puM for both enzyme alternatives.

40 - 38.1
35 -
30 -
251 ®2h
24 h

mAU
N
o

15 -

10 -

variant wild type

Figure 4: Apparent product formation for substraieither under useing the wild type enzyme or it$avd
W165F. Reaction conditions: 2 g/L substratg6.4 mM), BBE variant W165F or BBE wild type (0:0inM),
buffer (Tris-HCI 50 mM + Mg 10 mM, pH 9), 10% v/v formamide, 5 g/L catalasean? 24 h, 40°C, 400 rpm
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2.RESULTS AND DISCUSSION

In the case of substrafie&x the enzyme variant showed higher apparent conversad both
reaction times, contrarily substrate gave almost the same values for the wild type et w
as for the W165F variant. Notable at this pointtaeeslightly higher apparent conversions for
1b after two hours of reaction time compared to thafs&4 hours.

30 - 28.5
26.2

25 -

E2h
m24 h
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|_\
6y}

10 -

variant wild type

Figure 5: Apparent product formation for substrateeither under using the wild type enzyme or itsaratr
W165F. Reaction conditions: 2 g/L substrabe(6.7 mM), BBE variant W165F or BBE wild type (0:0inM),
buffer (Tris-HCI 50 mM + MgGl 10 mM, pH 9), 10% v/v formamide, 5 g/L catalasen? 24 h, 40°C, 400 rpm

For substratele the apparent conversions of the variant were higen those of the wild
type when DMSO and\-methylformamide were used. In the case of formanad organic
solvent the results for both, the wild type andvhgant, were similar.

The reason for the better or related results empdothe enzyme variant W165F can be
explained by the higher steric demand of the satedtr As already mentioned above when
the variant was used, the aromatic amino acid aphpn was substituted with phenylalanine.
The substrates which bear Brethyl group in the tetrahydroisoquinoline scaffoéjuired
more space in the active site to be converted, eoadpto the natural substrate of BBE only
exhibiting a less space-demanding methyl group.

39



2.RESULTS AND DISCUSSION
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Figure 6: Apparent product formation for substraieither employing the wild type enzyme or the vatria
W165F. Reaction conditions: 2 g/L substragg6.1 mM), BBE variant W165F or BBE wild type (00InM),
buffer (Tris-HCI 50 mM + MgG] 10 mM, pH 9), 10% v/v formamide, DMS®;methylformamide, 5 g/L
catalase, 2 and 24 h, 40°C, 400rpm.

Comparison of the two enzyme alternatives suggestedploy variant W165F in all further
biocatalytic experiments.

2.3.2 Solvent studies

To evaluate the tolerance of the enzyme towardamcgsolvents and to figure out in which
of them the highest apparent conversion can banmdatadifferent organic solvents and one
ionic liquid (EMimAc = 1-ethyl-3-methylimidazoliunacetate) were tested. The screenings
were performed using the BBE variant (W165F), 108 arganic solvent with 2 g/L of the
corresponding substrate.

2.3.2.1 Substrate la

All tested organic solvents as well as the ionguid (EMimAc) were water-miscible. The
highest apparent conversion foa could be obtained witN-methylformamide (N-MFA) and
formamide. Low conversions were detected when aegtebutanol or diphenyl ether were
used. All other tested solvents showed moderatarappconversions (Figure 7). The results
for substratela as well as those for substratb should be seen with care because these
compounds showed solubility problems in all solgenised. Their solubility could be
improved by heating and ultrasonic bath treatmgogpt for dissolvindlain EMimAc. After
addition of the buffer to the pre-dissolved sulissaprecipitation was observed. Hence the
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2.RESULTS AND DISCUSSION

results for the apparent conversiondafandlb are not reliable, as they are not reproducible
under these circumstances.
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Figure 7: Apparent products formation for substratein the presence of various solvents 10% v/v. React
conditions: 2 g/L substratea (6.4 mM). BBE variant W165F (0.017 mM), buffer (§HCI 50 mM + MgC} 10
mM, pH 9), 10% v/v organic solvent, 5 g/L cataladand 24 h, 40°C, 400rpm.

To identify the different products which contributethe overall apparent conversions within
the biotransformation by BBE, HPLC-MS measuremergre applied. In case of substrate
the 2 hour sample in formamide was taken to reptedee composition of the reaction
mixture after the given time period.
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MSDLTIC, MS File (C:ICHEMS2\DATAWGBLL11141AGBLL1114 2011-11-14 09-49-48\AGBL1111400001LD)  ES-AP!, Pos, Sean, F
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Figure 8: HPLC-MS measurements for substraée MS detection (TIC = Total ion current) in theasanode
m/z = 250-500. Reaction conditions: 2 g/L substia@té6.4 mM), BBE variant W165F (0.017 mM), buffer
(Tris-HCI 50 mM + MgC} 10 mM, pH 9), 10% v/v formamide, 5 g/L catalasé, 20°C, 400 rpm

Figure 8 shows the TIC of the HPLC-MS measuremi&nta m/z = 250 to 500. Within this
mass range all components of the reaction mixtueedatectable. Figure 9 illustrates the
substrate’s HPLC-MS chromatogram in the SIM modi &h m/z ratio of 312 in accordance
to its molecular mass.
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Figure 9: HPLC-MS measurements for substrd® MS detection in the SIM mode m/z = 312. Reaction
conditions: 2 g/L substratea (6.4 mM), BBE variant W165F (0.017 mM), buffer {§HCI 50 mM + MgC} 10
mM, pH 9), 10% formamide, 5 g/L catalase, 2 h, 402@ rpm
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2.RESULTS AND DISCUSSION

Table 3 shows the masses, the species as wek agrticture for a given retention time.

Table 3: Classification of the reaction mixture obtained ligtransformation ofla with BBE in formamide
(10% v/v) after 2 h of reaction time

retention time . formed .
) species suggested structure observed reaction
[min] mass [m/z]
O
<o N S q ith
-product with a
13.36 C[tmllz";lf]) 3 295.9 O mass loss of
m/z =16
OH
¢ (9-prod ith
N -product with a
15.39 C1sH19NOs 310.0 © mass loss of
[(M-H)"] \ g
| ——oH
¢ (9-prod ith
N -product with a
16.43 CagHiNOs 310.0 ° mass loss of
[(M-H) ] S e
\ —OH Z
O
Cy17H17NOs <O O NH (S)-deethylated
20.77 + 284.0
[(M-H)"] O OH product
.9
C19H21NO3 0 N~
23.35 [(M-H)"] 312.0 O on rac-substratdla
O
< O ) product with a
24.58 C[g\l/l_lllﬂ;lf]) 3 295.9 © O on mass loss of
m/z =16
<O
N (9-product with a
39.35 C1sH19NOs 310.0 © mass loss of
[(M-H)] /z =2
| ——on m/z

Three different types of products were formed. {Resubstrate was not converted by the
biotransformation with BBE. According to the natui@le of the investigated biocatalyS){
cyclized products were generated, according téaseof m/z = 2. The absolute configuration
of the novel chiral center that is introduced tlglouhe ring closure with thM-ethyl group
cannot be determined. There is no information abéel about the compounds’ fragemantion
patterns since the MS selector is a single quadrapd ionization of the compounds was
donevia ESI which is a very soft method and therefore rfragtation of the substances
proceeds rarely. Two different cyclized products de claimed. On the one hand the
diastereoisomer8a, bearing the hydroxyl group at the C9 positiontted berbine scaffold,
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2.RESULTS AND DISCUSSION

and on the other hand those which exhibit the fanetity at the C11 carbor84) can be
listed. Nevertheless no exact structural classiboaof the cyclized products to the three
according retention times can be given. Figure idas the HPLC-MS chromatogram of
only the biotransformation products.

MSD3 TIC, MS File (CACHEM32\1\DATAIAGB111114\AGB111114 2011-11-14 09-49-48\AGB111114000011.D) ES-API, Pos, SIM, Fr
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Figure 10: HPLC-MS measurements for substra@ MS detection in the SIM mode m/z = 310, 296, 284.
Reaction conditions: 2 g/L substrdta (6.4 mM), BBE variant W165F (0.017 mM), buffer (§HCI 50 mM +
MgCl, 10 mM, pH 9), 10% formamide, 5 g/L catalase, 207C, 400 rpm

2.3.2.2 Substrate 1b

Due to the similar solubility behavior of substrdi and1b the organic solvents with the
highest apparent conversions foa were also tested fatb. As demonstrated in Figure 11
best results could be obtained witbmethylformamide followed by formamide and DMSO.
The five other solvents also performed quite wall apparent conversions after 24 hours of
reaction time were higher than 30%. However, asadly mentioned above, the
reproducibility of the results is not ensured baeaof solubility problems.
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Figure 11: Apparent products formation for substratein the presence of various solvents 10% v/v. React
conditions: 2 g/L substratib (6.7 mM), BBE variant W165F (0.017 mM), buffer (§8HCI 50 mM + MgC} 10
mM, pH 9), 10% v/v organic solvent, 5 g/L cataladand 24 h, 40°C, 400 rpm

Based on the results of the solvent study for satestla (see above) antb formamide N-
methylformamide and DMSO were used for further expents.

For the characterization of the biotransformatioadpcts, HPLC-MS chromatograms after
two hours reaction time inN-methyl formamide are shown subsequently. These
chromatograms are representative for the produgpasition of each experiment carried out
with substrate.b.
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MSDLTIC, MS File (C:\CHEMS2\LIDATAIAGB1111141AGB1 11114 2011-11-14 09-49-48\AGB1111140000140) ES-API, Pos, Scan, F
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Figure 12: HPLC-MS measurements for substrate MS detection in the scan mode m/z = 250-500. fRaac
conditions: 2 g/L substratib (6.7 mM), BBE variant W165F (0.017 mM), buffer (§8HCI 50 mM + MgC} 10
mM, pH 9), 10%dN-methyl formamide, 5 g/L catalase, 2 h, 40°C, 400 r

In the scan-mode of the HPLC measurements all ptedas well as the remaining)¢

substrate were detected (Figure 12). Figure 13 antrast demonstrates the HPLC-MS

chromatogram in the SIM mode correlating to thessatie with an m/z ratio of 298

MSD2 TIC, MS File (C:ACHEM32\1\DATAIAGB111114\AGB111114 2011-11-14 09-49-48\AGB111114000014.D)  ES-API, Pos, SIM, Fr
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Figure 13: HPLC-MS measurements for substrate MS detection in the SIM mode m/z = 298. Reaction

conditions: 2 g/L substrateh (6.7 mM), BBE variant W165F (0.017 mM), buffer (§8HCI 50 mM + MgC} 10
mM, pH 9), 10%dN-methylformamide, 5 g/L catalase, 2 h, 40°C, 400 rp
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2.RESULTS AND DISCUSSION

Table 4 reflects the mass analysis correlatingath @eak.

Table 4: Classification of the reaction mixture obtained igtransformation oflb with BBE in formamide

(10% v/v) after 2 h of reaction time

retention time . formed :
[min] species mass [m/z] suggested structure observed reaction
_0
O N (9-product with
15.01 C[ESI\LI_'ZIEBIE])Z 282.0 a mass loss of
‘ m/z =16
OH
/O
CioHaNO N (9-product with
16.99 [tgl\/l-zlil) 7 2 296.0 a mass loss of
I, m/z =2
=
/O
C.oHoNO N (9-product with
18.58 [tglvl-zlfl) 7 2 296.0 a mass loss of
I, m/z =2
=
as
C17H10NO; NH (9-deethylated
24.46 (M-H) T 270.0 O o oroduct
oW
28.06 C[tﬁzlf:;lf]) 2 298 O OH rac-substratelb
“C
N product with a
30.07 C[tﬁzlf:;lf]) 2 282.0 mass loss of
O OH m/z =16
/O
C.oHoNO N (9-product with
46.13 [tglvl-zlfl) 7 2 296.0 a mass loss of
I, m/z =2
=

The results of the HPLC-MS measurements strongdgmible those of substratla. The

dealkylated as well

as the expected cyclized prsduwere formed during the

biotransformation with BBE. Figure 14 reflects fheaks of the cyclized products measured
on the HPLC-MS.
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Figure 14: HPLC-MS measurements for substrate MS detection in the SIM mode m/z = 296. Reaction
conditions: 2 g/L substrateb (6.7 mM), BBE variant W165F (0.017 mM), buffer (§8HCI 50 mM + MgC} 10
mM, pH 9), 10%dN-methylformamide, 5 g/L catalase, 2 h, 40°C, 400 rp

2.3.2.3 Substrate 1e

2-Ethyl-6,7-dimethoxy-1-(3-hydroxybenzyl-1,2,3,4rhydroisoquinoline 1e0 showed a
entirely different solubility behavior theka andl1b. It was easy to dissolve it, in each organic
solvent. The highest apparent conversions wereir@atausing formamide and acetonitrile,
lowest ones were achieved applyiigutanol. For all further experiments formamide was
used as the solvent of choice.
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Figure 15: Apparent products formation for substratein the presence of various solvents 10% v/v. React
conditions: 2 g/L substratee (6.1 mM), BBE variant W165F (0.017 mM), buffer (§HCI 50 mM + MgC} 10
mM, pH 9), 10% v/v organic solvent, 5 g/L cataladand 24 h, 40°C, 400 rpm

For the characterization of the biotransformatioodpctsvia HPLC-MS measurements, the
sample with 10% v/v formamide after two hours aiateon time was taken to represent the
composition of the reaction mixture for all giveoh@nts. The results of the product
characterization are listed below. CorrelationsMeen the formed products and the retention
times are listed in Table 5.
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MSD1TIC, MS File (C:\CHEM32\1\DATA\AGB111107\AGB111107 2011-11-07 15-32-43\AGB111107000001.D) ES-API, Pos, Scan, F
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Figure 16: HPLC-MS measurements for substrate MS detection in the scan mode m/z = 250-500. fR@ac
conditions: 2 g/L substratee (6.1 mM), BBE variant W165F (0.017 mM), buffer {§HCI 50 mM + MgC} 10
mM, pH 9), 10% formamide, 5 g/L catalase, 2 h, 402 rpm
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Figure 17: HPLC-MS measurements for substrd®e MS detection in the SIM mode m/z = 328. Reaction
conditions: 2 g/L substratke (6.1 mM), BBE variant W165F (0.017 mM), buffer {§HCI 50 mM + MgC} 10
mM, pH 9), 10% formamide, 5 g/L catalase, 2 h, 402@ rpm
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Table 5: Classification of the reaction mixture obtaineddigtransformation ofe with BBE in formamide
(10% v/v) after 2 h of reaction time

retention . formed )
time [min] species mass [m/z] suggested structure observed reaction
MeO
CioHouNO oo O N (S-product with a
10.73 [t?\/l-zlflf] 3 311.9 mass loss of
O m/z =16
OH
MeO
(9-product with a
12.29 Cﬁﬁﬁ;‘% 3 326.0 MeO § mass loss of
‘ >OH m/z =2
2
MeO (S) d . h
-product with a
12.85 Cﬁﬁﬁ;‘% 3 325.9 MeO § mass loss of
Doy m/z =2
=
MeO O
14.39 C1gH21NO3 300.0 MeO NH (S)-deethylated
' [(M-H)™] ' OH product
§
MeO
C20H25N03 eom\/
15.84 [(M-H)] 328.0 M on rac-substratele
MeO
O product with a
17.05 C[Ef\;'ﬁ;lf]) 3 311.9 MeO § o mass loss of
O m/z =16
MeO (S) d . h
-product with a
27.11 C[%?\Ll_'ﬁ;lf]) 3 325.9 MeO § mass loss of
| —roH m/z =2
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MSD3 TIC, MS File (C:\CHEM32\1\DATA\AGB111107\AGB111107 2011-11-07 15-32-43\AGB111107000001.D)  ES-API, Pos, SIM, Fr
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Figure 18: HPLC-MS measurements for substrae MS detection in the SIM mode m/z = 326. Reaction
conditions: 2 g/L substratee (6.1 mM), BBE variant W165F (0.017 mM), buffer {§HCI 50 mM + MgC} 10
mM, pH 9), 10% formamide, 5 g/L catalase, 2 h, 402 rpm
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Figure 19: Overlay of the HPLC-MS measurements for substtateA: scan-mode (m/z = 250-500). B: SIM-
mode (m/z = 328). C: SIM-mode (m/z = 326). D: Ugrsl at 280 nm.
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2.RESULTS AND DISCUSSION

The evidence of the deethylated product structunechvresembles the benzylisoquinoline
scaffold dealkylated on the nitrogen atom, for eaabstrate 4a4b,4€) respectively, was
given through the comparison 4¢ with a reference spectrum of the synthesized g&sdtd
compound. The results of the GC-MS spectra matchnegunivocal, the accordance lies at
95%. Figure 20 demonstrates the high accordandeoibf spectra. Out of the fact that all
tested and measured samples display equivalentnéatgtion pattern and identical mass
assignments it can be reasoned that in case ofratdsda and1b the deethylation products
have to correlate to those of substredelespite unavailable reference chromatograms.

The same argumentation applies to the productsamttass loss of m/z = 16. Their structure
also correlates to a cyclized species that laoksrtathyl group at the bridging C8 atom. This
component can bear the hydroxyl group either atGf8ieatom %e) of the berbine scaffold or
at the C11 atom6g). Comparison of the GC-MS spectrum of the biogétaproduct with a
reference component demonstrates the high accard@higure 21). Furthermore the
assignment of the products to the correspondingntiein times can be done, since HPLC
references were available too. This correlationmiransferred to substratesandlb.
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Figure 20: GC-MS chromatograms of the deethylated prodeand a synthesized reference compound. Upper
spectrum: sample of the biotransformation with B@eaction conditions: 2 g/L substrate le (6.1 mBBE
variant W165F (0.017 mM), buffer (Tris-HCI 50 mMMgCl, 10 m, pH 9), 10% formamide,5 g/L catalase, 2 h,
40°C, 400 rpm). Bottom spectrum: synthesized refsgecompound
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Figure 21: GC-MS chromatograms of the product with a mass édsw/z = 165e and a reference component.
Bottom spectrum: sample of the biotransformatidh BBE (Reaction conditions: 2 g/L substrag(6.1 mM),
BBE variant W165F (0.017 mM), buffer (Tris-HCI 50Mn+ MgCl, 10 mM, pH 9), 10% formamide,5 g/L
catalase, 2 h, 40°C, 400rpm). Upper spectrum: eafer compound
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2.RESULTS AND DISCUSSION

2.3.3 pH-studies for substrates 1a, 1b and 1c

After the identification of the organic solventstiivihe highest apparent conversions also the
optimal pH of the reaction medium had to be deteedi The working group of A. R.
Battersby introduced the pH optimum for the aquemifter at a value of 9.

The pH studies for substrat@ and1b were not only done for the optimized organic sotve
respectively but three different solvents wereegdiecause of already mentioned solubility
problems. Hence formamidi;methyl formamide and DMSO were used and the bsffat
value was varied from 6 to 11. The whole pH-studdswerformed using the BBE variant
W165F.
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Figure 21: Apparent products formation for substrdta at varied pH values ranging from 6 to 11 in the
presence of formamide. Reaction conditions: 2 gi/bstratela (6.4 mM), BBE variant W165F (0.017 mM),
buffer (Tris-HCI 50 mM + MgGl 10 mM. pH 6-11), 10% v/v formamide, 5 g/L catala®end 24 h, 40°C, 400
rpm

Employing formamide as an organic solvent for satetla the highest apparent conversions
were obtained at pH 9. Up to this pH the valueseiased constantly, but at higher pH values
a slight decrease can be observed.
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Figure 22: Apparent products formation for substrdte at varied pH values ranging from 6 to 11 in the
presence oN-methyl formamide. Reaction conditions: 2 g/L sultgtla (6.4 mM), BBE variant W165F (0.017
mM), buffer (Tris-HCI 50 mM + MgGl 10 mM, pH 6-11), 10% v/W-methylformamide, 5 g/L catalase, 2 and
24 h, 40°C, 400 rpm

Using N-methylformamide the pH optimum was also obtaingdpB 9, but the pH
dependence is not similar to the one observed aggpfgrmamide. In this case the pH values
do not decrease constantly afer reacing the optimum
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Figure 23: Apparent products formation for substrdta at varied pH values ranging from 6 to 11 in the
presence of . Reaction conditions: 2 g/L substtaté6.4 mM), BBE variant W165F (0.017 mM), buffer {§r
HCI 50 mM + MgC} 10 mM, pH 6-11), 10% v/v DMSO, 5 g/L catalasen? 24 h, 40°C. 400 rpm
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2.RESULTS AND DISCUSSION

When DMSO was used as organic solvent the depead#ribe apparent conversion on the
pH is similar to theN-methyl formamide system. Hence the pH optimumliadhaee organic
solvents correlates with each other, a pH valu@ isftaken for all further experiments using
substratela.
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Figure 24: Apparent products formation for substrdte at varied pH values ranging from 6 to 11 in the
presence of formamide. Reaction conditions: 2 gi/bhstratelb (6.7 mM), BBE variant W165F (0.017 mM),
buffer (Tris-HCI 50 mM + MgGJ 10 mM, pH 6-11), 10% v/v formamide, 5 g/L catala8eand 24 h, 40°C, 400
rpm
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Figure 25: Apparent products formation for substrateat varied pH values ranging from 6 to 11 in the
presence oN-methyl formamide. Reaction conditions: 2 g/L sudigtlb (6.7 mM), BBE variant W165F (0.017
mM), buffer (Tris-HCI 50 mM + MgGl10 mM, pH 6-11), 10% v/X-methylformamide, 5 g/L catalase, 2 and
24 h, 40°C, 400 rpm
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Figure 26: Apparent products formation for substrdile at varied pH values ranging from 6 to 11 in the
presence of DMSO. Reaction conditions: 2 g/L saisitb (6.7 mM), BBE variant W165F (0.017 mM), buffer
(Tris-HCI 50 mM + MgC} 10 mM, pH 6-11), 10% v/v DMSO, 5 g/L catalasend 24 h, 40°C, 400 rpm

In the case of substrald N-methyl formamide and formamide used as organieess, led

to highest apparent conversions at pH 9. Underathdition of 10% v/v DMSO another
characteristic was discovered. For this organigesdlthe pH optimum of the reaction lies at
11 followed by the pH 9 reaction system. Howeviecannot be ensured if a pH of 11 indeed
represents the optimal value because of alreadytionex solubility problems. Hence the
buffer's optimal pH value can be declared as 9 ¢noadance to the formamide and
methylformamide systems.

For the pH-study of substrafiee formamide, the organic solvent with the highegbaapnt
conversions determined above was used to evaluataftuence of the pH. The pH optimum
for this substrate was rather broad ranging fromOpid 11. All those values led to apparent
conversions above 45 percent and therefore welgleusa convert the racemic substrate to
the ©-enantiomeric products in high yield. For the daling preparative transformations as
well as for the time studies with substraee pH 9 was used.

