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Motivation:

In our highlyindustrializederathe manufacture of complex pnacts or goods like computers,
mobile phones or cars does not take place one by one, but simultaneously and automated.
Advantageously the target products are builgp along an assembly line attaching the
corresponding components step by steépyrel). Those approaches are especially efficient,

effective, andesstime-consuming.

Figure 1. Production of VW Beetlek.

Based on an analogue concept nature provides a variety of very complex and highly
functionalized natural productsa biosynthesis starting from simple, nohiral, and easy
assessable compounds. One example is the polyketide synthdsded macrolactone
synthesis. Specialized enzymes fulfill prominent roles performing one step both exclusively
and stereoselectivelyFigure 2). On the way to the final molecule the corresponding
intermediates are passed from one catalytically active unit to the other like in an assembly line
(Figure3).!

Module 1 Module 4 Module 4-5
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Figure 2: Occurring enzymes.
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Figure 3: Polyketide synthase.

Since several yearshe group of Prof. Peter R. Schreiner is working with pegtaked
catalysts. These compounds accelerate also a single reaction exclésieycombination of
different active units separateth linkers mimics very, very small enzymes. This approach
enables the performance of a special reaction sequence in an assembly line nharthes.
contextSchreineset al.introduced the terms multicatalyst and retrocatalysis.

Based on previous work the main focus of this thesis is on adding an enantioselective
epoxidation to th wellestablished reaction steps (acylation and oxidatiespeciallywith

regard toa new multicatalytic reaction sequence. Therefore, a suitable catalytic moiety has to
be identified and incorporated in a peptignvironment. After optimizing the coitibns for

the separated reactiothe epoxidation should be used as part of the new multicatalytic
sequence. Furthermore, starting from generated epoxides a suitable downstream chemistry
should be investigated. Lastly, synthesized pegiaied catalysishould also be examined in

the context of additional reactions. But, crucial point for all mentioned project is the epoxidation

(Figure 4).
) S e 2 Peptide

catalysis

Multicatalysis

Downstream

Optimization chemistry

Figure 4: Motivation of this thesis.

2 http://www.nibis.de/~niff/material/bild/kueche/original/teller.html
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1. Introduction

1.1.Enzyme Catalysis
Enzymes as catalysts are not only used by nature to prepare a necessary molecule. In the
meantime they also find their way into organic laatories. Especially, due to their high
specificity and selectivity they are of high interest for synthetic chemists. In close synergy with
typical organic synthesis the enzymatic strategy represents a powerful tool for natural product
total synthesis. Asociated with complex molecules the mild reaction conditions are a further
advantage of this procedufeéFor example, in 2010 Breit al. published the total synthesis of

vittatalactoneAl combining both strategies (Schemé®L).

(1) LAH (99%)
(2) Lipase AK,
OO0 vinyl acetate (80%) 3 steps
AcO OH = Br
A2 A3 A4

E 5 steps (1) Mg
W : \/\/k/k/k)\ e
TBDPSO
o7 0 o 92%
A1 A8

(1) (R)-Oxynitrilase,

HCN OH
= (2) EtOH _ EtO. o _— 2 steps O(o-DPPB)
07 TS ~  TBDPSO._A
o]
A5 A6 A7
96% ee

Schemel: Total synthesis ofittatalactoneAl.

In the synthesis of both buildings blocks Breital. used an enzymeatalyzed step. After
reducton of mesecompoundA2 desymmetrization of the formed diol with Lipase AK and
vinyl acetate yielded momaylated producA3 in 80%. In three additional stepgs3 was
transferred into bromidA4. The western part of the compound was synthesiegdydrogen
cyanideaddition to crotonaldehyd&5 in the presencef (R)-oxynitrilase. After reation of the
formed cyanohydrinvith ethanol ethyl estek6 was isolated with an enantiomeric excéss

of 96%. Starting from this chiral alcohol protected &@lwas sythesized in two further steps.
Coppercatalyzed allylic substitution provided allylic alcoh&iB with a yield of 93%.

After five additional stepsittatalactoneAl was obtained with a total yield of 18%.

A variety of different enzymes already find veisate appl i cat i onc tiino ntshoe i t

like esterification or carboenitrogen bond formation as well as reduction.



Besides identification of new enzymes for additional transformations investigations of known
enzymes in mechanistically related reéas is one of promising aspects for further
development in this research al®aOne growing field with an excellent potential are
biocatalytic oxidations. Regarding the aspect of green chemistry due to usage of oxygen or
hydrogen peroxide as oxidizing agents this clasgattions can be considered as even more

environmentally friendly’

Three different classes of enzymes are capable of epoxidizing ezaiimon double bonds of
aliphatic alkenes: lipases, monooxygenases, and peroxidaBesed on the mechanism
lipases provide only the racemic proddt] In contrast the other ones enable enantioselective
reactions. In 996, Hageret al. reported the synthesis of lactorigl starting with a

peroxidasemediated epoxidation (Schemel?).

CPO, KCN,
TBHP, TFA,
)\/ﬁ\ buffer o 0 EtOH HO , O
_—_— /s —_—_— .
' NCM
OEt 67% OEt 90% OEt
B2 93% ee B3 B4
NaBH,, EtOH
98%
(1) NaOH
HO (2) HCI (10%), MeOH
> (3) MeSO3H, THF %
NC.__~
83% OH
0~ o
B1 B5

Scheme2: Synthesis of lactonB1.

Epoxidation ofB2 with 0.014 mol% chloropexidase(CPO)yielded epoxidedB3in 67% and
with an enantiomeric excess of 93%. Afterwarelgsoxide opening and reduction provided
2-hydroxyl nitrile B5. Finally, after cyclization lactonB1 was isolated with a yield of 83981
was identified to be an important biosynthetic intermedidg in the synthesis of compounds

like sterols or terpenes.

Apart from usage in laboratory scaazymes are also used in industry. Immobilizing those
catalysts entails adtébnal advantages like increased stability, recyclahilagd continuous
product formation. But, a variety of parameters must be taken into account and a direct transfer

from onereaction to another might be not possible in some circumst&fices.

In the field of catalysis chemgstan learn a lot from nature. For example, charged ieeiates

have to be stabilized or the necessary transition state (TS) must be generated. Therefore, plenty
2



organocatalysts were designed following a model in n&ttile. 2008, Sakaet al. published
the trifunctionalzed catalyst C1 containing an oxygen aniecoordinating moiety,
a nucleophilic hydroxyl group, and a pyridine unit as base. The@bmimics the active side

of a serine hydrolase showing a high catalytic activity (Figuf&

c1
Figure 5: Organocatalys€1 mimicking a serine protease.
1.2.Organe, Peptide and Multigtalysis
1.2.1. Organocatalysis

Apart from already mentioned bio/enzyme and metal catalysis the field ofomagatysis
became the third important branch of asymmetric catdfsiscan be divided more precisely
by the kind of occurring interactisnCovalent bonsl are presentor examplein case of amine
or N-heterocyclic carbenfNHC) catalysts. On the other hand Brgnsted acid or urea species
form hydrogen bonds and in case of phase transfer catalysts (PTC) ionic interactions are
dominant® 8 The phrase 6organocatal ysisoé was i nt
and form the beginning of the 21th century on the activity in the area of organocatalysis and its
application started to increaé.® Of course even before 2000 a variety of reactions were
performed in the presence of substoichiometric amounts of small organic molecules, which
could abo be considered as examples for organocatalysis. One very popular example is the
proline-catalyzed Hajo®arrishEderSauerWiechert reaction (Schen®. Proline(Pro)D1 is
used to perform an intramolecular aldol reaction. The bicyclic pra8ietas ob&ined in 70%

and with an enantiomeric excess of 97%.

{ d~cop

N
H
o) D1 0
o o
D2 D3

70%
97% ee

Scheme3: HajosParrishEderSauefWiechert reaction.



A very important progress was achieved by utilizing organocatalysis in so called domino or
multicomponent reactions. Starting from were simple building blockg;hwhere all added at

the same time, highly complex and diverse molecules can be synthesized without isolation of
appearing intermediates. Therefore, besides the advantages of organocatalysis
(e.g. environmenfriendly, enantioselective) these proceduaes additionally efficient and
atomeconomicdl® Apart from usage in total synthesis organocatalysis fiitciple alsoof
interest, for example for the plarmaceutical industry, because of all the aforementioned
properties, but applications are rarely repoftéd. Using a prolinebased approach
Tripathi et al. synthesized several tetrahydropyridiné® E1, which have an antimalarial
activity (Schemet).[*

L Oeon
+ F D1

NH,
E3
D1eTFA (20 mol%)
MeO +
E2
. O O
Me)J\/U\OMe Eq
E4 60%

via:

ES E6

Schemed: Synthesis of antimalarial agelbi.

One equivalent(equiv) aniline E2 and one equivalent aldehyds3 form the corresponding
imine E5. After enamine formation betweddil/trifluoroacetic acid(TFA) and E4, reaction
with aldehydeE3, dehydration, and Knoevenagel reaction with anii@edieneES6 is yielded.
After azaDiels-Alder reaction of building blockE5 andE6 target compoun&1 was isolated
after 18 lourswith a yield of 60%. Due to formation of prochiral intermediaéeE1is finally
obtained adrans-configured racematenlvitro screening gainst Plasmodium falciparum

tetrahydropyridin€E1 showed a 100% inhibition at a concentratjoonc.)of 0.09 pg ml. ?



Although, higher amounts of catalysts might still be necessary for some organocatalyzed
transformations improvements regarding{mading were already ma#éd But, especially to
achieve further progress considering sagleand industrial applications performing reactions

in continuousflow is also an intensively studied aspect in the context of ogdalysid*®

In 2012 Fll6pet al.reported an 1;4ddition of aldehydes likE2 and nitroalkend-3 in the
presence of immobilized acid cataly&t under continuoufiow conditions (Schems).[*9

QA Ly
oy
o Oij/ ° o)\H@ O Ph
Me\)LH * e N2 wn HJJ\/\/NO
e

F2 F3 F4
continuous-flow: 91%, syn/anti 11:1, 93% ee(syn)
batch: 98%, syn/anti 9:1, 91% ee(syn)

2

Zin

Scheme5: Immobilized catalysE1 in an 1,4addition utilizing continuoudlow conditions.

After reaction of aldehyd€&2 and olefinF3 catalyzed by immobilized tripeptiddsl under
continwousflow-conditions nitresubstituted aldehyde4 was isolated with a yield of 91% and
an enantiomeric excess of 93% for the major isodemultaneously performed experiment

with standard batch conditions produced nearly the same result.

1.2.2. PeptideCatalyss
As the last example illustrates, besides amino compoBrdssted_ewis acids and bases,
PTCs, N-heterocyclic carbenprecursors as well as compounds, which can form hydrogen
bonds'*@ peptides can also act as organocatalysts owing of a course a closer resemblance to
enzymes. Especiallyflexible and modular synthetic availability in combination witke th
possibility to adopt weltldfined secondary structures mak#gjopeptides to a potent class of
organocatalysts. [feir typicalchainlength are between 2 and 50 monom&©ne of the first
examples was the dipeptideediated enantioselective synthesis of cyanohydrin reported by
Inoueet d. in 1979/1981 (Schen®).[?1

In the presence of diketopiperazi@d addition of HCN on benzaldehydg2 takes place.

After 30 mirutesconversionconv.)of 40% and an enantiomeric excess of 93%reobserved

for primary alcoholG3. But astonishingly, racemization of cyanohyd@3 occursover time.

After 72 hours the conversion increased to 90%, but the enantiomeric excess decreased to only
12%.



0O

NH HN—\
HNMN

(0] (0] OH
G1
H G1 (2 mol%), HCN CN
G2 G3
40% conversion
93% ee

Scheme6: Diketopiperazinamediated cyanohydrin synthesis.

Of course, larger systems than dipeptides were considered as well and until now a variety of

different reaction types were identified being catalyzed bgetsystem8? The usage of

peptide o peptidebased catalysts wa$or example published for MoritaBaylis-Hillman

reaction’?? FriedelCraftstype alkylationi? andconjugated addbn!*® 24 with and without

animmobilized systemCatalyzed brominatiom the presence dfil1 reported be Mier et al.

and [3+2] cycloadditionwith dipeptidederived phosphingd5 described by Luet al. are

depicted exemplarily as further possible applications (Schef@ 7).

!
Q""\( " i

o) Br\N)]\N/Br

o
HN
\,Tj (@] Ph M
HN. OQX\/
Boc S
H1 OMe H2
o) H1 (10 mol%), Br O
Ho\©)\ijr H2 (1.5 equiv) HO:©\)J\NJPr
i ip
Pr Br Br r
H3 H4
89%
94:6 er
TBDPS..
~ " PPh,
Os_NH
TRk
Bu N)J\O CCl,
H
H5
H5 (5 mol%) 7
mol7o
PhJJ\H/O\R v 7 C0,Bu RN +
R: 9-phenanthryl Ph
o CO,Bu
H8:H9 >99:1
H6 H7 05% H8
91% ee

Scheme7: Two possible exaples for peptidebased or peptidderived catalysts.
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A further very intensively studied example is the peptd&lyzed acylation foalcohols.

This is one type of reaction, which will be important for this thesis. In 1998, Mitlel.
published the kinetic resolution ®f-acylatedalcohols (Schem®).[?® “-Methyl histidine
functionalized (PMH) tripeptid&l acts as neleophilic catalyst. In the same year they reported

a similar system and proposed the intermediately formed imidazolium species incorporated in
the chiral peptide backbone is essential for transferring the acetyl group onto the free alcohol
in a selectivavay!?” A selective acylation of alcoh®ls of great importace for the natural
product class of cadhydrates regarding the regioselective introduction of protecting groups
(PG). Miller et al.transferred their approach onto polyols showing first promising results, but

also emphasizing the challenge as well as possible satitiothose substraté®!
H
O"'// N
\ g ﬁo
N o M
OQXV

QO
HN
N Boc
" OMe
OOH 11 (2-5 mol%), Ac,0 O/OAC O;\OH
+
,,'NHAC 58% conversion “'NHAC NHAc
S=28
12 13 (5,5)-12

73% 98%
Scheme8: Kinetic resolution oN-acylatedalcoholl2.

In 2008, Schreieret al.published a catalytic system on basis of BMMHich isable to perform
the kinetic resolution dfans-cycloalkanel,2-diols in a highly selective fashiomm contrast to
Miller & prolinebased catalyst they utilized amdamangl amino acidAdGly, for the sake of
conveniencgas core structure. During permutation of the amino acid sequence¢méfied
cyclohexylalaningCha)as second unnatural building block necessary for their oligopeptide
catalyst. Based on molecular dynamic considenatithey concluded that besides hydrogen
bonding hydrophobic interactions and a poeiedped structure of the oligopeptide are
essential for a selective acetyl tran$f8rOne year later Suneit al. proofed this observation
via density functionatheory(DFT) calculations?? Due to the optimal yield of 50% in case of
a kinetic resolution Schreineet al. focused on mesediols because in case of a
desymmetrization 100% vyield can be achieved, Bigy observed that aftacylationof J2
with their already established oligopeptidé moncaacylated diol J3 racemized during
purification via intramolecularacetyl transfer. To address this finding whgerformed an

addon oxidation of the remaining hydroxyl group to its corresponding ketorth wi
7



substoichiometric amounts 0f2,2,6,6tetramethylpiperidirl-yl)oxyl J4 (TEMPO)
(Scheme9).[?Y After purification U-acetoxy ketong5 was isolated with a gld of 70%. The
enantiomeric ratider) after oxidation was the same for target compaibhdompared with its
monaacylatednon-oxidized derivative)3.?? Consitlering the computations of Suregjal.the

proposed cis-(1R,29-2-hydroxycyclohexyl acetate J3 forms preferentially during

desymmetrizatiof?
Ph
b0 e
N N OMe
Boc” \:)J\N \:)J\N
: H o i H 5 N
N ~ Cy 0]
\-N
AN J1 Ja
J1 (1 mol%), J4 (60 mol%),
(IOH Ac,0, DIPEA C(OAC TBABr, mCPBA (IOAC
OH OH o)
J2 J3 J5
81% conversion 70%
94:6 er 94:6 er

Scheme9: Desymmetrization ofmesecyclohexanel,2-diol J2 with peptidecatalystl1.

Schreiner and cworkers extended the application of their catalytic system. In 2010, they
published the peptidmediated Steglich esterification. The necessary anhydride is formed

in situfrom the correspondingarboxylic acid in the presence of a carbodiimide as dehydration
and activation agent. Due to this approach acyl species can be transferred to an alcohol which
has no stable or commercially available anhydi#ieSix years later they used an analogue

oligopeptide catgst in the first enantioselective Ria-West reaction (Schemni).[3%

H (0] H (@]
Boc/N\é)kH N\é)kOMe
cy” K1 ° \(\N

/
/N\/
(1) K1 (10 mol%),
H o Ac,0, DCC H \)?\
Ac” fJ\OH (2) AcOH A
Cy \Cy
K2 K3
67%
58% ee

SchemelQ: First enantioselective Dakiwest reaction.



Tripepide K1 is involved in the acylation of the formed azlactone and the decarboxylative
protonation, which is mechanistically not yet fully understood, yielding final prd¢@icThe
best result was obtained foyclohexylalaninewhich can be explaindaly the important role

of dispersion interactions between catalytic system and side chain of the amino acid.

The second type of reactions, which is essential for this thesis besides acylations, are oxidation
reactions Epoxidation Chaper 1.3.) and sulfoxidatio (Chapter 5.3.)special types of
oxidationsare introduced separately. Two additional examptethis context are shown in

scheme 1.

In 2011, Miller and ceworker reported the selective oxidation of ireolia a peptide catalyst
L1 containing an aspactacid as catalytically active moiéfi¥! The peptidic system is able to
oxidize the nitrogen heterocycld2 in the presence of catalytic amountsf
4-dimethylaminopyridine (DMAPpoth chemeand enantioselectivelfscheme 11)For years
later they usedthe similar systemlL4 for the asymmetric Baey&filliger oxidation
(Scheme 1).*2 |n this case the introduction of the oxygen proceeded enraatid
regioselectively. They observed a parallel kinetic resolution of both possible pro@uatsl
L7 as well as the preferred formation b7, which is the less faved product utilizing
metachloroperoxybenzoic aciimCPBA) as oxidizing agenfThey introduced the strategy of
carboxylic acidcontaining peptides for oxidative reactions firstly in the enantioselective
epoxidatiorof cyclohexene derivatives in 200CKigpter 1.3.2.1)% In this context the showed
a postulated mechanism based on peracid formaigocarbodiimide activation and hydrogen
peroxide additiorand explaned therole of DMAP in more detailChapter4.3.1).

z
(@)

DMAP (5 mol%),
L1 (10 mol%),
H,0,, DIC

Iz _

L2




N (CHz),NHBoc
T

H o=
HO,C~ \H
III|-<
Q CO,Me
BuO o 0
0 L5
i‘j\ PN 7321 " NH %
N Ph mCPBA NH
H L6:L7 7.9:1 o= o=
or Ph Ph
DMAP (10 mol%), L6 L7
LS L4 (10 mol%), 70:30 96:4
H,0,, DIC
41% conversion
L6:L7 1:3.7

Schemel1: Examples for peptidbased oxidation reactions.

1.2.3. PeptideBased Multicalatysis
As shown for the pgketide synthase (Figure 2 and®)naure can produce complex
compoundwia multistep processes and in a lineanner. Occurring intermediatase passed
from one catalytic part to the other. Even if atom, redamd step economy are not optimal for
all biosynthetic procedures, for syntletichemiss their efficiency is quite high.
In 2015, Kirschninget al. reviewed these comparable aspects between nature and organic
synthesis. They showefbr examplethat a domino reaction or a multicatalytic approach are
useful tools mimicking naturgrinciples in organic laboratori€¥! Already three years before
Schreineeet al. published a review focusinmgore onthe synthetic application of multicataig
with organocatalystsAfter describing different models of multicatalytic teamwork they
illustrated its potency based on severalhepkes of distinct catalyst combinations. Finally they

introduced the concepts of a multicatalyst and retrocatafygjare 6)9

" PDT

cat. 1 @ cat. 3
A 1M 1] — [1m 2] — P
B c D



(b)

Retrosynthesis

Target T ee— Starting

structure materials

Single catalyst __ Multicatalyst

Figure 6: Multicatalyst and retrocatalysis concept.

In a multicatalyst all catalytic active moietiesprecursors are fixed at one common backbone
separated by suitable spacers. The catalyst is present from the beginning while the different
reagents are added stepwise. Staring material A is converted into prodachtérmediates

IM1 and IM2, which arenot isolated or purified (Figur@(a)). Besides simplified dealing with
unstable intermediates the multicatalyst approach is also less time and resmsuw®ing.

Furthermore, with regard to reuse only one catalyst has to be recbered.

A multicatalyst can therefore be considered as an ensemble of single catalyststdnget
molecule can be divided into its necessary starting mategr@aistrosynthesis the two different
catalytic species are connectad the concept of retaatalysis Both principles can be used in
parallel to identify potential educts and an appiate multicatalyst to obtain the desired target
compound (Figuré (b)).

Several requirements must be fulfilled for a multicatalyst to achieve an efficient functioning.
Beside an orthogonal reactivity the utilized catalytic moieties are not allowed to interfere or
inhibit each other. A suitable spacer and/or backbave o be identified ensuring a defined

structure associated with an asymmetric reac¢tibn.

With a closer look on the desymmetrizatioxidation sequence (Sche®e and t he Asi mi
of oligopeptide catalysts and enzymes in mind it whsious to fix PMH and the TEMPO

moieties on one common peptide backbone. After catalyst screeniygidbetified
functionalized peptidM1 as the catalyst of choice (Schen2. They found out that separation

of the distinct moietieby three amino acglvia substitution of the methyl ester & (Scheme

9) with TEMPO amine has no effect on the thdémensional structure. With the first
organocatalytic multicataly$éi1 they obtainedU-acetoxy ketond5 with a yield of 70% and

an enantiomeric ratio of 8. Astonishingly, the amount of TEMPO catalyst could begedu

from 60 to 5 mol% and only thresgjuivalents omCPBA were necessary to achieve nearly the

same resulgd
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In the next yearsSchreineret al. reported three further sequescwith a multicatalyst.
In 2014,they showed thainstead ofchanging the catalytic moieties in retrocatalytic manner
the involved reaction steps can be inverted. The utilized multicatislysin an oxidative

esterification (Scheme2).34

Ho Q WO
goe N AN @NJ&H%N\QF
© _\Cy © N\O.
M1

Y N
= H
NS
\_—N
0] AN
Et)J\H
M2 M1 (5 mol%), O O

+ pyridine, ‘BuOCI PS DIPEA CO,Et

o > Et7 "0 -

OH vy

HO NO: O/ "
M4

NO 41%

OH mé

2
M3 M5 73% ee

S =14

Schemel2: Oxidative esterification with multicatalyM1.
In the first reaction step mixed anhydrib8 was formed under oxidative conditionsrstey
from aldehydevi2 andpara-nitrobenzoic acigpNBA) M3. The smaller part df13 was finally
transferred ontérans-diol M5. Monoacylated produd¥i6 was obtained with a conversion of
41% and an enantiomeric excess of 73%. In line with possible acydiuroes beginning with
anhydridd?d acid/?® and aldehydé® Schreineret al.al so established an
couplingo. I n 2016, t hey publ i shed t he
trans-cydohexanediols and the corresponding alcohols in the presence of catalytic lgMstem
Different mone as well as diols were utilized and good yields and enantioselectivities were

realized3®

It was also possible to extent the kinetic resotutimf trans1,2-cycloalkanediols to a
multicatalyst approach. In 2012, Schreieg¢ral. published arepoxidatiorepoxide opening
acylationsequence. For this thrstep procedure they substituted the methyl estdi ofa a
homoaspartic acid motif, whick able to epoxidize the carboarbon double bond in the first
step (Schemel).3"
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HoQ HoD H
N N N
Boc” \;)kN \;)kN CO,H
E H o = H o

N CO,H
\_N
N N1
N2H4'H2804
N1 (5 mol%), (10 mol%), Ac,0,
DIC, H,0, H,0 OH DIPEA OAc
_ > (0] e —_—
"OH "OH

N2 N3 N4 N5

24%
68% ee
S =26

Schemel3: Kinetic resolution of dioN4 with multicatalystN1 starting from the corresponding olefi?.

Starting form cycloheptend2 the diacid moiety mediatethe epoxidation to oxirand3 by

in situformation of its peracid in the presence p&apropykcarbodiimidg(DIC) and hydrogen
peroxide The threemembered ring ispenedoy the additional catalyst hydrazine sulfate and
ten equivalentsf water. Finally, theemporarilyformed trans-diol N4 is selectivelyacylated

by PMH as catalytically etive speciesBest results were obtained for the sewaembered
systemN5 with anS-value of 26 The detailed mechanism was elucidated in 2015 by Schrader

et al via MS technique$® and the epoxidation pag shown inchapter4.3.1. in more detail.

1.3. Epoxidation
In the lastmentioned multicatalytic sequence the asymmetric information was introduced in
the acylation step. From a synthetic point of view and considering especially complex target
compounds it would be worthwhile to carry out the first step of a sequence in an
enantioselective manner. Therefore, the focus of this thesis lays on the idémtifafagn

asymmetric epoxidation strategy based on peptidic platform.

1.3.1. Occurrence oEpoxides
Due to thé& ring structure epoxides are highly reactspecies. erefore they are used as a
versatile class of starting materials. Besidiesling applicationin polymer chemistry’
oxiranescan beopened with avariety of different nucleophiles(Nu) using carbon or
heteroatorrbased reactants. Depending on the nature of the nucleophilic compfarent
example U-halogenated dr-amidated alcohols can be obtained. Moreover, the potential access
to two defined stereogenic cergar parallel become important in this regdfél.In our context
the epoxide opening mediated by an organocatalysts is of course of peculiar ff#ferest.

13



But, besides being starting material or intermediate in a reaction epoxides are also part of
differentnatural products or drugs. Starting from both electrom or electrordeficient double

bonds one of the possible enantiomers is highly relevant for the corresponding target molecule
(Figure?).

OH
(0]
Br
(0]
o1 02 o3 04
(+)-Bromoxone Apiosporamide Eplerenone Epothilone B

Figure 7: Examples for oxiraneontaining natural products or drugs.

The acetate of bromoxon@l was isolated from a marine acorn worm and possesses an
antitumor activity. Its total synthesssartingfrom a chiral building block was reported2003

by Kitahara and cworkers®d Secondly, the relative and absolute configuration of
apiosporamid O2 was elucidated by Williamet al.in 2005 after total synthesis. It is described
that their target compound was isolated from a fungus and is both aguiftas well as
antibacterial activ€? Thirdly, Wuts et al. synthesized eplerenor@3 in a chemobiological
wayin 2008. This compound is utilized for the treatment of hypertensidonargestive heart
failure*Y MacrolactoneD4 belongsto a group of similar compousgdwhich were isolated for
myxobacteriaSorangium cellulosumA total synthesis was reported in 2012 by Lin and
co-workers.EpothiloneB is approved for the treatment of breast cancer and fuafidications

are still undernvestigatiori*?

1.3.2. OrganocatalytidBased Synthesis of Epoxides
As mentioned in the motivation the main focus of this thesis is on the affiliation of the
epoxidation as further type of reaction in context of multicatalysisombination with our
peptidebased scaffold an organic precursor or catalytic mofétyl) is preferred. Very
prominent strategies gréor example pegide-, phaseransfercatalyst, imine-/enamine,
iminium- and, chiral ketondased organocatalytic varitsi*¥ Therefore, those

well-established methods are delked based on selected examples.
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1.3.2.1. PeptideBasedEpoxidation
The first epoxidation, which was carriedtavith a peptide, was the Jul@olonna epoxidation.
The polyamino ackinediated reaction was published in 1982 and is also often denoted as one
of the first organocatalyzed reactions (Schemg“f The second example is the oxirane
formation with a carboxylic acidontaining oligopeptide, like it was already introduced in the
oxidation of inales and the BaeyeYilliger oxidation (Scheme 11 In 2007 Miller et al.

reported the reaction of substituted olefins to their corresponding oxiranes (Sehétfe 1

0]

N _
H (0] BocHN\/gOHN\\;
N "Bu H

! QLu HN O

HO,C™
30 Ph) 1y
P1 P4
o) o)
P1 (21 mol%), P4 (10 mol%), PY
Q H,0,, NaOH o9 BnHN™ “O  DMAP (10 mol%),  BnHN™ "0
o
P2 P3
96% P5 P6
96% er 58%

54% ee
Schemel4: Exemplary peptiddased epoxidatian

In the JuliaColonna epoxidation polypeptidel catalyzes the reaction &ib-unsaturated
ketoneP2 to its oxiraneP3. The desired product was obtained with a yield of 96% and an
enantiomeric excess of 96%. In 2004, Coloahal. showed in mechanistic investigations that
the catalyst coordinates the formed hydroperoxide enofdterwards the oxygen atom is
transferred selectively on the double b&id*¢ In case of aspartic acitbntaining peptide
catalystP4 dicyclohexylcarbodiimide (DCC) and hydrogen peroxide form the reactive peracid
in situ. In contrast to addition of the reactive species on electefisient substrat®2,¥ the
carboncarbon double bond is epoxidized in a concerted mar(@apter 4.3.1).
Epoxy cyclohexane derivatiie6 was obtained wit a yield of 58% and an enantioselective

excess of 54%.

1.3.2.2. Phase Transfer Catalysts
With, for example hydrogen peroxide as oxidizing agent utilized in a biphasic system in the
presence of a base the reactive species hydroperoxide enolate has topoetétaiosm the
agueougaq) to the organic phas&his interfering propertyis thehuge advantage of a PTC
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(Figure 8).*°1 Besides epoxidations theare also usedfor example in dkylations,

Mannichreactiors, and fuorinatiors 4

*® O o) organic phase
-------- PTC X --------------PTC HO, -------------
aqueous
>_< phase
NaOH + H,0, NaX + H,0

Figure 8: Schematiaepiction of the functionalitpf a PTC.

In the aqueous phase sodium hydrexigprotonates hydrogen peroxide. By replacement of
the anion the formed hydroperoxide enolate is transpartedhe organic layeby the PTC
In the environment of a chiral caticrcounterparthe oxygen is transferred onto the olefin in

a selective fashion. Four differeypes of PTCs are depicted igure9 utilizing this concept.

5 (1318H37
Cl ®NH

H

Q2

Q4

R: 3,5-Ph2-CﬁH3
Figure 9: Selected examples of PTCs.

Alkaloid Q1 was firstly used in the epoxidatiof Ub-unsaturated alkenes in 1976 by Wynberg
and ceworkers. They showed thtte presence of the salt is necessary for the formation of an
enantiomerically enriched proddéf. Bifunctional catalyst Q2 was reported by
Nagasawat al.in 2009. A postuleed mechanism bases on the activation and coordination both

of olefin and reactive species by either guanidinium or ured“dnit.
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In 2004, Maruokaet al.introduced a quaternary ammonitrased PT@3. They obtained the
corresponding epoxides with up to 99% vyield and an enantiomeric excess df996%.
Imidazoliumfunctionalized polypeptid€4 was utilized in the Juli&€olonna epoxidation.
Based on a simple recovery catal@st was reused in seven cycles withoutslag catalytic

activity .59

1.3.2.3. ProlineDerived Catalysts
A third class of catalysts are systems derived from proline. Bothotagbed as well as
protected prolinol derivatives can act as catalystacting via different mechanism
(Scheme %).

In 2005, Lattanzi published the enantioselective epoxidation gathmercially available
UUdiphenylprolinol R1. In their postulated mechanism prolindR1l deprotonates
tert-butyl hydrogen peroxide (TBHP) forming a chiral ion pair with the reactive anion.
n-Hexane as nonpolar solvent prefers the salt formation additionally. Moreover, ¢he fre
hydroxyl group activates the carbonyl moietylfi-unsaturated olefifP2. For epoxy ketone
P3they obtained a yield of 72% and an enantiomeric excess of 75%. By reléasénfanol

prolinol derivativeR1 can enter the next catalytic cy¢té.

Ph Ph ©
prh n ‘BUOOH %Ph BuOO
H

OH H, OH
R1

BUOH
\ P2

@Xph o HH_O
N Ph BuO K o. M
H2 OH o o [Bu/ \O \IO
\ O
Ph/\)J\Ph Ph)\//kph
P3 — -
72%
75% ee
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Schemel5: Prolinol ard prolinol ether catalyzed epabations.

In contrast prolinol ethers, also known as Jgrgedtmyashi catalysts? have a different
mechanism. The first usage in an asymmetric epoxidatidpainsaturated aldehydes was
published by Jargenseat al.in 2005 including the postulated mechani§tHerein, amine

R2 and aldehydeR3 form an iminium species, which is afterwards attacked by hydrogen
pexide. Ring closing to the oxirane takes plaieattackof the U-carbon of the enamine on
the oxygen atom. After hydrolysis epoxitR} was isolated with a yield of 90% and an

enantiomeric excess of 97%.

1.3.2.4. Chiral Ketones
Dioxiranes like dimethyldioxirane are standard reagents for the synthesis of epoxidése But
reacitve species can also be generatesitu starting form a ketone and an oxidizing agent like
Oxoné or hydrogen peroxide. For the corresponding mechanism see chapters 4.4.1. and 4.4.5.
In case of a chiral carbonyl component the epoxidation can proceedanaatigelective
manner. Beside€,-symmetric systems sterically hindered ketones are typical precursors for

this kind of epoxidatioff:3¢ 434431 Two examples are depicted icheme 6.

In 1996, Shiet al. published the epoxidation with carbohydrate derivaB&®¥ In the
following year they also reported a catalytic version of their procéefursfter transferring
one of the dioxirane oxygen atoms onto the caisrbon double bond the fructederived
ketone can enter the catalytic ty@again. Also in 1996, Yang and-amrkers introduced
Co-symmetric cyclic keton84for the asymmetric epoxidation of electrooh alkenes like&S2

Moderate to good enantiomeric excesses were achievddafx as well as trisubstituted
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alkenes. A prainged reaction time was necessary in regard to the usage of catalytic amounts

of precursoiS4°

A 2 =)
A
cf;

O\\\ Y O O
0 —
=)
S4

S1
S1, S4,
ph _ Oxone, NaHCO,4 0] Ph Oxone, NaHCO4 R
S2 (R,R)-S3 S2 (S,S)-83
73% 99%
>95% ee 47% ee

Schemel6: In situformation ofthe actie dioxirane species.
Referringto their carboxylic acigtontaining peptide cataly§4 Miller et al. published an
oligopeptide functionalized with a trifluoromethyl ketofid&-MK) unit. OligopeptideT1 was
synthesized in 10 steps beginning with carbar&@epropionyl chloride, and allyl bromide.
It was afterwards successfully tested in the enantioselective epoxi¢tioeme 177

)

(0] (0]
O)J\NH 4 steps BnO)WO 3 steps HO)J\./\Z/OAC 3 steps T

Phﬁ_{/, : S
Ph Pr
T2 T3 T4
0]
N
HN
Y (0]
N HN™ O
Sy e
T1
T1 (10 mol%),
Ph MeCN, H202, KQCO§ Ph
(B
T5 T6
88%
90.5:9.5 er

Schemel?: TFMK-containing peptidd1 as catalyst in asymmetric epoxidationTé.
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Starting from Seebaéh auxiliaryT2 aldehydel 3 wasobtained after four step$3 is the key
intermediate for the introduction of the trifluoromethyl group. ProteGiEMK T4 was
obtained after three additional steps. Finall§, was attached to thid-terminal unprotected
peptide. Latestage deprotéion and oxidation are the last steps, beforelARIK catalystT1
can be used in epoxidation reactions. With 10 mol% of the precursor ed@xiwdas isolated

with a yield of 88% and an enantiomeric ratio of 90.5:9.5.

These four selected examples for aswtric epoxidation reactignvith organocatalysts should
clarify the enormous potency of this concept. In this thesis we want to combine those strategies

with our multicatalyst concept enaldimew multicatalytic sequences.
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2. Key Step:Acylation

As mentioned and shown in the introductioapous worls of our group indicated the key step
character of thacylationboth in kineticresolution?® 2 24 and desymmetrizatiofScheme P

of 1,2diols?® 24 as well as in multicatalytic reaction sequend€hapter 1.2.3.).33 30l

For examining the acylation more intensively, we first tested an alternative acyl source
(Chapter 2.1), a novel application of our catalytic syste@nhépter 2.2, and sulfoximines as a

new class of substrateShapter 2.3.

2.1. Alternative Acyl Souce
In former experiments acid anhydrides, acyl chlorides, vinyl acetate, and sulfasousll as
phosphoroudased compounds were tested as electrophiles in combination with peptide
catalyst(cat.) 1. Acetic acid anhydride showed the best results regayditeree as well as
chemoselectivity?® In 2012, Onomurat al. published a P¢n-catalyzed monoacylation of
cis-cyclohexanel,2-diol utilizing allyl acetate as acyl sour8.Due to the good to excellent
results based on allyl acetate, peptide catdlysas testd under similar reaction conditions
while using kCOz instead of C£L£0s as a base (Schem8)1

Ph
h O e
N N OMe
Boc” \E)kN \)k”
H H o) = o)

~
N 1 Cy
\_N
N 1 (10 mol%),

K,CO3 (1.5 equiv),

O:OH allyl acetate (3.0 equiv) O:OAC O:OH
> +
OH OH OH

DCM (0.167 mol L"), rt., t

Schemel8: Allyl acetate as electrophile.

