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Abstract

2 Abstract

Proteinproteinrtinteractions (PPIs) are recognized as one of the main factor in coggrollin
protein function in living cells. The number of different PPIs in human cells is estimated to be
~65,000 Typically, PPl domains comprise ~350 amino acidd and dozens of binding
domainsare known. Besid®TB- (PhospheTyr binding)!® PDZ- (one of the most frequently
encountered domain%}, SH3 (proline rich binding}’ or WW-domains (proline rich
binding)® the motifof ana-helical interaction of one protein with the surface of the second
oneis the most common ohé For the study and pharmaceutical intervention of PPIs tool
compounds are needed, which allow the control of the particular interaction of a specific
target protein.HAMILTON and coworkershave presented a quite generalpraach of
mimicking a-helices by suitable positioningf amino acid side chains around apteznylic
scaffold (compound1, Figure 2.).!¥ They could demonstrate that for several examples
selectiveterphenylicinhibitors with an affinity in the nanomolar range can be developed
using this design approathDue to the challenging aspect of poor solubility of terphenyl
under physiological conditiongnore polar heeroarytbased helicalemulatorshave been
developed, such as pyrimidifé? pyridazine*¥ or pyrrolopyrimidinebased scaffolds$? In
addition also pyridindased teraryls are known, but its synthesis turns out to be of little
flexibility ™ and the linear synthesis makes this work very time consuffing.

i
NTX R

Ri Ri | _

O Ri+3 (or i+4)

J

Figure 2.1: Schematic depiction afterphenylmimicking an a-helix (left). Retrosynthsisof hetarytbased
teraryls, suitable for mimicking thiei+3 (or i+4) andi+7 positions of am-helix (right).
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In this thesis not onlyan efficient synthetic access to amino acid surrogataryl boronic
acid building blockss describegdalso anew convergent assembly strateigypresentd as an
universal and flexible approach for the synthesis of hdtarylbaseda-helical mimetics
(Figure 2.).
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3 Kurzfassung

Eine der wichtigsten Faktoren in der Kontrolle von Proteinfunktionen in lebenden Zellen ist
die ProteinProteinWechselwirkung Die Anzahl der unterschiedlich&ilechselwirkungem
menschlichen  Zellen werden dabei auf ca. 65000 geschatZt! Typische
Wechselwirkungareale weisen sich durch eir85-150 Aminosaurelange Dbméane aué
und verschiedensteBindungphanotypen sind bekannt” Eines der am haufigsten
auftretenderMotive ist die Wechselwirkung einex-helikalenUntereinheit des einen Proteins
mit der Oberflachelesanderen Proteins.

Fur de Untersuchung der pharmakologischen Bi#essung von ProteiiVechselwirkungen
muissemeue molekulare Strukturtypemtwickelt werdendie es erlavkndie Funktionsweise
von Proteiren und deren Wechselwirkungeméherzu untersuchenLineare Terphenyld,
welche mit Aminosaur&eitemestensubstituiert sind stellen solch einen Strukturtyp dar,
welche erstmalgon HAMILTON besdirieben wurde (Abbildung 3.2.1%

Es konnte gezeigt werden, dagsrphenye in der Lage sind a-helikale Untereinheiten
nachzubilden und dabemnit einer Affinitdt im ranomolara Bereich alsinhibitoren von
ProteinWechselwirkungerzu agierent” Ein Hindernisbei den phenytbasierten Substraten

ist die schlechte Lo6slichkeit unter physiologischen Bedingungkaher wurden auch

heeraaryl-basierteSystemeentwickelt und unterscht!*%*4
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Abbildung 3.1: Darstellung von terarylischen Peptidongtika.

In dieser Arbeit wird nicht nur ein effizienter Zugang zuheteroarybasierten
Boronséauresternwelche mit verschiedem AminosaureSeiterketten substituiert sing
beschrieben, sonderes wird auch eine konvergente Strategiergestellt, welcheeinen
universellen undflexiblen Ansatz fur die Synthese voheteroarylbasierten helikalen
Peptidomimetikalarstellt(Abbildung 3.J.
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4 Introduction

The beginning of drug discovederives fromthe empiri@al observatios of effecs of natural
extracts oinisolatednaturalproducts For more than 5000 years the extracts of natural plants or
drugs have been the mosimportant source of remedy productgarly examples are for
instance cocaine or digitafs!

The work of PARACELSUS (Theophrastus Bombastus von Hohenheim, M493841) can be
seen as the firstnodern pharmaceuticahvestigationin history and during thefollowing
centuries the pharmaceutical research has evolved from rastoi®s to a more rational
one.

However, ittook almost 300 years untdarly examples fosyntheticdrugs like chloralhydrat
(1832 or phenacetin (188 wereapplied!*®

The early years of the J@entury werecharacterized bthediscovery of tamins and byhe
development ofurtherdrugs.In the late 1920&LEMING found the gerrkilling effect of the
strain Penicillium notatm™® and a stable form ofemicillin was isolated byFLOREY and
cHain.*? Today infectious diseases like malaria, tubercujosiphus or pox are under
control or even eradicated.

The secondnilestonein the history of medicinal drugs has been the determination of the
structure of the DNA doublhelix byWaTson andCRrick in the 500f the last centur{®

The combination of the advancescomputational proceedingsdthe raising understanding
in human biologyhas created an enormous amount of knowledge and theeziury has
seenremarkable progresses in the medical sciences resulting in a multiolitlitzm industry.
Today new technologiedike combinatoric chemistry, higthroughput screeningsgenetics
protein-crystallography computationalkchemistryor de-novo prediction of poteins are well
established anbelong to thelaily business in pharmaceutical industry.

Nevertheless, uk to the daeasing NCEs (new chemical entriegk)ring the last decades;
70-100 (19601969, 6070 (19701989, ~50 (19831989 and 40-45 in the 1990s the
pharmaceuticahdustry is searchinfpr potentially new therapeutapplicatiors.!*”

Onenew concept wittpromising outlook ighe intervention ofproteinproteininteractiors.
PPlsareplaying an essentiatole in awide range of biologicaprocesseand offerpotentially
rewardingtargets for therapeutic intervention and drug developniectuld be demonstrated
that numerougroteins which are involved in signal transduction pathways, such as Ras and
Rho, are responsible fordifferent types of canceror neurological disorderand nany

inhibitors of proteins are considered as potential drfgs
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5 Theoretical Background

Establishedargets in drug discovery are defined by addressing the adtévefsenzymes,
which can be characterized as a pocket with typically soisieetded and hydrophobic
and/or hydrophilic binding regior&!

A differentconcept of adekssing new targets inwy discovery is tanterfere theformation of
proteincomplexes.Today it is commonly assumed that proteifodfill their biological
functiors asparticipantf proteincomplexes instead of acting in isolatiéf.

The contact areas couttlerebybe higher thanl000A?, essentiallydefinedby lessrugged
surfaceswhich makes the design of smatloleculesfor disrupting therapeutically ralant
interactions very complicated®” Neverthelessthe intervention of such PPIs by small
molecules would offer new opportunities for the treatment of human didéase

The specificexchang of amino acids at the contact areag.,by Ala-scan, ha shown that
only a few amino acids ka an outstanding impacbn the binding affinity of tle
proteincomplex® Such fAhot spotso oskemto berathermprevalénine e
PPIsi???d gtatistic analysis ofthe amino acidswhich areinvolved in the complexation
processgave a significant higher value for hydrophobic and aromatic amino scdasas

phenylalanine, leucinealine tryptophanandtyrosine!?”

5.1 Small Molecules asa-Helical Peptidomimetics

The shape andtructure of proteins is rather complicated af@ady in the early S0of the

last centurythe threedimensionaktructure of the polypeptide chaihave beermssigned ito

secondarysulunits. Two main types(a-helices andb-strands)were first proposed by
PAULING andCOREY, laterb-turnsandW-loopswereadditionallyverified 2%

Approximately 40% of all secondary structures aleelices anananyof themwerefound to

be involved in the binding motif of protetomplexes®? Typically a-helicescan bebuilt up

from a minimum of tenresidues whereby three amino acids resulting in amamally

right-handedturn of the helix If an a-helix is associatedn a binding motif of a PPlhe

comprising amino acidsiustface one side of the helpxwhereby the, i+4 andi+7 positiors

arepredominantlyinvolvedas it is depicted ifigure 5.11>

e

n
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Figure 5.1: Schematic depiction of residues atahelix frompositioni toi+11 @). Percent occurrence of
residuesas a function of hetal position(b)./*

Due to thepercentoccurrence of helical subunits in PPIsla of investigations were
performedo develop nofpeptidic small moleculeshich are capable to mimic tHenctional
structureof a-helicesand a large number offtérent scaffoldshave been reportddcluding
indanes(A), polycyclic ether(B), trisubstituted imidazole€C), benzodiazepinediong®),
dipiperazino benzendg), terarylicmimetics(F) and many moréScheme 5189

Ri-1
..n\Ri . H . ;
O R N_ R R/
HNHN/R"“‘ [N]’ O
Ri+1 | AN o Ri+4 Ri+4
/\Ri+7
N__R™* R
sile
H
A B C D E F

Schemeb.l:  a-Helix mimetics suitableto emulateamino acid side chainghich are facing one side of the
helix 24

One of the earliest examples of emulating a-helices by 1,6disubstitutef¥ or
1,1,6trisubstituted indan&! (compoundA, Scheme 5)lwere published bRATCLIFFE and
coworkers m the 9@. Molecular modelingcalculationsproposedhat the twosubstituentsat
the chiral carboratom of the indane moietyre able tomimic the it 1 andi amino acid,
whereby the substituent at the aromatic backboe@esers the i+1 residue Further

examinations confirmed thamly the Sisomer is able tonimic an a-helix®¥ These early
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findings by RATCLIFFE demonstratedhat the idea of nonpeptidic, low molecular weight
structuresareproneto emulatea-helices

The distance between the two residurethe polycyclic ether (compourts, Scheme 5.lwas
found to be4.8A, while the distance between thieand i+4 residues of an a-helix is
determined to be5.0A 1%

The predominantdrawback of many small molecslemimicking an a-helix is their
hydrophobiccore structureThe 5,6,5imidazolephenytthiazole derivative (compoundC,
(Scheme 5. is derived from aclassicalterphenyl by substitution of two hydrophobic
benzene ringwith two more water soluble fivmmembered aromat moieties (imidazole and
thiazole) theieby the Iay P valuecan bedecreased by more thahree times’

Tri- and tetraubstitutedoenzodiazepinediondsompoundD, Scheme 5.)lhave been proven
to serve as-helical mimetics by representinghei, i+4 andi+7 residue.*”

KONIG and coworkers increagethe solubility by 1,4-dipiperazino benzenelerivatives
(compoundE, Scheme 5J)1 and also for these kinsl of mimetics the residies at the
dipiperazino benzene scaffodte correlating with the thredimensional orientation of thie
i+4 andi+7 amino acids side chaifd

The best known exampléo emulate a-helices so far is depicted as compouRdin
Scheme 5.1HAMILTON and coworkerampressively demonstratethat linear terphenylic
structures are able ®mulatethe shape of aa-helix by substituting the aromatic backbone
with suitable amino acid side chains. Crystal structures and cordpaged investigations
indicatedthat thei, i+4 andi+7 positiors can be mimicked by a,3',3"“trisubstituted linear
terphenyl® In the next chaptesneearly example of terarybased applicatioby inhibiting

PPlIsis explainedn more detail.

5.2 Bcl-x /Bak Protein-Complex

The B-cell lymphoma2 protein family(Bcl-2) is involved in the regulation of apoptosis
(programmed cell deatl@nd can bedividedinto two subfamilies the antrapoptoticproteins
(Bcl-2, Bekx, and Bcl-w) and thepro-apoptoticproteins (Bax, BakBad, Bidand Bok).*?
The apoptosisf cells is regulated by thequilibrium of the pro- andthe antiapoptotic Bcl2
proteinst®*¥ All of the pro-apoptoticproteins hge one similar domain; thBH3 domainwhich

is important for theiantagonist role#4

The Bcl-x,_ protein which preverd the apoptosis of a celks regulated byhe Bak protein as

an pro-apoptotic factor. Further investigations recommended that overexpressed
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Bcl-x_ proteincan block the apoptotic pathway and hamper the function of manyaceic
agentd233
The binding motif of the Bak proteis ana-helix which interacts with a sustained groevat

the surface of the Bol, protein(Figure 5.3).2%

Figure 5.2: Bcl-x./Bak proteincomplex The BH3 domainof Bak protein icoloredin sand and th8cl-x,
proteinin green(a). Only few amino acidsyal-74, Leu78, lle-81 (and also 1l85; not depicted)
aremainly responsibldor the binding of theproteincomplex(PDB file: 1BXL) (b).*

NMR investigationgevealedhat the amino acids Va4, Leu78, lle81 (and also 1l685) of
the Bak protein are involved in the bound form of-BdBak proteincomplex, which are

corresponding to thiei+4,i+7 (andi+11) positiors.*?

To mimic the threedimensional shape of the involved amino acids of the Bak protein

HAMILTON and coverkersinitially calculated the distansef thei, i+4 andi+7 amino acids
of the a-hdix followed by enemgy minimization experiments &, 3',3"“trimethylterphenylene
(Scheme 5. Thedistancs between the '3" methyl groupg5.2A), the 23 methyl groups
(6.1A) and the2,3" position(9.0A) closely correspond to the distances of the residugs at
i+4 and i+7 positios 5.6A, 6.6A and 10.1A, respectively, of the BH3 domain

(Scheme 5.2*¥ In additionthe calculation of the torsion anglef the phenyl rings of 56.0°
(B-C) and 55.9° (AB) resulting ina conformationwhich iscloselyin accordance with the

orientation of the, i+4 andi+7 residues in the bound Bak protéBtteme 5.2.!%3



http://www.rcsb.org/pdb/download/downloadFile.do?fileFormat=pdb&compression=NO&structureId=1BXL

Theoretical Background

' 9.0 A

Scheme5.2:  2,3',3"Trimethylterphenylene peptidomimetic with calculatéstance$®®

Due to thematching angles angdistance®f substituentat a2,3',3*trisubstituted terphenylic
scaffold, compoundA (Scheme 5is able to mimicthe a-helix of the Bak protein The
ability of emulatinga-helicescould be thereby of therapeutical relesafor disruptingthe

proteincomplex®”

The retrosynthetic analysis of the most active terphenyl is depict8dhiame 5.3The
linearsynthesis of the terphenyl & eleven step synthesis starting froAdo-2-isobutyt1-
methoxybenzen€? To couple the aromatic rings undechosen Suzukiconditions the
paramethoxy functios of the building blocksvere at first deprotected by BBrin DCM
followed by treatment withriflic anhydride andHiinig’s baseIEA) in DCM. The resulting
triflate derivatives werefurther coupled undelPd-catalyzed conditions to the biphenylic and
later on to theéerphenylic scaffoldSchene 5.3.

OMe
(0]

OH

BPin
O OMe

B BPin
BPin= 0" O OMe

)

CN
Scheme5.3:  Retrosynthesis dflAMILTON “s terphenyl strategy which exhibigoodin vitro affinity with a K;
value of 114M.B3
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The additional carboxyl groups were attached in orderitoic the Asp83 residue of the Bak
proteinalong withincreasing polarity

Structureactivity studies ha verified that the terphenyA (Scheme 5.3 recognize the
Bak-binding site through specific bindirend inhibit the Belx /Bak interaction with a Kof
0.114pM 133

Apart from terphenylic mimetidd® also other mimetics like terephthalamidéase&® or
oligoamidefoldamer§*” have beemlesigned fointervening the Bek,/Bak PPl

5.3 Rho GTPase and ROCK

Rho GTPaseas membexyof the Ras superfamilyareresponsible fom wide rangeof cellular
processedike cell morphology®® cell migration® gene transcription, G1 cell cycle
progression, inflammation, vesicular trafficking, secretionancer cell invasial®*°

As a GTP dependent protewvd different stétes are known hie active(GTP bound)andthe
inactiveform (GDP bound)vhich are found in all types @ TPasesThe GTP/GDP exchange
is regulated by three types effectors the GEFs @uaninenucleotideexchange factoysthe
GAPs (GTPasesctivating proteins and the GDIs (guaninenucleotidedissociation
inhibitors) and many of the are kinase&"!

One of the best characterized kinases areRieassociatekinase (ROCKSs) which binds
the RhoA in its active forrff?

Beside theROCKI the second isoforrROCKII is identified Both structure arerathersimilar
andall ROCKsconsist ofa kinasedomain at theN-terminus, a coilegtoil forming region and
a pleckstrishomology domain (PH)ollowed by acysteinerich domain (CRD) at the
C-terminus (Figure 5.3. The Rhebinding domain (RBD) is located at the-terminal
coiled-coil regionand is characterized by a high structural similarity between ROCKI and
ROCKII*3

] Kinase |z Coiled-coil RBD PHMCRD

Figure 5.3: Schematiadepiction**? of the ROCKI domain architectuwith a kinase domain at the
N-terminus, a coilegtoil forming region and pleckstrirhomology domain (PH) followed by a
cysteinerich domain (CRD) The Rhebinding domain (RBD) is located at tReterminal
coiled-coil regionat theC-terminus(picturetaken fromref. 439),

5.4 Structure of RhoA/ROCKI Protein-Complex
The structure of the binding domain between Rlao®l ROCKI was explored byvORSKY
and AHMADIAN in 20043 The unit cell of the crystalstructure ofthe RhoA/ROCKI

proteincomplex is defined by ana-helical coiledcoil ROCKI dimer and two RhoA
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molecules Figure 5.4 andc). The a-helical coiledcoil structureof the ROCKI dimer is
importantfor the binding affinity to the active RhA protein/*? The at least 13 amino acid
long RBD domainat the C-terminus createa Rhainteracting motif of ROCK forming a
parallel coiledcoil dimer(Figure 5.4; box). The interface between the helical ROCKI dimer
and one of the RhoA molecules inves the residues of ROCKLew998, GIn-1001 and
Lys-1005that represent positionis i+3 andi+7. Theseresiduesare facing one side of the

helix andinteractng with the surfaceof oneRhoA molecule(Figure 5.4).
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Figure 5.4:  Schematiodepiction*? of the ROCKI domain architectu(eee alsdrigure 5.3. The
Rho-interacting motif at th€-terminus of the RBE998-1010) is depicted in t&(a). The
crystatpacking diagraf™ shows a Urhelical coiledcoil of two ROCKI (blue and cyan) and
two RhoA molecules (gold and beig&). Top view between two RhoA molecules (gold and
beige) and the RBdomain(blue and cyan)d). The box at th&-terminus shows the minimal
Rho-binding motif and he twist of thecoiled-coil is specified abovéd). Residues which are
facing one side of the helix and interacting with the surface of one RhoA molB&uEKI
dimer is depicteas cartoon loop (san¢®) (PDBfile: 1S1G picturetaken fromref. [*39).
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Aim of this Work

6 Aim of this Work

The interaction of small molecules with biologically active targets is the central focus of drug
discovery. In the last decades the field of profeimieininteractionshas become one of the

big challenges oéxploringnewdrug targetand the area of research is still at its beginning.
One of the most common maotifs in protgroteininteraction is thea-helical interaction of

one protein withthe surface ofa second oneand a lot of literature has been published
focusingon the inhibition ofthesekinds of interactiors.!*>*?