59



2.RESULTS AND DISCUSSION

60 -

54.4

50 -

40 - 35.7
m2h

30 - 25.1 m24h

21.3

mAU

20

9.4 11
10 -

pH 6 pH 7 pH 8 pH9 pH 10 pH 11

Figure 27: Apparent products formation for substrdte at varied pH values ranging from 6 to 11 in the
presence of formamide. Reaction conditions: 2 g/hsgrate 1e (6.1 mM), BBE variant W165F (0.017 mM),
buffer (Tris-HCI 50 mM + MgGJ 10 mM, pH 6-11), 10% v/v formamide, 5 g/L catalaBeand 24 h, 40°C, 400
rpm

2.3.4 Concentration studies for substrates 1a, 1b and 1le

To determine at which substrate concentration thedst product formation can be obtained
three different concentrations for each substraerewtested: 1g/L, 2g/L and 4g/L.
Furthermore an overview of the product ratios affiéflerent reaction times (2 and 24 hours)
should be given. Dimethylsulfoxide (10% v/v) andueme (70% v/v) served as organic
solvents in these experiments. For the biotranstion the enzyme variant W165F was used
to convert the substrates.
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Figure 28: Apparent products formation for the concentrastrdy with substratée @ h). Reaction conditions:
1,2,4 g/L substratée (3.1, 6.1, 12.2 mM), BBE variant W165F (0.017 mMyffer (Tris-HCI 50 mM + Mgd
10 mM, pH 9), 10% v/v DMSOl/toluene, 5 g/L catalade, 40°C, 400 rpm
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Figure 29: Apparent products formation for the concentrat&indy with substratele (24 h). Reaction
conditions: 1,2,4 g/L substratiee (3.1, 6.1, 12.2 mM), BBE variant W165F (0.017 mMyffer (Tris-HCI 50
mM + MgCl, 10 mM, pH 9), 10% v/v DMSO/toluene, 5 g/L catalaadéh, 40°C, 400 rpm
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The highest apparent conversions after 2 and 24shean be achieved using a concentration
of 1 g/L, followed by 2 g/L and 4 g/L, but thesesukts should not be mistakenly understood
as the highest product concentrations formed throtlg biotransformation. In order to
determine which substrate concentration led tohighest molarity for the three different
biotransformation product classes, the correspagndoncentrations of the products have to
be calculated. Hence the exact epsilon valueshinfdrmed compounds were not determined
or a standard calibration done the molarity of gmeducts was not known at this point.
Logically it would be concluded that the higheshcentrations of the products will be found
at the highest amounts of substrate introduced_jdgihce the concentrations are not known,
a possible substrate inhibition at increased canagons cannot be verified or denied.

By taking a closer look at the samples with 24 Bowaction time the distribution of the
products changed fundamentally. After two hoursctiea time the deethylated products
represented the main share of the reaction produdtsafter a day their amount strongly
decrease and those of the cyclized products ineneaisbly.

For the overall apparent conversionlafthe same relationship can be observed as in tlee cas
of 1e The lowest concentration resulted in the higlaggiarent conversion with DMSO as an
organic solvent, whereas for the concentration gfL4the reverse case occurred. Furthermore
the deethylated product showed the highest amaurthé formed products in the case of 1
and 4 g/L substrate.
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Figure 30: Apparent products formation for the concentratitualg with substratéa (2 h). Reaction conditions:
1,2,4 g/L substratéa (3.2, 6.4, 12.8 mM). BBE variant W165F (0.017 mhdyffer (Tris-HCI 50 mM + MgGl
10 mM, pH 9), 10% v/v DMSO/toluene, 5 g/L catalaae, 40°C, 400 rpm
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Figure 31: Apparent products formation for the concentratitualg with substratéa (24 h). Reaction
conditions: 1,2,4 g/L substraia (3.2, 6.4, 12.8 mM), BBE variant W165F (0.017 miid)ffer (Tris-HCI 50
mM + MgCl, 10 mM, pH 9), 10% v/v DMSO/toluene, 5 g/L catalaadéh, 40°C, 400 rpm

After 24 hours reaction time the samples with thedst concentration again showed the
highest apparent conversion, but the remarkabtexfas that the overall conversion values of
1 g/L1bin DMSO decreased from 50 to 32% which is quitexpeeted and could lead to the
assumption that the products vaporized. This idequnlikely due to the fact that the
corresponding substrate has a melting range ofl#29€. The reason for these results could
be found in the solubility problems concerning dtdis 1a and 1b. Both are difficult to
dissolve in the corresponding solvents and preugit after addition of the buffer.
Consequently the findings have to be treated wvatie.c

For 1b the same results were obtained.
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Figure 32: Apparent product formation for the concentratiamdgtwith substratéb (2 h). Reaction conditions:
1,2,4 g/L substratéb (3.3, 6.7, 13.4 mM), BBE variant W165F (0.017 mMyffer (Tris-HCI 50 mM + MgGl
10 mM, pH 9), 10% v/v DMSO/toluene, 5 g/L catalaae, 40°C, 400 rpm
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Figure 33: Apparent product formation for the concentratitudyg with substratéb (24 h). Reaction
conditions: 1,2,4 g/L substraid (3.3, 6.7, 13.4 mM), BBE variant W165F (0.017 midyffer (Tris-HCI 50
mM + MgCl, 10 mM. pH 9), 10% v/v DMSO/toluene, 5 g/L catalazgh, 40°C,400 rpm
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Comparison of both reaction times (2h, 24h) alsowsd a decrease of the apparent
conversion in the case of 2 and 1 g/L in DMSO, tasould be observed in the case of
substratela. Solubility problems as already mentioned abowe daimed as the reason for
this decrease.

Finally it can be concluded for nearly all sampdéda, 1b andlc, that after 2 h reaction time
the product mixture is strongly dominated by thestbglated products followed by the
cyclized products and those with a mass loss of=il8. A reaction time of 24 h resulted in
quite different ratios. The percentage of the ddatbd product was reduced to approximately
a half compared to the values after two hours a€tren time. For the cyclized products the
reverse trend is observed and also the amounteoptbducts with a mass loss of m/z = 16
increased over the reaction time but neverthekesg only contribute to low percentages to
the product composition.

2.3.5 Result of the co-solvent study with toluene for siudirate 1a

Due to the fact that substratéa and1b exhibited solubility problems and precipitatedeaft
pre-dissolving in the corresponding organic solvegt addition of the buffer, different
amounts of toluene as a co-solvent were added % W® DMSO and the standard buffer.
The addition of toluene started at 35% v/v and gséo 55%. Toluene at an amount of 35%
was taken as the initial point, since at this vadtna concentration the substrate did not
precipitate any more after the addition of the &uff55% v/v were taken as the final
concentration, because the enzyme should not decriés activity. To conclude if the
addition of toluene enhances the reproducibility tibsts were done with substrate
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E24 h
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35% v/v toluene 40% v/v toluene 45% v/v toluene 50%twluene 55% v/v toluene

Figure 33: Apparent products formation for substrageat varied amounts of toluene as a co-solvent imehait

to DMSO. Reaction conditions: 2 g/L substrasg(6.4 mM), BBE variant W165F (0.017 mM), buffer (§HCI

50 mM + MgC} 10 mM, pH 9), 10% v/v DMSO + 35-55% v/v toluengg/b catalase, 2 and 24 h. 40°C, 400
rpm. Error ranges represent standard deviatiot$plitate experiments
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Indeed the solubility problems can be eliminatedulgh the addition of toluene as a co-
solvent, but it can clearly be seen in figure 3attthis additive strongly decreases the
apparent conversion with increasing amounts. Comegrthe reproducibility of the samples

triplicate determinations were prepared and theesponding standard deviations illustrated
in the diagram. The accurate values for the dednatare listed in table 6, which reveals that
the values drop with rising amounts of toluene.

Table 6: Standard deviations for the co-solvent study wathene for substratee

standard deviation

35% v/v toluene 2 h 1.9
35% v/v toluene 24 h 0.1
40% v/v toluene 2 h 0.1
40% v/v toluene 24 h 0.8
45% v/v toluene 2 h 0.3
45% v/v toluene 24 h 0.8
50% v/v toluene 2 h 0.0
50% v/v toluene 24 h 0.2
55% v/v toluene 2 h 0.0
55% v/v toluene 2 h 0.1

Recapitulatory it can be mentioned that the additb the co-solvent is helpful to keep the
substrate in solution, and the reproducibility b@nmproved by applying amounts of 50-55%
v/v toluene. Moreover the apparent conversion gfifoiecreases through the addition of
toluene compared to those values obtained by sinaddition of 10% v/iv DMSO.
Consequently the usage of toluene is not a reatrative for the biotransformations with
substratela or 1b.

2.3.6 Variation of the solvent concentration for substrag 1a

With the results of the co-solvent studies in hamel amount of the used water-miscible
organic solvents was increased from 10 to 20% Iw'this case the three solvemsmethyl
formamide, formamide and DMSO were applied. Throtlgg extended amount of organic
solvent the substrate was dissolved easier. Funtbrer different agitation angles (0° and 45°)
and a higher agitation speed (changed from 4000t fhm) were tested, to monitor the
influence of the mixing on the apparent conversaod the reproducibility. All experiments
with 20% v/v organic solvent were performed in licate and compared with 10% v/v of the
solvent at same conditions.
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Figure 34: Apparent products formation for substrdtae for addition of 20% v/v organic solvent. Reaction
conditions: 2 g/L substratea (6.4 mM), BBE variant W165F (0.017 mM), buffer {§HCI 50 mM + MgC} 10
mM, pH 9), 20% v/v DMSO/formamidifmethylformamide, 5 g/L catalase, 2 and 24 h, 40800 rpm,
agitation angle (0°= horizontal/45°). Error rangegresent standard deviations of triplicate expenits

Table 7: Standard deviations for the addition of 20% v/gaoric solvent and varying agitation angles

standard deviation

45° shaking (DMSO) 2 h 1.1
45° shaking (DMSO) 24 h 0.4
horizontal shaking (DMSO) 2 h 0.5
horizontal shaking (DMSO) 24 h 1.1
45° shaking (formamide) 2 h 1.4
45° shaking (formamide) 24 h 2.1
horizontal shaking (formamide) 2 h 1.7
horizontal shaking (formamide) 24 h 0.4
45° shaking-MFA) 2 h 0.1
45° shaking-MFA) 24 h 0.0
horizontal shakingN-MFA) 2 h 7.8
horizontal shaking (N-MFA) 24 h 0.6

Besides the positive effect of higher solvent com@ions on the solubility, this effect was
not reflected for the reproducibility of the expeéant. By comparing the standard deviations
for the addition of 20% organic solvents to thaserf different amounts of toluene as a co-
solvent, the values for this experiment are slighilgher. In the case of toluene as a co-
solvent the largest standard deviation was 1.9%auth the addition of 20% v/v organic
solvent the highest value was obtained by horizastiaking ofN-methyl formamide after
two hours (7.8% standard deviation). For the expenits using 20% v/v of different organic
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solvents, it concluded that the standard deviatavashigher compared to those observed with
toluene because of the lower dissolving effectltesgufrom the smaller volumetric amounts
of organic solvent used.

50.2

45° shaking horizontal 45° shaking horizontal 45°shaking horizontal
(DMSO0) shaking (formamide) shaking (N-MFA) shaking (N-
(DMSO) (formamide) MFA)

Figure 35: Apparent product formation fdra under the addition of 10% organic solvent. Reactionditions: 2

g/L substratela (6.4 mM), BBE variant W165F (0.017 mM), buffer {§HCI 50 mM + MgC} 10 mM, pH 9),

10% v/v DMSO/formamidé-methylformamide, 5 g/L catalase, 2 and 24 h, 4BU0, rpm, agitation angle
(0°/45°)

Comparison of the apparent conversions after aadidf 10% or 20% v/v organic solvent
afforded the same results in case of all solvéBysancreasing the amount of organic solvents
the products’ percentage decreases considerabbgeTitesults can be interpreted as followed:
higher amounts of organic solvents cause a losenalyme activity. This supposition is
strongly enhanced by frequently observed trendseaming biocatalysts. For enzymes which
are dissolved in a monophasic aqueous-organicignjuas in the case of water miscible-
solvents, a rule of thumb says that these solvaarsbe applied at concentrations up to 10%
of the total volume. Only for some rare enzyme/sntvcombinations even 50-70% of co-
solvent may be used. If the proportion of the orgaolvent exceeds a certain threshold, the
essential structural water is stripped from theyares surface leading to deactivatibn.

2.3.7 Time study for substrate le

In order to describe the enzyme-substrate systemléoin detail, different enzyme
concentrations were applied and the apparent csiovemonitored over 24 h of reaction
time.
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The following four enzyme concentrations were w@sig.4, 8.6, 5.7, 3.4 uM of variant
W165F. Formamide was used as solvent due to thaopiee given results of the solvent
study. The substrate was applied at a concentrafi@ng/L (6.1 mM). Figure 36 reflects the
correlation between the products to substrategatial the enzyme concentration over 24 h.
The highest apparent conversion of 49% was reaeftedl7.4 uM of the variant but also the
lower concentration of 8.6 uM performed well andlped the reaction towards 43% after 24
h.

50 - 49%
45 - / 43%
40 - / 40%
35 A 0
2 20 32%
S
25 1 ——17.4 uM enzyme
20 A
3.4 UM enzyme
15 A
5.7 uM enzyme
10 A
. —8.6 uM enzyme
O T T T T T T T T T 1
0 0.5 1 2 4 6 8 12 24

time [h]

Figure 36: Time course of apparent conversion of substtatender the use of different enzyme concentrations.
Reaction conditions: 2 g/L substrdte(6.1 mM), BBE variant W165F (17.4 uM, 8.6 uM, pL¥, 3.4 uM),

buffer (Tris-HCI 50 mM + MgG 10 mM, pH 9), 10% v/v formamide, 5 g/L catalagmetspan (0.5-24h), 40°C,
400 rpm

To define the productivity of the biocatalyst then-over number (TON) was determined for
each concentration.

Table 8: Correlation between the different enzyme concéoirg, TON and space time yiefor 1e

Enzyme concentration [uUM] TON  Space time yield gj/L

17.4 351 1

8.6 709 0.85
5.7 1070 0.79
3.4 1794 0.63

Since the turn-over number denotes the numberhdtsate molecules converted per number
of catalyst molecules used within a given time sghe highest TON values are achieved
applying an enzyme concentration of 3.4 uM. Theesponding space time yields are also
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listed in table 8, whereupon highest apparent csnwes at 17.4 uM enzyme concentration
were associated to a space time yield of 1 g/Ldaam®N of 351.

2.3.8 Preparative scale-up experiments for substrate 1le

Performing a preparative transformation, 200 mguddstratele (61 mM) were shaken for 24

h employing the BBE variant W165F (1.01 mL, finahcentration: 1g/mL: 0.017 mM) and

formamide in 10% v/v. The HPLC measurements afterwork-up revealed 46% apparent
conversion. To isolate the remaining substrate dhale mixture was purified by flash

chromatography and yielded 28.3 mg |gf-Le (ee= 86%). NMR-spectra data and the bellow
shown HPLC-MS measurements reflect the results loé tdescribed preparative

transformation.
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Figure 37: HPLC-MS measurements for substrageafter purification of the preparative transforroati MS
detection in the scan mode m/z = 280-500. Reactmmditions: 2 g/L substratée (6.1 mM), BBE variant
W165F (0.17 mM), buffer (Tris-HCI 50 mM + Mgg£Llo mM, pH 9), 10% formamide, 5 g/L catalase, 24 h,
40°C, 400 rpm

The HPLC-MS measurements of the purified subsshtav that it is totally free from any
product.

Another preparative experiment was carried out urtle same reaction conditions as
described above, however, the reaction time wasmmeed to half an hour. After this time
span an apparent conversion of 29% was determiRgire 38 shows the HPLC-UV
chromatogram of the reaction mixture after the wauk
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Figure 38: HPLC-UV chromatogram for the preparative transfdioraof 1e after 0.5 hours reaction time.
Reaction conditions: 2 g/L substrate (6.1 mM), BBE variant W165F (0.17 mM), buffer (34HCI 50 mM +
MgCl, 10 mM, pH 9), 10% formamide, 5 g/L catalase, Q.807C, 400 rpm

After purification of the reaction mixturé@a column chromatography, the products (15 mg)
were separated from the substrate. The first patibhn step was followed by acidification,
extraction and basification of the products whiddlded in 8.4 mg final product. Figure 39
displays the HPLC-UV chromatogram after the twafpation steps.
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Figure 39: HPLC-UV chromatogram of substratie after purification of the preparative transforroati
Reaction conditions: 2 g/L substrdte (6.1 mM), BBE variant W165F (0.017 mM), buffer (§8HCI 50 mM +
MgCl, 10 mM, pH 9), 10% formamide, 5 g/L catalase, Q.80fC, 400 rpm

Comparison of both chromatograms (figure 38 andsB®)vs that the peak at a retention time
of 14.9, which represents the substrate, disapgesgavell as the one at 13.6 minutes which
correlates to the deethylated product (see 2.3.2TBe acidification and basification step
which was in fact done to remove assumed impurifethe flash chromatography solvent,
seemed to induce the loss of the deethylated ptoduw remaining components were
measured on the HPLC-MS to again confirm the prbdeomposition of the
biotransformation for substratée which was already demonstrated for a corresponding
sample of the solvent study (see 2.3.2).
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Figure 40: HPLC-MS chromatogram of substrdte MS detection in the scan mode m/z = 250-500. fR&ac
conditions: 2 g/L substratke (6.1 mM), BBE variant W165F (0.017 mM), buffer {§HCI 50 mM + MgC} 10
mM, pH 9), 10% formamide, 5 g/L catalase, 0.5 FCGIQ100 rpm

Figure 40 displays all formed products, the coroesiing mass analysis is in accordance to
the already identified products. Table 9 showsdkeatified products.

Table 9: Classification of the reaction mixture obtaineddigtransformation ofe with BBE in formamide

(10% v/v) after 0.5 h of reaction time

retention time . formed .
[min] species mass [m/z] suggested structure observed reaction
MeO
CioHosNO oo O N (S-product with a
) + . mass loss o
10.76 [?Mfl?;') ]3 311.9 loss of
O m/z =16
eo OH
° (S-product with a
) + . e " mass loss of
12.47 C[i‘,i;'ﬁ';'c]b 326.0 o
| }OH m/z =2
MeO
(9-product with a
12.91 C[Z(Oﬂzi"\)l% 325.9 MeO " mass loss of
\ }OH m/z =2
O (9-product with
-product with a
17.67 C[t?\l/l_'ﬁ;lf]) 3 311.9 Meo " o mass loss of
O m/z =16
MeO .
(9-product with a
27.63 C[??\Tzlf:;lf]) 3 325.9 MeO § mass loss of
\ }OH

m/z =2
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2.RESULTS AND DISCUSSION

The product mixture was also subjected to NMR-spscbpy. It mainly consists out of the
following two cyclized diasterioisomerég, demonstrate in Scheme 44.

Scheme 45Reaction products from the preparative biotramsédion ofle after 0.5 h reaction time, determined
via NMR-spectroscopy after removal of the deethylgextiuct

2.4 Conclusion

The conversion of theéN-ethyl tetrahydroisoquinoline substratés, 1b and le by the
berberine bridge enzyme revealed a completely eatufe of the enzyme. BBE in its natural
role catalyzes the oxidative C-C bond formation®freticuline to §-scoulerine under the
consumption of molecular oxygen. Recent studies 3xhrittwieser, Reschet al.
demonstrated that the enzyme is able to cyclizeoadorange of non-natural substrates with
excellent yields. In the case of th&-ethyl substrates which were synthesized during thi
master thesis it was found that the enzyme is altde toN-dealkylate benzylisoquinolines
stereoselectively, representing an example of eezyramiscuity. The demethylation activity
of the enzyme was already described before by Madlkest al, as well as by Kutchan and
Dittrich. >°

Through biotransformation three different produessses (i: products with a mass loss of m/z
=16 units; ii: products with a mass loss of m/z #2;deethylated product) were formed for
all applied substrates and detected by HPLC-UV/M& MMR measurements (Figure 41).

73



2.RESULTS AND DISCUSSION

OH
(S)-2ab,e (S)-3a,b,e
main cyclized products minor regioisomers

suggested products with a mass loss of m/z = 2

\ (S)-5a,b,e Y (S)-6ab,e j

suggested products with a mass loss of m/z = 16

Figure 41: The three different product classes (i: producth @i mass loss of m/z =16 units; ii: products veith
mass loss of m/z =2; iii: deethylated product) fechwithin the biotransformation by BBE

For the products with a mass loss of m/z = 2 ag¢ogrtb the HPLC-MS measurements, four
different cyclized products are assumed. Both drasisomers2g) could be detected in the
proton NMR-spectrum of the preparative transfororativith substratde In recent studies
with other non-natural substrates the regioisomen® always found as minor side products
next to the cyclized onésTherefore also the two regioisome8s,(b, €) are conceivable as
products with the mass loss of m/z = 2. The stmecbf the deethylated products can be
clearly identified by comparison of the GC-MS spect of 4e with the one of the
corresponding reference substance. Hence the produogposition for each substrate is the
same determined by HPLC-MS/UV measurements, itbeanoncluded that the deethylation
site always remains the same for all substratesic€aing the two product peaks with a
substrate mass loss of m/z = 16 the cyclized strestlacking a methyl group on the bridging
C8 carbon %/6-a,b,@ can be suggested. These structural formationgwdenced through
the comparison with a GC-MS spectrum of a referesudsstance in the case ®6e also a
HPLC retention time alignment with references fog biotransformation products/6-a,b,¢
were done.

The dealkylation activity of the enzyme can possiied explained through the orientation of
the substrate in the active site. In the case @fihitural substrate reticuline the C2’ atom of
the phenolic moiety, the GHyroup at the nitrogen in the tetrahydroisoquinelgtaffold and
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the nitrogen N5 of the flavin cofactor are arranged defined angle of 126.8° to each other
(Figure 42). When this arrangement is not givee, nlacleophilic attack of the C2' atom
belonging to the phenolic moiety onto tNemethyl group might be disfavored. When tie
ethyl-substrates are applied in the biotransforomatvith BBE, dealkylation proceeds as a
main reaction pathway, possibly since the rotatibthe ethyl group hinders the nucleophilic
attack of the C2’ carbon of the phenolic group. €amuently, hydride transfer to FAD leads
to formation of an iminium ion formation. The lattéurther undergoes hydrolysis and
eliminates acetaldehyde to form the correspondeeghy/lation product (Scheme 45).