After nearly one day, no conversion to the desired monasaylproduct (sed and 5
Experimental Section) was observed by-@IS (gas chromatographyass spectroscopigpth
in the kinetic resolution ofrans-cyclohexanel,2-diol (x)-2 and in the desymmetrization of
mese3. Compared to its vinyl analog, allyl acietdid notshow any reactivity in the acylation
with oligopeptide 1. Therefore allyl acetate wasneglected as acyl source in further

investigations.

2.2.Oxidative Esterification
In the previously mentioned experimetite acylsourcewas added directly atétbeginning of

the reaction whereas in case of an oxidative esterification the reactive species is rather formed
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in situfrom the corresponding aldehyde and an oxidizing agent. In 201kt lduiestablished

a NHC-catalyzed oxidative esterification of allydes with oxygen as oxidiZ&?. One year

later, Takemoto and eaworkers utilized the same class of catalysts for the reaction of aldehydes
and thiols®¥ They identified phenazingas the oxidizer of choice. Combining the strategy of
Takemoto and our nucleophilic peptide concept could accomplish an oxidative esterification of
alcohols. tert-Butyloxycarbayl-protected (Boc) PMH 6 was chosen as test catalyst and

different kind of alcohols as feasible substrates (ScHegne

H (0]
N
Boc” \i)kOMe ©:/N:©
d S
NS N

\
\/N\

6 7

6 (10 mol%),
DBU (10 mol%),
7 (1.5 equiv),
o

ROH (1.5 equiv) R
H Ne)
THF (0.500 mol L™"), rt., t, Ar

R: meso-3, Bn, Cy,
amyl

Schemel9: Oxidative esterification.

mescel,2-Diol 3 as well as a primaryesondary, and tertiary alcohols were tested, but none of
the corresponding esters was obsemiadsC-MS. We assume that either alcohols, in contrast

to thiols, are not feasible Bstrates under these conditiomsthat our catalyst or thie situ
generatd acid, respectively, is not reactive enough to form the necessary acylium species.
Later on, Christine Hofmann was able to perform a pej#delyzed oxidative esterification
utilizing a combination oTEMPO, pNBA, andtert-butyl hypachlorite.[3d

2.3. Sulfoximines as Substrates
Not only reaction conditions were vari@d the previousy mentionedexperiments, but also
different kinds of starting materials wemmmployed As a resultl,2-diols wee identified ashe
best substratesr combination with the most promising peptide catalystegarding for
example reactivity and selectivitfd In collaboration with the group of
ProfessoiMichael Harmata (University of Missouri, Columhiaulfoximines were added to
the existing substrate library utilizing our optimizptbtocol. Harmateet al. had already

successfully employed the boric addtalyzed\-acylation of this class of compouni@s.
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2.3.1. Preparation of Racemic Products
Before starting the kinetic resolution of the sulfoximines the desired progdertssynthesized
in racemic form. A protocol based @MAP asa nucleophiliccatalystin combinationwith
N,N-diisopropylethylamingDiPEA) was utilized Table 1.2 62
Table 1: Synthesesfaracemically acylated sulfoximinés, 9b, and9c.

DMAP,

X @ Ac,0, DIPEA X 9
P3N > P3N
Me DCM, r.t. Me
8a: F 9a: F
8b: CI 9b: CI
8c: Br 9c: Br
Product DMAP Ac20 DIPEA t Yield
[equiv] [equiv] [equiv] [h] [%0]
94® 0.3 1.2 1.1 28 66 (96}
9% 0.2 4.0 4.0 24 67
9c 0.4 3.1 3.1 24  55(85)P

@: After 8 haddiional 1.1 equiv of AeO and DPEA were added®: Yield based on the amount of reisolated
starting material.

Acylated silfoximines 9a, 9b, and9c could be isolated in preparative yieldsup to 6%.
Yet, increasing the amount of anhydrjdmse, and DMR as well agxtending reaction tinge
did not lead to full conversion. Afterwardte enantiomers of starting material and obtained

product were separateth chiral GC.

2.3.2. Catalyzed Kinetic Resolution
With the analytial data in handseveraltypesof catalsts were tested in the kinetic resolution
of sulfoximinesBa, 8b, and8c. Apart from peptide catalysts10,> and11we also used peptide
based catalysts2® and 133 established by Milleet al.for the kinetic resolution di-acylated
amino alcoholg® as well as chiral DMAP catalysis}, 15, and16 synthesized by Staet al
(Table2).[63

For testing the acylation ability of catalystsand10-16 starting from sulfoximine8a, 8b, and
8c all reactions were carried out under standard condibptimized for the desymmetrization
of mesediol 3. However, due to the slow and incomplete formation of the racemic products,

screening reactions were run at 0 °C anBEA was added (Tab®. Eatier results showed

3 Catalyst was synthesid by Dr.ChristianE. Mller.
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that the reaction proceeds faster and with an increased selectivity in the presence of

5.3 equivalents of bas®!

Table 2: Screening results.

H H ) H (0] H O Me
Ac/N\)k %”%OMe Boc/N N N g H/H(OMe
N " :\Cy © NS - © :\Cy
NN 10 SN "

cat.,
X Ac,0 (5.3 equiv), X

(IS?\ DI/PEA (5.3 equiv) - E\\ Ac
1 ~NH 1 °N
Me toluene (anhyd.), 0 °C, t Me

8a: F 9a: F

8b: CI 9b: ClI

8c: Br 9c: Br

Entry Product Cat. t[h] Conv@[%] S-value?

1 9a 1[2 mol%] 24 1 1.2

2 9a 1[4 mol%] 24 13 1.2

3 92  10[2 mol%] 24 1 1.4

4 92  11[2mol%] 24 25 1.3

5 9a  12[4mol%] 24 traces 1.1

6 9a  13[3mol%] 24 3 1.2

7 9a  14[2 mol%] 48 18 1.0

8 9a  15[2mol%] 48 traces 1.2
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9 9a  16[2 mol%] 24 3 1.2
10 9a - 24 2 1.2
11 9b 1[2 mol%] 24 7 1.5
12 9%  11[2mol%] 24 1 1.5
13 9%  12[3mol%w] 24 27 1.0
14 9  14[2mol%] 24 11 1.1
15 9  15[3mol%] 24 5 1.0
16 9%  16[2 mol%w] 24 1 1.2
17 9c 1[2 mol%] 24 8 1.5
18 9  11[2mol%w] 24 8 1.4
19 9%  12[2mol%] 24 65 1.1
20 9 142 mol%w] 24 49 1.1
21 9  15[2molw] 24 53 1.1
22 9%  16[2mol%] 24 48 1.1
23 9c - 24 43 1.0

@: Enantiomeric excess of starting material and product were determiineltiral GC without internal standard.
Conv. andS-value were calculated using the procedure of Kagan and Efaud.

ObtainedS-values were in the range of 1.0 t® With a conversion of up to 65% I he high

values f@ the conversion are misleadingpssibly because the equation of Kagan and Fiaud
cannot be used for very low differences in enantiomeric excesses of reactants and products.
Obviously, he usedcatalysts are not able to resolve the three different startingiatsitier a
profitable mannerin most cases retions were quenched after 2dunsbecause of very low
conversion and no enantiomeric excebtinimal acylation could also be observeth
simultaneously performed backgrourahctiors. Hence,it is notcompletly clear if product
formation resultsfrom catalytic activity. Based on these first experimental resuianging

either thesubstitution pattern of the saKimines or varying the type of catalyseems to be

less promising. The results indicate tHa tested sulfoximines aretrfeasible substrates in

combination with the employed catalysts.
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3. New Multicatalytic Sequence
3.1. Combination of WelEstablished Procedures

As explainedin the introduction chemical synthesis usinga multicatalyst has sensd
advantages. Therefore, one point of interest of tiesisis the development of a further
multicatalytic sequence. Using waktablished protocols in combination with new reactions
leads to extension of our multicatalytic approach. In this contextiegigned a new catalytic

sequence: esterificatiegpoxidationepoxide opening (FiguredL

T[ amino acid spacer )T[ amino acid spacer ]T

‘ esterification ‘ ‘ epoxidation ‘ epoxide

o)
o) oH

o R
HO)K/\R %[O/V OWR Nu@ OY\I/R
O G
SUENSEINNS
‘OH

Figure 10: New multicatalytic sequence.

(o}
"OH

The Steglich esterification ainsaturated carboxylic acids and-tyZlohexanediols is the first

step of the sequence. This kind of reaction is intensively studied and should be extended to
unsaturated acids under otherwise analogue conditfbAdter epoxidation of the unsaturated
esters the redting epoxides will be opened with a nucleophile using the diol motif as auxiliary.
For these two steps, feasible catalytic moieties, necessary igagahteaction conditions have

to bedevelopedThe epoxide opening should be performed following timeept of Tomioka

and ceworkers (Figurell). In 1997, the Japanese group published the enantioselective ring
opening of epoxides mediated by chiral diether ligands with excellent yields and moderate
enantiomeric excess&S. One year later, Ogumit al.used chiral Schiff bases and salaiso

based on diol units in the same kind of reactiéin.

_ - _ _ 1
o)
R Ow
Ph-o.. 0.
\E ALimNu “Li—Nu
W O/ ) L
P Q o
R

Figure 11: Proposed transition states for tgening of the epoxide based on the results of Tonebkd (left).
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Hydrolyss of the esters results in the formation of carboxylic acagaining two defined
stereogenic centers and three functional grqoasoxyl and hydroxyl growgas well aghe

corresponding nucleophile) enabling a variety of further transformategs esterification,
oxidation) Chiral U-hydroxyl carboxylic acids arefor example present in drugs or

natural product€’

Before establishing a multicatalytic approach all reactions have tesbed with separate
peptide catalysts. Moreover, all intermediates and target compounds have to be synthesized as
racemates to separate their diastereomers as well as enantiomers for further asymmetric

investigations.

3.2. Synthesis of Unsaturated Motitsters
For delivering two stereogenic centers in the product the obvious choice as the simplest
unsaturated compound was crotonic acid. Based on the modified Steglich protocol utilizing
DMAP, N-ethyl-NNj3-dimethylaminopropyl)carbodiimide hydrochloriddEDAC), and
triethylamine TEA) bothtrans andcis-cyclohexae-1,2-diol 2 and3 were converted into the
corresponding estels and18 (Table3).l2% 68 EDAC was selected as the carbodiimide because
removing the generated urea is simpler compared to DIC orf&ut, due to the low yield
of only up to 25%, crotonic anhydride was also tested as an acylium source. Furthermore, a
larger amount of DMARvas used and TEA was replaced by pyridine as 633tis strategy
provided thdJb-unsaturated productgith a yield 0f63% (Table3).

Table 3: Synthesis of crotonic acid esters.

e So
OH OHO

Starting materials t [h] Product Yield [%]

(3)-2 O’Z: Crotonic acid 24 17@ O’Z}f\/ 25
mese3 C[:: Crotonic acid 22 189 [I::o(\/ 24
(2)-2 O’Z: Crotonic anhydride 16 17® O’Z}f\/ 63

mese3

-

™ Crotonic anhydride 20 18 [IZTOK\/ 63

OH

@: Reaction conditions: DMAP (1 mol%grotonic acid1.0 equiv) EDAC (1.0 equiv), TEA (1.0 equivliliol (1.1
equiv), DCM, r.t.; ®: reaction conditions: DMAP (12 mol%), crotonic anhydrid€0.9 equiv), diol (1.0 equiv),
pyridine (6.0 equiv) DCM, r.t..
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The low amount of isolated produstartingfrom crotonic acid can be explained by the
mesomeric stabilization of thgb-unsaturated reactant and hence the minimized reactivity
considering the formation of the anhydrigesitu. Due to the lower chemical stability of
anhydrides and the easier access to unsaturated acids, crotonic acid was substituted by its
homologué?? In 3-pentenct acid 19a the mesomeric effect was circumvented by a

methylenespacer.

Using the DMAP, EDAC, and TEA based Steglich protocol, the corresponding 23¢esd
2lawere synthesized in yields of up to 71% (Ta#)l&° 58

Table 4: Steglich esterification witB-peneroic acid19a.

DMAP (1 mol%),
EDAC (1.0 equiv),

OH o) TEA (1.0 equi o Z
.0 equiv)
O: + HO)J\/\/ O:OJO]/\/\

DCM, rt., t

Starting materials  t[h] Product Yield [%]
OH (0] =
_ a) m/\/\
w-2 (1, 25 208 ([ I 7

mese3 ([ 24 21 [y 54
OH (0]

@: Reaction conditions: DMAP {2 mol%), diol (1.0 equiy)3-pentenoic acid 9a(1.0 equiv), EDAC (1.0 equiv),
TEA (1.0 equiv), DCM, r.t..

With the racemic compounds in harlde enantiomer®f the estersvere separateda chiral

GC orhigh-pressure liquid chromatograpiMPLC). Afterwards, the Steglich estecétion

was tested under catalytic conditions utilizing the vestiablished protocol and tetrapeptide

or 10* as catalystg Table5).[2d Both kinetic resolution oft)-2 as well as desymmetrization of
mese3 worked very well. As mentioned in literatytbe protectingyroup at theC-terminus of

the catalyst playa negligible role comparing oligopeptidi@nd10.29 Because a combination

of EDAC and TEA showed less promising results in simultaneously performed experiments
either DIC or DCC are the preferred carbodiimides. Based on these encouraging data, the
esterification between diol anthsaturated, but not conjugated at8a is a feasible first step

of our new multicatalytic sequence.

4 Catalyst was synthesized by Dr. Christian E. Miiller.
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Table 5: Peptidecatalyzed Steglich esterification.

Ph
e L O
R,N\:)kN N\;)LN OMe

S Cy
NN
N 1: Boc
10: Ac

N

cat. (2 mol%),

OH iimi (0] %
(0] carbodiimide
(O - oo Ly~

OH toluene (anhyd.), 0 °C, t OH
Starting t  Carbodiimide Product Svalue®  Conv.®
Materials [h] [equiv] [%0]
(£)-2 4 DIC(12) (RR20& [ 1y~ >5%0 51
‘OH
Starting t Carbodiimide Product e Conv.©®
materials [h] [equiv] [%] [%0]
mese3 24 DCC(10) (IR29-21a [ (§ ~~ 83 55
OH

@: Reaction conditionscat. (2 mol%), diol (1.0 equiv), acid (1.0 equiv), toluermliiyd, 4.00mL), 0 °C;®): ee
of starting material and product were determiaidchiral GC without internal standard. Afterwaydsnv. and
Svalue wee calculated using the procedure of Kagan and Ff4u#l; eeand conv. were determineth chiral
GC or HPLC without internal standard: cat.10 was used.

3.3. Synthesis of Epoxides
Now we movedour attention to the second step of tepot reactionsequence. Alfour
unsaturated esters were epoxidizademically including the less promising crotonic acid
derivatives.Utilizing a mCPBA-based protocothe corresponding oxiranes were isolated in
yields of up to 87% (Table).["d

Table 6: Racemic epoxidation of the moesters.

mCPBA
Unsaturated ester Epoxide
DCM,0°Ctort.,t
Unsaturated Ester Epoxide t[h] mCPBA [equiv] Yield [%]
17 o 22 o_<J 20 1.2 61
18 o 23 o <3 24 1.1 72
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(0} = (o]
20a O/O:O(\A 24a O,::ONA 22 1.1 69

21a O~ 253 o9 7 1.1 87
CEOHO CEO}(\[)\

3.4. Synthesis of Functionalized Carbonic Acid Derivatives
3.4.1. MichaelAddition

Simultaneouslyfor the identification of a possible epoxide opening starting from oxir24ees
and 25a, we also tested the Michael additifor Ub-unsaturated compmds 17 and 18.
This reaction might also be part of a minimally modified multicatalytic sequence based on an
asymmetric acylation ahe corresponding starting materialyétolyss d the intermediately
formed saturated esters would lead fidunctionalizd carboxylic acids.This kind of
compounds are usgfibr exampleas chiral synthons @sreceptor antagonist&! Sakaiet al.
already described the *atldiion of anin situ formed diphenylcuprate onto enantiomerically
pure crotonic acid derivativk7 providing the produadn 66%yvyield and a diastereomeric ratio
of 94:6 The authors assume that coordination of a lithium atom of the dimer by the diol motif
gererates a chiral environment for the attack of a phenyl group to the double bond
(Figure12).159

_ _ 7
Ph——Cu——Ph
0
Pf Cu—g—Ph

Figure 12: Postulated transition state for the Michael addition.

We tried to reproduce Sakaeesult for monoestet7 and to tesi8 as further starting material

under otherwise identical conditions (Table The necessary Gilman reagent was gaieer

in situ starting from copper(l) bromide and phenyllithium. Corresponding Michael addition
products26 and27 were isolated with a yield up #8% as a mixture of both diastereomers.

An explanation for the lower yield in case of ttie-derivative18 might be the mismatched
configuration of the substituents in the transition state (Figure 12). These results show that the
1,4-addition of those compounds mincipally possible and could be incorporated into a

multicatalytic sequence. But, because dégiroduct formation, purification problems, and less
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promising overall yields (Table 3 and 6), no extensive optimization attempts were undertaken

until now.

Table 7: Michael addition to crotonic acid derivativés and18.

(1) CuBr-Me,S (5.0 equiv), PhLi (1.8 M, 10 equiv),
Et,0 (anhyd.), 0 °C., 30 min, Ar

O\n/\/ (2)-30°C,2hthanrt., 2h O:O\n/\{
O:OHO o Ph

Starting materials Product Yield [%]

17 Iy 28 (I n 48

(0} AN 0.
18 Ly~ 27 C(Fa <1

@ Even after several purifation stepwia column chromatography, the product was not completely pure.

3.4.2. Epoxide Opening
Before performing the epoxidation in an asymmednd multicatalytidashiona feasible ring
opening reactioand a possible catalytic moigtg/e to be identifiedIn 2012,Schreinelet al.
published a multicatalytic sequence involving an epoxide opening to racemic
trans-1,2-cyclohexanediolusing hydrazine bisulfate as catalyst, which was not fixed at the
peptide backbon&? In this thesis, we focused on different nucleophiles introducing a variety
of further functional groupsTherefore, several approasheere takerinto accountoxirane
ring opening with trimethylsilyl cyanide (TMSCN), lithiusras well as copper organyls, and
thiols), starting from a racemic mixture of the corresponding epoxides.

3.4.2.1. TMSCN
Epoxide opening based on TMSCN is well studied in literdtg#é® 725 72d Based on this
strateqy amines, carboxylic acids, nitriles, as well as hydroxyl groups can be installed
simultaneously in a molecule. Furthermore, this kind of reaction is utilized in the synthesis of
complex compound$? Besides, for examp)ditanium, ytterbium, and indium species also
organic compounds like CBor a thiourea derivative activate the oxygen ring atom favoring
an epoxide opening reactift.”?® 724 One drawback of this silyl species is its reactivity
towards carbonyl groups. Zhangt al. investigated the addition of TMSCN on aldehydes
catalyzed by the same thiourea as it was utilized in the ring opening rd&ttmsidering
our developed multicatalytic sequence starting from epoxy esters this chemoseleatildty
lead to a variety of potential products. For examining the effect on the functional groups and

the catalytic motifs as well as for investigating thacteon conditions more closely, we chose
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the epoxide of benzylideneacetone as test substrate. E@&ases previously synthesized in
53% yield over two steps. After aldol condensation of benzaldehyde and acetone the double
bond was epoxidized utilizingpical WeitzScheffer conditions (Schen2®).["8

H
N
[ j-TFA
© 200
NaOH,q (21 mol%, 4/1 m/m)®),

0] 0O .
29 (20 mol%) H,0 (6.0 equiv) o)
H A
©)J\ acetone, reflux, 72 h w MeOH, r.t., 6 h w
70% 30 74% 28
Scheme20: Synthesis of epoxides.

@: TFA salt29: morpholine (1.0 equiv)TFA (1.1 equiv) EtO, 0 °C, 1 h, 94%®: the same amount of NaOH
was added hourly.

With the test substrate in hgndie performed the TMSChhediated epoxide opening
theoreticallyleading to up tdive possible productéScheme 2). Based on the polarization of
the carbon atoms thetrile anion should preferently attackat theb-position This reactivity
applies for all further epoxide opening approaches.

CN O
0 : CN ~ TOTMS
0 TMSCN OTMS o OTMS
— OTMS
28 : <~ “OTMS
CN CN

Scheme21: TMSCN addition onepoxy keton&8.

After performing the reaction both with different kind of catalysts @redld CBg) and as a
two-step synthesis containing the addition of NaCN followed by protection of the formed
alcohol with TMSCI, none of the expecterbgucts could be observeth nuclearmagnetic
resonancéNMR) or GGMS 74877 |n 2011, Fraileet al.alrealy described the lower reactivity

of Ub-epoxy ketones in TMSChhediated epoxide opening reactidffd. Due to the amount

and complexity of feasible products avell as the incomplete synthesis of the racemic
compounds anthe failedidentification of a suitable catalytic moiety or reaction conditions,
we decided against putting more effort into this reaction as last step of the multicatalytic

sequence.



3.4.2.2. Metal Organyls
Ensuing fromthe arising problems for TMSCNwve chose phenyllithium aan alternate
nucleophile, which is also able to formnaw carborcarbon bondduring epoxide opening
reactions. As already mentionete diol motif of our starting material sbhld coordinate the
counterion ensuring preferentialtrajectoryfor the attack of the phenyl ion at the epoxide
(Figure11).1568 Aside fromthe oxiranea cabonyl group and several acidic protons (hydroxyl
group as well agkprotons) are present the moleculerepresentingossible reactive centers
for the lithium organylTherefore, we usedirectly epoxide?4aand25aas substratesstead
of a further test systeriVe performed thérst experiments based on the condisaf Tomioka
utilizing two equivalents of the lithium speci€8.The first equivalent should deprotonéte
hydroxyl group and the secondeshould open the epoxide providing the desired product after

agueous worup (Table8).

Table 8: Epoxide opening with PhLi.

o BF5- Et,0 (1.5 equiv), H

OH
C[O\[M PhLi (1.8 M, 2.0 equiv) o\ﬂ/\l/\ ON
; X X
o Ph o

QO

OH Et,O (anhyd.), -78 °C, t, Ar

Starting materials t [h] Product Yield [%]
OY\?)\ o o
A
ZE G 4 31 OIOOY\A 14
(0} OH
OM o S
25a (L] 2 (IOF\A 18

During the reactions starting both frorans as well ascis-derivative 24a and 25a the
formation of up to nine new compounds was detegtadhin-layer chromatograph¢TLC).

Beside small traces of the corresponding starting materialdialsdonly elimination products

31 and 32 could be clearly identifiedia NMR or high resolutiorMS (HR-MS) (Table 8).

These facts and the incorrect mass balance proved the high reactivity of lithium organyls and

the possibility of several simultaneously running side reactions.

In contrast to the assumed reaction progress, the second equivalent thine@myHicts not as
nucleophile, but as an additional equivalent of base. Deprotonatipdsition followed by a
concerted epoxide opening leaddlfo-unsaturated-hydroxyl ketoneg1 and32. Comparison
of the postulated TS shows a favoredsigmbered TS for the formation of allyl alcohols in
contrast to the more complex situation in cadethe epoxide opening (Figuré&3).
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Furthermore, the comparable isolated yields clarify the negligible influence of the

stereochemistry at the cyclohex@y) system, because starting from tis-analog should

show a better coordination of the lithiuntioa in case of the epoxide opening.

+

%\O\
gy L

@
O  H--f )L Li
P/ 0
o ® H /

—Ph

+

Figure 13: Postulated TSs for eliminatiandring openingrespectively
Substitution of the lithium organyl by its copper analog is one way to overcoméntimeagibn
the fAhard

reagents, compared to their lithium analogs. This property can directly be correlated with the

probl em. Based on and soft acid
basicity and nucleophilicity of these compounds. Moreover,tdw increased reactivity in
addition reactions, milder conditions can be utilized. Even if copper organyls react
regioseleavely in the presence of esteygganic copper species provide allyl alcohols as well

as ketones as side produéts.We repeated the test experiments combining itheitu
generation of lithium diphenylcuprate anitis ability in oxirane opening reactions

(Table9).[78 69

Table 9: Epoxide opening with PuLi.

(1) CuBr-Me,S (5.0 equiv),
PhLi (1.8 M, 10 equiv),

o Et,O (anhyd.), 0 °C, 10 min, Ar OH OH
O\H/\1>\ (2)-30°C,2h o : oN
LD Oy
OH OH OH
Starting materials Product Yield [%)]
OW)\ o S on
242 (T} 31 OOHOY\A 15
OY\I)\ o S o
25a (IOHO 32 CEOIO/\A 4

Analogous to phenyllithium a variety of new compounds were observed in the reactions with
lithium diphenylcupratevia TLC. But, the identification of an epoxide opening product was

also not successful. However, allyl alcth@l and32 were isolated with comparable yields of
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up to 15% (Table 8 and 9). Even with the less basic copper species formation of the unsaturated

system could not be suppressed.

Therefore, we selected the correspondifgeatenoic acid derivative®lb and 25b as starting
materials Starting from those oxiranes an epoxide opening to the conjugated corafsonot
possible even if a deprotonatidn U-positiontakes placeThe epoxy analapf 4-penonic acid
19bwere synthesized in a total yield of up to 598tizing the established protocoientioned
before (Table 10).2° 88 To avoid problems with the separation of formed acid only
0.9 equivalents ahCBPA were utilized’?

Table 10: Synthesis of epoxid24b and25b.

DMAP (1 mol%),

19b (1.0 equiv),
EDAC (1.0 equiv), (0]
O:OH TEA (1 0 equiv) O: mCPBA (0.9 equiv) O:OM
OH  DCM,rt, 42-43 h DCM, r.t., 24 h o
Educt Ester Yield [%] Epoxide Yield [%0]

(£)-2  20b Q’YW 45 24b O,OM 59
“oH’

mese3  21b C[Z:O(\A\ 50 25b CEOM 57
OHO

With the necessary oxiranes in hand, the lithiaewell as coppédrased ring opening reactions
were performed under otherwise identical conditions. Due to polariz#tthe alkyl chain, the
phenyl anion should preferentially attack at thposition of the epoxy este&lb and 25b
(Scheme22).

BF3°Et,0 (1.5 equiv),

PhLi (1.8 M, 2.0 equiv),
Et,O (anhyd.), =78 °C to r.t.,, 30 min, Ar

OH
OM or O\H/\/%\/Ph
O:OHO (1) CuBr-Me,S (5.0 equiv), PhLi (1.8 M, 10 equiv), O:OHO
Et,O (anhyd.), 0 °C, 20 min, Ar 0%

(2)-30°C,2h
Scheme22: Organometdic ring openingof terminal epoxide@4b and25b.

Carrying out the reaction both withans as well ascis-analog24b and25b in combination

with the lithium as well as the copper species did not provide the epoxide opening products.

Firstly, in all cases a number of new compounds were obsemnviable.C, but could not be
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identified clearlyvia NMR or GGMS. Secondly, oy traces of the corresponding reactants
could be reisolated. Lastly, a satisfactory mass balance was also not achieved. Introducing a
further methylenespacer did not lead to the desired effect neither for the lithmmthe

copperbased strategy.

3.4.2.3. Manipulation of Coordinating Effects
Besideschanging the nature of utilized nucleophile and starting material, the coordination
properties can also play an important role. For mimicking the diether motif of Tomioka more
closely, we first tried toconvert the fee hydroxyl groupinto a methyl ethef®
But astonishingly, neither utilizing a B& EQ or an acetic ad-based protocol lead to the

methoxy derivative o20a(Scheme23).["d

o P BF3 Et,0 (20 mol%) o AcOH (2.3 equiv) o P
\n/\/\ MeOH, r.t., 20 h MeOH, r.t., 20 h O, \n/\/\
qOHO “OMe

0%
Scheme23: Introduction ofa methyl ether.

During the synthesis of monoest&t8a and 21a we also observed the formation of the
corresponding diesters. In contrast to an etlerester moiety has two oxygen atomvhich
can helpo coordinaé a cation. Based on these twotkawe decided to synthesize the acetoxy
protected derivatives35 and 36 as starting materials for the ring opening reaction
After a DMAP-catalyzedacylationthe double bond was epoxidizedth mCPBA [23 623 704
Finally, epoxides35 and36 were isolated with a total yield of up 78% (Tablell).

Table 11: Synthesis of acetoxy ana®gs and36.

DMAP (8 mol%),
Ac,0 (1.0 equiv),

O\ﬂ/\/\ DIPEA (1.0 equiv) O\ﬂ/\/\ mCPBA O\”/\‘b\
L) : X

DCM, rt., t OAC DCM, r.t, t ol
Educt Ester t Yield Epoxide mCPBA t  Yield
[h]  [%] [equiv] [h]  [%]

(o} = () o
20a 33 [ f U 3@ 91 35 O,OWONA 1.1 7 87
"“'0AC

OAc

21a 3 ([ [y 289 76 36 @or\op\ 12 75 89
o

OAc

@: 1.0 equiv AgO and DPEA were added after 5.5®; 1.0 equiv AgO and DPEA were added after 6 h.
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Only 1.1 equivalents of the lithiumrganylwere utilizedin the ring opening reactions starting
from epoxides35 and 36 in contrast to their hydroxyl derivativéScheme 24)Besides the
omission of the acidic hydroxyl groupeduction of phenyllithium shoul@lso minimize

side-product formation.

o BF3- Et,O (1.5 equiv),

O\H/\1>\ PhLi (1.8 M, 2.0 equiv)
L)
OAe Et,O (anhyd.), -78 °C, 6 h, Ar o o
0%
Scheme24: Epoxide opening reaction starting form acetoxy derivatBzesnd36.

|||O

But, contrary to the assumption, carrying out the reaction with even smaller amounts of the
lithium species, up to six differeritactions were separateda column chromatography.

Either for the trans or the cis-analog epoxide opening or elimination product could be
identified by NMR or MS-analysis. Due to this observation we assume protecting the hydroxyl
group as acyl estereems to prohibit even deprotonation in thosition of the epoxide.
Furthermore, a second carbonyl species antllmethyl group were incorporated into the
molecule as potential additional reaction centers. Nevertheless, regarding the final step of the
multicatalytic sequence we stopped furthewestigations based on metantaining
nucleophiles at this point. Especialthe huge tendency for side reactions, an unpredictable
chemoselectivity, and imbalanced mass proportion are disadvantages, which have to be
considered.

3.4.2.4. Thiols
Based on the présus results we replaced the copper reagent by a thiol, which should also act
as soft nucleophile, but with a less basic charactes: (bK 18%). Epoxide opening reactien
with sulfur species are witlespread in literatur®Y For example, a combination of thiol and
base provides the basis for the ring opening protocols desdsipédittanzi and Luly??
Our first experiments with epoxide®l and 25 were performed utilizing the conditions of
Luly et al. with a combination ofert-butyl thiol and TEA (Table 2).18%d Before adding the

epoxide'BuSH and TEA were stirred for ten minutes at room temperéttie

In case of entenoic acidrealogs24a and25a, the potential ringppened compound was not
observed, but up to 57% of the elimination prod@ttand32 were isolated. This fact indicates
that either TEA (pK 10.7) orin situ formed tert-butyl thiolate removed one of the

Uprotons, thus forming thdJb-unsaturated products. Starting frompdntenoic acid
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derivatives24b and 25b also did not provide one of the thioethers, but up to 18% of

epoxy methyl este37 (Figure 14).
Table 12: Thiolatemediatel epoxide opening.

‘BuSH (1.0 equiv),
TEA (1.0 equiv)
Epoxide Epoxide opening product + Elimination product

MeOH, reflux, 2 h

Starting materials® Product Yield [%]
ON}\ oM
(0] X
242 (T} A [y e 57
‘OH
OY\?)\ o & "
4
252 (L] 32 (IO:O(\A 8

@: Results for24b and25b are not includedbecause they did not lead to any of the expected products.
Furthermore, in all four reactions the corresponding d2olnd 3 were identified as side
products. Based on these observations, we assume that deetesbnce of a protic as well
as nucleophilic solvent a transesterification to the corresponding epoxy methyl ester and diol

takes place.
o}

MGOM

o)
37
Figure 14: Epoxy methyl este87.
3.4.3. Substitution of tk Third Step of the Multicatatic Sequence

However, even if the desired thioether is not formed, the latter reaction conditions showed a
minimized tendency for side product formatimncontrast to the organometatli@sed ring
opening approaches and resulted an even higher yield of the elimination products.
These facts are necessary regarding a multicatalytic procedure. Therefore, considering a
modified sequence we focused on the optimization of the elimination generating

Ub-unsaturated-hydroxyl ketone$1 and32, which formed under basic conditions.

For the first test experiment we substituted methanol by chloroform, due to its comparable
boiling point. Further reaction parameters were kept constant and were varied afterwards one
by one (Table 3).
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Table 13: Basemediated ring opening.

0 . OH
O
OH : :OHO

CHCI,, T, t

Starting materials® Base T t [h] Product Yield [%]

24a O’Z:o(ﬁ% Imidazole Reflux 2 31 O/Og(\/?\H 0
“OH

24a @ZOY“OA TEA  Refux 2 31 O»OOVVOH 37
“OH

24a @Z}fﬁx TEA r.t. 2 31 O,O(T\/O\H 0
“OH

24a CFZWO/& DBU  Reflux 2 31 O,OM 71
“OH

242 @OW.” DBU  rt 2 31 O»%O(\v% 52
“OH

24a CFZE/& DBU rt. 1 31 Oﬂoy\voi 85
“OH

(o} OH
5a (P DBU ot 1 32 SO
OH

Even at higher temperatures, less basic compounds like imidazate7(pKand TEA lead to
lower isolated yields. The best results bothtfans as well agis-derivative24a and25a were
achieved withl,8-diazabicyclo[5.4.0Junde@-ene (DBU) (pKa: 12.0) as base. Stirring for one
hour at room temperature resulted in up to 89% of the elimination product. Besides the
corresponding diol as result of ester hydridysno further side products were observed.
Longer reaction times seem &vbr the consumption of the target molecule in this subsequent
step. Therefore, stirring a reaction mixture consisting of a 1:1 ratio of epoxide and DBU in
chloroform for one hour at room temperatsteould bethe standard conditions for further

investigatons.

3.4.4. Summaryand Outlook
The previous results and especially the problems with a potential epoxide opening reaction
suggested a necessary modification of the underlying multicatalytic sequence (Fgure 1

Moreover, due to an overall yield of 42% ®irand32, a minimal tendency for side reactions,
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and a more practicable reaction control the acylatjooxidatiorelimination route is more

promising.

First of all, amn onepot approach starting from diol and unsaturated acid should be tested.
Therefore, theestablished individual protocols can be combined directly (Sch2Bhe
Re-optimization concerning, e.g., a consistent solvent or the amount of base for the elimination

might be necessary. In additions, more acids can be included in these investigations.

R R R
DMAP (1 mol%), 0]
EDAC (1.0 equiv), X HO |
19a-R  TEA (1.0 equiv) o MCPBA (1.1 equiv) o DBU (2.1 equiv) o
+ R L -

2 (or3)

DCM, r.t. 0 DCM, r.t. o) DCM, r.t. 0
: OH : OH : OH

Scheme25: Onepot acylatiorepoxidatiorelimination sequence.

Based on the formation of dioBand 3 as well as methyl est&7 (Figure 14) using the
thiol-based strategy a hydrolysis/transegiéication procedure should be established
simultaneouslyutilizing either water or methanol as nucleophile under basic conditions. This
final step of a foustep sequence would provide free as well as megitotected
Ub-unsaturated-hydroxyl carboxylic acid§Scheme26). These compounds are, for example,
metabolites of biologically active molecules or could be used as starting materials for
lactoned®¥ Afterwards, this protocol should also be incorporated into thepoh@pproach
leading to a foustep sequence acylatiorepoxidatioreliminationhydrolysis/trans

esterification.

OH H,0 or MeOH, OH OH

O:O\H/\/%\R base HONR or MeONR

or 0 0

Scheme26: Envisaged hydrolysis/transesterification step.

However, even in case of a stereoselective variant, before release of the acid derivative further
transformations are possibldereof, each intermediate might be a potential stagoagt for

an additional functionalization (Scher@é).