HAMILTON and coworkerfiave presented a quite general approach of mimickihglices by
suitably positioning amino acid side chains around ghenylic or hetarybasedscaffold
(Scheme 6118949

i+3 (or i+4)

L

-
I

a b c

Scheme6.1l: Schematiaepresentationf an a-helical subunit with its, i+3 (or i+4) andi+7 amino acid
residuesd). Terphenylic scaffolds wit',3,3"-substitution patternb]. Terphenyls can mimic
the threedimensional shape ah a-helix (c).

The amino acid residues ini+3 (or i+4) andi+7 positiors of an a-helix can be mimicked if
these side chains are positioned at2t&3"-positionof a tephenylicscaffold

This work is focusedan developng a general approach to mimic thehelices as they are
found in the interaction of theroten-complex of human ROCKI and human RhoA
(Figure 6.).
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Aim of this Work

Ve Y PGB Yo o Yo le 3o 8
s e
- oyl -

CKI
a b
Figure 6.1:  Dimeric proteincomplex of human ROCKI and human RhoA depicted as cartofilie
Afhotspoto of interacti on s-siracfuestkendaemonickinge ¢ o mp ut

thea-helix of ROCK p); calculations were performed Bworsky (PDBfile: 151Q.[*%*7 The
two a-helices of human ROCKI are shown as cartoon loop (sand}steacture 1e and1k are
illustrated as sticks (orange) and human RhoA is given as surface (green, red, blue and grey).

The bindingmotif of ROCKI and Rhé has been determined by-Kay diffraction, which
allowed to conside the a-helical peptidomimete le and 1k, which are structurally

comparable to the bindingotifs of the proteircomplex(Scheme 6.2

O Leu-1006 O NH, Lys-998

‘ Val-1003 O NH>  5in-1001
‘ NH, Lys-999 L \
N Leu-1005
b

1k le
a C

Scheme6.2: Terphenylic peptidomimetsfor thetwo interactionhotspotsof human ROCKI and human
RhoA (a, ¢). Schematic depiction of terphenyls mimicking the secondary structureashalix
(b); calculations were performed Bworsky (PDB-file: 1S51Q).14347

An efficient synthetic access to thgeptidomimeticleadstructures le and 1k and ts
application in the inhibition of proteiproteirinteraction of human ROCKI and human RhoA

had to be developeatlring thecourse of thishesis
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Aim of this Work

One of the challenging aspects of thisnzenebasedstrategy is the poor solubility of
terphenyls under pisiological conditions. In literatureyprolopyrimidine.,[*2 pyrimidine-, %
or pyridazinebased! mimetics have been reported to show improved solubility
characteristic€ In the present statiie assembly ofietarytbasedteraryls isachieved bya
linear design of synthesizinthese kinds of PPI inhibitors In few literature reportsa
convergenstrategyhas benpresented, biits synthesis turns out to be of little flexibilit}?

In the course of thisvork the development of a gendyabpplicable comergentandflexible

strategy for synthesizing hetaflyhsed teraryibrariesshould beaccomplished

To increasethe polarity of thearomatic backboneN-heterocycleslike pyridines should
improve the solubility of teraryls under physiological conditiof®r that reasom general
approach for the synthesis p¥ridine-basedbuilding blockssubstitutedwith appropriate
amino acid side chairfsad to be developg®&cheme 6.8

i

N
Ri | _
FG
FG

R/+3 (or i+4) Ri+3 (or j+4)
FG
FG

Ri+7 | X
1 N = Ri+7

Scheme6.3:  Basic concept for a convergent and flexible assembly of pyrigtised teraryls.

In this work, an efficient synthetic access to amino acid surrogate pyridine boronic acid

building blocksand its use in a conkgent twasteponepot synthesis should be developed.

13
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7 Results and Discussion

7.1 Synthesis of Teraryls using the LinealApproach

Terphenylic or tehetarylic scaffolds are bioinspired motif§or the inhibition of
proteinproteininteractions HAMILTON and cavorkershave presented a general approtrch
emulae a-helices by suitalel positioning of amino acid side chainat the terphenylic
scaffold[®8e9348 | addition, he intrinsically helical structure of terphenylhas
advantageous effecits mimicking peptidica-helical subunit§284!

The terphenybased éadstructurele is the firstcomputermodeledcompoundfor inhibition
of the PPlbetweerthe surface oRho GTPase antthe a-helical proteilROCK (Scheme 7.1
The threeside chains gminobutyl, amidoethyl andisobutyl) of leadstructure 1e are
mimicking the amino acid side chainslg$ine-998, glutaminel001 andeucine1005 which
represent the maibinding motif of humanRhoA andhumanROCKI as it is depicted in
Scheme 7.134

O NH, Lys-998
Ol
2 GIn-1001
QL
le
Scheme7.l: Leadstructurele (left) and the competr modeledlocking experimenafter bindingatthe
surface oRhoA (right); calculationswere performed b{pvorsky (PDBfile: 151Q.1*%*" The

a-helix of humanROCKI is shown agartoon loop (sand), leastructureleis illustratedas
sticks(orangé andhumanRhoA isgivenas surfacégreen red blueand grey.

Leu-1005

7.1.1 Retrosynthesis

The disconnectionn the retrosynthetic analysis tdadstructurele occursat the CC bond

bet ween t he-p aRip(uitdingiblogk <)amd e¢he biphenid moiety 3 (building

block AB) (Scheme 72 The | o we-4p a 4t (Buildng bloek A)should be derived

from a 1-bromo3-alkylbenzenederivative after borylation. The core uniba (building

" For the sake of clarity only the monomeric form is shown.
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Results and Discussion

blockB) might be introducedafter nitration of 2-bromobenzaldehyde(6a) to form
2-broma5-nitrobenzaldehydg5a).

Thebiphenylc precursof7f could be synthesizednde Suaiki-conditionsby formation of the
first aryl-aryl bond Starting from3-bromabenzylbromide(8a) and potassium phthalimide
(KNPhth) building block C might be obtainedfter modification of the alkylchain over
several steps using allyl bromid®) nder Grignareconditions(Scheme 7.2 The protection
of the amine of the lysine side chamm its latent form ofa phthalimideappeared to be
necessaryfor a successful coupling of building block AB and hder intended

Suzukiconditiong!*®348

NH, o Br
+
QMN Br 8a

O O Br\/\
9
NH, B o .
:D PN building block C ‘:r‘:
|
O ©ON
2a o)
lead-structure o)
m >

M NO,
0. 0
B

Br

building block A building block B
Af ba 7f

Scheme7.2:  Retrosynthesis deadstructurele. The keystepsarethe two Suzukcoupling reactionsetween
building blockA and Band ofthe resultingouilding blockAB andcompound?a.
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For the borylation of halaryl derivatives10 two different reaction conditionsiight be
utilized to generatebuilding block A (Scheme 7.8 On the one handtie free boronic acid
could be introducedafter lithiation ofthe correspondingalobenzenelerivativefollowed by
guenching withtriisopropyl borate(B(OiPr)). On the other hana Pd-catalyzedboryation
should alsobe possible byemployingbis(pinacolato)diboror{B,Pin;) as borylation agent.
According to iterature no negative effects are expectedgardingthe reactivity of building
block A in the Suzukicoupling neitheras in itsboronic acidform nor in its pinacol ester

form.[49

B(OH . . X M
( )2 n-Buli, B(Olpr)3 > < BZPinZ, KOAC O\B/O
' |
@ THF 5ps., -78°C PdCl,(dppf)-DCM, DMF
R! R
R1

building block A 10 building block A

Scheme7.3:  Two different borylatiormethods for halobenzene derivativgsare feasible for syntlsé&ing
boronic acid derivativesf building block A.

Building block A additionally can begaried by permutatiorwith other side chainsuch as
isopropyl (mimicking valine) or secbutyl (isoleucineside chaif, which might be of interest
for bindingstudiesof leadstructurele (Scheme 7.4

B(OR), B(OR), B(OR), B(OR),

5, 8, & &o &

B(OR), = BPin or B( OH)2

E

Scheme7.4: Not only mlmlcklng the leucine S|de ch&i) could bamportantfor the inhibition of RhoA and
ROCKI interaction dso isopropyl(B), secbutyl (C) or benzyic side chais (D) could be of
interest More polar building blockBk e pyridinebasedderivatives(E) might be suitable to
increase the solubility under physiological conditions.

Taking into accounthat the binding affinitys proportional to the lipophilicontactareaand
the affinity of hydrophobic interactions mainly based on the displacement of water
molecules(-50 to-200 J/mol pe”A? of lipophilic contact surfadeit might be highly desirable
to investigate the binding affinity of a benzylc side chain emulating phenylalanine
(Scheme 7.4D).I*¥ However,theintrinsically poa solubility of the benzenbased building

blocks A might makethe use of more polat-heterocyatsnecessaryScheme 7.4E).
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Building block B can be easily preparedby nitration of 2-bromcbenzaldehyde 6Q)

(Scheme 75119348
NO,

Nitration
o —> QVO
Br Br
building block B 6a

Scheme7.5:  Retrosynthesis of building block B starting fréibromobenzaldehydé6a).

The retrosynthetic analysis tifeu p p e r id r@assismoen inScheme 7.6Starting
from 3-bromobenzylbromide(8a), the modification of the alkyl side chain shdd be
introduced uader Grignareconditions using allyl bromide (9). After regioselective
hydroboration of the terminal olefidl the corresponding primary alcohd2 can be
brominated bytribromophosphingPBr3) to afford alkyl bromide 13. The protected amine
function in its latent form of a phthalimide canfreparedy converting bromind 3 into the
corresponthg phthalimidel4a under nucleophilic substitution conditiorihe 3substiuted
bromobenzene derivativi4a finally canbe borylated according tihe previousy described
procedure byd-catalyzedoborylationusingB,Pin, (Scheme 7.3

0]
N
@)
0]
. N _ Br
B Borylation Substitution

QP —> S —
% 2a Br 14a Br 13

Bromination

OH
Br Grignard = Hydroboratlon
v B, (——
Br

Br
8a 9 12

Scheme7.6:  Retrosynthetic analysis of building blo2k starting from3-bromobenzylbromidg8a).

As an alternative to théve stepsynthesis of building blockC in Scheme 7.6a more

pragmatic synthetic approacho f  t h e-p dirlisy &isb rfeasible(Scheme 7.)71%4
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Results and Discussion

Introducing the phthalimide protected side chain by a Williamson ether synthdmazf
bromide8a and N-(2-hydroxyethyl)phthalimide(15) furnishthe ether bridged derivativé4b.
After borylation bya Pd-catalyzedprocedurea more polar andeadily accessible derivative
of building block Ccan beobtained!%*48

(@) ©/\Br
N
o >~ o
o Williamson ether B .
Borylation O/\/N synthesis 8a
Q"0 [ 0 >
% O
Br
N
2b 14b HO™ >
15 ©
Scheme7.7:  Retrosynthéc analysisof an alternativebuilding block C by introducing the phthalimide
protected lysine side chaimdernucleophilic substitutioonditions

Forthevariation of te  u p p e rp afrda pas only @ 1,3substitutionpatternmight be of
interest, also mortho-substitutionwould be ofimportanceto studythe binding angle of the
lysine side chainon the surface of RhoAScheme 7.8 The derivative2c should be
synthesizedaccording to the same procedure as describedtifermetaderivative 2b
(Scheme 7.yt

(@] (@]
N N
o >~ o
@] (@]
O\/\N
O ©° O O° (0]

N

i i i

2a 2b 2c

Scheme7.8:  Building block2a andits modificationsderived from leaektructurele. A more convenient
access to an ether bridged side chain (comp@bhdr a \ariation of the substitution pgatn
(compound2c) areconceivable

The retrosynthesis of the building block AB derived from the first Suzolpling of
building block A and B furnisés the biphenylic nitrobenzaldehydederivative 7f
(Scheme 7.0 The side chaircan beintroduced under Wittigonditions resultingn the
a,b-unsaturated methylestet6, which can easily be redued to its saturated form.

Simultaneouslythe nitro groupcan bereducedaffordingaminel?, subsequently followed by
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Results and Discussion

a modified Sandmeyereaction leadingo iodine 18. Finally, the methylestel8 can be
amidatedo the desired building block AB?*2

| | NH,
O O Sandmeyer- O
NHz  Amidation OMe  conditions OMe
O o —> I 0 > I o)
building block AB 18 17
NO, Reduction
Ol
Br
building block B NO, NO,

sa Suzuki- Wittig-
+ coupling 0O conditions = OMe
% — — o
Oo. O
B

7f 16
building block A
Af
Scheme7.9:  Retrosynthesis of building block AB starting from the first Suztipling of building block A

andB.

Coupling of building block AB and C to the corresponding terphenylic scaffbtuild
occur under Suzuktonditionsin the final step(Scheme 7.10 The phthalimide masked

aminel9 mightbedeproteted by employinghydrazine in polar solvestike agueousMeOH.
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o)

N
©/\/\/ (
@)

O 2a

n
Deprotectlon Suzukl coupllng building block C

le

building block AB
3

Scheme7.10;  Retrosynthetic analysis of the final leattucturele starting from the second Suzutoupling of
building block AB anccompounda.

In the following chapter$7.1.27.1.9 the syntheses of the different building blocks and

the coupling to the final tergs and its derivatives of leastructurele are discusedin detail

7.1.2 Synthesis of Building Blocks A

Considering potential solubility problems phenytbasedleadstructurele, N-heterocycles
like pyridine might increase the solubility in aqueous solutions. Faat tpburpose a
pyridine-based synthesis of building blocks A wes/eloped

In a first attemptconditions were investigated to introduce the pinacol ester function in
metaposition to the residue'RScheme 7.1 It can becontempatedto use the welknown
Miyauraborylation of 2substituted <4halcaryl derivatives (like 10a) using B,Pirn, and
PdCh(dppf)-DCM in absolute degassedMF. But literatureevidenceinsinuatedthat the
competitve formation of homecoupling byproduct20 could beexpeced asone ofthe main

producs.®”
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BzPinZ KOAC, O\ /O
PdCI,(dppf):DCM, DMF B . NP |
o 1
XN XN N R
| X =Br, | | R 7
N7 OR! NERY N
10a 4 20

Scheme7.11: Borylation ofmetasubstitutechaloaryl derivative10a under Miyauraconditions with the
homo-coupling byproduct20.!*”

For that reason anothsirategyfor the borylation oheter@reneshad to be developdtf’

The C-H activated Ir-catalyzed borylation of arenesis regioselectivein favor of
metaposition which originates fromnsteric interactions withthe catalytially active species
(Scheme 7.12 Mono-substituted substrates (like compowti) give a regioisomeric mixture

of 5 and 4substitued pinacol estes and4, whicharedifficult to separaté&®?

B,Piny, [I(OMe)(1,5-COD)], 0. 0O
dtbpy Q B
: /B +
| N tBu tBu O | N | N
N7 OR! Py = m N7 OR! N7 OR!
\ N/ \N / )
4 4

21

Scheme7.12. Example for thenetaselective borylation undér-catalyzedC-H activation®®? 2-Substituted
pyridines furnishtwo regioisomergl” and4.

To avoid tle formation of two regioisomerg-chloro-6-methypyridine 22a) wasused in the
Ir-catalyzedborylationas shown irScheme 7.13Due to the chloride i2-position only one
regioisomer could be formed under theed conditions. Later in the synthetic route the

chlorideshouldeasily beremovedunder hydrogenatioconditions (e.g.Pd(OH)/C, H,).

0.55 eq B,Piny o O
0.75 mol% [Ir(OMe)(1,5-COD)],, "B”
1.5 mol% dtbpy, MTBE, 70°C

N N
l — 7% | —
Cl N Cl N
22a 4e

Scheme7.13:  Synthesis of Zhloro-6-methyt4-(4,4,5,5tetramethyt1,3,2dioxaborolar2-yl) pyridine (4€).

2-Chloro-6-methylpyridine R2a) was deprotonated by LDA in absolute THF #&8°C
(using a cryostatipllowed by quenching with-Bromopropane a20°C (Scheme 7.14 After

addition of chloremethylpyridine22a, the dark red solution was stirred-20°C for 30min
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Results and Discussion

followed by addition of the electrophile-ltomopropane athe same temperaturdhe
mixture was stirred overnight to give prod@&ab in 74% yield afterpurification via flash
column chromatographylhe precatalysflr(OMe)(1,5-COD)], was appliedto ensurehigh

conversion irthe borylation towardshe desiredsubstituted pyridine derivativels (98%).

i) 1.0 eq (iPr),NH, - #—P
i) 1.0 eq (iPr)oNH, -58°C, 0.5 eq BoPin,,

S ; geq n-Bull, THangSC 0.75 mol% [I(OMe)(1 5-COD)l, B~
o N if) 2-bromopropane, - e N 1.5 mol% dtbpy, MTBE, 70° c
74% 98%

22a 22b

Scheme7.14: Synthesis of Zhloro-6-isobutyl-4-(4,4,5,5tetramethyt1,3,2dioxaborolan2-yl) -
pyridine (4a).1**3

In previous work ofTAN the LDA mediated derivatization of compouBgh wasrecognized

to be highly temperatursensitive® If the temperature was too high, the major compound
was the undesired dimeric by-product 23 (Scheme 7.165 The benzylic hydrogen of
compound23 is moreacidicthan the hydrogen a@flompound?2a, consequently after addition

of 2-bromgropane almost no desired product couldbiined %3

N LDA, THF 45, 0°C A =
- - L
Ccl”” >N cl”" >N N
22a 23

Scheme7.15: Performingthe lithiation of compoun@2a at 0°Cresultedin the formation of thelimeric
by-product23*%3

Starting from 1-bromao 3-isopropylbenzeng(10b) the isopropyl derivativetb could be
synthesizedn one step(Scheme 7.16 The borylation of arend0Ob was performed with
4,45 5tetramethyt1,3,2dioxeborolane (HBPin)as borylatio agent®® HBPin is aless
reactiveborylation agent compared to the dimePBy, along with lower yield of the final
product. But in combination with NEt&s base andacetonitrileas solvent more than 77%
conversioncould beachievedafter 23h (based on GBAS). Using the same conditions with

1,4-dioxane no conversion was observed at all.
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Br 1.5 eq HBPin, 3.0 eq NEt3, B~
3 mol% PdCly(dppf)'DCM, ACN,ps , 80°C

63%

10b 4b

Scheme7.16: Synthesis of A3-isopropylphenyl}4,4,5,5tetranethyt1,3,2dioxaborolane(4b) starting from
1-bromo-3-isopropylbenzene 10b).

Building block 4c bearing asecbutyl moiety was prepared according to the method of
MARVEL and coworkergScheme 7.12>? The secbutyl side chainwas introducedinder
Grignardconditiors utilizing bromoethane and -@B-bromghenylethanone Z4) as
electrghile. Due to the instability of the resulting tertiary alcqhtble intermediat®5 was
directly converted to thesecbutenytbenzene derivativ@6 with sulfuric acid in catalytic
amountsresulting inelimination of water. Aftedistillation of compoun®6 an inseparable
mixture of theE- andZ-isomer wagbtained At this stage two strategiegere contemplated
a) the hydrogenation of the olefinic intermedia@6 or b) first borylation and then
hydrogenation of the corresponding boronic species.