Figure 42: Orientation of reticuline (blue) to the flavin eator (yellow) in the active site of BBE. Picturasv
takenfrom the personal communication of Prof. Karl Gruber

The arguments given above might be the reasorh&rdpressed cyclization reaction of the
enzyme. Within all biotransformations a strong pradchance of the deethylated products
compared to the cyclized and ones with a massoiosgz =16 can be found for all substrates

after two hours of reaction time (see 2.3.4).

R
Rl FAD Ry O 1 O
NH
N&%H3 R Ner R
R, < BBE 2 OH
o cr 7Y T

Rs R3 H,O o) R3
iminium ion ) (S)-4a,b.e deethylated product
acetaldehyde

Scheme 46Suggested mechanism for the formation of the gésgtd products
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However, this ratio changes considerably after dag reaction time. The amounts of the
cyclized products strongly increase and those efdiethylated products decrease compared
to the results of the short-time experiments. it ba assumed that the deethylated products
are transformed further into the cyclized ones alsd into those with a mass loss of m/z =
16. It is conceivable that after longer reactiomes the formed iminium ion at the
isoquinoline nitrogen is able to diffuse out of tive site into the aqueous medium, were it
probably could undergo a conventional Pictet-Spamgaction to form the corresponding
four cyclized products. Moreover it is very likdlyat the iminium ion there again hydrolyses
to form the deethylated product, out of this ond anthe presence of formaldehyde another
imium ion is formed which is able to undergo thet&Spengler reaction to end up in the
cyclized products that lack the additional chirahite through the loss of a methyl group.
This assumption would offer a possible reactionmacsm for the products with a mass loss
of m/z =16. Formaldehyde could be formed in thigct®n through the oxidation of Tris
which is a main component in the buffer, or tragkesethanol (Scheme 46).
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OH

products with a mass loss of m/z =16

Scheme 47Possible product formation in the aqueous mediuthé presence of BBE

Nevertheless this assumptions need to be testreultirer experiments to solve the remaining
issues of this challenging and new feature of gr®drine bridge enzyme.

The biotransformation with the four different syesizedN-ethyl substrates showed that only
two of them are accessible for conversion with BBHe one that harbors a bridged
methylenedioxy substituent at the C6 and the Csatmf the aromatic part in the
tetrahydroisoquinoline scaffold ) as well aslb which has a methoxy substituent at the C6
atom were transformed by BBE. The problem that oecuin connection with these
substrates was the solubility issue, which werdtto overcome by addition of toluene as a
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co-solvent (see 2.3.5) ofa the increase of the amount of used organic savésde 2.3.6).
Those experiments indeed helped to overcome thebiitt problems but still led to
significant deviations of the conversions. Consatjyethe values of all measurements for
those two substrates have to be regarded with care.

Substratele which has two methoxy groups at the C6 and Ctiposi was taken from recent
synthetic experiments by Schrittwiesdral. and turned out to be the most suitable substrate.
No solubility problems can be observed fig, the defined optimized conditions for this
substrate are: 10% v/v formamide, buffer at pH @ #re use of the BBE variant W165F
(0.017 mM).

The substrate$c and1d which possess the same substitution pattern asatiueal substrate
reticuline at the aromatic ring system of the tegdroisoquinoline scaffold (C6 = methoxy
group; C7 = hydroxy group) were not converted by émzyme at all. This is quite curious
sinceld strongly resembles reticuline, exclusively tienethyl and théN-ethyl groups differ
from each other. Nevertheless they were not adegsustbstrates for the biotransformation
with BBE.

2.5 Outlook

The newly observed enzyme promiscuity created aelnavea of investigations for the
berberine bridge enzyme. A lot of questions ariseugh the found enantioselective
dealkylation reaction concerning the mechanismhaf ¢nzyme and the formation of the
different reaction products. Characterization audation of the latter should be the main goal
of further experiments along with the synthesigh# corresponding reference compounds.
Further questions, concerning the newly formed athaenter in the cyclized products
introduced through th&l-ethyl group, arise. Given that the cyclized prdaduare formed in
the active site of the enzyme it is possible thBEBhas a stereopreference for this center,
otherwise when they are formed in the aqueous meditithe enzyme through a normal
Pictet-Spengler reaction (described above) thesgenic center would probably be racemic
since in this environment no asymmetric inductiesngiven.To figure out if the cyclized
product formation in the agueous medium is posdilde synthesized racemic deethylation
product can be subjected to the reaction with &teftgde in the Tris-buffer. If the formation
of the cyclized products can be observed it wowddalstrong evidence for the above given
mechanistic proposal of the product formation aésif the enzyme. Moreover the reaction
pathway suggested above for forming the productl wimass loss of m/z = 16 has to be
clarified. This proposal could either be testedtigh the addition of formaldehyde to the
biotransformation mixture to check if the amountghe products increase, or through the
reaction of the synthesized racemic deethylati@apct with formaldehyde in the buffer.

Furthermore the influence of the formed acetaldehydthe deethylation reaction on the
enzyme has to be determined. The presence of hégheunts of acetaldehyde particularly in
preparative transformations can strongly inhibé &myme in its role as a biocatalyst.
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Besides, it would be very interesting to lower #mzyme concentration to a value where only
the deethylated product is formed during the brefarmation, such that it can be isolated
from the reaction mixture.

Substrate modification should also be a new goafddher investigations. By substituting
another hydrogen atom against a second methyl gabthee CH group in theN-ethyl part of
the substrate molecule, the steric demand of tlmarises and therefore the adjustment of
the right angle of 126° for the nucleophilic suhgton and the concerted ring closure is
hindered even more (Scheme 47). Another optioo selectively remove the acetaldehyde by
enzymatic reduction.

OH

Rs3

Scheme 48Possible substrate modification to force the fdromaof the deethylated product

Consequentely the formation of the cyclized proslunt the active site would be strongly
decreased or even completely repressed, whereakedtieylation product could be found as
the main or even sole product.
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3 EXPERIMENTAL SECTION

3.1 Materials

3.1.1.1 Chemicals for synthesis

Table 10: Provider and Lot. Number of the compounds usedyathesis

3.EXPERIMENTAL SECTION

Compound Provider Lot. Number
Acetic acid AnalaR NORMAPUR 10B260522
Acetyl chloride Fluka 0001449293
Ammonium acetate Fluka 349107/11195
Benzyl bromide Sigma-Aldrich 12396MK
Borane tetrahydrofuran Sigma-Aldrich STBB7631
complex
Dimethylformamide Roth 29045510
Ethylamine (70% in water) Riedel de Haen 020984
3-Hydroxyphenylacetic acid Sigma-Aldrich 03514CH
Lithiumaluminiumhydride Sigma-Aldrich STBB5414
(3,4-Methylenedioxy)phenyl-  Sigma-Aldrich BCBB3195V
acetic acid
3-Methoxyphenylacetic acid Sigma-Aldrich S62586-289
Nitromethane Sigma-Aldrich 12696LK
Oxalyl chloride Sigma-Aldrich 03610DH
Palladium 10% on actived Sigma-Aldrich 0001453211000900720
charcoal
Phosphoryl chloride Fluka S5446822608B21
Potassium carbonate Sigma-Aldrich 07718KU-060
Potassium hydroxide pellets Fisher Scientific oB7
Sodium borohydride powder Sigma-Aldrich STBB7441V
Sodium chloride Merck K3429684507
Sodium iodide Merck 807B712023
Sodium sulfate Acros Organics A0296984
Triethylamine Sigma-Aldrich 0001413140
Vanillin Sigma-Aldrich STBB1626

Organic solvents for synthesis were purchased ftben following commercial sources:
Tetrahydrofuran (VWR), toluene (VWR), acetonitrif®oth), ethanol (Merck), methanol
(Merck), dioxane (Fluka), dichloromethane (Rothhykacetate (VWR), chloroform (VWR) .
For drying acetonitrile and methanol 3A moleculi@ve (Fluka) was used and in the case of
toluene 4A were applied and the solvents were gtongler argon atmosphere. In the case of
THF, the solvent was distilled before use over Na#ll other solvents and reagents were
used without further purification.
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3.1.2 Chemicals for biotransformations

Table 11: Provider and Lot. Number of the compounds usedbifmransformations

Compound Provider Lot. Number
Acetone VWR 11E020958
Acetonitrile Roth 0010/5CR
Ammonium formate Rielel-de Haen 7200
Catalase from Bovine liver Sigma-Aldrich 81H7146
t-Butanol Riedel-de Haen 2008897
Dimethylformamide Roth 29045510
Dioxan Fluka 336924/1494
Ethanol Merck K42153128
1-Ethyl-3-methylimidazolium- Fluka S3011055205B11
acetate
Formamide Merck K1566908
Magnesium chloride hexahydrate = Merck TA519032945
Methanol Roth 597851
N-Methylformamide Sigma-Aldrich 89F3529
i-Propanol Roth 675291
Sodium sulfate Acros Organics A0296984
Tris Roth 280159067

Organic solvents for the biotransformations th& aot named in the chemical table above
were purchased from the following commercial sosird®luene (Aldrich, 99.5%), dimethyl
sulfoxide (Sigma Aldrich, 99.0%), ethanol (SigmalAt¢h, 99.5%) and diphenyl ether (Acros
Organics, 99.0%). All solvents and reagents weeel wgthout further purification.
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3.EXPERIMENTAL SECTION

3.2 Synthesis

3.2.1 Synthesis of 2-ethyl-1-(3-hydroxybenzyl)-6,7-methghedioxy-1,2,3,4-
tetrahydroisoquinoline (1a)

H
H
(cocl), EtNH, Ne_~
( W _DMFcat. W _ag.NaOH _ W BHZ*THF <o]©/\/N\/
s HZ0/CH,Cl © THF, reflux, 19h o
r,3h 0T->rt, 16 h 6a
5a
cocl)
HO OH BnBr, EtOH ( 2
T(\©/ m HOT(UOBHM, CIWan CHCly, aq. NaOH
© ’ , o toluene, (o] 0T-->rt, 15 h
rt,3h
4a, 4a, .

o o 1) POCl3, MeCN o
¢ O Hy, PdIC { O 2) NaBH, MeOH m
-2 2) NaBH,, MeOH
o N MeOH,rt, 19h O N~ o (N oB
la O OH 2a O OBn 3a 0

Scheme 49Synthesis of substraia

(3,4-Methylenedioxy)phenylacetyl chloride (7a): A solution of (3,4-
methylenedioxy)phenyl-acetic ach (3.60 g, 20.0 mmol), oxalyl chloride (5.93 g, 46.7
mmol) and five drops of DMF in dry toluene wasrstit at room temperature for three hours.
The solvent was evaporated under reduced pressuyevé 4.89 g (quant.) of a yellowish
liquid. (3,4-Methylenedioxy)phenylacetyl chlori@avas used in the following transformation
without further purification. TLC (petrol ether/EA® = 1/1): R = 0.63.*H-NMR (CDCl,
300 MHz):6 = 4.06 (2H, s, ArCH), 5.98 (2H, s, OCHD), 6.71-6.82 (3H, m, Ar):*C-NMR
(CDCls, 75 MHz):6 = 52.7, 101.3, 108.8, 109.8, 123.1, 124.7, 14¥48,1, 172.1. ThéH-
NMR- and**C-NMR- data is in accordance with literatdre.

(3,4-Methylenedioxy)phenylIN-ethylacetamide (6a)* (3,4-Methylenedioxy)phenylacetyl
chloride7a(4.89g, 24.6 mmol) was dissolved in &, (80 mL) and cooled to 0°C on an ice
bath. A mixture of ethylamine (70% in&; 4.19 g, 65.1 mmol) and 2 M NaOH (12 mL) was
added dropwise to the solution during 1 h. Aftedgathe ice bath was removed and the
reaction mixture was stirred at room temperaturermght. Then the phases were separated
and the aqueous phase was extracted witfOGH3 x 30 mL). The combined organic phases
were washed with 2 N HCI solution (2 x 40 mL) anced over NaSQO,. Evaporation of the
solvent under reduced pressure yielded 3.79 g (Bf%)e amidea as a slightly yellowish
solid. Mp: 103-105°C. TLC (petrol ether/EtOAc = t/R; = 0.19.'H-NMR (CDCl, 300
MHz): 6 = 1.07 (3H, tJ = 7.2 Hz, NCHCHa), 3.24-3.20 (2H, m, BH,CHj3), 3.47 (2H, s,
ArCHy), 5.53 (1H, bs, NH), 5.96 (2H, s, O@B), 6.62-6.80 (3H, m, Ar)**C-NMR (CDCE,
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75 MHz):6 = 14.7, 34.5, 42.4, 101.2, 108.6, 109.7, 122.8,3,2146.9, 148.1, 170.9. MS (El,
70 eV): m/z = 207 (M, 44), 135 (100), 106 (11),(19), 51 (12), 44 (9).HRMS calculated for
C11H13NO3 [(M)™]: 207.0898; found: 207.0892. No NMR reference datvailable.

N-Ethyl-(3,4-methylenedioxy)phenethylamine  (5af: To a solution of (3,4-
methylenedioxy)phenyN-ethylacetamide 6a (3.79 g, 18.0 mmol) in anhydrous THF (100
mL, BHz*THF (1.0 M in THF; 100 mL, 100 mmol) was added.eTimixture was refluxed for
19 h under argon atmosphere. After cooling to raemperature 6 N HCI solution (20 mL)
was added cautiously and stirring was continuedhi@f an hour. Then the mixture was
concentrated under reduced pressure. The residsebasified by addition of 2 M NaOH
solution (100 mL) and saturated with NaCl. Subsatjyehe mixture was extracted with
EtOAc (5 x 40 mL) and the combined organic phasesewashed with brine and dried over
NaSQ,. Evaporation of the solvent under reduced presgigided 3.60 g of a yellowish
liquid. Flash chromatography (silica; @E,/MeOH/NH,OH = 90/9/1) affordedN-Ethyl-(3-
methoxy)phenethylamine 296 g (84%) as a pale wd&lo liquid. TLC
(CH,Cl/MeOH/NH,OH = 90/9/1): R= 0.40.'"H-NMR (CDCl, 300 MHz):8 = 1.07 (3H, tJ

= 7.2 Hz, NCHCHs), 1.13 (1H, bs, NH), 2.60 — 2.68 (2H, mCN,CHs), 2.70 (2H, tJ = 6.3
Hz, ArCH,), 2.79 — 2.84 (2H, m, ArCiH, ), 5.90 (2H, s, OCKD), 6.63 — 6.73 (3H, m,
Ar)."*C-NMR (CDCk, 75 MHz):6 = 15.4, 36.2, 44.1, 51.2, 100.9, 108.3, 109.1,8,2134.0,
145.9, 147.7.MS (El, 70 eV): m/z = 193 (M, 38), 1@D0), 107 (26),91 (23), 78 (11), 72
(14), 44 (14). HRMS calculated for {E1;sNO; [(M)*]: 193.1103; found: 193.1121. No NMR
reference data is available.

3-Benzyloxyphenylacetic acid (48:*> A mixture of 3-hydroxyphenylacetic acith (9.01 g,
59.1 mmol), Nal (0.32 g, 2.07 mmol) and KOH (8.96.§.9 mmol) in ethanol (300 mL) was
heated to 90°C. Afterwards benzyl bromide (12.3®@9 mmol) was added dropwise while
the solution was refluxed at 100°C for 18 h. Thée tmixture was concentrated to
approximately 50 mL and the residue was poured water (300 mL) to give a slightly
brownish solution. Upon acidification with conceaieed HCI the product precipitated as
yellowish needles. The solid was filtered and retafised from HO/HOAc (1/1, 150 mL) to
yield 10.8 g (76%) 3-benzyloxyphenylacetic acicaashite solid. Mp: 122-124°CH-NMR
(CDCl3, 300 MHz):6 = 3.65 (2H, s, CHCOOH), 5.09 (2H, s, Ph-GHD), 6.91 - 6.97 (3H,
m, Ar), 7.26 — 7.48 (6H, m, Ar}>C-NMR (CDCk, 75 MHz):8 = 41.1, 70.0, 113.7, 116.1,
122.2, 127.6, 128.0, 128.6, 129.7, 134.7, 136.88,Q} 177.9, MS (El, 70 eV): m/z = 242
(M*, 9), 91 (100), 65 (10). TH&-NMR data is in accordance with literatdre.

3-Benzyloxyphenylacetyl chloride (4a)A solution of 3-benzyloxyphenylacetic acid (6.19 g
25.6 mmol), oxalyl chloride (5.17 g, 40.7 mmol) amae five drops of DMF in dry toluene
(75 mL) was stirred at room temperature for fouunso The solvent was evaporated under
reduced pressure to give 8.16 g (quant.) of a wdlo liquid. 3-Benzyloxyphenylacetyl
chloride was used in the following transformatioithaut further purification. TLC (EtOAc):

Ri = 0.78."H-NMR (CDCl, 300 MHz):8 = 4.13 (2H, s, CRHCOCI), 5.09 (2H, s, PhCiD),
6.89-7.01 (3H, m, Ar), 7.27 — 7.48 (6H, m, AC-NMR (CDCk, 75 MHz):5 = 53.0, 70.0,
1145, 116.2, 122.0, 125.3, 127.5, 128.1, 128.6,11230.1, 132.6, 136.7, 159.2, 171.8. The
'H-NMR- and**C-NMR-data is in accordance with literatdre.
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2-(3-Benzyloxyphenyl)N-(3,4-methylenedioxy)phenethyN-ethylacetamide  (3af A
solution ofN-ethyl-(3,4-methylenedioxy)phenethylamiBa (3.07 g, 15.8 mmol), CHEI40

mL) and 3% NaOH solution (150 mL) was cooled to @tCan ice bath. Then a solution of 3-
benzyloxyphenylacetyl chloridda (8.16 g, 31.3 mmol) in CHgI(20 mL) was added
dropwise during one hour. Afterwards the ice batts wemoved und stirring was continued
for 15 h at room temperature. The phases were a&oband the aqueous phase was extracted
with CHCl; (3 x 60 mL). The combined organic phases were ags¥ith 2 M HCI (100 mL),
water (100 mL) and dried over p&0s. Then the solvent was evaporated under reduced
pressure to give 10.5 g of a dark yellowish liquilash chromatography (silica; petrol
ether/EtOAc = 2/1) afforded 2-(3-benzyloxyphenyh3,4-methylenedioxy)phenethiX-
ethylacetamide (6.6 g, 99%) of a pale yellowishiiig TLC (petrol ether/EtOAc = 2/1):;:R
0.47. NMR spectroscopy reveals that the produet mixture of isomers (ratitrans/cis =
1.5/1). Based on the peak intensities as well asDBPT, COSY and HSQC spectra, the
NMR signals can be assigned to the isomers asafsilo

trans-2-(3-BenzyloxyphenylN-(3,4-methylenedioxy)phenethil-ethylacetamide: *H-NMR
(CDCls, 300 MHz):6 = 0.96 (3H, tJ = 7.2 Hz, NCHCH,), 2.68 (2H, tJ = 7.8 Hz, ArCH),
3.06 — 3.13 (2H, dd}; = 6.9 Hz J, = 7.2 Hz, NCH,CHj3), 3.41 — 3.28 (2H, m, ArC}¥CHN),
3.58 (2H, s. OCCHAr), 4.98(2H, s, OCkPh), 5.82 (2H, s, OCID), 6.44 — 6.84 (6H, m, Ar),
7.12 — 7.36 (7H, m, Ar°C-NMR (CDCk, 75 MHz):5 = 14.1, 34.2, 40.9, 43.5, 47.8, 55.2,
69.9,111.9, 113.3, 114.3, 115.3, 121.4, 121.3,59,A28.6, 129.7, 136.9, 137.0, 140.9, 159.0,
159.7. No NMR reference data was available for¢bimpound.

cis-2-(3-BenzyloxyphenylN-(3,4-methylenedioxy)phenethil-ethylacetamide: *H-NMR
(CDCl3, 300 MHz):6 = 1.06 (3H, tJ = 7.2 Hz, NCHCHj3), 2.52 (2H, tJ = 7.8 Hz, ArCH),
3.41 — 3.28 (2H, m, @H,CHs), 3.41 — 3.28 (2H, m, ArCi#€H,N), 3.43 (2H, s, OCCHAr),
4.95 (2H, s, OCKPh), 5.83 (2H, s, OCiD), 6.44 — 6.84 (6H, m, Ar), 7.12 — 7.36 (7H, m,
Ar).°C-NMR (CDCk, 75 MHz): & = 12.7, 35.8, 40.6, 41.1, 49.4, 55.2, 69.8, 1111%.2,
114.6, 115.0,121.1, 121.3, 127.9, 129.4, 129.7,913637.0, 139.8, 159.0, 159.8. No NMR
reference data was available for this compound.

HRMS calculated for gH,7NO, [(M)*]: 417.1940; found: 417.1955.

2-Ethyl-1-(3-benzyloxybenzyl)-6,7-methylenedioxy-2,3,4-tetrahydroisoquinoline  (2a)°
A solution of 2-(3-benzyloxypheny-(3,4-methylenedioxy)phenethi-ethylacetamidea
(6.59 g, 15.9 mmol), dry acetonitrile (150 mL) a@Ck (7.84 g, 51.04 mmol) was refluxed
for 4 h under argon atmosphere. The solvent an@xhess of POGlwere evaporated under
reduced pressure and the residue was taken upthanao (100 mL). The resulting mixture
was put under argon and cooled to -5°C on an ic&/Nath. Afterwards NaBIH(3.21 g,
84.95 mmol) was added in portions to the stirringtare. The cooling bath was removed and
stirring was continued for 14 h at room temperaturder inert atmosphere. Then the solvent
was evaporated under reduced pressure and theeesab taken up in half-saturated,8@;
solution (100 mL). The aqueous phase was extragidd CH,Cl, (3 x 50 mL) and the
combined organic phases were dried ovesS@. Evaporation of the solvent under reduced
pressure vyielded 7.35 g of a yellowish liquid. HRlashromatography (silica;
CH.Cl/MeOH/NH,OH = 98/1/1) afforded 1-(3-benzyloxybenzyl)-6,7-mgénedioxy-2-
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ethyl-1,2,3,4-tetrahydroisoquinoline (6.12 g, 95%3 a slightly orange liquid. TLC
(CH,Cly/MeOH/NH,OH = 90/9/1): R= 0.29.'"H-NMR (CDCl;, 300 MHz):5 = 1.07 (3H, tJ

= 6.9 Hz, NCHCHa), 2.45 — 2.51 (1H, m, Cijf 2.52 — 2.68 (2H, m, Cij 2.76 — 2.91 (3H,
m, CH), 3.05 — 3.24 (2H, m, Chi 3.81 — 3.86 (1H, ddl; = 6.6 Hz,J, = 9.9 Hz, CH), 5.06
(2H. s, OCHPh), 5.88 (2H, s, OCi®D), 6.19 (1H, s, Ar), 6.56 (1H, s, Ar), 6.76 — 6(361, m,
Ar), 7.20 (1H, tJ = 7.8 Hz, Ar), 7.31 — 7.39 (5H, m, A’C-NMR (CDCk, 75 MHz): 5 =
13.2, 25.3, 41.7, 43.3, 47.5, 62.6, 69.9, 100.8,2,0108.4, 112.3, 116.3, 122.4, 127.5, 127.5,
127.9, 128.6, 128.9, 131.0, 137.2, 141.8, 145.%5.814158.6. HRMS calculated for
Co6H27NOs3 [(M-H)™]: 400.1913; found: 400.1937. No NMR referenceadafis available for
this compound.