Starting directly from the epoxide zifi¢ as well as magnesium orgari§tsmight be utilized

as alternativeso their lithium or copper analegwith regard to a higher chemoselectivity
(Chapter3.4.2.2). These types of nucleophilic carbon species have already been used in
epoxide opening reactions, but due to the aforementioned problems these approaches are les

promising.
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Instead of carbon nucleophiles halogens also induceopeging reactions. In 2006, Vet al.
established an thiophenptomoted epoxide opening with elemental iodffe-our years later,
Ducho et al. published a similar reaction with sodium bromide in thespnce of
AmberlysP 157 Installing trese functional groups in the molecule enables further

transformations such as carboarbon bond formation or substitution reactions.

r " ot O
"'OH “'OH "'OH

Nu = Mg or Zn °rga”y's'] Michael addition ] / Mitsunobu reaction
amines

o OH o0
o
19a-R R Base* OY\)*\R OYQ)*\R N ONR
., ) Base”

+ >, o) - 0 u o N
oL, o, o
“OH “'OH “'OH “'OH

X =Cl, BrJ X =ClI, Br, NHy, N3 J \ Selective oxidation

Scheme27: Further potential functionalization approaches.

Performing either the epoxidation in a stereoselective fashion or the following elimination with
a feasible chiral base could provide enantiomerically enridifedinsaturatec-hydroxyl
esters. Refeing to crotonic acid derivativels’ and18, these Michael systems might also react

in an 1,4addition. Results of Sakai and of the first experiments (Ch&ptet) showed the
potential of this concept, whereasagtimization and further investigatioase necessaf§?

Substitution of the allylic hydroxyl group by a bromide, chloride, amine or azide group
represents a further attractive opportunity. The corresponding (pseudo)halogen derivatives
would endle a variety of consecutive reactions like, e.g., cadaybon bond formation or
reduction. Introducingfor example an amine would lead to the synthesis of unsaturated

2amino acidg®®

Furthermoreconfiguration of thdwydroxyl group can be inverted either by using the reversible

configured epoxidation catalyst or baseva a subsequent Mitsunobu reactignselective
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oxidation of the allyl alcohol would provide the corresponding unsaturated
1,4-dicarbonyl compound§? The previous steps can be performed in an achira) bemause
the stereanformation getsost during this reactioanyway

Finally, Ub-unsaturatech-hydroxyl esters can be epoxidized under typical W8itheffer
conditions utilizing hydrogen peroxide and sodium hydroXiéfe Afterwards, the instantly
formed threemembered rings can be openag nucleophiles. Introducing, for example, a
hydroxyl group would lead tdriol-substituted carboxylic acidsUronic and especially
glucuronic acid, the €analog, have versatile applications in industiy.In case of an amine
moiety an access fmamino acidsvith two alcohol groups i+ as well as-position would be
possible®d

Several of the aforementioned pathwayslléo the introduction of new hydroxyl groups in the
target molecules. After a possible ring closing reactiartransesterification between one of
the alcohol moieties and the present ester the auxiliary is released and a lactone is formed. These

compoumls are well known as macrolactones and are intensively utilized as antil§ibtics.

It has to be investigated in detail if the necessity regarding a cycloheabingaind is really
given or if the particular reaction sequence can be performed either with the free acid moiety
or in the presence of an alternative and simpler protecting group. Yet, highly functionalized and

flexible structured carboxylic acid deriwas can be synthesized based on this strategy.
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4. PeptideCatalyzed Epoxidation

Epoxidation of a carbenarbon double bond is the second step of the modified multicatalytic
sequence as well as of each possiblgewit Chapter 3.4.4.). For a mulétalytic approach the

early introduction of stereoselectivity favors, e.g.,nfation of only one diastereomer
potential substrate control in the subsequent steps. Therefore, identification of a feasible
catalytic moiety, reaction conditionand espeeilly an enantioselective version is a further

challenge of this thesis.

4.1. Preparatory Work
4.1.1. Substrate Library
Due tothe formation of diastereomeepoxidizing alkene®4 and 25 a substrate library
containing a variety of simpler prochiral compounds waséshkeed (Table 4). The epoxides
were synthesized tilizing typical procedures either with mCPBA (Prileschajew
epoxidationly®@ or H,0,/NaOH (Weitz-Scheffer epoxidatioff? (see Experimental

Section) 76 7092

Table 14: Substrate library.

Alkene Epoxide Alkene Epoxide Alkene Epoxide
o o o
Q\Ph OzPh O\Cy OzCy O\Me OzMe
38 39 40 41 42 43
Ph/\/Ph o =N Bu X . /<? Me (o] MeO (o]
44 P 46 Bu Me)\/\)LMe Me Me
45 47 48 49
Ph " 0H 0 o o
s ph” < ~on O\/o H\Bn O;O/OTH\Bn @O
51 o o Me Me
52a 53a

[e]

o o
o
y 7@\ 7@0 ij\ ijzo PhMPh PhMPh
e Me M’\eAe Me Bn Bn
57 58 59
o 00 0 o
WMe wMe Ph/\AMe PhMMe
O,N O,N o 30

62
Alkenes38, 42, 44, 46, 48, 50, 54, and56 as well as epoxidd5 are commercially available.
After purification the epoxides were obtained with a yield of up to 89%. The created substrate
library includes cyclic and linear compounds, conjugated and isolated double bonds as well as

electronrich and electromdeficientalkenes. Moreover, due the presence adromatic and

aliphatcsubsti tuents as wel | as hydr-ogmtatts, bondi

43



dispersion and hydrogen bonding are later on possible interactions between substrate and

catalyst.

We also want to include nitrogemntaining molecules in further investigattoriWe chose
Ub-unsaturated alken&d, 66, 68, and70 as further candidates (Talls).

Table 15: Unsuccssful epoxidation of nitrogecontaining substrates.

Alkene Epoxide Alkene Epoxide
o o o o
ij\NHz @sz é\u/cbz @E’/Cbz
64 65 66 67
o lo) o o
A, e Q 1o
NQ NQ '\L/o ,\@
68 69 70 -

Alkenes64, 68, and70 are commercially available.

Epoxidation reactions both with sodium hydroxide and hydrogen peroxide as \W&llP&3A

were performed, but none of the desired epoxides was obtained. In literature significantly less
examples for epoxidation of nitrogsubstitited alkenes can be found compared with their
nitrogenfree analogs. Whereby, Michael systems seem even harder to be epoxidized in contrast
to electronrich system$’@ We assume that the increased mesomeric delocalizatiothe

further reduced electron densityespectively is responsible for lower reactivity
(Scheme28). Therefore, we refrain from incorporating this class of substrates into the existing

substrate library.

© ©
o 0] O (0] 8
@\ - - B
N’R ®N,R \IE\?,R )
H
H H

Scheme28: Comparison of delocalization situations.
4.1.2. Synthesis of Alkenes
Since not all of the alkenes are commercially available, the corresponding epoxy precursors had
to be sythesized previously. Thus, cyclohexyl derivatd@ is accessiblevia a twostep
synthesisanalogue to its phenyl derivatiV® 89 After Grignard reaction of cyclohexanone and
cyclohexyl bromide water is eliminated from alcoh@? in the presence of sulfuric acid
(Scheme29). Alkene40 was obtained with an overall yield of 14%.
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CyBr (1.2 equiv),

(l Mg (1.3 equiv) @ H,S0,/AcOH @\
> c
o Y C

Et,0 (anhyd.), reflux, 5 h OH 50 °C, 30 min

72 40
25% 57%

y

Scheme29: Synthesis of alkend0.

Miller et al. utilized carbamat®&2a as test substrate in an enantioselective epoxidation with
peracidbearing peptide catalystyScheme 14) They postulated advantageous hydrogen
bonding between peptide backbone and the urethaoiety!*®¥ Therefore, we used their
established protocol to synthesize alkaafor our library. After reduction of methyl estés

with diisobutylaluminium hydride(DiBAL), the generated allyalcohol 74 reacted with
benzyl(Bn) isocyanate to yield carbamdia in an overall yield of 83% (Schen3§).!3%d

DMAP (10 mol%),

BnNCO (1.1 equiv),
D/BAL (2.5 equiv) TEA (1.1 equiv) H
OMe OH g O~ Nogn
o DCM (anhyd.), -78 °C, DCM (anhyd.), r.t., \g/
73 1.5h, Ar 74 24 h, Ar 52a

quant. 83%

Scheme30: Synthesis of carbamata.

Benzytsubstituted cyclohexenonB8 was synthesized using the protocol bist and
co-workers!® 3-Ethoxy-2-cyclohexenl-onereads withbenzylmagnesium bromigeoviding
62% of theUp-unsaturated compound (Schen®.3The challenging separation of formed
benzyl alcohol might be simplified by reducing the amount of Grignard species.

o] O
BnMgBr (2.2 equiv)
THF (anhyd.), 0 °C to r.t.,
OFt 18 h, Ar Bn
58

62%
Scheme31: Synthesis of Michael systeb8.

Analogue to alken&0 (Scheme 2Pwe also synthesized an even more eleetieiicient
derivative via introducing a nitro group irpara-position of the phenyl ring. After aldol
condensation gbara-nitrobenzaldehyde and acetone, subsBat®as obtained wth a yield of

93% after 48 hours (ScherBg).l”¢d
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H
N
[ j TFA
o)
29(a)

0] 0O

29 (20 mol%) X
H >
acetone, reflux, 48 h
O,N O,N
93% 62
Scheme32: Synthesis of)b-unsaturated alker@.

@: TFA salt29: morpholine(1.0 equiy, TFA (1.1 equiy, EtO, 0 °C, 1 h, 94%.

Simultaneously to the epoxidation of alkédecontaining a free amine growe protected this
functional group to avoid its possible interferennethe subsequent epoxidation sté&pr
protection we selecte@d carbaybenzyl (Cbz) group. Therefore, amir@l reacts with
Cbz chloride in the presence of sodium carbonate as!%agéfter purification the

Cbzprotected analogas isolatedvith a yield of 3% (Schem@3).

(o) Cbz-ClI (1.2 equiv), (0]
Na,CO; (3.0 equiv)
H,0/1,4-dioxane (2:1),0 °C tor.t., 23 h _Cbz
NH, N
0,
64 31% 66

Scheme33: Synthesis of Cbprotected Michael syste66.
4.2.Digression I:Access tdJ}Hydroxyl-Carbonates
Epoxidizing carbamat&2a with mCPBA obviously yielded to epoxidg3a, but also to an
unknown side product. After isolation and purification latter compound was exawiged
NMR, infrared (IR), and MS techniques all pointing at cadiery5 (Scheme34). The
formation of carbonatesppearing during thex\CPBA-mediated epoxikion of (homo)allylic
alcoholswas investigated by Kocovslet al.in 199017

0
O\/O H mCPBA (1.2 equiv) CDOO H Q’/<
e Eoh G I
I DCM, rt., 48 h I
OH

52a 53a 75
40% 9%

Scheme34: Observation of spirgarbonaters.
As mentioned in literatureespecially IR and®*C-NMR analysis are suitable tools showing
characteristic signals for carbonate spe€i@sherefore, comparing our obtained resultthw
data reported in literature showed a good agreement (T&pl&loreover, a crystal structure

of carbonat&5 underpinned the additionally formed-pyoduct(see Experimental Sectian)
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Table 16: Comparison of IRand NMRdata.

IR (C=0) 13C-NMR (C=0)
Literature ~ 1800 £ 20 crh! 1525 + 4.5 ppm
Experiment 1777 cm ! 154.9 ppm

Organic carbonates (Q@ke 75 are substituted carbonic acid derivatives appearing in a large
number of natural produéfd °@ and as intermediates in total synthd$¥sBased on the
substituents on the oxygen atoms OCs can be divided in different classes (e-garhemic

acids and carbonates as well as inorganic and organic, saturated and unsaturated, aliphatic and
aromatic, linear and cyclic carbonat&8y. Due to their beneficial properties (e.g., high
stability, high tiling point, high flash pointpw toxicity),1*%° (cyclic) carbonates are widely
applied(0: 103103 ¢ g as solvent$?? protecting group8&°3 ard synthons for typical organic
reactiond!®® 193 Besides fixation of carbon dioxid®¥ oxidative carbonylatioh®® and
carbonate interchange reactions as well as carbonyl building blocks like phosgene or its
derivatives, metal carbonates, and Ufdaare literaturedescribed strategies for thgnsheses

of OCsl'%% % Qver the last couple of years organocatalytic approaches were also developed.
Plasseaudet al published the carbonate interchange reaction between glycerol and dimethyl
carbonate utilizinga zwitterion catalyst in 2008 More recently, Luet al. introduced a
carboxylative cyclization of propargylic alcohols catalyzed @yN-heterocyclic olefin
(NHO).[1%%

The aforementioned procedures typically requiresgitigh pressure, high temperature or toxic
starting materials or catalysts. In 19B®ushet al.published a milder and alternative carbonate
formation procedure using Lewis acid boron trifluoride diethyl etheraa@lydrouganhyd.)
diethyl ether (Sobme 35).[''9 Afterwards, Rouss protocdf®? 104 as wel as the
unaccompanied carbamate strat&gyare common in organic synthesis.

(1) BF 3 E,0 (1.1 equiv),

Ph Et,0 (anhyd.), -20 °C OH Me
Me HN” (2) 0.5 M H,SO,, rt. :
/\/\)\ /g g ~ O
=z N
o 9 ° 82% O«o

Scheme35: Carbonatedrmation reported by Roush.

Phenyl carbamate substituted allyl epoxides were utilized as starting materials. The significance
of the neighboringgroup effect of this substituent was emphasized by testing various reaction
conditions and considering moleculmodels'® During their investigations Rousét al.
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showed that not only Lewis acid B¥EQ, but also weak Brgnsted acids like acetic acid are
able to generate OE<Y Therefore, we assume that during epoxidation of all&@aen situ
generatednetachlorobenzoic acidiCBA) is responsible for the carbonate formation.

Independently from the mechanism, a stroagbonnitrogenbond must be cleaved during the
formation d 75. By substitution ofthe benzyl group we hope to favor the cyclization to
carbonaté&5. Therefore, further carbamategh both aromatic as well as aliphatic isocyanates
were synthesized with a yield of up to 71ng the protocol of MillefTable17).1*%¥ Due to

a conjugated system in case of isocyaéteits carbamat®2b was isolagd with a yield of
only 52%. The amount of isolated alkeri®s-e decreased form ethyl tert-butyl caused by
an increased ster hindrance. Adamanty|Ad) analog52f was only observed in the NMR

spectrum of the crude product in traces, but could naidiated.
Table 17: Syntheses of carbamate2a-f.
DMAP (10 mol%),
N NEts (1.2 equiv) @V H
+ RSCy O N~
R
OH DCM, r.t., 24 h, Ar T

75 76a-f 52a-f

Compound R  Yield of 52 [%]

a Bn 83

b Ph 52

C Et 71

d 'Pr 64

e ‘Bu 14®)

f Ad trace&): ®)

@: Remaining starting material reisolaté&®;observedvia NMR.

Testing carbamateés?a-e afterwards in the epoxidatiesyclization sequence, produt® was
isolated with a yield of up to 82% (Tall®). In contrast to the synthesis of the epo)a3e,

1.6 equivalents of the oxidizer were used forsthexperiments, because a larger amount of
present acid should favor the formation of the spiro compound. Furthermore, after detecting
full conversion to the epoxidéa TLC, thiourea catalygTUC) 77° was added to activate either

the carbonyl oxygen ohe epoxide for the cydation steg’4c " Taking the first observation

of carbonat&5 into account the retion was stred for further 48 hoursScheme34).

5 Catalyst was synthesized by Dr. Katharina M. Lippert.
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Table 18: Identification of the most feasible leaving group.

CF; CF;

JeBBel
FsC J\N CF

77

(1) mCPBA (1.6 equiv),
H DCM, r.t. 24 h 0//<
O\H/N\R O\\/O

Irz
T

o (2) 77 (50 mol%), r.t., 48 h

Compound R  Yield of 75 [%]

a Bn 75
b Ph 59
c Et 82
d 'Pr 82
e ‘Bu 78

Analogueto its synthesigphenyl derivatives2b is less reactive due to mesomeric stabilization.

In case of primary, secondary, and tertiary alkyl species the results are comparable indicating
minor importance of the generated amik¢hyl andiso-propyl precurs@ showed the best
results. Butwe prefer the ethyl derivative for several reasétisyl isocyanat&@6c is less toxic
compared to its phenyiso-propyl, andtert-butyl analog. Furthermore, carbamab@c was
synthesized with a preparative yield of 71%lfle17). Moreover, generated ethyl amine is a

gas shifting the equilibrium to the product side and simplifying the purification.

In our optimization experimentstarting from carbamat&2c besides thioure&7 acidic
additives iitrilotri(methylphosphonic ed) 78 and pNBA were included to cover a broader
pKa-range. Furthermorevariation of solvent, dilution, reaction time of the epoxidation step,
and amount omMCBPA were also tested (Tall®).

The best result was achieved performing the first step wbteduivalentsnCPBA for 24 hours

in DCM and the second step with only 5 mol% of catalystTable19, Entry 18). Removing

in situ formed mCBA is one of the major challenges. A tstep purification procedure
containing solvent evaporation and column amatography on silica gel with diethyl ether and
0.5% TEA provides/5 with a comparable yield. An increased isolated yield of 11% can be

observed utilizing botmCPBA/MCBA and77 (Tablel9, Entries 18 and 20). Waesl al.already
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described a cooperative eft between Brgnsted and Lewis acids enabling the accelerated
formation of the desired produétd Zhanget al. investigated this kind of catalysis more
detailed using NMR techniques and computational stltffe§? Both aspects lead to the
assumption that a similar effect is responsible for the preferred formatiéh wtilizing a

combination ofn situgeneratednCBA and catalytic amounts @f7.

Table 19: Optimizationprocedue.

CF3 CF3 |:)03H2
2150 oy
FsC NN CFs3 PO3H,
77 78
(1) mCPBA, solvent, r.t. t4 0
H (2) additive, r.t., 48 h 04
(0] N. > 0]
e (I~
© OH
52c 75

Entry Solvent mCPBA t1 Additive Additive Yield of 75

[equiv]  [h] [equiv] [%]

1 DCM 1.1 1 - - 62
2 DCM 1.1 1 77 0.5 71
3 DCM 1.1 1 78 0.3 48
4 DCM 1.1 1  pNBA 1.0 54
5@ DCM 1.1 1 - - 45
6® DCM 1.1 1 77 0.5 56
7@ DCM 1.1 1 78 0.3 51
8@ DCM 1.1 1 pNBA 1.0 58
9@ DCM 1.1 8 77 0.5 69
10@ DCM 1.1 14 77 0.5 58
11® DCM 1.1 24 77 0.5 69
12®  DCM/PhCH 1.1 85 77 0.5 67
13®  DCM/CHCIs 1.1 85 77 0.5 60
143 DCM/AmylOH 1.1 85 77 0.5 57
15 DCM 1.6 24 77 0.5 73
16 DCM 1.6 24 77 0.25 74
17 DCM 1.6 24 77 0.1 75
18 DCM 1.6 24 77 0.05 78

A
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19 DCM 1.6 24 77 0.01 57

20 DCM 1.6 24 - - 67
@: Epoxidationwasperformed with a conof 1.0 mol L' ‘and reaction mixturevasdiluted aftert;.

To gain a deeper insight into the mechanism of the cyclization, we performed a labeling
experimentTherefore, epoxidb2areacts in the presencera€BA and H'80 under otherwise
standard conditions for the second step to labeled carbtB&t®. Afterwards, comparison of

the IRspectra of75 (1792 cm?) and 75180 (1766 cm?) showed unequivocally that the
180-atom is located at the carbonyl group (FighBe

IR-Spectra

Absorbance Units
o oS e
-+ (=)} [~}

e
o

e
=Y

1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000
Wavenumber cm™!

Figure 15: Comparison of the IRpectra of75and75-1%0.
In 2012 Jirgensons et al. published the Lewis acidatalyzed synthesis of
N-tosyliminocarbonates starting from allylicichloroacetimidates. From the educt to the
desired product they postuldt¢he existence of an ammonium speciesegithy S1- or
Sv2-mechanism!™ Combining their considerations and our resultsnfriR-analysis, we
assume that thie situformed iminium sal79 is hydrolyzed by watemwhich is present form

the utilizedmCPBA providing spiro compountb (Scheme36).

nQ

R

(:L\e/ - RNH,
5 OH

53 79 75
Scheme36: Postulated meamnism for carbonate formation.

0 HN-R Q
ool R o | o
H

e

In the synthesis of bispiro tetronate Rousét al.used their protocol to introduce an aldehyde
and a hydroxyl group in cyclohexer@ at the same carbon atom (Scheig.[*0%
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This reaction sequence shoaspotential applicatiorior this type of reaction even for the

synthesis of more complex compounds.

_Ph
HN BF,Et,0, 2 2
3°El R Me R Me
R? O/KO DCM, >: CHO
g _0-23°C_ "'o 0 4 steps .\ OH
R T Me Me
Me 80

R': CH,OTBDPS
R2: (CH,);0TBS

Scheme37: Synthesis of geminal hydroxyl aldehy8@
Our estabkhed protocol provides an access to a spiro center, a carfrhtehydroxyl group
in one molecule. But before searching for an application, especially the function of thiéurea
and its interaction with the Brgnsted acid tmbe studied more intengly. Furthermore, the
limitations of this approach ke to be identifiedvia extension of the substrate scope
(Table20).

Table 20: Potental substrates.

Me Me O o H H
) P O__N. Ph A~ O _N.
Carbamate @)Qo)ku Et @/\0 ” Et O/\/ 70( Et E Et
Me ° o o o
Me >:O O/Z(o o)ko QJ(O

Carbonate "G . 2 .y
o = Cx 1

Substitution of thdsocyanate by & sulfur analogvould furthermore provide an access to
thiocarbonates. Utilizing an asymmetric epoxidation protocol leading to enantiomerically
enriched intermediates in combination with the thiotbased cyclization results in also
enantiomerically enrtved spiro compounds. Like Kocovsky, Miller, and Roush showed, the
carbamate moiety plays a key role in the epoxidation of thisstep sequendé!® 97 334

All the latter aspects illustrate thelevanceof this approach.

4.3. PeracidBasedCatalysts
One typical procedure for the epoxidation of electich alkenes based operacids like
mCPBA. In 1909, Prileschajew mentioned the oxidative ability of peracids for the first ¥ime.
We already used this procedure for the syntheses of oxiB&t&a (Chapter 4.11.). Later on
catalytic amounts of the necessary acid precursor in combinatiorimgitu generation of the
active peracid were intensively examined. For example, Miller and Schreiner utilized this
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concept and introduced peptilased acid catalysts, which are transferregd the reactive
peracid species and regenerated after the epoxidation of the -carbom double

bond[33 3L 30

4.3.1. Mechanism
In 2007, Miller et al. published a possible catalytic cycle for timesitu generation of a
peracidcontaining peptide catalyst. They showed that a carbodiimide as activating and water
removing agent and DMAP &&oxide equivalent and nucleophilic catalyst are necessary for
the oxidation &the carboxylic acid (Schengs).[3%334

O

N, 7 1
N - BocHN
2. Boc QJ\ o8

Q DIC
| “cooH
oN

60

0]
BOCHN\:)J\OBn BOCHN\.)J\OBn

DMAP, H,0, or 20 o, _NPr
83 H202 or Y ’

H,0, directly Oo-H O NHPr
84 82

DMAP, H,0, or

83, H,0O, or
BocHN\)J\OBn o H,0, directly
\[( o )J\ DIC, 84
O Bno NHBoc
85 O

Scheme38: Epoxidationvia in situ generated monoacid peptide catalyst.

Reaction of the carboxylic acid Gtterminal benzyjprotected amino aci8ll and DICprovides
active esteB2. The latter intermediate is transferred afterwards into catalytically active peracid
84 via nucleophilic attack of hydrogen peroxide. A possible side reactioB4of the
DIC-mediated formation of aspartic pera@8 But, the eaction mixture converts this dimer
back into peraci@®5. Miller and ceworkers also showed thietoxide 83, which is also formed

in situvia oxidation of DMAP, accelerates the whole process.

Instead of a monoacid Schreiredral. utilized a diacid as cafgic moiety” Based on their
previously performed test experiments, they concluded that an intermolecular anhydride is the

key intermeliate in their reaction cycle (Scher?®.
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~
H,0, COsH
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Scheme39: Postulated mechanism for the diabidsed epoxidation.
Si mi | ar rmecharidm lthe fest siep is the formation of an active ester. A\sthge it
does not matter, if intermedia8d or 8 7i®generated. Due to the presence of the second acid
moiety a cyclization to internal anhydrid@8 takes place. Afterwargdshe cyclic species is
openedvia hydrogen peroxide, providing peraci@9 and 8 9 & both catalytically active
compounds favor the opposite enantiomer of the epoxide, it has to be guaranteed that the
opening step should deliver one peracid selectiialythermore, activation of the remaining
carboxylic acid could lead to intramoldar peracid 90, analogue to compoun®5
(Scheme38). Via ring opening with hydrogen peroxide, dipera@tl could be generated.
Both the selective generation of pera@d@and8 9a8 well as the formation 8fL complicates

the establishment of an asyratnc version based on this concept.

In 2015 Schraderet al. examined this mechanism in more detail using MS techniques.
They identifiedin situ formed peptide species and followed the reaction progress of the
epoxidation. But firstly, they started frohomoaspartic acid as precursor so both possible

peracids are identical. Secondly, diper&idvas not observed during their experiméffis.

After formation of the peracid, the oxygen atom is transferred onto the eealboon double
bond in a oncerted way*'2 Simultaneouslythe peracid is reduced to the corresponding
carboxylic acid, which can enttdre catalytic cycle again. For the generation of the oxirane two
different TSs are under discussion (Figd6. The TSs92 and 93 differ in orientation and
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angle between alkene and peracid. Several theoretical and computational approaches were
performed,but lead to partly opposed resufts! The butterflylike spiro structure@3 is the

most accepted and commonly depicted f6.11% One exception was published by
Oshimaet al.in 2012 examining the epoxidation of a highly crowded fulleroid system. Based

on a slighly twisted double bond the spiro TS is inhibitéd. In 2006, Luthman and
co-workers investigated the influence of different alkene substituents on the stereoselective
outcome. They observed a huge directing effect of those residues. They alsd ghatwia
changing the active species the reaction outcome can be inv&H@&bth examples also

illustrate a substrate as well as reagent dependence.

_ _t _ _ 7
R>= R

o o)
0<H c:%\j%H

o o

Iy .>|n\\ /,(__ o
—~ PN
a2 93

Figure 16: TSs for the peracitbased epoxidation.

4.3.2. Proof of Principle
For proofing the concemhenylcyclohexen88 was epoxidized both with a monoacas well
as a diacid test catalyst. Under chosen reaction conditions baditlesret al.andSchreiner
et al. aspartic acid®5 is nearly twice as active as phenylalanfRéie)94 (Scheme40).13%a 30
These observation indicate that either two carboxylic moieties react faster than one or the
in situ generation of an intramolecular anhydride accelerates the whole reaction process.
The formation of an activated species was also proofeldotim control experiments without

DIC as activating agent no reactiamok place

H202 (1 2 eqUiV),

DIC (1.2 i
L sz (o
Ph Ph

H,O/MeCN, r.t., 7 h
38 39
94: 1%
95: 27%

Schemed0: Proofing the concept with a monas well asadiacid catalyst.
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4.3.3. Peptide Catalysts
Taking even the latteesults into account monas well as diacidontaining peptide catalysts
were ynthesized. Furthermoreyoline and adamantyl glycinerere used as structuggving
elementdike in the well working systems of Miller and Scheif&r3t 3 The synthesis of

tripeptide96 is exemplarily depicted incheme4 1.

Boc-AdGly-OH (1.0 equiv),

HOBt (1.1 equiv),
(0] EDAC (1.1 equiv),
C|®H3N@i)l\ TEA (1.1 equiv) y O
H OMe Boc.. N\)kOM
2 DCM, r.t., 24 h N : e
o
Cy
98

Cy
97 95%

(1) HCI/1,4-dioxane (4 mol L)

(2) Boc-Asp(OBzl)-OH (1.0 equiv),
HOBt (1.1 equiv), EDAC (1.1 equiv),
TEA (1.1 equiv), DCM, r.t., 24 h

77%

Pd/C (0.2 equiv),

Lo Lo ; q 9 1 9
2 N N
Boc/N\-)kN N\)kOMe < Boc” \_)km v~ “OMe
é H 5 f = O =
~Co,H o oy BuOH, r.t, 24 h ~co,B7I oy
96 99

96%
Scheme4l: Exemplary synthesis @fpeptide catalyst.
Peptide coupling was performed in solution and wiithydroxybenzotriazol§dHOBt) and
EDAC as coupling reagent$.*d The Boc protecting group was removedhygrogen chloride
in dioxane!® 33 The benzyl ester was cleaved under reductive conditions in
tert-butanoll*!6 38 Methanol was not used as solvbatause transesterification was observed
in previously performed experiments. Finally, tripept8ewas isolated with a tal yield of

70% afterfour steps.

Utilizing analogue conditions three additional peptides were synthesized (Figlre 1
The aspartic acid moiety at tl@@terminus of peptidd 01 was protected as dimethyl ester.
Both protecting groups were removed simultaneously with a sodhydroxide

N,N-dimethylformamide (DMF) protocol*'? In the end all peptides were isolated in

preparative amounts after up to 8 steps.
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N\E)k ﬁf \)k /Q(OMe

COzH
100
44% after 8 steps

NJL ﬁ( ﬂOH B°°\H\/g(2 Coz

101 102
70% after 5 steps 32% after 6 steps

Figure 17: Peptide catalysts00, 101, and102

4.3.4. Optimization of Reaction Conditions

For a better comparison all four catalysts were tested utiliziigiptly modified reaction
conditions of Miller!33@ Therefore, in the presence of DIC, DMAP, angDkicinnamicalcohol

50 was transferred into its epoxidd mediated by a monoor diacid-containingpeptide

A reduced amount of 5 mol% catalyst and chloroform instead of dichloromgb@nd) was

used(Schemel?).

% ﬁ( %OMe Nda ﬁ( Qk g{om
. ﬁ( (2, I&

COzH
101 cat. (5.0 mol%), 102
DMAP (10 mol%),
DIC (2.0 equiv),

S H,0, (2.5 equiv) o)
Ph/\/\OH Ph/<l/\OH
CHCl3, rt., 24 h
50 51

96: 81%; 100: 36%
101: 90%; 102: 69%

Scheme42: Comparison experiment.
Comparing the results f@6, 101, and102 a preference for diacid peptide catalysts was not
observable. Tetrapeptid®0 showed the lowest conversion after Zufs Obviously, based
on those first ambiguous resifurther investigations of the reaction conditions were carried
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out. Therefore, the different parameters, e.g., temperature, catalyst loading, and solvent, were
varied stepwise. Tripeptic®6 and cinnamic alcohdO were chosen as test system. Due to its
better solubility in organic solvents without additives compared to EDAC and its simpler dosing
compared to DCC we seled DIC as carbodiimide (Table 21

Table 21: Optimizationof peracidbased epoxidation.

H (0] H (0]
Boc/N\i)kN N\/MOMe

o ;s H o] Z\Cy
OH 96
Ph™ " 0H Ph/<?/\OH
50 51
Entry®@ 96  Solvent Oxidizer DIC DMAP T t Yield®

[mol%] [equiv] [equiv] [mol%] [°C] [h] [%]

1 0 DCM H20: (4.0) 1.2 0 rt. 48 0
2 2.5 DCM H20: (4.0) 1.2 0 rt. 48 55
3 5.0 DCM H20 (4.0) 1.2 0 rt. 24 80
4 10 DCM H20 (4.0) 1.2 0 rt. 24 66
5 20 DCM H20- (4.0) 1.2 0 rt. 24 36
6 5.0 DCM H20- (4.0) 1.2 10 rt. 24 61
7 50  PhCH H20 (4.0) 1.2 0 rt. 24 67
8 50 CHCl H20 (4.0) 1.2 0 rt. 24 80
9 50 CHCl Hx0:(2x2.0P 1.2 0 rt. 24 65
10 50 CHCl UHP (4.0) 1.2 0 rt. 24 13
11© 50 CHCh H20- (2.5) 2.0 10 rt. 24 81
12 50 CHClk Hx0:(2x2.0pP 1.2 0 0 24 16
139 50  CHCl H20: (2.5) 2.0 10 0 24 37

@: 0.25 mmol alkene and 2 mL solvent were us@d;second addition of ¥D, (2.0 equiv)after one hour;
©: reaction coditions based on Milleet al; ©@: yield determinedia chiral GC without internal standard

Varying the catalyst loading showed a maximum yield of epoXideith 5 mol% of tripeptide

96 (Table 21, Entry 3). As expected, without catalyst no reactiooktplace (Table21,

Entry 1) proofing the necessity for the presence of a carboxylic acid species. For enabling better
substratecatalyst interactions and resulting enantiomeric excess toluene was chosen as

solvent®® which did also not show the expected effect (Taldé, Entry 7).
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Whereas, chloroform addCM led to the same ressalfTable21, Entries 3 and 8). More polar
solvents like THF, 14lioxane antert-amyl alcohol were also tested, but only traces of the
product could be detected (not included Table 21). Regading the oxidizing agent

a portionwise addition provided epoxi8g with a minimal reduced yield (Tab®l, Entry 9).
Whereby, due to its decreased activitga hydrogen peroxid@JHP) can be neglected as
oxidizer (Table21, Entry 10). A decelerategtaction process was also observed lowering the
temperature. Utilizing the conditions of Miller provide the target compound with a higher yield,
although the redts cannot be compared directhecause three parameters differ in these
experiments (Tabl21, Entries 9 and :13). We assume thaspecially the increased amount
of DIC is coursing this effect, because we were noé ablobserve the described DMAP
dependence utilizing our conditions (TaBlke Entries 3 and 6). Summarizing best results were
achieved performing the epoxidation with mol% catalyst in either chloroform @CM
mediatedvia 1.2 equivalents DIC and 4.0 equivalents hydrogen peroxide (Rabentries 3
and 8).

4.3.5. Substrate Scope
Even knowing that addition of hydrogen peroxide in ondi@o (Table21, Entries 8 and 9)
and a larger amount of DIC (TabRl, Entries 11 and 13) are favorable for the epoxide
formation we seleed the conditions mentioned imtey 9 for all further experiments.
Regarding the introduction of a stereoinformatwe thought slowing down the reaction rate
minimally via adding the unstable oxidizer ionwise and reducing the amount of reagents
present in the reaction mixture are beneficial factors. Hereafter, pepéidesl 100-102 were
tested in combination wit alkenes38, 40, 44, and 56 to gain a deeper insight into the

catalystsubstrate relationship (Table)22

As expected for all catalysts completely conjugated alkdr{@able22, Entries 3, 8, 13, and

18) as well as electredeficient alkené&6 (Table22, Entries 5, 10, 15, and 20) showed nearly

no reactivity. Only cataly€6 epoxidized cinnamic alcoh80 with a preparative yield of 77%
(Table 22, Entry 4), while all further catalyst showed a clearly lower reactivity (TaBle
Entries 9, 14, and 19)nicontrast substrat&8 (Table 22, Entries 1, 6, 11, and 16) ad@
(Table22, Entries 2, 7, 12, and 17) were converted into the corresponding epoxides with good
to excellent yields. A real catalydependent tendency for the preference of aromatic or
aliphatic starting materials not observable. Compared with the proof of principle experiments

diacid catalysts did not show an accelerated epoxidation compared to the monoacid peptides
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(Scheme40). Catalyst102 containing proline as structuferming elemat showed a faster

formation of the targebxirane compared to its adamgnanalog101 maybe coursed by the

lower positive inductivg+l) effect or the smaller steric hindrance (Tak® Entries11-12 and

16-17). But, none of the tested aclthsed catakts led to an enantiomeric excess for one of the

used alkenes.

Table 22: Substrate scope foie peraciemediated epoxidation.

N\)k ﬁ( \)kOMe N\)k

Alkene

Entry @ Cat.

1 96
2 96
3 96
4 96
5 96
6 100
7 100
8 100
9 100
10 100

100 COzH
CO,H
H\)k Boc\'\I(N
" “OH Hol OH
= o N
“CO,H 102 7 ©
cat. (5.0 mol%),
DIC (1.2 equiv),
H,0, (2 x 2.0 equiv)
> Epoxide
CHC|3, rt,t
Alkene Epoxide t[h] Yield® [%]
OL CEO 72 97
Ph Ph
38 39
@\ CEO 72 14
Cy Cy
40 41
Ph/j/Ph Ph/<?/Ph 72 6
45
PNTon Q72 77
0 51
i i 72 0
Me Me Me ae
38 39 24 48
40 41 24 guant.
44 45 48 11
50 51 48
56 57 48



11 101 38 39 72 24
12 101 40 4 72 63
13 101 44 45 72 1
14 101 50 51 72 33
15 101 56 57 72 0
16 102 38 39 24 36
17 102 40 4 24 68
18 102 44 45 24 1
19 102 50 51 24 5
20 102 56 57 24 0

@: 0.25 mmol alkene and 2 mL solvent were used, the secontioadaias carried out after one holf; yield
determinedvia chiral GC without internal standard

Comparing the results for alke®@ based on our (Tabl22, Entries 4, 9, 14, and 19) and
Miller6 sonditions Table 21 Entry 11 showed an obvigs preferace for the latter oss.