Hydrogenation conditionsnithe presence of an aromatic boronic acid could teathe
hydrocarbon by protodeborylationn literature palladium blacKPdblack) in alcoholic
solution is a commonreductive systen?>™ To avoid the potential problems of
protodeborylationthe strategy was chosen in whicttermediate26 wasfirst reduced under
hydrogenation conditionsemploying 5mol% platinum(lV) oxide (Ptg. Although
debramination was observeds side reaction the quantity of the sideproduct could be
suppressetb less than 6% under the used conditions and mainly the desired f0dues

isolated after flash column chrotography as a colorless liquid.
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i) 1.0 eq Mg, Et,0pe,
(@]

i)1.0eq Br Br 0.5 mol% PtO, Br
(24) Hy, EtOH,ps., 1t

i) HpSO, | 6%
52% 26 10¢
1.1 eq n-Buli,
2.9 eq B(OiPr)3,
THF 45, -78°C
72%

HO, _OH
B

4c

Scheme7.17: Synthesis of (dsecbutyl)phenylboronic acid4c) starting from 1(3-bromophenyh
ethanong24).

In analogy to literature known borylation theds, the boronic acid function waken
introduced by lithiation witm-BuLi at -78°C followed by quenching with triipoopyl borate
(B(QiPr)).l*?

The synhesis of building blockdd is shown inScheme 7.18The first two steps were
performed according to a procedure dfvAMURA and coworkers stating from 1.leq
bromobenzenE” After formation of the Grignardeagenin absoluteEt,O, thesolutionwas
cannulatedo a ®lution of 3bromobenzaldehyd@b) and afteworkupwith saturated NI
solution the desiredbenzyl alcohol27 was isolated as a colorless aifter flash column
chromatographyThe deoxygenation was performedth lithium aluminum hydride (LAH)
and aluminum chloride AICl3) in absolute EO under reflux furnishing -benzy}t3-bromo
benzene 10d) in 63% vyield over two stepsThe LAH/AICI; combination leaves the
bromoaene completely intact.

The borylation of bromidd0d was achieved as described above usiigyLi andB(OiPr);
as electrophilgScheme 7.18 The final boronic acidld was isolated as colorless solid

whichis stable over years in the freezer.
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i) 1.1eq Mg EtZOabS

. Br
) 1.0 6q (6b) 1.9 eq LAH,
2 0 eq AlCl5, Etp0s. O
97%

65%

27 10d
1.1 eq n-BulLi,
2.9 eq B(OiPr)s,
THF 4ps., -78°C

51%
HO. _OH
b
4d

Scheme7.18;  Synthesis of (benzyphenylporonic acid4d).

For the synthesis ofhe isobutyl building blockdf the side chain was introducdgy
Wittig-salt 28 (Scheme 7.10 The phosphoniursaltwas synthesized according$avA and
coworker§? from 3.5eq isopropyl bromide and 1€ triphenylphosphine (PBhin a
Teflon®-coatedautoclavereactor In this reaction thésopropyl bromide was used as solvent
to facilitate continuous stirringemploying only 1.0eq as it is described iliteratureled to
unsustainable stirringluring the formation of the Wittigalt 28/° Due to theinstability of
the corresponding ylide, the deprotonatioh 28 was performedn situ utilizing 1.3eq
potassim tert-butoxide (KQBu) as amoderatelystrong basefollowed by addition of
aldehydesb.

In previous workby KLEINEWEISCHEDE 3-bromobenzaldehyde6l)) was convertedo the
corresponding olefidOf in the presece of n-BuLi, which represesta considerably stronger

base and more difficult to handle than #8048

" During heating to 150°C the pressure in the autoclave was <10 bar.
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ey

0.0
Br Br 1.1 eq B,Pin, 2.0 eq KOAc, B
Bre 1.3 eq KOtBu, THF, 3 mol% PdCl,(dppf)-DCM,
o -55°C 1t DMF, 80°C
Ph3P4< + - -
I 87% | 91% |
O
28 6b 10f 29
T 150°C, neat 5 mol% PtO,, H,
93% MeOH, rt
Br 95%
PPh; Y
BPin
4f

Scheme7.19:  Synthesis of A3-isobutylphenyl}4,4,5,5tetranethyt1,3,2dioxaborolane 4f) starting from
3-bromobenzaldeyhdé&lf).

General borylation methods of arenes unbiyauraconditions have been reported in
literature usingnorganic basesuch asalkali metalsalts of acetate (e,g<OAc), carbonates
(e.g, KoCOs), phosphates (e,gKksPQy) or organic bases like NEbr EtN({Pr), in proper
solvents like DMSO, DMF, 1dioxane or even watét? Typical catalyss are
PdCL(dppf)-DCM, Pd(PP¥)4, or Pd(OAC).

For the borylation of bromid&0f B,Pin, was usedas boron nucleophile and in the presence
of PdChL(dppf)-DCM as catalyst and KOAc as ba€empound29 was isolatd in very good
yields (91%). The strength of the provided base is importaimcestronger bases like ROy
and KCO; promotethe formation ofthe homocoupling byproduct. Based on the good
results obtained in the reduction odbmpound?26, the same catalyst was used for the
hydrogenationof the iso-butenyl derivative29; with PtO, the protodeborylationcould be

suppressed to a minimum.

In conclusionretrosynthett analysisdelivereda convenient strategp introduce building
block A as a bmnic acidor as a pinacol estersuitable for the aryaryl coupling under
Suzukiconditions. Therefor@ot only the isobutykide chainmimicking the leucine amino
acid sidechain waspreparedalso other hilding blocks derived from leastructurele were

successfullysynthesizedScheme 7.20
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HO, O HO, _ OH

15 En ey
e @ C fm ©1

73% 63% 28% 32% 77% 70%

Scheme7.20: Overviewof building blocks 4a-f andtheir overall yields The more watersoluble
pyridine-basedsobutyl building blockda and some homologs mimicking amino acid side chain
of valine4b, isoleucinedc or phenylalaninetd. Compoundie represerga more polabuilding
blockto increag the solubility under physiological conditiosmulatingalaning.

7.1.3 Synthesis ofBuilding Block B

Building block B was easily be prepad by nitration of2-bromcbenzaldehyd€6a) at a
temperature 0f15°C!°¥*? During the rexction with HNO; and HSO, two regioisomers were
formed Scheme 7.2 The ratio of the formed regioisomesa and5a” strongly depended on
the temperature used within the reactioht 0°C the formation of theunfavored
regioisomeiba’ increaseddue to tle electronic effects of the substituents. ensure a high
guantity of isomeba the temperature was kept-a6°C.

NO,
1.2 eq HNO3 H,S0, -15°C
87% ~0 2
Br Br
Br
6a 5a:5a” 488:12 5a 5a’

Scheme7.21: After nitration of 2-bromobenzaldehydé6a) two regioisomer§a and5a’ were obtained-#3%%

Although both regioisomers were formésh was effectively isolated byecrystallization
from MeOH (09.5% by GGMS, 87% yield.

7.1.4 Synthesis of Building Blocks C

Theroute for thesynthesis of building blocRa is depictedn Scheme 7.22The elongation of
thebenzylc side chairof 8a was performed by a Grignard mediatactleophilicsubstitution
with allyl bromide Q). After the formation of the allylic Grignard, treolution was cooled
and camulated to thebenzyl bromidesolution 8a and heated toreflux. The isolatedcrude
product11l was used in the next step without further purificatiSBnbsequentlya formal
ant-Markovnikov addition of water was performed using a standgvtbcedure for
hydroboration. Addition of9-borabicyclo[3.3.1Jnonane dime®-BBN dimer) formed the
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borane intermediate and after addition of 6M NaOH solution a3 the ant-Markovnikov
product12 was isolated after workup with B&Os; solution. The primary alcohdl2 was
easily converd to the primary bromidel3 with PBr; under neat conditions. The fast
bromination had to be performed at low temperatures due to the increasprodogt
formation at higher temperaturgnder Gabrielconditions the amine was introducading
KNPhthas a NH-synthonin absolute DMF resultg in the phthalimide protected amidda.
After quantitative nucleophilic substitutipthe formed N-substituted phthalimidd4a was
borylated according to the previdysdescribedmethod using Pd@dppf)-DCM as catalyst
and 2.0eq of KOAcas bas€Scheme 7.22

i) 1.1 eq Mg, Et,0,ps., |

i) 1.0 eq qBr THF aps..
(8a) N
Br\/\ Br >
99%

i) 0.75eq 9-BBN dimer, 9-BBN dimer =

n-hexane, rt
ii) 1.0 eq NaOH, g
3.8 eq H,0, 50°C H’

|||) N328203
v 85%
Br OH
2.5eqPBr; 0°C > rt
91%
Br Br
13 12
1.3 eq KNPhth, DMF, 80°C
92%
0]
0]
N 1.1 eq ByPin, 2.0 eq KOAC, N
3 mol% PdCl,(dppf)-DCM, o)
0O DMF, 80°C .
Br 94% 3:@
1l4a 2a

Scheme7.22:  Synthesi®of building block2a.

The ether bridged building bloskb-c were prepared according tassic Williamson
ether synthesis utilizindgpenzyl bromidesBa-b as electrophilesScheme 7.23 NaH as a
strong base was used for the deprotonation ofN#potected aminoethyl alcohdl5 in

absolute DMF!? Although byproducts of thecorresponding benzg alcohols were
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observedthey could be separated from tether bridged derivativesdb-c by flash column
chromatography.The borylation of the bromobenzene derivativesdb-c were again
performed by @&d-catalyzedcoupling. BPin, acts as a boron nucleophile andonesence of
KOACc the desired building block&b-c could be isolatedK ,CO; promotedthe formation of

homo-coupling byproduct!*®3

(@]
Br O o
NaH, DMF, 70°C N
- (0]
N X
* HOT 54% O
Br o)
8a 15 Br 14b
szinzY KOAC,
PdCl,(dppf)-DCM,
DMF, 80°C
60%
\
N (0]
| \/O\/\N
=
O O
% 2b-c
A
B,Pin, KOAc,
PdCl,(dppf)-DCM,
DMF, 80°C
81%
(0] (0]
HO NaH, DMF, 70°C
Br \/\% J O\/\N
60% Br
Br + (0] O
8b 15 14c

Scheme7.23.  Synthesis of building blodb-c.

With the variation of the substitution pattern and the ether bridged side almamajor
diversificationsof building block Chave been realized@ he metasubstituted benzylic ether
bridged derivative2b was sucessfully preparedin an overall yield of 32%. The
ortho-substituted ether bridged derivati?e could beobtainedin the same mannen an
overall yield of 49%. The building blocda was synthesized over five stepsexcellentyield
of 66%(Scheme 7.24
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o) o)
N N
o > o)
o) o)
o o o) o)

2a 2b 2C
66% 32% 49%

Scheme7.24: Overview of building block C. 2a with anon-ether bridgednetasubstitution patterand
building blocks 2b-c with the modifiedethe moiety in benzyl position.

7.1.5 Synthesisof Building Blocks AB
The detailedsyntheic route towardsbuilding block AB is shown inScheme 7.25Starting

from 2-broma5-nitrobenaldehyde %a) and building block A the biphenylic derivative 7
could be obtained unde&uzukiconditions To introduce theglutamine side chairseveral
steps had to be performdeirst of allthe side chainvas elongad by a Wittig reactionwith
the correspondingmethylesterylide 30. The resulting a,b-unsaturatednethylester16 was
reduced under hydrogeatmosphereSimultaneouslythe nitro group of compountié was
reduced undethe usedconditions.In caseof 4a and 4e the chlorde in 2-position of the
pyridine moietywas also cleavedt the same timeAfter the iodinationof compoundl7
under modified Sandmeyeconditiors, the amidation of the resultingdinemethylesterl8
was performed in ammonia solutiomith catalytic amourst of potassium cyanidéKCN) in

MeOQH.[19348
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NO,
, NO, .
BPin CsF, PdCl,(dppf)-DCM,
1,2-DME,s , 80°C _0
X + >
| 0
X YR N
Br | P
building block A building block B X" YT R
4 5a 7
o)
X=Cl,H Ph3P§)]\o/ (30)
Y=CH, N
THF, rt
NH, NO,
10wt% Pd(OH),/C,
OMe H2’ ~1 bar, MeOHabs_, rt — OMe
o | X (0]
R’ X7 YT R
17 16
i) 1.0 eq NaNO, 0°C,
HCleonc., AcOH
ii)1.8eqKI, 1.0eql,
H,0O, 0°C > rt
|
KCN, 50°C,
O 7M NH3 in MeOH . NH,
0] | N O
R' YO R!
building block AB
18 3

Scheme7.25:  Synthetic raite for the synthesis of glutamine side chain (GIn) furnishing building block AB.

Previous studies had shown thattho-bromo a,b-unsaturated acryladelike 3la

(apossible derivative of building block B)are not suitable for Suzukoupling

(Scheme 7.26“8 Apparentlythe Pd-catalyst forns a p-complex with theacrylate side chain

in ortho-positionunder these conditioradthusis inactivated forthe catalytic cycle(see also

chapter7.2).
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NO,

B(OH), 5 mol% Pd-catalyst, O
base, solvent, 80 C= _ O

77

O
Br (e O

3la 16

NH, NH,
Reduction +

SN

NO,

O
o Br O

Scheme7.26: Model reaction for screening the Suzgkinditions of couplingrtho-bromoa,b-unsaturated
acrylate31a.1*%d

Theeasiest way to circumvent this problevould bethe reductiorof the unsaturated moiety
orthoto thebromineof compound3la. Performing the reaction undeifferenthydrogenation
conditionshoweverled to debromination o8la (Table 7.). The bestresults were obtained
usingPtS/C as catalystHowever,aninseparable mixturef unreacted starting materizda,
product and undesired {product wereobtained after thecatalyst was removed by filtration
When unning the reaction to quaraitve conversionthe debromination became the main

reaction pathway.

Table 7.1: Screening of hydrogenation conditions for the reduction of acrglte
NO2 10 wt% catalyst, MeOH, NHa NHo
H2’ rt
> +
= ONQ ONg O
Br (0] Br 0] 0]
3la

Entry Catalyst Conversior® Product!™ By-Product!™
1 PtO, 100%(3 h) 19% 73%
2 Pt/C 100%(3 h) 54% 46%
3 PtS/C’ 83% (2.5h) 67% 16%

[a] Conversion of the starting material and reaction tifbe.Calculated by relatie intensities of the GMS
spectra without internal standard.

To avoid this problem it was necessary to couple building block A and B prior to the
Wittig reactionas it is shown inScheme 7.25Table 7.2gives an overview of thérst
Suzukicouplingof thebuilding blocks 4a-g with compoundba.

" Platinum, 3% on activated carbon, sulfided; 8% wetted powder
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Table 7.2; Synthesis of biaryb-nitrobenzaldehyde derivativea-f.

NO,
BPin NO,
CsF, PdCl,(dppf)-DCM, _0
X 1,2-DME pps,, 80°C
X~ Y7 OR! d B
Br X=Cl,H | _
Y =CH, N X7 YT R
4a-f 5a 7a-f
Entry X Y R! Compound®?
1 Cl N ,{/k 7a (92%)
2 H CH /ﬁ/ 7b (99%)
3 H CH /\< 7¢ (97%)
4 H CH /\/© 7d (92%)
5 Cl N A 7e (72%)
6 H CH SN 7f (91%)

[a] Isolated yelds.

In atypical experimentl.1eq ofthe correspondingryl boronic acid derivativweda-f, 1.0eq
2-bromao5-nitrobenaldehyde %a), 2.03.0eq CsF and -3 mol% PdCL(dppf)-DCM in
absolute, degasseld2-DME were usedWith this general procedurgood upto excellent
yields between 72% and 9986uld be obtaine{lTable 7.2.

Table 7.3shows the results of the Wittigeaction ofmethyl acetatglide 30 and biayl-5-

nitrobenzaldehyde derivativé®-e. The phosphonium precursor was synthesized froned..0

PPh and 1.1eq methyl 2bromoacetate in EtOAEY After deprotonation with aqueous
NaOH solution the stablmethylesteylide 30 was formedri very goodyields (90%)*° The

phosphoniurrsalt itselfcanalsobe used in the Wittigeaction, but an additionabse(such as

NaOMe or KQBuU) has to be applieby decreasinghe isolated yield
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Table 7.3: Synthesis of Iphenyl)acrylatalerivativesl 6a-e.

N02 NOZ
_0 O THF, rt O
PhsP —
L VJ\o/ 0
[ [
X =Cl, H _
1 : 1
X" OY7OR Y = CH. N X" OYTOR
Ta-e 30 16a-e
Entry X Y R? E/zZ Ratio® Compound®

1 cl N f\)\ 100/0  16a(98%)
2 H CH /ﬂ/ 84/16 16b (99%)

3 H CH /\< 79/21  16c (quant.)
4 H CH /\/© 91/9 16d (quant.)

5 c N A 94/6  16e(99%)

[a] Calculatel by relative intensities of the GMIS spectra withouinternal standardb] Isolated
yields.

The reaction was performed using a general procethe@appropriatealdehyds 7a-e were
dissolved in absolute, degassed THF and after addition ef.3dlj of themethylester
ylide 30 the resulting mostly colorless suspension was stirred until quantitative conversion
was detected by GMS. After purification by flash column chromatography the

3-(phenyl)acrylate derivativelba-e were isolated in excellent yields.

To afford the desired biarylic amigel7a-e, a reduction of the obtaineal,b-unsaturated
acrylateswas performed usingalladium(l)hydroxide on activated charcoal (Pd(@8) as
the catalyst(Table 7.4. Duringthis procedurén absolute MeOH under hydrogematsphere
up to three reactions were performed simultaneousiyuction of the nitro group and the
acrylate moiety and a dechlorinationin the case of Zhloropyridine building block 4a

and4e.
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Table 7.4: Synthesis of methybropanoate derivativelsra-e.

NO, NH,
10wt% Pd(OH),/C,
_— O\ Hy ~1 bar, MeOHg, , rt= o\
AN o X 0
| X=Cl,H |
X7 TYT R Y=CH,N Y7 R!

16a-e 17a-e
Entry Y R! ReactionTime® Compound
1 N /\)\ 45N (88%) 17a
2 CH /ﬁ/ 3h (99% 17b
3 CH /\< 3.5h (quant.) 17c
4 CH /\Q 3.5h (quant) 17d
5 N AL 7.5h (91% 17e

[a] Isolated yield.

After the catalyst was removed by filtratiothe resulting methyl -Bhenylpropanoate

derivativesl 7a-e werepurified byflash column chromatography.

For the iodination of arylaminekra-b a modified Sandmeyereactionwasapplied. Ater
dissolving the amirel17a-b in glacial acetic acid and fuming HGin icecooled agueous
solution of NaNQ@ and a Kl/} solution wereaddedrapidly (Table 7.5. After stirring the
reaction mixture overnight was quenched with N& O3 solutionfollowed byneutralization
to finally obtainthe desired aryliodies 18a-b.
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Table 7.5: lodination undemodified Sandmeyerconditions of biarylic amirel7a-b.
NH, |

i) HClgonc., ACOH,
1.0 eq NaNO, 0°C

N _ N
0] ii)1.8eqKI, 1.0eql;, 0]
B H,0, 0°C rt B
~ s
Y~ TR Y~ "R
17a-b Y=CH N 18a-b
Entry Y R! Yield® Compound

1 N ,g)\ 86% 18a
2 CH /W/ 64% 18

[a] Isolated yield.