2-Ethyl-1-(3-hydroxybenzyl)-6,7-methylenedioxy-1,3,4-tetrahydroisoquinoline (1a)? A
mixture of 2-ethyl-1-(3-benzyloxybenzyl)-6,7-metagkdioxy-1,2,3,4-tetrahydroisoquinoline
2a (5.88 g, 14.6 mmol), acetic acid (2.35 g, 33.89abhnPPd 10% on active charcoal (0.6 g)
and dry methanol (100 mL) was stirred for 19 h undgatmosphere at room temperature.
Then the solution was filtered through celite andsked with methanol (100 mL). The
solvent was evaporated under reduced pressurehanetsidue was taken up in &, (50
mL) and washed with half-saturated NaHCsdlution. The organic phase was dried over
NaSO, and the evaporation of the solvent under reducedspre gave 4.42 g (96%) of 2-
ethyl-1-(3-hydroxybenzyl)-6,7methylenedioxy-1,2 8edrahydroisoquinoline as a white
solid. Mp = 186-189°C. TLC (C¥Cl/MeOH/NH,OH = 90/9/1): R = 0.33.'H-NMR (d-
DMSO, 300 MHz):6 = 0.88 (3H, tJ = 7.2 Hz, NCHCHj3), 2.33 — 2.46 (2H, m, C}), 2.64 —
2.74 (3H, m, CH), 2.81 — 2.88 (1H, m, ChHi 3.05 - 3.17 (1H, m, CH{ 3.75 (1H, tJ=6.3
Hz, CH), 5.88 (2H, dJ = 7.5 Hz, OCHO), 6.44 (1H, s, Ar), 6.54 — 6.59 (3H, m, Ar), 2.0
(1H, t,J = 7.8 Hz, Ar).”*C-NMR (CDCk, 75 MHz): 8 = 13.5, 24.7, 41.8, 42.9, 47.1, 62.3,
100.7, 108.2, 108.6, 113.0, 116.9, 120.6, 127.8.912128.9, 131.6, 137.2, 142.1, 145.3,
145.7, 157.3. HRMS calculated ford8>1NOs [(M-H)*]: 310.1443; found: 310.1465. No
NMR reference data was available for this compound.

3.2.2 Synthesis of 2-ethyl-1-(3-hydroxy)-6-methoxy-1,2 &stetrahydroisoquinoline (1b)

H H
(cocl), EtNH, H
m _DMF cat.,_ m ag.NaoH , m 7 BHyTHE /0\©/\/N\/
toluene H,0/CH,Cl, © THF, reflux, 19 h
0T-->rt,16 h 5b ab

cl OBn CHCl3, aq. NaOH
m 0T->rt, 16 h

4a

1) POCl3, MeCN o
_HaPdC _2)NaBHs MeOH 7/ m
MeOH, rt, 19 h (N OBn
OH 0Bn 3b o)

Scheme 50Synthesis of substraidy
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(3-Methoxy)phenylacetyl chloride (6b): A solution of (3-methoxy)phenyl-acetic acitb
(3.33 g, 20.0 mmol), oxalyl chloride (7.54 g, 59wmol) and five drops of DMF in dry
toluene was stirred at room temperature for tworsiolihe solvent was evaporated under
reduced pressure to give 541 g (quant) of a walo liquid. (3,4-
methylenedioxy)phenylacetyl chloride was used ie fbllowing transformation without
further purification. TLC (petrol ether/EtOAc = }/R; = 0.51.*H-NMR (CDCl, 300 MHz):

§ = 3.84 (3H, s, OCH, 4.14 (2H, s, ArCh), 6.84-6.93 (4H, m, Ar)**C-NMR (CDCk, 75
MHz): 6 = 53.3, 55.3, 113.6, 115.2, 121.8, 125.3, 12823.1, 130.0, 132.5, 137.89. The
NMR data is according to literatute.

(3-Methoxy)phenyl-N-ethylacetamide (5b)* (3-Methoxy)phenylacetyl chloridéb (5.41g,
29.4 mmol) was dissolved in GEI, (90 mL) and cooled to 0°C on an ice bath. To the
solution a mixture of ethylamine (70% in H20; 48976.0 mmol) and 2 M NaOH (13 mL)
was added dropwise over 1h. Afterwards the ice bath removed and the reaction mixture
was stirred at room temperature overnight. Thenptieses were separated and the aqueous
phase was extracted with @, (3 x 30 mL). The combined organic phases were whshe
with 2 N HCI solution (2 x 40 mL) and dried over J8&,. Evaporation of the solvent under
reduced pressure yielded 3.84 g (68%) of the amlidas a slightly yellowish solid. Mp: 63-
66°C. TLC (petrol ether/EtOAc = 1/1); R 0.18.*H-NMR (CDCl, 300 MHz):5 = 1.07 (3H,
t,J1 = 7.5 Hz,J, = 7.2 Hz, NCHCHg), 3.20-3.29 (2H, m, BH,CHzs), 3.54 (2H, s, ArCH),
3.82 (3H, s, OCh), 5.49 (1H, bs, NH), 6.81 (H, d,= 1.2 Hz, Ar), 6.83 (1H, s, Ar), 6.85 (1H,
d,J = 1.8 Hz, Ar), 7.29 (1H, t})y = 7.5 Hz,J, = 8.1 Hz)."*C-NMR (CDCk, 75 MHz):8 =
14.7, 34.5, 43.9, 55.2, 112.9, 115.1, 121.7, 13186,5, 160.0, 170.7. MS (El, 70 eV): m/z =
193 (M, 38), 122 (100), 107 (26), 91 (23), 78 (122, (14), 44 (14). HRMS calculated for
C11H15NO> [(M)™]: 193,1103; found: 193.1127. No NMR reference datvailable.

N-Ethyl-(3-methoxy)phenethylamine (4b¥ To a solution of (3-methoxy)pheni-
ethylacetamideédb (3.77 g, 19.5 mmol) in anhydrous THF (100 mL, &FHF (1.0 M in
THF; 100 mL, 100 mmol)) was added. The mixture wefluxed for 19 h under inert
atmosphere. After cooling to room temperature 6 BI Kolution (20 mL) was added
cautiously and stirring was continued for half asuh Then the mixture was concentrated
under reduced pressure. The residue was basifieatdl@ion of 2 M NaOH solution (100
mL) and saturated with NaCl. Subsequently the métwuas extracted with EtOAc (5 x 40
mL) and the combined organic phases were washea bvine and dried over N8O..
Evaporation of the solvent under reduced pressietded 3.60 g of a yellowish liquid. Flash
chromatography (silica; CiE&l/MeOH/NH,OH = 90/9/1) afforded N-ethyl-(3,4-
methylenedioxy)phenethylamine 3.13 g (90%) as ae pgellowish liquid. TLC
(CHyClo/MeOH/NH,OH = 90/9/1): R= 0.29.'"H-NMR (CDClk, 300 MHz):8 = 1.08 (3H, tJ

= 7.2 Hz, NCHCHj3), 1.32 (1H, bs, NH), 2.62 — 2.69 (2H, dd,= 7.2 Hz,J, = 6.9 Hz,
NCH,CHs), 2.78 (2H, tJ; = 6.6 Hz, ArCH), 2.85—2.90 (2H, m, ArCiCH, ), 3.78 (3H, s,
OCHg), 6.72 — 6.81 (3H, m, AB’C-NMR (CDCh, 75 MHz):8 = 15.3, 36.5, 44.1, 51.0, 55.2,
111.5, 114.5, 121.2, 129.5, 141.8, 159.8. HRMSutaled for G;H1-NO [(M)™]: 179.1310;
found: 179.1321. No NMR reference data is available
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2-(3-Benzyloxyphenyl)N-(3-methoxyphenethyl)N-ethylacetamide (3b)° A solution ofN-
Ethyl-(3-methoxy)phenethylamingb ( 2.87 g, 16.1 mmol), CHg30 mL) and 3% NaOH
solution (150 mL) was cooled to 0°C on an ice bafthen a solution of 3-
benzyloxyphenylacetyl chloriddb (6.54 g, 25.09 mmol) in CHEI(30 mL) was added
dropwise over one hour. Afterwards the ice bath measoved und stirring was continued for
16 h at room temperature. The phases were sepaatethe aqueous phase was extracted
with CHCk (3 x 50 mL). The combined organic phases were aés¥ith 2M HCI (100 mL),
water (100 mL) and dried over p&0s. Then the solvent was evaporated under reduced
pressure to give 10.7 g of a dark yellowish liquilash chromatography (silica; petrol
ether/EtOAc =  2/1) afforded 2-(3-benzyloxyphenyhB-methoxyphenethyN-
ethylacetamide (6.3 g, 97%) as a pale yellowishidigTLC (petrol ether/EtOAc = 2/1):;:R
0.25. NMR spectroscopy reveals that the produet mixture of isomers (ratitrans/cis =
1.5/1). Based on the peak intensities as well asDBPT, COSY and HSQC spectra, the
NMR signals can be assigned to the isomers asafsilo

trans-2-(3-benzyloxyphenylN-(3,4-methylenedioxy)phenethiX-ethylacetamide: *H-NMR
(CDCls, 300 MHz):6 = 0.96 (3H, tJ = 7.2 Hz, NCHCH,), 2.75 (2H, tJ = 7.8 Hz, ArCH),
3.07 — 3.14 (2H, dd);= 6.9 Hz,J,= 7.2 Hz, NCH,CHj3), 3.38 — 3.46 (2H, m, ArC}¥CH,N),
3.46 (2H, s, OCCHAI), 3.67 (3H, s, OMe), 4.97 (2H, s, OgPh), 6.54 — 6.85 (6H, m, Ar),
7.06 — 7.36 (7H, m, Ar°C-NMR (CDCk, 75 MHz):5 = 14.1, 34.1, 40.9, 43.5, 47.7, 69.9,
100.8, 108.2, 109.2, 113.2, 115.3, 121.4, 121.7.5,2128.6, 129.6, 131.9, 133.1, 136.8,
137.0, 145.9, 147.6, 159.0. No NMR reference datsa available for this compound.

cis-2-(3-benzyloxyphenyIN-(3,4-methylenedioxy)phenethiX-ethylacetamide:  *H-NMR
(CDCls, 300 MHz):8 = 1.06 (3H, tJ = 7.2 Hz, NCHCHs), 2.58 (2H, tJ = 7.8 Hz, ArCH),
3.32 — 3.38 (2H, m, QH,CHg), 3.32-3.38 (2H, m, ArCKHCH,N), 3.38 (2H, s, OCCHAI),
3.69 (3H, s, OMe), 4.94 (2H, s, Ogth), 6.54 — 6.85 (6H, m, Ar), 7.06 — 7.36 (7H, m,
Ar).°C-NMR (CDC}, 75 MHz): 8 =12.8, 35.3, 40.6, 41.1, 49.4, 69.4, 100.9, 108081,
113.3, 115.0, 121.3, 121.6, 127.9, 128.6, 129.6,93133.1, 136.8, 136.9, 146.3, 147.9,
159.1. No NMR reference data was available for¢bimpound.

HRMS calculated for gH29NO3 [(M)*]: 403.2148; found: 403.2154.

2-Ethyl-1-(3-benzyloxybenzyl)-6-methoxy-1,2,3,4-teahydroisoquinoline (2b):° A
solution of 2-(3-benzyloxyphenyN-(3-methoxyphenethylN-ethylacetamide (6.45 g, 16.0
mmol), dry acetonitrile (150 mL) and PQQF.83 g, 51.2 mmol) was refluxed for 4 h under
argon atmosphere. The solvent and the excess ofi;P@&e evaporated under reduced
pressure and the residue was taken up in meth&a@0IrL). The resulting mixture was put
under argon and cooled to -5°C on an ice/NaCl bafierwards NaBH (3.35 g, 88.5 mmol)
was added in portions to the stirred mixture. Theliog bath was removed and stirring was
continued for 14 h at room temperature under argwnosphere. Then the solvent was
evaporated under reduced pressure and the residsidaken up in half-saturated J8&;
solution (100 mL). The aqueous phase was extragidd CH,Cl, (3 x 50 mL) and the
combined organic phases were dried ovesS@. Evaporation of the solvent under reduced
pressure vyielded 6.59 g of a yellowish liquid. HRlashromatography (silica;
CH.Cly/MeOH/NH,OH = 98/1/1) afforded 2-ethyl-1-(3-benzyloxybenz§hmethoxy1,2,3,4-
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tetrahydroisoquinoline (5.84 g, 94%) of a slightlyellowish liquid. TLC
(CH,Cly/MeOH/NH,OH = 90/9/1): R= 0.29.'"H-NMR (CDCk, 300 MHz):5 = 1.10 (3H, t,)

=, NCHCHa), 2.56 — 2.72 (3H, m, Chl 2.76 — 2.98 (3H, m, Cij 3.08 — 3.26 (2H, m,
CHy), 3.78 (3H, s, OChj, 3.91 (1H, tJ = 6.6 Hz, CH), 5.04 (2H, s, OGHh), 6.59 — 6.63
(3H, m, Ar), 6.74 — 6.79 (2H, m, Ar), 6.83 — 6.8H( dd,J; = 2.4 Hz,J,= 8.1 Hz, Ar), 7.19
(1H, t,J = 7.8 Hz, Ar), 7.34 — 7.47 (5H, m, AB’C-NMR (CDCk, 75 MHz):5 = 13.2, 25.8,
41.5, 43.3, 47.6, 55.1, 61.9, 69.9, 111.5, 11218.2, 116.3, 122.5, 127.5, 127.8, 128.5,
128.9, 129.3, 130.1, 135.7, 137.2, 141.8, 157.8,6l5HRMS calculated for £H2gNO- [(M-
H)"]: 386.2120; found: 386.2130. No NMR reference areda available for this compound.

2-Ethyl-1-(3-hydroxy)-6-methoxy-1,2,3,4-tetrahydrosoquinoline (1b)" A mixture of 2-
ethyl-1-(3-benzyloxybenzyl)-6-methoxy-1,2,3,4-tétydroisoquinoline 2b (5.76 g, 14.8
mmol), acetic acid (2.02 g, 33.6 mmol), Pd 10% otiva charoal (0.6 g) and dry methanol
(100 mL) was stirred for 19 h under, Fitmosphere under room temperature. Then the
solution was filtered through celite and washedhwitethanol (100 mL). The solvent was
evaporated under reduced pressure and the residseaken up in CHCl, (50 mL) and
washed with half-saturated NaHg®olution. The organic phase was dried ovesST and
the evaporation of the solvent under reduced presgave 4.04 g (91%) of 2-ethyl-1-(3-
hydroxy)-6-methoxy-1,2,3,4-tetrahydroisoquinoling @ yellowish solid. Mp = 139-142°C.
TLC (CH,Cl/MeOH/NH,OH = 90/9/1): R= 0.35."H-NMR (CDCk, 300 MHz):8 = 1.17
(3H, t,J = 7.2 Hz, NCHCHg), 2.62 — 2.79 (4H, m, CHl 2.93 — 2.30 (2H, m, CH{ 3.17 —
3.38 (2H, m, CH), 3.76 (3H, s, OMe), 4.02 (1H, dd, = 8.2 Hz,J, = 4.7 Hz, CH), 6.55 (1H,
dd,J, = 7.0,J, = 4.3 Hz, Ar), 6.78 — 6.59 (1H, m, Ar), 7.10 (1) = 7.7 Hz, Ar)."*C-NMR
(CDCl3, 75 MHz):6 = 12.6, 24.5, 41.9, 42.8, 47.1, 55.2, 61.7, 11113.4, 113.7, 116.4,
121.7, 129.0, 129.4, 134.6, 141.1, 156.5, 157.9MBRealculated for GH23NO, [(M-H)™]:
296.1650; found: 296.1662.No NMR reference dataavadable for this compound.
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3.2.3 Synthesis of 2-ethyl-6-methoxy-7-hydroxy-1-(3-hydnoybenzyl)-1,2,3,4-
tetrahydroisoquinolin (1c)

eO MeO X NO; MeO NH»
j@ﬂ BnBr, ethanol :@Ao MeNO, NH4OAC :@N LiAHa, THF :@N
K2COs, rt, 21h BnO AcOH, reflux, 21h  gnoO reflux, 19 h BnO
8c 7c 6C

AcCl, Et3NH»
rt, 3h

CIY\@OBn
€ \/
. 4a BH3*THF
N OBn - o
BnO r j@m :@N T(
3¢ o CHCl3, ag. NaOH BnO THF, reflux, 19 h

0C-->rt, 16 h

1) POCl3, MeCN
2) NaBH4, MeOH

MeO MeO
N~ H,, Pd/C
—_—

BnO N~
MeOH,rt,19h  HO

OBn
2c O 1c O OH

Scheme 51Synthesis of substrafe

4-Benzyloxy-3-methoxybenzaldehyd (8):Vanillin (20.2 g, 131 mmol) was dissolved in
ethanol (120 mL) and the solution was put undeorr¢goCO; (20.5 g, 146 mmol) as well as
benzyl bromide (20.7 g, 10.1 mmol) was added tontheure and stirring was continued for
21 h at room temperature under argon atmospheen e solution was filtered and washed
with CH,CI, (400 mL) and the solvent was evaporated undercemtipressure. The residue
was taken up in C¥Cl, (200 mL), washed with 5% NaOH solution (100 mL) agkd over
KoCOs. Evaporation under reduced pressure yielded 33yelpwish solid which was
recrystalliesed from ethanol to give 27.5 g (87%)4ébenzyloxy-3-methoxybenzaldehyd.
Mp: 67-69°C.*"H-NMR (CDClk, 300 MHz):5 = 3.96 (3H, s, OCH), 5.27 (2H, s, PhCsD),
7.01 (1H, dJ = 8.1 Hz, Ar), 7.31 — 7.48 (7H, m, Ar¥C-NMR (CDCE, 75 MHz):8 = 56.1,
70.8, 109.3, 112.4, 126.6, 127.2, 128.2, 128.7,3,386.0, 150.0, 153.6, 190.9. The NMR
data is according to literatufe.

4-Benzyloxy-3-methoxyp-nitrostyrene  (7c)® A solution  of  4-benzyloxy-3-
methoxybenzaldehy&c (27.3 g, 112.6 mmol), ammonium acetate (21.9 g2 28mol),
nitromethane (22.2 g, 36 mmol) in acetic acid (2850 was refluxed for 21 h. The mixture
was allowed to cool to approximately 60°C and wantpoured onto ice water (500 mL).
The product precipitated and @E, (300 mL) was added until the whole precipitate was
dissolved. Afterwards the phases were separatedhendqueous phase was extracted with
CH,CI, (3 x 80 mL). The combined organic phases were a@astith water (200 ml), half-
saturated N& O, solution (200 mL), brine (200 mL) and dried over.8i@,. The solvent was
evaporated and the residue was recrystallized #thranol (700 mL) to give 4-benzyloxy-3-

methoxy$-nitrostyrene as a yellowish solid (18.98 g, 59%p = 120-123°C.*H-NMR
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(CDCls, 300 MHz):5 = 3.94 (3H, s, OMe), 5.23 (2H, s, Ogh), 6.90 — 9.95 (1H, m, Ar),
7.04 (1H, dJ = 2.1 Hz, Ar), 7.11 (1H, ddl = 2.1 Hz,J,=8.4 Hz, Ar), 7.32 — 7.46 (5H, m,
Ar), 7.53 (1H, dJ = 13.8 Hz,CH=CH-NG,), 7.96 (1H, sJ = 13.5 Hz, CHEH-NO,). *C-
NMR (CDCk, 75 MHz): 8 = 56.1, 70.9, 113.5, 114.4, 123.1, 124.4, 126232, 128.2,
128.3, 128.7, 135.3, 136.1, 139.3, 150.0, 151.9.(KIS70 eV): m/z = 285 (M, 7), 91 (100),
65 (7). The NMR data is according to literatire.

4-Benzyloxy-3-methoxy-phenethylamine (6c):To a suspension of LiAlH(6.36 g, 167.5
mmol) in anhydrous THF (120 mL) a solution of 4-bg@oxy-3-methoxyp-nitrostyrene7c
(18.3 g, 64.8 mmol) in dry THF (180 mL) was addewpiavise over 1h under argon
atmosphere. Then the mixture was refluxed for 1@der argon atmosphere. Afterwards the
suspension was allowed to cool to room temperatndewater (13 mL), 15% NaOH solution
(13 mL) and again water (39 mL) was added cautjotssdeactivate the residues of LIAJH
After the addition, the mixture was stirred for Jahroom temperature. The suspension was
filtered through celite and the filter cake was e with THF (3 x 100 mL). The solvent
was evaporated under reduced pressure and theeesabs taken up in 10% HCI solution (40
mL) and washed with ether (60 mL). The aqueous @heas basified with 2 M NaOH
solution and extracted with ethyl acetate (3 x 90.nThe combined organic phases were
washed with water (100 mL), brine (100 mL) and driever KCO;. The solvent was
evaporated and 4-benzyloxy-3-methoxy-phenethylanfirie03 g, 65%) was obtained as a
brown-yellowish solid. Mp = 70-73°CH-NMR (CDClL, 300 MHz):5 = 1.55 (2H, bs, Nb),
2.69 (2H, tJ = 6.6 Hz,CH,-CH,-NH,), 2.94 (2H, tJ = 6.9 Hz, CH-CH,-NH,), 3.90 (3H, s,
OMe), 5.23 (2H, s, OCHPh), 6.68 (1H, dd); = 8.9 Hz,J,= 8.1 Hz, Ar), 6.76 (1H, d1=2.1
Hz, Ar), 6.83 (1H, dJ = 8.1 Hz, Ar), 7.28 — 7.47 (5H, m, AC-NMR (CDCk, 75 MHz):8

= 56.1, 70.9, 113.5, 114.4, 123.1, 124.4, 126.3,2,2128.2, 128.3, 128.7, 135.3, 136.1,
139.3, 150.0, 151.9. MS (El, 70 eV): m/z = 257" (M), 228 (40), 137 (75), 91 (100), 65 (7).
The NMR data is according to literatire.