For all catalysts higher yields were achieved in a shortened reaction time of only 24 hours.
Therefore, our underlying idea was wrong and for all further experiments dMalenditions

should be used.

4.3.6. Summary and Outlook
We syntlesized four carboxylic acid peptides containing either mondiacids as precursors.
Afterwards those catalysts were tested in epoxidation reactions of several alkenes utilizing our
reaction conditions. Electremch but unconjugated compounds are thefgrred substrates.

Even if good to excellent results were achieved very long reaction times were required.

In future experiments additional starting materials from the substrate library should be included.
For shortening the reaction time DIC and hydrogeroxide should be added continuoyfsy
example via syringe pump. Besides further educts and a varied adding procéaitiner
catalystrelated aspects should be taken into consideration (FigurBue to the advantageous
effect of proline this amo acid should be used as structtoeming element. For shortening
the distance between peptide backbone and reactive center phthalic acidiamin2s might
be used as key building blockén this regard Co-symmetric systems are accessible.
Moreover these molecules can also help to circumvent the problem of peracid formation
After opening of then situ generated intramolecular anhydride both possible active forms are
identical. Therefore, based on the aforementioned results in combination withutiook
regarding a peracidatalyzed epoxidation a variety of possible changes are still conceivable.
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Figure 18: Additional carboxylic acid containing peptide catalysts.
4.4.DioxiraneBased Catalyts

Besides peracids dioxiranes are also widely used to epoxidize eldactromalkenes.
The reactive intermediate is normally also fornresiitustarting form a carbonyl precursor and
an oxidizing agent like Oxofife Considering the carbonyl compound bo#talytic as well as
stoichiometric protocols are described in literatét®. 433 The most widely spread
stoichiometric versios base on acetonand itsderivatived!'? Using a chiral ketone would
enable an asymmetric epoxidatidiime most famous catalytic carbonyl puesorin thisregard
was published by Shi and -eoorkers(Scheme 164 But, of course there are a variety of

further chiral ketondasedsystemd!20ac 43¢ 120d 43d

4.4.1. Mechanism
Due to the fact that dioxiranes aa@ intensively studied class of compounds Hatlsitu
formation of the active species as well as oxygen traaséevell examinedsia theoretical and
experimental studid$!® 1254 113358 |5 1997, Shiet d. described thén situ formation of the
dioxiranespeciedased on their famous fructederivedcatalystln basic solution Oxorfewas

used a oxidizing agent to form the corresponding cyclic intermediate (S&gpfre

Catbonyl precursofl03is nucleophilically attacked by peroxomonosulfate the reactive species
of Oxoné. Under basic conditions the formed hydroxyl group of oxidized intermebiietis
deprotonated. Hereafter, generated alkoxi@ cyclizes under release ohe equivalent of
sulfate. One of the oxygen atoms of dioxird6 is afterwards transferred onto the double
bond providing the corresponding epoxide. Thereby carbonyl spEeBa®generates and is

available for the next catalytic cycle.
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Scheme43: Oxoné-based epoxidation afarbon carbondouble bonds.

This catalytic cycle helps to understand the presence of elesttlodrawing substituents like
fluorine or trifluoromethyl nexto the carbonylgroup. Due to their electronic propertiesythe
lead to a lower electron density at the carbonyl carbon,attnch is therefore activated for
the nucleophilic attack of the active specié® 1196 1223 120b 1228 1206 57 |f there are more
potential precursors present in a catalyst those residues help to transf@isosetific atom

into the actie species.

After formation of the threenembered catalytically active intermedid® (Schemet3) one
of the oxygen atoms is transferred onto the alkene. Analogue to peracids &l plaaswell
as a spiro T2.08 are discussed (Figut®). Both experimetal and theoretical investigations
proof the prioritization of the spiro TS108 also for the dioxiranenediated

epoxidatiorf1133 123 1204

?‘NS\ 'R'E"R
o N
) 107 ) ) 108 i

Figure 19: TSsfor the dioxiranemediated epoxidation.

The central quaternary carbon atom of the dioxirane is nal diecause of its two identical
substituentgseel06 Schemet3). For an enantiomeric version two possible strategies can be
followed (Figure20).[t29¢ 120d Firstly, one of the substituents must be really crowded shielding

one side of the system. Catalysts likedShuctose derivative base on this approach allowing
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the coordination of the alkene to the atgst only from the steridlg less hindered side
(Figure D, left)[55 123 1208 124 57 gecondly, if the catalyst possesse€@symmetry both
trajectories are identical leading to the same epoxidatiorupt@Bigure20, right)[56 1204

olefin olefin
Ny Ny

O (@)
o 0 &
* o % e
*
R \ R
olefin olefin
different enantioselectivities same enantioselectivities

Figure 20: Solutionapproaches for an enantioselective version.

4.4.2. ldentification of aSuitable Moiety
Following the literaturefirstly, a stericdly hindered andsecondly an electrorwithdrawing
substituent at the carbonyl groaffects thestereoselective outcome as welltagreactivity of
a potential catalyst. In our small combinatorial approacpéptidebackbone should block one
side of the generated reactive spechagomated peptide synthesikouldhelpto identify the
most potential amino acid sequence. Howefieding a catajtic moiety is more challenging,
because several aspects must be fulfilledstly, the precursor should be commercially
available or easily tbe synthesizé. Secondly, it must be attachable to the peptide backbone.
Lastly, carbonyl as wkés dioxirane species should show a high reactivitinfeituformation
of the reactive intermediatndfinal oxygen transfer. We selected four possible compounds
containingTFMKs as precursors arah amide, a bromide ora catoxylic acid as linker
(Figure 21).

o)
o) o) o) HO
B
HZNJ\CFg, r\)J\CFg, HO)J\CF3 0
CF,
109 110 111 para-112

Figure 21: Potential catalytic moieties.

A successful reactioof those motivesvith a testcoupling partnewas onlyobservedor acids
111 andpara-112(11% (Schemet4). We assumehatfor 109 and110 due to the short distance
between linkinggroup and trifluoromethyl substituent with its higiegative inductive

(1) effect a reaction with their partrsavas hampered
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HO)J\CFg,
DMAP (1-2 mol%), e 0
111 NH, EDAC (2.0 equiv),
0 TEA (2.0 equiv) HN CF, HN
+
(0]
HO DCM, r.t. e
0 13 $
CF 114 115
para-112 3 59% 42%
t:24 h t:23 h

Scheme44: Syntheses of the first test cataly$iel and115.

In caseof 111 and 112 the amide bond formatiomwas performed with amind.13 utilizing a
DMAP/EDAC/TEA protocol?® 68 After isolation compound$14 and115 were obtained with
ayield of up td9%. The target molecules were characterizadNMR, IR, and MS techniques.

The structures af15 was clearlyelucidatedsia NMR, but a difference in mass of 32 units was
observe using ESI techniques. By chancing the solvent from methanol to ethanol we saw a
mass different of 46 units. Therefore, we concluded that during these analytic experiments an
addition of the solvent to thEFMK takes placewhich is responsible for thegreased mass.

In case ofl14 the trifluoromethyl group ipartof an amide. Therefore, due tlee presence of
different functional groups the observatiwas not made for the TFderivativell4. We tried

to proof this assumption with a NMR experiment. INMR tube a 1:1 mixture of compound

115 and methanol in deutedchlorofaom was prepared. The spectra measured directly and
after two days showed only traces of the addition product indicating that this reaction

accompanied with inactivation of the caitlplays a negligible role under synthetic condition.

With test systemsll4 and 115 in hand, we performed the epoxidation reaction of
phenylcyclohexen88 using catalytic amounts of the synthesized carbonyl species (@3ble

As starting point we utilied modified protocols publishday Cubillos as well as Shi and
Marples!® 11% 123 Oxoné was chosen as oxidizing agents and sodium bicarbonate as buffer
system!?¥ |n the forefront, we identifietetrabutylammonium bromid@ BABr) (compared

to, e.g., TBAHSQ@ and BnE4NCIl) andDCM (compared to, e.g., toluene) as phase transfer
catalyst and solvewtf choice for a biphasic system. During those experimentdseeobserved

that withoutbuffer the formed epoxide is immediately opened to the corresponding diol.

Our first results illustrated that both catalysts in combination either with fmamibiphagc
systems are able to generate epo8i@m up to 96%. Due to byproduct formation with catalyst
114(Table 23, Entry 1) we focused on precursd® Furthermore, the amount of TBABr has

to be reduced because ofatsn epoxidation ability (Table 23, Ent). Utilizing an ultrasonic
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bath for mixing the biphasic system did not show the expected effect (Z3bkntry 7).

Identification of a suitable catalytically active motif was the aim of those first coupling and

epoxidation experiments. Therefore, lthea those encouraging results we could focus on the

preparation of chiral catalysts.

Entry

1@b)

2(a.)

3(a,b,c)

4@

5@.e)

6(b,c,e,f)

7(a,b,c)

Cat.

114

115

115

115

115

115

Table 23: Test catalystd14 and115.

O @)

HN)J\CF3 HNJ\©\(
0
SRS Ohe

114 115

cat. (20 mol%)
TBABT,
Oxone

38 39
rt,t

TBABr Reaction conditions
[mol%]
40 Oxor? (2.0 equiv), NaHC®(5%),
DCM
40 Oxor® (2.0 equiv), NaHC®(5%),
DCM
40 OxorP (2.0 equiv), NaHC®(5%),
DCM
20 NaEDTA (0.2 mmol%); Oxofi (5.0
equiv),NaHCQ; (7.8 equiv),
MeCN/HO
- NaEDTA (0.2 mmol%); Oxofi (5.0
equiv),NaHCG; (7.8 equiv),
MeCN/HO
20 NaEDTA (0.2 mmol%); Oxofi (3.1

equiv),NaHCQ; (2.0 equiv), DCM/HO

- Oxor® (2.0 equiv), NaHC®(aq.),
DCM, ultrasonic bath

t
[h]

24

24

24

Yield®
[%0]
300

96

45

56

47

70

@: 1.00 mL DCM was used®: NaHCQ; (5%) was added to keep the pH af®7 additionalamount ofOxor® was

added @: MeCN/H,O 1.50 mL/1.00 mlL ©®:. mixture of Oxoff and NaHCQ; was added portionwise;
®: DCM/NaHCG; (5%) 1.00 mL/1.50 mL;9: yield deternned via chiral GC without internal standard;
: tendency for byproduct formation
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4.4.3. Additional Catalysts
With working epoxidation protocslin hand we daw our attention to the synthesis of
peptidebased catalystto enable a stereoselective versadrthe epoxidationTherefore, we
followed two strategies. Firstly, we synthesized possible derivatives of the already established
and highly selectivacylationPMH systeml.[?d The catalytic motive PMH has to be replaced
by functionalized lysineSecondly, we focused dB,-symmetric precursorsecause of their
advantage regamy dioxirane formatioft?®d As key building block we selected a
C,-symmetricamine, which is knowrfor examplefrom correspondingUC.[*28

In our first approach we chose the identical backbone compared to the acylation. The utilized
system showed the ability to generate a peskepe structure and to perform arspselective
reaction’?® 24 Via automated solid phase peptide synthesis (SPPS) we synthesized the
corresponohg fundamental unit. Afterwards, either thgerminus or the amino group of lysine

acts as linker for attaching the benzoic acid derivapaea-112 After cleavageof the
tetrapeptiddrom the resin deprotection of the amine as well as fixation ofdtedytic moiety
werecarried out in solution. The synthessexemplarily showifor functionalized tetrapeptide

122 (Schemetb).

For SPPS a prépaded fluorenylmethyloxycarbony(Fmoc)phenylalanineNangresin 116
was sed. After removing of the Fmocgprotecting group with piperidine in
DMF the coupling of the next Fmeaarotected amino acid was performgéd a HOBt/
2-(1H-benzotriazoll-yl)-1,1,3,3tetramethyluronium heaioro-phosphat€dHBTU) protocol.
After three coupling steps the tetrapeptide was elédvom the resin utilizing a mixture of
tetrahydrofuran THF), methanol, and TEK3 Afterwards, both hydrogenatioas well as
fixation of the catalytic moietgtarting from methyl estdr20were carried out in solution under
standard conditiond® 2¢ 6833 Finally, tetrapeptidd22was isolated with a yield of 47% after

nine steps.
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EDAC (2.0 equiv), F4C
0 _/Cyo B TEA (2.0 equiv)
-Boc DCM, rt., 24 h E
eO N N T
Jj/ TI/\H \C[)]/\H MeO \n/\ .Boc
Ph 0 65%
121

12

\ Pd/C (0.2 equiv)

Schemed5: Exemplary synthesis of functionalized tetrapeptiti22
After cleavage of the Fmegroup with pipeidine (25%) in DMF, the peptide coupling was performed with Fmoc
amino acidOH (2 x 2.0 equiv), HOBt (2 x 2.0 equiv), HBTU (2 x 2.0 equiv), anBEA (2 x 2.0 equiv) in DMF;
(1) FmoeChaOH; (2) FmoeAdGly-OH; (3) BocLys(2-Cl-Cbz)OH.

Based on this protot additional catalystd23 and 124 were obtained with up to 50%
(Figure22). Compared td22 the catalytic moiety was attached at ti¢erminus in case of
peptidel23. Therefore, the Bogroup was removedia hydrogen chloriden dioxane before
functioralization!** 33 Qligopeptide124 is a multicatalytic system containing two different
catalytic moieties garding our novel acylatieapoxidation sequenc€lgapter 3.1). Th®MH
moiety is located preferentially at tiNeterminus of the peptallike in its acylation analog
Hence, the lysine linker as well as thREMK areincorporated in the middle of the catst
Reductive cleavage of the Clgzoup and functionalization ave performed starting from

oligopeptidel25 (see Experimental Sectioti}s 2¢ 68 34

Analogueto oligopeptidel24 we also synthesized two compounds containing the catalytic
moiety at theC-terminus. For those approaches we selected an EDAC/HOBt pragocbl
performed the peptide coupling solution (Scheme41).[116 €8 33 |n the end phenylalanine
derivative126 as well as multicatalytic system&7 were obtained wit a yield of up to 62%
(Figure 2).
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Figure 22: Additional catalystd 23 124, 126, and127.

Comparable to the last mentewhsynthess we also prepare@z>-symmetric diamindased
catalyss 128 and 129 with a yield of up to 4% (Figure 3). In an onestep procedure the
correspondig diamine reacts with our selected catalytic mojgdya-112 under standard
coupling condition&® ¢ In contrast to the aforementioned catalysts geometric property
represents the second possibility for a stereoselective epoxidation compared to the otherwise

bulky peptide backbone.

o) o)
CF, CF,
o) o)
o r”
NH “'NH
o) o)
CF, CF,
o) o)
128 129
37% 47%

Figure 23: Cz-symmetric diaminebased catalysts28and129

With chiral precursors in hand, we wanted to perform the epoxidation in a stereoselective
fashion. Therefore, we chose alked8eand the Oxofi protocol (Table23, Entry 2)with only
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5 mol% TBABras our test sysin (Table24). But, in contrast to the previous experiment, we

used a tenfold dilution because of the concentration dependence in case of the &%lation.

Table 24: Catalyzed epoxidation.

TBABTr (5 mol%),
cat. (20 mol%),

O\ Oxone (2.0 equiv), NaHCO3 (5%) CE
(0]
Ph Ph

DCM, rt., t
38 39

Entry Cat. Conc.[molL"} t[h] Yield®[%]

1@b) 122 0.025 72 traces
2(@b) 123 0.025 24 5
3@b) 124 0.025 24 4
4(@.b) 128 0.025 24 6
5(@b) 129 0.025 24 11
6@b) 115 0.025 24 3
7@bed) 128 0.250 7.5 quant.
g@abe) 126 0.250 24 15
g@be) 127 0.250 24 14

@: DCM/NaHCG; (5%) 1.00 mLA.00 mL;®: additionalamount ofOxore® was added®: NaHCGQ; (5%) was
added to keep the pH at@: 20 mol% TBABr were used®: 10 mol%cat. were used®: yield determinediia
chiral GC without intenal standard

All reactions carried out in a higher dilution showed a decreased yield of e@&wiéhout
enantiomeric excess (Talfld, Entries 15). For a bder comparison we also testear racemic
catalystl15 under analogue conditions. It also yides the desired pdoict with only 3% yield

(Table 24 Entry 6). Subsequently, we us€d-symmetric diaminel28 exemplarily under
aforementioned conditionwith a higher concentratiorin this case a quantitative yield of
oxirane 39 was achieved after 7.Bours, but also unselectively (Tabid, Entry 7).
Reducing the amount of catalyst to 10 mol% decelerates the reaction, even with a concentration
of 0.250 mol [ {Table24, Entries 89).

It is also mentioned in literature that the-pilue is an important factor concerning Oxdne
decomposition, catalyst reactivity, and occurrence of Baykger oxidation as possible side
reaction’® Therefore, we also performed the epoxidation of alké®avith an increased
pH-value of 810. Besides potassium hydroxide or potassium carbonate as base we also varied
temperature (e.g., .10 °C), additives (e.g., NBEDTA, TBABr) or catalysts (g., 123, 126,
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127).[55 123 434 Corresponding to the literaiwe observed a higher yield of up to 94% after

four hours, but without enantiomeric excess. The reaction witatalyst is also not negligible

4.4.4. Re-Optimization withChiral TestCatalyst131
Based on the missing enantiomesicessand the observed hugdluence of several reaction
parameters, we took one step baokisynthesized a second, chiral, and more pejitideest

catalyst (Schem&6).
HOBLt (1.1 equiv),

EDAC (1.1 equw)
j\’( TEA(1 1 equiv) OMe
OMe
+ CI
HaN DCM, rt., 22 h

F
para-112 89%

Scheme46: Chiral test catalyst31.

To prevent acemization, whichvasobservedor two of the previously synthesizedtalysts,

we utilized the EDAC/HOBtbased protocol instead of using a DMAfRdiatedone!5® 33
Finally, test catalyst31was isolated with a yield of 89%. This compound was used afterwards
for re-optimization of the catalytic epoxidation instead of the more valuable tetrapeptides.
Parameter like catalyst loading and concentration were varied stepwise
(Table25).[123 119¢ 43¢ 125

Table 25: Re-optimization with functionalized amino aci81

Ph

0
Lo
FsC H o
© 131
TBABr
L (ke
Ph rt., t Ph
38 39
Entry 131 TBABr  Oxone®/NaHCOz(s) Conc® t  Yield®
[mol%]  [Mol%] [equiv/equiv] [molL™ 1 [h] [%0]
1(@b.c) 20 40 2.0/0.0 0.250 7 94
2@bd) 15 15 2.0/0.0 0.250 7 35
3@b) 11 11 2.0/0.0 0.250 5 17
4(@b) - 20 2.0/0.0 0.250 7 8
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5 19 39 3.0/37 0.167 4  quant.
6" 20 39 1.5/4.7 0.167 2  quant.
7€ 20 38 1.0/3.0 0.167 2 81
geh - 41 1.5/4.7 0.167 3  quant.
g - 5 1.6/4.7 0.167 24 17
100 - : 1.6/4.7 0.167 24 8
11@0 20 - 1.5/4.9 0.167 25 25
1260 20 5 1.5/5.0 0.167 25 23
1309 20 20 3.0/4.6 0.250 5 95
149 20 17 3.0/4.6 0.250 5 71
1509 20 10 3.0/4.7 0.250 5 41
1609 21 5 3.0/4.7 0.250 5 34

@: DCM/NaHCG; (5%) 1.00 mL/1.00 mL®: additionalamount ofOxor® was added®: NaHCG; (5%) was
added to keep the pH at®; a mixture of NaHC@Na,CO; wasused to keep the pH at@. MeCN/H,0 1.50
mL/1.00 mL, NaEDTA were used®: mixture of Oxoné/NaHCQ; (s) was added ovemround 35 min;

©: DCM/H,0 100 mL/1.00 mL were used?: with respect to the volume of organic sovéhtyield determined
via chiral GC without internal standh

Based on the last results with the peptide catalysts (Pdbpiee started our reptimization.

But, for an increased transport of the reactive species we utilized 40 mol% of TBABr as PTC
at the beginning. 94% of the desired epox3®ewere obtained &ér five hours (Table5,

Entry 1). The whole system is quite sensitive because irgglttee amount of catalyst slowed
down the reaction distinctly (Tabb, Entries 2 and 3). The background reaction stbtvat

the presence of precursbsl is necessar{Table 25, Entry 4). Keeping the reaction ongoing
and the pH value constant is quite difficult with the aforementioned procedure. Therefore, we
decided to mix oxidizing agent and base in solid form beforehand and add the mixture
portionwise. We tested aanc- and biphasi system yielding epoxid& with up to quantitative
yields (Table25, Entries 516). However, the sideeaction of TBABr could not be suppressed
and an enantiomeric excess was not observable. We tried to address both prialikarging

the utilized sbtvents (e.g., talene, DMF), but without succesBven with a welworking
system in hand (TabRb, Entry 13) we stopped our attempts at this point and draw our attention
to a PTCfree approach.

4.4.5. tert-Amyl Alcohol andHydrogenPeroxideApproach
Especially, because of the PTaediated background reaction we proceed to a hydrogen
peroxidebased protocol form Shet al. published in 2007. Thereby, we want to realize a

PTCfree and practically simplified version of our peptcialyzed proceder
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Besides dioxirane precursor and oxidizing agent a nitrile source is also required. In their
postulated mechanism they shexivthe in situ generation of two reactive intermediates
(Schemet7).11%4

NH
0 H,0,
R1v<, )J\ <% RCN
-, HOO” "R
R j\ 133 132
R .
R 103
o- HN
R>\R HO o—o>LR
106 R™OR
104'
o)
H,N” R
134

Scheme47: Postulated reaction mechanism imdihg reactive speciel€)6 and133.

Shi et al. assume that hydrogen peroxide and nittiB2 form the reactive peroxyimidic ati
133. This in situ generated species reacts analogously to peroxomonosulfate to peroxy
intermediatel04a4 With release of primary amidE34 dioxirane106 is formed enabling the

already mentioned final stefSchemet3).

A similar strategy with a peptidéke catalyst was successfully applied by Mikgral.in 2012
(Scheme 17%7 Instead oh-butanol they usetert-amyl alcoholin combination with water as
solvent mixture. Based on those promising results for a comparable system we tested

functionalized phenylalaninE31under analogue conditions (Tal2é).

Performingthe epoxidation of cyclohexerZ8 at room temperature with Millérseaction
conditions provided produ@9 with 63% vyield, but no enantiomeric excess (Ta&eEntry

1). Via omission of either peptide31or acetonitrile we get the hints that both comgas are
essential for the formation of the dioxirane (TaB& Entries 2 and 3). For our system a
stepwise addition of hydrogen peroxide and minimizing the equivalents of acetonitrile showed
less effect on the reaction outcome compared to lower catabding and concentration
(Table26, Entries 48). Utilizing a higher dilution did not only slow the reaction down, but also
favored the occurrence of sideaction (Table6, Entry8). Exemplarily GGdetermined and

isolated yield were compared (Tal2& Entry 4).
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Entry

1@
2(@)
3(@b)
4(@b)
5(@b)
6@c)
7(@.c)
gc.e)

Table 26: Hydrogen peroxiddased epoxidation.

0]

FBC\H/©)‘\

© 131

Ph

N/(H/OMe
H

(0]

O\ Na,EDTA, K,COj3, H,0,, MeCN CE
(0]
Ph Ph

tamyl alcohol/H,0 (v/v 1/1), rit., t

38 39

131 K2CO3 H202 MeCN Conc t
[mol%] [equiv] [equiv] [equiv] [molL™} [h]
10 1.9 8.1 8.0 0.327 5
- 1.9 8.9 8.0 0.327 25
10 1.8 8.1 - 0.327 23
10 1.8 2.0 8.0 0.327 1
11 1.8 6.0 2.0 0.327 3
10 1.8 3.0 2.0 0.327 3
5 1.8 3.0 2.0 0.327 3
11 2.0 4.0 8.0 0.164 4

Yield®
[%]
63
13

999
quant.
54
18
18

@: 38 (0.628 mmol, 1.0guiv), N&EDTA (0.1 mol%) 131, K,COsz, MeCN, HO;, tamylalcohol/HO 1.92 mL/1.92
mL; ®: 2.0 equiv HO, were added hourl{: 1.0 equiv HO, were added hourl§®: 93% isolated yield®: 0.314
mmol (1.0 equiv)38, 0.2 mol% NaEDTA, 131, K,COs;, MeCN, H,0,, tamyl alcohol/HO 1.92 mL/1.92 mL
®: with respect to the volume of organic solvédityield determinedia chiral GC without internal standard

4.4.6. Comparison

As a short summarhe best conditions both for OxdhandH.0/ Me CN ar

tabP @

The most i mportant

advant ages

Table 27: Comparison of reaction conditions for the catalytic epoxidation.

Oxone/NaHCOs
20 mol%131
Oxone( 3. 0 equi

NaHCQG (4.6 equiv)

20 mol% TBABr, CHCI»/H20
(1:1)

0.250 mol L 1
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H202/ Me CN
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mbli® %

HO:( 3 .X0 2qui

Me CN

(2.

KxCQ( 1. 8

NaEDTA “mb0'd L
Amyl OB/ H1: 1)

0.327 mol L 1

0 ec
equi

e

summar i
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r.t. r.t.
96% conversion (5 h) Quant . conver
{ Extremely pHdependent fH0,added in por
fMeCN necessary

1 Mixing Oxone/NaHC®and

adding portionwise TLess ¢ at alyst:

back q ) more side react
i Fast background reaction fVery sl ow backeg
PTC necessary fINo PTC necessal

The major differences are catalyeading, necessity of a PTC, ghfluence, background

reaction, and rate of epoxide formation. Based on those observations we used the

H0./ Me @M ot ocol for test.i

ng

4.4.7. Testing of theH>0./MeCN-Protocol

t he de

pepti

For those experiments we sdbt peptidebased andC,-symmetric catalyst126 and 128

exemplarily Those dioxirane precursors showed the best results with the DBrased

cat al

protocol(Table24, Entries 7 and 8). Wehosealkene48 for catalystL 26 and cinnamic alcohol

50 for catalyst128 as substrate building asispersionand " -

I nt e, respectivelyan

beneficial factorsDue to the negligible effect of the volume of acetonitrile eight equivalents

were usedFor a directcomparisonboth reactionswere performedwith test catalystl31

simultaneouslyTable28).

Table 28 Epoxidation with atdysts126 and128 utilizing theH202/MeCN-protocol.

o)
CF,4
o)
. jY jﬁ( - o
WNH
Q N OMe
NH FaC H o
NH o o]
O CF3
126 128 © 131
NazEDTA, K2CO3, H202, MeCN
Alkene Epoxide
tamyl alcohol/H,0 (v/v 1/1), r.t., t
Entry Cat. Alkene Epoxide H202© t Yield@
[equiv] [h] [%0]
1@ 126 8.0 7 25

M o M (o}
)i/\)L )%O/\)L
Me' X Me Me' Me

48 49
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20) 128 Ph""0H o<~ 2.0 1 quant.

50
51

3@ 131 48 49 8.0 7 19

40) 131 50 51 6.0 3 quant.

@: Alkene(0.165 mmol, 1.0 equiyNa&EDTA (0.1 nol%), cat. (10 mol%) K-COs(1.8 equiv) MeCN(8.0 equiy,

H,0, (8.0 equiy, 'amyl alcohol/HO 0.500 mL/0.500 mL®: alkene (0.628 mma| 1.0 equiy, N&EDTA

(0.1 mol%, cat. (10 mol%, K.COs; (1.8 equiy, MeCN (8.0 equiy, H20; (8.0 equiy, ‘amyl alcohaH,O

1.92 mL/1.92 mL;©: 2.0 equiv HO, were added hourl§?: yield determinedvia chiral GC without internal
standard.

4.4.8. More Efficient Synthetic Procedure

In case of the already shown peptide catalysts the backbone was synthesized initially and
functionalized in the last steps.dfn a synthetic point of view it would be more favorable to
have a complete building block in hand enabling a straight forward peptide coupling afterwards.

Therefore, we established a thigtep process yielding lysine deriwetil37 (Scheme4d).

(1) Pd/C (0.2 equiv),
H,, MeOH, r.t., 23 h

(2) DMAP (8 mol%),
para-112 (1.3 equiv), 0
EDAC (2.2 equiv),

O 0
U DMAP (3 mol%), J
cl TEA (1.2 equiv) cl DCM, r.t, 4d CF;

MeOH, r.t., 4 d 0

Boc\N OH 27% Boc\N OMe 28% Boc. OMe
H o H o o)
135 136 137

Iz

Scheme48: Synthesis of functionalizelgsine 137.

The welkworking methyl ester introduction based on thionyl chloride is not poSéible
because the Boc group of orthogonal tected starting material35 would be cleaved
immediately by then situ generated hydrogen chloride. Therefore, we utilized a typically
DMAP-mediated estéitation protocol with methandt® ¢ Completely protected lysink36
was isolated with a yield anly 27%. After reductivecleavage of the carbamate groamd
functionalization of the free amine targethqmound137 was finally isolated with a yield of
28% after two step§-16 2¢ 68 34 pyrification of the completely protected intermediate and the
target productl37 is quite difficult and causes the low overall yield of only 8%.
Conclusively, the synthesis d¢iie functionalized building block, which can be utilized in
peptide coupling in solution after-reovement of the Boc group, is possible, but for a larger
scale notreally practicable. In addition to the missing enantiomeric excess, which might be

causedy the very flexible alkyl chain, further optimization attempts were stopped.
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4.4.9. Missing Enantiomeric Excess
In all catalyzed epoxidation reactions hitherto no enantiomeric excess was observed.
For peptide catalyst23, Co-symmetric amine428 and 129 as wel as phenylalaniné31 we
assume that the distance betwaesitugenerated dioxirane and first chiral center is too large.
For further oligopeptides the flexible alkyl chain additionally complicates the formation of a
fixed transition state. Therefore,ewdeveloped three possible strategies to address these
problems. Firstly, we waatto shorten the linker by utilizing,3-diaminopropionic acid (Dap)
instead of lysineGhapter4.4.9.1.). Secondly, the substitution pattern of the aromatic ring of
the catéytic moiety should be change@ljapte#.4.9.2.). Finally, an amino acabntaining the

dioxirane precursashould be synthesize@€lapterd.4.95.).

4.4.9.1. Variation of the Linking Amino Acid
Our first idea to achieve a stereoselective epoxiddtamedon minimizing the flexibility by
reducing the number of GHunits between catalytic moiety and peptide backbone. With the
already established synthetic route and an orthogonal protecting group strategy in mind we
wanted to synthesize the corresponding -Blteced Dap derivativel39, which can

afterwards bencluded in the established SPR8ctionalization pipelingSchemet9).

CbzCl (1.1 equiv),
Na,CO; (3.0 equiv),

0 H,0/1,4-dioxane (2:1), 0] H
H 0°Ctort, 24 h N<
HO ~Fmoc -~ HO Fmoc
Cbz
68% -
NH, ° N
138 139
N.
O\ O H (‘k O\ (0] H E/ Cbz
(0] “Fmoc o N\n/'\N,Fmoc
o H
Ph Ph
116 140
1(2)
CIJbz CIsz
HN HN
~ N
9 oo o H TEATTHFIMEOH (1:19), () o Ho 0 H
M N “Boc N B
eo)ﬁ/ \([)]/\H ¢ 23% over 3 steps © 0 H °°
Ph Ph
142 141

Scheme49: SPPS of Dajgontaining tripeptidd 42
After cleavage of the Fmegroup with piperidine (25%) in DMF, the peptide coupling was performed with (1)
139(1.0 equiv), HOBLt (3.0 equiv), HBTU (3.0 equiv), antPEA (3.0 equiv) in DMF and (2) Be&dGly-OH (2
x 2.0 equiv), HOBt (2 x 2.0 equiv), HBTU (2 x 2.0 equiv), an®BA (2x 2.0 equiv) in DMF.
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The Cbzprotection of Fmodap 138 was performed with disodium carbonate as base and
building block139was isolated with a yield of 68% By analogy with peptide cataly$24

we synthesized tripeptid&42 under SPPS conditions with 23% yield after three dfdps.

In combination with a modified catalytic moiety the concept of a shorter linker should enable

access to a potent catalysigstem.

4.4.9.2. Substitution Pattern of the Aromatic Ring
As already mentioned we assume that beside the influence of the flexible alkyl chain combined
with the distance between first chiral center and reactive species the substitution pattern of the
catalytic moety plays an important role. Hence, we focused on synthesiring as well as

metasubstituted derivatives of oidentified aromaticcatalytic moietypara-112 (Table 29)

In the first place we tried to introduce theMK while the starting material ridady contains

the necessary linkér3 Firstly, based on the protocol of Tuominenal. we performed a
Grignard reaction with protected bromide43 and Weinreb amideld44 to obtain
ortho-substituted benzoic acid derivati¥d5 (Table29, Enty 1)!*29 But, during the reaction

a reduction took place independently from solvent, temperature as well as inert atmosphere.
In contrast to the literature we utilized a substituent wittegative mesomeri@i M) effect,

which might have amfluence on the reactivity of the aromatic system.

Table 29: Attempts for introducing TFMKs.

Entry Conditions
1 (0]
Py
OMe
144
O+_OMe o O._OMe
B 144 (1.0 equiv), Mg (1.1 equiv), Et,O, r.t.,, 2 h, Ar
f F4C
143 145
2 (1) TBAF (0.1 equiv), TMSCF3 (1.5 equiv),
CO,H THF, 0°C, 1 h, Ar 0
(2) HCI, r.t., 24 h OH
S CF3
lO [(3) oxidation]
0]
146 ortho-112
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3 H. -~

N™ Hcl

OMe
148

(1) 130 (1.0 equiv), HOBt (1.2 equiv),
EDAC (1.2 equiv), TEA (1.2 equiv),
DCM, r.t., 24 h
(2) 148 (1.1 equiv), HOBt (1.3 equiv), OxCFs
COH EDAC (1.2 equiv), TEA (2.2 equiv),
DCM, r.t., 24 h O
> H
(3a) CsF (0.3 equiv), TMSCF3 (2.2 equiv), N\.)J\OMe
CO,H PhCHs, 0 °C to r.t., 27 h :
(4a) TBAF (1.0 equiv, 1 M in THF), Ph
147 H,0, 50 °C, 2 h, oil bath 150
or
(3b) CsF (0.2 equiv), TMSCF3 (2.1 equiv),
PhCH3;,0°Ctor.t., 24 h
(4b) TBAF (1.0 equiv, 1 M in THF),
H,0, 50 °C, 2 h, MW

4 (1) CsF (0.1 equiv), TMSCF; (1.0 equiv),
PhCH3, 0 °Ctor.t., 24 h
0 (2) TBAF (0.5 equiv, 1 M in THF), 0

H,0, r.t, 2 h OMe
o)
CFs

O o)
151 145

Secondly, utilizing Ruppeterakash reagent (TMS@H which isa further welestablished
CFs-sourcd®®¥ in combination with the procedure published by Miller al. we chose
carboxybenzaldehyd®46 as educt (Tabl@9, Entry 2)!57 But, under the selected conditions
we could not observe the desired prodartho-112 (Chapterd.4.9.3).

In 2012 Leadbeeatest al. showed that Weinreb amides can also be converted inTd-tfi&'s

via TMSCR:.[**3 Referring to this strategy we thirdly synthesized the Weinreb amide of
isophthalic acid, which was coupled with phenylalaminte forefont (seel49Experimental
Section). Final conversion to thEFMK 150 would directly providemetaanalogof 131
(Table29, Entry 3). We performed the final twsiep transformation as publishiedth under
standard heatings well as microwave conditiongjtbwe only reisolated the Weinreb amide.
Lastly, also testing phthalic acid anhydritel with the conditions of the previous experiment

does not lead to the correspondortho-substituted product (TabR9, Entry 4)

Due to the failed aforementioned apaches different starting materials in combination with

variation of the reaction conditions could be tested additionally. As further alternative strategy
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the DMAP-mediated acylation of aromatic systems with trifluoroacetic anhydride published by

Simchenet al. in 1996 could be transferred to our starting matettéis.

As a consequence of the first functionalization attempts weeduiour strategy around.
We selected trifluoroacetophenahis?2 as commercially available startingaterial and wanted
to convertthe monosubstituted aromatic system under Vilsmeier conditions to corresponding
aldehyde 153, which should be oxidized finallyo the carboxylic acidl12, which acts
afterwards as linking unit (Scherbé).

POCI; (1.2 equiv), DMF (3.0 equiv)

0 °C, 30 minthanrt., 1 hthan 90 °C, 3 h
or

O+, CF3  N-methylformanilide (1.0 equiv), POCI; (1.0 equiv) O, -CF3 Oy, CF3
0 °C than 65 °C, 5 h, Ar oxidati
X Ton T
| —rcHO CO,H
=
152 153 112

Scheme50: Vilsmeier reaction.

The reaction was performed both with DMF as wellNasiethylfonanilide as formylation
reagent®d But, these typical \tbmeier conditions did not work for our aromatic systesa

and after agueous wotlp only starting material was reisolated.