In the last step of synthesizing building block AB thenidation ofthe corresponding
methylestes 18a-b was perfomed. For this reaction two different conditions were
investigatedOn the one hand magnesium nitride (MgN2) mediated reaction was examined.
In the presence of MeOH the reactivegnesiurrsalt generates Mg(OMe)and ammonia

which should convert the casponding methylester to the primary ani@quation 7.).!52
MgsN, + 6 MeOH ——» 2 NH3 + 3 Mg(OMe),

Equation 7.1: In situgeneration of ammonia by dissolvingagnesim nitride (MgsN,) in MeOH [*2

On the other hand a KCbhtalyzed amidationwas performed Both conditions were
investigated usinghe a,b-unsaturateanethylestei3la as model substrai&cheme 7.27 In
the MgN, mediated amidation 1€g of NH; were applied (5eq MgNy), in the
KCN-catalyzed amidation a 7M ammonia/® solution was used.

Variant a in Scheme 7.29ave aninseparablemixture of unreacted starting materizla
(~80% conversion)product32a and not closely defined hyroducts Furthemore it has been
reported that explosions can occur usingsNg The magnesiursalt reacts rapidly and very
exot her mi cal | y¥-16bkcal/mol)woaforre magr{espirh hydroxide (Mg(QGi)
and NH; so that the reaction had to be performed in absolute M&bWariant b has been

proven to be more advantageous vgtlantitative conversion afterdstirring at 50°C.
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5.0 eq Mg;N, MeOH

0°C—+rt =80°C

7M NH,/MeOH

NO,
a)
= OMe
Br (e
3la
NO,
b
) = OMe
Br (e
3la

13 mol% KCN, 50°C

NO,

Br

NO,

Br

=

(@]
32a

7
(@]
32a

+ by-products
NH, P

NH,

Scheme7.27:  Overview of thewo amidation methods; the situgeneration of ammonia) and the
KCN-catalyzed amidation in an ammonia/MeOH mixtuse (

Encouragedby the promising restd, the last reaction stepf building block AB was

performedby the KCNcatalyzed amidation methdor compound 18a-b (Table 7.6.

Table 7.6: KCN-catalyzed amidation of methylessdiBa-b to thefinal building blocls 3a-b.
| |
7M NHs/MeOH
O . NH,
KCN, 50°C
N ° N °
Y7 OR! Y2 OR!
18a-b Y=CHN 3a-b

Entry Y R? KCN Time  Yield® Compound
1 N f\)\ 15mol%  7d 84% 3a
2 CH /\( 16 mol%  3d 91% 3b

[a] Isolated yields.

The formationof building block AB utilizing catalytic amousbf KCN was performed inra

ammonia/MeOH mixture at 50°C in a pressure tulléhough long reaction times up to a

week had to be performedhe resulting product3a-b were isolated in good to very good

yields withoutsignificantformation of byproducts84-91%).

According to Scheme 7.25two different building blocks AB were successfully

synthesized. The five step synthesias carried out in an overall yield of 57% forboth

" Conversion only monitored by GEIS.
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compound 3a and3b. For the whole synthesis of compowr8a-b (including thesynthesis of
building blocks A and B) a9 steps synthesis foBa (33%) and a 8teps synthesis fasb
(28%) werenecessary

7.1.6 Synthesis of Teraryls

The last two stepm the whole synthesis were the Suza&upling (Scheme 7.28followed
by the deprotection of the phthalimide masked primary atoirgenerate the free lysine side
chain(Table7.7). The coupling of buding block AB and2b-c was performed according to
previously described conditions, utilizing Pd@ppf)-DCM as catalystand KOAc in
absolute, degassed IDME. In addition, a modified aryaryl coupling has ken investigated.
Compound19c was synthesizedy coupling building block AB with the potassiusalt 40c

in absolute MeOHising Pd(OAG) in catalytic amourst

N O
B 0 3:;
o 0
% 2b-c

building block C

CsF, PdClI,(dppf)-DCM,
1,2-DME,,¢ , 80°C

19b: 88%
19c: 98%
| O
NP
Pz
NH»> S
(0]
| N NH,
N/
X O

building block AB

3a ° 19a-c
N Y =CH,, O
e}
40c 19a: 89%

BF3K
building block C

K2CO3’ Pd(OAC)Z’
MeOH,, , 60°C

Scheme7.28 The second arydiryl coupling of building block AB and C furnished the final teriargtaffold.
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The BFs;K-salt40c waseasily prepared by converting pinacol e&gwith potassium fluoride
(KHFy) in a water/MeOH mixturésee alsgpage54).

Comparing theséwo reaction conditionsonly slight differences were observed in reaction
time, reactivityandisolated yield.

In Scheme 7.2%he synthesizeghthalimideprotected teraryl49a-c aredepicted The lysine
side chain of the upper building block C was modified by diffesebttitution pattern and an
ether function in benzyl position to increase the polarity of the lysine alkyl chain.

o) 0]

N N
® O ® i
o o O\/\N
(0]

NH, NH, NH,
= 0O = o = 0
o < <

N N N
19a 19b 19c

Scheme7.29: Synthesized phthalimide protected teraty®a-c.

In thefinal step the deprotectiomnder Gabrieconditions had to bprocessedwhile the
hydrolysis of the phthalimide utilizing aqueous NaOH solution requigggtively harsh
conditions, the conversion witihydrazinemondydrate(H,N-NH,-H,O) could be performed

under much milder conditns Scheme 7.30

(0] o (0]
i, + 2O L2NaOH gy HaNNHg N
NaO HN
(0]

O o

Scheme7.30:  Reaction conditions for the cleavage of a phthalimide protected primarysamine

Although the reaction under mild conditions required longer tieadimes higher yields of
the final deprotected terarylka-c were obtained utilizing HN-NH,-H,O (NoHj, 64-65%,
reagent gradan MeOH comparedo theharshemethodapplyingaqueous NaOH.

The results of th deprotection are summarizedTiable 7.7
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Table 7.7: Cleavageof phthalimide protected amigé9a-c to the final lysine side chain of terasyla-c.
)
@OVO
NH;
i) 10 eq H,N-NH,-H,0,
MeOH, rt, 3-8 d . NH,
ii) prep. HPLC
Y = CHQ, (@]
19a-c la-c
Entry Lysine Side Chain Time Yield®  Compound
NH,-HCOOH
1 8d 73% la
o~ NHz"HCOOH
2 6d 76% 1b
3 3d 77% 1c

o)
"> NH,-HCOOH

[a] Isolated yields after preparative HPLC.

To ensure a high purity of the final produdia-c the teraryls were purified by preparative
HPLC. Due to the fact that the purification was performed in an agudeous acid solution,
the amine function of the lysine side chain was protonated to itsdtarform. This had &
advantageous effecthat the isolat products were obtained a&slts and in addition the

solubility of the terarylsla-c could beincreasedn aqueous solutions
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7.1.7 Summary of theLinear Approach

In Scheme 7.3theentiresynthesis of the teraylla-c is summarizedStarting from building
blocks 5a and4a the biarylic aldehyd&a wasprepared Introducing the glutamine side chain
was realized over four steps. AftarWittig reaction the resulting methyl acrylaiéa was
reducedto its saturated form and after iodination under modified Sandreeyetitions the
amide function was introduced by a K&idtalyzedamidation. In the final steps the second
Suzukicoupling leads to the terarylic scaffold and after degmtion of the amine functioof

the lysine side chaithe desirederarylsla-c were obtained.

NO,
Ols
Suzuki-coupling
Br

building block B
5a

N02 NHZ
OMe OMe
B — R
= 2 O
< <
Cl N N
7a 17a
BPin
N
w
Cl N

4a y

| \/R3
=

BPin
building block C NH, OMe

O o
Suzuki-coupling =~ | = |
\S S

2a-c N N

building block AB
la-c 3a 18a

Scheme7.31: Synthesis of teraryl$a-c using the lineaapproachEssential to this synthesigerethe two
Suzukicoupling steps foassemblinghe terarylic scaffold.
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Three different teraryls were successfully tbysized by using the linearapproach
(Scheme 7.32 Based on leadtructurele the terarylla was preparedn 17 steps with an

overall yeld of 14%. Teraryllb and1c wereobtainedn 13 steps with an overall yield of 7%

for 1b and 12% for terarylc.
l NH, Lys-998

O NH,

GIn-1001
Ol
Leu-1005
le
S S
® ® o
NH; O/\/NH3 O O O
'e) ®
O O " NH,
L O Tl
O
_— O _ o = |
g S Y
N N
4PY_2-L eu-3-GIn-3"-Lys 4PY_2-L eu-3-GIn-3"-O-Lys 4PY_2-L eu-3-GIn-2-O-Lys
14%, 17 steps 7%, 13 steps 12%, 13 steps
la 1b 1c

Scheme7.32 Leadstructurele and overviewof the synthesized terarylsa-c with its overall yields
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7.2 Synthess of Temphenylsusing the DiazoniumApproach

Taking into accounthat ortho-substituted acrylagslike 31a are not suitable for the chosen
aryl-aryl coupling conditiongsee alsoScheme7.26) an alternativesyntheticstrategy was
developedScheme 7.33

After nitration of 3bromobenzaldehyde6ly) using HNQ/H,SO, as solvent mixture,
5-bromo-2-nitrobenzaldehyde 5p) was isolated in 83% vyield? Similar to the methyl
acrylate side chain of compoundla the glutamine moiety was introduced under
Wittig-conditions utilizing Wittigsalt 33 in the presence of KiBu. Due to the substitution
pattern of the resulting acrylami@®@gb the a,b-unsaturated residue is nowrnmetaposition to

the halide leaving group (compeBeheme 7.26

1.4 eq HNO,, NO 0 NO,
H2804, -15°C PhBP\)I\O/ (30) , THF, rt
~ >
87% 0 95% A~ OMe
Br
Br Br 0]
6a 5a 3la
2.0 eq base, B(OH),
5 mol% Pd-catalyst,
solvent, temp
NO
2 o
X
R = OMe; 16f || //\)LR
R = NH;; 34a
A
2.0 eqCsF, B(OH),
3 mol% PdCI,(dppf)-DCM,
1,2-DME, 80°C
99%
Br cP Br
Br o @ % (33)
HNO4/H,SO,, 0 C‘ 1.05 eq Phsp\)LNHZ .
o 83% 20 1.05 eq KOtBu, MeOH, -2°C A~ -NH:
N02 N02 (@]

88% (over 2 steps)
6b 5b 32b

Scheme7.33.  2,5-Disubstituted phenylacrylamidg?b in the Suzukicoupling withm-tolylboronic acid as
model substrate. Thegb-unsaturated acng residuemetato the bromideloesnot interferesthe
Pd-catalyzedcrosscoupling wherebyortho-derivative31a gave no desired coupling product at
all.
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The formation of the previously describ@dcomplex of the involved palladium species
should now be suppressed, which midiet beneficial forthe Suzukicoupling (see also
page3l).

To prove this hypothesis, acrylami88b was coufed under Suzukeconditions as described
above Gcheme 7.3Band excellent yield (99%) could be obtained usmtplylboronic acid
as substrate.

After reduction of theformed acrylamide 34a utilizing Pd(OH)}/C under hydrogen
atmosyhere the saturated amid&a wasisolatedin quantitative yield(Scheme 7.34 As it
has beementioned abovéor the ortho-substitutedderivatives(seealsopage36), iodination

was performed in theext stepresulting inthefinal building block AB.

NO, * N;BF, O
AN :
NH, i) 1.2 eq BF5-Et,0, NH,
THF 5ps., -45°C
i) 2.0 eq tBUONO, -45°C
®
34a 36a
NH, o) | o)
10wt% Pd(OH),/C, NH, i) 1.0 eqNaNO, 0°C, NH,
Hy, ~1 bar, HCleone., AcOH
MeOHgps., rt i) 1.8eqKl, 1.0eql,
quant. O H,0, 0°C > rt O
35a building block AB

Scheme7.34: Quantitativehydrogenatiorof acrylamide34a furnishing amine85a. The iodination under
modified Sandmeyetonditionshoweverproved to bainsuccessfullhe derivatization of the
amine functiorto the diazonium derivativaffordedcompound36a in 70% isolatedyield.

From a mechanistigoint of view the first step of the modified Sandmengactionis the
in situ formation of thecorresponding diazoniwsalt by treatment with NaN@under acidic
corditions In the secondtep,the formed diazgroupis converted to the iodine @ddition
of a KI/l; mixture The formation of the desired iodine in caseaofine35a howevercould
not be observednderthe chosen conditionswhile the corresponding methylester derivatives

could be iodinated in good to very good yie{dsmpareTable 7.5 page36).

To investigatewhether the formation of the diazgroup or the iodination step ishe
limiting fact, amine35a wasprovedto be suitable fothe formation ofa stable diazoniursalt
like trifluoroboratesalts (BEK-salts.
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During the last decade the diazonium grdugs received increasing attention aseayv
reactive leaving group folPd-catalyzed crosscoupling!®® for which the sequence of
reactivity is known to be in th order-N,", -I, -Br, -OTf, -CI.*¥ For that prposethe
diazoniumsalt36a was tested in the ardryl coupling reactionkirst atemptsof the arylaryl
coupling using m-tolylboronic acid and diazoniumderivative 36a are summarized in
Table 7.8 Best results werebtained by a Pd(OAg)katalyzedreaction in abdate MeOH at
room temperatureUsing the same calgst in 1,4dioxane however did not result in

terphenylic producfTable 7.8.

Table 7.8: Firstattemptsf diazoniumcouplingof conpound36a andm-tolylboronic acid

N2-BF, O B(OH), O
O
O NHz  1.2eq
- O NH, + by-products

catalyst, solvent, rt c|®
O O ligand” = NN

36a

Entry Conditions® By-Products!™ Product!™
0 ®
0
NH
(O 7"t oy
O\Els/o
CLC R
R = m-tolyl O
A B c

5 mol% Pd(OAc),
1 1,4-dioxane, rt 1% P 2% /

5 mol% Pd(OAC),,
2 MeOH. rt 16% 19% / 65%

5 mol% PdA OAC),,
3 5mol%ligand, 21% 41% 1% 37%

THF, rt

10wt% PdC !
4 MeOH. rt 9% 16% 14% 61%

[a] Absolute, degassed solvents were app(igldCalculated by relative intensities of the @4S spectra without
internalstandard[c] 5% Pd basis (based on dry substance).
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Results and Discussion

Although the glutamine side chain in this reaction sequennew in ortho-positionto the
upper building block(compound34a vs. 16a-€), the reaction pathway would give a new
opportunity toreducethe number ofreactionstepsandpotentiallyincreasehe overall yields
But by coupling building block5b with one of thebuilding blocks C first, the obtained
building block BC(compound36) could further be coupled under Suzukonditions with
building block A toform the desire®',3,3"trisubstituted @érphenylic scaffoldgcheme 7.36

|

i) Suzuki
NO . -
2 B(OR), i) Wittig
iii) Reduction NH,
o > building block C
= , V) lodination o) R
Br R" v) Amidation O
R1
- - - B(OR),
building block B building block A building block AB
5a 4 3 2
o
O NH,
! O
R1
1
RS B(OR),
Br i) Suzuki ©\
R3 i) Wittig R
. li) Reduction building block A
0 iv) Diazotation O 4
NO, B(OR), NH,
N2'BF4 O
building block B building block C building block BC
5b 2 36

Scheme7.35. Overviewfor the synthess of building blocks AB and BCstarting fromiodine derivative3 or
diazonium derivativ&6. Both reaction pathways led to the desip&8,3"-trisubstituted
terphenylic scaffold.

An additional advantage of introducing thiele chain by tilizing the amide Wittig-salt 33
(Scheme 7.38 is the time consuming and also poisonous amidation step (KCN,
ammonia/MOH) couldknow be avoidedcompareTable 7.6.
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Encouraged by the promising results that the diazorfiumation could be usedor the
synthesisof 2',3,3"“trisubstitutedterarylic scaffold, a new diazoniumbasedretrosynthetic

variation was intended.

7.2.1 Retrosynthesis

The formation oleadstructurebased teraryl¢a-c could be impressively demonstratesing
the linear approacfseealso chapter7.1.7). However, a covergent synthetic strategy of a
core unit with two diferentiated leaving groups in th&d-catalyzedsynthesis seems to be a
decentdesign for a&onvenientand more flexiblepproach $cheme 7.36

In the retrosynthetic analysis the first disconnection occurs at-thd@nhd betweebuilding
blocksA andB, subsequentlyollowed by the seconBd-catalyzedcrosscouplingstepof the
resultingbuilding block AB and building block Clhe twodifferentiatel functional groupsn
the core unit38 (diazo and halide functionyhould ensurethe regioselectivity for the

consecutive crossoupling steps

R3

B(OR),

R3
O building block C
Br 5

O { - NH2

NH,
O N2'BF4 O
O building block B
R1
1 38 B(OR),
R'l

building block A

4

Schenme 7.36: Synthetic strategy using diazonium core @d8twith two differentiated leaving groupssiitable
for regicselectivePd-catalyzedcrosscoupling reactioa

7.2.2 Synthesis ofthe Diazonium-Based Building Block B
To introdue the glutamine side chain under Witgnditions, the phosphoniusalt 33 was

synthesized according goprocedure oBUINEY and coworker§Scheme 7.3
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Under inert conditions -2hloroacetamide andPPhy were stirred under reflux in freshly
distilled nitromethane

The nitration of aldehydéb was performed usin@ procedure of THUMMEL obtaining
isomeri@lly pure compoundb as a pale yellow soli§*3

For the Wittigreaction 1.05eq of phosphoniursalt 33 weredeprotonatedn situ employing
KOtBu followed by addition of 5broma2-nitrobenzaldehyde %b). Quantitative conversion
wasdetectedafter less than 4Min resulting inE/Z-isomers (96/4pf 32b. The isomers were
separated byrecrystalliation from MeOH/EtOAc (70/25)to finally furnish only the
E-isomer32b in 90% vyield.

Br
1.05 eq PPh;, ©
CH3NO, 105°C

0 Clo
@
Cl » Ph;P.
33

98%

N2'BF4 O
Br building block B
Br
38
H,SO, HNO;,
o —————~ O i) 1.2 eq BF5-Et,0,
& 83% NO, THF 46, -45°C
ii) 2.0 eq tBUONO, -45°C
6b 5b 879%
S
Br 105eq Prp . 33 P Br
2 2.0 eq Sn,
0 1.05 eq KOtBu, MeOH, -2 (i / NH, AcOH, rt P NH,
o,
NO, 90% NO, o) quant NH, o)
5b 32b 37

Scheme7.37: Synthesis of theiazoniumcore unit38 with anoverall yield 0f64% over 5 steps

Keeping in mindhe factthat the reduction of acrylaia (seealsoTable 7.1 page32) under
hydrogenation conditions led to the formoat of the unfavored dehalo {product armother
reaction pathway wasvestigated for the reduction of compouwsizh (Table 7.9.

Attempts n aqueous HCI under reflux, ontgsulted inprotodeaminationBut applying
reducing agents like Sn, Zn or Fe iacetic acidat room temperaturgave the desired
amine37 as the main productvhereby bestesults could be obtained using-Sowder in
acetic acid under exclusion of ligfftable 7.9 entry 4)
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Table 7.9: Screening resustof different reduction conditionsf compound32b.