N-(3-methoxy-4-phenoxyphenethyl)acetamide (5CA solution of 4-benzyloxy-3-methoxy-
phenethylamineéc (12.7 g, 49.0 mmol), acetyl chloride (4.64 g, 581fhol), triethylamine
(6.02 g, 59.0 mmol) in C¥Ll, was stirred at room temperature for 3 h. Then m@i@0 mL)
was added, the phases were separated and the aqleme was extracted with &b (3 x
100 mL). The combined organic phases were dried NSO, and the solvent was
evaporated under reduced pressiNg3-methoxy-4-phenoxyphenethyl)acetamide (14.8 g,
98%) was obtained as a yellowish solid. Mp = 89@24H-NMR (CDCk, 300 MHz):5 =
1.95 (3H, s, CHCO-N), 2.75 (2H, tJ =7.2 Hz,CH,-CH,-NH), 3.48 (2H, dd,J; = 6.9 Hz,J,

= 12.9 Hz, CH-CH,-NH), 3.89 (3H, s, OMe), 5.30 (2H, s, Ogrh), 6.66 (1H, ddJ); = 8.9
Hz, J, = 8.1 Hz, Ar), 6.74 (1H, d) = 1.8 Hz, Ar), 6.83 (1H, d] = 8.1 Hz, Ar), 7.28 — 7.47
(5H, m, Ar)."*C-NMR (CDC}, 75 MHz):5 = 23.3, 40.7, 45.8, 56.0, 71.7, 112.5, 114.4,6,20.
127.3, 127.8, 128.5, 132.0, 137.3, 146.8, 149.8.3L7HRMS calculated for fgH21NO3
[(M)™]: 299.1521; found: 299.1543.

N-ehyl-2-(3-methoxy-4-phenoxyphenyl)ethanamine (4¢)To a solution ofN-(3-methoxy-
4-phenoxyphenethyl)acetamidec (12.08 g, 40.0 mmol) in anhydrous THF (120 mL),
BH3*THF (1.0 M in THF; 200 mL, 200 mmol) was added.eTimixture was refluxed for 19 h
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under inert atmosphere. After cooling to room terapge 6 N HCI solution (40 mL) was
added cautiously and stirring was continued forf leal hour. Then the mixture was
concentrated under reduced pressure. The residaebasfied by addition of 2 M NaOH
solution (200 mL) and saturated with NaCl. Subsatjyehe mixture was extracted with
EtOAc (3 x 100 mL) and the combined organic phassm® washed with brine and dried over
NaSO,. Evaporation of the solvent under reduced presgigided 12.5 g of a yellowish
liquid. Flash chromatography (silica; @l,/MeOH/NH,OH = 98/1/1) affordedN-ethyl-2-(3-
methoxy-4-phenoxyphenyl)ethanamine 7.14 g (63%)aagpale yellowish liquid. TLC
(CH,Cly/MeOH/NH,OH = 90/9/1): R= 0.25.'"H-NMR (CDCk, 300 MHz):5 = 1.09 (3H, t,)

= 7.2 Hz, NH-CHCHj3), 2.66 (2H, ddJ; =7.2 Hz,J, = 14.1 Hz, NHEH,CH,), 2.76 (2H, dJ

= 6.3 Hz, PRH,CH;NH), 2.86 (2H, t,J = 6.0 Hz, PhCHCH,NH), 3.88 (3H, s, OMe), 5.12
(2H, s, PhOCH), 6.68 (1H, ddJ; = 8.9 Hz,J, = 8.1 Hz, Ar), 6.76 (1H, d) = 1.8 Hz, Ar),
6.82 (1H, dJ = 8.1 Hz, Ar), 7.28 — 7.38 (5H, m, AC-NMR (CDCk, 75 MHz):5 = 15.2,
35.9, 44.0, 51.1, 55.9, 71.2, 112.6, 114.3, 120X%,3, 127.7, 128.5, 133.3, 137.4, 146.8,
149.8. HRMS calculated forigHNO- [(M)]: 285.1729; found: 285.1723.

N-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-(benzylojphenyl)-N-ethylacetamide (3c)?

A solution of N-ethyl-2-(3-methoxy-4-phenoxyphenyl)ethanamine 23.®, 12.7 mmol),
CHCI; (40 mL) and 3% NaOH solution (150 mL) was cooledtC on an ice bath. Then a
solution of 3-benzyloxyphenylacetyl chlorida (7.64 g, 29.3 mmol) in CHgK40 mL) was
added dropwise over one hour. Afterwards the icth eas removed und stirring was
continued for 16 h at room temperature. The phasgs separated and the aqueous phase
was extracted with CHEI(3 x 50 mL). The combined organic phases were agstith 2 M
HCI (100 mL), water (100 mL) and dried over JS&. Then the solvent was evaporated
under reduced pressure to give 10.3 g of a darlowish liquid. Flash chromatography
(silica; petrol ether/EtOAc = 2/1) affordel-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-
(benzyloxy)phenylN-ethylacetamide (4.12 g, 64%) as a pale yellowighid. TLC (petrol
ether/EtOAc = 1/1): R= 0.48. NMR spectroscopy reveals that the produe mixture of
iIsomers (ratiarans/cis= 1.5/1). Based on the peak intensities as wethasDEPT, COSY
and HSQC spectra, the NMR signals can be assignib@ isomers as follows:

trans-N-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-(benzyldplgenyl)N-ethylacetamide:
'H-NMR (CDCl, 300 MHz):5 = 1.06 (3H, tJ = 7.2 Hz, NCHCHj), 2.81 (2H, tJ = 7.5 Hz,
ArCH,), 3.19 (2H, dd,J; = 7.2 Hz,J, = 14.4 Hz, NCH,CHs), 3.39 — 3.54 (2H, m,
ArCH,CH;N), 3.54 (2H, s, OCCHAr), 3.83 (3H, s, OMe), 5.08 (2H, s, OGrh), 5.13 (2H,

s, OCHPh), 6.59 (1H, dd}; = 3.0 Hz,J, = 8.1, Ar), 6.65 (1H, dd); = 1.8 Hz,J, = 8.1 Hz,
Ar), 6.67 —6.95 (5H, m, Ar), 7.21 — 7.46 (10H, A1)."*C-NMR (CDCk, 75 MHz):5 = 14.1,
33.7, 41.1, 435, 47.9, 71.2, 112.6, 113.2, 1141%.3, 127.5, 127.7, 127.9, 128.4, 128.5,
129.6, 131.5, 132.6, 136.9, 137.3, 147.6, 149.9,115No NMR reference data was available
for this compound.

cis-N-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-(benzyldplyenyl)N-ethylacetamide: *H-

NMR (CDCl, 300 MHz):6 = 1.17 (3H, tJ = 7.2 Hz, NCHCHg), 2.65 (2H, tJ = 7.2 Hz,
ArCH,), 3.39 — 3.54 (2H, m, QH,CHj3), 3.39 — 3.54 (2H, m, ArCiCH,N), 3.45 (2H, s,
OCCHAr), 3.87 (3H, s, OMe), 5.05 (2H, s, Ogth), 5.14 (2H, s, OCiPh), 6.59 (1H, dd,
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J; =3HzJ,=8.1, Ar), 6.65 (1H, dd}; = 1.8 Hz,J, = 8.1 Hz, Ar), 6.67 — 6.95 (5H, m, Ar),
7.21 — 7.46 (10H, m, AfYC-NMR (CDCk, 75 MHz): 8 =12.8, 34.9, 40.6, 40.9, 49.6, 69.4,
112.6, 113.2, 114.5, 115.1, 127.3, 127.8, 12728.9, 128.5, 129.6, 131.5, 132.6, 136.9,
137.2, 147.0, 149.8, 159.1. No NMR reference dats available for this compound.

HRMS calculated for €HzsNO,4 [(M)*]: 509.2566; found: 509.2597.

2-Ethyl-6-methoxy-7-(benzyloxy)-1-(3-(benzyloxy)bezyl)-1,2,3,4-tetrahydroisoquinoline
(2c)x® A solution of N-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-(benzyldpienyl)N-
ethylacetamide3c (4.12 g, 8.09 mmol), dry acetonitrile (100 mL) ar@Ck (4.04 g, 25.09
mmol) was refluxed for 4 h under argon atmosphé&he solvent and the excess of P®CI
were evaporated under reduced pressure and tltieesias taken up in methanol (80 mL).
The resulting mixture was put under argon and abdle -5°C on an ice/NaCl bath.
Afterwards NaBH (1.70 g, 44.9 mmol) was added in portions to theirsg mixture. The
cooling bath was removed and stirring was continfieed.6 h at room temperature under iner
argon atmosphere. Then the solvent was evaporaiger ueduced pressure and the residue
was taken up in half-saturated J8&; solution (100 mL). The agueous phase was extracted
with CH.Cl, (4 x 100 mL) and the combined organic phases wieied over NgSO.
Evaporation of the solvent under reduced pressigktled 4.55 g of a red liquid. Flash
chromatography (silica; Gi€l,/MeOH/NH,OH = 98/1/1) afforded 2-ethyl-6-methoxy-7-
(benzyloxy)-1-(3-(benzyloxy)benzyl)-1,2,3,4-tetralngisoquinoline (3.43 g, 86%) of a
slightly orange liquid. TLC (CbCl./MeOH/NH,OH = 90/9/1): R= 0.28.*H-NMR (CDCl,
300 MHz):8 = 1.13 (3H, tJ = 7.2 Hz, NCHCHs), 2.52 — 2.66 (1H, m, Chl 2.69 — 2.75
(3H, m, CH), 2.85 — 2.94 (2H, m, ChHi 3.09 — 3.20 (2H, m, Ci} 3.82 (3H, s, OMe), 4.78
(1H, dd,J; =12 Hz,J,= 6.5 Hz, 5.02 (4H, s, 2 x OGHh), 6.05 (1H, s, Ar), 6.61 (1H, s, Ar),
6.71 (1H, dJ = 7.5 Hz, Ar), 6.77 (1H, t) = 2.1 Hz, Ar), 6.86 (1H, dd); = 1.8 Hz,J,= 8.1
Hz, Ar), 7.20 (1H, tJ = 7.8 Hz), 7.27 — 7.42 (10H, m, AfFYC-NMR (CDCk, 75 MHz):8 =
13.2, 25.3, 40.9, 43.4, 47.6, 55.9, 55.9, 62.63,690.8, 111.8, 112.3, 114.1, 116.5, 122.7,
126.7, 127.3, 127.5, 127.6, 127.9, 128.4, 128.5]112929.5, 137.1, 137.3, 141.9, 145.5,
148.0, 158.7. HRMS calculated fors#3sNOs [(M-H)*]: 492.2539; found: 492.2575. No
NMR reference data was available for this compound.

2-Ethyl-6-methoxy-7-hydroxy-1-(3-hydroxybenzyl)-1,23,4-tetrahydroisoquinoline (1c)’

A mixture of 2-ethyl-6-methoxy-7-(benzyloxy)-1-(Bdnzyloxy)benzyl)-1,2,3,4-
tetrahydroisoquinolin€c (3.03 g, 6.13 mmol), acetic acid (1.22 g, 20.3 mmed 10% on
activated charcoal (0.53 g) and dry methanol (80) mias stirred for 25 h under;H
atmosphere at room temperature. Then the solutas fitered through celite and washed
with methanol (200 mL). The solvent was evaporateder reduced pressure and the residue
was taken up in C¥Cl, (60 mL) and washed with half-saturated NaHG0Iution (150 mL).
The organic phase was dried over,8@, and the evaporation of the solvent under reduced
pressure gave 1.95 g (100%) of 2-ethyl-6-methoXxydroxy-1-(3-hydroxybenzyl)-1,2,3,4-
tetrahydroisoquinoline as a yellowish solid. Mp 6-80°C. TLC (CHCI,/MeOH/NH,OH =
90/9/1): R = 0.33.*H-NMR (CDCk, 300 MHz):5 = 1.01 (3H, tJ = 7.2 Hz. NCHCHs), 2.42
—2.90 (6H, m, Ch), 3.01 (1H, ddJ; = 5.4 Hz,J, = 13.5 Hz, CH), 3.12 — 3.17 (1H, m, CHi
3.79 (3H, s, OMe), 4.04 (1H, dd, = 9.0.J, = 15.0 Hz, CH), 5.41 (2H, bs, 2 x OH), 6.11 (1H,
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s, Ar), 6.45 (1H, s, Ar), 6.46 (1H,3,= 7.8 Hz), 6.57 (1H, ddl, = 5.7 Hz,J, = 13.8 Hz, Ar),
6.98 (1H, t,J = 7.8 Hz, Ar)."*C-NMR (CDCk, 75 MHz):§ = 12.5, 24.0, 41.5, 42.8, 47.1,
55.8, 61.9, 110.8, 113.6, 114.3, 116.5, 121.5,71,2®¥9.2, 129.7, 141.3, 143.3, 145.6, 156.4.
HRMS calculated for GH2sNOs [(M-H)*]: 321.1600; found: 312.1615. No NMR reference
data was available for this compound.

3.2.4 Synthesis of 2-ethyl-6-methoxy-7-hydroxy-1(-3-hydmy-methoxybenzyl)-1,2,3,4-
tetrahydroisoquinoline (1d)

H

MeO]©/\/N\/
BO OH (cocly, BnO Cl BnO 4c
j@W __DMFcat W — Meo@
(o]
Ve t?{ugnﬁ, MeO o) CHCls, aq. NaOH BnO rN oBn
54 ) 4d 0C-->rt, 16 h le}
OMe
3d

1) POCI3, MeCN
2) NaBH4, MeOH

MeO O H,, Pd/C MeO O
- 277
N N
HO ~ MeOH, rt, 25 h BRO ~
1d O OH 2d O OBn
OMe OMe

Scheme 52Synthesis of substraiel

2-(3-(Benzyloxy)-4-methoxyphenyl)acetyl chloride @): A solution of 2-(3-(benzyloxy)-4-
methoxyphenyl)acetic acigd (4.39 g, 16.0 mmol), oxalyl chloride (4.65 g, 3@xnol) and
five drops of DMF in dry toluene (120 mL) was stiirat room temperature for three hours.
The solvent was evaporated under reduced pressugevé 5.34 g (quant.) of an orange
liquid. 2-(3-(Benzyloxy)-4-methoxyphenyl)acetyl ohlde was used in the following
transformation without further purification. TLCdol ether/EtOAc = 1/1): )R 0.63.

N-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-(benzyloyy4-methoxyphenyl)-N-
ethylacetamide (3d): A solution of N-ethyl-2-(3-methoxy-4-phenoxyphenyl)ethanamée
(3.52 g, 12.3 mmol), CHEK40 mL) and 3% NaOH solution (150 mL) was cooledtC on
an ice bath. Then a solution of 2-(3-(benzyloxypnéthoxyphenyl)acetyl chloridéd (5.34 g,
18.3 mmol) in CHG (100 mL) was added dropwise during one hour. Afseds the ice bath
was removed und stirring was continued for 16 hoatm temperature. The phases were
separated and the aqueous phase was extractedCWi@li; (3 x 50 mL). The combined
organic phases were washed with 2 M HCI (100 mlatew (100 mL) and dried over p&O..
Then the solvent was evaporated under reducedupees give 8.93 g of an orange liquid.
Flash chromatography (silica; petrol ether/EtOAc2A) afforded N-(4-(benzyloxy)-3-
methoxyphenethyl)-2-(3-(benzyloxy)-4-methoxypheryethylacetamide (4.12 g, 64%) as a
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pale yellowish liquid. TLC (petrol ether/EtOAc =1}/ R; = 0.44. NMR spectroscopy reveals
that the product is a mixture of isomers (rdatans/cis= 1.5/1). Based on the peak intensities
as well as the DEPT, COSY and HSQC spectra, the NigRals can be assigned to the
isomers as follows:

trans-N-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-(benzylpdrmethoxyphenylN-
ethylacetamide’H-NMR (CDCl, 300 MHz):8 = 0.90 (3H, tJ = 7.2 Hz, NCHCH;), 2.66
(2H,t,J=7.5 Hz, ArCH), 3.04 (2H, ddJ, = 7.2 Hz,J, = 14.4 Hz, NCH,CHj3), 3.37 (2H, dd,

J; = 6.0 Hz,J, = 7.8 Hz, ArCHCH:N), 3.28 (2H, s, OCCHAr), 3.73 (6H, s, 2 x OMe), 5.03
(4H, s, 2 x OCHPh), 6.50 (1H, dd}; = 1.8 Hz,J, = 7.1 Hz, Ar), 6.54 (1H, dd; = 1.8 Hz,J;,

= 8.1 Hz, Ar), 6.63 — 6.79 (5H, m, Ar), 7.18 — 7.GLOH, m, Ar)**C-NMR (CDCk, 75
MHz): 6 = 14.1, 33.7, 41.1, 43.3, 47.8, 56.1, 71.2, 7012.0, 114.3, 114.7, 114.3, 120.7,
127.4, 127.7, 128.5, 131.5, 132.6, 137.1, 146.8,214148.6, 170.6. No NMR reference data
was available for this compound.

cis-N-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-(benzylp@drmethoxyphenylN-
ethylacetamide'H-NMR (CDCl, 300 MHz):5 = 1.03 (3H, tJ = 7.2, NCHCHs), 2.51 (2H, t,
J=7.2, ArCH), 3.29 (2H, dd,)J; = 7.5 Hz,J, = 13.5 Hz, NCH,CHs), 3.29 (2H, dd,J; = 7.5
Hz, J, = 13.5 Hz, ArCHCH:N), 3.51 (2H, s, OCCpAr), 3.77 (6H, s, 2 x OMe), 5.01 (2H, s,
OCH,Ph), 5.03 (2H, s, OCjPh), 6.50 (1H, dd); = 1.8 Hz,J, = 7.1, Ar), 6.54 (1H, dd}; =
1.8 Hz,J, = 8.1 Hz, Ar), 6.63 — 6.79 (5H, m, Ar), 7.18 =7 @0H, m, Ar)**C-NMR (CDCl,

75 MHz):6 = 12.8, 34.9, 40.6, 40.9, 49.4, 56.1, 70.9, 7012.6, 114.4, 114.5, 120.7, 121.3,
127.3 113.2, 1145, 115.1, 127.3, 127.7, 128.5,513132.6, 137.3, 146.9, 148.3, 148.6,
149.8, 170.6. No NMR reference data was availali¢his compound.

HRMS calculated for gH3/NOs [(M)*]: 539.2672; found: 539.2696.

2-Ethyl-6-methoxy-7-(benzyloxy)-1-(3-(benzyloxy)-4nethoxybenzyl)-1,2,3,4-
tetrahydroisoquinoline (2d):® A solution of N-(4-(benzyloxy)-3-methoxyphenethyl)-2-(3-
(benzyloxy)-4-methoxyphenyl\-ethylacetamide3d (4.85 g, 8.90 mmol), dry acetonitrile
(100 mL) and POGI(4.46 g, 28.7 mmol) was refluxed for 4 h underoargtmosphere. The
solvent and the excess of PQ@@lere evaporated under reduced pressure and ideeesas
taken up in methanol (80 mL). The resulting mixtwas put under argon and cooled to -5°C
on an ice/NaCl bath. Afterwards NaBKil.87 g, 49.4 mmol) was added in portions to the
stirring mixture. The cooling bath was removed atiding was continued for 16 h at room
temperature under argon atmosphere. Then the g$olvas evaporated under reduced
pressure and the residue was taken up in halfegatlirNaCO; solution (100 mL). The
aqueous phase was extracted with,Chl (4 x 100 mL) and the combined organic phases
were dried over N&O,. Evaporation of the solvent under reduced presgetded 5.76 g of
a yellowish liquid. Flash chromatography (silicad£Il,/MeOH/NH,OH = 98/1/1) afforded
2-ethyl-6-methoxy-7-(benzyloxy)-1-(3-(benzyloxy)rdethoxybenzyl)-1,2,3,4-
tetrahydroisoquinoline (4.35 g, 94%) as a strontpwyeliquid. TLC (CH,Cl,/MeOH/NH,OH
= 90/9/1): R = 0.17.*H-NMR (CDCk, 300MHz):5 = 1.09 (3H, tJ = 6.9 Hz, NCHCH),
2.46 — 2.52 (1H, m, Chl, 2.62 — 2.68 (3H, m, ChHi 2.69 — 2.89 (2H, m, Ci 3.01 (1H, dd,
J; =5.4 Hz,J, = 13.5 Hz, CH), 3.09 — 3.16 (1H, m, CHi3.86 (6H, s, 2 x OMe), 4.79 (1H,
dd,J; = 12 Hz,J, = 19.5 Hz, CH), 5.09 (4H, s, 2 x OGh), 5.99 (1H, s, Ar), 6.55 (1H, d,
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= 2.1 Hz, Ar) 6.58 (1H, s, Ar), 6.67 (1H, 8= 2.1 Hz, Ar), 6.78 (1H, dl = 8.1 Hz, Ar), 7.26

— 7.36 (11H, m, An)**C-NMR (CDCk, 75 MHz):8 = 13.2, 25.3, 40.4, 43.4, 47.6, 55.9, 55.9,
56.1, 62.3, 70.8, 71.0, 111.5, 11.7, 114.0, 11416.0, 122.7, 126.8, 127.2, 127.3, 127.6,
127.7, 128.4, 128.5, 129.4, 132.6, 137.3, 145.5,714147.9, 148.1. HRMS calculated for
CasH3/NO4 [(M-H)']: 522.2644; found: 522.2649. No NMR reference daés available for
this compound.

2-Ethyl-6-methoxy-7-hydroxy-1(-3-hydroxy-methoxybemyl)-1,2,3,4-
tetrahydroisoquinoline  (1d):” A mixture of 2-ethyl-6-methoxy-7-(benzyloxy)-1-(3-
(benzyloxy)-4-methoxybenzyl)-1,2,3,4-tetrahydroiswapline 2d (4.13 g, 7.89 mmol), acetic
acid (1.38 g, 23.06 mmol), Pd 10% on activatedate (0.67 g) and dry methanol (80 mL)
was stirred for 25 h underHatmosphere under room temperature. Then the soluwas
filtered through celite and washed with methand0(2nL). The solvent was evaporated
under reduced pressure and the residue was takéam @QphbCl, (60 mL) and washed with
half-saturated NaHC{solution (150 mL). The organic phase was dried eSO, and the
evaporation of the solvent under reduced pressave 8.72 g (100 %) of 2-ethyl-6-methoxy-
7-hydroxy-1(-3-hydroxy-methoxybenzyl)-1,2,3,4-tdétydroisoquinolineas a yellowish solid.
Mp = 66-68°C. TLC (CHCI/MeOH/NH,OH = 90/9/1): R= 0.21.'H-NMR (CDCl, 300
MHz): 6 = 0.96 (3H, tJ = 6 Hz, NCHCHjy), 2.37— 2.76 (5H, m, Chi, 2.78 — 2.95 (3H, m,
CHy), 3.07-3.17 (1H, m, C}), 3.75 (3H, s, OMe), 3.78 (3H, s, OMe), 6.25 (BHAr), 6.45
(1H, s, Ar), 6.46 (1H, t) = 7.8 Hz), 6.49 (1H, d]= 9 Hz, Ar), 6.65 (1H, dJ= 9 Hz, Ar),
6.72 (1H, s, Ar)**C-NMR (CDCk, 75 MHz): 8 = 12.9, 24.6, 40.4, 43.3, 47.3, 55.9, 55.9,
61.8, 110.4, 110.7, 114.1, 115.8, 120.9, 125.4,73033.5, 143.2, 145.0, 145.2, 145.3,
HRMS calculated for gH»sNO,4 [(M-H)™]: 342.1705; found: 342.1698. No NMR reference
data was available for this compound.