Due to the abortive attachment of bothRRMK as well as a carboxylic acid we chose an amino
group as potential linker. This fum@hal group should also be introducad an electrophilic

aromatic substitution in a twstep sequence of nitration followed by reductiScheme51).

The nitration of trifluoroacetophenod&2worked excellent under standard condisavith an
isolated yeld of 94%/8¥ |t was also posbie to separate the majority of both isomeascolumn
chromatography. But afterwardse were not able to reduce the amino group selectively in the
presence of the carbonyl with palladium as catalyst under a hydrogen atmospheveaeven
variation of thereaction condition&> 134 We isolated completely reduced amino alcoli&ls

with an average vyield of 93%

In 2008, Bonesi et al. published the photoreduction of aromatic nitro compoliids.
Mild conditions and a high functional group tolerance are two advantages of their described
protocol. We reisolated quantitative amountghe starting material after irradiatiaf our

substrate for six hours
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(@) CF3 HNO3, HZSO4’ O CF3 Pd/C (2-3 mol%), H2, HO CF3
0°Cto50°C,3h, EtOH, rt., 17to 21 h
94% NO, Formic acid (100 equiv), hv, NH,
MeCN, r.t.,, 3 h, Ar
152 ortho-154: 20% ortho-155: quant.
meta-154: 73% meta-155: 86%
pTSA (0.1 equiv), 1,2-ethanediol (1.1 equiv), MeOH, TFA, DCM, r.t.,, 24 h O?a;)
MgSO,, PhCHg, reflux, 6.5 h, Ar or
or pTSA (4 mol%),
BF 30Et,0 (1.0 equiv), 1,2-ethanediol (2.0 equiv), triethyl orthoacetate (1.2 equiv),
MgSO, PhCH, reflux, 7 h, Ar EtOH, reflux, 6 h
or
NBS (0.1 equiv), 1,2-ethanediol (1.1 equiv), RO
RO CF3
MgSO, PhCHg, reflux, 6 h, Ar
or
BF3eEt,O (1.1 equiv), 1,3-propanedithiol (1.1 equiv), NO,
DCM, r.t., 24 h, Ar
y 158a: Me
{(‘tx CFj 158b: Et Ox-CFs
X Y S -
1) reduction
NO, §2g deprotection N
156: X=0andn=2 159

157: X=Sandn=3

Scheme51: Synthetic routes for the synthesis ofs&ferivativesl 55 and159.

Therefore, we decided to protect the carbdigfore reducing the nitro group. Removing the
protecting group would result in attachable anis®. We tried to introduce cyclic as well as
acyclic acetals evenylutilizing different protocol$'*® 138 put we only reisolated or observed
unreacted starting materidb4. So we stopped all further attenspto synthesize catalytic

moieties159 at this point.

But, on the other hand we were able to isolate amino alcdiblafter two steps with a total
yield of 87% regarding both isomers. After peptide coupling with phenylale@vinand
late-stage oxidation thesénitially unintended compounds would give u®rtho- and

metasubstituted analagof peptide catalyst3l (Schemées2).

The formation of the amide bond was performed with
HOBt/EDAC-mediated protocdf® %3 Amides 160 were isolated with a yield of up to 32%.

One explanation for the reduced amount of product is the disubstituted species, which was

the already described

separated and identifiete ESFMS in casef ortho-155. Protection of the free hydroxyl group
in the forefront could prevent this problem in further experiments. Thatadge oxidation was
carried out with TEMPO as catalyst an@PBA as oxidizing aget3? The reaction took place

successflly for metal6l, while only starting material was isolated in case of its
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ortho-derivative. The higher steric hindranceostho-160 might complicate the formation of
the necessary intermediate and thereby prohibit the oxidationwBbtmetal61in hand a
comparison betwegrara- andmetasubstitution pattern in the catalytic epoxidation is possible.
If the results show a preference for tmetaderivative further optimization efforts will be

invested in the synthesis of the correspondirigo-analog

94, HO.__CF Os_CF3
HOBt,
HO.__CF4 EDAC, X TEMPO (0.1 equiv),
TEA | = NH mCPBA (1.8 equiv) NH
\ Z =0 o
[ N, DeM, et f(& DCM, rt. r(t
Ph NH Ph NH
Boc Boc
ortho-155 ortho-160: 26% ortho-161: 0% (24 h)
meta-155 meta-160: 32% meta-161: 55% (20 h)

Scheme52: Syntheses afrtho- andmetasubstituted analogs of peptide derivathai.
Conditions for the amide bond formaticortho-160: 94 (1.2 equiv), HOBt (1.3 equiv), EDAC (1.3 equiv), and
TEA (0.9 equiv) for 13 hmeta160: 94 (1.1 equiv), HOBt (1.1 equiv), EDAC (1.1 equiv), and TEA (1.1 equiv)
for 23 h.

4.4.9.3. Digression Il: AsymmetriSynthesis of}KetoAcetals
As mentionedaboveit was not possible to convert carboxybenzaldehteinto the desired
ortho-substitued TFMK 112 (Table29, Entry 2) But, we were able tasolateand characterize
Uketo acetal 62a afterwork-up with ethyl acetatgSchemes3).

(1) TBAF (0.1 equiv), TMSCF3 (1.5 equiv),
THF, 0°C, 1 h, Ar

0
COLH (2 HOl, rt, 24 o
©; (3) extraction with EtOAc oH
I [(4) oxidation] CFs
0 S OEt
146 ortho-112 162a
0% 85%

Scheme53: Observation of théormation ofU-keto acetald 62a.

Firstly, we assume thahere must exist a hemiacetal form of starting maté#d@lin solution
Secondly, the organic solvent is hydrolyzed Wwdrochloric acidduring extraction of the
agueous layeAfterwards the cyclc species iscidmediatelytransferred int@cetall62a via

reaction with formed ethanol

Already in 1957, Wheeleaat al.investigated the open and closed form of carboxybenzaldehyde
146 via IR. They reported that both species exist depending on scdwehttemperature.

Furthermore, it is mentioned that carboxybenzaldeliyi@gossess a reactivity comparable to
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an acid chloride or anhydridnd a variety of possible reactions wdexribed including the
formation of162al**3 For gaining a deeper insight into the real situation in solid state and
solution we repeatedhe IR experiments and performed additional NMR measuresnent
(Table30).

Table 30: IR and NMR experiments.

0]

CO,H
: /:O

I

o)

OH

146 163

KBr Solution in CHCI3
C=0 (cm } 1741

1761 1767
Solvent 1H 13C Ratio or 146:163
6.68 98.3 and 168.5 1:10
DMSO-de 10.48 167.6 and 192.¢ '
CDCls 6.66 98.0 and 169.7 0:1

Two bands in the IR spectrum showed the presence of carboxybenzalddBydehe solid
state. In contrast alixperiments in solution confirmed clearly the closed fa68 Only in
dimethyl sulfoxide (DMSO)-ds small traces of the open form were observable. Therefore, a

reaction of hemiacetdl63 which is formed directly during solvation, is possible.

Simultaneasly, we performed some teseactiors to proof our hydrolys-acetalization
hypothesis Therefore, we mixed ethyl acetate, diluteldydrochloric acid and
carboxybenzaldehyd®&46. After stirring 17.5 hours we isolated 26% of the ethylated species

162a. Without acid no reaction took place.

With those information in handwe postulatd that it should be possible to deprotonate
generated hemiacetdb3 in situ and scavenge the alkoxide subsequently witbuigable
electrophilg E"). Utilizing a chiral bas€B*) like an akaloidshould result in chiral intermediate
164, which should provide target proddd? in a chiral formafter reaction with the electrophile
(Scheméb4).
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0] (0]
CO5H
2 Solvent B E®
I -B*H®
o Q ., ®

OH O B'H O-g
146 163 164 162

Scheme54: Postulated sequea for the synthesis of enantiomerically enrichidceto acetald 62.
As test system we chosiechonne 165 as basendacetic anhydride as electrophikferring
to our acylation concepflo facilitate the formation of polantermediatel64 in a defined
orientation we selected toluene as solyewhich is also favorable concerning our
PMH-mediated acylatiofiTable 3).129

Table 31: Cinchoninemediated asymmetric synthesis of enantiomerically enritHesto acetald 62b.

CO,H (1) 165, PhMe, Ty, t4 0o
(2) Ac0, Ty, to
0
I
(0] OAc
146 162b

Entry® 165 AccO T2 t T to  Yield e€”
[equiv] [equiv] [°C] [h] [*C] [h] [%]  [%]

1 1.0 1.0 r.t. 18 r.t. 6 67 28
2 2.0 1.0 r.t. 18 r.t. 6 79 28
3 1.0 2.0 r.t. 18 r.t. 6 83 28
4 2.0 2.0 r.t. 18 rit. 6 96 28
5 2.0 2.0 0 24 0 8 88 32

@: 0.300 mmol(1.0 equiv)146, 165, and4.00 mL PhMethan Ac.O; ®: ee determinedvia chiral GCwithout
internal standard

Performing deprotonation and protection of hemiacE8with one equivalent base as wedl a
electrophile at room temperature yielded in 67% of ad&2bwith an enantiomeric excess of
28% (Table31, Entry 1). Astonishingly, variation of temperature as well as equivalents of base
and electrophile did not play such an important rgields arealways in a good to excellent

range and the enantiomeric excess is around (3@ile31, Enties2-5).
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In 2008, Yamadat al.reported the first catalytic dynamic kinetic resolutfonhemiaminals

with a very similar structureompared tal63!*39 with 0.1 to 10 mol% of chiral DMAP
catalysts andsobutyric anhydride they obtained excellent yields and good selectivities for the
acylatedcompounds. Utilizing the same procedure they isolated the product of heml&&etal
with a nealy quantittive yield and an entiomeric excess of 409But moreoverpnly a few
racemic protocols are describeckgardingthe synthesis of acetat62b requiring carbon
monoxide and catalytic amounts of a palladium species as well as high tempé¥&ures.

Taking this into account andbed oronly a fewverysimpleexperimentsve conclude thatur
approach for the synthesis bfketo acetalds very promising Further optiization of the
procedure e.g., catalyst screening, use of additives, different electrophiles, and solvent
variation in  combination with the substrate scopds easily possible.
Afterwards enantiomerically enriched compoufhfi2acan be used as startingaterial in the
synthesiof 3-(heteroaryl)phthalidé¥°d or the protocol can help to synthesize chirsties like

the racemic one reportéad thebiological evaluation of monocyclib-lactamd44

4.4.9.4. Effect on Epoxidation Ctaome
At the end of chaptet.4.9.2 we showed the successful synthesis oftieéasubstituted FMK
161. With this catalyst and functionalized phenylalanki3& in hand it is possible to compare
reactivity as well as selectivity of those different subsbn pattern. Due to the described
synthetic problems the orientation of the amide bond is inverted, which should not play a very
important role. In parallelve wanted to test also tlegclohexylalaninelerivative of131. 166
was synthesized analogue t&31 (Schema 46; see 166 Experimental Sectign
Different substituted alkenes were epoxidized in the presence of those threesatitiizrag
the established 1#D./MeCN protocol (Tabl&2).

Based on those results we conclutteanging the substitutiorafiern of the aromatic ring from
parato metadid not lead to an enantioselectively enriched product formation. But, apart from
alkenes40 and54 (Table 32, Entries 7 and 11) the further epoxides are formed slower with
metal1l61l Maybe the increased stehimdrance hampers the generation of the dioxirane in case
of metal6l

Substitution of phenyl with cyclohexyl did not show a real tendency for either dispersion or
"-"-interactions driven reactions. For exampdaenylcyclohexen@8 is converted fasteryb
131(Table32, Entries 1 and 12), whereas its cyclohexyl derivad@es transferred in an equal

manner from both catalysts (Tal8@, Entries 2 and 13). Flexible epoxid® forms slowly
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utilizing all three catalysts (Tabl@8, Entry 3 Table 32, Entries 9 and 15), but
Michael system®&4 and56 can be epoxidized astonishingly well (TaB2 Entries 4, 5, 11,
and 17).The last experiments have to be reproduced and investigated in more detail.

Table 32 Investigation of interactivand substitution pattern.

Ph C
(0] Ph (0] y
OMe H Q OMe
H Boc. N CF H
F3C (o} H 3 F4C (0]
O
(e} (e}
131 166

meta-161

NazEDTA, K2003, H202, MeCN
Alkene Epoxide

tamyl alcohol/H,0 (v/v 1/1), r.t., t

1@ 131 @\ CEO 2.0 1 99
38 39

5@

131 i i 8.0 24 36
Me Me Me 39

70 metal6l 40 41 2.0 1 quant.
(b) Me o) Me o)
9 metal61 Me)\/\/u\Me MewMe 8.0 7 16
48 49
11®  metal61 54 55 8.0 7 08

86



12@) 166 38 39 8.0 6 55

13@ 166 40 41 2.0 1 quant.
14® 166 44 45 4.0 2 42
15® 166 48 49 80 24 14
16® 166 50 51 80 24 20
17 166 56 57 8.0 24 34

@: Alkene(0.628 mmol, 1.0 equiyNaEDTA (0.1 mol%) cat. (10 mol%), K.COs (1.8 equiy, MeCN(8.0 equiy,
H20- (8.0 equiy, 'amylalcohol/HO 1.92 mL/1.92 mL®): alkene(0.165 mmol, 1.0 equiyNaEDTA (0.1 mol%),
cat. (10 mol%), KoCOs (1.8 equiy, MeCN (8.0 equiy, H.O, (8.0 equiy, tamyl alcohol/HO 0.500mL/0.500mL;
©@: 2.0 equiv HO, were added hourl{: yield determinedia chiral GC without internal standard.

Due to the still absent enantiomeric excess even by varyinglisétsents at the aromatic ring
of the catalytic moiety, we stopped our approach of synthesizing a catalytic rhefetg
fixation on a peptidic systerat this point. Combining the aspect of a shorter linker with a
TFMK lead to the synthesis of a functadized amino acid, which can act as building block in

peptide synthesis.

4.49.5. TFMK-Based Amino Acid
As starting point we wanted to synthesize MK derivativefrom aspartic acid. To obtain
target compound69we linkedthe procedures of synthesized aminol 489 (Schemet9) and
the Weinreb amid strateggTable 29, Entry 3)[*32 Finally, we would end up wittan
orthogonally protected and functionalized amino acid, which contains only one
CHo-linker and can be used directly in SPPS (SchgBhe

. . MeO., -

COH 148 (1.1 equiv), HOB (1.2 equiv), N

EDAC (1.2 equiv), TEA (2.3 equiv)
Fmoc. OBn 0
N DCM, rt, 21 h Fmoc.. OBn
o N
68% H 9
167 168

(1) CsF (0.2 equiv), TMSCF; (2.0 equiv), PhCH3, 0 °C to r.t., 20.5 h
(2) TBAF (1.0 equiv, 1 M in THF), H,0, 50 °C, 2 h

CF,
O
F N OB
moc.., n
H 0]
169

Schemeb5: Synthetic approach for amino adié9
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The synhesis of Weinreb amid68 was performed utilizing th&eDAC/HOBt-mediated
protocol!®® 33 After reaction oforthogonal protected carboxylic acié7 with hydrochloride
148 the target compound was isolated with a yield68%. But, the transformation of
Weinreb amidel68to its TFMK analogl69did not take place anohly starting material 68

was reisolated.

Due to the fact that the synthesisI&fMK s via their Weinreb amies failed both for substrate
150 (Table 29, Entry 3) as well as fot68 (Schemebb) we suggest a routdarting from an
aldehydeWhereas,lie aldehyde of seniris prone to racemizis aspéic acidderived analog

would be oufirst choicel**2 Two potenial approaches are depicted sheme56.

OH (a) H (b) CF,4
E E
PG. o\F>G PG\N o\PG, PG. o\PG
H H H
171 170 172
o)
( )v
OAc OAc (@]
CF, (d) CF4 (e) CF,4
PG. o\F,G R\N o\R, R N o\R
H oo H o o)
174 175 176

Scheme56: Future appoaches for the synthesis BFMK containing amino acids.
@: (1) LAH and (2) DMP{®): (1) 173 Zn, DMF,7 20 °C and (2) DMP®: (1) TMSCFs, TBAF, THF, 0 °C and (2)
Ac,0, DMAP, DCM r.t; @: deprotectn and peptide coupling?: (1) LiBr, DBU, MeOHand (2) DMP

Starting materiall70 is commercially available or should be synthesizable in astep
sequene form aspartic aciti7 1189 Afterwards, we would firstly utilize the procedure included
in the patent of Napper and colleaduékhey described the synthesis1af2 via addition of
trifluoroiodomethand 73to aldehydel 70followed by oxidation of the intermediately formed
alcohol with DessMartin periodinane (DMP). Secondly, we would transfer the strategy
established by Milleet al.for synthesizing theif FMK containing peptide catalyst to aldehyde
17057 In the first stepin situ formed trifluoromethydsubstituted alcohol is transferred to

acetate derivativea74. This protected intermediate can Umed in the following deproteoh

8 A. D. Napper, R.C. Titmas, M. T. Martin, W. inventors; IGEN International, Inc., assignee. Catalytic antibodies
which hydrolyze primary amides and methods for eliciting such antibdd&$§900237. 1999 May 4.
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and coupling steps. After completion of desired target peffi@¢he protecting group has to

be removed. Finally, after lastage oxidation catalyé76can be used in epoxidation reactions.

4.4.100utlook
After identification of suitable catalytic moiet§12 (Chapter4.4.2) we synthesized several
peptidebased an€>-symmetric catalystsontaining this dioxirane precurs@hapterd.4.3).
For the catalyzed epoxidation we optimized an OReas well asaH>0,/MeCN protocolwith
less complex chiral test catalys3l (Chapterd.46.). To simplify the synthetic procedure of
our catalytic systems we prepared functionalized lysine derivdtBre (Chapter4.4.8).
Unfortunately, none of the performed catalyzed epoxidation reactigmovided an
enantiomerically enriched product. Therefore, we developed three strategies to address this
aspect (Chaptet.49.). While the synthesis of theap derivative139 (Chapter 4.4.9.) and
metasubstituted TFMK 161 worked (Chapter 4.4.2.), we were not able to prepare
functionalized amino acid 69 yet (Chapter 4.4.%.). But, because of synthetic problems
concerning the synthesis of catalytic moiety and the still missing enantiomeric excess in the
epoxidation(Chapter 4.4.9.), we deem it apppriate and the most promising approach to put
more effort in the synthesis of amino acid building blocks lik@and177 (Schemes7).

Fs;C

\([)]/ \ 0

131 CF

3
R. O.
N R'

H o
176

Schemeb7: Potential building block476 and177.

In addition to possible synthetic strategies fdr76 (Chapter 4.4.9.5) functionalized
phenylalaninel 77 might be assessabla FriedelCrafts acylation of protected phenylalanine
with trifluoroacetic anhydrideThe DMAP-mediated synthesis of such aromatic species was
published by Simcheet al. in 1999133 The synthesis ofits para-substitutedanalogwas
describedby Hashimotoet al. in 2015 utilizing another aromatic substitution approach.

After halogemmetal exhange they introduced th€FMK via ethyl trifluoroacetatéi*3
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The identification ofa new and maybe selective catalysdsthe key step in this project.
While, reoptimizaton of the established protocols and extending the substrate\saopsting
the wholesubstrate librarys straight forward.

Furthermore, during the attempt to synthe®rtho-112 starting form carboxybenzaldehyde
146 we isolated)}ketoacetall 62a(Chaptert.4.93.). Based on this observation we established
an alkaloidmediated asymmetric synthesisagfylatedanalogl62h. After onlya fewreactions
we were able to isolate the target compound wé%o Yield and an enantiomeric easof
28%. A variety of parameters like catalyst, temperature or sobrentld bevariedto refine

this very promisingapproach.

4.5. PeptideBased Phase Transfer Catalysts
During the first test reactions with cataly&tgl and115 we saw that TBABF itself islso able
to transfer alken&8 under the chosen reaction conditionsts oxirane(Table 23, Entry 3)
Of course a variety of protocols basedtbe PTCconceptfor a variety of different reactions
in an asymmetric fashicare already described in lisgurel*® 431 Two typical representatives
are alkaloid as well as binaphtybased PTC¢Figure 9) Theenantioselective epoxidation of
electrondeficient alkenes isone intensively studiedreactions in the context**4 48
Ensuing fromour observations and by combining the PTC approach with our peptide concept
we wanted to develop a peptidased PTC, which can be used as third clasatafytically

activecompounds in epoxidation reactfon

4.5.1. Preliminary Considetans
In first place we had to find a suitable building block, which could be both incorporated into a
peptidic structure and be alkylated in the final stepiétd the activespecies Based on the
good experiences with amide bond formation to conregefydic moiety and peptide we were

looking for carboxylic acid or amine derivativaspotential precursord={gure24).

X
X X
H,oN N NH, HO,C N CO,H [N
NH,
181

NH,
178 179 180
Figure 24: Potential PTC precursors.
Diamine 178 and diacid179 were sele@d to incorporate the PTC precursor in the peptide
backboneThereby C>-symmetricor asymmetrigeptidesan be obtainedPrimary amine480

and 181 canconnectedo the C-terminus of the peptide or to a carboxylic acid side chain of

90



aspartic or glutamicacid. In case of1l78, 179, and180 we would end up with a pyridine or
quinolonebased salt, in which the nitrogen atom i-lsypdridized. In contrast, diaminEsl
would provide a quaternary ammonium species, wisittie typical motif in thalready known
and establisheBTCs.

4.5.2. Synthesis of the First PeptidBased PTC
Our preliminary experimentsith 178, 179, and180 showed that formation of an amide bond
was indeed only possible for diadi@ and quinolone derivative80,[8 33 put thesalification
did not occur for both speciesnder the selected conditioh®! Due to its weaker
s-characterhie sp-hybridizednitrogen atonof tertiary aminel81reacts faster in an alkylation
than a comparabl aromatic spanalog For example alkylation of alkaloid 217
(Chapter 5.3.5.33ontaining a nitrogen aromatic compoundhe presence @ tertiary amine
yielded quaternary ammonium s&i8 with 90% utilizing the conditions of Merid
Based on those observatiandwith the typical usd quaternary ammonium ssih mind we
focused ortertiaryaminel8l. Initial experiments showed thsgnthesizing the peptida the
typically fashion fronC- to N-terminus starting witkdiaminel81 leadto purification problems
which weresolved by synthesizing the peptide beforehand and aitatite primary amine as
last monomer to the final peptideue to bad solubility of starting materie81we also had to
change the conditionof its coupling reaction with &-terminal unprotected amino acid.
After variation of solvent and addition of base, we were oriented by the conditions of Rogers
and coeworkers!**? They reported a procedure wit-(7-Azabenzotriazoll-yl)-N,N,NNjNj
tetramethyluroniumhexafluorphosphatHATU) and three equivalents iBEA. Instead of
HATU we used HBTUAfter late-stage alkylation of the tertiary amine we obtairtezldesired
PTC. Themodifiedsynthetic procedure is exemplarily depicted for PIBZ (Schemés8).

After peptide coupling utilizing the EDAC/HOBt protot81®d the methyl ester was cleaved
with lithium hydroxide in 1,4dioxane’'d After acidification with hydrochloric acid
C-terminal unprotected dipeptide83 was isolated with a yield of 80% after twateps.
Based on the HBTU/IPEA protocol we isolated tripeptide84 with a yield of 85% after
20 hourd!#? Alkylation with benzyl bromide provided target amniom salt182with a yield

of 41%**3 |n the end we obtained PTIB2with an overallield of 28% after four steps.
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(1) Boc-Leu-OH (1.1 equiv), HOBt (1.1 equiv),

0 EDAC (1.1 equiv), TEA (1.1 equiv), DCM, rt., 24 h
CF)HsN@i)J\ (2) LIOH (1 M), 1,4-dioxane, r.t., 19 h then HCI (2 M) o ©
~“OMe Boc.. N
H 0 N Y OH
. 80A) H =
Ph o X
Ph
130 183
181 ¢ 2 HCI (1.0 equiv), HBTU (1.0 equiv),
DIPEA (3.1 equiv), DMF, 0 °C tort., 20 h
85%
Ph
@ B@ BnBr (1.0 equiv) N
NEr MeCN, reflux, 72 h o]
oo = B H\)J\
Boc\N N\)J\N\\- 41% OC\N - H\\‘
:H H o =
0] N Ph
182 184

Scheme58: Adaptedpeptidesynthesidor PTC 182.

Besides theadapted synthetic procect we included foreknowledge fromur initial
experimentdor desigring catalys 182. Solubility of the HC and a fastereactionof the alkene

in the afterwards performed epoxidation can be increased by a higher lipoplaficiyg
catalyst Thereforewe synthesized a dipeptide consisting of leu¢irex) and phenylalanine.
Furthemore, even if free hydroxyl groups are favorable for an enantioselective
epoxidatioff® 18 we refrainedrom incorporation of unprotected threonine. The free hydroxyl
group complicatethe purification of the peptide$f courseone logical alternative would be
the use of protected threonine arstleprotecton directly before alkylation.

4.5.3. PTG-BasedEpoxidaion
Forinvestigationof thereaction conditions for the catalytic epoxidation we used ebdaad
10 mol%PTC 185 (see Experimental Section). Due to better solubility properties considering
ammonium sali85 chloradorm was chosen as solveattthe begining. Oxygen sources were
selected with respect to literatekBown protocold?® 148 768 Afterwards the best conditions

were directly transferred to further substrates and PE&XgTable33).

Due to a faster reaction in toluene chloroform was substituted in further experiments
(Table33, Entries 3 and 6)Iin contrast to sodium hypochlorite epoxidation ability of hydrogen
peroxide and TBHP are comparable (TakBeEntries 1, 6, and 8). Increasing the amount of
base has no effect on epoxide formation (T&Ble€ntries 3 and 4). Based on those results we
used toluene in combination with two equivalents of base and ten equivalents hydrogen

peroxide for further investigations (Tal88, Entry 6). The background reaction can only be
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neglected for alken@0 (Table33, Entry 11). Both utilized PTCs showed simitasults, but no

enantiomeric excess.

Table 33: PTCbased epoxidation of enones.

Ph
Ph
@NBr@ oPh o 6ﬁNBr@
H R
H : H 2 o _A
O ~ ~"SOH
182 Ph Y 185
cat. (10 mol%),
Alkene oxidizing agent Epoxide
solvent, r.t., t
Entry®  Cat. Alkene Epoxide  Solvent t[h]  Yield®[%]
1® 185 i 9 CHCls 23 traces
@Bn @gn
58 59
20 z 58 59 CHCls 48 10
30 185 58 59 CHCls 23 20
4@ 185 58 59 CHCl3 24 20
5©) - 58 59 PhCh 23 28
6© 185 58 59 PhCH 24 87
7@ - 58 59 PhCh 25 4
8© 185 58 59 PhCH 24 71
9©) . ° ° PhCH; 24 50
56 57
10© 185 56 57 PhCH 23 52
(c) _ o) o
11 PhMPh PhAuPh PhCh 23 4
60 61
12 185 60 61 PhCH 23 53
13© 182 56 57 PhCH; 23 72
14© 182 58 59 PhChH 23 81
15©) 182 60 61 PhCh 23 58

@: Enone(0.080 mmol, 1.0 equiv)at. (0.008 mmol,0.1 equiv, 10 mol%), 1.00 mL solvert?: NaOCl (13%)
(0.160 mmo] 2.0 equiv) ©: NaOHyq (2%) (0.160 mmal 2.0 equiv)and H.0, (30%) (0.800 mmal 10.0 equiv)
@: NaOH,q (6%) (0.480 mmo) 6.0 equiv)and HO, (30%) (0.800 mmol,10.0 equiv) ©@: NaOHq (2%) (0.160
mmol, 2.0 equiv)and TBHP (5 M inn-decane)0.800 mmol,10.0 equiv)®: yield determinedsia chiral GCor
HPLC without internal standard.

93



In contrast, &r example, to the catalysts of Nagasawa, Maruoka, and Tang our two catalytic

systems are inferior considering the epoxidation of olgil{*50 43

4.5.4. Summary and Outlook
During this project we gained a deeper inside in the field of phase transfer catalysis.
After identification of a suitable key building block we were able to synthesizbe best of
our knowledg, the first peptidebased PTCs. Arising problems were solvedadaption of the
synthetic protocol. As most important aspect we recognized the use of lipophilic amino acids
in regard to solubility and epoxidation ability. With those catalysts in handstexa protocol
starting fom literatureknown procedures, with whichegeral alkenes were transferred
successfully into the corresponding epoxides. But, due to the missing enantiomeric excess, the
still difficult synthetic procedure, and especialhe excellent workingandalready published

catalyss we stopped further investigations in this direction at this point.

4.6. ProlinolBased Peptid€atalyss
Besides PTCdJUdiaryl prolinok are also suitable and wellexaminedcatalysts for the
epoxidation olJb-unsaturated carbonyl compountis2005 Lattanziet al. publishedthe first
prolinol-based enantioselectiwersion of this reactiofScheme 1594 Several years later,
Maltsev and Alza describedthe attachment of hydroxyl prolinéd an ionic liquidandto a
polymer, respectively**? By containing a linker and a catalytic moiety this prolinol derivative
is a perfect motif for our peptideased approacfiherefore, wavanted tadevelopthis strategy
combined with our peptide noeptas forthepoxidation procedure

4.6.1. Synthesis of mAttachale Hydroxyl Prolirol Derivative
Compared to théwo lastdescribed epoxidation strategighapters 4.4. and 4.5)e did not
have to identify a catalytic moiety this casdecause hydroxylrplinol was already used as
catalytic systemThus, dter synthesis and successful coupling with a peptide backbone our
preconditiongook promising to obtain a functionalized, active, and hopefully selective peptide.
For preparation of catalytically acévamino acid derivativé88we oriented ourselves towards
the procedures dflaltsev and Alza'*? Considering a peptide synthesis we selected benzyl as
protecing group for the secondary amine. Indepetigenf SPPS or a peptide synthesis in
solution is performedhe benzyl group is orthogonal to the Fnamz Boc protecting group
respectivelyTo mimicadamantybasecdatalystsl a dipeptide of phenylalanirzand adamagt
glycinewere boundiia ester to hydroxyl prolinal88 Finally, reductive clavage of the benzyl
group would yield peptide catalys92 (Schemeb9).
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(1) SOCl;, (3.9 equiv),

HO MeOH, HO, Mg (4.5 equiv), HO,
- —20°Ctort., 4d ; PhBr (4.5 equiv) ¥ C|e
e
H CO,H (2) BnBr (1.1 equiv), '}l 2 Et,O/THF, reflux, 4 h ’}IH PhOH
DIPEA (2.5 equiv), Bn 48% Bn
186 PhMe, reflux, 6 h 187 188
quant. DMAP (9 mol%), 94 (1.7 equiv),

EDAC (1.7 equiv), DCM,
0 °C, 1 h then reflux, 1 h
92%

o Ph Boc & PN

HaN— HN—

¢>»0/, o HCl/1,4-dioxane (4 M), r.t., 30 min ¢>,o,,
o0 [\ Cl < o
© @\/\Ph quant. O\/\Ph
ol NH 1~OH N OH

Bn FPh Bn PN
190 189

"y

Ad-CO,H (1.0 equiv), HOBt (1.2 equiv),
EDAC (1.1 equiv), TEA (1.1 equiv),

DCM, rt., 24 h
(40%)

o) 0
HN— HN—

/}O/, Pd/C, H2 />*'O//

© &Ph MeOH, rt., 2 d © &Ph

N OH (91%) N OH
191 pgn Ph 192 H Ph

Scheme59: Synthesis of prolinetierived peptide cataly4i92

Utilizing standard conditions for methyl and benzyl protection of acid as well as amine proline
derivative187was obtained with a quantitative yiéld’ *° The following Grignard reaction
was performed in a solvent mixture of THF and diethyl ethecause of solubility problems
of the starting material$*°3 But, tertiary alcoholLl88was only isolated with a yield of 4886
the corresponding hydrochloridés presence wasucidatedvia utilizing different solvents for
NMR measurments. But, this ionic species was not disadvantageous for the next reaction step
and @d-on DMAP-mediated coupling yielded functionalized amino a@@with 920 [14%368
After removing the Boc group under acidic conditions adamantyl carboxylic acid was
coupled??® € 33 Even trying to purify product91 utilizing different procedures could not
remove unreacted acid completely (yields in brackets). The maigfudipeptide and adamantyl
carboxylic acid was reduced anywd}f 3@ The final step needed a lot of aptzation efforts
due to incomplete conversion. 27 mol% of Pd/C were necessary to overcome the
literatureknown catalyst inactivation caused by inhibitdPd. Unprotected aminel92
contaminated with around 20% carboxylic acid were finally obtained.
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4.6.2. Catalysis and Comparison

It is mentioned in literature that the presence of an acid leadshitaition of the amine
catalyst'®l Protonation of the amine hampers itsrtigipation in the catalytic cycle
(Scheme 15)Although peptidebound prolinol192 still contained adamantyl carboxylic acid
we wanted to perform a proof of principle reaction with this successfully synthesitzdyst.
For direct comparison with exames from the literature we used the optimized condition
published by Lattanzi (Tabl@4).[5¥

Table 34: Proof of principle experiment with prolinddased peptid&92
O,5N

o)
HN—
»’O/ &Ph o)
J N OH ),
O\/\Ph Ph &Ph
N OH
H

Ph N OH
192 193 194 H Ph

cat.,
0] TBHP 0]

\ Q
Ph/\)J\Ph Ph/‘\\T)J\Ph

hexane, r.t., t

60 61
Entry Cat. Amountof cat. TBHP t Yield ee
[mol] [equiv]  [h] [%0] [%]
1 192 25 1.2 94 4@ 66®
2 193 30 1.2 94 72 75
3 194 30 1.3 144 32 80

@: Yield and enantiomeric excess weketerminedvia chiral HPLC without internal standard.

Ayield of 72% and an enantiomeric excess of T68&poxide6l are reported for unsubstituted
prolinol 193after94 hours (Table34, Entry 2)15¥ Such long reaction timés combination with

a comparable high catalyst loadiage typical for those epoxidatioeactions. Introducing a
large substituent likea para-nitrobenzyl ether in four position dlie cyclic system leads to a
decreased activity bynaunchangedelectivity (194 Table34, Entry 3)[*53 As expecteddue

to inhibition, caused by the still present acmlir catalystl92formed epoxidél very slowly.
Substitution of the pyrrolidine ring decreased the activity additionally. Hence, it is very
astonishing that a catalyst loading much lower than 25 mol% generdtade 61 with an
enantiomeric excess of 66% (TaBlg Entry 1).
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4.6.3. Summaryand Outlook

We were able to ysmthesize a prolinefunctionalized peptide mimicking highly selective
acylation catalysi.. Afterwards 192 was directly tested successfully in a proof of principle
epoxidationunder optimized conditionsform literature Especially in regard to a possiél
multicatalytic sequence with very flexibly applicapi®linol catalysts further optimizations of
the synthetic procedure angseful. After establishing a smoothly working purification
procedure acidree catalysthave to be synthesized and tested imlasmation with addional
substrate$o get impression of their real epoxidation abilfyrthermore, a new multicatalytic
sequence consisting of epoxidatiepoxide openingcylation can be investigated.
Multicatalyst195in combination with hydrazine Batel®*® could be used to synthesiaeylated
Uketodiols (Schemé0).

Ph
Boc”. N N Ph
- i H o i H OH
NG Cy N Ph
PONCN.
Me 195
OH O
Ph Ph e ,
OAc PQ iNefeRsSO i o 0
— Ph Ph >
OH O OH Ph Ph Ph/\)J\Ph
Ph Ph
OAc

Schemes0: New mutlicatalytic sequence with prolinoatalyzed epoxidation.

4.7.Summary and Outlook
Consideringthe second step of our new postulated multicatalytic sequéiapter 3 we
created a substrate library containing 14 alkenes and their corresponding efOkagter
4.11). Theseless complex unsaturated compounds mimicking the unsaturated esters should
facilitate the identitation of an asymmetric epoxidationprocedure based on
peracid (Chapter 4.3,) dioxirane (Chapter 4.4,) PTG (Chapter 4.5.)or prolinol-based
catalytic systems(Chapter 4.6.)For dioxirane and PTCbasedstrategies we were able to
identify a suitable catalytic moietyAfter synthesis ofpeptidebased catalysts containing
precursors or catalytic active moieties themselves for all four approaches epoxidation protocols

weresuccessfullyestablishedExcept for the prolinebased variant a racemic reaction process
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was observed. Although, espally for dioxiranebased systemsbides variation of the peptide

backbonea lot of effort was invested to synthesize a selective prec(sserChapter 4.4.9.)

Due to the excellent working PT@sir peptidebased analogs are the less promising approach
On the other hangarticularly Co-symmetric diacid catalyst€Chapter 4.3.6.and peptides
containing aTFMK functionalized amino acid appear to be encouradCizapter 4.4.9.5.)
The most potent strategy is the prolimoédiated procedure. A weNorking system with
intensively studied reaction conditions are optimal requiremeXfter identification ofa
suitable peptide backbotre combination with the first promising results this approach should

be investigated in more detail.