Br Br Br
metal, solvent
_~__NH, omp. _~__NH, _~__NH,
NO, 0 NH, 0 o
32b 37

Entry Conditions Conversion®  Product!”  By-Product™
1 4.0 eq Sn, HCI/BD, 100°C 100%/ 2 h / 100%
2 3.0 eq Zn, HCI/HO, 100°C 100%/ 3 d / 100%
3 3.0 eq Fe, HCI/BD, 100°C 100%/ 3 d / 100%
4 3.0 eq Sn, AcOHit 100%/ 22 h >9%% <1%
5 3.0 eq Zn, AcOHTrt ~73%/ 22 h 5% 14%
6 3.0 eq Fe, AcOHit ~55%/ 22 h 55% <1%

[a] Conversionandreaction time. [b] Calculated by relative intensities of the-l@& spectra without internal
standard.

The resulting amin87 was converted to its stabbiazonium tetftuoroboratesalt 38 under
inert conditions.At -45°C boron trifluoride ethyl etherate (BEt,O) andtert-butyl nitrite
(tBUONO) were added to the amigelution After stirring for 3.5h at-15°C and further 1h
at-5°C, the resulting diazoniursalt was precipitated by addition of absolnthexane After
filtration, the pale yelloworange diazoniursalt was isolated in 87% yiel&¢heme 7.37%%
The isolated yieldstrongly depended othe applied temperatur&Vhile for temperatures
below-20°C only slow conversionwas observed, the gyroduct formation was dramatically

increasedat temperatures higher than 0°C.

In the followingchapter(7.2.3 the screening results did air stableliazoniumsalt38 are
compiled for thePdcatalyzed aryl-aryl couplirg using m-tolylboronic acid asmodel

substrate

7.2.3 Synthesis of Building Blocks ABand BC

According to the screening results of compouBfa (Table 7.8 page 45), 1.2eq
m-tolylboronic acid and 2.510l% catalyst in absolute MeOH were chosea starting point
(Table 7.10. First of all, different catalystike PdCL or Pd(OAc) were tested, but also more
sterically demandingcatalyss like PdCL(PPh), or Pd(PPk), were examinedAfter 4.5h
stirring at room temperature the conversion was quantitative foresitionedcatalyss.
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Although the formation of byproductA was detected onliyn the case of Pd(OAg)the best
catalyst wastill the Pd(OAc) complex Table 7.10 entry 1) 51% Productformation of the
desiredbiarylic bromeacryl derivative39a could be detectedvith only slight formation of

by-productC.
Table 7.10.  Screeningof catalyss for thediazoniumcouplingof building block38 andm-tolylboronic acid
B(OH), Br
Br 1.2eq ©\ O
- = NHz by-products
_ NH, 2.5mol% catalyst, O
MeOH, rt, 4.5 h O
N2'BF4 O
38 39a
Entry Catalyst By-Products® Product®
Br
B
J e
O‘B’O = NH,
= NH, i
C : :
o R = m-tolyl O
A B C 39a

1 Pd(OAc) <1% 47% <2% 51%
2 PdCb / 76% <1% 24%
3 PdCL(PhCN) / 2% 25% <4%
4 PdCL(dppf) / 77% 22% <1%
5 Pd(PPh)4 / 74% 26% /
6 PdCL(PPh); / 7% 21% /

[a] Calculated by relative fansities of the G@AS spectra without internal standard.

Three different byproducts could be formed during the diazoniarmsscoupling. The
homaocoupling byproduct from two molecules m-tolylboronic acid A), the
protodediazotation bproduct B) and he cyclotrimeric anhydride form(C) of
mtolylboronic acid(boroxine)

Theproposed mechanisof formation byproductB is depicted irScheme 7.380ne electron
of the solventi(e., MeOH) can be transferred the diazo function. The resulting aryldiazo
radical rapidly decomposes to the correspondingradital under formation of nitrogen. The
arylic radical can be quickly quenched by a second solvent molecule uralesttdction
(Scheme 7.38°%
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(\o

|||@ |

MeOH .
N + H2C—OH
2 chain reaction

Scheme7.38  Mechanism of side reaction which can ocituthe diazoniumcrosscoupling chemistry %

In additiontheinfluence of thesolvent wasalsoinvestigatedapplying2.5mol% Pd(OAc)
and 12 egmttolylboronic acid At it is shown inTable 7.11best results were obtained in THF
and MeOH Table 7.11 entry 2 and 4)The highesty-productformation was detected in
solvents likel,4-dioxaneor CRCH,OH (Table 7.11entry 1 and 8).

Table7.11:  Screeningf solvens for the diazoniurrcoupling of building block38 andm+-tolylboronic acid.

B(OH), Br
Br 1.2eq @\ O
> = NHz by-products
= NH, 2.5mol% Pd(OAc),, o
solvent, rt, 2.75 h O
N2'BF4 O
38 39%a
Entry Solvent® By-Products!” Product!®
Br
s-R
O _~__NH,
o)
R = m-tolyl O
C 39a

19 1,4dioxane 4% 70% 6% 6%
2 THF 3% 50% 5% 42%
3 ACN 1% 68% 15% 16%
4 MeOH / 48% / 52%
5 EtOH / 58% 4% 38%
6 iPrOH / 58% 13% 2%
79 AcOH / 67% 27% /
8 CRCH,OH 4% 86% 7% 3%

[a] Absolute, degassed solvents wased [b] Calculated by relative intensities of the @&4S spectra without
internal standardfc] m-cresol (14%) was also observedonly confirmed by GEMS spectra) [d] 3-bromo
benzaldehyd¢6%) wasalso observed as yroduct(only confirmed by GEMS spectra)

51



Results and Discussion

In accordance with literature known procedures of coupling diazonium
tetrafluordooratesalts lower temperatuse(~0°C) gave less bgroduct formation than
running the reaction at 35°CT¢ble 7.12. At 2°C and 2.5mol% Pd(OAc) in absolute,
degassed MeOkhe highesformation of desired produB9a wasobserved82%).

Table 7.122  Screeningf temperaturgfor the diazoniurrcoupling of building block38 andm-tolylboronic

acid.
B(OH), Br
Br 1.2eq ©\ O
> F NHy by-products
_~_ _NH, 2.5mol% Pd(OAc),, o)
MeOH, temp., 8 h O
N2'BF4 O
38 39a
Entry Temperature By-Products!® Product®
Br
B
O e
o\B,o = NH>
= NH, i
C LT
o R = m-tolyl O
A B C 39a
1 2°C 8% 9% 1% 82%
2 rt (21°C) 6% 30% / 64%
3 35°C 3% 40% / 57%

[a] Calculated by relative intensities of the &S spectra without internal standard.

Literature evidencesuggestghat the differenboronic acid derivatives (such as boronic
esters, MIDAboronates, or BfK-salts) can also influence threactivity of usedbuilding
blocks (Table 7.13!"? For that reason freentolylboronic boronic acid, pinacol ester
derivative and the corresponding §BFsalts were testefbr their suitability in thediazonium

crosscoupling reaction.
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Table 7.13:  Screeningf different boronic acid derivatives.

B
1.2eq O

2.5 mol% Pd(OAc),,
MeOH, rt, 16 h

Br

_~_ _NH,
N2'BF4 O

a8 = B(OH), BPin, BF3K

Br
O = NHy by-products
O

39a

Boronic Acid

Entry Derivative

By-Products®

Product!®

B(OH),
SN

BPin
olb]

BF,K

Br R O.
\$/ $/
o.__0O
= NH, E|;
R
(@]

Br
R
O = NH,
o
R = m-tolyl O
C 39a
/ 68%
/ 18%
6% 47%

[a] Calculated by relative intensities of the @45 spectra without internal standafld] 85% conversion, based

on m-tolylboronic acid pinacol ester.

While pinacol estes seem to b@ot suitable for the diazoniwmeoupling free boronic acisl

and the BEK-sals areappropriate arylic derivativdsr thediazoniumcrosscoupling.

Due to the fact that most of the synthesized building blocks ACa(gkealsochapter7.1.2

and7.1.4 arepresentn its pinacol ester forpnthey have to be converted its free boronic

acid form or to itBFK-salt.

Literaturereportssuggesthat the BEK-saltsformedfrom pinacol esters are much easier

to handle tharfrom free boronic acis resultingby saponificatiod’” For that reason the

BFsK-salts were furtheusedwithin thePd-catalyzedcrosscoupling.
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The trifluoroborate derivatived0a-d could be easily prepared from an aqueous MeOH

solution [Table 7.14. After dissolving KHF, andtheboronic acid derivativen a MeOH/HO

mixture, a cobrless precipitate of the resulting trifluoroboratdts40a-d wasobserved. After

filtration and recrystallizatiothe desiregrroducs wereobtainedas colorless solid$?

Table 7.14:  Synthesis of trifluoroborate derivativd8a-d.

B(OR), BF3K
X 3.0 eq KHF, MeOH/H,0, it
| /\R1 - | /\R1
4f-g, 2a, 2¢ 40a-d
Entry Compound Purification Yield™
BF3K
1 acetone/BO =12/25 94%
40a
BF3K
2 acetone guant.
40b
o}
N
3 o) acetone quant.
BF3K
40c
o}
O\/\N
4 acetone/BO = 12/22 90%
BF3K
o
40d

[a] Purificationby recrygallization. [b]Isolated yields.

Starting from commercibl available m-tolylboronic acid, potassiwsalt 40a was

synthesized in one step (94%)ompound4Cb waspreparedn five stepsin an overall yield

of 70% Derivative 40c was synthesizedin six steg with an overall yield 0of66% and

BFs;K-salt40d wasobtainedn 44%yield (overthree steps)
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Changing all possible reaction parameters; i.e. cagalyslvents and reaction temperature,
best conditions were found to ber®I% Pd(OAc), 1.2eq BRK-salt in alsolute degassed
MeOH at a temperature betweesfC and 5°Cas itis shown inTable 7.15 Running the
reaction to quantitative conversiothe desired building block AEcompound39a) was

isolated after purificatioby flash column chromatography.

Table 7.15.  Best reaction conditionsf diazoniumcoupling withpotassium trifluoraftolyl) borate(40a).

BF3K Br
Br 1.2 eq (40a) O
> = NHy by-products
— NH, 5 mol% Pd(OAc),, o
MeOH, 5°C O
N2'BF4 O
38 39a
By-Products!® Product®
Br
O Br R\B/O\B/R
| |
0.0 O _~__NH,
_~__NH, R J
O 0] R = m-tolyl O
A B C 39a
4% 17% / 7%

[a] Calculated by relative interigs of the GEMS spectra without internal standard.

In a typical experiment, 1€q diazonium tetrBuoroborate 38, 1.2eq potassium
trifluoro-borate derivative 40a-d and 5mol% Pd(OAc) were dissolved in precooled
absolute, degassed MeOH. After quantitative conversionghallyorangebrown suspension

was concentrated to dryness and the crude product was purified by flash column
chromatography

Table 7.16summarizeghe diazonium crossoupling of core uniB8 with different building
blocksA and Cin its BRK-salt form Theadvantagef thecorvergent synthetic strategy of a
core unit withtwo differentiated leaving groups is obvious only one step aiverse
modification of building block AB or BC can be obtaindd. addition the challenging
synthesis of sterically demandiri@gj2-disubstituted biphenylic derivativ89d was even

accessible witlhis diazonium strateg{Table 7.16entry 4)
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Table 7.16:  Synthesis of building blocks AB and BC using the diazonium strategy.

BF;K Br
Br N (40a-d) N
R | /\/\[(NHZ
(0]
_ 5 mol% Pd(OAc),, N
MeOH, ~5°C | N 1/3
N,BF, O AR
38 39%a-d
Entry BFK -Salt Product Yield™
Br
O NH
BF 3K = 2
1 S 55%
O building block AB
40a 3%
Br
BF K O A N2
2 O © 48%
building block AB
40b 3%
(@) 0]
N
O
3 BF;K 49%
Br building block BC
40c 3%
f" xx ()
O\/\N \ N/\/O o
BF,K X
4 3 o o O NH, 32%

40d

building block BC Br

3

[a] Isolated yields.
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While formation of byproductB wasreducedusing small amount&-50umol) of diazonium
tetreluoroborate 38, higher amounts (~&imol) promoted theformation of byproduct B.
However the convergent diazonium approach provides a fastcangtenientstrategy for
synthesizing compoundB9a-d (compareScheme 7.25page3l). Substrate39a wasisolated
in sevenstepswith an overall yield 0833% Derivative3% was obtained aftell stepg22%
overall) andcompound39c (12step$ in 21% overall yield. Also the sterically hindered
biphenyl39d (9 step3 was isolated with an overall yield 8%6.
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7.2.4 Synthesis of Terphenyls

Applying the convergent diazonium approach the resustanglic building bloclks 3%a-d were
coupled undeestablished Suxirconditions using Pd@ldppf)-DCM as catalysand CsF as
basein absolute degassed,2-DME (Table 7.17.

Table 7.17:  Suzukicoupling with acrylic building block39%a-d and building block A or C.

O
@Rws
Z X
Br | e Y N N
BPin P> s

X

| ~_NH;, -

/Wg PdCl,(dppf):DCM, N
CsF, 1,2-DME 2

X /Wg

| /\R1/3

R1 Y = O, CH2
39a-d 4l1a-d

Entry Building Block A Building Block B Building Block C®  Compound®

0,
O Qe Gl o

=
O
NPhth
2 _~__NH, 41b (85%)
(e}
O
™ NH, NPhth
3 41c (95%)
(@]

[a] NPhth = isoindolinel,3-dione [b] Compound (isolated yields).

All of the acrylic phthalimide protecteigmphenylicprecursorglla-d were isolated in god up
to very good yields. Alsderivative41c with the ortho-substituted acrylic side chagould be
isolated in very good yield9able 7.17entry 3)
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According to the previously described conditions the hydrogenaifothe resulting
phthalimide protected acrylic terphenyi$a-c was performed in MeOH at room temperature.
After quantitative conversion the catalyst was filtered off and dbtired phthalimide

protected terphenylsl9a-c were used in the next step without further purification

(Scheme 7.39
O
X
B
=
O
X
_~__NH,
Y
o)
R! Y =0, CH,
4la-c
Pd(OH),/C, MeOH, rt
185% 191% 196%
NPhth NPhth
Do, U &
NPhth o)
NH,
NH, NH,
SN O
19a 19b 19¢c

Scheme7.39: Reduction of phthalimide protected acrylic terphera-c to the corregonding terphenylic
precursord9a-c.

In thefinal step the deprotection of the lysine side chain was performed according to the
previously described procedufeee also chapter7.1.9, using hydrazine monohydrate in

MeOH at room temperaturgcheme 7.40
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0]
@]

| WNHZ

0]

/ \—/
)

\

R1 Y = O, CH2
19a-c

H,N-NH,-H,0, MeOH, rt

l 80% l 98% l 79%
1

NH, NH,
Ol o & &
" NH, o)
NH,
NH, NH,
. . g
1d le f

Scheme7.40; The phthalimide protected terarylSa-c were deprotected by hydiae morohydrate.

As depicted in Scheme 7.40leadstructurebased terphenyls 1d-f were successfully
synthesizedpplying the diazonium approacompoundle represent®ne ofthe computer
modeledleadstructurs which presumablyinhibits the PPl between the surface of Rho
GTPase and the-helical protein ROCK (sealsochapter7.1, pageld).
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7.2.5 Summary of the Diazonium Approach
The basic concepodf a convergent synthesis of penyls was the design tife central core

unit 38 with two differentiated functional groups suitable for Bebcatalyzedcrosscoupling
(Scheme 7.41

i
Br 1.05 eq Ph3p(3)J\NH2 (33) Br id
2.0eq Sn,
/o 1.05 eq KOtBu, MeOH, —20(3 _ NH2 AcOH, rt _ NH2
NO, 90% NO, O quant.  NH, o
5b 32b 37

i) 1.2 eq BF5-Et,0,
THF s, -45°C

ii) 2.0 eq tBUONO, -45°C
87%

Br

= NH,
N2'BF4 O
building block B
38

Scheme7.41. Synthesis of the diazonium core ud&

After introducing the glutamine side chain under Wittanditions the resulting nitrobenzene
derivative32b was reduced utilizing Spowder under acidic condition§he amine function
wasfurtherconverted to the corresponding diazonibased building block B using BELO
andtBuONO.

The convergent andegioselectivesynthetic strategy of the diazonium approach is
summarized irBcheme 7.42The diazonium coupling of building block B and building block
A or C asBFsK-salt was performed using Pd(OA@) absolute MeOH, directly followed by

the second arydryl coupling under established Suzuakinditions.
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Br
_~_ _NH,
X R3

12eq| =

Ny-BF, O Br Z

building block B 5mol% Pd(OAC),, BPin
38 MeOH, ~5°C _ _ NH, building block C=
overnight PdCl,(dppf)-DCM,

0
BF,K O CsF, 1,2-DME
R1

building block A i) Pd(OH),/C, Hy,
MeOH, rt
ii) Ho,N-NH, MeOH, rt

i) Pd(OH),/C, Hy,
R3 MeOH, rt
ii) HoN-NH, MeOH, rt

B(OR),

BF3K RS 1.2 eq ©\
building block C R

5mol% Pd(OAc),,

38 MeOH, ~5°C I O building block A

\ L
NH2  PdCl,(dppf)-DCM,
CsF, 1,2-DME

N,'BF, O overnight

X NH,

Br
building block B

39 41

Scheme7.42.  Synthetic strategy for the synthesis of terphenyls using the diazonium co88.unit

By changing the order of the two agtyl coupling steps the substitution pattern of tinalfi
terphenyls can be variédr the middle core fragmetompare compounte and1f).
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Using ths convergentapproach three different leatfucturebased terphemy could be
synthesized. Compoundd is showing impressivelythe advantages of thisonvergent
approach The synthesis of leastructurebased analoga can be fulfilled within one
diversifying step which is notpossible using the linear approadrhe computemodeled
leadstructurele was also synthesizeamployingthe diazoniunroute with an overall yield of

11% within 19 steps. An alternative substitution patteachievedn compoundlf.

NH, NH,
(s & ®
" NH, 0

3-Ala-2'-GIn-2"-O-Lys 3-Leu-2'-GIn-3"-Lys 3-Leu-3'-GIn-3"-Lys
9%, 12 steps 11%, 19 steps 10%, 19 steps
1d le 1f

Scheme7.43. Synthesizedarphenyls based on the diazoniampproach.
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7.3 Synthesisof Teraryls using the Triflate Approach

It could be impressivelydemonstrated that the differentiated coupling of a diazonium core
unit with a bromide in para-position (compound 38) is suitable for aregioselective
convergent synthesisf linear teraryls.The introduction of the side chain for the middle
building block BunderWittig-conditions resulting inraa,b-unsaturated moietseenedto be
generally aplicable However,the reduction of the unsaturated side chain in the presence of a
halide function in the aryl backbonkeading to aunfavoredprotodehalogenatiohy-product
(see also pagg?). The acryic side chain of the idzonium core unit is thereby the main
drawback, because the acrylic moiety is in any cafi® to one of the leaving groups and
this goes along withthe possible formation of g@-complex during thePd-catalyzed
crosscoupling step (see also pa8@. To circumvent this problem it would be of interest to
introduce the halide functioregioselectivly in para-positionto the second functional group
after reduction of thainsaturatesgside chain. The dacting effect of the substituentsn the
electrophilic substitution othe aromaticring is therdy essential for the regioseleativ
halogenation of arenéScheme 7.44

A suitable synthetic access to a bifunctionalized core isnieported byTROBE andsome
ideas and results diis master thesibaveto be mentioned at this poifit
The retrosynthetic concept is depictedSnheme 7.44Starting from a ortho-substituted
benzaldehyde derivativ& the residue for the amino actle chaircanbe introduced under
well-establishedVittig-conditions (see also pages, 34, 43 and48).