3.3 Biotransformations

3.3.1 Procedure for the concentration study for substratela, 1b and 1e

For this experiment three different substrate stwmkcentrations were prepared, dissolved in
aceton, and provided in 4 mL glass vials: 1 g/lg/lRand 4 g/L. Aceton was removed under
constant air flow. The substrate was redissolvetiénorganic solvent: toluene (350 pL; 70%
viv) and DMSO (50 pL; 10% v/v). Then an enzyme ktwas prepared composed of the BBE
-W165F (1.04 mg/mL), catalse (5 mg/mL) in a TrisiHiiffer (50 mM, pH 9, 10 mM
MgCl,). After mixing the samples with enzyme buffer terad volume of 500 pL the vials
were closed with screw caps containing sealing gfasind the samples were shaken in an
Incubator Mini Shaker (VWR, rotary, orbit 3 mm) twi#00 rpm at 40°C for two and 2 and 24
hours, under the protection of light. Then the tieacmixture was extracted with ethyl
acetate (2 x 500 mL) and the organic phase wasd dsier NaSO,. The residual ethyl acetate
was removed under constant air flow and the cruddyct was redissolved in HPLC grade
methanol (800 pL).
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3.3.2 Procedure for solvent studies for substrate 1a, 1and l1e

A stock solution of the substrates in acetone (2mmg was prepared and aliquots containing
1 mg of substrate were transferred into glass \lsnL). Aceton was removed under
constant air flow. The substrate was redissolveth@nrespective organic solvent (50 uL).
Then an enzyme stock solution was prepared contpithe BBE variant (W165F. 1.04
mg/mL), catalase (5 mg/mL) in a Tris-HCI buffer (%M, pH 9, 10 mM MgGJ). After
addition of the enzyme buffer (450 uL) to the presdlved substrate, the vials were closed
with screw caps containing sealing gaskets andahgples were shaken in an Incubator Mini
Shaker (VWR, rotary, orbit 3 mm) with 400 rpm af@dor two and twenty four hours. Then
the reaction mixture was extracted with ethyl aeefd x 500 mL) and the organic phase was
dried over NgSQ,. The residual ethyl acetate was removed undernt@onair flow and the
crude product was redissolved in HPLC grade metih@&00 pL).

3.3.3 Procedure for the pH studies for substrate 1a, 1bral 1e

The experiments were performed similar as descréiexe except that the pH value of the
Tris-HCI buffer (50 mM + 10 mM MgG) varied from 6 to 11, adjusted by the addition of
HCI or NaOH.N-methyl formamide, formamide and DMSO were usedr@snic solvents
for substrateda and1b and for substratée formamide was employed in 10% v/v. Reaction
conditions remained the same as described abogd: 8ubstrate, 1.04 g/L BBE- W165F,
5g/L catalase and the mixture was shaken for 2dnuburs at 40°C and 400 rpm under light-
protected conditions. Also the extraction proceduita ethyl acetate did not change.

3.3.4 Procedure for the activity comparison between the i type and his variant W165F for
the substrates 1a, 1b and 1e

For this procedure the optimized conditions of time, pH and the solvent studies were
chosen to carry out the comparison experimentseasoig the products to substrate ratios
between the wild type of BBE and its variant. There the experiments were performed as
described above: 2 g/L substrate, 1.04 g/L BBE- %L6r 0.63 g/L BBE wild type, 5 g/L
catalase and the mixture was shaken for 2 and Bdshat 40°C and 400 rpm under light-
protected conditions. Also the extraction procedumith ethyl acetate did not change and the
residual ethyl acetate was removed under constanflaav. The crude product was
redissolved in HPLC grade methanol (800 uL).
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3.3.5 Procedure for co-solvent studies with toluene ford

Since substrateka and1b showed solubility problems, different percentage®luene were
added to the reaction mixture containing also DM&@l the enzyme buffer. Toluene
amounts from 35, 40, 45, 50 and 55% v/v were ad8abstratela (2 g/L) was dissolved in
50 pL of DMSO and the enzyme buffer amount [10 mN&-HCI, pH 9, 10 mM MgCG +
BBE-W165 F (1.04 g/L), catalase of a final contvatof 5 g/L] was adjusted to the volume
of toluene added to the reaction mixture (finakcteea volume: 500 uL). Shaking was carried
out in 4 mL glass vials closed with screw caps aimg sealing gaskets at 40°C and 400
rpm in an Incubator Mini Shaker (VWR, rotary, orBimm) under light-protected conditions.
Samples were taken after 2 and 24 hours. Furthermifferent agitation angles were tested
in the presence of 35% v/v toluene for substia@eThe angels were choosen at 0° and 45°.
The other reaction conditions remained the samepgxbe agitation speed was increased to
500 rpm. All samples were extracted with ethyl ate{2 x 500 mL) and the organic phase
was dried over N&O,. The residual ethyl acetate was removed undertaohair flow and
the crude product was redissolved in HPLC gradédnametl (800 uL).

3.3.6 Variation of the solvent amount for substrate 1a

As already mentioned in 3.3.5, due to solubilitplgems of substratéa and1b the amount

of the organic solvent (DMSQN-methyl formamide, formamide) was increased to 2096
For the procedure the substrate (2 g/L) was dissbin 100 pL organic solvent and 400 pL
enzyme buffer [10 mM Tris-HCI, pH 9, 10 mM MgCt BBE-W165F (1.04 g/L), catalase of
a final contration of 5 g/L] was added. Shaking wasried out in 4 mL glass vials closed
with screw caps containing sealing gaskets at 40f€400 rpm in an Incubator Mini Shaker
(VWR, rotary, orbit 3 mm) under light-protected ditions, with 0° (horizontal) and 45°
agitation angle. Samples were taken after 2 anklo2ds. The same procedure was done with
10% v/v of the corresponding organic solvents. ER&action procedure for the samples
remain the same as described above.

3.3.7 Procedure for the time study experiments for substite 1e

The time study for substratbe was carried out using the optimized conditions tioe
biotransformation with four different enzyme conications. Therefore the substrate (2 g/L)
was dissolved in 50 pL formamide and 450 puL enzgorgaining buffer [L0 mM Tris-HCI,
pH 9,10 mM MgC} + BBE-W165 F (1.04 g/L. 0.52 g/L. 0.34 g/L. 0.2 catalase of a
final contration of 5g/L]. Shaking was carried aut4 mL glass vials closed with screw caps
containing sealing gaskets at 40°C and 400 rpmmimaubator Mini Shaker (VWR, rotary,
orbit 3 mm) under light-protected conditions. Sagsplvere taken after 0.5, 1, 2, 4, 6, 8, 12
and 24 hours. For extraction the reaction mixtuas wxtracted in ethyl acetate (2 x 500 mL)
and the organic phase was dried oves3QG.
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3.3.8 Preparative transformation — Upscaling 1

Substratele (200 mg. 0.61 mmol. final concentration: 2 g/L .2 M) was dissolved in 10%
v/v formamide (10 mL) and buffer (89.9 mL, 10 mMisFHCI, pH 9, 10 mM MgGJ) with
BBE-W165F (1.01 mL enzyme solution, final concettra 1 g/ mL = 0.17 mM) and
catalase (500 mg crude preparation). The reactitture was shaken in a light-shielded
Erlenmeyer flask (300 mL) in a thermo shaker atGi@hd 120 rpm for 24 hours. Then the
phases were extracted with ethyl acetate (4 x 10pand the phases were separated in the
centrifuge (4 x 4 minutes at 4000 rpm). The corabBirorganic phases were dried over
NaSO, and the solvent was evaporated under reduced peesShe crude product was
purified by flash chromatography (silica; gH,/MeOH/NH,OH = 98/1/1). The purification
yielded in 283 mg of R)-2-methyl-6,7-dimethoxy-1-(3-hydroxybenzyl)-1,213,
tetrahydroisoquinoline 1¢). *H-NMR (CDCk. 300 MHz):$ = 1.15 (3H, t,J = 7.2 Hz.
NCH,CHj3), 2.51 (1H, ddJ; = 16.7 Hz,J, = 4.8 Hz, CH), 2.65 — 2.72 (3H, m, ChHi 2.78-
3.01 (2H, m, CH), 3.17-3.31 (2H, m, C}), 3.33 (3H, s, OMe), 3.74 (3H, s, OMe), 3.95 (1H,
dd, J; = 9.8 Hz,J,= 3.1 Hz, 6.37 (1H, dJ = 7.5 Hz, Ar), 6.49 (1H, s, Ar), 6.62 (1H, 38l,=
8.1 Hz, Ar), 6.78 (1H, s, Ar), 6.99 (1H,1= 7.8 Hz, Ar)."*C-NMR (CDCk, 75 MHz):$ =
156.9, 147.5, 146.1, 141.4, 140.9, 129.6, 129.3,9.2124.5, 121.8, 116.1, 114.0, 113.6,
111.3,111.2,61.8, 55.7, 55.7, 55.2, 53.4, 48 ,42.1, 29.7, 23.2, 12.5.

3.3.9 Preparative transformation — Upscaling 2

Substratele (105 mg, 0.32 mmol. final concentration: 2 g/L .4 M) was dissolved in 10%
v/v formamide (5 mL) and buffer (44,45 mL. 10 mMisFHCI, pH 9, 10 mM MgG)) with
BBE-W165F (525 pL enzyme solution, final concemtmat 1 g/ mL = 0.017 mM) and
catalase (263 mg crude preparation). The reactitture was shaken in a light-shielded
Erlenmeyer flask (250 mL) in a thermo shaker atGi@nhd 200 rpm for 0.5 hours. Then the
phases were extracted with ethyl acetate (4 x 10pand the phases were separated in the
centrifuge (4 x 4 minutes at 4000 rpm). The corabirorganic phases were dried over
NaSO, and the solvent was evaporated under reduced peesShe crude product was
purified by flash chromatography (silica; @H,/MeOH/NH,OH = 98/1/1). The purification
step was done to separate the products which areetbafter half an hour reaction time form
the residual educt. After flash chromatographierihof the poduct mixture were obtained as
a dark brownish liquid. The GC-MS measurementshefrixture displayed that there were
still some impurities in the sample, therefore ardia purification step was done. To the
sample 10 mL of 6 N HCI was added and the aquebaseowas extracted with ethyl acetate
(3 x 20 mL). Afterwards the aqueous phase was ibdsifith 15% NaOH solution (30 mL)
and extracted with CKL, (3 x 20 mL). Then the combined dichloromethanespbavere
dried over NaSQ,. The solvent was evaporated under reduced pressuiee 8.4 mg of a
yellowish solid. A'"H-NMR measurement was carried out on the produgturé: *H-NMR
(CDCl3, 300 MHz):6 = 1.15 (3H, dJ = 3 Hz, NCHCHj3), 2.78-3.01 (4H, m, C}J, 3.14-3.38
(2H, m, ChH), 3.47-3.68 (2H, m, C}J, 3.86 (3H, s, OMe), 3.89 (3H, s, OMe), 4.41-4(PH,

m, CH,), 6.49-6.74 (4H, m, Ar), 6.90-7.06 (1H, m, Ar).
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3.4 Analytics

3.4.1 Determination of the apparent conversion after thebiotransformation

Conversions were measured by HPLC: Shimadzu, Conwaiion Bus Module CBM-20 A,

column oven CTO-20 AC, degasser DGU-20 A5, liquidrocnatograph LC-20 AD,

autosampler SIL-20 AC, diode array detector SPD-M208 colunm (Phenomenex, LUNA
C18, 046 cm x 25 cm, 5 pm). Eluent: ammonium fdemg30 mM) and

water/methanol/acetonitrile: 67:18:15 (isocraticflow rate: 0.5 mL/min, detection
wavelength: 280 nm.

Retention time:

la 24.7,2a+3a 15.3, 16.4, 39.64a 20.8,5a: 24.7,6a 13.3
1b: 28.5,2b+3b: 16.9, 18.5, 46.8}b: 24.6,5b: 29.5,6b: 14.9

le 16.1,2e+3e 12.2, 12.8, 27.%4e 14.5,5e 17.2,6€ 10.6

3.4.2 Determination of the optical purity (enatiomeric excess -e€

The HPLC-system described above was equipped wihiral column (Chiralcel OJ from
Daicel Chemical Indrustries. 0.46 cm x 25 cm, IMd.: OJOOCE-NKO0O06). Eluent: n-heptane
(0.1 % formic acid)/2-propanol 70:30, flow rate:50mL/min (isocratic), detection
wavelength: 280 nm.

Retention time:

la (9:19.4 R): 21.9
1b: (9: 14.7 R): 16.7
le (9:15.1R): 21.3

3.4.3 lIdentification of the substrates and products

NMR-Spektroskopie

'H-NMR and**C-NMR spectra were recorded on a Bruker Avanc800 MHz spectrometer
with a 5 mm PABBO BB-probheadH: 300 MHz.*3C: 75 MHz). Chemical shifts are given
in parts per million (ppm) relative to TMS8 € 0 ppm) and coupling constan@ ére reported
in Hertz (Hz). The spectra were processed and aedlin MestReNova 5.2.5. Depending on
the solubility of the substances CR@hdd-DMSO were used as solvents.
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MS-measurements

GC-MS

For the GC-MS measurements an Agilent 7890A gasncatograph equipped with an
Agilent 5975C mass-selecitive detector (electropant, 70 eV) an Agilent HP-5ms (30 m x
0.25 um) (5%-phenyl)-methylpolysiloxane phase columas used. Helium (column flow = 2
mL/min) was used as carrier gas.

High resolution MS analyses were performed usiegtedn impact (El) ionization at 70 eV
and TOF mass selection.

HPLC-MS

For the HPLC-MS measurements an Agilent 1200 systers used: Agilent 1200 column
thermostat SL 1 (temperature: 20°C). Agilent 120@hHPerformance auto sampler SL 1
(injection volume: 8 pL), Agilent 1200 Binary Pungb 1 (flow: 0.5 mL/min, run time: 50
min), Agilent 1200 variable Wavelenght detector §adjustment: 280 nm). As a column the
Puropher Star (RP-18e, LIChroCART 250 mm x 4.6 ramm) form Merck was chosen. For
the MS analysis the ionization mode API-ES withifies polarity and a single quatrupol as a
mass selector were used. Eluent: ammonium formad® ™MM) and water
/methanol/acetonitrile: 67:18:15 (isocratic).

Melting point measurement
For these measurements an apparate of Gallenkamp3MP was used, values are
uncorrected.

TLC and flash chromatography

Thin layer chromatography was carried out on siligal 60 ks, plats. For flash
chromatography silica gel from Merck was used. pheducts were visualized by UV (254
nm and 345 nm).
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4 APPENDIX

4.1 Abbreviations

4' OMT
60MT
AIBN
AU
ACN
Asn
Asp
BINAP
BBE
BF;
BulLi
BOC
Cbz
cDNA
CNMT
Cosy
CYP80B1
Cys
Da

de
DEPT
DHAP
DIBAL
DMF
DMSO
E. coli
ee

El
EMimAc
Equiv.
ER

ES
EtsN
EtOH
FA
FAD
FDP
Glu
GC
GC-MS
His
HCI
H,0,
HPLC
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(5)-3-hydroxy-N-methylcoclaurine 4‘-O-methyltransferase
norcoclaurine 6-O-methyltransferase
Azobisisobutyronitrile

Arbitrary Units

acetonitrile

Asparagine

Aspartic acid
2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl
Berberine bridge enzyme

Boron trifluoride

Butyllithium

Tert-butyloxycarbonyl

Carbobenzyoxy

Complementary deoxyribonucleic acid
(S)-coclaurine N-methyl transferase
Correlation spectroscopy
(5)-N-methylcoclaurine 3’-hydroxylase
Cysteine

Dalton

Diastereomeric excess

Distortionless enhancement by polarization transfer
Dihydroxyacetone phosphate
Diisobutylaluminium hydride
Dimethylformamide

Dimethyl sulfoxide

Escherichia coli

Enantiomeric excess

Electron impact
1-ethyl-3-methylimidazolium acetate
Equivalents

Endoplasmic reticulum

Electron spray

Triethylamine

Ethanol

Formamide

Flavin adenine dinucleotide
Fructose-1,6-diphosphate aldolase
Glutamic acid

Gas chromatograhy

Gas chromatography-mass spectroscopy
Histidine

Hydrochloric acid

Hydrogen peroxide

High-performance liquid chromatography
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HRMS
HSQC
LiAIH,
MegAl
MeOH
Mp

MS

NCS
MelLi
MHz
NaBH,
NaOH
Na2S04
N-MFA
NMR

P. pastoris
rac
Red-Al
R¢

rpm
SeAr
Sn2
STOX
TIC

TFA
THF
TLC
TMEDA
TMS
TMSOTf
TOF
TON
Tris

Try
VME
v/v

uv

wt
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High-resolution mass spectroscopy
Heteronuclear single-quantum correlation spectroscopy
Lithium aluminium hydride
Trimethylaluminium

Methanol

Melting point

Mass spectroscopy

Norcoclaurine synthase

Methyllithium

Megahertz

Sodium borohydride

Sodium hydroxide

Soldium sulfate

N-methylformamide

Nuclear magnetic resonance

Pichia pastoris

racemic

Sodium bis(2-methoxyethoxy)aluminumhydride
Retardation factor

Round per minute

Electrophilic aromatic substitution
Bimolecular nucleophilic substitution
(S)-tetrahydroprotoberbine oxidase
Total ion current

Trifluoroacetic acid

Tetrahydrofuran

Thin layer chromatography
Tetramethylethylenediamine
Tetramethylsilane

Trimethylsilyl trifluoromethanesulfonate
Time of flight

Turn-over number
Tris(hyroxymethyl)Jaminomethyne
Trytophane

Valinol methyl ether

Volume concentration (volume/volume)
Ultraviolett

Wild-type
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4.2 NMR and HR-MS spectra of all unpublished substrates
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Figure 44: *C-NMR spectrum o6a
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Schrittwieser EMFO04 2109 (11.249) Cm (2109:2120-2047:2067) TOF MS El+
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schrittwieser_DI_EMF10 397 (6.617) Cm (397:417-264:294) TOF MS ElI+
100 148.0 4.68e5
o)
< ]©/\I’\l OBn
ST
T
< 91.1
58.1
149.1
65.0 92.1 135.0 197.1 270.2
105.0 150.1 191.1 |198.1 269.1
L e s meiap, g
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400
Figure 61: MS spectrum o8a
schrittwieser_DI_EMF10 (0.017) 15 (0.05, 0857 C36H2TNO4 TOF M3 El+
_ (4171940 ) 7.37e12
100 \. Y
Theoretical isotope pattem of M™
W =R
418.1573
415.2003
':I_ T T T T T T T T T T T I T T T T T T T T T T
schrittwieser_DI_EMF10 397 (5.617) Cm (297 417-264 294) TOF Ms El+
= = |
1004 .\11 7.1 EL-: ) 1.14e4
] Expaimental result
==
418.1983
4151802
|41ﬁ.1344 419 2010
D_ T T T T T T T T l T T I T T T T T T T T T T rn'lz
410 412 414 415 418 420 423 424 425 428

Figure 61: HR-MS spectrum o8a

113



4.APPENDIX

= <O = - .’ Ft
OIJ |/N OBn .
(e} - a”
- - E
- = @ - B
] o —
| - " M B
u 5
&
-6
e -
B f - E
B 8
8:0 7:5 ?.IO 6:5 6:0 5:5 5:0 4'5&@;:0) 3:5 3.0 2:5 2:0 1.5 1:0 0:5
m
Figure 64: COSY-spectrum o3a
. l wh_ JJ
I J
L]
o rN 0OBn : s Lo
== (o] ..
LAR L - =40
L™
" 60
] |
80
g
L] 100 a
_ " frad
]
- 120
-,
e 140
—— 160
180
200
]

. T
8.0 7.5 70 65 &0 55 50 45 40
2 (ppm)

Figure 65: HSQC spectrum d3a

114



115

40000
35000
[~30000
{-25000
20000
15000
{~10000
[-5000

4.APPENDIX

(=]
2
= = o = = = = = = = = =) = 2
£ B 8 B & B B B B B &8 ® g &8 il
& ] 2 I 2 e 2 m 2 el 8 - a2 b o 1
h I F f I 1 1 f i T | i T I T
i
=
1821~
60 GHT—
960+ \_
860 ’
qEW e S —====== il o
a1 - = |z 7
607 ~ —_——— | W%
ST =
81T
0z |
-
T pE~
8656
R €90k
97— —_ &
=y -a %60r
i
2
Sd—
Nmm [ GF Bk
| = L
192~ N N )
343 I —
e ~ —==F we e
e i — .r ta 50—
BEE B = [~ 0T
mm.m/ ; jE
e ] == ..
HHE — ——— B6,
e } e Fo Th 69
£TE . = o e — —1] L
BIE— E =——F 055
00k M "
0t A — E F 2
sv7 5 = = Wi ¥
0
vl
i
M
Sk~ L = —'T_ gg
- L — T
B | o — el o
% {81114
- |
i
o 105117
E i
#59 [=]
659 | o W LT
299 0521
WNN o % B4R
95821 —
09 P [=3 s
B n 62T
L 3 L
L R | = 8 n
i, 2 | ——— Lom x 06T
T == T S sl
w9 _ . z 7
2 EBGET
v === r i ey
5% — =
il S - —— _\mm_.u 1u._n
SEL T o To)
e 1 O/ = " ©
[543 M ©
TEL
= m 50651
9EL
> GSEWW
(@] BAGST
LL

OBnN
110

120

140

150

160

Figure 67:*C-NMR spectrum o8b



3

4.APPENDIX

f1 (ppm)