The last mentioned exate illustratesthat an alternativeto synthesis o€atalytic moietiesis
the use ofalreadydiscoveredoneswith optimized reaction conditionand focus on the
identification of appropriate peptide backbena the future examinations. Finding and
syntheg&ing new precursors is very challenging and ticoasuming and no warranty is given
that they will be activeand selectiven the end. Therefore, we suggest tHat example
catalytic motiE| i k e cafalyss or slkaloids should be incorporated in jpigdic structures

providingcatalystdike 196 0r 197 (Figure25).

OJ( Br9
(0] o) N
i/ ®L
Ph

A Ny oH
OPG N.

peptide

peptide\o\\-

196 197

Figure 25: Potential peptiddased systems.

During the synthesis oblefins and modifyingTFMK-substituted aromatic systems we
discovered both spiro carbonates (Chapter 4.9 as well asUketo acetals162a
(Chapter 4.4.9.3%or the spiro compountthe cooperative effect and the substrate scope of the
protocol should be investigated in more detail. Considering (#keto acetals further
optimization of the synthetic procedure is necessarincrease the enantioselectivity and

include additional substrates and electrophiles in the/stud
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5. Further Applicatios for the Available Peptide Catalysts

Besides epoxidation, there are a variety of further reactrdmsh can be catalyzedspecidy

by dioxirane and peraci¢based species. Therefore, it is quite obvious to examine the already
available catalysts simultaneously starting from literakim@wn procedures. In this context we
tested the oxidative lactam openit@hépter 5.1), the synesis of oxaziridinesGhapter 5.2,

and sulfoxidationChapter 5.3.

5.1. Oxidative Lactam Opening
In 2013 Fuscoet al. published the oxidative cleavage of lactarims.an aqueous solution
trifluoromethyl acetone mediates the ring opening of cyclic amides @ovides the
corresponding nitrgubstituted carboxylic acids in excellent yield. In case-pyr2olidinone
198Fusco and cevorkers isolated over 99% of carboxylic at@Pafter 90 minutes at 0 °&%3
Based on this observation and with optimized conditions for the dioxirane formation regarding
the epoxidation in hand, we tried to combine these strategies. Aftfideas chosen as the test

dioxirane precursor andf@yrrolidinonel198 as the substrate (Sche®b.
o)
HN

CF3
o

115

115 (9 mol%),
K,CO3 (1.6 equiv),
MeCN (7.0 equiv),
o H,0, (7.1 equiv, 30%) o

Ii/fNH t : Ho)J\/VN02
AmylOH/H,0 (1:1), r.t., 24 h

198 199
0%

Scheme61: Oxidative lactam opening.
The reaction was performeéd a 0.526 mmol scale with@ mL of solvent; addition of kD, was split into four
portionsof 2.0 equiv each, added in 1 hour intervals; reaction progressiaritoredby GGMS.

After a reaction time of 24 hours, no evidence for the formation of carboxylic@6idould
be found, neither by GBIS nor NMR analysis. Instead, catalylst5 and smHd amounts of
lactam 198 were reisolated. Due to the fact that large amounts of starting médi@8alre
missing we assume that the quite polar byprod@e; if formed, might remain in the aqueous
phase durig work-up. The usage of rather rmwlar startng materials is a possibility to prove

this circumstances. However, judging from the less promising test experiment, this reaction was
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not studied in more detail, even if a kinetic resolution or desymmetrization of corresponding

lactams should be possihlsing chiral peptide catalyst.

5.2. Synthesis oDxaziridines
Based on the same starting material we also examined the synthesis of oxa2iidine
containing an additional quaternary carbon atom. In asi®p sequence, the conjectured
intermediary formed}acetoxy imine201should be directly epoxidized by thesitugenerated
dioxirane species (Scherig). Two papers dealing with one of the reaction steps have already
been published. Blanton and-emrkers described the synthesis of a comparable acylated
compound in 198854 whereas Auet al. established a peraclthsed epoxidation protocol of
imino ethers in 197853

0
HN
CF,
o)
115
DMAP (14 mol%),
K,CO3 (1.6 equiv), 115 (9 mol%),
Ac,0 (1.8 equiv), Ac MeCN (7.1 equiv), Ac
A .
o TEA (1.8 equiv) 0 H,0, (7.1 equiv, 30%) o
Ii[fNH Q %
‘AmylOH, r.t., 3 h N H,O, rt, 21h N
198 201 0% 200

Scheme62: Synthetic approacfor oxaziridine200.
The reaction was performend & 0.526 mmol scale with@ mL ‘AmylOH and 300 mL water; addition of KO,
was split into four portions of 2.0 equiv ea@dded in 1 hournitervals; reaction progress wasnitoredby
GC-MS.

Formation of intermediat201was not observablMia GC-MS. Hence, it was hardly surprising
that we reisolated 51% of starting matediBinstead of desired produ200. Due to the fact
that the firststep limits the sequence, no further attempts regarding the epoxidation

(e.g., use of peracidased catalysts) were undertaken.

5.3. Sulfoxidation
Comparing nitrogen and sulfur organic compounds of the latter can be chiral. In combination

with oxidative condibns suitable catalysts may lead directly to sulfoxidation.
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5.3.1. Introduction
In contrast to sulfide802and sulfone203 sulfoxides204can be chiral if they are substituted
with two different residues. Besides the oxygen atom and the two aliphatic anohatic

groups, the remaininglectron pair counts as the forth substituent (Scr@édne

S .
s Oxidation e . 9 o oC:) s Oxid O\\S/,O
R™V R, S 'S atio > -S<
RTRy RSR, R'®Ry n ROR
202 204 203

R, Ry = aliphatic, aromatic
Schemes3: Oxidation states of sulfur.
One approach for synthesizing sulfoxides fer example a titanium or vanadiurbased
oxidationvia combination of b, tri, and tetradendate ligands and a feasible oxi#iZem the
mid 198G, Kagan and Modena independently established protocols for the enantioselective
sulfoxidation based on the epoxidation concept of Sharfésafterwards, several papers
were published using different kind of ligands, oxidizing agents, as well as H&tals.

Metalfree methods have also been studied intensivdlyring the last years.
Besides hypervalent iodine, iminiyrand oxaziridine compounds as well as hydroperoxide
organocatalysts can be utilized to generate sulfoXié®#A combination of a catalyst and a
convenientlyaccessible oxidizer, e.g., Ox&hexygen or hydrogen pexale is favored instead

of using stoichiometric amounts of a chiral organic oxidizdnich has tobe synthesized
befordhand In 2003 Murahashet al.published the oxidation of sulfides and amines with flavin
205 in an oxygen atmosphere. Water andagén are formed as neoxic byproducts

thermodynamicallyavoringthe overallprocess (Schent).[*53
I\I/Ie
Me N__N__O
z o
Me l}l Me
Et O
205

205 (1 mol%),
NH,NH,* H,0 (1.0 equiv),

(\s O, (1.0 atm) g°
) -

S CF3CH,0H, 35°C, 2 h S

97%

Schemeb4: Flavin-catalyzed sulfoxidation.
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Secondly, Lattanziet al. introduced the activation of BHP via TUC 77. Under these
conditions a variety of suldles were transferred into their corresponding sulfoxides in good
yields and selectivities with a catalyst loadingafy 1 mol% (Schem#5).[69

CF; CFs3

L3 r
F4C )J\N CF

77

Irz
T

s 77 (1 mol%), 0
Me™ \©\ TBHP (1.2 equiv) S
Me
Me DCM, rt., 16 h \©\
Me

99%

Scheme65: Sulfoxidationvia hydrogen bond activation of TBHP.

Amino acids likeN-protected proline206 can also act as catalyst in sulfide oxidations.
Tsogoeva and eworkers established a protocol providing sulfoxidesaadyyields up to 97%
(Schemes6). In their postulated mechanistic modmdtalyst206 activates hydrogen peroxide
for the nucleophilic attack of the starting matei&.

e
N OH
o

o)

206

206 (20 mol%), o

S . i 1
Me” \© H,0, (1.2 equiv) Me/s
DCM, 40 °C, 24 h \©

97%

Scheme66: Prolinecatalyzed oxidation of sulfides.
Lastly, Colonna and cevorkers described thasymmetricsulfoxidation of disulfides with
fructose derivative207 known from the Shi epoxidatiorBesidesa solvent nixture of
acetonitrile and dimethoxymethane (DMM)1:1 ratio of starting material, oxidizing agent

and catalyst were chosen providing excellent conversion and good stereoselectivity
(Schemes7).1162
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y 0
207
207 (30 mol%), S
f PN /tBU > y
Bu” S ) /%\ 1Bu
Oxone (1.38 equiv), Bu"®"S

K,CO3 (5.8 equiv),
buffer, MeCN/DMM (1:2),
0°C,2h

conv. >98%
ee 72%

Scheme67: Sulfoxidation of disulfides.

The stereoselectivmonc-oxidation of sulfidesatalyzed by metals as well as enzymes plays a
keyrole in the synthesis of biologically active sulfoxides (Figure 26), some of which are already
produced on an industrial scalé3 Esomeprazol@08 the S-enantiomer of omeprazole, a
protonpump inhibitor is used for acitklateddisease8:®¥ Sulfoxide 209, derived from the

Hantzsch ester, showed good activity as a calcium channel antagonist for the treatment of heart
disease§d

Me
OMe /@
Me XN MeOG) Cl s oe
| — é® N E “
N \\‘.‘.\r/ M602C (%\ .
H'N OMe ||

208 209

Figure 26: Biologically active sulfoxides.
Furthermore, lairal sulfoxides dilfill a variety oftasks Over the last yearthese compounds
have been established as chiral auxilia@®@singto their electronic structure as well as flexible
substitution patterrthey stabilizel Ssof a variety of asymmetric reactions, e.g., carbarbon

bond formation and cycloadditisyyielding enantiomerially pure products (Schen@s).!168

Me (1) LDA, THF, -78 °C OMe

(2) 210
(3)-78 °C t0 23 °C
2h

e, RO

210

Ho

62%
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Me

| OMe ©
(1D - R
S\\o DCM, —-20 °C, 48 h
OMe
0

55%

Scheme68: Sulfoxides as aukaries in asymmetric reactions.

Based on their coordinating ability and simple accegboxides are also used as ligands in
metatcatalyzed reactions, e.g., 1ghd 1,4addition reaction&%7 They provide an alternative
to diene as well as phosplearand amim-olefin ligands Some examples are depicted in
figure 271168 167

NS/ Zlle)

R4

MeO
Knochel Xu Du Liao
2011 2011 2011 2011

Figure 27: Sulfoxideolefin ligands.
Substituting an oxygen atom with a sulfinyl moiety in carbohydrates delivers glycosulfoxides.
These compounds play a keje as glycosylation donsor as natural carbohydrate mimsjc
influencing the stability of these moleculeBiqure 28).[*9 Moreover glycosulfoxides are

pharmaceutically active speciies thetreatnent of, e.g., infectious idease®r cancer16%

CH,OAc ('s)'
@ AcO NO,
AcO” > YOMe AcO” "/S/\/CN 0 /©/
OAc OAc é AcO” Y Y0
OAc

Figure 28: Sulfinyl groups in glycosulfoxides.

Due to theversatilityof racemic and especially enantiomatig-enriched sulfoxides we try to
establish a organa@atalyticandstereoselective synthetic strategyusenabling access to this

class of compounds.

Based on the successful application TIC 77 (Scheme65), proline derivative206

(Scheme66), and dioxiranes precurs@07 (Scheme67) as catalysts in sutfe oxidation
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reactions, we tested our peptibiased analogs as well as the cooperative catalysis concept of

joint phase transfer and thiourea catalysis.

5.3.2. Synthesis othe Racemic Products
Before screening the catalytic reactiprtie corresponding productaere synthesized
as racemic mixturesstarting from substituted methyl phenyl sulfide2lla-c.
Both electrondonaing as well as electrewithdrawing groups were examined. A procedure
based onrimetylsilyl chloride TMSCI) and hydrogen peroxide in acetiite was used leading
to the sulfoxides in good to optimal yields (TaB®.['" The enantiomers were separated

afterwardsvia chiral GC.

Table 35: Racemic synthesis of the corresponding sulfoxides.

TMSCI (1.0 equiv),
H202 (20 equiv)

S\ S\
MeCN, r.t.
R R

211a: Me 212a: Me
211b: OMe 212b: OMe
211c: CN 212c: CN

Product t[h] Yield [%]

212a 17 61
21 7 86
21% 6.5 85

Methyl phenyl sulfid®11d was selecteds test substrate for the first etpnents. The starting
material as well as sulfoxidel2d were commercially availableHowever,to determine a
possible overoxidation, methyl phenyl sulfa@E3d was also synthesized utilizingnaCPBA
protocol (Scheme&s9). Starting with 1.1 equivalentsf the oxidizing agentquantitative
conversion tahe corresponding sulfoxide was observeGC after one houWith further
1.1 equivalentsf MCPBA sulfone213d was isolatedn 85%!71

O O
©/S\ mCPBA (2.2 equiv) N
L \
DCM, rt., 3 h ©/

211d 85% 213d

Scheme69: Synthesis of sulfon213d
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5.3.3. DioxiraneBased Sulfoxidation
It is known that sulfoxides can be synthesiagd in situ generated dioxiranes starting from
Oxoné andacetoner acarbonyl containing compouritf? 1’3 With TFMK catalystsn hand,
it is obvious to test them in the momxidation of sulfides as wellsing the same strategy as

for the epoxidation reactions

With regard to the paper of Yet al Oxoné& was neglected aan oxidizer because potassium
peroxomomwsulfate a feasible oxidizing agent to generate the active specgt requireghe
addition of water to prevent solubility problems in most organic solvelasever,Yu et al.
described that water can activate OXgmnehich transfers an oxygen atom onto sulfides without

a further catalyst (Schem&0).[*"3 Tugnoli et al. used acetone and Oxone to synthesize
sulfoxides!”¥ These compounds lead to the formation of dimethyldioxirane immediately.
We assume that an situformed dioxirane species transfer one of the oxygen atoms onto the

sulfur in aquite comparable manner (Scherig.

0 o
Ps ~ - 6
Bty rRSR, o HO. _O
/O\ /O - = I® + 77\
C}u /S\ R/S\R ol
<0 0 !

Scheme70: Waterbased activation of peroxomonosulfate.

PO S $ FsC_R

O~
Oﬁ_R R1 Rz (?@ 4 \n/

/S\ (@]
FsC R4 R,

Scheme71: Postulated dioxiranbased mechasin.

5.3.3.1. Proof of Principle
Consequentlyin analogy to the epoxidatiadhe protocolwith TFMK precursoy acetonitrile
and hydrogen peroxideastestedin the oxidation of sulfidefChapter 4.4.)As mentioned in
chapter 4.4.5solvent and oxidizer generatesfieroxyimidic acid which is able to transfer the
carbonyl group into the active dioxirane speciest the initial experiments athyl phenyl
sulfide 211d was chosemas substrate and functionalized phenylalanli3d as well as
oligopeptide214 as catalyst Both dioxirane precursors led to sulfoxidg2d in excellent
conversios (Table 36). The simultaneously performed background reaction showed
only 8%conversion to the produaftter 24 hours. This approademonstratethefeasibility to

obtainsulfoxidesvia in situgenerated dioxirane peptide catalysts.
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Table 36: Activity of dioxiranebased catalysts in sulfoxidation reactions.

Ph
Ph
O @) H O
N OMe N N\)kN OMe
H H
FsC O FsC H o) /_\ H o
@)
131

o 214

cat. (5 mol%), 0]
©/S\ H,0, (5.0 equiv) 2
~
MeCN, r.t., 48 h ©/
211d 212d

Cat.  212®@[%] 2130@[%]

131 87 traces
214 97 traces
- 8 0

@: Conv. was detemined using chiral GC withoumternal standard®: 24 hours reaction time.
5.3.3.2. Optimization Process

Concerninga possible enantioselective oxygen transfer catdydtwas used for further
optimization. Table37 summarizes the resultegardingthe variation of catalyst loading,

temperature, concentration, and solvent.

Table 37: Optimization of the sulfoxidation.

214,
H,0, (5.0 equiv), 0
©/S\ MeCN ©/§\
211d PhCHs, T 1 212d
Entry 214 MeCN Toluene T t 212d® 213d®
[mol%]  [mL] [ML]  [°c] [h]  [%] (%]
1 7.5 1.60 - rt. 24 89 traces
2 10 1.60 - rt. 24 93 1
3 10 3.20 - rt. 49 98 traces
4 10 0.800 - rt. 24 95 5
5 10 1.60 - 0 46 32 1
6 10 0.800 0.800 rt. 24 96 2
7 10 0.100¢» 150 rt. 48 85 15

@: Conv. was determined using chiral@without internal standar: correspondso 5.0 equiv of MeCN.
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Increasing the amount of catalyst accelerates the reaction and comparable results were achieved
after only 24 hours (Tabl&/, Entries 1 and 2)We refrained from @rforming the reaction ith

a smaller amount of catalyst expecting a much longer and unpractical reaction time.
Altering the concentratiohy using 3.20 mL acetonitrile slowe¢hereaction A fasterreaction

was observedh case of 0.800 mbf solvent. One explanation is the eesaryencounteiof

four different compounds to transfer the oxygen atom onto sulfieteld
(Table37, Entries 3 and 4)With respect tdhe missing enantiomeric excess two strategies were
examined. Decreasing the temperature to 0 °C did not show the edesresult.
Obviously, sulfoxide2l2d forms much slower at this temperature argence, lower
temperatures were not tested (TabBle Entry 5). Secondly, toluene as nonpolar solvent was
added to enable interactions between peptide catalyst and suB$theéthera 1:ksolvent

ratio nor the addition 0b.0 equivalentsf acetonitrile in toluene shadany influence on the

reaction outcome (Tabl&/, Entries 6 and 7).

The varation of parameters had be performed carefullsoveroxidaton to the orresponding
sulfone213d was also observed (Tab8, Entries 5 and 7)Consequentlyusing 10 mol%
catalystand1.60 mLof acetonitrileat ambientemperature were selected as the best reaction

conditions for further investigations.

5.3.3.3. Substrate Scope
After optimization sulfides21la-c with a methyl, methoxy or nitrile substituent in
para-position were oxidizedvia the established protocol to investigate th8uence of

electrondonatingas well as electrewithdrawing groups (Tabla8).

Table 38 Testingof further substrates with peptide catalgd.

214 (10 mol%), 0
H50, (5.0 equiv)

S S
MeCN, r.t., t
R R

R t[h] 2120[%] 2139[%]

Me 24 >99 traces
OMe 24 >99 traces
CN 48 80 traces

@: Conv. was deterrimed using chiral GC withouhternal stadard.
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All substrateswere converted into the corresponding products with good to excellent
conversions. Substituentspara-positionwith eithera +lor a positive mesomeric (+Mffect

in conjunction witha T | ef fect ac c éduledesarheenitrite laraloglearts mat i o
more slowly, because thé M effect withdraws electron densitydm the sulfur atom and
decreases itsucleophiliccharacter. The protocol can be carried out with further sulfides, but
introducing a residue ipara-position on thephenyl ring didnot lead to an enantiomerically

enriched product.

5.3.3.4. Additional Catalysts
Before synthesizing and testing further peptide catalysts a more qualified catalytic moiety has
to be found. As mentioned ohapter 4.4.9two methoddhavealreadybeen tested to obtain a
TFMK, which is able to perform a reaction in an enantioselective fasHtnstly, the
substitution pattern othe phenyl ring of the basic moiety was varied frqrara to meta
Then the synthesis of an amino acid containing the dame precursor was studied.
After solving this problem, especiallya the latter approach, further peptide cataystve to

be examined.

5.3.3.5. Outlook
Three different strategies for an enantioselective version of the sulfoxidation baisesitan
generated idxiranes are feasibld-urther catalysts have to be synthesized and investigated
under analogue conditiongloreover additional sulfides have to be tested as starting materials.
Finally, a combinatorial approach examining catalysts atatting materialhas to be

established to identify a maiolg-pair.

5.3.4. PeracidBased Sulfoxidation
Anotheraccess to sulfoxideis basel on an oxidation procedunsith peracids!’? as it was
published byBarbarellaet al.and observed during the synthesis of sulf@b®d Peracids can
be generatedh situ via a carboxylic acid, hydrogen peroxidand a carbodiimideas for
example Miller and Schreineet al. alreadyshowed Chapter 4.3.).1333 3% 38 Hence,our

carboxylic acid containing peptides shibble feasible catalysts for sulfoxidation.

Mechanistically a similar pathway sHdbe followed as mentioned iol®eme70 (Schemé&2).
The sulfur atom attacks one of the oxygen atoms of the peracid. Electron transfer provides

sulfoxide andacid which canbe transferred into the active species for the next oxidation step.
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Scheme72: Postulated mechanism using peracids.

5.3.4.1. Proof of Principle
The synthesis of terephthalic acid analog to peptide catlylsn preparative amounts was
troublesomébecause of solubility problems of the starting maténighe reaction mixturand
formation of side productsvolving the two acid moieties. Therefore, the concept was tested
utilizing mone and diacids in comibation with hydrogen peroxide and DIC as preotss
Simultaneouslyoxidation withmCPBA andinvestigation of a possibleackground reaction

were performed (Tablg9).

Table 39: Test experiments for perae@talyzed sulfoxidation

cat. (10 mol%),
H,0, (5.0 equiv), DIC

©/S\ mCPBA ?1r.1 equiv) E\
solvent, r.t., t ©/
211d 212d
Entry @ Cat. Oxidizer  DIC t 212d9 213d9
[equiv] [h]  [%] [%]
1® - mCPBA - 1 94 6
2®) benzoic acid H20: 1.1 48 30 0
3®) mCBA H20; 1.1 48 25 0
4®) phthalic acid H20: 1.1 48 90 0
5 phthalic acid H20. 1.1 24 98 2
6© phthalic acid H202 2.5 4 98 traces
70 phthalic acid H20: 5.0 3 95 3
8®) - H20; 1.1 48 6 0

@: The reactiorwasperformed in 1.60 mL soant;®: DCM; ©: chloroform;@: conv. was determined using chiral
GC without internal standd.

In order to provethe concept the reaction was performed witGPBA asthe oxidizer.

Sulfoxide212d formed quantitatively, but an overoxidation was also obseviee@C (Table

39, Entry 1). Comparing the dioxirane and the perdmaded sulfoxidation 1801% of catalyst

and 5.0 equivalents of hydrogen peroxide were usethasnitial conditions(Table ).

Benzoicacidas well asnCBA in correlation tanCPBA were tested and showed a conversion

of up to 30% (Tabl&9, Entries 2 and 3)With phthalic ad as catalyst 90% conversiorasv
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observed (Tabl&9, Entry 4). In case of monoacids DIC helps to generate an active ester, which
is transferred into the reactiveespes'3®¥ Starting fom a vicinaldiacids, DIC leads to an
intramolecular anhydride, which is opened to the perada hydrogen peroxide
(Chapter 4.3.).3% Upon camging the solvent sm DCM to chloroform the procedure of
Tugnoli et al. accelerates the reaction andearlyquantitative conversion was obsenadter

24 hours (Tabl&9, Entry 5)[*7¥ Increasing the amount of carbodiimide leads to an even faster
oxidation (Table39, Entries 6 and 7). The background reacti®negligibke asonly 6% of the
sulfoxide212d formed after 48 hours undére sameconditions. Chloroform asolvent and

2.5 equivalentsf DIC were utilized for further experiments.

5.3.4.2. Optimization Studies

Peptide catalystl02 containing proline as structuferming eement and aspartic acid as
catalytically active precursor was usém testing the concept and further optimizations
Afterwards both kindand amount of the solvent, catalyst loading, and temperature were
changed (TabldO0).

Table 40: Optimization using peptide catalysb2

CO,H
Boc. N
N OH
H
O N
O H o
102

s DIC (2.5 equiv), (0]
H,0, (5.0 equiv A
©/ ~ 202 ( quiv) S
solvent, T, t
211d 212d

Entry 102 Solvent t T 212d®@ 21xd®@
[mol%] [mL] (] [°C]  [%] [%0]

1 10 CHCL(16) 3 rt 96 4
2 10 CHChL(16) 4 0 96 2
3 10 PhCHi(1.6) 7 rt 76 15
4 10 PhCHi(1.6) 25 0O 68 13
5 5 CHCk(1.6) 1 rt 97 2
6 25 CHCk(1.6) 2 rt 97 1
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7 1  CHCL(1.6) 5 rt 89 0

8 : CHC(1.6) 5 rt 2 0
9 2.5 CHCIz(0.8) 2 r.t. 95 traces
10 25 CHCk(3.2) 8 rt. 97 2

@: Conv. was detemined using chiral GC withoumternal stadard.

Decreasing the temperatura dhot slow the reaction rate in case of chloroformsalyent.
(Table40, Entries 1 and 2). Replacing chloroform by toluene to promote interactions between
substrag and catalyst teto a slower sulfoxidation and fawatthe formation of sulfon213d
(Table 40, Entry 3). When grforming the reaction at 0 °& reaction timeof 25 hourswas
necessary to achieve comparable results (T&BIEntry 4). Yet, an enantiomeric excess was
not observed. The catalyst loadirguld be reduced to 2.5 mol% withoubfluencing the
catalyticactivity (Table40, Entries 57). The background reactiovasvery slow and delivexd
sulfoxide212d with a conversion of only 2% after five houteerebyconfirming the need of
an acid catalyst (TabK0, Entry 8). While decreasing the amount of solvdiat not havea
huge irfluence on the reaction processlizing a higher dilutiondelayed the oxidation
(Table40, Entries 9 and 10). The data shedwariation of catalyst loading and solvent volume
are tunable parameterswhereas temperature seemo have a negligible effect.
Hence 2.5 mol%of catalyst and 1.6 mbf chloroform wereausedasstandarcgarameters.

5.3.4.3. Substrate Scope
With optimized conditions in handubstrate®1l1a-c were tested tstudythe effect of the

substituents located at the phenyl ring (Tatdle

Table 41: Scope of the reaction.

102 (2.5 mol%),
DIC (2.5 equiv),
H,0, (5.0 equiv)

S\ S\
CHClj, rit.
R R

Sulfide t[h] 2129[%]  2139[%)]

Me 1 >99 traces
OMe 2 >99 traces
CN 24 67 traces

@: Conv. was deterrimed using chiral GC withouhternal standard.
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In comparison to sulfid211d, its para-methyl andpara-methoxy derivatives react faster and
its para-nitrile congener reactsiore slowlyin comparisorto their sulfoxide®12a-c. The first
mentioned substituents possess either-aott  a -effédf thertebyincreasing the electron
density on the phenyl ring arflienceon the sulfur atom. Tése two sulfides are more active
regarding the attack on the peracid (Sché&i2)e The nitrile group remass electron density
from the phenyl ring and the sulfur atpthusdecreasing theverall nucleophilic reactivity.
The same observatiswere made utilizing th€ FMK peptide catalys214 (Table38).

5.3.4.4. Additional Catalysts
Several feasible acidontaining pptides synthesized for the asymmetric epoxidation are
availableto examine theisulfoxidationability. The reaction wasperformedoy using optimized
conditions and moraxid as well as diacid catalysts (TabR.

Table 42: Testingfurther acid peptide catalysts.

4t ﬁ( xwe " &ﬁ( ~ fY
2150 PN 0]

H (6] H (0] O
N
Boc” N \)k N \;)kOH
H o) 5\

101

\u
Iz

cat. (2.5 mol%),

S DIC (2.5 equiv), (I)I
©/ ~ H,0, (5.0 equiv) S
CHCI3, it t ©/
211d 212d

Entry Cat. t[h] 212®[%] 213d@[%)]

1 96 24 16 traces
2 100 24 31 0
3 101 7 94 traces
4 215 24 20 0

@: Conv. was detemined using chiral GC withd internal standard.

The results of the preptimization with benzoic as well as phthalic acid (Tak® already
illustratedthat diacid catalysts react faster than mawas. This observation was confirmed
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with the peptidebased speciegTable 42, Entres 1, 2, and 4as well as 3).
Astonishingly tetrapeptidel00is more active compared tripeptides96 and215 even if the
sterichindranceseems to be larger (Tablg, Entriesl, 2, and % 2.5 mol% of atalyst215, the

acid analog of TFMK peptide 214, provide sulfide 212 with a conversion of 20%
(Table42, Entry 4). Aspartic acid catalystO1 generated 94% of the product after seven hours
(Table42, Entry 3). But, as depicted in the catalytic cycle (Chapter 4.3.1.) and in contrast to
Co-symmetricdiacid catalysts in case of a system |l two different catalytically active

species can be generated preventing a possible stereoselective reaction outcome.

5.3.4.5. Outlook
The optimization procedure demonsteatkat sulfoxidations can be carried oué in situ
generated peracid species and that diaei@dlysts are superior to mawds. Regarding a
stereoselective oxidatiothe employedcatalysts and starting materials did mead tothe
desired resultszurtherexperimenthave toensure that either onerbaxylic acid is transferred
selectively ino the catalytically active peracid or thaither the catalystor the precursor
possessesAsymmetry. Besides already synthesized oligopeptlitaspartic acids described
in the publicationof Schreineret al. should be incorporated in cataly5§t A short distance
between the two carboxylic acid moieties is necessary for a fast processrrrorghehe
existing library of starting materials should be extended and tested utilizing all peptides to
identify a suitable combinatiasf catalyst and substrate as welbésactivetypes ofinteraction.

5.3.5. Cooperative Thiowa and Phase Transfer Catadysi
5.3.5.1. Concept
Consideringhe activation model of water and Ox8ree TUC should also be able aativate
HSGs' . The reaction must be performed in a dry organic solvent to prevent the simultaneous
activation by watefThe reactive species of the oxidizer shduddsolved in the organic medium
using a PTC. Afterwardshe TUC coordinates and activates the anion before the oxygen atom
is transferred onto the sulfidBigure 29.
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Figure 29: Sulfoxidation usg cooperative catalysis.

5.3.5.2. Test Experiments

Using a chiral TUC should enable a stereoselective oxiddfiemce Nagasawa thiourezl 6’

and TBABr or tetrabutylammonium iodide (TBAI) asatalytic system and sulfid&l1ld as
test substrate were chosen foe first experiments (Tabis).

Table 43: Test experiments utilizing cooperative catalysis.

216

216, TBAX,

(0]
©/S\ Oxone (1.0 equiv) ©/S\

PhCHj (anhyd.), r.t., t, Ar

211d 212d
Entry 216 TBABr TBAI t 2120@
[mol%] [mol%] [mol%] [h] [%0]
1 0.2 0.2 - 24 0

7 Catalyst was synthesized by Dr. Katharina M. Lippert.
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2 0.2 - 0.2 23 0

3 0.2 - - 25 2
4 - 0.2 - 26 16
5 - - 0.2 24 0
6 - - - 27 6

@: Conv. was determined using chiral GC without internal standard.

But, reactions involving thioure®16 did not lead to the desired product (Takl8,
Entries 13). In contrasbxidation with onlyTBABr as catalyst led to a conversion of 16% after
24 hours (Tablé3, Entry 4). A simultaneously performed background reaction provided 6%
of sulfoxide212d after 27 hours (Tablé3, Entry 6) illustrating that a catalytic intervention of
TBABYr is not inggnificant. The findproduct is not formedf bromide is substituted with iodide
(Table43, Entry 5). These experimentenfirm the assumption th&l6inhibits the oxidation

and that bromide is the preferred counter ion of the PTC.

Based on these firsesults 216 was replaced by a more active catatgsexaminehe general
oxidative ability of TUC. Achiral thiourea77® possesses tw8,5-bis(trifluoromethyl)phenyl
substituents decreasing the electron density of the nitdogegmogen bond. This effecavors
the coordination o77 to HSGQ'. Furthermore, in the following experiments the influence of

the solvent as well as the subsequently added water was investigatedd@) able

Table 44: Variation of reaction conditions.

NNl
F,;C N N CF
3 H H 3
77
77 (20 mol%),
TBABTr (20 mol%), 1)
©/S\ Oxone (1.0 equiv) é
~
solvent, r.t., t ©/
211d 212d

8 Catalyst was synthesized by Dr. Katharina M. Lippert.
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Solvent(9 Product 77/TBABr 77 TBABr Without
catalyst
8% (24 h) 34% (24 h) 44% (24h)  37% (24 h)
37% (48 h) 56% (48 h)  48% (48 h)
212d  15% (24 h) 15% (24 h) 19% (23 h) traces (25 h)
213d  10% (24 h) 26% (24 h) 19% (23h)  30% (25 h)
‘AmylOH/watef®  212d  61% (4 h) 48% (26 h) 60% (1 h) 62% (25 h)

Conv. determined using chiral GC without internal standard; reaction timarignthese$: reaction performed
under argon atmosphef®; 1:1-mixture of solvent and water.

‘AmylOH® 212d

PhCHy/watef?

To increase th formation of sulbxide 212 two different strategies were developéd first,
toluene was repladdy the more polar solvetgrt-amyl alcoholdue to anncreasedolubility

of the oxidizel(Table 44, Line 2 Reactions with separated well as a conmibation ofcatalysts
showed better conversions in comparison to the ones performed in toluene 4Bable
The background reaction proceeds quite fast, but the presence of TBABr accelerates t
sulfoxidation.Secondly, a biphasic system consisting of totuand water was testemlenable

a liquidtliquid phase transfer catalysis (Taldl4 Line 3). The background reaction provided
only traces of sulfoxid@12d after 25 hoursProduct212d was formed ircatalyzed oxidation
reactionswith a conversion of upot19%, but the synthesis of sulforid3d was even more
favored in all experimentsThesefacts illustrate the catalytically active role of both phase
transfer and thiourea species. Substituting toluene WithylOH in the biphasic system
necessitates these of TBABr as PTC (Tablet4, Line 4). A fine suspensiomesults from
stirring. Even without TUC77 the producRl12 is formed with a conversion of 62%hereby
decreasig the benefit from this strategy.

It is noticeable that in all cases using a phasestea catalyst accelerates and a thiourea catalyst
inhibits the sulfoxidation compared with the background reaction (B&bkntries 1, 3, 4, and
6; Table44).

5.3.5.3. Single Phase Transfer Catalysis
With all these information in handompound18was synthesedto test achiral phase transfer
catalystinstead of TBABr The alkylation of quinin@17with benzyl bromide yielded PTZL18
in 90% (Schemerd).'*8 Regarding our peptideased PTCs alkaloiderived systen?18
should be ulized as test system in the forefront.
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o~
N BnBr (1.0 equiv)

THF, reflux, 4.5 h

N oH
N~ 90%
217 218

Scheme73; Synthesis of chiral PT@18

In the following experiment218 was tested athe chiral version of TBABr. Due to theot
promisingresults of the @operative catalysis concepbmbination with a thiourea ayst was
neglected (Tabld5).

Table 45; Chiral PTC218in the sulfoxidation of sulfid@11d.

218 (20 mol%), 0

©/S\ Oxone (1.0 equiv) 3
~
solvent, r.t., t ©/
211d 212d
Solvent(s) Product 218 TBABr TBAI Without
catalyst
PhCH® 21 0% (25 h)  16% (26 h) 0% (24 h) 6% (27 h)
0 0
PhCHywatef® 21 9% (25 h)  19% (23 h) i traces (25 h)
21 21%(25h) 19% (23 h) 30% (25 h)
‘AmylOH® 2120 tr 25h 44% (24 h) 42% (23 37% (24 h)
y aces (25 1) g6 (a8 ) h")( 48% (48 h)
'AmylOH/watef? 2120 78% (25h) 60% (1 h) - 62% (25 h)

Conv. deternined using chiral GC withouhternal standard; reaction time garentheses®: reaction performed
under argon atmosphef®; 1:1-mixture of solvent and water.

Quininebased bromide218 was tested utilizing all four different solvent combinations.
Conversionsof up to 78% were obtained, but no enantiomeric excess agagved
In comparison with TBABr and TBAI cataly2tl8 seems to be less reactive except utilizing
tAmylOH. The results conering the solvents are comparablmylOH is inferior to toluene
and the use of water results in even higher converstue to the literatureknown

wateractivation of Oxon&.[172
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5.3.5.4. ThioureaCatalyzed Sulfoxidation
Based on the paper of Lattarzi al. TUC 77 was tested separately in the sulfoxidation.
This knd of compoundis able to activate BHP affording oxygen transfer on sulfides
(Figure 3).[1¢9

Figure 30: Activation of TBHPvia thiourea77.

At the beginningthe reaction parameters used by Lattanzi and/aders were chosen to
reproduce the resultsentioned in the papddue to sibstitution of77with 216under otherwise
constant conditions an enantiostile variant of this process should be istigated
(Table46).

Table 46: Sulfoxidationvia thiourea catalystg7 and216.