©” o= o = O

FG = functional group (ortho-, para-directing)
bU|Id|ng block B 44 43 42

Scheme7.44: Retrosynthetic approach of synthesizing building block B providingftiotional groups,
which are suitable for thed-catalyzedaryl-aryl crosscoupling!™

The resulting vinylbenzene derivativé3 can be easily reduced under hydrogenation
conditions. The critical stepihereby is the regioselectiveintroduction of a halidein
para-position to the functional grouf~G) after reduction to the saturateld2-disubstituted
phenylderivative44.

Two possibilitieswere consideredrariant aas aregioselective iodination afrtho-substituted

amines,like Konig and coworkerdiad used in the synthesis tofazokbasedteraryls'’® or
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variantb asa modifiedVilsmeierHaackreaction followed byn situ bromination with KBr or
N-bromosuccinimide (NBS)Scheme 7.4
FG Wittig- FG FG FG

i ~._ conditions ©/\/R Reduction ©/\/R Halogenation R
NN — _ —_—

42a (FG = NHy)

42b (FG = OH) X
42a-b 43 44 46
NH,
NH, NaHCOj3 I,
MeOH, H,0, 0°C R2
a) R? >
|
44a 46a
FG
FG ,
i) DMF, POCIj R?
b) R? >
ii) KBr or NBS
FG = NH, OH Br
44a-b 46b-c

Scheme7.45; Derivatization of the middle building blodk!"

While KONIG could demonstrate thealogenation methotbr aniline derivatives likelda in
high yields!”*® an alcohol functionhas the advantageous effect todasilyconveredto its
triflate form, which represents also an excellent leaving group in the Scmggcoupling
reaction(see also pagéb).

Although the high regioselectivityould be demonstratedor a diazoniunthalide system(see
also chapter 7.2) a differentiation of a triflatehalide systemshould also lead to a

regioselective and convergent approach usimgPd-catalyzedcrosscouplingsteps

The basic concept for the synthesis of the triflzdsed core unid5 is summarizedn
Scheme 7.46"™ 2-Hydroxybenzaldehydetgb) wasused as starting material to introduce the
amino acid side chain undéne already elaborateWittig-conditions. After reducing the
resulting unsaturatednylic product43, the regioselectiveodinationwas performeditilizing
iodine monochloridelCl) under acidic conditiondn the final step the alcohol function of
compound46 was converted to its triflate forngenerating asuitableleaving groupfor the
Pd-catalyzedSuzukicoupling!”
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OH OH OH
Ph,P-R]Br, KOtBu
o [PhsP-R] ! W_R Ha Pd/C, MeOH, 1t =
THF, toluene, 80°C
42D 43 44
ICI, AcOH, rt
OTf OH
R 11,0, pyridine, 0°C »rt R
| |
45 46

Scheme7.46; Synthetic routéowardsthe triflate core unit’

7.3.1 Retrosynthesis

The retrosyntheti@pproachwas rathersimilar to the established diazonium approach. The
succasive Suzukicouplings would leadto the desired terarylic scaffold by twamnsecutive
andregioselectivearyl-aryl coupling stepgScheme 7.47 The first Suzukicoupling should
occur at the iodine positionud to thehigherreactivity of the iodine function andhe less
steric hindrance. The resulting biarylic triflate shoulgrther be directly converted to the

desired terarylic scaffold under a second Suzuki ezospling step.

BPin
building block C

R2

OTf
building block B

45
1
BPin
!
N~ R

building block A
51

Scheme7.47: Retrosynthesifor the twofold Suzukicoupling using theriflate approach’”?

66



Results and Discussion

Due to solubility problems under physiologt conditions of the resulting teraryls,
pyridine-based building blocks A and C waresestigatedo increase the polarity of the arylic
backboneln the next chaptsl(7.3.27.3.4 the synthess of the corresponding pyridisased
building blocks51 arepresented

7.3.2 Synthesis of §ridine-Based Building Bocks A and C

While the benzendaseddesignis generallyusefulfor a-helical mimeticsbearingpolar side
chains, the intrinsically poor solubility of therphenylbased structurémplies solubility
problems forhydrophobic side chains under physiological conditions. To circumvent this
problem, the design of more soluble teraryls based on pysdoietieswascompiled.

The synthesis of pyridinderivatives4a and4e was dreadyestablishedy C-H activated

borylation undeir-catalyzedconditions(Scheme 7.48see also chapt@rl.?.

0.5-0.55 eq B,Piny BPin
N 0.75 mol% [Ir(OMe)(1,5-COD)],,
- 1.5 mol% dtbpy, MTBE, 70°C N
clI” "N "R > | _
77-98% cl” >N R!
R' = methyl, isobutyl
22a-b 4a, 4e

Scheme7.48; Establishedr-catalyzedborylation of pyridines (see algages 21-22).

Whereby he nitrogenatom of compound 4a and 4e is ortho to the amino acid side chain
(RY, it could have an advantageous effect on the entropic cost of bittdimave the polar
nitrogen atommetato the amino acid side chailBecauseltis would represent thenorewater
exposedsideof the teranjc backboneafter binding on the surface of theotein!*®

First of all a pyridinebasedbuilding block C wasynthesizd starting from nicotinic acid
derivative 47 (Scheme 7.40 After reduction of thein situ generated activester the

correspondindpenzyl alcoho#8 was isolatedn good yields.

0 o]
i) 1.05eqNEts 1.05eq -
N™ ™ OH toluene, rt N~ OH
| - U
i) 1.05eq LAH, THF, -78°C
Br iii) n/n/3n workup Br
71%
47 48
Scheme7.49: Reduction of nicotinic acid derivative’ by aLAH mediated reduction d@ghein situ generated

active-ester.
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In the next step th@hthalimide protected lysine side chahould beintroduced under
previouslyestablished ether formatiaonditions (sealso page29). However, all attempts
did not lead to the desired phthalimide protected pyridiveesed building block C

(Scheme 7.50
© o)
Br/\/N
NI X OH 0 N7 O/\/N
= 7 > | _ o)
Br NaH, THF
Br
48 14b”
©
Cl Br
@ ©)
HN™ ™ Cl HN™ ™ Br
| P | P
Br
SOCl,, 64& / HBr
ii) PBr3, DCMps.
l =
i) 50% aqu. KOH, BusNHSOy,, Tf,0O, pyridine, DCM
10 min, 4°C 48
ii) CI3CCN, 30 min, 4°C o
TfO
N X
N O CCl, HN| oTf
| P Pz
Br Br
© o)
N Ho >N
N| Y o) N7 O/\/N
= ” > | _ e}
Br NH Br
Y =Cl, Br, OTHf, oJ\C(n3 14p°

Scheme7.50: Unsuccessful attempts for synthesizmgidine-based building block C.

Beside different leaving groups like CI, Br or OTf, alsoriahtoroacetimidate method, or
modified Mitsunobeconditions (not depicted) were examined for the ether formation.

Nevertheless, no tested coupling reaction letthéadesired pyridindased building block C
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For that reason a totally new approach $ynhesizing 3,5-disubstituted pyridindasel
building blocks 51 had to bedeveloped

7.3.3 Modern Grignard Chemistry

The basic synthetic concept ishownin Scheme 7.51Starting from 3,&lihdopyridines
like 49 or 4% the 3-halo5-BPin-pyridine derivative 50a-b should be alkylated to the
desired 3,5isubstituted pyridindase building block1.

O
Borylation QL Alkylation QL 5
_— > B — 0} | AN R
~
X =Br, 49a
49a-b X=1, 49 50a-b 51

Scheme7.51: Basic oncept of synthesing 5-pyridine boronic acid pinacol esters with amino acid side chains
in 3-position.

The most obviousapproachwas to perform the borylation under previyuslescribed
conditions using PdCJ(dppf):-DCM and BPin, as borylation agen{see also page 26).
However, using,5-dibromayridine (49a) as starting material only showed the formation of
the desired product in very low yieldScreening of solvents (e.g., DMF or idibxane) dd
not improvetheformationof product50a (Scheme 7.52

1.0 eq ByPin, 3.0 eq KOAC,

Br Br 3 mol% PdC|2(dppf)'DCM, PinB Br
| N solvent, 80°C | N
~ > ~
N N
49a 50a
Scheme7.52: Borylation of 3,5dibromayridine (49a) using BPirn, as borylation agerandPdCL(dppf)-DCM
as catalyst.

Therefore another general approach had to be developed to @yseiisubstituted
pyridine boronic estesl featuring the amino acid side chain as substituent in{hasBRion.
The literature knownfi Tu+Gl 6 g n ar d o intodueedhy Ktochel!’? and other
research groufd seems to ba promising strategfpr solving thisproblem(Scheme 7.53

XXX iPvgerLic, X\ MICILC electrophile (1), X~ F
(T s 1 THF, -78°C |
SR _ >

N N N
49a-b X=Br, |
Scheme7.53 i T u +GHgmard approach for synthesizing 3cBsubstituted pyridineS?
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Thisi K n o @apgpm®dch has theadvantagehat the halides can successively be substituted
under electrophilic conditiont§? The formation of the active pyridir@rignard can be
performed bystirring the corresponding hadgridine derivativesi9a-b in the presence of a
previousy preparedPrMgClI-LiCl solution 62) at -78°Cl"¥ After quantitdive metathalide
exchange the situformed pyridineGrignard can theoretically be quenched with any kind of
eledrophiles 53 like aldehydesor ketones’? Furthermore the orthogonality of this
ATu+Glb o gnar dois ompressiié® titerature evidence suggested that not only
nitriles, OMe or Ck groupsare toleratedalso esters or amidesn betoleratedby this
design'®”

Another advantageous effeat this approach is the borylation source. For the synthesis of
pinacol ester derivatives the expensivgPiB, is often usedas borylation agenfsee also
pages 21 or 26). Employingthe Knochetchemistry cheap andeadily availableelectrophiles
like 2-alkoxy-4,4,5,5tetramethyll,3,2dioxaborolane derivatives (PinBOAl&4a-b) can be
usedas borylation gents(Scheme 7.54"%

The preparation of the 2-isopropoxy (PinBOPr, 54a) or 2-metloxy derivative
(PinBOMe 54b) was performedin only moderate yield due to theformation of the
corresponding oxybridged byproduct (condensation of two molecules PinBOAlk
(Scheme 7.54 Neverthelss,this method was used to obtdire corresponding PinB®r 54a
as a colorless liquid after distillatiéf

OH 1.0 eq B(OR")3, 68°C o R o&
- B-O + o BO
OH _ R'I_OH O /B_O

o]

R! = iPr: PinBOIPr, 44%; 54a
R' = Me: PinBOMe, 30%; 54b

Scheme7.54; Synthesis oP-alkoxy-4,4,55-tetramethyil,3,2dioxaborolane derivativesda-b.["?

Initial attempts followed amodified protocol by KNOCHEL and cavorkers using
3,5-dibromopyridine 49a) as starting materiaScheme 7.55routeA).l’? After formation of
the pyridineGrignard employing iPrMgCI-LiCl solution 62) followed by electrophilic
guench utilizing PinB@r (b4a), the 3bromo5-BPinpyridine derivative50a could be
isolated inonly poor yield (16%) This contrasts thgood to excellent yields of-Bromo
benzylic alcohol derivativeS5a-b which were obtainedperforming the electrophilic quench
with benzaldehydé53a) or isobutyraldehydé3b) (Scheme 7.550outeB).
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Also atwofold tBuLi mediated method according to a protocolZeficHKIN and coworkers
was investigated(Scheme 7.55route C).®3 After the first lithium-halide exchange and
guenching the lithiunpyridine derivative with PinBOPr (54a), the formed isopropoxide
protected pyridindboronatewas used fora secondin situ quenchwith electrophiles like
isobutyraldehyde53b).

However, every chosen strategy turned oatlie problematic for the second meialide
exchange under the same reaction conditions due to imgdasproduct formation andr

dramatically prolonged reaction times.

iPrMgClI-LiCl, PinBOiPr QLE B iPrMgCI-LiCl, R'CHO
> r

o) N
16% |
A NG
50a
OH iPrMgCI-LiCl OH
. iPrMgCI-LiCl, Br g ™~ PinB
1 i 1 1
\(j/ RICHO | A R PinBOIPr | A R
— / > —
1 N N
R = Ph; 95%
49a 55a-b 56

= CH(CHj),; 86%

tBuLi, PinBOI/Pr, -78° C tBulLi, R1CHO, -78°C

Scheme7.55; Synthetic overview abowynthesizing-BPin-3-benzylic alcohol pyridine derivatigdb6
starting from 3,&dibromopyridine(49a).

An opportunity to overcome this problem is to start frothe more reactive
3,5-diiodopyridine @9%). Two different strategies were investigated to iodinate peid
derivative49a (Scheme 7.56
On the one hand #BuLi mediated strategy as established, but due to thederate isolated
yield and the high byproduct formation an alternative ategy wasconceived®¥ The
Buchwald’s varianof a Finkelsteidike iodination of haloarenes was the key step for a high

yielding and easy @ess to the desired 3ciodopyridne (4%) in a multi gram scalé?
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H

N_ 1) 4.0 eq tBulLi,
10 mol% [ _ 4.0 eql, -78°C
Br_ B N NN 2) Na,S,05 Bra_ B
| — 10 mol% Cul, 4.0 eq Nal, | P 319% l —
N 1,4-dioxane, 120°C, 20 h N ° N
86%
49a 49D 49a

Scheme7.56; Synthess of 3,5-diiodopyridine(49b) starting from 3,Edibromopyridine(49a).[24

7.3.4 Retrosynthesis

Having a cheap and high yielding access to the diiodo derivdflven hands,a twofold

Grignard formation to synthesie 3,5-disubstituted pyridine derivativeS§1 seems to be
accessible. Theetrosynthetic analysiss depicted inScheme 7.57Starting from diiodo
derivative49 the frst metathalideexchange shoulde used for introdug the pinacol ester
function(Scheme 7.57oute B)

@] OH
| Borylation PinB Reduction |\3
N R X R ol Xr R
® W —> »
57 51 56
Reductonﬂ Route A Route B Knochel-
Grignard
OH C\)
| Knochel- | | . B |
| X R Grignard | AN Borylation o | XN
N7 E— N7 — 7
55 49b 50b

Scheme7.57; Retrosynthesis of pyridinkased building blocks A ar@.

During the second metddalide exchange, theamino acid side chaiought tobe introduced by
the corresponding lectrophiles like aldehydes or ketone3he reduction of the superfluent
hydroxyl groupto achievethe native alkyl form of the amino acid side ch@rcept Thr and
Ser)shouldbe feasiblen the last step of the synthesis

Furthermore also a reverse omer of the electrophilesnight be suitablefor this flexible
twofold Grignardstrategy(Scheme 7.57route A) After formation of the secondary alcohol
in the first Grignardeactionstep,the reduction of the superfluent hydroxgoup should be
also feasiblet this stage of the synthesiBhe resulting dodo-5-alkyl pyridine derivatives7
might be borylated under mentionexnditions (seealso page26) in the last step of the

synthesis
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To validate the retrosynthetic concept,-8jdopyridine ¢9%) was tested to be suitable
for a twofold Grignard formationScheme 7.598 The first Grignardformationwas used to
introduce thepinacol ester functionutilizing iPrMgCI-LiCl solution 62) for quantiative
metathalide exchangat-78°Cfollowed by electrophiliquench with PinB@Pr (54a).

iPrMgCI-LiCl ; iPrMgClI-LiCl, _ oH
I | EIVIgLT L PinB | ; PinB
| N PinBOiPr = | R'CHO =
J - N - |
N THF, -78°C N THE. 78°C N
49b 50b ’ 56b

R' = CH(CHj3),

51b

Scheme7.58  Synthesis of pyridinebased 8BPin-3-benzylic alcohol derivativé6a starting from
3,5-diiodopyridine @9b) with 14% vyield over two steps

The resulting dodo-5-BPin-pyridine derivative50b was subsequently treated wahsecond
equivalent ofiPrMgCI-LIiCl solution §2) and afteradditional electrophilic quenclusing
isobutyraldehyde 53b), the desired BPin-3-benzylic alcohol derivatives6b could be
isolated asa colorlesssolid. However the reduction of the superfluent alcohol functiam

this stage of th synthesis was not possiptkie to thainexpectednstability of product56b.

To overcome this problemn alternativanodularstrategy was used to introduce the amino
acid side chaitirst and the resultingyridine-baseds-iodo-3-benzylic alcoholderivative58
was tried tdoeconveredto the desired finabuilding block51 (Scheme 7.59
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iPrMgCI-LiCl, OH
PinBOiPr PinB = | R
- ° NS
THF, -78°C N
56
OH
N electrophile = R X R
| | -y
N THF, -78°C N N
49b 58 51
A

Reduction I = R
|

57

Scheme7.59; Also the introduction of the amino acid side chain at thermégg of the synthesidid not led
to thedesired product.

A possible strategy taemove the benzylic alcoholfunction of compound58 is the
acid-catalyzed elimination of ¥D leading to the unsaturated formhish easily occurs for
tertiary alcohols. An alternative and more general route i©iydeogenatiorof the benzylic
derivative 58 into its corresponding reduced forrd7. However, none of the common
reduction methods (1 PtQ,, MeOH; H, Pd/C, MeOH; H, Pd(OH)/C, MeOH; Zn, AcOH)

led to the desired reded form as any successful deoxygenation was plagued with a

concomitant deiodination process as the main sideioeact

To overcome this problem the hydroxyl group was first conderit the corresponding
chloride 59, which should be amenable to dehalogenation by a less aggressive reducing agent
(Scheme 7.60 The benzylic alcohol function wassmoothly transformed into the
corresponding §chloromethyl)5-iodopyridine derivativeb9 using thionyl chloride (SOG)
under neat conditions.

The secondnetathalide exchange on substra®® proceeds without any side reaction from
the potential internal electrophile represented by #aryl chloride. Therefore, the
electrophilic quench with PinB®r (4a) formed the borylated 3(chloromethyl)5-
BPin-pyridine derivative 60. As these compounds proved to be sensitive to heat and also not
stable on silica gel, the intermediateere usedvithout any further purification in the next
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step in which they weremoothlydehal@enated using Zpowderunder acidic conditions.
Importantly, this rather mild reduction method did not cause any deborylation of the desired
3,5-disubstituted pyridindasel building blocks 51.

iPrMgCI-LiCl, OH Cl
I | electrophile I SOCly, neat I
NG THF, -78°C NG N
49b 58 59
iPrMgCI-LiCl,
PinBOIPr,
THF, -78°C

>?L Cl
\(j/\ Zn, AcOH rt PinB N R
»
N

60

Scheme7.60:  Successfulynthetic strategyor the synthesis of 3;8isubstituted pyridindased boronic acid
pinacol ester§la-f.