Figure 68: COSYspectrum o3b

o

/O ® - -1
N OBnN
r L,
(e}
v *
‘ 3
R AR
w -4
X . "
L
» ! ?
, E i
8
?.’5 I ?.IU 615 6.‘0 I 515 510 4.‘5 I 410 I 3:5 310 215 0..5
2 (ppm)
Ao U I |
S, ~h’u_.'a "Wu' Il L_..U"L_LFU&
o
/° -
N OBn !
HA B 2
(@] - -40
L
L)
" 60
-
a0
B
100 2
AT £
- 120
e
=140
160
180
200

T
75 70 6.5 6.0 5.5 5.0 45

4.0 3.5 3.0 25 2.0
2 (ppm)

Figure 69: HSQC spectrum ab

0.5

116



4.APPENDIX

schrittwieser_DI_EMF12 420 (7.003) Cm (420:438-471:501) TOF MS El+
100+ 91.1 1.48e5
158.1
0
rN OBn
T
=
282.2
134.1
135.1
197.1 403.2
65.0 |92.1 178.1
283.2
105.1 177.1 2241 269.1 404.2
| ‘ 162105 | | | ( 312.2
0 “““w“‘hw ‘“M\“““\m“”\“‘”“”\‘\"“\‘““\““1\““‘\"H‘w“‘w““‘\“‘w“' m/z
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400
Figure 70: MS spectrum 08b
schrittwieser_DI_EMFI2 (0.017) 1s60-050-08) C26H20N03 TOF ME El+
7.39e12

_ (" 4032148
100 - _J}'

Theoretical isotope pattem of M™

4042181
4052211
o~ T T T T T I T T T
schrittwieser_DI_EMF12 420 |?.D?,L?{rﬂrn_i32ﬂ'\:}38—4?1:ﬁﬂ1} TOF M3 El+
1004 « 40 3_21::1/, ) 1.84e4
] Expaimental result
W
4042155
401.1555 402 2063 4052222
El_ T ! T 1 T T T I T T T rn'lz
401 402 403 404 405 406 407 408

Figure 71: HR-MS spectrum o8b

117



4.APPENDIX

9000
8000
7000
6000
{5000
4000
3000
2000
1000
-

et
are—

|

f1 (ppm)

0.5

1.0

1.5

2.0

25

30

3.5

4.0

4.5

5.0

6.0

6.5

70

7.5

'H-NMR spectrum oRa

Figure 72

45000

40000

35000

30000

25000

20000

15000

10000
5000
ro

PTEI—

0EGE—

£L TP
L Er—

15—

SFES—

T9EI—

S 63—

00T —

#1801
00
BEETT"
EETTI~,

EFEEI—
TSEET
SEEET Y
[
LS8ET
BEBET,
EOTET
FTULET =

PETFI—

TG,
LR

19851 —

O N~

<O

OBn

70

f1 {ppm}

T
90

120

T
140

Figure 73:*C-NMR spectrum ofa

118



4.APPENDIX

schrittwieser_DI_EMF13 329 (5.485) Cm ((324+329)-251:253) TOF MS El+
204.1 5.91e4
100
as
o N~
O OBn
A
91.1
205.1
77.0
65"0 ( 106.0 4374 161.1 174.1292-1 2061
Ol WLl T e o M 2821 2801 3101 3373 3640 4002 .
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400
Figure 74:MS spectrum ofa
schrittwigser_DI_EMF13 (0.017) 1= (0.05, 0857 C26H26M03 TOF M3 El+
100 (4001913 ) 7.30e12
Theoretical isotope pattem of [M-H]
=
D_| T T T T T T T T T T T |I T T T T T T T T T T T T

schrittwieser_DI_EMF13 329 (5.485) Cm(({ﬂirﬂﬂ}:Z_ETEES} TOF MS El+
100~ .\.:mu A EiT../.' BT.T
] Espeaimental result
m = 401.2043
D_| T T T T T T T T T T L T II T T T T T T T T T T T T miz
340 3492 394 394 288 400 402 404 406 408 410 412 414

Figure 75: HR-MS spectrum o2a

119



4.APPENDIX

12000

11000

10000

-9000

~8000

7000

6000

5000

4000

~3000

2000

1000

0T
ot
ZrT

957
52
BSZ
192
£92
E9%
¥z
97
(S
142
5071
8£71
08171
787
987
887
687
7621
6T
6T
667
BOE
0TE
ZIE—
P
8TE
GTE
12E
Z2e]
£
b
STE
87E

e

T

8
65ES
T6E
E5E
05
559
859 ,r
659
299
99
£
99
169
809
89
89
559
959
a1
61
e
8741

£
33
bEd
SE¥
SE¢
g
Ji¥s
BE¢-]
GEE)
e
e

£
£be
e
S
bﬁ
o

OBn

e

4.0 3.5 3.0 25 20 1.5 10 0.5

f1 (ppm)

4.5

8.0 75 70 6.5 6.0 3.5 5.0

8.5

'H-NMR spectrum oRb

Figure 76

40000

30000
20000
15000
10000

35000
25000

5000

0

PIET—

58—

PETp=—
g Ep—
19—
9£05—

LA
L1565

LETI—

0EBI—

ESTTT——
BETIT-7
mﬁ.mSL\
FEITT-T

Rl
Bazl
58Tk
PEEET =7
DEBET

HYER]
EZYRT=

98 TFT—

EL4G]
558517

-y

|

L sl

OBn

i0

a0

1 {ppm)

100 S0

110

¥C-NMR spectrum ofb

Figure 77

120



4.APPENDIX

schrittwieser_DI_EMF14_NEU 401 (6.684) Cm (379:401-547:574) TOF MS EI+
100 190.1 1.16e6

%)

191.1
91.1

175.1
147.1 160.1
252.1 372.2

89.0(92.1 :

b0 M s 1? ‘\ J L7 2041 2661 2942 3223 3422 3862
A R S AR e N T ARAREENRAARARA T

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380

Figure 78: MS spectrum o2b

schrittwieser DI_EMF14_NEU (0.017) | (0.05,085r€28H 28N 02 TOFNMSEIl+
_ ¢ 3Bg 2120 741e12
100 { )
— |
Theoretical isotope pattem of [M-H]”
[ -2
387.2153
3852184
0 1
T T T T T T T T T T T T T T T T T T T T T
schrittwiesar O1_EMF14_NEU 401 (5654 )C mASTS 407-547:574) TOFMSEI=
100- r?' 33#;13?\, 1.83e3
|
Expeaimental result
ﬁ—
3BE2051 | o7 oqa7
381.1800 2841977 ame 7488
0- T T T ||' T T |J T T T Tt T T T T T T T T T T miz
378 380 382 304 3865 3588 380 392 354 396 358

Figure 79: HR-MS spectrum o2b

121



4.APPENDIX

2600

2400

2200

2000

1800

1600

1400

=1200

1000

800

600

BEG~
055"

L]
mm.mV
£5'9
659
B6'9
:“_.nwl
e

A'—

Figure 80: *H-NMR spectrum ofla

60000

—55000

50000

45000

40000

+-35000

30000

25000

20000

15000

10000

5000

ra

ZHET =

bEbi—

EF T~
96 Z

T

9r'de—

TE00T—

a1 O
19801~

ma.mzu\
P9I —
G._“_mﬂ./

SEEEI—
BHBZT"
ZTET—

LT —
EEGFT
mh.mEV

BEEST—

1 (ppm)

S0

T
110

T
140

Figure 81:*C-NMR spectrum ofa

122



| A
o *L_Jl] L1 [ NANY ! ul"ﬁ____l____ |

- -

(@]

<O N~ i

' o ¢
- -n

OH

4.APPENDIX

i

r3

F1 {ppm)

7

10

Figure 82: COSY spectrum ofa

s JI,M_;‘.I.*J o *u_.f'ﬁ'\n\,iaiu l’VL_ B ()

I

a0

100

1 (ppm)

140

ris0

180

Figure 83: HSQC spectrum dfa

123



schrittwieser_DI_EMF15_NEU 323 (5.384) Cm (311:323-505:540)

100+
| I
10 N~
O OH
£

. 17
600 731 890 1031 11817371 1461 1611

L

‘4-1 18?.1

4.APPENDIX

140

T T T
60 80 100 120 180

Figure 84: MS spectrum ola

160

schrittwieser DI_EMF1S_NEU (0.017} Iz (058480 C19H20NO3

TOF MS El+
204.1 4.40e5
205.1
206.1
7 222.1 237.1 252.1 279.2 294.1 310_1m/z
R R R R A A R AR RN RN RN N A
200 220 240 260 280 300
TOFMSEIl+

7.99e12

100- (3101442
—
Theoretical isotope pattem of [M-H]|”
e
311.1478
3121504
0 T T T T T T T T II T T T T T T T T
schrittwieser_DI_EMF15_NEL 323 (5.384 € rﬁﬁfﬂi—.’?-fﬂf:f-‘-ﬂ} TOFKMSEI+
100 310.1485 ) 943
\‘x_____d-r-/
Expaimental result
g_
311.1531
3081320
05 T T T T T T T T T T T T T T T ™ miz
304 305 306 307 308 30% 30 311 312 313 34 315 36 317 318 315 320

Figure 85 HR-MS spectrum ota

124



4.APPENDIX

9000

8000

7000

o000

5000

4000
3000
2000

1000
0

037
567
i
o0's
06
0%
s
e
12E
e
43
0E'E
ZE'E
EEE-E
PEE
PEE
£

e

00ty
10
0t
0

aq

E59
'
559
£5'99
F9'9
59'9+
899

) av
Nh.mu\.
EL9
0

0i—
mﬁ.h..\

|

|

ong]

0.5

10

15

20

25

3.0

3.5

4.5

5.0

5.3

6.0

6.5

70

73

1 (ppm)

Figure 86: *H-NMR spectrum ofLb

45000

40000

35000
30000
25000
~20000
-15000
t-10000
5000

BFET—

o

16 TE=2
i 4 va\
1

aTss—

EET9—

25T~
OPETT

ELET ﬁU-
8E971-"

£YTET—
E0GET

mm.mmﬁv
QOpET

ETTHT—

95T —
LY

OH

N~

f1 (ppm)

Figure 87:*C-NMR spectrum ofLb

125



4.APPENDIX

L}Ji,_. Jl'J\.rI Jl | Ll |__M

A -\_ﬂl\_,‘\}'l_.—l SRR
O
g
*-"
L3 5]
LA
.

LA Nk
"
%

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f2 (ppm)

Figure 88: COSY-spectrum ofb

L MAk ; L,

—] P ¢
= OH W
- C -
e L)
— e
— L]

i

5

7

180

200

85 80 75 70 &5 60 55 50 45 40 35 30 25 20 15 10 05 00
f2 {ppm)

Figure 89: HSQC spectrum dfb

F1 {ppm)

F1 (ppm)

126



4.APPENDIX

Schrittwieser_EMF16 3067 (15.245) Cm (3067:3069-3037:3040) TOF MS EI+
100~ 190.1 2.10e4
0
/
N~
S
<
191.1
175.1
160.1
770 o, 071 171 146.1 \ 174.1‘ 1881 11921
ol28t L Ot el TS T 2241 249.0252.1 2661 2801 2962
60 80 100 120 140 160 180 200 220 240 260 280 300
Figure 90: MS spectrum olb
Schrittwieser EMF16 (0.004) Is (0.05,0.05) C 1942202, TOFWMSEl=
) ¢ zme1880 201812
100 | )
e |
Theoretical isotope pattem of [M-H]|
B
2971883
2881713 291741
D T T T T T T T T T T T L T T T T T T T T T
Schrittwieser_E MF 16 3067 (15.245) C m (3067;3063-3037-3040) TOFMSEl+
100- (( 28002 ) 192
| ___.-'/
Experimental result
g_
0- T T T T T T T T T T T T T T T T T T T T miz-
288 240 prat 204 205 268 300 302 304 306 I

Figure 91 HR-MS spectrum ofb

127



4.APPENDIX

=] =] o (=] [ =] =] (=] [=] (=] =] (=3 (=] (=] (=] =] o (=] f=]
= @& 8 B & & 8 & &8 B =2 & 8 &® & ® 85 8 2
§F ®m & R~ R 8 & &m B F 2 &H# B 4 8 -8 3 B & 9
1 i 1 i 1 1 1 1 1 1 i 1 1 i 1 | ' 1 1 " 1 i 1 i 1 - 1
{4
S6T— ||MIL =00E
0T \g .
mh_mw —i ——
BT u
= = 1
) |
sre !
A ks I — = Larz
BFEF ™ s 1
Z5¢€ M
43 |LL
mm”m.ﬂ > = | feve
06ET "
0HE
-
. - k- | (-
ik b=k — Far'e
=
895 ..._ /.. ..Ihmn._
1
/m (@]
599 =z
599
£9'9
B9
09 3 s e =
vers = e
549 : e A
a9 T |A 2
89
7
nEY
EEY # ©] o |
e~ =i m m === uit
— . — T—

18

54 52 5.0 48 46 44 42 40 38 36 34 32 30 28 25 24 22 20

70 68 66 64 62 60 58 56

74 72

76

f1 (ppm)

Figure 92:'H-NMR spectrum obc

45000

40000
35000

30000

25000

20000

15000

10000

5000
0

BTET—

SE0F—

B G

1095
=g mmv

BrTi—

15217~
SEFIT—

ZonEr—
BEEET
28R
zsse17
Znzer~"
PTLET—

LHWT
BT —

SEDLT ==

MeO

BnO

f1 (ppm)

Figure 93:*C-NMR spectrum oc

128



4.APPENDIX

Schrittwieser_ EMF31 3200 (15.798) Cm (3200:3201-3213:3215) TOF MS El+
100+ 91.1 4.21e3

H

MeO N\n/
Bn0:©/\/ ©

%

1371 149.1
240.1
65.0 92.1
770 107.0 1341 150.1 1661 241.1
63.0 .
0 \\EWf%/176-120?-1227-1f251.0268-°299'2 iz
60 80 100 120 140 160 180 200 220 240 260 280 300

Figure 94: MS spectrunbc
Schrittwieser_EMF31 (0.004) |s (8050065 C18H21MO3 TOF WS El+

_ (2991521 8.08e12
100 \ y

Theoretical isotope pattem of M
W =R
300.1554
1011582  302.1609

':I_ T T T T T T T L T < T T T T T
Schrittwieser_ EMF31 3200 (15.7987Cm (3200:3201-3213:3215) TOF M3 El+
100~ f( 2001543 ) 241

R
] Expaimental result
==
3001527
0 miz

205 206 297 298 299 300 301 302 303 304 305 306 307

Figure 95: HR-MS spectrum obc



4.APPENDIX

68
112
110
o7

a5

a2

b

kL]

33

#
80

79

75

73

60

67
513

—388 |

288
286
284
277
275
273
270
268
2,65

£
e

;17000
;16000
. ! ;15000
t . 7 | ;14000
;13000
;12000
-11000
MeO N~ 10000

:©/\/ H 000
8000
-—7000
-—snoo
:sooo
-—4000
-—3000
. -—2000

1000

0

097
061
1.00—

L]

F

;

_

3
",

1r20—

75 70 6.5 6.0 5.5 50 45 3.5 3.0 2.5 20 15 1.0

4.0
f1 {ppm)

Figure 95:'H-NMR spectrum ofic

— 19964
— 19660
—13737
— 13333

12848

12774
12726
— 12056
—11433
— 11260

34000

s

7119
5598
5585
5342
—d4400
3594
15.15

E

32000

30000

I

MeO
28000

:

BnO 26000
24000
lzznoo
:znooo
;18000
;16000
;14000
12000
10000

' 8000

I ‘

L 6000

4000

2000

T T T T T T T T

150 140 130 120 110 100 Q0 80
1 {ppm}

Figure 96:*C-NMR spectrum ofic

130



4.APPENDIX

Schrittwieser_EMF32 2793 (14.101) Cm (2791:2793-2823:2831) TOF MS El+
100, 581 1.72e4
H
i MeO N\/
011 :@/\/
] BnO
S
228.1
137.1
1 |es.0 92.1 220.1
138.1
7o e PP een aean 19214061 P7TL[ 2301 26512102 2852
60 80 100 120 140 160 180 200 220 240 260 280
Figure 97:MS spectrum of 4c
Schrittwieser_EMF32 (0.004) 1= (0.05,0.05) C18H23M0L TOF M3 El+
_ (2851728 §.10e12
100 L P
Theoretical isotope pattem of M™
==
2868.1782
2871791 2881818
D_ T T T T T T T T T T L T T T T T T T
Schrittwisser_EMF32 2793 (14.101) Cm (279127932823, 2831) TOF M3 El+
. [ 2851723 ) 16.6
100 2831850 |~
] Expenimental result
LI
2841345 | 2861792
0- miz

Figure 98: HR-MS spectrum ofic

978 279 280 281 282 283 284 285 286 287 288 280 200 201 292 293 204

131



16000
15000
14000
13000
12000
11000
10000
9000
ra000
7000
~6000
5000
~4000
3000
2000
1000

4.APPENDIX

I
,A‘IL
5.0

OBn

MeO
BnO

45000

1.0 0.5

2.5 20 i5

30

£1 (ppm)

4.5

6.0 5.5

Figure 99:'H-NMR spectrum oB8c

THEI-
(g2 cx
TEw!

ETIT
BITIT
ZEETT
SEFTT
9511
L0STT
S
trtt

TTEr

i
1£¢e1
BFLET
20T
[T
ZEBET

95821
mm.mmﬁ%
DOEET
mm.az./.

10ErT—
B9GkT
mm.@vﬁw

B

BEDLT =
orTar-"

132

40000
35000
30000
25000
20000
15000
10000
5000

) -0

Ly

OBn

30

60

70

MeO
BnO

100 80
f1 (ppm)

110

130

140

150

170

Figure 100:**C-NMR spectrum o8c



4.APPENDIX

._—;N*“-N__AM Iidlil- LI“_}'_F\LL_A_A_ JUJ\ =EEL
_\‘ MeO - -
N 0Bn - » ~ B
2 (Y
(6]
. 2
& | «»°
" " E
" e -
"
. o S
= a4 prl =
L6
4 . S ;
P, o K
Ls
80 75 70 &5 &0 55 50 45 40 35 30 25 20 15 L0 05
2 (ppm)
Figure 101 COSY-spectrum oBc
_—M‘A_AM_W M‘u U‘JI_»J'\_M_‘\\_ Ju‘l'-
)
| - rN OBn i 8
=4 o) ' 20
— »g
= ‘. -40
— ]
= "
—_ e ral
——t 14
80
E
ST
S— YR =
— e 120
__ﬂ L "
=] -140
== 160
180
+200
s.ln ?fs I ?.Io sfs sfo 55 510 4?5 410 3.|5 3fn I 215 zfo 115 1.,0 015
f2 (ppm)

Figure 102: HSQC-spectrum adc

133



4.APPENDIX

schrittwieser_DI_EMF35 392 (6.534) Cm (384:392-357:369) TOF MS El+
100+ 91.0 1.43e5
240.1
MeO:@/\
Bno FNT(\Q/OBn
o)
£
| 581
149.1 2411
65.0 (92.1 150 1971
( (1060 137.1° ‘198-1 282.2 509.3
0 ‘\‘\H‘\‘HH‘ WL ‘1\‘ H‘H(HH“‘H1‘\‘/””‘” ‘\‘\\\1‘\‘\\\‘\\\\ e HH“LH m/z
50 100 150 200 250 300 350 400 450 500
Figure 103: MS spectrum o8¢
chrittwieser_DI_EMF35 (0.017) |5 (0.05805rC33H35N04 TOF M3 El+
1007 ( S09.2566 ) 6.81e12
Theoretical isotope pattam of M™
-l
510.2599
511.2630
':I_ T T T T T T T T T T T T T T T T T T T
ichrittwieser_DI_EMF35 392 (5.534) 1354 352357 369) TOF M3 El+
100 _ s0s. 7=5~f/| 2 76e3
] Experimental result
(=28
510.2625
511.2661
D_ T T T T T T T 1 T T T | T T T T T T T T T T rn'lz
502 504 506 508 510 M2 514 516 518 520

Figure 104: HR-MS spectrum oBc

134



4.APPENDIX

~11000

10000

9000

-B000

7000

6000
5000

4000

3000

2000

880
06’0
60—
oy

ma.ﬁ%
S0T

B
152
Erz-t
e
wzf
HE

ma.mk
are
GUE
TEE
SEE

T

LEE~"
T5E~—
ECE~

o=
e

FELA

|
U
i
|
[1I||
=]

MeO

OBn
OMe

BnO

= e

L

=10

u

j

{

—£18]

ﬂ)
Figure 105:*H-NMR spectrum oBd

0.5

1.0

1.5

20

5

3.0

3.5

4.5

5.0

5.5

6.0

6.5

70

75

45000

40000

35000

30000

25000

20000

~15000

10000

5000
0

BEET
SOk
dze1

s0TE—

BTEE—
LHFE—

mm,_...v.
mmcvv
BEER-

B —
L

bIr9s—

BE09—

GEOL
£6 DS
arTs

ENETT
LIETT
TERTT
SeETTy"
BSFTT
TLPTT
DL0ET
mNANﬁW
el
GEZET)
LEET=
@v.mmt\u
SOTET—

ZTLET
mm.hmﬁv

E99FT
BT
TE8kT

LTRRT
S9'8FT
T9'8kT
S9°0kT
FEGET

99047~
T

MeO

OBn

BnO

OMe

T

Figure 106:*3C-NMR spectrum o8d

135



4.APPENDIX

|
4 weo . .
— m 0OBn - = «* B
|
——':! 0 OMe 2
4 " -
- -
- - 3
o " "
_—:J Ly ' —_
— 3 S P
— - 5
ls
-%] s
= - 7
la

5 40 35 30 25 20 15 10 05
£2 (ppm)

Figure 107: COSY-spectrum o3d

M i :‘LLL@.JJ ; L

MeO
) X
N OBn ™
Y | 3
0 OMe

-
“ . 40
L

| NPT .Ill

100

F1 {ppm)

L U
- 120

140

T II'.‘

160

180

T T —T T
8.0 75 7.0 6.5 a0 5.5 5.0 4.5 3.5 3.0 25 2.0 15 i0 0.5

40
2 {ppm)

Figure 107: HSQC-spectrum add

136



4.APPENDIX

schrittwieser_DI_EMF36 655 (10.918) Cm (635:655-492:518) TOF MS El+
100- 91.1 6.22e5

MeO
:©/\|’\l OBn
= X
© OMe

%)