H H
N N

Nt CFs
CF3 CF3 NH TS(
o0,
CF
FsC I}IJ\I}J CFs ’
H H FaC

CF;
77 216

cat. (1 mol%), o
TBHP (1.2 equiv)

S\ S\
solvent, r.t., t
R R

Entry R Cat. Solvent t[h] 2123[%] 2133[%]

1 Me 77 DCM 53 93 7®)
2 Me 216 DCM 54 91 0
3 OMe 216 pcM 52 97 30)
4 CN 216 pcm 51 91 6®
5 H 216 pcm 51 99 1®
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6 Me 216 phcH 48 79 2o(b)
7 Me 216 CHcl 26 73 27®)

8 Me - DCM 50 38 trace®)

@: Conv. was determined using chir@IC without internal standaré®: identification of the sulfonez13via GC-
MS.

First of all, we repeated the experiment of Lattaal. with catalyst77. But, in contrast tdhe

results mentioned in the original report we needed nearly twice as long to obtain equal amounts
of sulfoxide212a(Table46, Entry 1). Furthermore, both the overoxidation to sulf@@8aas

well as the background reaction without catalyst were notligigle (Table 46,

Entries 1 and 8)By replacing TUC77 with 216 we were able to generate meoxygenated
product 212a and dioxygenated byroduct 213a in comparable amounts, but without
enantiomeric excess (Tabd®, Entry 2). Similar results were obsed for starting materials
211b-d (Table 46, Entries 35). Carrying out the reaction in toluene had not a significant
influence on the outcome (Tab#&, Entry 6), but using chloroform instead accelerated the
oxidative process and favored the formatio2b3a (Table46, Entry 7).

5.3.5.5. Outlook
Combining phase transfer and thiourea catalysis in a cooperative manner does not provide
preparative amounts of the sulfoxides. The same observations were made utilizing only a PTC
and an oxidizer. However, we were able reproduce the thiourematalyzed protocol
established by Lattanzi and -emrkers with some discrepancies (formation of sulfone and
background reaction), but development of an enantiomeric variant based on Négasawa
catalyst was not successful. Henceagaxrling the substrate library and testing further TCUs are

the most promising aspects in future experiments beginning with these results.

5.3.6. Summary and Outlook
While carrying out this work, we were able to identify three possible strategies to generate
sulfoxides starting from sulfides. Apart from the already established thidnased protocol
(Chapter 5.35.4), we optimized a dioxirane (Chapter 5.33.) and a peracidbased
(Chapter5.3.4) sulfoxidation concept (Tabi&?).
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Table 47: Optimized conditions.

Dioxiranebased Ox. Peracidbased Ox. Thioureabased Ox69

Catalyst loading 10 mol% 2.5 mol% 1 mol%
Solvent MeCN (1.6 mL) CHClz (1.6 mL) DCM (0.400mL)
Oxidizer H202 (5.0 equiv) H20- (5.0 equiv) TBHP (1.2 equiv)

Temperature r.t. r.t. r.t.
Additive - DIC (2.5 equiv) -

For dioxiranebased catalysts a more suitabl&FMK moiety has to be identified
(Chapter 4.4L0.). Afterwards, oligopeptides including i8 group have to be synthesized
utilizing an automated platform, and these new compounds have to be tested under the
optimized caditions (Tablet7).

Regarding the@eracid strategy, we could shéfmat the focus has to lie on-8€ymmetric diacid
catalysts with a short acakid distance favoring the formation of an intermolecular anhydride.
Therefore, further oligopeptides based bese cacepts must be synthesizeth@pter4.3.9

and examined using the aforementioned protocol (T&le

TCUs are an intensively studied class of compounds. A variety of catalysts are easily accessible

andcanbetesle aft er war ds protocodl (Tabiedil)g Latt anzi 6s

For all three cases further sulfoxides must be synthesized to extent the substrate library, to
examine the influence of the substitution pattern, and to get a deeper insight into the interactions

between catalyst and sulfideigure31).

R
MeO S
~
\©/ RSN Sd\)s pr-S s~
R = Et, By, allyl R =H, Me, Ph

Figure 31: Further possible substrates.
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6. Summary and Outlook

6.1. Summary
The aim of this thesis was the establishment of an enantioselective epoxidation in the context
of our multicatalysis appeach in combination with the already utilized acylation and/or
oxidation. As starting point we designed a new sequence consisting of acylation, epoxidation,
and epoxide opening (Chapter 3.1.). After epoxidation of the unsatusatedchainthe
cyclohexandiol moiety should coordinate the nucleophile and enable a selective epoxide
opening. After hydrolysis of the auxiliary a carboxylic acid with two sigeea centers will

be yielded.

Considering the already optimized and established enantioselectivecacglyl acetate was
tested as further acyl source (Chapter 2.1.). Furthermore, based on phénazieeamined a
possible oxidative esterification (Chapter 2.2.) and with sulfoxinBmves wanted to extent the

substrate scope (Chapter 2.3.). ,Rilitthree attempts did not show the desired result.

For examination of the single steps of the new multicatalytic sequence we synthesized the
racemic products of acylation (Chapter 3.2.) and epoxidation (Chapter 3.3.). Due to synthetic
reasons we selected pemb& acid derivatives as unsaturated components. Promisingly, we
were able to obtain the prodadif trans-3-pentenoic acid after both kinetic resolution as well

as desymmetrization with the correspondayglohexanediolvith high selectivities utilizing

the Steglich procedure. As alternative to the epoxidation of the crotonimanmstersl 7 and

18 we tested the Michael addition successfully as potential second step (Chapter 3.4.1.).
Both carbon nucleophiles as well as a thiol were used for the posepilxide opening reaction
starting with monoester24a and 25a But, independently from the chosen conditions we
obtainedUp-unsaturated and-hydroxylated ester81 and 32. Either protection of the free
hydroxyl group or the usage of-pentenoic acid k& to the desired epoxide opening
(Chapter 3.4.2.). After optimization using only DBU as base nearly 90% vyield could be
achieved fo81 and32. Therefore, this step should be included in the multicatalytic sequence
enabling a variety of possible transfotioas based on olefin or alcohol subsequently
(Chapter 3.4.3and3.44.).

For identification and optimization of a feasible epoxidation procedure a substrate library of

14 epoxides was established (Chapter 4.1.1.), because using é@Kemss25 might yield

enantiomers as well as diastereomers. A dia@@hapter 4.3.), &FMK- (Chapter 4.4.),

a PTG (Chapter 4.5.), and a prolinbased epoxidation approach (Chapter 4.6.) were
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investigated. Both catalyst synthesasid developnent of well-working and ofimized
epoxidation protocalwerepossible for all four concepts. Generation of an enantiomeric excess
was only observable in case of proluaised systenl92 Especially, the synthesis of a
selectiveTFMK-derived catalyst was studied very intensivelyl dimally several potential
strategies for the synthesis of a directly functionalized amino aede illustrated
(Chapter 4.4.8 and 4.4.9.).

Besides epoxidation dioxiran€Chapter 5.3.3.) and peradidsed systems (Chapter 5.3.4.)
were also tested suasfully in the oxidation of sulfides. Starting materials reacted
chemoselectively, but not stereoselectively to the corresponding sulfoxides in the presence of
both types of catalyst. Simultaneously, a PTChapter 5.3.5.) and thiouréased procedure
(Chapter 5.3.5.4 \erealso studied and an optimized protocol was establifsirgde latter one

in regard to further experiments.

During dealing with the main topic of this thesis the formation of spiro carboftate
(Chapter 4.2.) antdketo acetal 62a(Chapter 4.4.9.3.) were observed. For spiro carbof@te
reaction conditions were optimized starting from carbarfatgo obtain the desired product

with a yield of 78%. We assume that a cooperative catalysis baseditungeneratednCBA

andTCU 77takesplace. Fotdketo acetal 620 we were able to develop asymmetricccess

based on literature research and mechanistic considerations. After investigation of the existence
of closed forml63of carboxybenzaldehydil6 in solutionvia IR and NMR an alkaloidbased
procedure was studied. With ondy few experiments we found a strategy yieldiagylated
derivative 162b with nearly quantitative yield and an enantiomeric excesgpoto 32%.

Both projecs have a huge potency to be investigated in more detail.

6.2. Zusammenfasing
Im Rahmen dieser Arbeit sollte die Epoxidierung als weiterer Reaktbntt neben
Acylierung und Oxidation fur die Multikatalyse zuganglich gemacht werden. Daher wurde eine
neue Multikatalysesequenz bestehend aus Acylierung, Epoxidierung und Efaxadof
entwickelt (Kapitel 3.1.) Nach Epoxidierung der ungesattigten Ester sollte das
Cyclohexandiolmotiv als Auxiliar fungieren und das Nucleophil wahrendibigchlie3enden
Reaktion koordinieren. Nach Esterhydrolyse konnten auf diese Weise Carbonséatedat

zwei stereogenen Zentremhalten werden.

Fur die bereits optimierte und etablierte enantioselektive Acylierung wurde mit Allylacetat eine

weitere AcetylquelléKapitel 2.1.), unter Verwendung voRhenazir¥ eine oxidative Strategie
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(Kapitel 2.2.) und mit den Sulfoximinen8 weitere Substrat getestet (Kapitel 2.3.).
Jedoch konnte in keinem der Félle das gewilnschte Resultat erzielt werden.

Zur genauen Untersuchung der jeweiligen Einzelschritte der neuen Multikatalysesequenz
wurden die notwendigeracemischen Acylierungg¢Kapitel 3.2.) und Epoxidierungsprodukte
(Kapitel 3.3.) dargestellt. Aus synthetischen Grinden wurden Pentensdurederivate gewahlt.
Diesbezlglich waessehr vielversprechend, dass die enantiomerenangereicherten Produkte der
trans-Pent3-encarbonsdure sowohl nach kinetischer Racematspaltualg, auch
Desymmetrisierung des jeweiligen Cyclohexarglioiter SteglickBedingungen in sehr guten
Selektivitaten erhalten exden konnten Als Alternative zur Epoxidierung wurde die
MichaelAddition an Cotonséurederivaterl7 und 18 erfolgreich als mdoglicher zweiter
Sequenzschritt getest@apitel 3.4.1.) Zur Offnung racemischer Epoxide der ungesattigten
MonoesteR4aund25awurden sowohl Kohlenstoffnucleophile, wie auch ein Thiatersucht
Allerdings wurde jeweils die Eliminierung zu deéshb-ungeséttigten unad-hydroxylierten

Esten 31 und 32 beobachtet. Sowohl Schitmy der freien Alkoholfunktion, wie auch
Verwendung derPentd4-encarbonsaure fuhrte nicht zur gewilnschten Epoxidoffnung
(Kapitel 3.4.2.) Nach Optimierung und nur unter Verwendung @BIlU war eine Umsetzung

zu 31 und 32 mit fast 90%Ausbeute mdglich. Dieser Reaktionsschritt sollte als dritter Schritt

in die Multikatalysesequeneingebautwerden, da sowohl mit Doppelbindung, ewvauch

Hydroxyfunktionvielféltige Folgechemie mdglich igKapitel 3.4.3. und3.44.).

Zur ldentifizierung und Optimierung der asymmetrischen Epoxidierung wurde eine
Substratbibliotheknit 14 prochiralen Epoxiden aufgebaut, da im Fatde Epoxiden24 und
25jeweils vier Stereoisomere moglich waki&mapitel4.1.1.) Fur diekatalysierteEpoxidierung
wurden Disaure(Kapitel 4.3.), Trifluormethylketon (Kapitel 4.4.), PTG (Kapitel 4.5.) und
Prolinokbasierende Strategien(Kapitel 4.6.) untersucht. Katalysarsynthese mit
anschlieBenderOptimierung von gut funktionierendenEpoxidierungsprotokollen wurde
realisiert Dabei wurde allerdings nur mit Prolinebasierendm Peptide 192
enantiomerenangereichertes Epoxid erhalten. Gerade fir die Trifluoromethylkaioten

eine Vielzahl von Synthesestrategien untersucht und am Ende mdgliche Syntheserouten
aufgezeigt, die zulirekt funktionalisierten Aminosauren fihren solltéikapitel 4.48 und
4.4.9))

Neben der Epoxidierung wurdefrifluormethylketon (Kapitel 5.3.3) und Carbonséaure

basieendeSystemgKapitel 5.34.) auch erfolgreich in Sulfoxidati@mgetestetDiese verlief
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zwar chemoselektizu den entsprechenden Sulfoxiden, aber ohne jegliche Stereoselektivitat
Zusatzlich wurden noch PF@Kapitel 5.3.5.)und Thioharnstoffkatalysierte Sulfoxidationen
(Kapitel5.3.54.) untersucht unélir letztgenannten Ansatz enptimiertes Protokoll fir weitee

Experimenteerarbeitet.

Im Laufe der Arbeit wurde zudem noch die Bildung von Spirocarbohé apitel 4.2.) und
UKetoacetal 162a (Kapitel 4.4.9.3.) beobachtet. Firr Spirocarbonat5 wurden die
Re&tionsbedingungen seeit optimiert das in einem Zweistufenprozess ausgehend von
Carbamats2c 78% des Carbonatsoliert werden konnten. Es wirdabeieine kooperative
Katdyse zwischerin situ erzeugtemCBA und Thioharnstoff77 vermutet.Fir Ketal 1620
konnte basierend auf Literaturrecherche und mechanistischen Uberlegungen ausgehend von
Hemiacetal 163 welches zuvor mittels IR und NMR als in Lésung vorliegende Form
identifiziert werden konnte, ein asymmetrisc@eigang entwickelt werden. Auf Basis weniger
Experimente wurde eine Alkalcioasierende Variantrarbeitetmit der acyliertes Hemiacetal
162b mit fast quantitativer Ausbeute und einem Enantiomerenuberschuskisyau 326
isoliert wurde. In beiden Fallen gibt es noch vielfaltige Méglichkeiten, den jeweiligen Ansatz

intensiver zu untersuchen.

6.3. SynthesizedCompounds
6.3.1. Peptide Catalysts
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6.3.3. (Mono-)Acylated Compounds
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6.3.4. Epoxidesand Alkenes
Oj(d)/ Oj(d)/ OT(\?A OM OT(\?>\ OM
<>'r”o H CIO H <>'/"o H <>'/"o H CEO H CEO H

22 23 24a 24b 25a 25b

@m CEO;MO\ @ ii

6.3.5. Epoxide Opening Products
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6.3.6. 0 Di gressi on6é Compounds

ot of B
52

a: Bn; b: Ph; c: Et 162a: Et
d: Pr; e: Bu; f: Ad 75 162b: Ac

6.4. Outlook
With this thesis we gained a deepesight into the field of multicatalysis identifying
challenges, but also possibilities of this approach regarding further developments.
Especially, formation oflb-unsaturated and-hydroxylated ester81 and 32 enables a very
flexible addon chemistry, which can easily be included in a multicatalytic sequence
(Chapter 3.4.4.)Besides synthesis df.-symmetric diacids catalysts (Chapter 4.3.6.), we
consider the synthetic approach towards directlyFMK-functionalized amino acids
(Chapter 4.4.9.5. and 4.4.10.) as most potential regarding an asymmetric epoxidation.
Furthermore, utilizing synthesized catalysts in the sulfoxidation showed that it is obvious to test
corresponding systems directly in further possible reactigisinvestigation of different
reaction types in combination with synthesizing new oligopeptides and establishing thereby a
catalyst library increases the probability to find an active catalystem, which acts as starting
point for modification. With the optimized protocols for epoxidation and sulfoxidation in hand
testingandre-optimizing can be done very quickly. One possible reaction type, which can be
included in this context, is the Bg-Villiger oxidation referring to the work of Miller and

co-workers(33
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With regard to a new multicatalytic sequence we think it is more promising not to synthesize
motifs catalyzing steps of a beforehaddtermined sequencge novo but to pursue an
alternative approagtespecially with the results of the prolidohsed epoxidation in mind
(Chapter 4.6.2). Based on literattkiown catalytically active systems, for which optimized
reaction procedures asedready reported, a multicatalytic sequence should be developed and
the necessary moieties should be combined in a pepdisied catalyst afterwards, because
finding a suitable structuf®rming element incorporated in a peptidic backbone is challenging
erough. Additionally to quoted examples of organocatalysts (€lgSchemeb, 77 and216

Table 43 and the mentioned motifs96 and 197 (Chapter 47.) additional welestaltished
systems are depicted ingf@ire 32. They were taken from the review of Rupiey al.
summarizing the progress of organocatatpiésed flowsystems?8 because substitution of the

solid supporvia a peptide would directly yield an functionalized oligopeptidic catalyst.

O CF4
O o] 0
O\P/,O peptide j;/[
LS N—Bu .
0" "OH HN\,& N N
H H N.
R R

peptide
peptide

219 220 221
Figure 32 Potential catalyt motifs for functionalization of peptides.

But, besides chiral organocatalysts also achiral ones {@)gcan be utilized because the
peptidic backbone is responsible for generation of a chiral environment. Based on the huge
number of systems enabliregvariety of different reactiana wide range of multicatalytic
sequences can be realized. One further example additionally to the ones ghagrténs 3.4}.
and 4.6.3is depicted in shemer4. After epoxidation of olefir222 with a moiety derived from
Shid scatalyst the formed oxirane could be transferred itd®-unsaturated and
o-hydroxylated keton@23 via addition of DBU® In the presence of a MacMillagpe motif
a DielsAlder reaction with cyclopgtadiene224 would provide bicyclic producg25./'4
Besides three stergeniccenters botlearboncarbondouble bond as well as ketone or hydroxyl

group of the norbornene system can be utilizeduidher chemical transformations.
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/—‘ amino acid spacer }7
~°L e Q Y
(0] o “”LW(N\BU

o PG

o (1) Epoxidation (0] 224 OH
)J\/\/R' (2) DBU R)WR' Diels-Alder reaction ; '
| *
R OH COR
222 223 225

Scheme74: Further postulated multicatalytic sequence.

A combination of a Fmoc protecting group strategy with automated peptidhesis would be
the method of choice for preparation of a largenownt of distinct peptidic backbones.
The azie derivative226 could be a possible alternative for the typically utilized anaiociol
adamantyl glycine (Figure 33Firstly, an orthogoral attachment of both functionalized and
previously synthesized peptide chains can be achieieaizide and carboxylic acid magty,
respectively Secondly, thevia click chemistry introduced triazeking can participate in the

interactions between catalyand substrate in a different way than the replaced amide bond.

OH
N3

O
226

Figure 33: Potential structuréorming unit.
As mentioned in the introduction for enzymes as well as organocatalysts an imntiohiliza
approach with peptide and/or multicatalysts should be tested. This strategy implemented in

batch or flow conditions would result in a reusatdéalyticsystem.

Apart from the multicatalysis project the synthesis of spiro carb@bai@n also be in\atigated
further. Especially, synergy GiCU 77 and generatechCBA as well as the substrate scope are

aspects, which should be considered (Chapter 4.2.).

In case ofUketo acetalsl62 first of all the reaction conditions have to be optimized.
Therefore, prameters like additional chiral bases (e.g. further alkaloids), different electrophiles
(E™: like further anhydrides or alkylation agent), solvents or temperatures have to be tested.
With optimized conditions in hand the substrate scope has to be edacitfathis regard the
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aldehyde maity can be substitutedia a ketone, the acid grouga a primary amidé and

intramolecular sstemsvia intermolecular reaction partners (Scherbg

o) 0
OH NH, 0 o
R R1JJ\OH kR2
|
o) o)
227 228 229 230
0 0
0O OE
o) NH
R1JJ\O)\R2
R OF OE

Scheme75: Passible substrates.

Subsequently, from a multicatalytic as well as synthetic point of viewgdiveedknowledge

can lead to further projects or can help to develop approaches in the right direction.

130



7. Abbreviations

+| effect
+M effect

anhyd
Ac
Ad
AdGly

aq
Ar
B
Bn
Boc
bs
calc.
cat.
Cbz
Cha
CM
conc.
conv.

COosY
CPO
Cy

d
Dap
DBU

DCC
DCM
DEPT

DFT
DiBAL
DIC
DIPEA
DMAP
DMF
DMM
DMP
DMSO
E+
EDAC

Positive or negati inductive
effect

Positive or negative mesome
effect

Anhydrous

Acetyl

Adamantyl

2-Adamantyl amino acid (for
the sake of convenience)
Aqueous

Argon

Chiral base

Benzyl
tert-Butyloxycarbonyl

Broad signal

Calculated

Catalyst

Carboxybenzyl
Cyclohexylalanine

Catalytic moiety
Concentration

Conversion

Correlation spectroscopy
Chloroperoxdase
Cyclohexyl

Doublet
2,3-Diaminopropionic acid
1,8-Diazabicyclo[5.4.0Jundec
7-ene
N,N-Dicyclohexylcarbodiimidg
Dichloromethane
Distortionless enhancement g
polarization transfer

Density functional theory
Diisobutylaluminium hydride
N,N-Diisopropylcarbodiimide
N,N-Diisopropylethylamine
4-Dimethylaminopyridine
N,N-Dimethylformamide
Dimethoxymethane
DessMartin periodinane
Dimethyl sulfoxide
Electrophile

N-Ethyl-NNj3-
dimethylaminopropyl)carbo

diimide hydrochloride

LD
LDA

Leu
lit.

m.p.
mCB
mMCPBA
Me
MHz
mL

MS
MTBE
NBS
NHC
NHO
NMR
NOESY

Nu
oC
o-DPPB

PG
Ph
Phe

PMH
pNBA

ppm

Pr
Pro
PTC
pTSA

quant.
r.t.

resp.
Rt
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Loading didomain
Lithium diisopropylamide

Leucine

Literature

Multiplet (NMR); medium (IR)
mol L' !

Melting point
metaChlorobenzoic acid
metaChloroperbenzoiacid
Methyl

Megahertz

Millilitre

Mass spectrometry

Methyl tert-butyl ether
N-Bromosuccinimide
N-Heterocyclic carbene
N-Heterocyclic olefin
Nuclear magnetic resonance
Nuclear Overhauser effect
spectroscopy

Nucleophile

Organic carbonate
o-Diphenylphosphinobenzoic
acid

Protecting group

Phenyl

Phenylalanine

"-Methyl histidine
para-Nitrobenzoic acid
Parts per million

Propyl

Proline

Phase transfer cataljsatalysis
para-Toluenesulfonic acid
Quatet

Quantitative

Organic group

Room temperature
Respectively

Retention time
Singlet(NMR); strong (IR)
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https://en.wikipedia.org/wiki/Nuclear_Overhauser_effect
https://en.wikipedia.org/wiki/P-Toluenesulfonic_acid

EDTA
ee

El
equiv
er
ESI
Et

et al.
eV
FID
Fmoc
GC
GP

HATU

HBTU

HMBC
HOBt
HPLC
HR
HSAB
HSQC
Hz
M
'"Pr

IR

LAH

Ethylenediaminetetraacetate
Enantiomeric excess
Electron ionization
Equivalent(s)

Enantiomeric ratio
Electronsprayionization
Ethyl

And others

Electronvolt
Flameionization detector
Fluorenylmethyloxycarbonyl
Gas chromatography
General procedure

Hour(s)
O-(7-Azabenzotriazoll-yl)-
N,N,NNjlNjetramethyluronium
hexafluorphosphat
2-(1H-Benzotriazoll-yl)-
1,1,3,3tetramethyluronium
hexapuorophos
Heteronuclear multipkpond
correlation spectroscopy
1-Hydroxybenzotriazole

High-pressure liquid
chromatography

High resolution

Hard and soft acid and base
Heteronuclear single quantun
coherence

Hertz

Intermediate

iso-Propyl

Infrared

Coupling constant

Lithium aluminum hydride

sat.
SPPS

tAmyl
TBA
TBDPS
TBHP
TBS

'‘Bu

TE

TEA
TEMPO

TFA
TFMK

THF

TLC
TMS
TS
TUC
UHP
uv
Val
VS

VW

wt%
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Saturated

Solid phase peptide synthesis
Time; triplet

Temperature

tert-Amyl
Tetrabutylammonium
tert-Butyldiphenyilsilyl
tert-Butyl hydroperoxide
tert-Butyldimethyilsilyl
tert-Butyl

Thioesterase

Triethylamine

(2,2,6,6 Tetramethypiperidin
1-yl)oxy

Trifluoroacetic acid
Trifluoromethyl ketone

Tetrahydrofuran

Thin-layer chromatography

Trimethylsilyl;
tetramethylsilane
Transition state

Thiourea catalyst
Urea hydrogen perace
Ultraviolet

Valine

Very strong
Very weak
Weak

Weigth percent
Chemical shift
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9. Experimental Setion

9.1. General Information
Chemicals were purchased from Alfa Aesar, Acros Organics, Fluka, Fluorochem, Merck,
Novabiochem, Roth, Sigma Aldrich, and TCI used without further purificaBotzents for
column chromatography, extractions, filtrations, andysallizations were distilled prior use.
After drying anhyd. solvents using standard procedures they were stored under Ar and over
activated molecular sieves (3 A or 4 A) or sodium. Column chromatography was carried out
with silica gel60 M (MachereyNagéd; 0.0401 0.063 mm, 230 400 mesh ASTM)TLC was
performed using precoated Machéiggel plastic sheets Polygr8r8IL G/UVzs4 (Macherey
Nagel; 0.2 mm silica gel layer with fluorescent indicaté®r visualization ultraviolet (UV)
light (254 nm) or staimg solutions (2,4initrophenylhydrazine: 1.0 g hydrazine, 5 mL
concentrated p$Qs, 8 mL HO, 237 mL EtOH; KMn@: 2.5 g KMnQ, 8.3 g kCOs, 250 mL
H20; ninhydrin: 0.2 weight percent (wt%) in ethanol; phosphomolybdic acid: 5 wt% in ethanol)

were utilized.

All NMR spectra were recorded on Bruker AV 200, AV 400 or AV 600 spectrometers.
Chemical shiftsi) are reported in parts per million (ppm) using either tetramethylsilane (TMS)
or the corresponding residual solvent signal as internal staliéfuSitructural asignments
were made employing istortionless enhancement by polarization transfer (DEPT) and
2D-NMR spectra ¢orrelation spectroscopy (COS¥jeteronuclear multipleond correlation
spectroscopyHMBC), heteronuclear single quantum coherernd8QC),nuclear Overhauser
effectspectroscopy (NOESY.Data are reported as follow®: multiplicity (bs: broad signal,

s: singlet, d: doublet, t: triplet, g: quer, m: multiplet, or combinations thereof), integration,
coupling constant]j in hertz (Hz), assignmenR spectra were measured on a Bruker IFS25
spectrometer. ESWIS was performed employing a Finnigan LE@o spectrometer. HRIS

was performe@mployirg eitheraThermo Scientific LTQ FT Ultra€SI) oraFinnigan MAT95
sectorfieldspectrometer (EI}For ESI measurements a methanol solution of the corresponding
compound was usedReaction progress and product formation was monitored BWWGSC
analysis witha Hewlett Packard 5890 gas chromatograph with flaonézation detector (FID)

and aQuadropoiMS Hewlett PackartSD 5971 detector (El, 70 eV) and®&-5MS column

(30 m x 0.250 mmyvas used. Eitherhiral stationary phase GC analyses on Hewlett Packard
5890 or 6890 gas chromatographsr chiral stationary phase HPLC with a Dionsystem
(Dionex P680HPLC pump Shodex RI101 detectgrwere used to monitor endwselective

product formation.Analytic HPLC was performed using $pectra SP 8700 system and
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prepaative HPLC utilizing a Knauer system (Knauer HPLC Pump 64, Knauer 2151 Variable
Wavelength Monitor)For measurement of eiting points(m.p) a Kriss KSP1N capillary
melting point apparatus was utilized-ray crystal structures were obtained using eitner
Bruker/Nonius FR591 rotating anodMd-KU, &= 0.71073 A) equipped with a graphite
monochromator, a Kappa CCD area dete@nd an Oxford Cryostream 600 low temperature
unit or a Bruker D8 Venture with duala Mo/Cu IuS microfocus source
(Mo-KU, a=0.71073 A,Cu-KU, a= 1.54178 A) and a graghimonochromator, equipped with

an Oxford Cryostream 700 low temperature unit.

9.2. Racemic Synthesis of Mop#cylated Compounds
9.2.1. Acyl Derivatives
General Procedure (GR1):
Catalytic amounts DMAP and 1.0 equiv alcohol were dissolved in DCM. Afterwards 1\0 equi
freshly distilled AeO and 1.0 equiv I’EA were added in one portion and the resulting mixture
was stirred at r.t.. At the end of the reaction the solvent was evaporated and the crude product

was purified utilizing column chromatography.

trans-2-Acetoxygyclohexan1-ol 4: (GP-1)

O,O\n/ The reation was performed with 0.01@ (0.090 mmol, 5 mol%) DMAP,
“on?  0.200 g (1.72 mmol, 1.0 equiv) diB) 0.163 mL (0.176 g, 1.72 mmol, 1.0 equiv)
4 Ac20, 0.292 mL (0.222 g, 1.72 mmol, 1.0 equiv)PBA, and 9 mL DCM.

The resultingmixture was stirred for 19 h. After purificatioria column chromatography

(EtOACc) 0.133 g (0.841 mmol, 49%)were isolated as colorless oil.

Rt: 0.50 (EtOAC).

IH-NMR (200 MHz, CDC4): ti= 4.6 4.49 (m, 1 H); 3.583.47 (m, 1 H); 2.56 (bs, 1 H); 211

1.91 (m, 5 H); 1.771.61 (m, 2 H); 1.461.11 (m, 4 H) ppm.

13C-NMR (50 MHz, CDC}): U= 1715; 783; 728; 332; 301; 23.8; 2.0, 215 ppm.

Analytic data are identical tihosereported irliteraturel*’4

Chiral GC analysis:

Enantiomers o#t were separated by chiral GC employin@@ m FSHydrodex2-DiMOM
column (MachereyNagel). T (Injector + Detector) = 250 °CSplitflow = 80 mL/min
Precolumn pressure = 0.8 b&onditions: mitial temperature: 100 °Qnitial time: 45 min
Retentionimes: Rt = 42.0 min; Ri = 43.5 min
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cis-2-Acetoxycyclohexanl-ol 5: (GP-1)
0 The reation was performed with 0.01@ (0.090 mmol, 5 mol%) DMAP,
C[O:o( 0.200 g (1.72 mmol, 1.0 equiv) di®| 0.163 mL (0.176 g, 1.72 mmol, 1.0 equiv)
5 Ac20, 0.292 mL (0.222 g, 1.72 mmol, 1.0 equiv)PBA, and 9 mL DCM.
The resilting mixture was stirred for 19 FAfter purification via column chromatography
(EtOACc) 0.178 g (1.13 mmol, 65%)were isolated as colorless oil.
Rt 0.52 (EtOAC).
'H-NMR (400 MHz, CDC}): G = 4.90 (dt, 1 HJ= 8.1 Hz,J = 2.8 Hz); 3.883.85 (m, 1 H);
2.08 (s, 3 H); 1.94 (bs, 1 H); 1:8.73 (m, 2 H); 1.6i71.54 (m, 4 H); 1.4011.33 (m, 2 H) ppm.
13C-NMR (101 MHz, CDC#): li=170.9 744, 692; 304; 27.0; 222; 214; 21.0 ppm.

Analytic dataare identical tahosereported in literatur&”

Chiral GC analysis:

Enantiomers ob were separated by chiral GC employing a 30 mHy8rodex o TBDAC
column (MachereyNagel). T (Injector + Detector) =250 °C Splitflow = 80 mL/min
Precolumn pressure = 0.8 baondition: nitial temperature: 100 SCfinal temperature:
140 °C rate: 2.00 °C/minRetention Times: Rt= 14.3 min; R = 15.2 min

trans-2-Acetoxycyclohexyl E)-3-pentenoate33: (GP-1)

O,O\n/\/\ The reation was performed with 0.0@8(0.020 mmol, 8 mol%) DMAP,
o 0.050 g (0.252 mmol, 1.0 equiv) monoest@0a 24.0 pL

33 (25.9 mg, 0.254 mmol, 1.0 equiv) A2, 43.0 L (32.7 mg, 0.253 mmol,

1.0 equiy DIPEA, and 2 mL DCM. Based on TLC further 24.0 pyL (25.9 mg, 0.254 mmol,

1.0 equiv) AeO and 43.0 pL (32.7 mg, 0.253 mmol, 1.0 equivipBA were added after 5.5 h.

The reaction mixture was stirred 31 h. After purificatigia column chromatography

(n-hexane:EtOAc 4:1 to 2:1) 0.055 g (0.229 mmol, 9138 Wwere isolated as colorless oll.

R¢: 0.49(n-hexane:EtOAc 2:1)

'H-NMR (400 MHz, CDC#): 1=5.615.45 (m, 2 H, €ICH); 4.84 4.76 (m, 2 H, €1ICO); 2.97

(d, 2 H,33=6.3 Hz, G,.CHCH); 2.06 2.00 (m, 2 HHcy); 2.00 (s, 3 H, €3); 1.76 1.70 (m, 2

H, Hcy); 1.69 1.67 (m, 3 H, CHEl3); 1.44 1.29 (m, 4 HHcy) ppm.

13C-NMR (101 MHz, CDC#): Gi= 1717 (CO); 1706 (CO); 1295 (CH.CH); 1228 (CHCH);

739 (CHO); 738 (CHO); 385 (CH.CH); 303 (CH2CHO); 302 (CH.CHO); 257

(CH2CH>CH); 2356 (CH2CH>CH); 212 (CHg); 18.1 (CHCH3) ppm.
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cis-2-Acetoxycyclohexyl E)-3-pentenoate34: (GP-1)
C[O\n/\/\ The reaction was performed with 0.003 g (0.020 mmol, 8 mol%) DMAP,

or 0.049 g (0.247 mmol, 1.0 equiv) monoest@la 24.0 pL

34 (25.9 mg, 0.28 mmol, 1.0 equiv) A€, 43.0 pL (32.7 mg, 0.253 mmol,

1.0 equiv) DPEA, and 2 mL DCM. Based on TLC further 24.0 pL (25.9 mg, 0.254 mmol,
1.0 equiv) AeO and 43.0 pL (32.7 mg, 0.253 mmol, 1.0 equiviPBA were added after 6 h.
The reaction mixture was s&d 25 h. After purificationvia column chromatography
(n-hexane:EtOAc 4:1) 0.045 g (0.187 mmol, 7634)were isolated as colorless oil.
Rf: 0.50(n-hexane:EtOAc 2:1)
IH-NMR (400 MHz, CDC$): Ui = 5.645.48 (m, 2 H, GICH); 5.045.02 (m, 1 H, EICO);
5.004.97 (m, 1 H, €ICO); 3.003.01 (m, 2 H, E12CHCH); 2.02 (s, 3 H, B3); 1.88 1.77 (m,
2 H,Hcy); 1.68 (d, 3 H3J=5.0 Hz, CHG®13); 1.66 1.58 (M, 4 HHcy); 1.5% 1.35 (M, 2 HHcy)
ppm.
13C-NMR (101 MHz, CDC#): ti= 1716 (CO); 1705 (CO); 1294 (CH.CH); 122.9 (CHCH);
712 (CHO); 71.0 (CHO); 383 (CH2CH); 278 (CH2CHO); 276 (CH.CHO); 2.0; 216; 212;
18.1 (CHCH3) ppm.

9.2.2. Unsaturated Esters
General procedure for the esterification using anhydrides (GR):
DMAP and diol were dissolved in DCM. Afterwards pyndiand anhydride were added in one
portion. The resulting mixture was stirred at r.t. and the reaction progresaamiteredvia
TLC. At the end of the reaction 10 mL of a brine were added. After phase separation, extraction
with either DCM or EtOAc (thre times 10 mL), and drying over p&O; the solvent was
evaporated. The crude product was purified utilizing column chromatography.

General procedure using the Steglich protocol (GB):

DMAP, EDAC, diol, and solid acids were solved in DCM. Afterwards TBA hquid acids

were added in one portion. The resulting mixture was stirred at r.t. and the reaction progress
was monitoredvia TLC. At the end of the reaction sat. NaHC®Was added. After phase
separation, extraction of the aqueous layer with D@ndl dying over NaSQs the solvent was

evaporated. The crude product was purified utilizing column chromatography.
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trans-2-Hydroxycyclohexyl crotonate17: (GP-2)
O\ﬂ/\/ The reaction mixture containing 0.021 g (0.172 mmol, 10 mol%) DMAP,
g o) 0.242 mL (0.252 g, 1.63 mmoQ.9 equiv) crotonic anhydride, 0.202 g

"“OH
17 (2.74 mmol, 1.0 equiv) did?, 0.840 mL (0.822 g, 10.4 mmol, 6.0 equiv)

pyridine, and 4 mL DCM was stirred for 16 h. EtOAc was used for the extraction.

After purification via column chromatographyn{hexane:EtOAc 4 to 0:1) 0.188 g
(1.02 mmol, 63%)7 were isolated as colorless oll.

Rf: 0.27 f-hexane:EtOAc 2:1).

'H-NMR (400 MHz, CDC$): ii=6.98 (dq, 1 H3J = 15.5 Hz3J = 6.9 Hz, GICHg); 5.84 (dq,
1 H,3) = 15.5 Hz,% = 1.7 Hz, CO®); 4.634.58 (m, 1 H, ®IOCO), 3.593.53 (m, 1 H,
CHOH); 2.44 (bs, 1 H, &); 2.072.00 (m, 2 HHc,); 1.86 (dd, 3 H3J = 6.9 Hz,J = 1.7 Hz,
CHa); 1.721.64 (m, 2 HHcy); 1.39 1.18 (M, 4 HHcy) ppm.