In order to establish the scope and limitations of this synthetic appresielstedamino
acid side chains, which should be represergatiot only for the reactivity of electrophiles
(aldehyde=or ketone$, but also the different types of amino acid side chéesitral, basic,

acidic)weresynthesizedTable 7.18.
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Table 7.18:  Synthesis of benzylic alcohd#8a-f using moderrKnochelGrignardchemistry.

OH
| | i) iPrMgCI-LiCl, -78°C, THF [
[ - 17 K
~ ii) electrophile, -78°C = rt =
N N
49b 58a-f

Entry Carbonyl-Compound  Grignard Product  Yield®?

OH
1 | 99%
N/
53a 58a
O/\r
2 | 95%

53b

3] /JL\// \IiAt]><\// 99%
OH
o~ '
53d N" 5gq

OH
O |
5[c] WCN | X CN 83%
2
53 N" 5ge
o OH
| (@)
A ~
6 oo~ | 84%
N O
53f 58f

[a] Isolated vyields. [b] Crude product used in the next step without fuptirdication. [c] The
electrophile 4oxobutanenitrile(53e) was synthesized from 4giethoxybutanenitrile in acidic
aqueous acetone.

All of the employedelectrophileded tothe corresponding benzylic alcde®8a-f in good to
excellent yieldsNot only electrophiles like benzaldehyde34) (Table 7.18entry 1) could be
used,also less reactive ketones lik&c (entry 3) are excellent electrophiles by using this

twofold KnochelGrignard strategy.

To remove the superfluent hydroxyl groupe formed 3-(hydroxymethyl)5-iodopyridine

derivativesS8a-f werefurtherconverted to its benzyl chloride for@hable 7.19.
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Table 7.19:  Chlorination of 3(hydroxymethyl}5-iodopyridine derivative$8a-b and58d-f.

OH Cl
| SOCly, neat |
X R —> N R
» »
N N
58a-b, 58d-f 59a-b, 59d-f
Entry Benzyl Alcohol BenzylChloride  Yield®
OH Cl
| |
N/ N/
58a 5%
OH Cl
| |
> m m 85%
N" NT
58b 5%
OH Cl
| |
N/ N/
58d 59d
4

OH cl
! X CN ! N CN 970/0[b]
| »
N 5ge NT 5o
OH Cl
I @) I A O~
5 m ~ m 92%
N N
58f 50f

[a] Isolated yields[b] To achieve a clear solution a mixture of S@GBCM = 2/1 was used.

In a typical experiment,he corresponding pyridir&yl-methanol devatives 58a-b and
58d-f weredissolved in freshly distilled SO£hand after quantitative conversidime excess
SOC} was distilled off. The crude product was quesd with saturated N&O; solutionand

purified by flash column chromatography.

The preparation of59c (starting from compoundb8c) was not accessible by this
chlorination method due to the fast elimination of water in the presence of catalytic amounts
of acid(Scheme 7.61
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OH Cl
I SOCI, neat |
X R —————» X R
P P
N N
58a-b, 58d-f 59a-b, 58d-f
OH i) iPrMgCI-LiCl, THF,
| | N H,SO4 DCM | | N PinBOIPr, -78°C _PinB | N
N” 39% N” ii) Pd/C, MeOH, H-cube™, rt N”
58c 61 63%, over two steps 51c

Scheme7.61. Removing the benzylic alcohol function by converting the hydrgrglip into the
corresponding chlodie 59a-b and59d-f, or by acidic elimination of water for tertiary
alcohol58c.

For that reason the elimination was achieved by treatmith catalytic amoustof H,SOy in
DCM solution. The resulting vinylic pyridine derivativél was borylated according to the
mentioned protocol utilizingPrMgCI-LiCl solution 62) and PinB@QPr (54) as electrophile

and the resulting unsaturated building block was hydrogenated under reductive canditions

Keeping in mind the fact that the resulting -8chloromethyl)5-BPin-pyridine
derivatives60a-b and60d-f proved to be sensitive, the intermediates were used without any
further purification(Table 7.20. The dechlorinationvas performed in a ~1.0M DCM/glacial
acetic acid solution utilizing zinc dust (1e&5.0eq). This rather mild reductiogonditions
did not cause angide reactios and thedesired 3,5isubstituted pyridindbased building
blocks51a-b and51d-f were isolated by Kugelroitistillation.
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Table 7.20:  Due to the instability of the resulting producteeathe second Grignarfdrmation, the formed
3-(chloramethyl)5-BPin-pyridine derivative$0a-b and60d-f were reduced without further

purification.
cl
I\Q)\R ) IPHMCILICI, PINBOIPT  Pin._~ -~
| = ii) Zn, AcOH | 2
N N
59a-b, 59d-f 51a-b, 51d-f
Entry Benzyl Chloride Building Block Aor C  Yield®
Ci
| PinB
1 B B 84%
N" N
5% 5l1a
cl
| PinB
2 B B 56%
N" N7
5% 51b
cl
| PinB
C OO D -
Nig N7
59d 51d
cl
| PinB
4 B CN S CN 64%
N7 N7
5% 51e
cl
| o__  PinB o
5 B DR 71%
~
N N
5of 51f

[a] Isolaed yield over two steps.

For synthetic reasons the formation of building bloBie (Table 7.20 entry 4) and51f
(entry5) were performe in its masked form, as thesempoundsare more stable in storage
and more advantageous in the subsequent Sgpukling assembly and purification step.
The masked Lysurrogate5le can easily be hydrogendtgo the corresponding native
primary amine at the teraryl stage, using RaNekel in an ammonia/MeOH mixture (see
alsoScheme 7.64page84).

The ethylester group of building blodkif can also be converted to its amide form
(representingasparagingunder catalytiamounts ofKCN in 7M ammonia/MeOHmixture

without interfering the pinacol ester functi®cheme 7.62
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PinB o~ PinB NH;
B KCN, 7M NH; MeOH B
o) - o)
N” N”
51f 519

Scheme7.62: The ethylester function of building blo&df can be asily converted in its amide form by using
catalytic amourgof KCN (mimicking asparaging

Table 7.21summariesthe synthesized pyridiAeased building block§1a-g and its overall
yields. It could be confirmed that not only nonpolar/hydropholista-€, entry 13),
basic(51e, entry5), acidic 1f, entry6) or polar/neutral, §1g, entry7) also nomatural 61d,
entry4) side chains are accessible by this approach wii324 overall yields for the four

stepreaction sequengstarting from 3,5liiodopyridine 49%).
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Table 7.21:  Overall yields for the synthesis of building blockand Cwith representative residuesr (@
latentform; enties5 and 6) for all groups of amino acids (nonpolar/hydrophobiciésrit3),
basic (entry 5), acidic (entry 6) and polar/neutral (entry 7) or evematural (entry 4).

| | i) iPrMgCI-LiCl, electrophile e}
X ii) SOCI :
- 2 - O”B\(j/\R
N iii) iPrMgCI-LiCl, PinBOiPr NG
49b iv) Zn, AcOH 51a-g
Entry Product Amino Acid Side Chain Overall Yield®
PinB.__~
| .
1 N APheo, no pholcl a 76%
5la
PinB._~
2 | = A L e u opplar/nydrgwhobic 45%
N op yarg
51b
PinB._~
3 » ill ed, n ophgbicl a 249"
N
51c
PinB.__~
4 | NG OO non-natural/nomolar/hydrophobic 27%
51d
PinB\(j/\/\CN
5 |N/ ALyso, basi 5204
51e
PinB.__~\ o~
6 |N/ o AAspo, acid 55%
51f
PinB._ NH,
7 lN/ O ARAsno, polar 37%
51g

[a] Isolated yields over four stegynthesis starting from 3.@iiodopyridine (49b). [b] The elimination product of
compoundb8c (Table 7.18entry3) was reduced with 10% Pd/C, after borylatifc] Compoundblg was
prepared from compourtlf using catalytic amousif KCN in 7M ammonia/MeOH mixture.
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7.3.5 Synthesis of Teraryls
After developing a flexible sttagyto obtainpyridine-based building blockS1, the twofold
Suzukicoupling for synthesizing linear teraryls starting from triflate derivadgewas
investigatedn cooperation witiM. TRoBe!"? Scheme 7.63lepics the synthetic benefit of
this triflate approachThe first Suzukicoupling can be performeckgioselectivly at the
iodine position whereby the triflate function is not substituted at all. The resulting biarylic
triflate derivative can be directlytrangormed to the desired terarylic scaffold under the
second Suzuki crossoupling without any purification step.

R3

NTX

|/

BPin
building block C
' 51

R2

OTf
building block B

45

BPin

| A

N/R1

building block A
51
Scheme7.63.  Retrosynthesis for the twofold Suzetoupling steps using the triflate appro&ch.

According toTable 7.22 it is possible to obtain pyridiAeased teraryls in a convergent,
two-steponepot synthesisThe selective differentiation of the tweaving groups is based on
their different reactivity, the steric accessibility and strength of the applied base during the
Suzukicoupling with PdCl(dppf)-DCM ascatalyst.

The pyridinebased Lewal-Phe mimetic 1g was preparedin 47% overall yield
(Table 7.22 entry 1), the Naptie-Phe 1h in 66% vyield Table 7.22 entry 2). For the
synthesis of the LeWal-Lys mimetic 1j the second Suzukoupling was performed with
building block51eto deliver compoundi in 46% yield Table 7.22entry 3).
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Table 7.22.  Synthesis of pyridindased teraryldg-i usingthe convergent twsteponepot approach.
3
N
| =
i 3
BPin N7 R
51b,51d ) 2.0 eq CsF, L
I 5 mol% PdCl,(dppf)-DCM,
1,2-DME, 80°C
R2 i) 2.0 eq Cs,COg, R2
OTf 5 mol% PdCl,(dppf)-DCM,
1,2-DME, 80°C =
45a-b N |
BPin R
| N 1g-i
N~ R
51a, 51e
Entry Rl RZa.] Rl Teraryl  Yield
1 /j\ /\( \/\© 1g 47%
ALeuo AVal APhed
2 /\/“ /WA \(\© 1h  66%
ANaphc Al
3 /j\ /\( AN e

ALeuo AVal ALYys®a

[a] Residues for the corresponding amino acids that are mimicked by these refiluest the
synthesis of the corresponding core urifa-b see literaturd™ [c] Isolated yields[d] Lys side chain
(R¥ in its latent form of a nitrile.

The lysine side chain in its latent forofh a nitrile in1i can be easily reduced to the primary
amine under reductive conditions using Rahégkel in an HCubé™ flow reactor delivering

the desired Leal-Lys mimeticlj in 86% yield Gcheme 7.64
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H-Cube™, 80 bar at 70°C,

NTX
N|\ Ra/Ni. 0.5 mL/min, P
= MeOH/NH;@
86%
O B
N CN N~ NH,
1i 1]

Scheme7.64: Reduction ofe nitrile function furnishethe final teraryllj.

The pyridinebased teraryllj representsa derivative ofthe second computer modeled
leadstructure(Scheme 7.66 The three side chains (aminobutyl, isopropyl and isobutyl) of
are mimicking the amino acid side chains of lys@®8,valine-1003 and leucin€l005, which

represent thasecondbinding motif of human RhoA and human ROCKI as it is depicted in
[43c47]

Scheme 7.6%5compare als&cheme 7.1pageld).

N| X Leu-1006
=
Val-1003
| N
N~ NH, Lys-999
1j

Scheme7.65: Peptide mimetidj (left) and the computer modeled docking experiment after binding at the
surface of RhoA (right); calculations were performedwpRsky (PDBfile: 151Q.1*%*" The
a-helix of human ROCKI is shown as cartoon loop (sapéptide mimetidj is illustrated as
sticks (orange) and human RhoA is given as surface (greemluednd grey).

7.3.6 Summary of the Triflate Approach

One of the main problem of terphenylbased peptiomimetics is the poor solubility under
physiologi@l conditions. For that reason a general approach was investigasgdthesie
3,5disubstituted pyridindased boronic acid pinacol esté&fa-g (Scheme 7.66 Starting

from 3,5diiodopyridine (49) a twofold KnochelGrignard formation was compiled to

" For the sake of clarity only the monomeric form is shown.
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introduce the amino acid side chain ande thpinacol ester function. With
3,5-dibromopyriding(49a) the twofold metahalide exchange was not feasible, due to the
poor reactivity of the bromine leaving group (see also p@dje Therefore thedibromo
derivative 49a was convertedy a Finkelsteidlike iodination reaction employin@ul and

dimethylethanel,2-diamine as liganéhto its iodine form(Scheme 7.6).

H
N
10 mol% [ >

P iPrMgCI-LiCl, OH
N .
Br N Br Ho | N | electrophile | N R
) tomokcu,40eqnal, | 1he 7eec »
N 1,4-dioxane, 120°C, 20 h N N
49a 86% 49b 58
SOCI,, neat
Cl iPrMgCI-LiCl, Cl
i i PinBOI/Pr
PinB X R Zn, AcOH, rt PinB X R | N R
» — B — 1
N N THF, -78°C N
51 60 59

Scheme7.66:. Synthetic strategy of the synthesis of-8jSubstituted pyridindvased boronic acid pinacol
estes51.

The direct reduction of the benzylic alcohol function of compo&8dvas not feasible
under chosen conditions, due to deiodinationen side reac(see alsoScheme 7.59
page74). Thereforethe alcohol function wagsransformedinto its chlorde form, which
represents a less challenging reducible intermediate. After the secon¢hatigialexchange,
the resulting produst60a-b and 60d-f were found to be not stdé and were directly used
within the reductionstepemploying Zrpowder under acidic conditisnNeither the potential
internal electrophile represented by tharyl chloride of substratésSa-b and59d-f, nor the
unsaturated side chain of compou@d interfered with the second Grignarébrmation to

introduce the pinacol ester function.

Using the triflate approach witbnly a set of 18 triflate core building blocé® and 18
3,5-disubstituted pyridine boronic acid pinacol est&E any permutations of-helix
mimetics featuring all relevant proteinogenic amino acids (excluding Pro and Gly) can be

preparedScheme 7.67
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3
N R
| =
BPin R3
51 - N™
i) 2.0 eq CsF, | P
| 5 mol% PdCly(dppf)-DCM,
1,2-DME, 80°C
R2 ii) 2.0 eq Cs,COg3, R2
OTf 5 mol% PdClz(dppf)DCM,
45 1,2-DME, 80°C /I
N
BPin SR
1
| X
N~ R
51

Scheme7.67: Two-steponepoat approach of the triflatbased corenit 45"

In order to highlight the convergent teraryl synihestrategy three representatives of
pyridine-based teraryldg-h and 1j with a phenylic core unit were preparescheme 7.68

According to the established procedure, it is possible to obtain linear teraryls in a convergent,

two-steponepot synthesis.

N™ ™ NTX
|/ I/

—Z
\_/

SUCENOUC NS
N N N
= = = NH,
5PY-3-Phe-2-Val-5™Y-3-Leu 5PY-3-Phe-2-lle-57Y-3-Naph 5PY-3-Lys-2-Val-57Y-3-Leu
9%, 11 steps 8%, 11 steps 5%, 12 steps
1g 1h 1j

Scheme7.68. Synthesized pyridindased teraryls using the triflate apach.
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8 Summary and Outlook

8.1 Summary

Establishedargets in drug discovery are defined by addressing the active site of enzymes,
which can be characterized as a pocket with typically sofsieetded and hydrophobic
and/or hydrophilic binding regior&!

A different concept of addressing new targets in drug discovery is to interfere the formation of
proteincomplexes. Today it is commonly assumed that proteins fulfill their biological
functions as participants of protetemplexes instead of acting in isolatiéf.

Typically, proteinproteininteractiondomains comprise ~3550 amino acidd and dozens of
binding domains are knowmeside PTB (PhospheTyr binding),[3] PDZ- (one of the most
frequently encountered domaifi8)SH3- (proline rich bindind}’ or WW-domains (proline

rich binding)!” the motif of ana-helical interaction of one protein with the surface of the
second one is the most common Ehe.

The contact areas could thereby be higher than AB0@ssentially defined by less rugged
surfaces, which makes the design of small molecules for disrupting therapeutically relevant
interactions very complicaté® Nevertheless, the intervention of such PPIs by small
molecules would offer new opportunities for the treatment of human didéses.

The specific exchange of amino acids at the contact area, e.g., 4sgaklaha shown that

only a few amino acids ka an outstanding impact on the binding affinity of the
proteincomplex® Such fhotspotso of binding free ene
PPIsi?#23

Terphenylic or terhetarylic scaffolds are bioinspired motifs for the inhibition of
proteinproteininteractions HAMILTON and coworkers have presented a general approach to
emulatea-helices by suitable positioning of amino acid side chains at the terphenylic scaffold
(Scheme 8.1).[8P889348 | addition, the intrinsically helical structure of terphenyls has

advantageous effects in mimicking peptiditielical subunit$284
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i+3 (or i+4)

a b c

SchemeB8.1: Schematic representation of arhelical subunit with it$, i+3 (or i+4) andi+7 amino acid
residuesd). Terphenylic scaffolds with 2',3,3ubstitution patterrb). Terphenyls can mimic
the threedimensional shape of athelix (c).

Within this work three novel synthetic strategmee been successfully developed that enable

a convenient and flexible approach to linear benzene or hé@sgd terarylic scaffolds.

8.1.1 Linear Approach

The terphenybased leadtructurele is the first computemodeled compound for inhibition

of the PPI between the surface of Rho GTPase and-ttedical protein ROCK $chemeB.2,

see also page). The three side chains (aminobutyl, amidoethyl and isobutyl) of
leadstructurele are mimicking the mino acid side chains of lysir#98, glutaminel001 and
leucine1005, which represent the main binding motif of human RhoA and human ROCKI as
it is depicted irSchemes.2.14%%47

O NH, Lys-998
O NH
2 GIn-1001
>
le
Scheme8.2: Leadstructurele (left) and the computer modeled docking experiment after binding at the
surface of RhoA (right); calculations were performedtwpRsky (PDBfile: 151Q.1*%*" The

a-helix of human ROCKI is shown as cartoon loop (sand)-adtureleis illustrated as
sticks (orange) and human RhoA is given as surface (green, red, blue and grey).

Leu-1005

" For the sake of clarity only the monomeric form is shown.
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An overview of the entire synthetroute of terarylsla-c is given inScheme8.3. Starting
from building blocks5a and 4a the biarylic aldehyde7a was prepared. Introducing the
glutamine side chain was realized over four steps. After a Wea#gtion the resulting methyl
acrylate 16a was reduced to its saturated form followed by iodination under modified
Sandmeyeconditions. The amide function was further introduced by a Katdlyzed
amidation and a second Suzgkiupling finally led to the terarylic scaffold. The desired
terarylsla-c were obtained after deprotection of the amine function of the lysine side chain.

NO,
Ol
Suzuki-coupling
Br

building block B

ba
NO, NO, NH,
_0O P OMe OMe
—_— —_—
= = 0o = 0O
o o o
Cl N Cl N N
7a 16a 17a
BPin
X
»
Cl N

4a \

| \/R3
=

BPin
building block C NH, OMe

- B ——
O O
Suzuki-coupling =~ | = |
NS NS

2a-c N N

building block AB
la-c 3a 18a

SchemeB8.3:  Synthesis of teraryl$a-c using the linear approach. Essential within this synthesis were the two
Suzukicoupling steps for assembling the terarylic scaffold.
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Three different teraryls have been succdlsfprepared using the linear approach
(SchemeB.4). Based on leadtructurele the terarylla was synthesizeth 17 steps with an

overallyield of 14%. Teraryllb and1c were obtainedh 13 steps with an overall yield of 7%
and 12%, respectively.