240.1
58.1
65.0 |92.1 149.1 227.1241.1
64.0 299.2
77.0 | 107.1 H 208.1 | o541 300.2 539.3
0 ‘U"‘\H;‘\}\‘“UM"‘h_‘u“".}H‘H\H‘“,H‘;_L"H\\"u"\"H‘_.‘H(H\H"_H‘HH ettt Attt - m/z
50 100 150 200 250 300 350 400 450 500
Figure 108 MS spectrum o8d
schrittwieser_DI_EMF36 (0.017) 15 (0.05-805rC34H37NO5 TOF M2 El+
100 ( 539.2672 5.72e12
Thecretical isotope pattem of M
B
5402705
5412735

':I_ T T T T T T T T T T * T T T T T T T
schrittwieser_DI_EMF36 655 (10.918) [E30B55-492:518) TOF M2 El+
100- (_539.2696 ) 2. 2ed

] Expeaimental result
=
540.2745
541.2754
0- miz

533 53 535 536 537 538 530 540 541 542 543 544 545 54F 547 545 540
Figure 109: HR-MS spectrum o8d

137



4.APPENDIX

6500

6000

5500

5000

4500

4000

3500

3000

2500

2000

1500

1000

500
(v

[i43
ETE
89E
04
TLE

TLE

ZE

SLE

9%
%
01y
[
6]
PO
0591
659
199
599
999
£991
b
5491
£09]
£89
L9
402
60
e
LIV
91
e
BT
387
07¢ 1
[
i

[T
57
92
s
iy
67
€A
[
TE¢

TE¢
e
BEE
bEL

ﬂlaa.m

3.0 2.5 20 1.5 10 0.5

3.5

4.0

1 (ppm)

4.5

5.5 5.0

6.0

40000

38000

36000

34000

(30000

32000

28000

26000

24000

~22000

20000

18000

16000
14000
12000
10000

-B000

0ZEr—

EEGE—

96 O
¥ Eb—

Bir—
EFES~
iS5

m_u.mmv
FEET—

96 BT~
B0~

EEAUSS
e
LUBTT
3 >
“m.mmT__
pELET
B EZT4
L9621
L

THBET
S58ET
90RET
ETEET
mm.hmﬁv

GE TR~
SEGHT
TP~

££'8aT—

Figure 110 'H-NMR spectrum ofc

MeO

N

BnO

OBn

30

T T T
100 a0 80 70
f1 (ppm)

T
110

T
130

¥C-NMR spectrum ofc

Figure 111

138



4.APPENDIX

|. ‘ ‘LJL . “ i) JL

)' ilh U.JI-J L
‘ MeO O E
——-.:; BnO NV - - 11k
7 OBn
- S K
- L.
L J
L} -
i D sl .
= . .- - E
J 4 :%
] B
| .
4 "
- *n =7
E———1
| .
8‘0 715 ?IO 615 610 5:5 510 4.5 410 3.‘5 310 215 210 115 110 015 010
2 (ppm})
Figure 112 COSY-spectrum o2c
J dnlh uJJJ. I ‘\ ‘l__i“l A “ M&lu_hl ]
Lo
MeO O
== .
N =" 0
] BnO ~ i
— OBnN e 40
— CrT
— - B0
—_— |
a0
e
100 =
p— (R i
—_— -
== 140
= 160
-180
200
810 715 ?.IO Grﬁ 610 5:5 510 4.‘5 410 3.‘5 310 215 210 115 110 OfE 010
2 (ppm)

Figure 113: HSQC-spectrum dlc

139



4.APPENDIX

schrittwieser_DI_EMF37 732 (12.205) Cm (724:732-150:160) TOF MS El+
100~ 296.1 3.02e5
MeO O
N
BnO ~
O OBn
91.0
=
205.1
176.1 297.2
65.0
206.1
92.1
o 146.1 162111901 294.2/298.2
‘ | W H ‘ ‘ 2071 264.1 : 4492 478.2
R N 0 O T ‘UH‘ Do S o Nl 8203 3722 4022 TR TIPS 4923
50 100 150 200 250 300 350 400 450 500
Figure 114 MS spectrum o2c
chnmaieser_Ui_eEmMess 117.422) 15 lU.UD.U,H’tI’_I‘LTJ'JTﬁ:‘-H‘JUJ [ o [ e ol
00 (4822539 ) 6.83e12
I"\..__ o
Theoretical isotope pattem of [M-H]
==
4532572
4942603 495 7533
0- |~
T T T T T T T T T T T T T T T T T T T T T T
chrittwieser_DI_EMF37 732 (12.208) Cm (F24732150160) TOF M3 El+
T 2
100 .\:192.25 1 h./.l 381
] Expeaimental result
| &
4932635
491 2478 494 7612
U_ T T T T T T T T |J T T T i T T T T T T T T T T rﬂ'l?_'
484 436 4388 490 492 494 495 498 500 202 504

Figure 115: HR-MS spectrum o2c

140



4.APPENDIX

5000

8000

7000

6000

5000

4000

3000

2000

1000
0

06'5—

MeO

BnO

}

OMe

e

0 6.5 6.0 55 50 4.5 4.0 35 3.0 25 20 15 10 0.5
1 (ppm)

75

Figure 116:*H-NMR spectrum o2d

30000

26000

28000

24000
20000
18000
16000
14000
12000

22000
10000

8000

6000

4000

PTET—

B 5T

St O
W e

19—

LE 55
5095
6095

EEE9—

g 0L
ZOTE

511
BbLTTT V
0kTT="
0ar="

be gt
e
99¢zT
ezl
cael
058E1

EEYET—

FEERT
mh.mE./.
BOERT
ABRT

OBn
OMe

T
S0

O N~
]

MeO
BnO

1 (ppm)

Figure 117:*3C-NMR spectrum ofd

141



Q[“_H.JJ;_]JHL __,i\,-,_mdm_m_ JL_

4.APPENDIX

‘ MeO O L&
! N
—— BnO >4 - B 1
OBn
® ,
< - -
= CMe s ® - T
‘J O ® E
- - . =
" &
et 5
= 23
= =
— K
r8
8‘5 8.0 ?IE ?ID 6‘5 6‘0 5‘5 510 4.5 410 3‘5 3‘0 2‘5 ZID 1I5 llﬂ 0.5 0.0 -0‘.5
2 (opm)
Figure 118 COSY-spectrum c2d
=T *J LML' _||_<|_, ;sln__;um_.wjkj\.m___ s ki
Lo
MeO O
= .
N 20
= BnO \/ -
— O OBn -y -40
i -
- OMe " e
80
E
tioo B
—— bl =
— w 120
—_—
! -140
160
180
200
8‘5 8.0 ?IE ?.IU 6‘5 GIU 5‘5 510 45 4jU 3‘5 3‘0 215 ZIU lIE 10 Ufﬁ U“U -UI.S
2 (opm)

Figure 119 HSQC-spectrum did

142



4.APPENDIX

schrittwieser_DI_EMF38 672 (11.208) Cm ((666:668+671:672)-504:512) TOF MS El+
100 296.2 4.53e4
i MeO O
1 BnO N~
O OBn
| OMe
o\o*
91.1
| 205.1
| 297.2
176.1
| 65.0
105.0 146.1 14, 1 206.1 208.2
111901 294.2|27°
ok Lo TP 22 PRSI sara 324095 4322924640 s223
50 100 150 200 250 300 350 400 450 500
Figure 120: MS spectrum o2d
schrittwieser_DI_EMF38 (0.017) 15 (0.05, 085703 36MN04 TOF M3 El+
) (5222644 ) 6.74212
100 \ y
- \R'_— —'_f.-'
Theoretical isotope pattem of [M-H|™
B =
3232673
32427059
D_l T T T T T T T T T T T . T T T T T T T T T
schrittwieser_DI_EMF38 672 (11.208) Cr-{{G06 668+671:672)-504:512) TOF M3 El+
100 5222849 ) 59.8
e |
] Expenmental result
=
923.2651
D_| T T T T T T T T T T T T T T T T T T T T rT'I.I'Z
514 516 518 520 522 524 526 528 530 532 54

Figure 121: HR-MS spectrum o2d

143



4.APPENDIX

3600

3400

3200

3000

(2800

2600

2400

2200

2000
1800
1800
1400
1200
;1000
800
800
400
200

T
50/

e
£he
&

£52
57
9%
U7
jfas 3
S
iaa
BLE~E
797~
8377,
57
02
e
S0E
e
e
e
B9E—

T

W

9

B5e~,
199
899"

269
vm.mW
09

35000

30000

25000

20000

15000

10000

LEZl—

0.5

1.0

PZHE—

1.5

S Db—
0Fik—

2.0

1 dpi

2.5

9£85—

E£19—

4.0 3.5 3.0
f1 (ppm)

4.5

FEOTT—
ELETT~
TSI
BE9TT—

2 —
FERET—

BT'GZT~,
LBETT

TZTeT—
EFERT—
T8GkT

70

75

BL9ST—

6.5
Figure 122:'H-NMR spectrum ofl.c

MeO

HO

1 (ppm)

Figure 123:**C-NMR spectrum of.c

144



> _|||_f'h.,..—'lllu~l_JlJL——J o5 P _.ij __NM'“\."“ b S

MeO O
N
HO N~
OH
® ’

"u“_._ﬁr\lj‘x"h"\_ i ,Jx

= =y
.

3

: LAJ[U'[

4.APPENDIX

F1 (ppm)

80 7.3 70 6.5 6.0 5.9 5.0 4.5 4.0
2 (ppm})

Figure 124: COSY-spectrum ofc

I _i._ﬁLJ\L-'LJL

| | il e ]

3.5

3.0

2.5

__I‘L.Jllll___ _,«_,-\-Aa\,)\w_ L

..l

2.0

15 1.0 0.5

20

g
(=]
f1 (ppm)

8.0 75 7.0 6.5 6.0 55 50 -+

Figure 125: HSQC-spectrum dfc

L5 10 0.5

145



4.APPENDIX

schrittwieser_DI_EMF39_NEU 243 (4.050) Cm (231:255-170:200) TOF MS El+
100+ 206.1 2.63e5
MeO O
i HO N~
C
o\o’
191.1
207.1
1 176.1
77.0 1071 ‘1901 204.1
65.0 79.1 148.1 162.1
O-lsbr) Z 1‘( fgll ‘ 181 13‘}1 ol W\‘ 2201 54012541 269.1282.1 296.1 3122
e T RERARRARRR RN RN R AR R R R R R RN R AR R
60 80 100 120 140 160 180 200 220 240 260 280 300
Figure 126: MS spectrum oic
schrittwieser DI_EMF38_NEU (0.017}1s (0.05,0.05LG48H32H03 TOFMSEI+
100+ .*' 31:1‘305;. 7.99e12
|
Theoretical isotope pattem of [M-H]
g_
2121823
3141681 2151858
E T T T T T T T |I T T T T T T
schritbwieser DI_EMF35_NEU 243 (4.050)Cm (231255170 } TOFMSEI+
31;1&-15_. 1.35€3
1007 o
Expeaimental result
L2
210.1472
311.1538 313.1648
o 081303 208.1321 3141867 ae19s 1T 2201185
T T T T T T T T T T T T T T T T
305 306 307 308 309 310 3N 312 33 34 35 86 3T NE 315 320

Figure 127: HR-MS spectrum ofc

146



4.APPENDIX

5500

4500
4000
3500
3000
2500
2000
1500

2000

L0E

Z1E

8087

29—
mv.m/

159"
#I9—

£9T
zen/”

MeO
HO

I||"||...%lvm.a
3

——— %0

— ag't

40000
38000

8.0 5.5 5.0 4.5 4.0 35 30 2.5 20 15 10 0.5
1 (ppm)

6.5

Figure 128 'H-NMR spectrum of.d

BT —

BEFE—

LB
OF B

'
TH5S
TH 55—
FE 55

LHT9—

GEDTT—

mh.oSx
BT —
BLSTT—
EBOET ==
ST —
BY'0ET
OSIEET—

EZ'ERT
_“_n_.mvﬁ\/
E.mEW‘

147

36000
34000
32000
30000
28000
26000
24000
22000
-20000
18000
-16000
14000
12000
10000
ra00a

6000

w -0

i ey

&0 50

70

f1 (ppm)

et

OMe

MeO
HO

Figure 129 *C-NMR spectrum of.d



— H..'.U__J.J —

MeO ¥
Jl N
ﬂ— HO V - “ L1
OH
3
|
3 O : a8 .
OMe . ; &
J-. L]
= r
1 - Al H4
| =
| I 5
— 8
B ,
‘ B
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 05
£2 {ppm)
Figure 130: COSY-spectrum oid
J \ 1
oAl _,W.MM.M»JIH l\.-/l WMWNIWH‘-’W‘I IM\)'VIL}J 'LM_M«W’“"' | P o
!
I MeO O o
.__—_—_- N . i
— HO ~= i 2
OH oo o
-
O ‘ !
. H60
_. OMe
;f +80
. H100
::_L LI
ol ' ¢
— L] ri20
{
{ SEI|
b
9
i -160
{
: 10
f,_l +200
50 85 80 75 70 65 60 55 S0 45 40 35 20 25 20 15 10 05 00 05 -0
2 (ppm)

Figure 131: HSQC-spectrum dfd

4.APPENDIX

F1 {ppm)

F1 {ppm)



4.APPENDIX

schrittwieser_DI_EMF40_NEU 365 (6.084) Cm (350:365-376:393) TOF MS El+
- 206.1 6.99e4
100
MeO O
N
HO ~
O OH
OMe
S
191.1
207.1
176.1
60.0 770940 1050 122.0137.1 1621 ‘190.1 192.1508.1
0ot oo AT LS 7 2912400 aegaoe31s0sn  saas sazz

IR R R R LR
60 80 100 120 140 160 180

Figure 132: MS spectrum oid

schrittwiessr_DI_EMF40_NEU (0.017) Is (0.05-8-85-C20H24N04
100- I:' 3421705 :I

ARG R AR AR
200 220 240 260 280 300 320 340

TOFMSEI+
7.88e12

Theoretical isotope pattem of [M-H]~

[ 2
2431738
0 T T T T T ‘ T L T T T
schrittwieser D 1_EMF40_NELU 385 (5.084) Car(350: 185-376:393) TOFMSEl+
( 3421888 ) 148
1004 e ey
Expeimental result
@_
343.1676
|»3‘E-1BBT ‘ 3431912
0- —* T T L T T T 1 L T T miz
339 340 34 342 33 a2 345 345 347

Figure 133 HR-MS spectrum ofd

149



4.APPENDIX

268
266
126
125

E
5
| B
<

6000
5500
! A # L5000

o] A/ / Las00

OH I
O 3500

3000
2500

2000

1500

u . 1000
I " . F| ‘ 500
w-"klﬁu‘l}, J-'| |‘\Jl'—-'u I\M 'P‘ﬂdf mﬂﬂ\k‘d}'\_ﬂ ||' \ g ,P'l lJ ll'u,J‘I-J h i
__'__"‘_-’—l—‘r} 'E_I ‘—-G,‘—« r—i—f—c[‘— S SO e S bt o

Jﬁ}fj‘i‘g_ ,rb\-l f'J‘ WI

1 =t E————— e ro
3 2 = =1 A 5 g
= - i e ~ = = o
T T T T T T T T T T T T T
7.0 &8.5 6.0 5.5 5.0 4.5 4.0 3.5 30 25 2.0 1.5 1.0
f1 {(ppm})

Figure 134:'H-NMR spectrum of the preparative transformatiosubstraté.eafter 0.5 minutes reaction time

ta ’

f1{ppm]

T T T T T T T T T T

3.0 25 2.0 1.5 10 0.5 0.0 0.3 -L0

:
15 0 B.5 8.0 3.5 5.0 4.5 4.0 35
£ {ppm)

Figure 135: noesy spectrum of the preparative transformatf@ubstratele after 0.5 minutes reaction time

150



-

10N

b

LTE LS

Lk J

_t _M_Jtll.u i R '-;JLMM»W,_ _'-_1._
MeO
oS
MeO
O OH
T "
e
’.' L] 1 -
> A
o ol

b

)
VAL A

)

5

3.5
f2 (ppm)

3.0 25 2.0

L5

10

0.5

0.0

0.5

-L

0

4.APPENDIX

F1 {ppm)

Figure 136: COSY spectrum of the preparative transformatiosutifstratel e after 0.5 minutes reaction time

T W UV LSy SN l.Ju H_FJH"'II\ b

T
L3 70 6.4 6.0 5.5 5.0 45 4.0

T T T T T T T T T T T
35 30 25 20
f2 {ppm)

15

1o

0.5

0.0

0.5

-1.0

F1 (ppm})

Figure 137: HSQC spectrum of the preparative transformatiosutistratel e after 0.5 minutes reaction time

151



4.APPENDIX

9000

ra000

7000

6000

5000

4000

3000

2000

1000

Ho

OH

N~

MeO

4.5 2 fopm) 3.5 3.0 25 20 1.5 Lo 0.5
Figure 138:*H-NMR spectrum of R)-1e from the preparative biotransformation after 24 h

5.0

6.5 6.0

70

45000

40000

35000

30000

25000

20000

15000

10000

5000

FILI-
mqm—v

EZEZ—

0L Bf—

o1k~
B g

i
E.nvv
SFES
T mm#
LT mmuﬂ
££55

gre—

ﬁw.:T/n

cm.— T
£0vi1 7,
71
ST9T1
BETEI—

TEREI
PEEET

9E'GET
am.mﬁVu

L
ORI~
0T Ml
156r—

EGO5T
96951~

MeO

MeO

OH

&80

80

T
100

T
110

1 (ppm)

Figure 139:"*C-NMR spectrum off)-1e from the preparative biotransformation after 24 h

152



4.APPENDIX

| L_fL_.hLV J;__ eIl ,"'-M_ — _.._»k«____ S
»
J MeO -
— 0 et
MeO Y N~ ,
B OH
P, L
- (] o &
i \©/ ‘ . * ta
g « W ey
.;I o’ ] - Lg
T
s =
J s
—= LIS
= "7,
. 4 L7
j 8
|
|
| o
9?0 8?5 8?0 7.‘5 7.‘0 6?5 6?0 5?5 5?0 4?5 4?0 3{5 3?0 2?5 2?0 I 1?5 I 1?0 I 0?5 I 0?0
£2 (ppm)
Figure 140 COSY spectrum off)-1e from the preparative biotransformation after 24 h
| L_fL_."leJ J;.. "L,.JL__JJ“"'__MJ'b'xﬂ'__,___.._z‘\;—___._ —
— L]
e N r- - 20
MeO ' ndl '
= s OH - .o *
- RGOSR
— - o0
80
5
100 =
—— o " =
prmmm— .
] - +120
— .
—_— 140
160
180
200
9:[] E:E BT[] 7.‘5 IIU 6:5 ETU 5:5 5:[] 4:5 4:[] 3?5 3:[] 2?5 2:[] I 1:5 I 1:0 I []:5 ‘ []:[]
£ (ppm)
the preparative biotransformation after 24 h

Figure 141: HSQC spectrum of R)-le from

153



4.APPENDIX

CURRICULUM VITAE

PERSONAL INFORMATION

First name/ Surname Eva Fischereder

Address 13 Schénaugasse, 8010 Graz

Nationality Austria

Date of birth 27 July 1987

E-malil fischereder@student.tugraz.at

Mobile +43 6645545883

EDUCATION

2009 to present Master degree in chemistry az Graversity of Technology
2006-2009 Bachelor degree in chemistry at Univwersit Graz and Graz

University of Technology
2005-2006 Diploma study medicine at Medical Uniitgr&raz

WORK EXPERIENCE

September — October 2010 Employmebiniversity of Graz deaching assistant
Main responsibilitiesMonitoring students in laboratory

July — August 2010 EmploymentJniversity of Graz -Scientific employee

Main responsibilitiesSynthesis of Tetrahydroisoquinolines

October 2009 — January 2010__Employmedhiversity of Graz deaching assistant

Main responsibilitiesMonitoring students in laboratory

September 2009 to present Employmeétitteine Zeitung GmbH & Co KG” —
Promotion assistant

Main responsibilitiesPublic relation

154



4.APPENDIX

August-September 2009 Employmer@raz University of Technology Scientific employee

Main responsibilitiesDevelopment of novel electrode materials for

lithium-ion batteries.

May-July 2009 EmploymentJniversity of Graz -Bachelor student

Main responsibilitiesRacemisation ofi-hydroxy acid amides and

synthesis of pantothenic acid derivatives

July-August 2008 Employmeritt annacher Pharma GmbH'Research assistant

Main  responsibilities: Development and production of

pharmaceuticals

July-August 2002-2007 EmploymeriSeniorenpark Unterpremstatten & HUMANITAS” -
Nurse

Main responsibilitiesCaring for elderly people

PERSONAL SKILLS AND COMPETENCES

Languages

Mother tongue German

English C1in understanding and writing - B2 imlspn interactions
Italian Al in understanding, writing and spokerematctions

Latin C1 in writing

Social skills and competences

e Good communication skills gained through my experés as a teaching assistant
* Flexible, self-reliant as well as the ability to sikan a team, working experiences in industry

and different working groups at university

Organization skills and competences

Experienced in project and team management gaingidgd my experience as teaching assistant,

through seminars and group working activities

155



4.APPENDIX

Technical skills and competences

Experienced in the field of lithium-ion batteriesdathe belonging analytical techniques like

cyclovoltammetry

Computer skills

« Very good Microsoft office skills (MS Word, MS EX¢c®MS PowerPoint)
* Very experienced with scientific computer prograf@hemDraw, Scifinder, Beilstein, Isis
Draw, BioMol)

Other skills and competences

e Sportive (jogging, squash, swimming, cycling, tensurfing)
¢ Member of Green Peace

Clean driving license

PUPLICATIONS

Publications in peer-reviewed journals:

Deracemization of Benzylisoquinoline Alkaloids Eogplg Monoamine Oxidase Variants
Joerg H. Schrittwieser, Verena Red8hs Groenendaal, Diego Ghislieri, lan Rowfigion
C. Willies, Eva-Maria Fischereddarbara Grischek, Johann H. Sattler, Wolf-Dieter
Lienhart,Nicholas J. Turnek)Volfgang Kroutil

Invited lectures:

Access to novel berbine derivatives employingkibiberine bridge enzyme

J. H. Schrittwieser, V. Resch, E.-M. FischeredeH.XSattler, W.-D. Lienhart, S. Wallner, K.
Gruber, P. Macheroux, W. Kroutil 7" Intl. Symposium on Flavins and Flavoproteins
Berkeley, USA, 24.-29. Juli, 2011.

Biocatalytic approaches to a-chigim-andtert-amines

W. Kroutil, F. G. Mutti, C. S. Fuchs, D. Pressnitz, R. @&, J. H. Schrittwieser, V. Resch,
J. H. Sattler, E.-M. Fischereder, A. Orden, P. Maiobix,14. Osterreichische Chemietage
2011, Linz, Osterreich, 26.-29. September, 2011.

156



4.APPENDIX
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