13C-NMR (101 MHz, CDC#): U= 1669; 1452; 1228; 78.0; 729; 33.1; 30.1; 24.0; 238; 18.1
ppm.

IR(Fm: ¥ = 3449 (vw); 2939 (w); 2863 (Viw);
HR-MS (ESI): m/z: 207.0997 [M + Nd](cal. 207.0992)391.2086 [2M + Nd](cal. 391.2091)

Analytic data are identical inosereported in literatee (5%

cis-2-Hydroxycyclohexyl crotonate18: (GP-2)
O\n/\/ The reaction mixture containing 0.013 g (0.106 mmol, 12 mol%) DMAP,
(I o) 0.121 mL (0.126 g, 0.816 mrhd).9 equiv) crotonic anhydride, 0.101 g

OH
18 (0.869 mmol, 1.0 equiv) di@, 0.420 mL (0.411 g, 5.12 mmol, 5.9 equiv)

pyridine, and 3 mL DCM was stirred for 20 h. DCM was used for the extraction.

After purification via column chromatographyn{hexane:EtOAc 4 to 1:1) 0.095 ¢
(0.516 mmol, 63%)8 were isolated as colorless oil.

Rf: 0.29 f-hexane:EtOAc 2:1).

H-NMR (400 MHz, CDC#): ti= 7.00 (dg, 1 H3J = 15.5 Hz3J = 6.9 Hz, GICHy); 5.88 (dq,
1 H,3=15.5Hz4)=1.6 Hz, CO®); 4.98 (dt, 1 H3J = 7.9Hz,3) = 2.7 Hz, GI1CO); 3.93
3.85 (m, 1 H, GIOH); 1.921.86 (m, 4 H, €Iz andHcy); 1.821.73 (m, 1 HHcy); 1.72 1.54
(m, 4 H,Hcy); 1.451.30 (m, 2 HHcy) ppm.

13C-NMR (101 MHz, CDC4): li= 1663; 1453; 122.9 74.0; 695; 305; 272; 221, 213; 181
ppm.

17

IR(Fm: { = 3443 (w); 2941 (m); 2866 {m); 1717
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HR-MS (ESI): m/z: 207.1002 [M + N&](cal. 207.0992)391.2092 [2M + Nd](cal. 391.2091)

Chiral GC analysis:

Enantiomers ofL8 were separated by chiral GC employia 30 m FSlydrodexo-TBDAC
column (MachereyNagel). T (Injector + Detector) =250 °C Splitflow = 80 mL/min
Precolumn pressure = 0.8 b&wonditions: mitial temperature: 130 QGnitial time: 55 min
Retentiontimes: Rt = 31.5 min; Ri= 32.2 min

trans-2-Hydroxycyclohexyl (E)-3-pentenoate 20a(GP-3)
The reaction mixture containing 2.60 mg (0.021 mmol, 2 mol%) DMAP,

o ¥
OT,OJOM 0.101 g (0.869 mmol, 1.0 equiv) di®] 0.087 mL (0.086 g, 0.857 mmol,
20a 1.0 equiv) 3pentonic acidl9a 0.165 g (0.861 mmol, 1.0 equiZDAC,

0.120 mL (0.087 g, 0.861 mmol, 1.0 equiv) TEA, and 5 mL DCM was stirred for 25 h.
The reaction was quenched with 10 mL sat. Nakl@@l the aqueous layer was extracted with
DCM (three times 10 mL). After purificatiomia column chromatographynthexane:EtOAc
3:1t0 0:1) 0.120 g (0.605 mmol, 71Z)awere isolated as colorless oil.

Rf: 0.23 f-hexane:EtOAc 2:1).

IH-NMR (400 MHz, CDC4): Ui = 5.645.49 (m, 2 H, GICH); 4.60 4.54 (m, 1 H, EIOC);
3.60'3.53 (m, 1 H, GIOH); 3.09 3.00 (m, 2 H, COEl»); 2.13 (d,1 H,3J=3.9 Hz, 1), 2.08

1.97 (m, 2 HHcy); 1.75 1.63 (m, 5 H, Gz andHcy); 1.40'1.18 (m, 4 HHcy) ppm.

13C-NMR (101 MHz, CDC#): U = 1726 (CO); 1297 (CH.CH); 1228 (CHCH); 786
(CHOCO); 729 (CHOH); 384 (CH2CH); 331 (CH2CHOH); 30.1 (CHCHOCO); 24.0
(CH2CH2CHOCO); 239 (CH2CH2CHOH); 18.1 (CH3) ppm.

IR(Fim): ¥ = 3429 (s): 2939 (s); 2865 1s); 1722
HR-MS (El): m/z: 198.1239cal. 198.1256)

MS (ESI): m/z: 221.1 [M + Na] (cal. 221.1); 237.1 [M + K](cal. 2371); 418.9 [2M + Na]

(cal. 419.2).

Chiral HPLC analysis:

Enantiomers of 20a were separated by chiral HPLC employing a 25 cm
Chiralpak IAcolumn (4.6 mm ID, Daicel) in combination with an tétector (220 nm¥low

= 0.700mL/min. Solvent nixture: n-hexanesopropanol 90:10Retentiontimes: Rt = 11.7
min; Rt = 17.7 min
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trans-2-Hydroxycyclohexyl 4-pentenoate 20b{GP-3)
The reaction mixture containing 0.021 g (0.172 mmol, 1 mol%) DMAP,

o
X
OiO:o]/\/\ 2.00 g (17.2 mmol, 1.0 equiv) did, 1.74 mL (1.71 g, 17.0 mmol,
20b 1.0 equiv) 4pentonic acidl9b, 3.32 g (17.3 mmol, 1.0 equiv) EDAC,

2.40mL (1.74 g, 17.2 mmol, 1.0 equiv) TEA, and 80 mL DCM was stirred for 42 h. The reaction
was quenched with 80 mL sat. NaHE@nd the aqueous layer was extracted with DCM
(three timeslO mL). After purificationvia column chromatographyn{hexane:EtOAc 2:1)

1.51 g (7.62 mmol, 45%90b were isolated as colorless oil.

Rf: 0.32 f-hexane:EtOAc 2:1).

1H-NMR (400 MHz, CDC}): U = 5.83 (ddt, 1 H3J = 16.4 Hz,*) = 10.3 Hz,3J = 6.2 Hz,
CHCHy); 5.095.04 (m, 1 H, CHEl»); 5.035.00 (m, 1 H, CHEl»); 4.614.55 (m, 1 H,
CHOC); 3.573.51 (m, 1 H, ®IOH); 2.472.43 (m, 2 H, COB2CHCH); 2.41 2.35 (m, 2 H,
CH2CHCHp); 2.15 (bs, 1 H, €); 2.07 1.97 (m, 2 HHcy); 1.74 1.64 (m, 2 HHcy); 1.391.19

(m, 4 H,Hcy) ppm.

13C-NMR (101 MHz, CDC#): U = 1734 (CO); 1369 (CHCHy); 1158 (CHCHy); 784
(CHOCO); 729 (CHOH); 34.0 (CH2CH2CH); 33.1 (CH2.CHOH); 301 (CH.CHOCO); 292
(CH2CH2CH); 24.0 CH.CH>CHOCO); 239 (CH2CH.CHOH) ppm.

IR(Fim): ¥ = 3445 (m); 2940 (vs); 2863 (*s); 173
HR-MS (El): m/z: 198.1227cal. 198.1256)

Chiral HPLC analysis:

Enantiomers of 20b were separated by chiral HPLC employing a 2% c
Chiralpak IAcolumn (4.6 mm ID, Daicel) in combination with an tétector (254 nm}low

= 1.00mL/min. Solventmixture: n-hexane:isopropanol 95:Retentiontimes: Rt = 13.4 min;
Rt = 14.7 min

cis-2-Hydroxycyclohexyl (E)-3-pentenoate 21a{GP-3)
The reaction mixture containing 1.05 mg (0.009 mmol, 1 mol%) DMAP,

o =
CEOJO]/\/\ 0.103 g (0.887 mmol, 1.0 equiv) digl 0.089 mL (0.088 g, 0.876 mmol,
21a 1.0 equiv) 3pentonic acidl9a 0.165 g (0.861 mmol, 1.0 equiv) EDAC,

0.120 mL (0.087 g, 0.861 mmol, 1.0 equiv) TEA, ahdnL DCM was stirred for 24 h.
The reaction was quenched with 10 mL sat. Nakl@@l the aqg layer was extracted with DCM
(three times 10 mL). After purificatiomia column chromatographyn{hexane:EtOAc 2:1 to
0:1) 0.093 g (0.469 mmol, 54%)awere isoléed as colorless oil.
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Rf: 0.24 o-hexane:EtOAc 2:1).

IH-NMR (400 MHz, CDC}): Ui= 5.635.50 (m, 2 H, EICH); 4.92 (dt, 1 H3J = 8.1 Hz,3) =
2.8 Hz, GHOC); 3.883.83 (m, 1 H, GIOH); 3.06 3.04 (m, 2 H, CO#>); 1.92 (bs, 1 H, B);
1.881.81 (m, 1 HHcy); 1.791.72 (m, 1 HHcy); 1.7111.68 (m, 3 H, El3); 1.651.54 (m, 4
H, Hey); 1.421.31 (m, 2 HHcy) ppm.

13C-NMR (101 MHz, CDC$): U = 172.0 (CO); 1297 (CH.CH); 1228 (CHCH); 744
(CHOCO); 693 (CHOH); 384 (CH2CH); 304 (CH2CHOH); 27.0 (CH.CHOCO); 2.1
(CH2CH2CHOCO); 212 (CH2CH2CHOH); 18.1 (CH3) ppm.

IR(Film): 1 = 34 3(8);2866 &)) 1719 2v8):41082 (vs): 887 (m); 596 (W) ém
HR-MS (El): m/z: 198.124(cal. 198.1256)

MS (ESI): m/z: 221.0 [M + Na] (cal. 221.1); 237.1 [M + K](cal. 237.1); 418.9 [2M + N3]
(cal. 419.2).

Chiral GC analysis:

Enantiomers oRlawere seprated by chiral GC employing a 30 m ChiraldeX & column
(Astech).T (Injector + Detector) 250 °C Splitflow = 80 mL/min Precolumn pressure = 0.8
bar. Conditions:Initial temperature: 80 °CFinal temperature: 150 SQRate: 1.00 °C/min
Retentiontimes: Rt = 56.5 min; Ri = 57.5 min

cis-2-Hydroxycyclohexyl 4-pentenoate 21b:

(:[O\[M The reation mixture containin-g O.C-)ZQ (0.180 mmol, 1 mol%) DMAP,
o2 2.00 g (17.2 mmol, 1.0 equiv) did, 1.80 mL (1.77 g, 17.6 mmol,

21b 1.0 equiv) 4pentonic acidl9b, 3.32 g (17.3nmol, 1.0 equiv) EDAC,

2.40mL (1.74 g, 17.2 mmol, 1.0 equiv) TEA, and 80 mL DCM was stirred for 43 h. The reaction

was quenched with 80 mL sat. NaH&E&nd the aq layer was extracted with DCM (three times

10 mL). After purificationvia column chromatogrdyy (n-hexane:EtOAc 2:1) 1.69 g (8.52

mmol, 50%)21b were isolated as colorless oil.

Rs: 0.36 fi-hexane:EtOAc 2:1).

'H-NMR (400 MHz, CDC}): U = 5.84 (ddt, 1 H3J = 16.3 Hz,%) = 10.3 Hz,3) = 6.1 Hz,

CHCHy); 5.10 5.05 (m, 1 H, CHEl2); 5.03 5.00 (m, 1 H, CHEl,); 4.94 (dt, 1 H3) = 8.2 Hz,

3J=3.0 Hz, G10C); 3.883.83 (m, 1 H, EIOH); 2.48 2.45 (m, 2 H, COB,CH,CH); 2.43

2.36 (M, 2 H, GI,CHCH,); 1.89 (d, 1 H3J=4.0 Hz, OH); 1.851.70 (m, 2 HHcy); 1.68 1.54

(m, 4 H,Hcy); 1.431.30 (M, 2 HHcy) ppm.
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13C-NMR (101 MHz, CDCH): U = 1728 (CO); 1369 (CHCH,); 1158 (CHCH,); 743

(CHOCO): 693 (CHOH); 339 (CH2CH,CH); 305 (CH2CHOH); 291 (CH.CH,CH): 271
(CH.CHOCO); 221 CH;CH,CHOCO); 212 (CH2CH;CHOH) ppm.

IR(Fm: { = 3455 (w); 2940 (m); 2863 (W}; 1732
HR-MS (ESI): m/z: 221.1158 [M + N&](cal. 221.1148)419.2411 [2M + Nd](cal. 419.2404)

Chiral HPLC analysis.

Enantiomers of 21b were separated by chiral HPLC employing a 25 cm
Chiralpak IAcolumn (4.6 mm ID, Daicel) in combination with BrY-Vis-detector (220 nm).
Flow = 1.00mL/min. Solventmixture: n-hexandso-propanol 97:3Retentiortimes: Ri = 13.9
min; Rt = 15.5 min

9.2.3. N-Acylated Sulfoximines
General Procedure (GP4):
Catalytic amounts DMAP antthe correspondingulfoximine were dissolved in 2 mL DCM.
Afterwards, freshly distilled A© and DPEA were added in one portion. The resulting nrixtu
was stirred at r.t. and the reaction progressmasitoredvia TLC. At the end of the reaction
10 mL sat. NaHC@were added. After phase separation, washing with DCM, and drying over
NaSQy the solvent was evaporated. The crude product was purifiéidingti column
chromatography.

1-(o-Fluorophenylmethylthioamino)-1-ethanone 9a(GP-4)

F O A reaction mixture containing 4.10 mg (0.034 mmol, 27 mol%) DMAP,

|
H:i /8\\ /” Ac

)4 //§\§§N' 22.0 mg (0.127 mmoI., 1.0 equiv) sulfoximida, 0.014 mL (15.1 mg,
s 4 H 0.148 mmol, 1.2 equiv) A©O, and 0.24 mL (18.2 mg, 0.141 mmol,

1.1 equiv) DPEA was stirred for 28 h. After 8 h further 1.1 equiv@c
and DPEA were added. After purificatioria column chromatography{hexane:EtOAc 1:2

H 4
H*  9a

to 1:3) 18.0 mg (0.084 mmol, 66%a were isolated as colorless oil.

Rs: 0.26 fi-hexane:EtOAc 1:2).

IH-NMR (*°F) (400 MHz, CDC#): ti= 8.05 (dd, 1 H3 = 8.0 Hz,*J = 1.4 Hz H®); 7.63i 7.64
(m, 1 H,H%:; 7.39 (t, 1 H3J = 7.7 Hz,H%; 7.25 (d, 1 H3J = 8.6 Hz,H3); 3.42 (s, 3 H, SH3);
2.11 (s, 3 H, CO&s) ppm.

13C-NMR (101 MHz, CDC#): Ui = 180.0 (CO); 1584 (C8, 1Jcr = 254.8 Hz);1363 (C7, 3Jcr =
8.5 Hz); 130 (CP):; 1264 (C°, 2Jcr = 14.0 Hz); 123 (C* “Jcr = 3.7 Hz); 117.4C8, 2Jcr =
21.3 Hz); 434 (SCHs, *Jcr = 3.5 Hz); 266 (COCH3) ppm.
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IR(Fim): ¥ = 3019 (vw),; 2929 (vw); 2090 (vw);

1231 (s); 1037 (m); 826 (m); 765 (m) ; 483 (m) cm

HR-MS (ESI): m/z: 216.0498 [M + H](cal. 216.0489)238.0314 [M + Na](cal. 238.0308)
453.0725 [2M + Nd](cal. 453.0725)

MS (ESI): m/z: 238.1 [M + Na] (cal. 238.0); 452.9 [2M + Na]cal. 453.1).

Chiral GC analysis:

Enantiomers oBPa were separated by chiral GC employing a 30 mHy8rodexo-TBDAC
column (MachereyNagel). T (Injector + Detector) = 250C. Splitflow = 80 mL/min
Precolumn pressure = 0.8 b&onditions:Initial temperature: 140 °CFinal temperature:
250 °C Rate: 2.00 °C/minRetentiontimes: R{ = 34.0 min; R{= 35.8 min

1-(o-Chlorophenylmethylthioamino)-1-ethanone 9b:(GP-4)
¢l o A reaction mixture containing 4.10 mg (0.019 mmol, 21 mol%) DMAP,
Hiﬁ/“\\Sﬁ;\N'AC 17.0 mg (0.090 mmol, 1.0 equiv) setimine 8b, 34.2 pL (36.9 mg,
Hsj\fk*‘s 0.362 mmol, 4.0 equiv) A©, and 61.5 pL (46.7 mg, 0.362 mmol,
"o 4.0 equiv) DPEA was stirred for 24 h. After purificatioma column
chromatography nthexane:EtOAc 1:2) 14.0 mg (0.060 mmol, 679 were isolated as
colorlessoil.
Rf: 0.29 f-hexane:EtOAc 1:2).
H-NMR (400 MHz, CDC#): ii= 8.24i 8.2 (m, 1 H,H*; 761i 7.51 (m, 3 H,H®); 3.43 (s, 3
H, SCH3); 2.11 (s, 3 H, COHz3) ppm.
13C-NMR (101 MHz, CDC#): i=1797 (CO); 1362 (C?); 1348 (CH); 1322 (CH); 1318(C);
1311 (C%; 128.0 (CH); 42.0 (SCH3); 264 (COCHs3) ppm.
IR(KBr): ¥ = 3014 (m):; 2931 (m); 2087 (vw);
1268 (vs); 1213 (vs); 1051 (vs); 969 (vs); 824 (s); 761 (vs); 510 (vs); 465'($) cm
HR-MS (ESI): m/z: 254.0017 [M + i]" (cal. 254.0013)485.0133 [2M + Nd](cal. 485.0134)
MS (ESI): m/z: 254.0 [M + Na] (cal. 254.0); 485.4 [2M + NaJcal. 485.0).

Chiral GC analysis:

Enantiomers oBb were separated by chiral GC employing a 30 rHy8rodexo-TBDAC
column (MachereyNagel). T (Injector + Detector) = 250C. Splitflow = 80 mL/min
Precolumn pressure = 0.8 ba&onditions:Initial temperature: 140 °CFinal temperature:
250 °C Rate: 2.00 °C/minRetentiontimes: R{ = 37.7 min; R{ = 38.8 min
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1-(o-Bromophenylmethylthioamino)-1-ethanone 9c:(GP-4)

Br 0O A reaction mixture containing 3.30 mg (0.027 mmol, 37 mol%) DMAP,
Hig-dsg S5y A0 17.0 mg (0.073 mmol, 1.0 equiv) sulfoximi®e, 0.021 mL (22.7 mg,
0.222 mmol, 3.1 equiv) AO, and 0.038 mL (28.8 mg, 0.223 mmol,

1 I Me
PR ST
3.1 equiv) DPEA was stired for 24 h. After purificatiorvia column

T 9c
chromatography ncthexane:EtOAc 1:2) 11.0 mg (0.040 mmol, 559¢) were isolated as
colorless oil.

Rf: 0.29 f-hexane:EtOAc 1:2).

H-NMR (400 MHz, CDC$): ti=8.27 (dd, 1 H3J=8.0 Hz,*J= 1.7 Hz,H®); 7.76 (dd.1 H,3J
=7.9Hz4=12HzH; 758 (dt, 1 H3=7.7 Hz}J = 1.2 Hz,H%; 7.48 (dt, L H3) = 7.7
Hz,4J= 1.7 Hz,H3); 3.45 (s, 3 H, SB3); 2.12 (s, 3 H, CO83) ppm.

13C-NMR (101 MHz, CDC}): ti=1797 (CO); 1379 (C?); 1358 (C’); 1348 (C°); 132.0 (C);
1286 (C%); 1193 (C®); 418 (SCH3); 264 (COCH3) ppm.

IR(KB): ¥ = 3002 (m); 2922 (s); 2090 (vw);
(vs); 1045 (vs); 959 (s); 831 (s); 758 (s); 507 (s); 456 ($)'cm

HR-MS (ESI): m/z: 297.9514 [M +Na]" (cal. 297.9508)

MS (ESI): m/z: 297.9 [M + Na](cal. 298.0).

Chiral GC analysis:

Enantiomers oBc were separated by chiral GC employing a 30 mHy8rodexo-TBDAC
column (MachereyNagel). T (Injector + Detector) = 250C. Splitflow = 80 mL/min
Preolumn pressure = 0.8 ba€onditions:Initial temperature: 140 °CFinal temperature:
250 °C Rate: 2.00 °C/minRetentiontimes: R{ = 42.3 min; R{= 43.1 min

9.3. Catalytic Acylation
9.3.1. PeptideBased Steglich Esterification of Pentonic Acids and Diols
For the kinetic resolutioithe reaction vessel was charged with 1.0 equiv dieR(Bissolved
cat.1 (toluene, 2 mol%), 1.2 equiv DIC, and 2.0 equiv pentenoic E&advere rinsed into the
reaction vial using 4.40 mL anhyd. toluene. The resulting mixture coated to 0 °C.
Samples of 0.5 mL were taken, quenched with Me@tdl analyzed directlyia chiral GCor
HPLC.

For the desymmetrizatidhe reaction vessel was charged with 2 mol%Icatl.0 equiv DCC,

and 1.0 equivmese3. 2.0 equiv pentenoic acitPa were rinsed into the reaction vial using
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4.00 mL anhyd. toluene. The resulting mixture was cooled to 0 °C. Samples of 0.5 mL were

taken, quenched with MeQldnd analyzed directlyia chiral GC.

9.3.2. Sulfoximines
The reaction vessel was charged with sulfoximireshly distilled AgO, DIPEA as well as
the corresponding volume of a stock solution containing the cat. were rinsed into the reaction
vial using anhyd. toluene. In total 4.00 mL anhyd. toluene were used. The resulting mixture
was cooled to 0 °C. Sampglef 0.5 mL were taken, quenched with Me@Hd analyzed directly
via chiral GC.

9.4. Synthesis of Peptide Catalysts
9.4.1. Peptide Synthesis in Solution
Methyl ester protection/Boc deprotection (GP5):
1.0 equiv of the Boprotected amino acid was dissolved in MeQHe resulting mixture was
cooled to 0 °C and afterwards SQ@@las added carefully. After removing the ice bath the
solution was stirred for 24 h at r.t.. The solvent was removed under reduced pressure and the
crude hydrochloride was used without furtharification.

Peptide coupling (GR6):

1.0 equiv of theC-terminal unprotected compound, 1.0 equiv of the hydrochloride, 1.1 equiv
HOBLt, and 1.1 equiv EDAC were dissolved in DCM. Finally, 1.1 equiv TEA were added and
the resulting reaction mixture was stigr at r.t. The organic layer was diluted with EtOAc,
washed three times with citric acid (0B, three times with sat. NaHGCand dried over either
MgSQ: or NaSQu. Finally, the solvent was removed under reduced pressure @awhporated
afterwards sesral times with DCM.

For BoecPMH-OH 2.0 equiv of EDAC, HOBt, and TEA were utilized.

Removal of the Bzl/Cbz-/(2-CI-Cbz)-PG (GP-7):

1.0 equiv of the protected compound was dissolved. After adding catalytic amounts of Pd/C the
resulting suspension was stilrat r.t. under a hydrogen atmosphere. After 24 h the reaction
mixture was filtered over Celiteand the deprotected product was usi@eéctly either for

catalytic test reactions or further coupling steps after evaporation of the solvent.

Removal of the Ba-PG (GP-8):
0.500 mmol of the Boprotected compound wedsssolved in 1.00 mL of HCI in 1dioxane

(4 M). The vessel was closed with a septum and the generated gas was purged periodically.
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After 1 h remaining HCIl was removed in an Ar flow. Finally, sodvent was removed under

reduced pressure and-ewvaporated afterwards several times with DCM.

Thoseprocedures were repeated until the desired oligopeptide was synthesized. The target

compound was purifiedia column chromatography or HPLC.

Removal of he methylester (GR9):

The methylester derivative was dissolved in DMF and Na@Q¥5%%) was added. The resulting
reaction mixture was stirred at r.t. for 24 h. Diluted HCl was added to obtain pH 5. The aq layer
was extracted with EtOAc. After drying oveed$ Qs the solvent was removed under reduced

pressure. Remaining DMF was removedler highvacuum.

Boc-PMH-AdGly -Cha-Phe-OMe 1:

o The synthesis of CIgN-PheOMe 130 was
(0] (0] . .
) /H\)kN H\)LN/Q(OMe performed with 2.07 g (7.80 mmol, 1.0 equiv)
S L Boc-PheOH 94, 1.80 mL (2.95 g, 24.8 mmol
C
N\\/j/ g 3.2 equiv) SOGI and 20 mL MeOH utilizing GB.
AN 1

1.69 g (7.84 mmol, quant.) hydrochloritid0were
obtained as colorless solid.
MS (ESI): m/z: 180.0 [M + Hj (cal. 180.1).

The synthesis of Be€haPheOMe was performed with 0.610 g (2.83 mmol, 1.0 efuiv
hydrochloride130, 1.28 g (2.83 mmol, 1.0 equiv) B&haOHADCHA, 0.605 g (3.
1.1 equiv) EDAC, 0.434 g (3.21 mmol, 1.1 equiv) HOBt, 0.432 mL (0.315 g, 3.11 mmol,
1.1 equiv) TEA, and 30 mL DCM utilizing G@. After 21 h the reaction mixture wasuted

with 300 mL EtOAc. For washing a volume of 25 mL was used. The organic layer was washed
additionally with 25 mL brine. 1.18 g (2.73 mmol, 96%) dipeptide were obtained as colorless
solid.

IH-NMR (400 MHz, CDC}): ti = 7.257.13 (m, 3 H and CHG); 7.077.01 (m, 2 H); 6.48

6.40 (m, 1 H); 4.824.71 (m, 2 H); 4.104.00 (m, 1 H); 3.64 (s, 3 H); 3.08 (dd, 143=13.8
Hz,3J=5.9 Hz); 3.01 (dd, 1 HJ=13.8 Hz,3J = 5.9 Hz); 1.701.50 (m, 7 H); 1.37 (s, 9 H);
1.271.01 (m, 4 H); 0.940.74 (m, 2 H) ppm.

13C-NMR (101 MHz, CDCY): li=1724; 171.8 1556; 1359; 1294; 1287; 1272; 802; 533;

526; 52.4; 400; 38.1; 341, 33.7; 32.7284; 265; 26.3; 261 ppm.

MS (ESI): m/z: 455.2 [M + Na] (cal. 455.3); 887.1 [2M Na]" (cal. 887.5).
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The synthesis of CIN-ChaPheOMe was performed with 1.16 g (2.68 mmol, 1.0 equiv)
Boc-ChaPheOH and 6.00 mL HCI in 14ioxane (4M) utilizing GR-8. 1.11 g (3.00 mmol,
quant.§ hydrochloride were obtained as colorless solid.

MS (ESI): m/z: 333.1 [M + HJ (cal. 333.2); 355.2 [M + Na](cal. 355.2); 687.1 [2M + N3]
(cal. 687.4).

The synthesis of BeAdGly-ChaPheOMe was performed with 0.989 g (2.68 mmol,
1.0 equiv) hydrochloride, 0.793 g (2.68 mmol, 1.0 equiv)-BdG&ly-OH, 0.576 g 8.00 mmol,

1.1 equiv) EDAC, 0.412 g (3.05 mmol, 1.1 equiv) HOBt, 0.409 mL (0.298 g, 2.95 mmaol,
1.1 equiv) TEA, and 30 mL DCM utilizing G@. After 18 h the reaction mixture was diluted
with 200 mL EtOAc. For washing a volume of 25 mL was used. The orggmicwas washed
additionally with 25 mL brine. 1.82 g (2.98 mmol, quatttipeptide were obtained as slightly
yellowish solid.

MS (ESI): m/z: 610.2 [M + HJ (cal. 610.4); 632.4 [M + Na](cal. 632.4); 1241.4 [2M + N3]

(cal. 1241.7).

The synthesis of EIsN-AdGly-ChaPheOMe was performed with 1.57 g (2.57 mmol,
1.0 equiv) BoeChaPheOH and 5.80 mL HCI in 14lioxane (4M) utilizing GR-8. 1.80 g
(3.30 mmol, quant)hydrochloride were obtained as slightly yellowish solid.

MS (ESI): m/z: 510.2 [M + HJ (cal. 510.3); 1019.5 [2M + H](cal. 1019.7) ; 1041.3 [2M +
Na]* (cal. 1041.6).

The synthesis of BeBEMH-AdGly-ChaPheOMe 1 was performed with 0.411 g (2.58 mmaol,
1.0 equiv) hydrochloride, 0.695 g B&4VIH-OH (2.58 mmol, 1.0 equiv), 0.999 g (5.21 mmol,
2.0 equiv) EDAC, 0.706 g (5.22 mmol, 2.0 equiv) HOBt, 0.717 mL (0.523 g, 5.17 mmol,
2.0 equiv) TEA, and 30 mL DCM utilizing G®. After 21 h the reaction mixture was diluted
with 200 mL EtOAc. For washing a volume of 25 mL was used. The organic layer wiasdva
additionally with 25 mL brine. Afterwards the aq layer was extracted with 100 mL EtOAc.
0.699 g (0.919 mmol, 36%) tetrapeptilevere obtained as slightly brownish solid.

IH-NMR (400 MHz, CDC}): ti= 7.577.52 (m, 1 H); 7.307.21 (m, 3 H and BCly); 7.1%

7.09 (m, 2 H); 6.86 (s, 1 H); 6.54 (d, 1= 7.7 Hz); 6.02 (d, 1 HJ = 7.9 Hz); 5.95 (s, 1 H);
5.24 (d, 1 H3J = 8.3 Hz); 4.824.77 (m, 1 H); 4.464.40 (m, 1 H); 4.264.14 (m, 1 H); 3.70
(s,3 H); 3.62 (s, 3 H); 3.1%8.04 (m, 2 H); 3.002.98 (m, 2 H); 2.19 (bs, 2 H); 1.08.87 (m, 6

9 Contains traces of solvent.
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H); 1.721.60 (m, 13 H); 1.521.46 (m, 1 H); 1.43 (s, 9 H); 1.27.07 (m, 4 H); 0.980.76 (m,
1 H) ppm.

13C-NMR (101 MHz, CDC#): U = 1765; 172.0; 1718; 1697; 1555; 1381; 1359; 1294;
1288; 1277; 127.5 127.4 1273; 80.7; 534; 5252; 5248, 508; 42.7; 423; 405; 404, 396;
38.3; 382; 38.0; 353; 343, 336; 328; 319; 2922; 2919; 28.4 27.1; 265; 26.3; 262 ppm.
MS (ESI): m/z: 761.5 [M + H] (cal. 761.5), 783.5 [M + Nd](cal. 783.4); 1521.3 [2M + H]
(cal. 1521.9); 1543.2 [2M + Najcal. 1543.9).

For tetrapeptidéd the analytic data are identicaltttosereported in literatur&3

Boc-Asp(OH)-AdGly-Cha-OMe 96:
The synthesis of BeAdGly-ChaOMe 98 was performed
o] 0 with 1.33 g (6.00 mmol, 1.0 equiv) CN-ChaOMe 97,
Boc™ " N T OMe 178 g (6.03 mmol, 1.0 equiv) BéwdGly-OH, 1.27 ¢
O~ o
Y 06 Cy (6.62 mmol, 1.1 equiv) EDAC, 0.890 g (6.59 mmol,
1.1 equiv) HOBt, 0.920 mL (0.671 g, 6.63 mmol, 1.1 equiv)

TEA, and 30 mL DCMutilizing GP-6. After 24 h the reaction mixture was diluted with
200 mL EtOAc. For washing a volume of 25 mL was used. 2.63 g (5.68 mmol, 95%) dipeptide

OH

98 were obtained as yellowish solid.

H-NMR (400 MHz, CDC}): i=5.93 (d, 1 H3)=8.1 Hz);4.64 (td, 1 H3J=8.7 Hz3J=55

Hz); 4.43 (bs, 1 H); 3.71 (s, 3 H); 212418 (m, 2 H); 1.961.86 (m, 5 H); 1.801.75 (m, 6 H);
1.70'1.61 (m, 9 H); 1.541.47 (m, 1 H); 1.42 (s, 9 H); 1.20.11 (m, 2 H); 0.980.84 (m, 2H)
ppm.

13C-NMR (101 MHz, CDC#): Gi= 176.3; 173.8; 52.2; 50.8; 49.8; 42.9; 42.6; 40.9; 40.1; 38.2;
35.3; 34.3; 33.4; 32.6; 29.2; 28.4; 26.3; 26.1; 26.0; 14.2 ppm.

The synthesis of ClkN-AdGly-ChaOMe was performed with 2.63 g (5.68 mmol, 1.0 equiv)
Boc-AdGly-ChaOMe 98 and 11.5 mL HCI in 14lioxane (4M) utilizing GR-8. The crude
product was obtained as yellowish solid and used directly without further purification.

The synthesis of BeAsp(OBzl}yAdGly-ChaOMe 99 was performed with the crude product
of the hydrochloride, 1.83 g (5.66 mmol, 1.0 equiv) B&p(OBzI}OH, 1.20 g (6.26 mmol,

1.1 equiv) EDAC, 0.850 g (6.29 mmol, 1.1 equiv) HOBt, 0.870 mL (0.634 g, 6.27 mmol,
1.1 equiv) TEA, and 30 mL DCM utilizing G€. After 24 h the reaction mixture was dédt

with 200 mL EtOAc. For washing a volume of 25 mL was used. After purificateocolumn
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chromatography (DCM:MeOH 30:1) 2.90 g (4.34 mmol, 77%) tripe@Rieere isolated as
colorless solid.

Rf: 0.40 OCM:MeOH 30:1).

MS (ESI): m/z: 568.3 [Mi Boc + HJ" (cal. 568.3); 690.3 [M + NaJ(cal. 690.4); 1357.0 [2M
+ NaJ" (cal. 1357.8).

The synthesis of carboxylic aewbntaining tripeptide96 was performed with 0.207 g
(0.310 mmol, 1.0 equiv) Barotected compouné9, 0.066 g (0.007 mmol, 20 mol%) Pd/C
(10%),and 25 mL'BuOH. 0.170 g (0.294 mmol, 95%) tripeptid@were obtained as colorless
solid. (GR7)

IH-NMR (400 MHz, CDC$): li= 6.49 (bs, 1 H); 6.16 (d, 1 H= 8.0 Hz); 5.74 (d, 1 HI= 7.1
Hz); 4.63 (td, 1 H) = 8.6 Hz,J= 5.5 Hz); 4.40 (bs, 1 H);.32 (s, 3 H); 2.94 (dd, 1 H,= 17.0
Hz,J= 3.9 Hz); 2.67 (dd, 1 H] = 16.5 Hz,J = 6.4 Hz); 2.262.19 (m, 2 H); 2.18.06 (m, 2
H); 2.06 1.89 (m, 5 H); 1.881.74 (m, 5 H); 1.781.58 (m, 8 H); 1.561.48 (m, 2 H); 1.45 (s,
9 H); 1.251.09 (m, 2 H); 1.000.80 (m, 1 H) ppm.

13C-NMR (101 MHz, CDC$): U= 17.0; 1769; 174.0; 1705; 1559; 696; 5251; 5248; 501;
427; 422; 405; 403; 40.1; 3828, 3825; 364; 353; 344; 336; 32.7; 313; 293; 284, 265;
26.3; 262 ppm.

IR(KBr): ¥ = 3367 (s); 2922 (vs); 2385B1): 1g5) ;
(w); 1169 (m); 1051 (vw); 1025 (vw); 620 (vw) &rh

HR-MS (ESI): m/z: 600.3261 [M + Nd](cal. 600.3255)

MS (ESI): m/z: 600.3 [M + Na] (cal. 600.3); 1177.2 [2M + Na]cal. 1177.7).

Boc-Phe-AdGly -Asp(OH)-Phe-OMe 100:
The synthesis of BeAsp(OBzl}PheOMe was
performed with 0.647 g (3.01 mmol, 1.0 equiv)
CIHsN-PheOMe 130, 0.970 g (3.00 mmol,
1.0 equiv) BoeAsp(OBzl}OH, 0.633 g (3.30 mmoal,
1.1 equiv) EDAC, 0.509 g (3.76 mmol, 1.3 equiv)
HOBt, 0.460 mL (0.335 g, 3.31 mmol, 1.1 equiv) TEfd 30 mL DCM utilizing GFs.
After 24 h the reaction mixture was diluted with 200 mL EtOAc. For washing a volume of
25 mL was used. 1.31 g (2.71 mmol, 90%) dipeptide were obtained as yellowish oil.
MS (ESI): m/z: 507.1 [M + Na] (cal. 507.2).
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