© ©
@ @ o

|O |O e) ®
\/\NH3

O NH, O NH, G NH,
(0]

= o % © ~ |

g ] <

N N N
4PY_2-1 eu-3-GIn-3"-Lys 4PY_2-L eu-3-GIn-3-O-Lys 4PY_2-L eu-3-GIn-2"-O-Lys
14%, 17 steps 7%, 13 steps 12%, 13 steps
la 1b 1c
Scheme8.4:

Overview of the synthesized terarlig-c with their overall yields using the linear approach.
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8.1.2 Diazonium Approach
The fundamental idea of a convergent synthesis of terphenyls was the design of the central
core unit38 with two differentiated functionagroups suitable for seleee Pd-catalyzed

crosscoupling reactions§chemes.5).

Br

1.05 eq PPhy ©
CH3NO, 105°C

0 Clo
©
Cl > PhgP A~ NH;
33

98%

N2'BF4 O
Br building block B
Br 38
H,SO, HNO;
o —————~ -0 i) 1.2 eq BF5-Et,0,
& 83% NO THF s, -45°C
2 ii) 2.0 eq tBUONO, -45°C
6b 5b 879
P
Br 105 €] @ 33 Br Br
.05 eq Ph3P\)J\NH2 (33) 2 0eq s
.0 eq Sn,
1.05 eq KOtBu, MeOH, -2°C AcOH, rt
_0 C _~_ _NH, _~_ _NH,
o,
NO, 90% NO, o) quant. NH, o)
5b 32b 37

Scheme8.5:  Synthesis of the diazonium core uB& with an overall yield of 64% over 5 steps.

After introducing the glutamine side chain under Witt@nditions, the resulting nitrobenzene
derivative 32b was reduced employing Sowder under acidic conditions. The amine
function was further converted to the corresponding diazoiiased building block B
(compound38) using BR-Et,O andtBuONO at-45°C.

The convergent and regioselective swtith strategy of the diazonium approach is
summarized irSchemeB.6. The diazonium coupling of building block B and building block
A or C as corresponding Blk-salts was performed using Pd(OAch absolute MeOH,
which was subsegutly followed by the second argtyl caupling under established
Suzukiconditions.
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Br
_~__NH,
X R3
12eq| <+
N2'BF4 (@) =
building block B 5mol% Pd(OAc),, BPin
MeOH, ~5°C building block C
38 . NH; .
overnight PdCl,(dppf)-DCM,
BF;K CsF, 1,2-DME
R’ 39
building block A i) Pd(OH),/C, Hy,
MeOH, rt
ii) H,N-NH, MeOH, rt
X p3
B
=
[ NH
o)
R’I
1d-f
i) Pd(OH),/C, Hy,
R3 MeOH, rt
@/ ii) HoN-NH, MeOH, rt
B(OR),
BF3K R3 1.2 eq
building block C R
5mol% Pd(OAc)s,
38 MeOH, ~5°C o) building block A
N,BF, O overnight NHz  pPdCl,(dppf)-DCM,
S CsF, 1,2-DME
NH,
Br
Br

39 41
building block B

Scheme8.6:  Synthetic strategy for the synthesis of terphenyls using the diazonium co88.unit

This diazonium approach is a convenient route to vary the substitution pattern of the final
terphenylic scaffolds by changing the order of the two-aryl coupling steps within the
synthesis (e.g., compate and1f).
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Three different leadtructurebased terphenylsSEheme8.7) have beendesignedand
successfully prepared using this convergent approach. Thartoppy to achieve such a
synthetically sophisticated terphenyl has been impressively shown in the preparation of
compoundld. Within only 12 steps the synthesis of this alternative terphenyl could be
fulfilled. On the other handhe synthesis of the computerodeled leagtructurele was
feasible within 19 steps and an overall yield of 11%adidition a terphenyl bearing an
alternative substitution pattern (cooynd1f) wasalsoprepared.

NH, NH,
(o ® ®
" NH, o)
NH,
NH, NH,
L oL J

3-Ala-2'-GIn-2"-O-Lys 3-Leu-2'-GIn-3"-Lys 3-Leu-3'-GIn-3"-Lys
9%, 12 steps 11%, 19 steps 10%, 19 steps
1d le 1f

Scheme8.7:  Synthesizeddarphenyls based on the diazonium approach.

8.1.3 Triflate Approach

One major drawback of terpheryased peptiomimetics is the poor solubility under
physiological conditions. In order to increase these solubility characteristics of the
pepticbmimetics pyridine-based building blocks have been introduced into the backbone of
the scaffold. In particular, a general approach has been developed to prejhsalibtuted
pyridine-based boronic acid pinacol esterSla-g (Scheme 8.8). Starting from
3,5diiodopyridine @9%) a twofold KnochelGrignard formation was performed to introduce
the amino acid side chain and the pinacol ester function. In sbrtrahis, starting from
3,5-dibromopyridine 49a) did not result in the desired product, due togber reactivity of

the bromine leaving group (see also p&de Therefore thadibromo derivative49a was
converted by a Finkelsteitke iodination reaction employing Cul and dimethylethdn2

diamine as ligand into its iodine forrB¢hemes.8).l®4
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H
N
10 mol% [ >

P iPrMgCI-LiCl, OH
N .
Br N Br Ho I N | electrophile I N R
| ) 10 mol% Cul, 4.0 eq Nal, - THE, -78°C |
N 1,4-dioxane, 120°C, 20 h N N
49a 86% 49b 58
SOCly, neat
Cl iPrMgCI-LiCl, o]
i - PinBOIPr
PinB N R Zn, AcOH, rt PinB XN R | N R
L ‘ » ) »
N N THF, -78°C N
51 60 59

SchemeB8.8:  Synthetic strategy of the synthesis of-8jSubstituted pyridindvased boronic acid pinacol
estersbla-f.

The reduction of the benzylic alcohol functiof compound8 in the next stepurned out to
be problematicue to deiodination side reactions (see &sheme 7.59age74). Therefore
the alcohol @inction was transformed into its chloedform first, which represents a less
challenging reducible intermediat@fter the second metdlalide exchange, the resulting
intermediate60 was not stable, so that ¢hreduction employing Zpowder under acidic
conditiors was performed without purification @ompounédclass60. Neither the potential
internal electrophile represented by tharyl chloride of substratésSa-b and59d-f, nor the
unsaturated side chain of compowidhampered the second Gragdformation to introduce
the piracol ester function.

By means of this triflate approach any permutationsadfelix mimetics bearing all
relevant proteinogenic amino acids (excluding Pro and Gly) can be synthetically achieved
with only a set of 18 triflate core building blockS and 18 3,&disubstituted pyridine bonic
acid pinacol estersl (Schemes.9).
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i) PdCl,(dppf):DCM, CsF,
1,2-DME, 80°C

i) iPrMgCI-LiCl,
electrophile I
! ! li) SOCl ‘PinB\(ﬁ/\Rws
| = iii) iPrMgCI-LiCl, | R? R?

R3

_z
N\ 7/

=

N PinBOIPr N
iv) Zn, AcOH \\/‘ OTf _

49b 51 45 N | R

i) PdCly(dppf)-DCM, Cs,COs3, 1
1,2-DME, 80°C
SchemeB.9:  Overview of the triflate approach including the featep synthesis of pyridiAeased building

blocks51.

In order to highlight this uniqgue and convergent synthptithway three selected and
synthetically challenging representatives of pyridi@sed teraryldg-h and 1j have been
prepared $cheme8.10). According to the established procedure, it is now possible to obtain

linear teraryls in @onvenient and uniqugo-steponepot synthesis.

NS N N

SUCEENOUCINS
N N N
= = = NH,
5PY-3-Phe-2-Val-5™Y-3-Leu 5PY-3-Phe-2-lle-57Y-3-Naph 5PY-3-Lys-2-Val-57Y-3-Leu
9%, 11 steps 8%, 11 steps 5%, 12 steps
1g 1h 1j

Scheme8.10: Synthesized pyridindased teraryls using the triflate approach.

Teraryl1g and1h were prepareth 11 seps with an overall yield of 9% and 8%, respectively.

The lysine derivativdj was synthesizeith 12 steps and 5% yield.
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8.2 Outlook

The interaction of small molecules with biologically active targets is theatdatus of drug
discovery and th field ofthe inhibition of proteinproteirtinteractiors has become one @6
big challengeswherebythe area of research is still at its beginnidgmajor targetof
intervening PPIsis the examination aheir localaction and the exact functional roletbhése
small molecules, which are binding on the surface of the protein.

In addition, he designof a flexible andgenerally applicablapproach of synthesizing a large
library of hetarytbasedteraryls which comprige any possible permutation af-helix
mimetics featuring all relevant proteinogenic amino adsot solved so faf> In the next
chapters some ideas forrfloer investigation#n the field of PPI inhibition based on teykc

scaffoldaresuggested

8.2.1 Pyridine-Based BuildingBlocks

The results of this thesis show the necessity of hebmstd building blockdor better
solubility under physiological conditienand the gnthess of pyridinebased building
blocks51a-g could be impressively demonstratfied differenttypes ofamino acid side chains
(seealsochapter7.3.4 page72). It could alsobe proventhat a twofold Grignardormation
starting from diiodo derivativd% is feasible by a twsteponepot approach§chemes.11
or Scheme 7.58age73).

i) iPrMgCI-LiCl, >?LQ OH _
|\(ﬁ/| electrophile O/BWR Reduction, H-Cube™ PInB\(j/\R
N ii) iPrMgCI-LiCl, N NT
PinBO/P
49b BT 56 51

Scheme8.11: Potential brmafon of pyridinebased building block1 by reducing benzylic alcoh&i6.

Although the resulting-BPin-3-benzylic alcohol pyridine derivatiges6 were found to be
sensitive to heat and also not stable on silica gel, the dehydroxytaigitt be performed
utilizing different reducing catalysiike Pd-black or Pd/Al,05.9 Using the technique o
H-Cubd™ allows the screening of different catalysind additionally the optimization of
temperature, pressyrpH or flow ratewithin a very short time!®” Looking at the reduction
conditions in more detailthe dehydroxylation of benzylic intermediat&& might be
performed by decreasing tbgerallnumber of steps for syntbiging different pyridinebased

building blocks.
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8.2.2 Coiled-Coil Peptidomimetics
In addition to nonhetarytbased terphenylswo hetarylbased hkcal peptidomimetics
(compoundda andlj) were synthesizedvhichmight be suitable fotheinhibition of thePPI
of human ROCKI and human RhoA
Figure 8.lillustrates a schematic depiction dhe proposedbinding motit of these two
teraryls. Each teraryl is mimicking one helix of the dimeric human RQQCkhile this

a-helical ROCKI dimeris connectedvera coiled-coil interaction.

N
— o
1j la
CKI
Figure 8.1:  Dimeric proteincomplex of humamROCKI and human RhoA depicted as cartdeft), The
Ahot spoto of i nt er acdaandljraremimickingticea-hebxmfROECK; e t er ar

PDB file 1S1C(right).[*3547

Each terarylic peptidomimetic should be ablespecificallybind on the surface of RhoA
for each of the helical subunit of the two ROGKILinking thesetwo potential inhibitors
togetherasit is depictedin SchemeB.12 generates non-peptiic coiled-coil mimetic62 with
potentidly higher binding affinityas it is expected for each single teraryl

HoN

SchemeB.12: Potential cded-coil peptidomimetic for inhibition of PP dRhoA/ROCKI proteincomplex
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The retrosynthetic analysis muggestedn Scheme8.13. After formation ofan oligo
ethylene glycobased diaminé3® the terarylsll-m might be suitable for theoupling under
BuchwaldHartwig-conditions***% The additional chloride functiowithin the terarylsli-m

should enable the crofisking of these two teraryls.

HO 0o i) Et;N, MeSO,Cl, DCM .\ o
V\i “]L ~"0oH ii) NH,OH, 48 h, rt 2 o) " NH,
> n
63
NI CN
L

BPin
5le

/

) 2.0 eq CsF, N
PdCly(dppf)-DCM, _

1,2-DME, 80°C
NH2 II) 2.0 eq CS2CO3 NH2

PdCl,(dppf)-DCM,

CN

5c 1,2-DME, 80°C — | O
BPin NE
~
Cl N
N
da BPin
i) 2.0 eq CsF,
| ~N PdCl,(dppf)-DCM, |
= 1,2-DME, 80°C
II) 2.0eq CSzCO3_
1,2-DME, 80°C

= | BPin

N
1m NC Cl

i) Buchwald-Hartwig cross-coupling
PdCl,(dppf)-DCM, KOtBu, DMF, temp.

vy ii) Reduction

coiled-coil teraryl-based peptidomimetic (62)

Scheme8.13. Coupling two terarylsinderBuchwaldHartwig crosscouplingconditions presumably results in
an oligo ethylene glycobridged coiéd-coil peptidanimetic 62.
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8.2.3 Tethering Experiments

As it hasalreadybeen mentionedbove one of themajor challengesin pharmaceutical
researchs to identify where exactly drugis bindingat a targetprotein Due to the fact that
the affinity and binding strengtlof a teraryl at the surfaceof a protein is rather weak
compared tdinding motifs of small molecules in a protein poc¢kethniqus like MS-MS
arenot suitable fothese investigationsn order tosolve this problemWELLS and coworkers
andalsoother researchroups have presented a general approatgttodring small molecules
covalently at the targetrotein(Schemes.14).°®

N
S/S\H/Q
64 n

SH

Scheme8.14: Schematic depiction of tetherisgnall molecules at a target protefrccording toWEeLLS and
coworkersa set ofdifferent teraryls containing a flexibtiisulfidelinker can be covaleht
bound athe surface of a ptein

The basic concept of a tethering experiment iscinalentbinding of small molecules
(drugs) at the surface of a proteiftach drug contains aflexible organic linker with an
terminal disulfide residue The potein and the dulfide containingdrug is mixed under
reducing conditiondo ensurea thiol-disulfide exchangeat an accessiblecysteine of the
protein If the drug binds at the protein, thethiol-disulfide exchangewill be entropically
favoredand theequilibriumwill be shiftedtoward thetetheredform. The local region where
the drugbindsat the protein cafurtherbeidentified byMS-MS methodd®%d
Using this tethering technique #8exible organic linker with adisulfide regue has to be
develogd SchemeB.15 represents proposed synthetic access to a modified building block
containing a organiclinker.

Building block C can easily be hydroxydat by regioselective borylatiofollowed by
oxidationwith oxoneresulting in phenol derivative8*>*¥ The flexible organic linker can
further be introduced starting from 1,@i(pyridin-2-yl)disulfane €5) and a n-alkyl

mercaptoalcohdb6 (Schemes.15).
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i) [I(OMe)(1,5-COD)],, B,Pin, R3
ii) oxone ©/

Br
building block C

Br DIAD(69) |

- A SO R®
> N~ s”
68 PPhs, THF, rt \ﬁ/n
| XN 70
67
‘ DCM, rt @\
— _S =

HS , OH
Y NS

n N ~
66 65

Scheme8.15; Formation of a building blocKO containing dlexible organic linker.

The resultingpyridine-based disulfidé67 and compound8 canthen be coupledin the next
step utilizing diisopropyl diazend,2-dicarboxylate (DIAD)(69) and PPk in THF under
Mitsunobuconditions!®? Beside an-alkyl bridged linker alsoan ethyleneglycol bridged

linker might be suitable

The obtainedlinker-containingcompound70 (building block CG) canfurtherbe used for the

synthesis of a linkecontainingteraryl like 64 according to previously described conditions

(Schemes.16).
CL

=
C. : |
\N S/Sﬁ/no NH2 N S/S\H,no\©/\/\/NHPG

BPin
O NH, building block C*

70
= © ————> '
w
N
64 NH,
“ 0
w
N

building block AB

Scheme8.16. Retrosynthesis of functionalized teraég for tethering experimestaccording toNVELLS and
coworkerd®®
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Summary and Outlook

To investigaé the impact of thelength of then-alkyl or ethylene glycebasedlinker
different computational examinations were performed by our cooperation partner
R.DVORsKY. Therebya variationof mutations of RhoA residues toysteires and their
linking to theterphenyl ligand wereexplored
Table 8.1shows the residues of RhoA that aesljacentto the upper building blockof the
boundterpheny 64 and which arenot interadng with the drug Basically they could be
mutated tacysteineand, as they are solvent exposed, subsequently linkibe terphenylby
tethering experiments
The minimal and thealf-circle distanceare calculated for two different linkersnaalkyl and
an oligo ethylene glycol linker. The length of one methylenenarethylene glycol group in
straight conformation corresponds to 12%r 3.50A, respectively. The overall letig of a
fully extendedn-alkyl chain can be approximately calculated as the multiplication of the
number ofmethylenegroups, their respective lengths and addition of & 7Bat corresponds
to the length othe-CH,-S-S- group(Equation 8.):

3.75A 1.25A

L) 1 |_|
Q o L €ZpB U Protein_ _S D

N \S no

Equation 8.1: Formula for catulating the length of the-alkyl linker.

In addition another simple formula could be deriveddiigo ethylene glycol chamwith the
correctionof 2.30A for the first monomerigroup(Equation 8.2
3.75A 350A 2.30 A

Q oL C®T & pzZod T SV %VO
Protein” S~ o)
O

Equation 8.2: Formula for calculating the Igith of the oligo ethylene glycol linker.

Figure 8.2 is showing the positions of selected amino acids together thvitimentioned
distances. The number of monomers can thecalculated reversibly fathe given length of
the linkers (Equation 8.3seealsoTable 8.).

Q o v . Q @3tv
p& v od 1

Equation 8.3: Number of monomers far-alkyl and ethylene glycol linkers.
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Summary and Outlook

a b
Figure 8.2: Selected amino acids together witbtermineddistancesd). Schematic depiction of tethering
one terphenyl substituted with an oligo ethylene glycol side chain which binds to an solvent
exposed cysteine ¢oformed byDVORSKY) (b).
Table 8.1: Potential RhoA mutatiastfor linking terarylswith straight distances and calculated number of
necessary monomers.
Residue  Distancé® (-CH ), (-CH»-CH»-0O-),
Number Type [A] Minimal® Half-Circle® Minimal® Half-Circle™
27 Lys 21.2 14 22 5 8
41 Asn 16.3 10 16 4 6
43 Val 22.4 15 23 6 9
68 Arg 17.1 11 17 4 7
69 Leu 14.3 8 13 3 5
72 Leu 171 11 17 4 7

[a]St raight

However, suchminimal distancedor thelinkers would be the shortest possitdagth, but

di stances

o f meta@xyganton thresupperfbuildiny éle¢kalculaed | d u e s
by DVORSsKY). [b] Calculated ombes of monomericgroups.

that would very likelybe to short due to the binding angled VanderWaalsinterationof

thelinker.

For that reasothe half-circle distanceis often usedin this strategythe straight distance can

be |

ust

scal ed

by

factor

2

actual number of monomers should findblg selected between the numbers for straagid

and

used

the numbers calculated for thelf-circle. For examplea RhoA mutation AsmlY Cys41

for

(Table 8.1 entry 2)would needfour ethylene glycol monomers for the straight distance and

six monomers for the halfircle distance so the final length should be containing five

ethyleneglycol groupsat itis alsodepictedn Figure 8.D.
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